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Stability of linear systems with time-varying
delays using Bessel-Legendre inequalities

Alexandre Seuret and Frédéric Gouaisbaut

Abstract—This paper addresses the stability problem of linear
systems with a time-varying delay. Hierarchical stability con-
ditions based on linear matrix inequalities are obtained from
an extensive use of the Bessel inequality applied to Legendre
polynomials of arbitrary orders. While this inequality has been
only used for constant discrete and distributed delays, this paper
generalizes the same methodology to time-varying delays. We
take advantages of the dependence of the stability criteria on
both the delay and its derivative to propose a new definition of
allowable delay sets. It is shown that a light and smart modifi-
cation in the definition of this set leads to relevant conclusions
on the numerical results.

Keywords. Integral inequality, stability analysis, time-varying
delay systems, allowable delay sets, linear matrix inequalities.

I. INTRODUCTION

This paper is devoted to the stability analysis of linear time-
delay systems, which represent a wide class of systems arising
in many applications such as in biology, in traffic control, in
engineering, in cyber-physical systems or in networked control
systems (see for instance the books and survey papers [2], [3],
[71, [22]). Compared to the delay-free case, the difficulties
when studying time-delay systems mainly come from the
infinite dimensional nature of this class of systems, which
require a dedicated analysis.

The aim of this paper is to provide stability conditions
of time-delay systems where the delay is assumed to be
a bounded continuous time-varying function with bounded
derivatives. In the literature, there exist several major results on
this topic, see for instance the Lyapunov-Krasovskii approach
[24], [8]1, [15], [5]1, [23], [10], the “Input-to-State” or “Input
-to-Output” approaches [6], which are related to the robust
analysis [1], [11]. Focusing on the Lyapunov-Krasovskii ap-
proach, several techniques have been considered to reduce the
conservatism of the stability conditions, often formulated in
terms of Linear Matrix Inequalities (LMI). The conservatism
of these LMISs, formulated in terms of delay upperbounds, gen-
erally comes from several manipulations allowing to express
the infinite dimensional stability problem into a finite LMI
test. A list of technical tools that have been considered in the
literature to solve this problem includes matrix inequalities
[13], the reciprocally convex combination lemmas [16], [27].

The objective of this paper is the design of generic stability
conditions for linear systems subject to a continuous time-
varying delay by using the Bessel-Legendre inequality. These
conditions generalize the original works on Bessel-Legendre
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inequality for systems with constant (discrete or distributed)
delay presented in [19], [21] to the case of time-varying
delays. This work is also a generic extension of the stability
conditions for time-varying delay systems of former papers
which use the Wirtinger-based inequality [18], the auxiliary-
based integral inequalities [17], or the free-weighting matrix
integral inequality from [25]. We also stress that another
contribution of this paper is to evaluate the impact of the
allowable delay set characterizing the delay functions as
suggested in [20]. Several numerical experiments show that the
proposed Lyapunov-Krasovskii functional is very competitive
if an adequate delay set is constructed. It suggests then that
the conservatism induced by the method stems mainly from
the robust analysis performed on the LML

Notations: Throughout the paper R™ denotes the n-
dimensional Euclidean space with vector norm | - |, R™*™
is the set of all n x m real matrices. The notation P > 0, for
P € R™™ ™ means that P is symmetric and positive definite.
The set S™ (S) represents the set of symmetric (positive
definite) matrices of R™*"™. The set of continuous functions
from an interval Z C R to R™ which are square integrable is
denoted as space L(Z, — R™). The symmetric matrix [4 ]
stands for [ & 2 |. diag(A, B) stands for the diagonal matrix
[4 %]. Moreover, for any square matrix A € R"*", we define
He(A) = A+ AT. For any function z : [~h, +00) — R",
x4(0) stands for z(t + @), for all ¢ > 0 and all § € [—h, 0].

II. PROBLEM FORMULATION
A. System data

Consider a linear time-delay system of the form:

{ i(t) = Ax(t) + Agz(t — h(t)),  Vt>0,

() = o(t), vte [—hy0, D

where z(t) € R" is the state vector, ¢ is the initial condition
function, A and A, are constant matrices and hs is a given
positive scalar. The delay function is assumed to be continuous
and differentiable and satisfies the following constraint

Vt>0,  (h(t),h(t) € H CRT xR, 2)

where H is assumed to be a convex bounded subset of RT x
R, denoted as the allowable delay set for system (1). In the
literature, the set H is often selected as a polytope [h1, ha] X
[dy, do], for some appropriate values of hq, ha,dy,ds. In this
paper we define alternative polyhedral allowable delay sets
with the same number of vertices. We will show that other
possibilities can be considered and lead to notable changes in
the numerical experiments reported in Section VI.



B. Legendre polynomials and their properties

Let us first recall the definition of the Legendre polynomials,
used in the definition of the Lyapunov-Krasovskii functional
employed thereafter.

Definition 1: The “shifted” Legendre polynomials are the
sequence of polynomials defined over the interval [0, 1], which
are given for all i € N, L;(u) = (=1)" 3_5_ pju’ where p}; =

(-1)7 (%) (“j” ) and (%) refers to the binomial coefficients

given by ﬁ

In the sequel, the notation Ly refers to a polynomial matrix
of dimension (N + 1)n X n, where n and N are positive
integers, and is given by

Ly (u) == [Lo(w)ly Ly(u)l, Lyl . 3

The orthogonality property of the Legendre polynomials can
be summarized by the following statement. For any matrix R
in S7, it holds

1
VN €N, / Ly(u)R'LY(w)du = Ry ()
0
where Ry = diag {R,3R,..., (2N + 1)R}. In addition, the
evaluation of these polynomials at the boundaries of the
interval [0, 1] are simply given, for any integer N > 0, by

I, I,

I, ~I, B
LN(].) = . = ]_N, ]LN(O) = : = 1N' (5)

In (—1)N1

Since orthogonal polynomials usually verify recursive prop-
erties, Legendre polynomials satisfy the two following differ-
entiation rules, that will be the key technical tools of this paper

(y ~(u) = TInyLy(u) =TyLy_i(u)
o (uln(u)) = Ln(u)+OnLy(u),

where Ty = [['y On(N+1)n)s I'n = Yv ® I, and Oy =
On ® I, where ® refers to the classical Kronecker product.
Matrices vy € ROVHTUXN and gy € RINVHDX(N+D) ape
defined by

(6)

I if  k>i,
(ki) = {(gk_l)(l_(_1)i+k) if k <.
0 if k> 1,
On(k,i) = k i k=i
(2k — 1) if  k<i

These two derivation rules are derived from classical prop-
erties of the Legendre polynomials. Basically, it means that
their derivative are expressed using Legendre polynomials of
lower degree.

C. From constant to time-varying delays

In [19], a first stability analysis based on Legendre-based
Lyapunov-Krasovskii functionals has been provided to cope
with linear systems subject to constant time-delay. In this
paper, the following functional has been employed

+ft h (s)Sx(s)ds
s)dsdd,

Wi (e, d1) = XN (E)Prxn(t

@)
+h‘ft h fe

where N € N, Py € SN+2)n, S, R € S and the augmented
vector xn(t) = [ = (0) he(t) | and

0
¢N(t):%[ Ly (Szh) zi(s)ds, VN > 0.

Guided by this functional (7) dedicated to the analysis
of systems with a constant delay, we propose to consider
the following extension which aims at dealing with the case
of time-varying delays. It consists in using the following
Lyapunov-Krasovskii functional

T( VPNEN(L) + j;t_h 27 (s)Sx(s)ds
Qz(s)ds + hof;_, [T (s)Ri(s)dsdo,
®)
where, in this case, the matrix Py is now in SGVN+3)7 and
where S, @, R are in S} . This new functional is defined using
the augmented vector Z defined by

Vn(xe, 4¢) =
+ft h T

in(t) = [2£(0) h(t)¢T N(t)  (ha = h(t)e5 N ()] .
where
¢1,N(t) = % fgh(t) ]LN (S—;élt()t)) th(S)dS,
_ 1 s+ho (9)
San(t) = mrm Jone L (h2 h(t)) t(s)ds.

This functional generalizes the one that has been defined in
[18] for time-varying delay systems. Indeed selecting N = 0
in (8) allows retrieving the same functional as in [18]. The
proposed extension to time-varying delays is not an easy task
since the time-varying delay appears in the definition of ¢
and ¢2 . To achieve this goal, several technical problems
arise for the consideration of the time-varying delay.

o The first difficulty refers to the exhibition of LMI con-
ditions to prove the positive definiteness of V. A first
solution would be to impose that Py, S, Q and R are
positive definite. However, this might be too conservative
and we look forward a tighter condition which relies on
an extensive use of the Bessel Legendre inequality [19]
together with an improved version of the reciprocally
convex combination lemma [16].

e In order to satisfy the requirements of the Lyapunov-
Krasovskii theorem, we must also show that the func-
tional Vy is upper bounded by some function of the state
of the time-delay systems. The consideration of ¢; n and
¢o,n in the first quadratic term of Vi makes this step
unclear.

o The computation of the time-derivative of Vj requires
to express the time-derivative of ¢y ny and ¢o n. This
step is also not straightforward and requires a dedicated
development.

III. PRELIMINARY RESULTS
A. Delay-dependent reciprocally convex inequality

In the two first steps, we will use an improved version of the
reciprocally convex combination lemma originally presented in
[16]. The following lemma relaxes the inequality provided in
[16] through the introduction of additional matrices variables.



Lemma 2: Let n be a positive integer and Ry, R be in S'}.
If there exist X1, X5 in S™ and Y7,Y5 in R™*"™ such that

R 0 X, Y 0 Y,
|:O R2:| -« |:Y1T O:| - (1 - Oé) |:}/2T X2:| =0 (10)

holds for a = 0, 1, then, the following inequality

1
ERI 0 R1 0 Xl YQ 0 Yl
0" = [ ) ool el %)

holds for all a € (0, 1).
Proof : The proof is given in the appendix. &

Remark 1: As noticed in [28], the additional variables X;
and X5 can be removed by taking X1 = R; — Y1 R, 1YlT and
X9 = Ry — YQTRleg, which obviously verifies conditions
(10). This manipulation allows a notable reduction of the
numerical complexity.

The particular selection in the previous lemma with X; =
Xo=0and Y; = Y5 =Y leads to the original reciprocally
convex combination lemma [16]. Lemma 2 refines the original
convex combination lemma since it allows obtaining a lower
bound which depends explicitly on «, which will be related
to the time-varying delay h(t).

B. Bessel-Legendre inequality

The Bessel-Legendre inequality is stated in the next lemma.
Lemma 3: For a given function x in L£5([a, b] — R™), any
scalars @ < b and any matrix i € S7} the inequality

b
/ 2T (s)Rx(s)ds > (b — a)¢X Ryon (11)

holds, for any positive integer N > 0 where

on = gk fy Ly (352) a(s)ds
Ry = diag(R,3R,...,(2N —1)R).
Proof : As in [19], [21], the proof of this lemma

is based on the function z, [a ] — R™ given by
zn(s) = Rax(s) — L% (S “) Rn¢n, where we recall

that oy = 4= af N b’a) x(s)ds. This function zy
can be viewed as the error between the function z and
the best polynomial approximation of x according the
inner product. The inequality results from the expansion of
[P 2T ()R 2n(s)ds, which is positive. &

Remark 2: The previous inequality includes Jensen’s in-
equality [7], the Wirtinger-based integral inequality and the
auxiliary-function based integral inequality [17] as particular
cases when N = 0, 1,2, respectively. It is also worth noting
that the Parseval identity ensures that the proposed inequality
becomes asymptotically non conservative when N goes to
infinity.

IV. STABILITY ANALYSIS

In order to simplify the exposure of this section, the stability
analysis is divided into three parts. The first part deals with
the positive definiteness of the functional. The second part
aims at obtaining LMI conditions to guarantee the negative
definiteness of the derivative of the functional along the
trajectories of the system. The last part resumes the main result
of the paper.

A. Positive definiteness of Vi

Lemma 4: For a given positive integer N > 0, assume that
there exist Py € SCN+3)n G5 Q R € ST and a matrix U €
R N+Dxn(N+1) guch that the f0110w1ng LMIs

1[00} O’(I)SJV:[SNINJ

(bN(hQ) h2 0 (I)O

Py + ] =0 (12)

U" Qn,

are satisfied, where Sy = diag(S,3S,...,(2N + 1)S), and
Qn = diag(Q,3Q, ..., (2N +1)Q). Then, there exist ¢; > 0
and €2 > 0 such that the functional Vy (z, @) satisfies

e1|z(0)? < Viv (e, d0) < €2 ||l (13)

1
where [z = maxse( s, of [7e(s)] + (2, l#:(s)]?ds )"
(see e.g. [3]).

Proof : The objective of the next developments is to find a
lower and an upper bounds of V. In order to derive the first
lower bound (i.e. the existence of €;), one may apply Lemma
3 to the second and third terms of the functional, which can
be done since the matrices S and () are symmetric positive
definite. Hence, applying Lemma 3 to the order N yields

ft 2(s)ds > hol N (0)Snern (1),
j;,h2 Qu(s)ds > (hy — h)$] N (H)Qn 2. (L),

which ensures the following inequality

o o0 0
VNn(we, ) > In(t) [Py + 0 w0 Tn(t)
0 m&=RQn

+h2ft ho fe

If there exists a matrix U in R*N+Dxn(N+1) gych that

(s)Ri(s)dsdd.

5% QU > 0, then Lemma 2, with X; = X5 = 0
N
and Y7 = Yo = U ensures, together with R > 0 that

V(ze,a) > @5 ()@ N (h2)Zn(t). Therefore, if @y (h2) = 0
and R > 0, then there exists ¢; > 0 such that Vi (z¢,4;) >
€1]x¢(0)|, which concludes on the first inequality. To prove
the second inequality, there exists a sufficiently large scalar
n > 0 such that Py < ndiag(I,Zn,Zn) where Iy =
diag(I,3I,...,(2N + 1)I). It thus holds

ENOPNEN() < nlze(0)P 4+l ()] N ()TN 1N (t)
+n(ha — h(t))?d3 5 (1) Indo,n (2)-
Using Lemma 3, we obtain
EGOPEN(t) < nlz(0 >|2 + nh ) [y lo(s)2ds
+n(hy — ft s h(t) |z(s)|?ds
n|x:(0 )|2+77h2ft 1y 12 )|2ds.

IN



Re-injecting this inequality into the definition of the
functional Vjy, we can easily obtain that there exists ex > 0,
such that Viy (2, 1) < e2||24]|3 - &

B. Negative definiteness of the derivative of Vi

The main result of this section is given below
Lemma 5: For a given positive integer N > 0, assume

that there exist Py € SENT9" S Q R € St and Y3,Ys €
R(N+2)n><(N+2)n’ such that!

i . hozh 0 717
Uno(h, h) WE[ ha Yl} Wﬁ[ h T:|
0 ,TQYQ
) h2—h
Uy (h,h) = { OYI}WN 0 =<0
0o 17
o
(14)
at the vertices of H, where
Uno(h,h) = He (Gﬁ(h)PN (JN+hHN))
i +3n(h) + h3FERFNy — WEEN ()W,
Ry = diag(R,3R,...,(2N + 1)R, (2N + 3)R),
Fy = [A As 0 0 0],
7 0 o0 0 0
Gn(h) = |0 0 0 R },
0 0 0 0 (h27h)InN
o 0 0
Hy = |0 Iy o0 ]
0 -1y ©
(A Ag 0 0
Jn = 1y -1y 0 *FN 0 :| R
' L0 1y 1 0 -T
1 -1 0 -T 0
W = I 1\6+1 11:7\/:11 —In41 JBJA —Ini1|?
- R —h [Rnu Y 0 Y
En(h) = | N RNH_’_ h}zmh [ }ZJA 2}—!—,12 [Y R;ﬂsl
(1

with 141, In41. [y, Iy and Oy are given in (5), (6)
and (6), respectively. Then, there exists e5 > 0 such that the
functional Vi (x4, &) satisfies Viy (2, @) < —es [|24(0)]|.
Proof : Before entering into the details of this proof, two
preliminary results are proposed for the sake of simplicity.
These results use an augmented vector, defined for N > 0 by

vty =1[ 2 (0) xf(=h)

Proposition 6: For a given N > 0, the time-derivative of
the vector Z is expressed using matrices Hy and Jy given
in (15) by 2n(t) = (Jn + hHN)EN(2).

Proposition 7: For any function = such that & is in £, any
scalar hy > 0, any integer N > 0 and any matrix R € S7,
then the inequality

o / #T(0) Rin (s > EFOWHIEN(h) — o (W én(t)

IConditions (14) are formally strict inequalities for all delays h different
from 0 and hs. Due to the cases h = 0 and h = hg, some rows and columns
might be zero, which implies the non strict inequality (14).

i (=h2) S{n(t) P n() ]

holds for any delay h € [0, ho] and for any matrices Y7, Y> €
RVA2)nx(N+2)n  where Zy(h) and Wy are defined in (15)
behy, R Y 0

0 %YQTRJTAAYQ
The proof of these two propositions are provided in the
appendix. The computation of the derivative of Vi leads to

He (7 (1) Py (1) + o (0)82,(0)
~(1 =] (<h)(S = Qi (~h)
— T (—h2)Qui(—ha) + W37 (0)Rity(0)
—hy [°, T (s)Réty(s)ds

(16)

Our objective is to derive an upper bound of VN expressed
as a quadratic form using the augmented vector £y (¢). Using
the matrices Gy (h), Fy and Yy(h) defined in (15), the
derivative of Vi along the trajectories of the system can be
rewritten as

Vn(enie) = He (€h(GK(R) Pyin (1)
+ER () [h?FTRFN + En(B)] ent)
—hy [° hy Tt (8) Rty (s)ds.
a7

Using Propositions 6 and 7, the derivative of the Viy along
the trajectories of the system satisfies

and where S (h) =

Vi (g, @) =

Vi (@, i) < €5(%) [He (Gg(h)PN(JNMHN)) N
+ h3FLRFy — Wi [En(h) — Eno(h)] W] En (1)
= €&(t) (o, ) + WEEna(Wa ) & (1)

It is then easy to see that the matrix Unq(h, h) +
WE=Zno(h)Wy is multi-affine with respect to h and h and
consequently convex in these two parameters. Hence, if the
LMIs (14) are satisfied at the vertices of #, there are also
verified for any (h,h) € H and there exists a sufficiently
small €3 such that ®y(h,h) — e3[59] < 0, which allows
concluding the proof. &

C. Main result

Lemma 4 and 5 allow us to state the main result of this
paper, given below.

Theorem 8: For a given positive integer N > 0, as-
sume that there exist a matrix Py € SEN+3)n  matrices
S,Q,R € St and two matrices Y7,Ys € R(N+2)xn(N+2)
and U € RPNVHDXnN+D) guch that LMI @y (hy) = 0,
®% > 0 and Wy (h,h) < 0 are satisfied for all (h,h) € H,
then system (1) is asymptotically stable for any time-varying
delay h, satisfying (2).

Proof : According to Lemmas 4 and 5, provided that
the LMI conditions hold, the functional V) satisfies the
following inequalities €1 |z (0 )|2 < V(@ i) < el
and Vi (zy,d1) < —esllz(0)]|>. These inequalities ensures
the asymptotic stability of the delay system (1) for any
time-varying time delay h, which satisfies (h,h) € H, by
application of the extended Lyapunov-Krasovskii theorem

(see e.g. [3]) &



D. Hierarchy of LMI conditions

Following the results presented in [19], [21] dealing with
systems subject to constant discrete and distributed delays and
also taking advantages of the Bessel-Legendre framework, the
LMI conditions presented in Theorem 8 form a hierarchy. In
other words, it means that increasing N can only reduce the
conservatism. This is summarized in the following theorem.

Theorem 9: For a given time-delay system (1) and a given
allowable delay set H, if there exists a positive integer g
such that the LMI conditions of Theorem 8 are satisfied at the
order Ny, then the same LMIs are also verified for all integer
N > Ng.

Proof : Assume that the LMI condition of Theorem 8§ are
verified at a given order Ny € N. Then there exist matrices
Pyn,, S, Q, R, U and Y;,Y; of appropriate dimensions such

that the following inequalities are verified for all (h, h) €H
D, (ha) =0, %, =0, Uy, (h,h)<0.

To prove that the same LMIs also hold at the order Ny + 1,
it suffices to keep the same matrices S, (), R and to introduce

_ [Png O _ + _ [Y:i0
Pnyy1 = | g”o],U+ = [§8] and V;© = [V (], for
i = 1,2. Using these definitions and using some matrix
congruence, we obtain the following equivalences
[®ny(ha) O 0
Ony+1(he) -0 & 0 (2No+3)S 0 = 0,
0 0 (2No+3)Q
2%, 0 0
<I>9V0+1 =0 & 0 (2No+3)S 0 =0,
0 0 (2No+3)Q
. Uy, (hoh) 0 0
\IJN0+1(h, h) <0 & 0 —RNO 0 = O,
0 0 —Rn,

where Ry, = diag(R, (2N +
5)(TNo+2) Ny 2 R(CNo+2) No+2), With (Tngi2)nyt2 being
the n last lines of the matrix I'n,42. Therefore, there exists
a solution to the LMI problem at the order Ny + 1. By
induction, we can easily show that for any integer N > Ny,
there also exists a solution to the same LMI problem at the
order N, which concludes the proof. &

This theorem can be interpreted as an inclusion of the inner
allowable delay sets obtained through Theorem 8.

V. ALLOWABLE DELAY SETS

In Theorem 8, the resulting LMIs are multi-affine in the
delay parameters h and h. Then, in order to get tractable
numerical conditions, it suffices to consider that H is a
polyhedral set or if it is not the case to embed it by a polytopic
outer approximation. In the literature, only a few attention has
been taken on the definition of the set 7. In the following we
will recall, in a first step, the main characterization that has
been considered in the literature. Then, based on an discussion
regarding this first set, an alternative allowable delay set is
introduced in order to provided a more natural and accurate
characterization of the delay function. A consequence of this
selection is a notable modification of the numerical results.

d2 |--

h1 h2

di |-~

(a) Graph representing H1 (b) Graph representing H2

Fig. 1. Graphical illustration of the delay set H1 (a) and H2 (b).

A. Usual assumption on the delay set 'H

The usual formulation of the delay set is as follows.
Consider some scalars 0 < hy and d; < 0 < ds and assumed
that the delay function satisfies:

(h,h) € H1 = [0, ha] x [d1, da]. (18)

This set is the usual characterization of the delay function.
Indeed, it allows the delay function to take any values in
the interval [0, ho] while its derivative belongs to the interval
[dy,ds). Notice that it is implicitly assumed that h and h are
independent parameters. However this definition requires that
the LMI are satisfied whenever h = ho and h>0orh= hi
and h < 0. These situations contradict the fact that ; and hs
are respectively the upper and the lower bounds of the delay.

B. Refined characterization of the allowable delay set

As pointed out in the previous section, the polytopic model-
ing of the allowable delay set allows to exclude some subsets
of H;. A first direction is to note that when h = hsy (or
h = 0), its derivative cannot be positive (negative). Following
this comment, we introduce the new allowable delay set Ho
described as follows. Consider some scalars 0 < hs and
d1 < 0 < do and we assume that the delay function satisfies:

(h7 h) € H? = CO{<O’ 0)’ (h‘l) d2)7 (h2a 0)7 (h27 dl)}- (19)

A graphical interpretation of the sets H; and Ho are
depicted in Figure 1, where it is shown that, for fixed values
of ho,dy,ds, Ho is included in ;. In the next section which
presents the application of Theorem 8 on an example, the use
of an accurate selection of the allowable delay set notably
modifies the numerical results, as expected and including
additional information on the delay functions may enlarge
these results.

VI. NUMERICAL EXAMPLE

In this section, we will consider the linear time-delay
system (1) with the matrices

(1) = [ 0 09 ] ”“"(t)Jr{ o
This system is a well-known delay dependent stable system,
that is the delay free system is stable and the maximum
allowable delay hpy.x = 6.1725 can be easily computed by
delay sweeping techniques (see for instance [7]). Of course, in
the time-varying delay case, such sweeping techniques cannot
be considered.

] (t—h(t)). (20)



do H 0 ‘ 0.1 ‘ 0.2 ‘ 0.5 ‘ 0.8 ‘ 1 ‘ Number of decision variables | Number of LMIs

[4], [24] 4.47 360 | 3.03 | 2.00 | 1.36 | 0.99 ™n? 4+ 3n/2.5n% 4+ 3.5n 2/2

[8] 4.47 360 | 3.03 | 204 | 149 | 1.34 In? + 3n 1/1
[23] 4.47 361 | 3.04 | 207 | 1.59 | 1.52 ™2 +n 2
[16] 4.47 3.65 | 3.16 | 2.33 | 1.93 | 1.86 3n? + 2n 2
[11] 6.11 471 | 380 | 2.28 | 1.60 | 1.36 1.5n2 +9n+9 1
[1] 6.11 479 | 399 | 2.68 | 1.95 | 1.60 22n2 + 8n 4
[26] (N* = 3) 5.90 4.62 | 3.76 | 2.44 | 2.07 | 2.07 17n2 + 5n 2
[18] 6.05 4.70 | 3.83 | 2.42 | 2.08 | 2.04 10n2 + 3n 5
[12] 6.05 4.81 | 4.10 | 3.06 | 2.61 - 27n? 4+ 17n 5
[25] 6.05 4.78 | 4.06 | 3.05 | 2.61 — 6512 + 11n 6
[27] (Th2.C2) 6.16 4.71 | 3.85 | 2.60 | 2.37 | 2.31 23n2 +4n 4
Th8 N =0 6.05 4.72 | 3.86 | 245 | 2.14 | 2.12 14.5n% 4 3.5n 5
Th8 N =1 6.16 4.80 | 3.99 | 2.79 | 2.42 | 2.33 34n2 + 5n 5
Th8 N =2 6.1725 | 4.93 | 4.22 | 3.09 | 2.66 | 2.50 62.51n2 + 6.5n 5
Th8 N =3 6.1725 | 5.00 | 4.29 | 3.18 | 2.69 | 2.52 100n? + 8n 5
Th8 N =4 6.1725 | 5.01 | 4.29 | 3.19 | 2.70 | 2.52 146.5n2 + 9.5n 5

TABLE T ]

THE MAXIMAL ALLOWABLE DELAYS ha FOR EXAMPLE (20) WITH VARIOUS VALUES OF d2 AND di = —d2 AND (h, h) € H;.

A. Numerical complexity

The two last columns of Table I summarize the numerical
complexity of various stability conditions from the literature
and the ones presented in Theorem 8 by indicating the number
of decision variables and the number of LMI conditions to be
implemented. For sake of simplicity, it does not include the
size of the LMIs.

At this stage, one can note that the complexity of Theorem 8
is similar to the one of existing conditions from the literature,
for small values of N(= 0,1). For larger values of N, the
number of decision variables increases in a polynomial way.

B. Numerical results for H

Table I shows the numerical results obtained through several
criteria using both Lyapunov-Krasovskii and robust analysis
for the example. The first rows of Table I present criteria based
on Jensen’s inequality. The last rows present the numerical
results which can be seen as the most recent works on
improved integral inequalities including the Wirtinger-based
double integral inequality [12], the free-weighting matrix
inequality [25]. These contributions are compared with results
issued from Theorem 8.

The numerical results presented in Table I show that the
conditions presented in Theorem 8 are less conservative than
existing results. It is also worth noting the different levels of
conservatism between Theorem 8 are mainly due to the conser-
vatism induced by the reciprocally convex combination lemma
of [16] or presented in Lemma 2. This observed conservatism
is then partially reduced by the proposed methodology at the
price of an increasing numerical burden.

C. Numerical results for Ho

This subsection presents the numerical results for an al-
ternative allowable delay set, excluding the conflicting point
(ha,ds) and (hg,dy) which prevents for hy and hq to be the

maximum and the minimum of the delay function h(t). Fol-
lowing the discussion presented in Subsection V, we consider
here that the delay function h belongs in Ho, given in (19). The
numerical results presented in Table II show a notable increase
of the delay upper bound hy compared to Table I, obtained for
H1. One can also see that there is no brutal decrease of the
upper bound hy when the bound on the derivative ds is small
(see for instance, when the derivative of the delay function
become large, the jump from ho = 2.53 with H; to hy = 3.70
with Ho).

Table II finally demonstrates that the gap between the
constant and the time-varying delay case is not only due to
the conservatism induced by the choice of the Lyapunov-
Krasovskii functional. The choice of the delay set A has also
a dramatic effect on the results and the conservatism of the
method. Indeed, by an accurate modification of the allowable
delay set definition, it is possible to notably enlarge the upper
bound of the delay hy upperbound. Clearly, there is a room for
improvements if we consider a thinner description of the delay
set as it has been already noted in [9], [14] for sampled-data
systems. It also suggests that a particular attention should be
performed when we consider the robust analysis of the LMI
conditions.

In order to motivate the notion of allowable delay set, we
will consider in the next section, a particular case of delay
function, for which several allowable delay sets can be derived.

D. Numerical results for sinusoidal delays

It has been shown previously that the selection of the al-
lowable delay set may have a notable impact on the numerical
results. In order to illustrate this choice, let consider the par-
ticular delay function given by h(t) = % (1 + cos (%5)
for all ¢ > 0, so that the delay function belongs to the convex

2h(t)

s “ma\? | ()2
ellipsoid set defined by (TQ + (3, ) <1 Afirst

approach would consider that the delay function lies in a



[ Th8:N/dy | 0 | o1 | 02 [os5 ] o8] 1 |

0 6.059 6.059 6.059 | 4.63 | 3.45 | 3.02

1 6.168 6.168 6.154 | 4.83 | 3.70 | 3.37

2 6.1725 | 6.1725 | 6.164 | 5.07 | 3.94 | 3.58

3 6.1725 | 6.1725 | 6.171 5.11 | 4.01 | 3.67

4 6.1725 | 6.1725 | 6.1725 | 5.12 | 4.02 | 3.70
TABLE I

THE MAXIMAL ALLOWABLE DELAYS hg FOR SYSTEM DESCRIBED IN
EXAMPLE (20) SOLVING THEOREM 8 FOR VARIOUS VALUES OF N AND d2
AND d; = —da WITH (h, h) € Ha.

polytope of H;-type given by [0, hs] X [—da, d2]. However,
it is possible to define other polytopes, still with four vertices,
which allow characterizing this class of delay functions. Figure
2 depicts a possible solution obtained by the geometric proper-
ties of ellipsoids which does not increase the complexity of the
LMI problem. Using the equation of the tangent to an ellipsoid,
another polytope is defined, for a given angle 6 € [0, 7/2), by
Ho = Co{(0,~d1(0)), (0, ds(6)), (hz, d1 (), (ha, —d2(6)) ],
where
1 — cos(6)
sin(f)

1+ cos(f
0:(0) = ds 45(0) = +n(9§)

Figure 3 shows how the upper bound of the delay ho varies
with the parameter 6 with defines the polytope for various
values of ds. It can also be seen that the maximal delay bound
hs is never obtained when 6 = /2, corresponding to the
H1. This demonstrates the relevance of the selection of the
allowable delay set.

It would be also possible to refine the selection of the
delay set by including other vertices. For instance, one could
select the set H1 N Hy, which would introduce two additional
vertices.

VII. CONCLUSIONS

In this paper, we have provided new stability tests for sys-
tems subject to a continuous time-varying delay with bounded
derivatives. The novelty of this contribution is due to an
extensive use of the Bessel-Legendre inequality. The set of
LMI conditions forms a hierarchy, which means that increasing
the order of N of the Legendre polynomials in the analysis
can only improve the numerical results. Compared to existing
resulting from the literature, notable improvements of the
numerical results have been obtained. The second contribution
of the paper relies on the definition of allowable delay sets.
It is shown that a slight modification of the definition of the
delay set allows to obtain more accurate results. In particular,
the upper bound of the delays for slow varying delays is very
closed to the one obtained in the constant case.

APPENDIX
PROOF OF LEMMA 2
Proof : Following [16], the proof consists in noting that
éRl 0 _ Rl 0 + %Rl 0
* ﬁRQ 10 R, 0 ﬁRQ ’
(2D

(0.d2(6),
(h2d:(6))
9 h(t)
(0-d(8 _/
1
e (h2-2(6))

Fig. 2. Graphical illustration of the delay set H3 (a) and H2 (b).

d2:0.1

- N W A o O
T

Fig. 3. Graphical illustration of the delay set Ha (a) and H2 (b).

The objective is to find a lower bound of the second term
of the right-hand-side of (21). Using a convexity argument, if
(10) holds for o = 0, 1, it also holds for any « in [0, 1]. Then,

pre- and post-multiplying (10) by [ﬁol ﬁ,o 1 1} , with § = 1*7“
yields, for all « in (0, 1)
1«
=Ry 0 X1 Y 0 N
[ ] lfaRg] =(1-a) [YQT 0] T X
which together with (21) yields the result. &

PROOF OF PROPOSITION 6

Proof : For simplicity, the time argument will be
omitted in the next developments. Consider ¢y =

= ff Ly ( =% ) x(s)ds where a and b are functions of time.
In order to simplify the computations, we aPply the change of
variable s(u) = (b—a)u+tato get o = [, Ly (u)z(s(u))du
and

Lb—a)pn] =

where 91 v = (b—a) [y Ly (u)i(s(u)))du, and ¢g x = (b—
a) fol ully (u)Z(s(u))du. An integration by parts yields

a1, N + (b—a)(Yon +on)  (22)

YN = ]LN(l)a:(b)—Liv(O)x(a)— I Ly (w)z(s(u))du,
Yo n = Ly(1)z(b)— [ 2L (uly(u)z(s(u))du.

Rules (6) of the Legendre polynomials yield

Yinv = 1Inz(b) — Inz(a) — Tnon,
oy = 1Inz(b) —ONnON—ON.

Reinjecting these equations into (22) yields, for all ¢t € RT,

16— a)¢n] = a(1nz(b) — Inz(a) — Tnon)
+(b—a)(Inz(b) — Ondn — dN + )
= blNLU(b) — aiNx(a) — ((IFN + (b - a)@N)qu

Iy



This previous expression is translated to the vector ¢ n
and ¢2 y by considering (a,b) = (t — h(t),t) and (a,b) =
(t — ha,t — h(t)), respectively. This yields to

en(t) = [27(1) Ghely) §((ha—h)eg ) ],
with &(t) = A(t) + Aqz(t — h) and
L (he1 N)

Inz(t) — (1 — h)Inz(t — h)
—((1 - h)fN + heN)_(Z)I,N
(1 —=h)Inz(t —h) — INnz(t — ho)
—(Cn — hON) 2N

Using matrices Jy and Hy, the previous equations can be
summarized as Zny = (Jy + hHy)EN. &

&((ha = h)pan) =

PROOF OF PROPOSITION 7

Proof : As we mentioned in the introduction, one of
the most popular term employed in a Lyapunov-Krasovskii
functional leads to an integral quadratic term of the time-
derivative of x. Thus, the first step of the proof consist
in particularizing the inequality provided in Lemma 3 to
this situation. Consider the integral h ftt_ , &1 (s)Ri(s)ds. By
application of the Bessel-Legendre inequality in Lemma 3, to
the order NV + 1, we obtain

/t i) Ri(s)ds > [@LNﬂﬂhRW Y H@’Nﬂ

—ha 2,N+1 0 (ha—h)Ryi ¢2,N-51
where
P1,N+1 %fgh Lyt (552) @4(s)ds,
QEQ,N—H hg%hf::z Lyt (,s;ifi z¢(s)ds.

An integration by parts and the differentiation rule (6) yield

héf;l,l\gﬂ _ 1N+117t(0)*i_N+193t(*h)*FN+1¢1,N7
(ha—h)po npr| [Inpaae(—h)—Inpaze(—he) =Ty don
=Wnén

where the matrix W is given in the statement of the lemma.
Combining this expression into (23) yields

K T . T T %RN+1 0
ho| &(s)Rx(s)ds > En(t) Wy 0 e p
t—ho ho—h + UNHL

}WNgN(t).

We are now in the situation to apply the convex inequality
provided in Lemma 2. It implies that, if there exist
X1,Xo € SN and Y7,Y, € R*™WXnN guch that the two
conditions Wy, > 0 and W% > 0 hold, then we have

b2 R 0 S . S

g 0 N, PR Zn(h). Reinjecting this inequality into

ho—h N
the previous equation concludes the proof of the lemma. <
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