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Abstract
In this note, the delay-independent stability of delay systems is studied. It is shown that the strong
delay-independent stability is equivalent to the feasibility of certain linear matrix inequality, that is to
the existence of a quadratic Lyapunov-Krasovskii functional, independent of the (nonnegative) value of
the delay. This constitutes the analogue of some well-known properties of finite-dimensional systems.
This result is then applied to study delay-independent stability of systems with polytopic uncertainties.

Keywords: linear delay systems, delay-independent stability, quadratic Lyapunov-Krasovskii function-
als, linear matrix inequalities, polytopic uncertainties.

1 Introduction

The stability of linear delay systems of retarded or neutral type is a field of intense research [14, 19]. A
major difficulty lies in the fact that the delays are usually not perfectly known. A way to ensure stability
robustness with respect to this uncertainty, is to employ stability criteria valid for any nonnegative value of
the delays, that is delay-independent results. This assumption that no information on the value of the delay
is known, is often coarse in practice: in general some estimates are available, and it is more appropriate
(and sometimes unavoidable) to consider the stability of the systems obtained for the different values of the
delays in the corresponding product of bounded intervals. However, the design of stability tests adapted
to this task, both numerically tractable and nonconservative, seems to be more complicated!. This is the
reason why the delay-independent results are of interest.

Criteria for delay-independent stability (or for strong delay-independent stability [18], see below), ex-
pressed by conditions on the zeros of a polynomial with two variables in the frequency domain, have been
exhibited for retarded type systems [11, 12, 13], and more recently for neutral type systems [9, 16, 20]. Chen
et al. [7] have shown that checking this property amounts to verify conditions involving structured singular
values with respect to complex uncertainties, formally similar to small gain conditions appearing in robust
stability analysis. This approach, however, does not give rise to easy-to-check conditions.
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Greece, with the support of European Commission’s Training and Mobility of Researchers Programme ERB FMRXCT-970137
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LA recent, promising, attempt, may be found in [26].



On the other hand, various easy-to-check stability conditions have appeared in the literature, based on
time-domain techniques, see e.g. [10, 22, 21] and the references therein. Approaches by quadratic Lyapunov-
Krasovskii functionals are intensively used, leading in particular to conditions expressed under the form of
linear matrix inequalities (see [8, 24] for retarded type systems, [21] for neutral type), a class of problems for
which widespread powerful numerical algorithms exist. However, these stability criteria are only sufficient.
The analysis by Zhang et al. [25] shows that they are based on conservative estimation of the structured
singular values involved.

In this paper is proposed a LMI condition equivalent to the (strong) delay-independent stability of neutral
or retarded type delay differential systems. More precisely, one displays a family of LMIs of increasing size,
each of them sufficient for delay-independent stability. The key result is that, reciprocally, the strong delay-
independent stability implies that the LMIs are solvable beyond a certain size.

The main idea, based on an improvement of the existing time-domain methods, consists in using, instead
of the usual state variable, say {z(t+7) : —h < 7 < 0}, the augmented, nonminimal, state {z(t+7) : —kh <
7 < 0}, for some positive integer k. A similar idea has been used in [2] and [8, 132-133] to derive sufficient
stability conditions. Of course, when k£ > 1, not any function in the new state space, even sufficiently
smooth, can be part of a trajectory of the system under study. The supplementary compatibility constraints
are reintroduced when evaluating the derivative of the candidate Lyapunov-Krasovskii functional along the
trajectories of the system, considered now in the augmented state space. It turns out that the LMIs found
by this method constitute necessary and sufficient conditions for strong delay-independent stability for large
enough values of k. Incidentally, this furnishes a method for checking scaled small gain conditions as the
ones depicted by Chen et al. [7], by use of LMIs rather than griding. Work is in progress to apply the same
ideas to related problems, stability of systems with noncommensurate delays, analysis of H,, performance
and other, see [5].

The background is recalled in Section 2. In Section 3, is provided the main result, characterizing the
strong delay-independent stability of delay differential systems with one delay (Theorem 1). Numerical
examples are presented in Section 4. Application to delay-independent stability of systems with polytopic
uncertainties is provided in Section 5 (Theorem 2). Complete proof of Theorem 1 is given in Section 6.

The notations are standard. I,,, 0,,xn stand respectively for the identity matrix of size n and the null
matrix of size m x n (simply abbreviated 0,, when m = n). The Kronecker product is denoted ®. The set
of positive integers is denoted N, and the integer part is written int. The set R is defined to be R U {oo}.
By C+ is meant the set of complex numbers with nonnegative real part, and by D the closed unit disk
{z € C : |z| < 1}. The spectral radius and maximal singular value of a matrix M are respectively denoted

p(M) and ||M]|. The spectrum of a square matrix M is written o(M), and applying the operation Re to

this set, one defines Re o(M) def {Res : s€a(M)}, so Reo(M) < 0 means that M is Hurwitz. Also, the

conjugate and transconjugate of M, are denoted M7 and M*. Last, for systems with a delay h > 0, x;
designates the function x(t + -), defined on [—h,0].

2 Delay-independent stability
We consider the following delay differential system:
x(t) — Fz(t — h) = Az(t) + Bz(t — h) , (1)

A,B,E € R, This is a delay differential equation of neutral type when E # 0, of retarded type when
E = 0. The asymptotic stability of system (1) is equivalent to [8]

p(E) <1 and Vs € Ct, det(s(l, —e *"E)— A—e*"B)#0.

The notion of delay-independent stability has been introduced (see [11, 12, 13] for retarded systems, [9, 16, 20]
for neutral systems): by definition, system (1) is (weakly) delay-independently stable if

p(E) <1 and Vh > 0,Vs € C+, det(s(I, —e *"E) —A—e"B) £0 .



Delay-independent stability may be proved to be equivalent to [9, 20]
p(E) <1landV(s,z) € CT xD,s #0or s =0,z =1 = det(s(I,, — 2E) — A —2B) #0 .

A slightly stronger property may be introduced, as in [18] for retarded type systems: system (1) is called
strongly delay-independently stable if

p(E) <1 and V(s,z) € Ct x D, det(s(I,, —2E) — A—2B) #0 . (2)

We may show easily as in [3] for systems of retarded type, that the strong delay-independent stability
is a property robust with respect to perturbations of the matrices A, B, E, whereas the delay-independent
stability is not. Indeed, infinitely close (in the sense of the distance induced by the maximal singular
value on the product space of the triplets (A, B, F)) to any system fulfilling the weak property but not the
strong one, there exist unstable systems. More precisely, the set of the triplets corresponding to strongly
delay-independently stable systems is the interior of the set of the triplets corresponding to (weakly) delay-
independently stable systems.

Generalizations of the Lyapunov method to delay differential equations have been proposed. In particular,
a class of quadratic Lyapunov-Krasovskii functionals [15, 8] has been used early for this purpose, afterwards
generalized to neutral type systems [21] under the form

t
V(w) = (x(t) — Ba(t — h))" P(a(t) — Ba(t — h)) +/ e (1)Qu(r) dr | (3)

t—h

for positive definite matrices P, @ € R™*". Along the trajectories of (1),

AVl _ (o) et (AP PE D)
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and feasibility of the following linear matric inequality

T
P=PT>0,Q=0QT >0, ((QEZE];AP P(A§n+ B)) + (EQQ ETgEE— Q) <0 (5)

is indeed sufficient to have asymptotic stability (by use of the results in [8, §12.7]). However, this is not in
general a necessary condition. As a matter of fact, it may be deduced from [1, 25], that solvability of (5) is
equivalent to:
Reo(A) <0and min  sup |M((sl, — A)"Y(sE+B)M™ | <1,
M invertiblese(cf+

whereas (2) is equivalent to

Reo(A) <0and sup min  [|M((sl, — A" '(sE+B)M ' <1.
s€TF M invertible

3 Principle of the method and main result

Our method is based on an improvement of the previous one. Consider, for k € N,

a(t)



The vector Xj(t), element of R¥", is an augmented state variable, which contains more information than
needed to compute future evolution. From (1) we deduce that

X (1) — (I ® E) X (t — h) = (I © A)Xi(t) + (I ® B) X (t — h) . (7)

Take definite positive matrices Py, Q € RF"**7 and define
t
def
Vie(Xet) = (Xp(t) — (I @ B)Xp(t — b)) Pr(X(t) — (In @ E)X(t — h)) —|—/ X (1) QrXy(r) dr . (8)
t—h

Verify that (compare with (4))

d[Vk(Xk,t)] - (Xk(t) (Ik®E>Xk(th)>T [<(Ik ®A>Tpk+Pk(Ik®A) Pk(fk®(AE+B))>
dt N X (2) (I ® (AE + B))Tpk Ogn
N ( Qr Qr(Iy ® E) )} (Xk(t) — (Is @ B) X, (t — h))
(I E)'Qr (I ® E)TQr(Ix ® E) — Qy A (t) '

Now, the key point of the method consists in remarking that the components of Xy (t) — (I ® E)Xx(t —h)
and Xy (t) are not all independent. More precisely,

Xk(t) = Fk(Xk(t) — (Ik ® E)Xk(t — h)) + kaC(t — kh) s
where F, € RFXkn - fi ¢ R¥"X" are defined by induction by

fl d:ef Inv fk d:ef <fk11E) ;Fl d:ef Onv Fk d:ef ( Fkil fkl) .
n Onx(kfl)n O

Thus

=
S

E? 0
E On In "
fQZ(I)af?): E ,F2:(0 O)aFl’): On On

o
3
o
3

We deduce that, along the trajectories of (1),

AVi( X)) (X(t) — (I ® E)Xe(t — h)\ " . (Xe(t) — (It @ B) Xy (t — h)
- kdtk ( * x(kt—k:h)k ) Rk( ’ x(kt—kh)k ) ’ ©)

where

Ri = Re(P, Q) & (Ifm okm) [(Uk @ AP+ Pi(Ix © A) Po(ly @ (AE + B)))

F fr (I ® (AE + B))T P, Okn
n ( Qk Qrlx ® E) ﬂ (Ikn Oknxn)
(It @ E)TQr (I ® B)TQr(Ix ® E) — Qx Fe fe )

We are hence naturally led to study the solvability of the following LMIs, defined for any k € N.
Pp,Qp e RFHM P =Pl'>0,Qr=Qf >0, R, <0.

The case k = 1 reduces to (5).
Our central result tells that the solvability of the previous linear matrix inequality becomes equivalent to
the asymptotic stability of (1) when k goes to infinity.

Theorem 1 (LMI characterization of the strong delay-independent stability). The strong delay-
independent stability of system (1) is equivalent to any of the following properties.



1. p(E) <1 and ¥(s,z) € CT x D, det(s(I, — 2E) — A — 2B) # 0.
2. There exists k € N such that the following LMI is feasible:
P, € RFvkn gp e RFFn P = PU>0,Qr = QF >0, Ry <0, (10,)

where Ry, € REFDnx(k+1)n 4s defined by

T T
mRmm@w“W§f0%f>[Cﬁigé%nggm &m®£f+3%

n ( Qx Qr(Ix ® FE) )] (Ikn Oann)
I @ B)'Qr  (In ® E)TQr(Ix @ E) — Q» F. fr )’

B
ﬁ“%h“%%lymmﬂ

P def 0., F, def < Fr_4 fk—l) c REnxkn
Onx(k—1)n  On

3. There exists k* € N such that, for any k > k*, (10y) is feasible.
[ |

Recalling the analysis given previously, we see that system (1) is strongly delay-independently stable
if and only if it possesses, for a certain k € N, a quadratic Lyapunov-Krasovskii functional, valid for any
nonnegative value of the delay h > 0, of the form (8), where Py, Q) are positive definite matrices from RF7>kn
(compare with (3)). The derivative of this functional along the trajectories of (1) is given in (9). Also, if
system (1) is (weakly) delay-independently stable, but does not possess a Lyapunov-Krasovskii functional of
the previous type for a certain k € N, then infinitesimal parametric perturbations make it unstable for some
h > 0.

Theorem 1 gives a formal analogue to the equivalence between spectral characterization of the asymptotic
stability of # = Az, A € R"*":

Vs € Ct, det(sl, — A) #0 ,

and solvability of the Lyapunov inequation
JPeR™" P=PT >0,ATP+PA<O.

Theorem 1 furnishes a family of LMI criteria, of arbitrary precision. Concerning the way the precision
changes with k, the following remark may be made. It may be checked from the proof of Theorem 1, that a
sufficient condition for solvability of (154) is

Reo(A) <0 and sup ||[[C(s,, — A)"'B+D]*|| <1,

seCt
whereas stability appears to be equivalent to

Rec(A) <0and lim sup ||[C(s],, — A)"'B+D]*|=0.

oo sE(C_Jr

For systems of retarded type, E = 0, so (Fk fk) = (Oann I;m). The feasibility of (10x) then implies
the feasibility of (16441), see [4].



4 Numerical examples

Let us give two simple numerical examples of utilization of Theorem 1. Consider the matrices

—4 10 5.7 —-65 =2 9.1 0 4.1 6.9 5.1
-02 12 15 —-19 -0.6 —26 —-18 1.6 1.1 2.7
A= 1 -16 -7 -36 —-64]|,B=|-05 -99 —-04 75 32
8.7 55 6.1 =59 7.7 —6 3.5 7.8 0.8 6.4
76 —-09 19 -—-72 =75 1.1 —-12 44 -75 6

We first study the strong delay-independent stability of the following system, of retarded type
&(t) = Az(t) + aBxz(t — h) , (11)

for various values of the real parameter o. We check that Reo(A) < 0, so system (11) is asymptotically
stable for o = 0. Also, sup{a € R : (A +aB)NC+ =} = 0.1726 : for this value, system (11) is unstable
when h = 0. We wish to estimate the largest « such that (11) is strongly delay-independently stable. This
value, denoted a, is computed by frequency sweeping as [7]

—1
Qoo =sup{a € R : sup pla(sls — A)7'B) < 1} = (sup p((Jwls — A)_lB)) ~ (0.1647 .
seCt w€ER

Denote by «y the supremum over the set of all a such that: 3Py, Qx, Py = PL > 0,Qr = QF > 0, Ry < 0,
where
R, def Iin Oknsn) (Iy ® A)T Py + P(Iy ® A) + Q. aPx(I ® B) Ikn Ognxn
b Oknxn  Ikn a(l, @ B)T' P, —Qrk Oknxn  Ikn )~

The previous LMT is just (10;), with E = 0 and B replaced by aB.
The computations are achieved by the SCILAB package 1mitool?. We find

o1 =0.1488, ag = a3 = 0.1647 .

The criterion obtained with k& = 2 is hence exact in the present case up to four digits.
Consider now the system of neutral type given by

z(t) — Ex(t — h) = Az(t) + aBxz(t — h) , (12)
where A and B are chosen as above, and

0.11 032 -0.29 0.12 0.15
—-0.38 042 -0.33 0.12 0.47
E= 0 0.35 —-0.36 0.11 -0.11
0.17 043 0.11 043 0.15
0.33 0.03 —-0.27 033 0.18

We check that p(E) ~ 0.8407 < 1. The supremum over all « such that (12) is strongly delay-independently
stable is here given by

oo =sup{a € R : sup p((jwls — A)"H(aB + jwE)) < 1} ~ 0.1211 .
weR

Denoting as before by «aj the supremum over all « such that the LMI (104) corresponding to the system
under study is feasible (B has to be replaced by aB), gives:

a1 =—oco=sup 0, ag = a3z =0.1211 .

Remark that, for both examples, a is also the supremum over all « such that system (11), resp. (12),
is weakly delay-independently stable.

2SCILAB is a free software, distributed with its source code, see the homepage at http://www-rocq.inria.fr/scilab/



5 Delay-independent stability of systems with polytopic uncer-
tainties

We consider here, for fixed A;, B; € R"*" [ =1, L, the convex class of non-stationary systems
z(t) — Ez(t — h) = A(t)z(t) + B(t)x(t — h) , (13)
with A(t), B(t), E € R™*™, such that

L
vt >0, (A( Z)\l )(A;, By) for some functions 0 < A\; < 1 Z)\l =1. (14)
=1

Of course, the previous setting may be used to model some nonlinear systems. As for the finite-
dimensional systems, a way to ensure stability is to exhibit a Lyapunov-Krasovskii functional common to
the L stationary systems obtained with \; = 1, [ = 1, L. This leads to the following result. Its residual con-
servatism is due only to the method of simultaneous stability itself (as is the case for the finite-dimensional
systems).

Theorem 2. Suppose there exist k € N and positive matrices Py, Qr € RF"*F" such that, for alll =1, L,

Rij = Rip(Py, Q) % (Ten Oknxn "1 (I ® A)TPe + Pl @ A) - P(l @ (AE + B))
A A U (Iy ® (AlE + B)))T Py Okn

n ( Qx QI F) )] (Ikn Oknxn) <0
I @ B)'Qr Ik ® E)TQr(Ix @ E) — Qs F.  fx ’

where
o defy g def <fk11E) € Rnxn.
P d:efOn, F, def ( Fy fkl) c REnxkn
Onx(k—l)n On
Then, the system (13) with constraint (14) is asymptotically stable for any value of h > 0. |

Proof. Suppose (P, Q) is solution of the LMI given in the statement. Consider the corresponding Lyapunov-
Krasovskii functional defined in (8). Proceeding as before to obtain (9), the derivative of V}, along the
trajectories of (13) is proved to be equal to

2(t) — Ex(t — h) T 2(t) — Ex(t — h)
L
d[Vi (X)) _ : S ()R :
dt w(t — (k—1)h) — Bx(t — kh) | = | x(t — (k—1)h) — Ex(t — kh)
x(t — kh) x(t — kh)
which, due to (14), is negative except if z(t) — Ex(t—h) = --- = x(t— (k—1)h) — Ex(t —kh) = z(t — kh) =
Asymptotic stability is then deduced as in [8, §12.7]. o

6 Proof of Theorem 1

A slightly more general result will be proved. Let ny,no € N, and let A € Rm*™ B ¢ Rm*n2 (' ¢ R"2Xn"1,

D € R™*™2_ The proof of Theorem 1 ensues from the following Lemma, replacing respectively A, B, C, D
by A,AE + B, I,,E.



Lemma 3. The four following properties are equivalent.
1. p(D) <1 andVz €D, Reo(A+ 2B(I,, — 2D)"C) < 0.

2. Reo(A) <0 and sup p(C(sl,, — A)"'B+ D) < 1.
seCt

3. There exists k € N such that the LMI (15) is feasible, where

P, € RFmxkm ) e RFm2xknz po— pl' > 0,.Qp = QT >0, Ry <0,

15
where Ry, € R(Fnitnz)x(knitna)ig defined by (16), (17) . (15+)
podefy g def (fk]lD) € Rhn2xna (16a)
n2
podefg g, def ( Fr1 fk—lc) c REnaxkni (16b)
OngX(k—l)nl 0n2><n1

T
_ dEf Ik’rh 0kn1 X N2 (Ik ® A)TPk + Pk (Ik ® A) Pk (Ik ® B)
Ry = Ry (P, Qi) = < F fx ) K ([k®B)TPk Okns

L (@ OrQh @ C) (I ® C)TQx(Iy ® D) Tkny Oy sens a7)
(I @ D)TQr(I @ C) (I ® D)TQi(Ix ® D) — Qx Fy fx '
4. There exists k* € N such that, for any k > k*, (15;) is feasible.
[

The equivalence between 1. and 2. is known [1, 20], and the implication 4. = 3. is straightforward. We
show that 3. implies 1. (Section 6.1), and then that 2. implies 4. (Section 6.2).

6.1 Proof of the implication 3. = 1.
Consider first that feasibility of (15;) implies

T
0> (01@7}1”12) Ry, (0]”}“"2) = (I ® D)'Qr(Ix ® D) — Qi) fr. = DT fLQufiD — fLQrfr -

We deduce that, for any nonzero eigenvector u of D associated to an eigenvalue z, (|z|? — 1)||Q,1€/2fku|\2 <0,

so p(D) < 1. This is the first part of 1.

Define now, for any z € C and for k € N, the matrices v1 ;(2) € RF"X™1 gy 4 (2) € RF2Xm2 . (2) €
R(kn1+n2)><n1 by

I’Il1 I’VLQ
def | #m def | #lns def v k(2
O I B B O L v
. . n2
zk—llnl Zk—l[n2

Then,

(Iknl Oknlxn2> w (Z) _ < ’Ul,k('z) )
Fy, fr k FkULk(Z)%’Zkfk(Inz 7ZD)_1C ’



and, using (16),

k—1 . -1
Fkv1,k(z)+zkfk(1n2 *zD)flC: (Fklvl’kl('z)JrZ fer(In, —2D) C> .

2*(I,, — zD)~'C

We then prove by induction that

Iknl Okn1 XMng w (Z) — Iknl v (Z)
Iy, fr b 21y ® (I, — zD)~1C ) "RV

From the solvability of (15x) we hence deduce that, for any z € C such that I,,, — zD is invertible,
0 > wi(2)" Rrwi(z)

- Kzlk o Ton )_10) Ul’k(z)} ' [((Ik © AT Py + P(lr ® A)  Pe(l @ B)>

I,, — 2D (I ® B)T P Okn,
n (I ® O)V'Qr(I ® O) (I ® O)TQr(I, ® D) Tn, v1p(2)
(It ® D) Qu(I, © C) (I @ D)TQx(Iy ® D) — Q) | \2Ix @ (In, —zD)~'C)) "H*

=v1.(2)" [(In ® (A4 2B(I, — 2D)7'C))* Py + Pu(Ix @ (A + 2B(In, — 2D)7'C))] v1 k(2)
+ (1= |23 [(Ie ® (In, — 2D) 7 C)o1,4(2)]” Qi ® (Iny, — 2D) ' C)v1 1 (2)

= (A+ 2B(In, — 2D)"'O) vy 4 (2)* Povr x(2) + v1.1(2)* Pevr i (2) (A + 2B(I,, — 2D)"'C)
+(1- |,z|2)[v21k(,z)(ln2 — ZD)_lC]*kagﬁk(z)([n2 — zD)_lc .

In particular, if z € D (and then I,,, — 2D invertible, as p(D) < 1), this yields
(A+ 2B(In, — 2D)"'0) vy k(2)* Prvr x(2) + v1.5(2)* Povy g (2)(A+ 2B(I,, — 2D)"*C) <0 .

As the matrix vy x(2)* Pyv1 x(2) is positive definite, we deduce that for any z € D, the matrix A+2zB(I,,, —
2D)~1C is solution of a Lyapunov equation, so Reo(A + zB(I,,, — 2D)~'C) < 0. This achieves the proof of
the implication 3. = 1.

6.2 Proof of the implication 2. = 4.

e We first transform condition 2. It is well-known that, for any square matrix M,

p(M) <14 lim [MF*| =0 < limsup | M*|| < 1
— 400

k——+oo

(where the second equivalence is obtained using the fact that the matrix norm induced by the euclidian norm
is submultiplicative). We hence deduce that condition 2. is indeed equivalent to

Reo(A) <0 and sup limsup||[C(s],, — A)"'B+D]*| <1,
s€C+ k—+oo

or even, using a classical argument of complex analysis [6]: Reo(A) < 0 and

sup limsup ||[C(sI,, — A)"'B+ D]*|| < 1. (18)
s€jR k——+o0

e From now on, we assume that condition 2. holds; in particular, Reo(A) < 0. Let us transform (155) into
a form comparable with (18), but in which £* has to be chosen uniformly wrt z in the unit circle, namely:

limsup sup ||[C(sl,, —A)"'B+D)*| <1. (19)
k—-+oo s€jR



Developing the first term in Ry, given in (17) leads to the identity

<Ikn1 Oknlxng)T <(Ik @A)TP,+ (I, ® APy Py(I;; ® B)) (Ikm Oknlxn2>

Fy, Ir (I @ B)' Py Okns Fy Ir
(((Ik ® A) + (I @ B)Fp)" P+ Po((I, © A) + (I, ® B)F)  Pe(Ix ® B)fk)
B (I ® B) f)" P, (U '

Written under this form, we apply Kalman-Yakubovich-Popov lemma (rep_roduced in Appendix) to (15;),
taking into account the fact that o((I ® A) + (Ix ® B)Fy) = 0(4) € C\ C*, as 2. holds. Denoting

f _
S = Si(s) ¥ (sIin, — (e ® A) — (I ® B)Fy)~"

Kalman-Yakubovich-Popov lemma establishes the equivalence between solvability of (20a) and property
(20b). Here, one has put
Py, € Rkmxbkm g e RFr2xknz p— pT' 0, = QT >0, Ry, <0,

20a
where Ry, € RFritn2)x(knitnz) s dofined by (16), (17) . (202)

and

3Qk = QF > 0,Vs € jR,
H* ((Ik @ C)'Qi(Ix ® C) (I ® )T Qr(Ix ® D) ) (Ikm Oknlxn2> <5k(5)(1k ® B)fk) <0
1 \Te®@D)'Qr(Iy®C) (I @ D)'Qr(Ir @ D) — Q1) \ Fr Ix I, ’
(20D)

where the dot in the brackets has to be replaced by the last two matrices. Remark that (20a) is identical to
(151), except that Py here has not to be positive.
Developing the expression in (20b) yields:

(I @ C)Sk(Ix @ B) fx + (I @ D) (FxSk.(Ir. @ B) fr. + fi)]" Qr[(Ix ® C)Sk (I @ B) fr + (I @ D) (Fi Sk (Ix @ B) fx + fx)]

< [FeSk(Ix @ B) fr + fr]"Qr[FrSk (I @ B) fr. + fx] . (20c)

Let us evaluate these expressions. From (16), we get that

S(s) = (Sl(k—l)nl ~ k-1 ®A) — (g1 @B)Fr1 (k-1 ® B)fk1c)_1
Oy x (k=1)my sl, —A
_ ( Sk-1 Sk—1(Ik—1 ® B) fr—1C(sIp, — A)l)
Onlx(k—l)nl (SInl - A)71 ’
(k=1 ® B) fx—1D
R .

This permits to establish that

)

Skl @ B) fr. = (Sk‘l(lk—l ® B()Sf};ll( /Slm —A)7'B+ D))

from which it is deduced that

stk(lk & B)fk + fk = ((Fklskl(lkl © B)fkil * fkil)(C(SInl B A)ilB + D))

I,
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and

(I ® O) Sk (1, @ B) fi, + (I, @ D)(Fx Sk (I, ® B) fi + fi)
. (((Ikl (%9 C)Skfl(fkfl & B)fkfl + (Ik71 X D)(Fk,lSk,l(Ik,l & B)fkfl + fk71)>(C(SIn1 — A)le + D))
- C(sl,, fA)_lBjLD ’

In the left-hand and right-hand sides of the two previous identities, the same expressions appear with adjacent
indexes. This permits to prove recursively that

[C(sIn, — A)~™1B + D)1
F.Si(Ik @ B) fx + fx = : ,
In,
[C(sI,, —A)"'B+ D]
(Ix ® C)Sk (I, @ B) fr + (I ® D)(FpSk (I, @ B) fr + fx) =

[C(sl,, —A)"1B+ D]
The previous formulas show that, when Qy = Ixp,, (20¢) just writes:
Vs € 4R, ||[C(sI,, — A)'B+DJ*| < 1. (21)

Condition (21) is hence sufficient for existence of Q) = Qf > 0 such that (20c), or equivalently (20a), holds
for any s € jR. In this case, (20a) admits a solution (Py, Q) such that Qy = It,,-

We now prove that the symmetric matrix Py previously obtained is indeed definite positive. Considering
the left-upper block in the decomposition of Ry given by (17), one has

0>((Ik ® A) + (It ® B)F)" Pe + Po((It ® A) + (Iy ® B)Fy)
+ (I ® C) + (It ® D)F)" Qr((Ix © C) + (I ® D)Fy.) — F}l QiFy. .
When (20a) holds with Qx = Ikn,, then, for any uq,...,ux € R™,
T

U1 31

1 (e 0) + (e © DR QU ) + (I @ D)) — FIQuE] |

Uk Uk
= ||Cus + DCusy + - -- + D*1Cu|? > 0,

SO
(I ® C) + (It ® D)Fy,) " Qi ((I, ® C) + (It ® D)Fy,) — FL Qi F), > 0

and
0> (It ® A) + (I ® B)Fy)" P + Pr((Ix ® A) + (I, ® B)Fy,) .

AsReo((Ir ® A) + (I ® B)Fy) < 0, the previous inequality implies [17, Theorem 5.3.1] that any symmetric
matrix Py such that (P, Iin,) solves (20a) is indeed definite positive: this pair also solves (155). One has
thus deduced that, if (20a) holds with Qp = Ixn,, then (15;) admits a solution.

Finally, when 2. holds, then Reo(A4) < 0, and (21) is sufficient for solvability of (155). Consequently,
when 2. holds, (19) is sufficient for realization of 4., as announced.
e In view of (18) and (19), it remains, in order to prove that 2. implies 4., to show that one may choose
in (18) the index k uniformly with respect to s € jR. The final argument, based on compactness, is itself
decomposed into two parts. We show first that, when Reo(A4) < 0, then (18) implies

Jk € N, sup ||[C(s,, —A)'B+D)*| <1, (22)
sejR
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and then that (22) implies (19).
e For k € N, let

K, ¥ (s e R ¢ |[C(sLn, — A)7'B + D) > 1} .

The matrix A being Hurwitz, sI,,, — A is invertible for s € jR. By continuity, the sets K}, are closed.
Moreover,

s€ Kop = 1< |[C(sI,, — A)~'B+ DP**|| < ||[C(sIn, — A)'B+D]*||? = s € K}, .

Hence Ks, C Ky, for any k € N.

Assume now that (22) does not hold. If p(D) > 1, then (18) does not hold either, as necessarily one
would have limsup,_, . [|[D*|| < 1. Suppose now that p(D) < 1. Then, for any k € N, the sets K, are
nonempty and bounded (as p(D) < 1). The sequence Ky is thus a nested sequence of nonempty compact
sets. In particular,

dsg € (w Kor
kENU{0}

that is .
Jso € jR,Vk € NU {0}, ||[C(soln,, —A)'B+D]* || >1.

Hence,
Vk* €N, sup ||[C(soln, —A)'B+D]*| >1,
k> k>
and (18) does not hold either. Hence, we have proved by contradiction that, when Rec(A) < 0, then (18)
implies (22).
e Let us prove now that, when Reo(A4) < 0, then (22) implies (19). Suppose that (22) holds, and let k* € N

and ¢; > 0 be such that
sup ||[C(sI,, — A)"'B+ D" || def cp1<1.
s€jR

Define also

) def sup{sup |[C(sI,, — A)~'B+D)*| : k:e{O,...,k*—l}} .

sejR
EES 1Og02 *
E > = +3 k",
log c;

and let s € jJR and k € NU {0} such that & > k**. Denote ¢ and r the quotient and the rest of the euclidian
division of k by k*, that is:

Then cs is finite.
Now, fix k** € N such that

geNU{0}, re{0,1,....k* —1}, k=qk* +r .

Remark that k£ > k™ implies

log co 9 log co

q> +1. (23)

log c; log c;
Then,

NC(sLny = A7 B+ DI*|| < [C(sLny — A7 B+ DI* |[4)[C(sLn, = A)T'B+ D" < efez < er < 1,
due to (23) and the fact that ¢; < 1. From (22), we have hence deduced the existence of k** such that

Vk € NU{0},k > k™, sup ||[C(s],, —A)'B+D]*|| <c1 <1,
sejR
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SO one gets

Reo(A) <0 and limsup sup ||[C(sl,, — A)"'B+D*|| <1,
k—-+oo s€jR

which is nothing but (19).

To summarize, it has been shown first that: condition 2. < (18); under the assumption Reo(A4) < 0
(consequence of 2.), it has been successively shown that: (19) = condition 4., (18) = (22), (22) = (19).
This shows finally that condition 2. implies condition 4., and concludes the proof of Lemma 3.
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A  Appendix — Kalman-Yakubovich-Popov lemma
We use the statement as given e.g. in [23]. Let A € R"*" B € R™*? M = MT ¢ R(»+p)x(ntp)

Lemma 4. If det(sl, — A) #0 for s € jR, then the following two statements are equivalent.

((sln - A)—13>* o <(sIn - A)‘lB) <0.

1. For any s € jR,

I 1,

p p
2. There exists P = PT € R™ " such that

(ATP +PA PB

BT P Op)+M<0.
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