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Abstract

The problem of strong stabilizability of linear systems of neutral type is investigated.
We are interested in the case when the system has an infinite sequence of eigenvalues
with vanishing real parts. This is the case when the main part of the neutral equation
is not assumed to be stable in the classical sense. We discuss the notion of regular
strong stabilizability and present an approach to stabilize the system by regular
linear controls. The method covers the case of multivariable control and is essentially
based on the idea of infinite-dimensional pole assignment proposed in [G.Sklyar,
A.Rezounenko, A theorem on the strong asymptotic stability and determination
of stabilizing controls. C. R. Acad. Sci. Paris Ser. I Math. 333(2001), No. 8, 807—
812]. Our approach is based on the recent results on the Riesz basis of invariant
finite-dimensional subspaces and strong stability for neutral type systems presented
in [R. Rabah, G.M. Sklyar, A.V. Rezounenko, Stability analysis of neutral type
systems in Hilbert space. J. of Differential Equations, 214(2005), No. 2, 391-428].

Keywords. Neutral type systems, regular stabilizability, strong stabilizability,
infinite dimensional systems.

Mathematical subject classification. 93D15, 93C23.

1 Introduction and problem formulation

The field of delay differential equations has a rich history and many impor-
tant and deep results have been obtained so far (see the classical monographs
[1,4,6]). Neutral type differential equations belong to this field but many meth-
ods and approaches used for delay equations can not be directly applied to
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this type of equations.

We consider the following neutral type system

)= At —1)+ /AQ(G)Z(t 4 9)do + /Ag(@)z(t +6)dd (1)

-1

where A_; is constant n x n-matrix, det A_; # 0, Ay, A3 are n X n-matrices
whose elements belong to Ly(—1,0).

In our previous work [18] we analyzed asymptotic stability conditions. One
of the main point of the cited work is the fact that for (1) it may appear
asymptotic non exponential stability (see also [2] for the behavior of solutions
of a class of neutral type systems). We gave a detailed analysis of non ex-
ponential stability in terms of the spectral properties of the matrix A_;. As
a continuation of those results we consider in the present work the control
system

At = A 5(t—1) + /Ag(@)é(t +0)d0 + /A3<9)z(t +0)d0 + Bu, (2)
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where B is a n x p-matrix, and study the property for this system of being
asymptotic stable after a choice of a feedback control law. Namely, we say
that the system (2) is asymptotically stabilizable if there exists a linear feed-
back control u(t) = F(z(-)) = F(2(t + -)) such that the system (2) becomes
asymptotically stable.

It is obvious that for linear systems in finite dimensional spaces the linearity of
the feedback implies that the control is bounded in every neighborhood of the
origin. For infinite dimensional spaces the situation is much more complicated.
The boundedness of the feedback law u = F(z(+)) depends on the topology
of the state space.

Let us observe that the natural state space for the equation (1) is the space of
absolutely continuous functions z(t +6), 6 € [—1, 0], since in this case the left
hand side is correctly defined. Furthermore, it is convenient for us to assume
that z(t +-) € H'([—1,0],C"). Then it can be shown (cf. [9,15]) that if the
control function w is in Lo, then the system (2) has an unique solution in the
space H'([—1,0],C"). Hence, this space is natural as a state space also for
the system (2). When the asymptotic stabilizability is achieved by a feedback
law which does not change the state space and is bounded with respect to the
topology of the state space, then we call it reqular asymptotic stabilizability.
Under our assumption on the state space, namely H'([—1,0], C"), the natural



linear feedback is

Fa(t+-) = / Fy(0)5(t + 6)dt + / Fy(0)=(t + 6)dt, (3)
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where Fy(-), F5(+) € La(—1,0;C™).

Several authors (see for example [7,10,11] and references therein) use feedback
laws which for our system may take the form

iFiz(t ~ )+ / Fa(0):(t + 6)dt + / Fy(0)=(t + 6)dt. (4)

This feedback law is not bounded in H'([—1,0],C") and then stabilizability
is not regular. Later we shall return to this issue in more detail.

To make our concept more precise we consider the operator model of the
system used in [18] (see also [3]):

b= Az +Bu, a(t) = (i%) , (5)

where A is the generator of a Cy-semigroup and is defined by

Ax(t) = A (y(’f)> _ (f_°1 Ay(0):(0)d0 + [ Ag(ﬁ)zt(ﬁ)de) |

dz,(0)/d0 (©6)

with the domain

D(A) ={(y,2(-)) : z € H'([-1,0;C"),y = 2(0) = A12(=1)} C My, (7)

where M, & € x Ly(—1,0;C™). The operator B : CP — M, is defined by the
n X p-matrix B as follows

Bu & (BOU> (8)

The relation between the solution of the delay system (2) and the system (5)
is z(0) = z(t + 6),0 € [—1,0]. This model was used in particular in [18] for
the analysis of the stability of the system (1) and in [15] for the analysis of
the controllability problems (see also [3,22]).



From the operator point of view, the regular feedback law (3) means a pertur-
bation of the infinitesimal generator A by the operator BF which is relatively
A-bounded (cf. [8]) and verifies D(A) = D(A + BF). Such a perturbation
does not mean, in general, that A+ BF is the infinitesimal generator of a Cy-
semigroup. However, in our case, this fact is verified directly [18,15] since after
the feedback we get also a neutral type system like (1) with D(A) = D(A+BF)
(see below for more details).

From a physical point of view, A-boundedness of the stabilizing feedback F
means that the energy added by the feedback remains uniformly bounded in
every neighborhood of 0. Hence the problem of regular asymptotic stabilizabil-
ity for the systems (2),(5) is to find a linear relatively .A-bounded feedback
u = Fx such that the operator A + BF generates a Cy-semigroup e(A+57)
with D(A + BF) = D(A) and for which ||e+BPix|| — 0, as t — oo for all
x € D(A).

If we take a feedback law in the form (4) then it means that the operator A is
perturbed by a linear feedback unbounded with respect to the graph norm of
A, moreover the domain of the perturbed operator D(A+ BF) is not equal to
D(A). In [7] similar neutral type systems are considered in C'([—1,0]; C"). The
state space in this case is a subspace of C''([—1,0]; C") which depends on the
right hand side of the system. So for any choice of the feedback u = F(z(-))
in the operator model of the system we have D(A + BF) # D(A) and then
the state space for the closed loop system is not the same as for the original
plant. For this system a feedback like (4), namely

ij Fii(t — hy) + /dG(Q)m(t +0), ()

where G is of bounded variation, is used to achieve the exponential stability.
In this context we notice that the feedback law of the type (9) is not regular.

The problem of regular asymptotic stabilization formulated here is considered
within the concept of strong stability for infinite dimensional systems (see
for example [12] and references therein). This approach was developed in the
last decades when it was pointed out that asymptotic stability (called strong
stability) may occur even if the norm of the semigroup does not tend to zero.
For the system (1) the strong stability was investigated in our previous works
[17,18]. For a particular case of neutral type systems the problem of strong
stabilizability (regular in the sense of Definition 2) was considered in [13,14].
We here use the term of regular stabilizability for the neutral type system
(in parallel with ”strong stabilizability”) also by the reason that for those
systems the words ”strong stabilizability” was used in [7] in an essentially
different sense. So using the terms regular stabilizability, we would like to



avoid a confusion, and also characterize the feedback quality.

Let us precise that if the feedback F is regular then the sets o(A)N{A: |A| >
R} and o(A+ BF) N {A : |A\] > R} are asymptotically close when R — oo,
cf. [18] and Theorem 4 below for more details. As a consequence we have the
following precise situation:

i) if 3u € o(A_1) such that |u| > 1 then a regular feedback cannot realize
asymptotic stability;
ii) if for all u € 0(A_y), |n] <1 and there exists p such that |u| = 1, then a
regular feedback cannot realize exponential stabilizability;
iii) moreover, if for some u € o(A_;),|u| = 1 there exists a Jordan chain
for this value, asymptotic stability cannot also be realized by a regular

feedback.

Hence the initial case is when for all u € o(A_;), we have |u| < 1, and
if || = 1, then all Jordan blocks corresponding to this eigenvalue are of
dimension 1, i.e. p is a simple eigenvalue. As it was shown in [18] in this
case asymptotic stability may appear or not. Roughly speaking the problem
of strong stabilizability in our sense is to stabilize a neutral type system in
this critical case by a regular feedback. We consider the case of a system (2)
such that for all u € 0(A_1),|u| = 1, the algebraic multiplicity of p is 1, and
then we have for each such p a Jordan block of dimension 1. In this case, as
the regular feedback does not change the matrix A_, then from the results
proved in [18] it follows that the closed loop system will be asymptotically
stable if and only if all the eigenvalues of A + BF are in the left half plane:
Reo(A+ BF) < 0. Hence, the problem of regular stabilizability, in this case,
consists in assigning the spectrum of the system in the left half plane. This is
not typical for infinite dimensional systems, because the quality (location) of
the spectrum is not enough to describe the behavior of solutions.

The main contribution of this paper is that, under some controllability con-
ditions on the unstable poles of the system, we can assign arbitrarily the
eigenvalues of the closed loop system into circles centered at the unstable
eigenvalues of the operator A with radii r;, such that 3 r? < oco. This is a
generalization of the classical pole assignment problem in finite dimensional
space (see also [20,21] for an abstract point of view for infinite dimensional
systems).

Precisely we have the following
Theorem 1 Consider the system (2) under the following assumptions:

1) All the eigenvalues of the matriz A_y satisfy |u| < 1.
2) All the eigenvalues j1; € o1 © oA N{z: |2| = 1} are simple (we denote
their index j € I).



Then the system (2) is reqularly asymptoticly stabilizable if

3) rank (A4(N\) B)=mn for all ReX > 0, where
0 0
AgN) = =M +Xe A + )\/eASAg(s)ds + /eASAg(s)ds,
e e

4) rank (pul — Ay B)=mn forall |u| = 1.

The preliminary version of these results for the case of one-dimensional control
was presented in [19].

1.1 Formulation of the problem

Our purpose is to investigate the stabilization problem of the control system
(2). This means to find a feedback control law which makes the closed loop
system asymptotically stable. Depending on the sense of the needed stability
and the property of feedback, one can find different senses of stabilizability.
Our goal is to investigate the stabilizability in the following sense.

Definition 2 The system (2) (and (6)) is said to be regularly asymptoticly
stabilizable (or regularly strongly stabilizable) if there exists a linear relatively
A-bounded feedback uw = Fx such that the operator A+BF is such that D(A) =
D(A+BF) and is the infinitesimal generator of a strongly asymptotically stable
Cy-semigroup eABFI in M, .

Let us recall that the system (e, M,), (without control) is said strongly
asymptotically stable if

Vo= (y,2(-)) € My, tli)eroo e 2| as, = 0.

This problem has been investigated in details in [18] and we use here the
results obtained there. In the sequel we use the fact that the last condition is
equivalent to the condition [|e“ 85 z||p 4 — 0, as t — oo for all z € D(A),
where ||. HD( ) 1s the A-graph norm. Namely, we have the following general well
known Lemma. The proof is given for the completeness of the presentation.

Lemma 3 Let e be a Cy-semigroup in a Hilbert space X . The following two
conditions are equivalent

i) ||leMao]| — 0 ast — oo for all xg € X,
it) ||6Atxo||p(A) — 0 ast — oo for all xy € D(A).



Proof. Let us remark that for zo € D(A) we have
le*zollpay = lleaoll + [ Aol = [le*ao|| + [l Awoll.
Then if we suppose that ||e'z|| — 0 as t — oo for all z € X, this gives

le*@ollpeay = llet ol + [l Azo|| — 0.

Then i) implies ii).

Suppose now that ||e*'zy||pa) — 0 as t — oo for all 2y € D(A). Then ez,

is uniformly bounded in D(A):

e zo|lpay < M||zo|lpa).

One can without lost of generality suppose that || Az| > «|z, i.e. A has a
bounded inverse, if not we consider the equivalent norm

laoll + 100l = A zoll, Ao € p(A).
Then ]
le*aolloge) < Mzl + [14zo]) < M (- +1) Az
and

1
e Arol| = [|AcVao]] < lle*zollpia < M (= +1) | Ao
Putting Azo = x this means that e**z is bounded in X.

Now assume that [eAz||pa) — 0, as t — oo for all g € D(A). This means
that |le*ag| — 0, for all xp € D(A). As |le*xg| is uniformly bounded in
D(A), then |letag|| — 0, as t — oo Voo € X. O

To satisfy the condition D(A + BF) = D(A) it is enough for the term BF
to be bounded with respect to A (see for example [8]). This means that the
control may include the term of the form

"= / Fy(0)%(0)d0 + / F3(0)2(0)d0 + Fy (10)

-1

for all x = (y, 2(+)) € D(A). Here Fy(-), F5(-) € Ly(—1,0; C"*P), F} € C™*P.

Let us substitute the above control in (2):

S = A2t — 1)+ | [As(8) + BF(0)] 2(0)d6
0 - (11)
+7fl [A3(0) + BF5(0)] 2:(0)d0 + BF; [2:(0) — A_12:(—1)].



To rewrite the last term we use the formula

0 0

FO)=(0) = F(=Da(=1) = [ F(B)(0)d0 + [ f(6)(0)do,

-1

with
FO) L BRI +1)— A6
to get

BF1 (Zt(O) — A_th<—1)) =
BF; (% [1(0+1) — ALy0] 4(0)d0 + [°, [T — A_y] %(9)) .

Substituting this into (11) we arrive to the following closed-loop system

)= A2t —1) + / (A5(0) + BEy(0) + BF, [I(0+1) — A_160]}2,(0)d0

-1

+ / {A4(0) + BF3(0) + BF, [I — A_]}z(6)de.

Finally we obtain

)= At —1)+ /Ag(e)z‘(t 4 0)do + //ng(é)z(t +6)do, (12)

-1

As(0) Y 45(0) + BE(0) + BFy [I(0+ 1) — A_16],
A3(0) % A3(0) + BF3(0) + BFy[I — A_4].

Comparing (1) and (12) we can see that any control of the form (10) with
Fy(+), F3(-) € Lo(—1,0;C"*P), F} € C™*P transforms the control system (2)
into the class of initial system (1), so we can use all the results of our inves-
tigations in [18]. It is important to notice that the term A_;2(¢ — 1) remains
unchanged, since any perturbation (A_; + K)Z(t — 1) immediately changes the
domain of the operator (see (6)).

1.2 The organization of the paper

The Section 2 is devoted to the analysis of the spectrum of the operator model
(6). This part precises some results given in [18]. We give also a description



of the adjoint operator A* and its eigenvectors, which play an important role
in the formulation of the stabilizability result. Section 3 is concerned with the
formulation and the proof of an abstract stabilizability result for systems in
Hilbert spaces. This result is used for the detailed proof of the main result
which is given in Section 5, when in Section 4 we give the formulation of the
main result with a short proof. The technical Section 5 is divided into two
parts. The first one is devoted to the proof of the assignment of an infinite
part of the unstable spectrum, assumed to be controllable. The second part
conclude the proof with moving the remaining finite unstable part. In the
last Section we discuss the result and explain why the conditions of the main
Theorem are essential and give remaining open problems.

2 Spectral analysis

In this section we present a result on the location of o(.A) which improves
Theorem 2 in [18] and we give the expressions of the adjoint operator A4* and
their eigenvectors. These results an important role in our considerations.

2.1 The location of the spectrum

We will use notations of paragraph 2.2 in [18]. In the sequel we will consider
the matrix A_; in a Jordan basis and change the norm in C” such that the
corresponding eigen- and rootvectors of A_; form an orthogonal basis. Let us
denote by w1, ..., fe, i 7# pj if i # j, the eigenvalues of A_; and the dimensions
of their rootspaces by p1, ..., pe, Zizl pr = n. Let v, be the number of Jordan
blocks, corresponding to yi,, € 0(A_;). Denote by py, j,j = 1, .., V4, the orders
of these blocks, so 3™ pm,j = pm. Consider the points

AE = In || + i(arg pim + 27k), m=1,..,0; k€ Z
and the circles L®) % L) (r0) of fixed radius ro = s min{| AP — AD| (m, k) #
(i,7)} centered at A\¥). We will also need the circles L) (r(*)) centered at A%

with radii 7 to be specified later.

Let us introduce the values

ﬁ elr27k (AQ(S)QXS) ds

-1

)

(k) def 1
FY¥) = max SalE s%p
XeL (ro)

fo o2k (Ag(s)e’\s) ds

-1

‘H

sup
XeL! (ro)

N
A
=

} (13)




It is important to notice that each supremum is taken over the circles L (r)
for all values of the index k.

Let us discuss the properties of F*). The property A; € Ly(—1,0), (1 = 2,3)

implies that for any fixed A € Lm)( o) the functions A;(s)e*, i = 2,3, be-
long to Ly(—1,0) and do not depend on k. The functions {e"*™*},<7 form the
trigonometric basis of Ly(—1,0). So the integrals in (13) are the Fourier coef-

ficients of A4;(s)e*. It implies the estimate which plays an essential role in the
sequel

ST(EW)? <00 forall m. (14)
keZ

We also denote

0 0
Au(N) = =ML+ de A, + A / e Ay (5)ds + / o Ay(s)ds. (15)
-1 _

The following theorem improves Theorem 2 in [18].

Theorem 4 The spectrum of A consists of the eigenvalues only which are

the roots of the equation det A (A) = 0, where A4(X\) is given by (15). The
corresponding eigenvectors of A are o = (Cfee_:é*lc> , with C' € KerA 4()\).

There exists Ny such that for any k, satisfying |k| > Ny, the total multiplicity
of the roots of the equation det A (\) = 0, contained in the circles L (r(*)),

equals pm,, where radii r™® satisfy

ST (rWyPeT < oo, (16)
kez

Here pi?* et max{pm j,j =1, .., Vn} the mazimal order of the Jordan blocks,
corresponding to [, € U(A,l).
Moreover, we can take different mdu r %) for different circles L) (r(®), such

that (rPm™ are proportional to E¥) (see (13)) i.e. there exists dy > 0, such
that for any |k| > Ny, we have (r k)) P = dy - F(R)

Corollary 5 If ji,, is a simple root, i.e. p=* =1, we have Y (r*)? < oo,
kez

Remark 6 Sometimes, for simplicity, we will take in (16) py, instead of pn>*

max def

since p™ < pm = 37 Dy

Proof of Theorem 4. We follow line of argument of the proof of Theorem 2

10



in [18] and describe the location of the spectrum of A using Rouché theorem.
Let us introduce the functions

o

AN E det(A_; — D),
oA & det(A_; — 1)

[N

0 0
—det ((A_l —eM) + et / e™ Ay(s)ds + e\ /e’\SAg,(s)ds) :

-1 -1

We will show that |fi(A)] > |fa(A)| for any A € L) m =1,... ¢, when k is
sufficiently large. Thus, f; — f» have the same number of roots inside L*) as
function f; has. On the other hand the roots of f1(\) — fa(\) are the same as
the roots of det A4()\) for A € L) and for sufficiently large k. Let us rewrite
fo as follows:

F2(N) = det(A_y — M) [1 = det(I + (A — ) 'L(N))],

where

0 0
LX) = e’\/e’\SAQ(s)ds +ert /e’\sAg(s)ds. (17)
| a

To show that | f1(A)| > | f2(N)| it is sufficient to get

|1 —det(I + (A_; —e*)'L(N)| < 1. (18)

To this end we show the inequality

I(A-r =D T'L) < v (19)
for sufficiently small v (and all large k) which gives (18) (for details see [18]).
Since |[(A_; —e*)TLN))|| < [[(A_y —e*)7|||L(N))]] we need two estimates:
Ch

A - < ——— 20
14 =D S o (20)

for some C; > 0 and
VA€ LY W), LON € amp, Y aby < oo (21)

kEZ

We have A = A\F) 4 r(Fei® ¢ € [0, 27], hence

(k) gid oM

ZCO'T(k)>0

|,um_e)\| = |l — Hme = || - |1 —

11



for all m, k., \ € Lﬁ,’f) and C independent of m and A\ € Lg,’j). We use here
the assumption that det A_; # 0 which implies min |u,,| > 0. Using the fact
that A_; has a Jordan form and a well known fact that for a Jordan block
J of dimension d, corresponding to the eigenvalue p, one has for R;(e}) =
(J —e*)~! the expression:

(M_e)\) 1 _(M_§AZIQ (_13di;1(u_§>\zddil
Rn(J) = 0 (1 —e?) (=D —e?) (22)
0 0 (b —e)!

max
m

and we deduce (20) taking d; = p
To obtain (21), we need to estimate ||L(A))[. We write A € L& (r*)) as
A= A+1i-27k, with A € LY (rg). Now it is enough to consider

/0 M Ay(s)ds = /0 ek (A,(s)e™)ds. (23)

It is easy to deduce from (13), (17), and (23) that for any A € L®*) (r®)) with
r%) < r, one has

ILO|| < ot & doER, dy > 0. (24)

m

So estimate (21) follows from (14).

Let us choose small enough value of v (see (19)). Estimate (19) is satisfied
provided (see (20), (21) and (24))

(T(k))p%ax (r(k))p%ax —

C’lam,k o Cldqusf) <

The last inequality is satisfied if we choose, for example,

(r(k))p%ax = Z'l(nk)cldol/i1 = Fr(ric)dla dy o C1dol/71.

Finally, under the above assumptions, estimate (19) allows us to apply Rouché
theorem and completes the proof of Theorem 4. O

12



2.2 The adjoint operator A*

We give now the expression of the adjoint operator for A. Of special interest is
the characterization of the eigenvectors of A* to be used in the next sections.

Theorem 7 The adjoint operator A* is given by
y A3(0)y + ¥(0)
() Lo m)
0()) =\ 000) + 4300 + A3(0) 2
with the domain of the operator A* being

D(A") = {(y,4()) : ¥(60) + A3(0)y € H'(~1,0;C"),

(A7, 450) = A3(—1)) y = $(—1) = A, (0)} € M. (26)
The eigenvectors of A* are given by
. (27)
[)\e_/\e — A3(0) + e [T X A5(s)ds + AeH0 [f e)‘sA§(s)ds] v/’
where y € KerA%(\) with
0 0
A () Ae AT - AT+ A / M A (s)ds + / oM A% (s)ds. (28)
a |

The eigenvalues are the roots of the equation det A% (\) = 0.

Proof. Using the definition of the operator A and after some calculations one
can check that

AGH) (), = <f—° Ax(6):(0)0 + 1%, Aa(0)2(6)46.),,

) {(£(0), (6)) . O )
<wx@<w+ww>+ﬁAa@m@@de
% (2(=1), A3(0))c 6.

Our goal is to find (wIZ-)) such that

#(0) GO =) o), 2

13



-+
=
@
=
b

*
~—
<

N

Il

(w ) As (z )) € D(A) we get
> - <U7 h>(C" + f81<2(9), w(0)>(c"d0
= (2(0), hen = (2(=1), A hyen + [21(2(0), w(B))cndb,

and this gives

() |
/1<z e/w ds+h> d9+<z(—1),h—A*1h+/w(0)d9>

Cn -1 Cn

Substituting this relation and (29) into (30) we select the corresponding terms
with 2(6) and z(—1) to get

Jwis)ds +h = A50)y +v(6) + [ Ax(s)yds (31)
0 (4

and
h— A h+ /w(e)de — /A;,(e)yde. (32)

The assumption Aj(-), w(-) € Ly(—1,0;C") and (31) imply

A3y + () € HY([-1,01:C"). (33)

The last property allows to take § = 0 and then § = —1 in (31) to obtain

h=A;0)y+4(0), AL h=A(=Dy+¢(=1). (34)

The property (33) allows to differentiate the equality (31) to get

w(0) = () — SA3 O + A0 (35)

As we mentioned, A* (1;"(’,)) = (w}(f)) . Hence (34) and (35) give the formula
for the operator A* and its domain presented in (25) and (26) .
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To get the form of an eigenvector we write its definition A* ( wz’(")) = A ( (.
with ( q/fé)) € D(A*) which implies

~<
<
N

A3(0)y +(0) = My, (36)

and

—*1/) fA*( )y + A3(0)y = Mp(0). (37)

From (37) we obtain

$(6) = e +/ “>(3> jHA*<>)ds-y

and using the expression of 1(0) from (36) we infer

0
$(0) = [e_wﬂ — e MA3(0) + / e MO (A3(s) — A3(s)) ds] y

Calculations give the formula for ¢)(6) presented in the second line of (27) and
the form of the eigenvector. From (27) we deduce

0 0
P(—1) = [/\e’\[ —Aj(-1) — e’\/e’\SAg(s)ds - )\e’\/e’\sAg(s)ds} y

-1 -1

and substitute it in (26) to get the formula for A% () (see (28)). This completes
the proof of Theorem 7. O

3 Abstract problem of infinite pole assignment

In this section we present an abstract approach to the stabilization problem for
a general operator model and this approach will be used in the next sections
to stabilize the neutral type system.

The approach presented here is a generalization of the idea proposed in [20]
for the problem of infinite pole assignment for the case of the wave (partial
differential) equation. In this case, the operator under consideration is skew-
adjoint with a simple spectrum while in the present case it satisfies neither first
nor second assumption. Nevertheless, the main idea of [20], after necessary
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improvements, allows us to treat more general cases including neutral type
operator model.

Here we use the notation A for an operator satisfying the assumptions given
below. As it will be shown in the next section, the operator defined in (6)
satisfies these assumptions, so the reader mainly interested in the neutral
type system may simply look at A as at the operator (6).

As before, we denote the points
AE =10 || + i(arg pim + 27k),m=1,...L;k € Z
and the circles L) (r®)) centered at A% with radii r*), satisfying

S (rM)? < 0. (38)

Let H be a complex Hilbert space. We consider an infinitesimal generator
A of a Cy-semigroup in H with domain D(A) C H. We have the following
assumptions:

H1) The spectrum of A consists of the eigenvalues only which are located in
the circles L) (r®)) where radii r®) satisfy (38). Moreover, there exists N
such that for any k, satisfying |k| > Ny, the total multiplicity of the eigen-
values, contained in the circles L) (r®)) equals p,, € N, i.e. the multiplicity
is finite and does not depend on k.

We need the spectral projectors

1

k) =

P = A R(A,\)dA (39)
Lk

m

to define the subspaces V(¥ = PR [,

H2) There exists a sequence of invariant for operator A finite-dimensional
subspaces which constitute a Riesz basis in H. More precisely, there exists
Ny large enough, such that for any N > Nj, these subspaces are {V.")} 1>y

m=1,..,0

and Wy, where the last one is the 2(N + 1)n-dimensional subspace spanned
by all eigen- and rootvectors, corresponding to all eigenvalues of A, which
are outside of all circles L® |[k| > N,m =1, .., (.

The scalar product and the norm in which all the finite-dimensional subspaces
V%) and Wy are orthogonal and form a Riesz basis of subspaces are denoted

by (-, -)o and | - [fo-
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H3) The system is of single input, i.e. the operator B : C — H is the operator
of multiplication by b € H.

The main result of this section is the following

Theorem 8 (On infinite pole assignment). Assume the assumptions H1)-
H3) are satisfied. Consider an infinite set of circles L (r®)) such that each
Lfff)(r(k)) contains only one simple eigenvalue of A only, i.e. p, = 1. We
denote the set of indexes of these circles by m € 1.

We assume that b € H is not orthogonal to eigenvectors o*  of A* form € I
1.€.

<b,<,0],§1>0 #0  forall |k|>Nmel (40)
and
kh_)rgok . ’<b, gp’jn>0‘ =cn,€R  forall mel (41)

Then there exists No > N such that for any family of complexr numbers 5\,’31 €
L&) (r®)) m € I,|k| > Ny there exists a linear control F : D(A) — C, such
that

1) the complex numbers /N\fﬁI are eigenvalues of the operator A 4+ BF;
2) the operator BF : D(A) — H s relatively A-bounded.

Proof. By Assumption H2), the simplicity of the spectrum and the definition
of scalar product (-,-)g, the eigenvectors {©f} (m € I) of the operator A
satisfy (pF ol = 1iff k = j,m = i and (¢*,¢])g = 0 otherwise. The
corresponding eigenvalues are denoted by A¥ . Moreover, any vector z € H
can be represented as follows

mel |k|>N

where P is the orthogonal, with respect to in (., .)o, projector. We can write

lzllo = >_ > (@ emdo + 1Pxls. (42)

mel [k|>N

Let us introduce a new norm (non-equivalent to the norm || - ||¢) which is of
prime importance for our approach:

def
lzll7 = D0 D (€h)* - (@ ends + 1 Pallg, (43)

mel |k|>N
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where the constants &¥ are such €8 > 0, ¢ — oo as k — oo and will be
chosen more precisely later (in (44)).

Let us now consider the control u = Fz % (2, f)1, where the vector f is to be
chosen later. In other words, we look for a linear feedback control, bounded
with respect to the norm || - ||;.

Property (40) allows us to choose {¥} as

e bgkdo| | forall  mel, [k[>N, (44)
where {&},} define the new norm || - [|; (see (43)), corresponding to the inner
product {.,.);. We also choose A\F, such that

S50 A = AP < oo, (45)

mel |k|>N
where A} & ee also Paragraph 2.2 in [18]). The

N || 4 i(arg pim, + 27k) (
property (45) is equivalent to A\?, € L
Theorem 8) together with (38).

S
(r™), m € I (see the statement of

The feedback low which allows to move the infinite family of eigenvalues is
designed using a special choice of a vector in H. This vector is constructed
according to some choice of new eigenvalues. This is based on the following

Lemma 9 Consider the vectors

m = T - Ry, (A)b € H. 46
I = by, (A (46)

There exists an integer No such that vectors {qm}mel |k|>N2 form a Riesz basis

of the closure (in || - ||1) of their linear span, say QH < Clspan{¢* : m €
I, |k| > Na} (here we denoted by @Q the orthogonal, in || - |1, projector onto
QH and by Nt the eigenvalues of A).

Proof of Lemma 9. Consider the equation for the eigenvectors {gﬁfn} and
eigenvalues {Xfﬁl} of the operator A+ BF = A+ b(-, f)1, i.e.

(A=XeT+Db(, fn) gk =0 (47)

Now we apply the resolvent Ry, (A) to the both sides of (47) to get

B+ By, (A)b- (B 1 =0,

18



then multiply it by f in the new scalar product (-,-); and obtain
(@5 P+ (R, (A, S - (@ f1 =0
or equivalently

(Ry, (A)b, f)1 = —1.

Using (46), the decomposition

b = ZZ% SOJO—'—Pb

jel i|>N

and the explicit form of the resolvent

A)b = Zi< >01+R  (A)Pb,

Jel |i|>N )\ m

we can write

k k k i
PERTL B L U (b, @)
g =Tmg —Im T > —2L— o' + Ry, (A)Pb
xS (bl jel nen, A~ Ak, X
(1,)#(k,m)

Using the definition of || - [|; by (43), we can write

2

) k
& gk Y Y @y <qm—“§,:m> +HP@&—“”;:>
m |1 rel  |i|>N 0 m 10

(i,r)#(k,m)

The second term reads (see (50))

= |PBs, (Pb] = || Ry (AP

HP(%’% ?};’”

Let us consider the first term in (51).

& (byh)o M-k

> > (&)

rel  |i=N
(i,r)#(k,m)

~ 1
= =AY Y e
rel [i|>N |)\7" - )\m|
(3,m)#(k,m)

2

&b, @l )o

19
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We recall (cf. Theorem 2 in [18] for the neutral type system) that ¥, € o(A)
satisfies \¥ € L) and the center of L% is A¥). It gives that the distance
between A*) and A is |A\K) — \0)| = 27|k — 4| and |A\F) — AD| > 27|k — 4| for
r # m. Hence, using (45) and the convergence of 35z |k — |77 < +00,

we get
2

ithfizn 1A = AL

1
< +00.

The last convergence with the property

gﬁz <b’ 907]31)0 B

which follows from (44), give the convergence (see (53))

. §:~<b7 90:;>0
&n (bl )o

I

2
< +o00. (54)

Z Z i 1~k 2
rel  |i>N |)‘r - >\m’
(i,7)#(k,m)

Using (52)-(54), we infer from (51)
2 ~
<N = AbIP + |[Ry, (A)PD|

1

k
k_gpm

2
I~ . (55)

where C' is independent of k, m.

We need the following estimate which immediately follows from H1), (45) and
(38):

S0 A = AL < oo (56)

mel |k|>N
Now, for Ry, (A)Pb, we need the next estimate

> 3 Ry (A)Pb], < oo 67)

mel |k|>N

To get this, we first split the projector P on a sum of projectors Pj(r), jé&1
defined by (39):

|5, (b =3 3 | (RB (55)
O e N ’

Now, using formula similar to (22) (with ¥ instead of ), we deduce that
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[, (AP b= 77, - (aist G, 257))
<[[Pb, - (2o masx{ b | 1)

The last estimate holds due to the location of the circles L ) of radius To and

centered at )\g- . Since for any fixed n the series Y, (277 max{]k —r[,1})7°

2
absolutely converges and } g7 >N HP,gT)bHO < 400 (since b € H), one has

> % HRX,%(A)PbH > o> e bH (27r max{|k — r|,1}) 7>

mel |k|>N |k|>N jé&1,|r|>N

< Y HP}”bHE . { > (2mromax{|k — r|, 1})2} < 400.

JEL|r|>N |k|>N
So we get (57).

We notice that H<P51H1 = &8 | so the vectors {%} form an orthonormal basis
(in the norm || - [|;) in the closure of their linear span. Using (56),(57) we
deduce from (55) that
k 2
> e 5k < o00. (59)
mel [k|>N m 1l

Hence there exists Ny € N, such that

> > lan - gk ||1<1

mel |k|>Na

Then the sequence {¢* } is quadratically close to the orthonormal basis ‘g—f"}
and Theorem 5.2 [5] (see also Theorem 2.20 and Corollary 2.22 in [8]) gives
that {gF, }mer x>, form a Riesz basis of the closure (in || - ||1) of their linear
span QH = Clspan{q¥, : m € I,|k| > Ny}, where Q is the orthogonal, in ||-||1,

projector onto QH. This completes the proof of Lemma 9. O

Using (48),(46), we consider

Ak — Nk 1 Af =2
<an7f>1 :%'W‘<RX§”(«4)baf>l == (60)

&n (byel)o

Taking into account assumption (44) and (56), one has

> Ham P =3 3 =Ml <o (61)

mel ‘k‘>N2 mel |k|>N2
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The Riesz basis property of {¢¥ }mer,k>n, and (61) give the existence and
uniqueness of f € QH such that || f]|; is finite and (see (60))

- 1 X — 2k

k ——_— . Im “m
I = g T A 02

Finally, there exists a unique f € H such that ||f||; is finite, Qf = f and
(Id—Q)f = 0.

By construction, the feedback control v = Fz defined by F : D(A) — C,

and Fr ¥ (x, f)1 gives the eigenvalues S\fn for the operator A + BF and,
as a result, proves property 1) of Theorem 8. The property 2) of Theorem 8
follows immediately from the definition of the new norm (43) and properties
(44), (41). This completes the proof of Theorem 8. O

4 Stabilization of the neutral type system

Now we can prove the main result of the paper, namely Theorem 1. To this
end we give another formulation of this result.

Theorem 10 Let us denote by by,...,b, € C" the columns of the matriz B.
Assume the following four conditions are satisfied.

1) All the eigenvalues of the matriz A_q satisfy |u| < 1.

2) All the eigenvalues p; € o(A_1) N{z : |z| = 1} are simple (we denote
their index j € I).

3) >r ‘<bi, yﬁ»@‘ # 0 for all the vectors y¥, satisfying y*, € KerA%(X\) for
roots \ of the equation det A% (\) = 0, such that ReA > 0. Here m € I
and A% (X) is defined in (28).

4) S 1(bi, Ym)en| # O for all the eigenvectors yy, of the matriz A* |, corre-
sponding to eigenvalues fiy,, |pm| = 1.

Then there exists a regular control w = Fx of the form (10), which stabilizes
the system (2) (and (6)), i.e. D(A) = D(A + BF) and e85ty — 0 as
t — oo for all xg € M.

Remark 11 It is easy to see that conditions 1) and 2) of Theorem 1 and The-
orem 10 coincide. Conditions 3) and 4) of the same theorems are equivalent.

Proof. For simplicity of reading let us give a brief sketch of the proof. The
details are given in the following section.
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The proof is given in two steps. The first step is devoted to the assignment
of an infinite part of the spectrum. Namely, we show that there exists NV,
big enough, such all the eigenvalues A* of the operator A such that |k| > N
corresponding to the eigenvalue p,,, of the matrix A_; and such that || =1
may be moved arbitrarily in the circle L(*). This is based on the application
of the Theorem 8. As this result is valid for a single control, we first show
that one can reduce this multivariable problem to a single input problem. The
integer NV is also chosen such that the other circles L) (for which |p,,| # 1)
are in the open left half plane (recall that the radii of that circles verify:
r* — 0 as k — 00). In other words we move only "bad” eigenvalues close to
the imaginary axis. This ”infinite part” of the spectrum may characterized
also as {\ € 0(A) : [Im A| > K} for some K > 0.

The second step is concerned with the assignment of the finite part of the
spectrum, i.e. the part {\ € o(A) : [Im A\| < K}. This is a finite dimensional
problem of stabilizability: all the controllable eigenvalues may be moved arbi-
trarily by a regular feedback.

Finally, it is shown, that the uncontrollable eigenvalues, which are, by hypoth-
esis "asymptoticaly” stable, i.e. in the open left half plane are not affected by
the stabilizing feedback. O

5 Proof of the main result

Here we give the detailed proof of Theorem 10. This proof is divided in two
parts. The main contribution here is the assignment of the controlled eigen-
values near the imaginary axis.

5.1 Assignment of an infinite family of eigenvalues

This part of the proof is based on Theorem 8. However, this Theorem is proved
for the case of a scalar control u. Let us first reduce a part of the problem
to this single input case. Namely, we prove that under the conditions of the
Theorem 10, for the abstract system (6) there exists a vector b = (b,0) € H =
M, such that the conditions of Theorem 8 are satisfied.

First we prove the following Lemmas.

Lemma 12 Assume that the condition 2) of Theorem 10 is satisfied. Consider
the eigenvectors yYm, (||yml| = 1) of A*,, for m € I, where

I= {ﬁm €o(A%)  |uml = 1}.
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Assume that for some vector b € Im B and for allm € I one has (b, Ym)cn # 0.
Then

(b, ) | ~ Con- (K[ + 1) as k=00, mel, CneR. (63)

Proof. Consider an eigenvector of A*, which expression is given in (27), such

that H(wﬁ)ﬂ o 1 and let us show that

lypllen ~ Co - (K| +1)7" as k—oo, mel, C,eC.  (64)

Using the expression (27) for the eigenvectors of the operator A*, we get for
2

A=)\ that 1 = (ﬁc%))’ = |ly%||2. - k1()\), where k;()) is given by the
J M:

2
expression

0 2

0 6
14 / A0 = A3(0) 4+ 0N / M A% (5)ds + de N / M A3 (s)ds| df =
-1 0 0
0 0 ] 112
1+]A]? / e |+ / M A5O)ds | + A [ —AL(0) + e / AL (s)ds || do.
—1 0 0

2
df — 1, as i — oo (see Theorem 4 on the location of the
2

. _\k
Since [, ’e Am

spectrum), and all the other terms tend to zero, we get 1 = H( wzﬁ({))
sl - (1+AP).

Mo

Now let us consider an eigenvector y,,, (||[ym| = 1) of A*,, corresponding to
an eigenvalue fiy,, |pnm| = 1 (all these eigenvalues are simple). We are also
interested in the unit eigenvector y¥ - ||y || 7' of A% (AE) + AET (see (28) for
the definition of A%())), i.e. y* € Ker A*(AF). The eigenvalues are the roots
of equation det A*(\) =0.

One can easily check that ||y, — 3% - ||y% | ~!/c» — 0 as k — oo. This is due
to the continuous dependence of the coefficients of the n-dimensional matrix
A*(X) on the parameter A (see (28)). Hence for k¥ — oo we deduce (we remind
that by assumption (b, ym)en # 0)

k k-1 _
by = v 1Bl D — - e
lim < lim =0
k—o0 <b7 ym>(Cn k—oo ‘ <b7 ym>(C” ’
Hence
byk - lyk || b, Ym — i - b "
‘< 9 ><C” - < Iy >C" —1| —1asi— oo.
[(bs Ym) | (bs Ym) o

24



Using this, one has

(bl ot ). Ibl] - 1+ [cos (b, y)
1m = 111m —
koo (D, Ym) ol £ ] - 1+ |cos (b, ym)|

coS (@)

k=00 ’cos (b, ym)’

The last property implies

’<b’ yfn><cw

Estimate (64) gives (63) and completes the proof of Lemma 12. O

cos (b, )

= (181l - llymll ~ Bl Nk - [eos (B, ym)| - & — oo

Lemma 13 Assume that all the conditions of Theorem 10 are satisfied. Then
there exists a vector b € Im B say b = c1by + ... + ¢,by, which satisfies the
conditions:

1) (b,Ym)cn # 0 for all the eigenvectors y,, of the matriz A*, corresponding
to eigenvalues fiy,, |m| = 1;

2) <b, y,"jl>(Cn # 0 for vectors y* satisfying yt € KerA*(\) for roots \ of
the equation det A*(X) = 0, such that Re A > 0 and for all k such that
|k| > N3 for some integer Nj.

Proof. It is enough to prove that there exists b such that 1) is satisfied. The
statement 2) is a consequence of Lemma 12.

Let 4, m € I be eigenvectors of the matrix A* |, corresponding to eigenvalues
fm, such that |u,,| = 1. Consider the subspaces

Lo ={y: Y, Ym)en =0}, mel.

They are of dimension n — 1. Let us denote by M,, the subspaces M,, =
L., N Im B. We have by Assumption 3) of Theorem 10 dim £; < p. Indeed, if
dim £,, = p = dim(Im B), then B*y,, = 0 and the condition 3) is not satisfied.
This gives that L£,,, m € [ are nowhere dense in Im B. Then by the Baire
theorem

U M., # Im B.

mel
This means that there exists b € Im B such that b ¢ L, fo all m € I,
i.e. (b,ym) # 0, m € I. It implies that there does not exist an eigenvector
x corresponding to an eigenvalue i, |u| = 1 of the matrix A_; such that
(z,b) = 0. Indeed, if such a vector exists then it is colinear to some vector z,,,
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because of the simplicity of the spectrum and then (y,,,b) = 0, which is in
contradiction the construction of b. O

Let us now give the proof of the assignement of an infinite part of the spectrum

of A.

We show first that the operator A, defined in (6), and corresponding to the
neutral type system (2), satisfies assumptions H1) and H2) of Section 3, so we
can apply Theorem 8 after a reduction to a single control case (see below).

We naturally put H A, = Cn x Ls(—1,0;C™). Property H1) is a conse-

quence of Theorem 4, while property H2) follows from the next theorem (see
theorems 15 and 16 from [18] and also [16] for more details and proof).

Theorem 14 [18] There exists a sequence of invariant for A finite-dimen-
sional subspaces which constitute a Riesz basis in Ms.

More precisely, there exists Ngy large enough, such that for any N > N,
these subspaces are {Vn(f), k| > N, m =1, ..,E} and Wy, where the last one
is the 2(N + 1)n-dimensional subspace spanned by all eigen- and rootvec-

tors, corresponding to all eigenvalues of A, which are outside of all circles
LB k| >Nm=1,.. 1.

The conditions of the Theorem 10 allow to apply Lemma 13. Then we have
a vector b = (b,0) such that all the conditions of the abstract result on
stabilization (Theorem 8) are satisfied. Let us take now N sufficiently large,
greater than Ny, N7, Ny and N3 (see Theorem 14, Lemmas 9, 12, 13), and such
that the circles L¥), |k| > N for m ¢ I are in the open left half plane (recall
that I is the set such that the eigenvalues fi,,,, m € I of the matrix A_; verify
|ftm| = 1). We then choose the scalar A* for |k| > N, in the left half plane.
Let the corresponding feedback be noted by F;. We can observe that

by c1b1+...+cpbp>_<B> B
b_<0)_( 0 =1 ¢ = Be, c

The operator F; may be written as (see the proof of Theorem 8): Fiz =
(x, f)1. Consider now the operator F, defined by

&

Cp

Fo: My — CP, Fox = clx, f)r.

This operator moves the eigenvalues A near the imaginary axis, to the eigen-
values A\¥ | near the imaginary axis also, into the circles L*), but in the left

half plane, the integer m being in I. This end the proof for the assignment of
an infinite part of the spectrum.

26



5.2 Assignment of a finite family of eigenvalues

After the first step described above we obtain a new neutral type systems
with a finite number of unstable eigenvalues. The above described procedure
can be realized in such a way the new eigenvalues do not coincide with some
"old” stable eigenvalues. We can then, one more time apply Theorem 14. This
gives that the space Mj is decomposed in a sum of two A + BFj-invariant
subspaces Hi, corresponding to the infinite part of the spectrum, and Hs,
corresponding to the finite part of the spectrum, i.e. for all x € M,, we have
x = 11 + xTo,2; € H;,i = 1,2. Let us note by Ay, A, By and By the
corresponding restrictions of the operators A + BF;, and B:

B A 0 B B
A+BR=(" A22>’ B‘(&)'

By the assumptions of Theorem 10 we have that the finite dimensional sys-
tem (Asg, Bs) is stabilizable. That is, there exists a feedback u = Fosxg wich
stabilize the system (Ao, B2). Then the feedback

u:]:x:flx—i—fgx:flz—i-(o F22)<x1>

T2

transform the original system into a system where all the conditions of asymp-
totic stability are verified [18, Theorem 22].

Let us, finally, observe that the different feedbacks do not affect the uncon-
trollable stable eigenvalues. Indeed, suppose that Ay be a stable uncontrollable
eigenvalue, i.e. such that Re Ay < 0 and the corresponding eigenvector z( ver-
ify B*xg = 0. Then (A + BF)*zy = A*xg + F*B*xy = A*zg = Agzo. This
conclude the proof of Theorem 10.

6 Conclusion and discussion.

Analysis carried out in this work was focused on the case when the part of
the spectrum oy = o(A_1) N {z : |z| = 1} consists of simple eigenvalues and
0(A_1) C {z : |z| < 1}. In this case we proved that the system (2) can be
stabilized by a set of regular controls of the form (10). This set is infinite
since any sequence {A"}, satisfying (45), and such that Re A, < 0, gives a
stabilizing control.

On the other hand, in the case when o; has at least one eigenvalue of A_; with
a nontrivial Jordan chain, the system (2) can not be stabilized by a control of
the form (10). The same if 0(A_1) ¢ {z : |z| < 1}. This follows from the fact
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that any control of the form (10) leaves the system in the same form (compare
(1) and (12)), hence Theorem 24 from [18] says that the system is unstable.

The remaining case when there are no Jordan blocks, corresponding to eigen-
values in oy, but there exists p € o, whose eigenspace is at least two-dimen-
sional (see part p3) of Theorem 22 from [18]), is much more complicated as
clearly showed in paragraph 3.2.2 of [18]. This case needs further investiga-
tions.

References

[1] Bellman R., Cooke K. L. Differential-difference equations, in “Mathematics in
Science and Engineering”. vol. 6. New York-London: Academic Press, 1963.

[2] Brumley W.E., On the asymptotic behavior of solutions of differential-difference
equations of neutral type, J. Differential Equations 7(1970), 175-188.

[3] Burns, J. A., Herdman, T.L., Stech, H. W, Linear functional-differential
equations as semigroups on product spaces. SIAM J. Math. Anal., 14(1983),
No. 1, 98-116.

[4] Diekmann O., van Gils S. A., Verduyn Lunel S. M., Walther H.-O., Delay
equations. Functional, complex, and nonlinear analysis, Springer-Verlag, New
York, 1995.

[5] Gohberg I. C., Krein M. G. Introduction to the theory of linear non-selfadjoint
operators (English) Translations of Mathematical Monographs. 18. Providence,
RI: AMS. XV, 378 p. (1969).

[6] Hale J., Verduyn Lunel S. M, “Theory of functional differential equations”,
Springer-Verlag, New York, 1993.

[7] Hale, J. K., Verduyn Lunel, S. M. Strong stabilization of neutral functional
differential equations. IMA Journal of Mathematical Control and Information,
19(2002), No 1/2, 5-23.

[8] Kato T., Perturbation theory for linear operators, Springer Verlag, 1966.

[9] Ito K. and Tarn T. J., A linear quadratic optimal control for neutral systems,
Nonlinear Analysis, Theory, Methods & Applications, 9(1985), No 7, 699-727.

[10] O’Connor D. A. and Tarn T. J., On stabilization by state feedback for neutral
differential equations, IEEE Transactions on Automatic Control, AC-28(1983),
No 5, 615618

[11] Pandolfi L., Stabilization of neutral functional differential equations, .J.
Optimization Theory and Appl., 20(1976), No. 2, 191-204.

[12] Oostveen J. C., Strongly stabilizable infinite-dimensional systems. PhD Thesis,
University of Groningen, the Netherlands, 1999.

28



[13] Rabah R., Sklyar G. M., Strong stabilizability for a class of linear time delay
systems of neutral type. Matem. Fizika, Analiz, Geometria, 11(2004), No 3, 314—
330.

[14] Rabah R., Sklyar G. M., On a class of strongly stabilizable systems of neutral
type. Applied Mathematical Letters, 18(2005), No 4, 463-469.

[15] Rabah R., Sklyar G. M. The analysis of exact controllability of neutral type
systems by the moment problem, approach. STAM J. Control and Optimization,
46(2007), No 6, pp. 2148-2181.

[16] Rabah R., Sklyar G. M., Rezounenko A. V., Generalized Riesz basis property
in the analysis of neutral type systems. C. R. Math. Acad. Sci. Paris, 337(2003),
No. 1, 19-24.

[17] Rabah R., Sklyar G. M., Rezounenko A.V., On strong stability and
stabilizability of systems of neutral type. In ” Advances in time-delay systems”,
Lecture Notes in Comp. Sci. Engin., vol. 38, 257-268, Springer, 2004.

[18] Rabah R., Sklyar G. M., Rezounenko A. V., Stability analysis of neutral type
systems in Hilbert space. J. Differential Equat., 214(2005), Issue 2, 391-428.

[19] Rabah R., Sklyar G. M., Rezounenko A.V., On strong regular stabilizability
for linear neutral type systems. 14th Mediterranean Conference on Control and
Automation, Ancona (Italia), June 28-30, 2006.

[20] Sklyar G. M., Rezounenko A.V., A theorem on the strong asymptotic stability
and determination of stabilizing controls, C.R. Acad. Sci. Paris, Ser.I, 333(2001),
No 8, 807-812.

[21] Sklyar G. M., Rezounenko A. V., Strong asymptotic stability and constructing
of stabilizing controls. Matem. Fizika, Analiz, Geometria, 10(2003), No. 4, 569—
582.

[22] Verduyn Lunel S. M., Yakubovich D. V., A functional model approach to linear
neutral functional differential equations. Integral Equa. Oper. Theory, 27(1997),
347-378.

[23] Wonham W. M. Linear multivariable control. A geometric approach. Third
edition. Springer-Verlag, New York, 1985.

29



