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On the necessity of sufficient LMI conditions for time-delay

systems arising from Legendre approximation
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Abstract

This work is dedicated to the stability analysis of time-delay systems with a single constant delay using the Lyapunov-Krasovskii
theorem. This approach has been widely used in the literature and numerous sufficient conditions of stability are proposed
and expressed as linear matrix inequalities (LMI). The main criticism of the method that is often pointed out is that these
LMI conditions are only sufficient, and there is the lack of information regarding the reduction of the conservatism. Recently,
scalable methods have been investigated using Bessel-Legendre inequality or orthogonal polynomial-based inequalities. The
interest of these methods relies on their hierarchical structure with a guarantee of reduction of the level of conservatism.
However, the convergence is still an open question that will be answered for the first time in this paper. The objective of this
paper is thus to prove that the stability of a time-delay system implies the feasibility of the scalable LMI provided in Seuret
et al., at a sufficiently large order of the Bessel-Legendre inequality. Moreover, the proposed method is even able to provide
an estimation of this order analytically, giving rise to necessary and sufficient LMI for the stability of time-delay systems.

Key words: Time-delay systems; Stability conditions; Lyapunov analysis; LMI; Polynomial approximation.

1 Introduction

Time-delay systems represent a wide class of dynamical
systems arising in many applications in electronics, biol-
ogy, transport, etc... Their interest in automatic control
is natural since they propose many challenging theoret-
ical problems related to their intrinsic infinite dimen-
sional nature [25,33]. In particular, their stability anal-
ysis has been at the heart of many research works for
several decades [8,15,21,30,37]. Thus, many methods to
establish their stability properties have been developed
and, among them, the use of Lyapunov-Krasovskii func-
tionals remains one of the most popular techniques be-
cause of their inherent robustness.

In the context of linear time-delay systems, several con-
ditions have been obtained over the last two decades by
application of the Lyapunov-Krasovskii theorem leading
generally to sum of square constraints [27,28,34] or to
linear matrix inequalities (LMI) [7,17,36]. These condi-
tions, combined with semi-definite convex optimization
programs, led to only sufficient conditions. This line of
research has given rise to numerous works, which all aim
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at reducing the inherent conservatism and at recovering
the necessity using, for instance, discretized function-
als [14,15] or delay partitioning methods [3,13]. Among
them, an approach based on state extension has been
proposed in [32]. The Lyapunov functional therein de-
pends directly on the projections of the state of the delay
system onto Legendre polynomials. This approach led
to LMI stability conditions, which benefit from a partic-
ular hierarchical structure, arising from the use of the
Bessel-Legendre inequality. Similar approach based on
orthogonal polynomials [22,26] and dissipative inequali-
ties [1,6] have been also considered in the literature. The
size of this LMI increases with the number of Legendre
polynomials n taken under consideration but their con-
servatism drastically reduces as n increases on example.
However, to the best of our knowledge, the proof of con-
vergence of the LMI to a necessary and sufficient LMI
condition of stability is still missing.

Towards this direction, as for linear finite dimensional
systems, there exists a converse Lyapunov-Krasovskii
theorem for linear systems with a constant delay. In-
deed, it is possible to build a Lyapunov-Krasovskii func-
tional for stable linear time-delay systems, see for in-
stance [21] for a larger overview on the problem. While
this method has been only seen as a theoretical contri-
butions, the authors of [23,24] paved the way to use the
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converse Lyapunov-Krasovskii theorem to derive not suf-
ficient but necessary stability conditions for time-delay
systems through approximation. Among them, the au-
thors of [5] provided a necessary stability conditions for
linear time-delay systems. This method was then ex-
tended to various classes of delay systems, see for in-
stance [10,11]. More interestingly, their methods have led
to necessary and sufficient stability conditions in [4,12].
The sufficiency part of their necessary condition has been
obtained by estimating an upper bound of the approxi-
mation error due to the discretization process of the Lya-
punov matrix. It is worth noting that these conditions
are not LMI but only a test of positive definiteness of a
given matrix, which makes their method efficient from
computational reasons. However, even though the neces-
sary condition of stability is simple to test, the sufficient
condition of stability is still numerically complicated to
verify, because the order assessing the sufficiency can be
very high.

The objective of the present paper follows the same spirit
of deriving necessary and sufficient stability conditions
of time-delay systems but with a different objective. In-
deed, the objective is here to use the approach developed
in [12,14] to demonstrate that the sufficient LMI con-
ditions arising from the Bessel-Legendre inequality are
asymptotically necessary. This corresponds to answer-
ing the following questions.

e If a time-delay system is stable, does there exist a min-
imal order N* from which some LMI stability condi-
tion is necessary satisfied?

e Is it possible to estimate this order N*?

The paper is organized as follows. Section 2 formulates
the problem of stability analysis of linear time-delay sys-
tems. After presenting a brief summary of the properties
of Legendre polynomials, a sufficient scalable LMI con-
dition for time-delay systems is presented. Then, Sec-
tion 3 states the converse theorem of this first result,
which ensures the existence of an order N* for which
the LMI stability conditions must be verified for stable
linear systems. Section 4 goes beyond the convergence
result by providing an estimation of the order N* of the
polynomial approximation for which the LMI conditions
are guaranteed. Finally, the theoretical results are eval-
uated on academic examples leading to several discus-
sions. The paper ends with a conclusion and several ap-
pendixes gathering the highly technical proofs required
to derived the main results of this paper.

Notations : Throughout the paper, N (N*), R™*? and
S™ (87') denote the sets of natural numbers (excluding
zero), real matrices of size m X p and symmetric matrices
of size m (positive definite), respectively. For any z in R,
[2] stands for the least integer greater than or equal to
z. For any square matrix M € R™*™  M(p, q) denotes
the entries of M located at the pt* row and ¢*" column,
M denotes the transpose of M and H (M) stands for

M + MT. Furthermore, for any M in S™, its minimal
and maximal eigenvalues are denoted o(M) and 7(M).
The 2-norm of matrix M in R™*? is |M| = \/a(M " M).
The vector u = vec(M) in R"™P*! collocates the columns
of matrix M and the inverse of this operation is denoted
vec™! and is such that vec™!(vec(M)) = M. Moreover,
notation ® represents the Kronecker product. The set
of square-integrable functions from (a,b) to R™*P is
noted La(a, b; R™*P). Let finally Cpy (a, b; R™*P) the set
of piecewise continuous functions with a finite number
of discontinuity points and, for each continuity interval,
finite left and right-hand side limits.

2 A sufficient LMI stability condition for time-
delay systems

2.1 System data

Consider a time-delay system given by

K-
—~
~
~—
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Az(t) + Agz(t — h), Vt > 0, (1a)
p(t) € Cpu(—h,0;R"™), Vt € [=h,0],  (1b)

8
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~
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where the single delay h > 0 and matrices A, A4 in
R™= %"= gre constant and known. Without loss of gener-
ality, let decompose A4 into a product BC' as

Aq = BC with [C] =1, 2)

with B, CT € R"*"= being full column rank matrices,
with n, the rank of matrix A,. Along the paper, notation
x(0) = z(t +0), for all (¢,0) in RT x [—h,0] is used.

Definition 1 (GES) The trivial solution z(t) = 0 of
system (1) is globally exponentially stable (GES), if there
exist kK > 1 and p > 0 such that the solution to (1)
generated by any initial condition ¢ € Cpy(—h, 0;R"),
denoted as x(t, @) verifies

|z(t, )| < ke " sup |p|, Vt>0. (3)
[_hvo]

Several ways of assessing GES of linear systems have
been provided in the literature as mentioned in the in-
troduction. Here, the contribution focuses on conditions
arising from the application of the Lyapunov-Krasovskii
theorem, adapted to the linear case.

Theorem 1 Let €1, €5 and €3 be positive scalars. If
there exists a continuous and differentiable functional
V i Cpw(—h,0;R™) — Ry such that, for any ¢ in
Cpw(—h, 0; R™), inequalities

(i) e1]p(0)]? < V(p) < &g sup |<,0|2 hold and

[—h,O]



(ii) V(p) < —e3]0(0)|? holds for allt > 0, where V denotes
here the derivative of V along the trajectories of (1).

Then, the solution x(t,0) = 0 is GES for system (1).

Such a functional is called a Lyapunov-Krasovskii func-
tional.

The main underlying idea of this theorem is to determine
a positive definite functional V, such that its derivative
with respect to time along the trajectories of the system
(1) is negative definite. The main problem within the
application of this theorem is to design a suitable func-
tional and then to provide some conditions that guaran-
tee its positive definiteness and the negative definiteness
of its derivative.

The derivation of stability conditions using Lyapunov-
Krasovskii functionals usually involves quite elaborate
developments. To give an idea of the procedure involved
in this approach and to provide a glimpse of its technical
flavor, we present here some basics on the procedure to
follow in order to derive asymptotic stability criteria for
time-delay systems expressed in terms of linear matrix
inequality (LMI). The procedure follows three steps.

Step 1. Propose a candidate Lyapunov-Krasovskii func-
tional V, based on the structure of the system.

Step 2. Compute the derivative of the functional along
the trajectories of the system.

Step 3. Apply over-approrimation technique toV and de-
rive a stability condition expressed in terms of LMI.

Among the numerous method employed in the literature,
we will focus here on the method based on the applica-
tion of the Bessel-Legendre integral inequality [31,32],
which is scalable with respect to the degree of the Legen-
dre polynomial to be considered and provides interest-
ingly LMI with a hierarchical structure. Before stating
this theorem, let us first recall the main definitions and
some characteristics about these polynomials.

2.2 Definition of Legendre polynomials

The Legendre polynomials widely used in polynomial
approximation theory [2] are defined over the normalized
interval [0, 1] as

k
VkeN, W(0)=)Y (5H)(*o-17, @)
j=0
where (%) stands for the binomial coefficients.

The main motivation for employing these polynomials
comes from their nice properties that are summarized
below. Before going into the details, for any order n and
n, in N* and 6 € [0,1], let us introduce the following

notation

T X
nn, Xn,
eR ,

(5)

Property 1 The Legendre polynomials given in (4) rep-
resent an orthogonal sequence with respect to the inner
product fol ¢ (0)Y(0)d0, for any ¢,v in Lo(0,1;R"=).
The following equality holds for all n in N*, and for all
symmetric matriz R € '

@wﬁﬂmmhzu®AWHMAWMJ

1
/511(9)371 Cn(0)d6 = Rt € Rrnexnns o (6)
0

where R, = I ® R, with

2p—1 ifp=yq,
Io(p,q) = .
0 otherwise.
Proof : The proof can be found in [9]. O

In particular, we will consider over the paper notation
7¢ = I9 ® I,,, for any integer p. To ease the reading of
the paper and where no confusion is possible, we will
omit the upper script ‘p’ and only use notation Z,.

Furthermore, the Legendre polynomials have been intro-
duced because they allows formulating efficient integral
inequalities, which are stated here

Lemma 1 Letx € L3(—h,0;R"*) and R € S}* a posi-

tive definite matriz. The integral inequalities

0
[ ORI > 16 (e) Raa(o), (T

)

/ Ohw + )T (O)Re(0)40 > S6,(0) Ruin(a),  (7H)

hold, for alln € N*, where &, (z) = fi)h 0o (51 2(0)do
and where matriz Ry, is defined in Property 1 and matriz
R, € RM=x""= g defined as follows

2p—1  ifp=gq,
Ro=JY®R, J)p,q) =4 min(p,q) iflp—q|=1,
0 otherwise.

Moreover, if x is a polynomial function of degree n — 1
over (—h,0), both inequalities become equality.

Proof : The proof of these two inequalities can be found
in [32] for the first one and in [16] for the second one. O



2.8 Sufficient LMI condition

We are now in position to state a stability theorem for
system (1) based on the previous developments.

Theorem 2 For a given constant delay h, if there exist
an order n in N* and matrices (B,, R, S) in S"=+n"= x
S= x ST such that the following LMI holds

0 0

(I)+:1)n+ ~
0 +8n + 3 Rn

n

] =0, (8a)

H(B,A,) + ®°(S,R) B,B,
o, = ( ) (5. 8) <0,  (8b)
* J—
where
[CT(S+hR)C 0
a0(s.p) = |© T ,
i 0 —%Ran
[ A 0 B
An = 5 Bn - ’
6a(1)C — 5 L7 —£(0)
Inz I"z
(1) = : |, £n(0) = [ 3 € R™,
_I'r:,z (71)"_11712

Ly = L) @I, €R™=X:,
(2¢=DA = (=1 i p24q,
Lo (p,q) = {

0 otherwise,

then, the trivial solution of system (1) is GES.

Proof : For a given integer n > 0, consider the functional
defined as follows

.

m(O)] P, lw(@)

fn(xt) gn(xt)

0

+/ z (0)CT (S + (0 + h)R)Cxy(0)d6,
—h

Vn(xt) = [

9)

where matrices B,, S and R are solution to the LMI
stated in the theorem and where the augmented vector
&, is defined as follows

Enlxy) = /0 ln (9211) Cz(6)d6. (10)

—h

Applying the Bessel inequalities presented in Lemma 1
to both integral terms yields

iy [0 o[ 0]
B En () ! En(t)

Therefore, if condition (8a) is verified, then there exists

a sufficiently small 1 > 0 such that V,,(z;) > &1 |xt(0)|2.
In addition, since V is quadratic with respect to z;, we
can take eo = 6(P,,) + 7 (S) + ha(R) so that inequality
V(1) < €2 sup || holds.

[_hvo]

As in [31], computing the derivative of the functionals
along the trajectories of the system yields

-
z¢(0) p lit(o)
gn(xt) f’ﬂ(xt) 0
+2(0)C(S+hR)Cx:(0)— / z; (0)CRCx,(6)do.

—h
(11)
Then, the dynamics (1a) and an integration by parts of
oo provides an expression | (O with respect to
gn(it)

2¢(0), &, (x¢) and x4(—h). It ensures that

[mm] A, [%(0)
En(mt) gn(xt)
Re-injecting this expression into (11) and applying the
Bessel inequality yields

] —x/(=h)C'SCz4(—h)

+ BnC'xt(—h)

. xt(O) ' a:t(O)
Vi(ze) < n(t) D, | Enlme)

Therefore, if condition (8b) is satisfied, then there exists
a sufficiently small e3 such that V,(z;) < —e3|x:(0)%,
which concludes the proof.

Remark 1 Note that the proposed theorem has a cou-
ple of differences with respect the original conditions pre-
sented in [31] or in [32]. The first one is due to the appli-
cation of inequality (7b), which can also be seen as double
integral inequality. This will have a fundamental impor-
tance in the next developments. The second one is related
to the decomposition of Ay as the product of matrices
B € R"=*"= gnd C € R**™ of ranks n, < n,. This
manipulation allows reducing the complexity of the LMI
by reducing both the number of rows and columns but also
the number of decision variables when Ay is singular.

Asin [31] or in [32], the previous stability condition form
a hierarchy with respect to n. This aspect is presented
formally in the following lemma.

Lemma 2 If there exists an integer N € N*, for which
a solution to LMI (8) exists, then there also exists a
solution to the same problem for any integer n > N.



Proof : The proof uses similar arguments to the
ones provided in [32, Theorem 7]. A glimpse of the
proof consists in introducing P,+1 = [%L 8], so that
Vnt1(xt) = Vy(z:) and so that one can exhibit a solu-
tion to the LMI problem at order n + 1 based on the
solution at order n. The details of the proof are omitted

but strongly relies on the structure of @ and ®,,. O

To sum up the results presented so far, Theorem 2
presents scalable LMI conditions for the stability (GES)
of linear time-delay systems. These conditions depend
on an order n € N* corresponding to the degree of
the Legendre polynomial considered in the construction
of the Lyapunov-Krasovskii functional. Moreover, it is
demonstrated that when n increases, the conservatism
can only be reduced. It is however legitimate to wonder
if a converse result can be proven. This direction refers
to the possibility of assessing the satisfaction of these
LMI conditions for a sufficiently large n, when the sys-
tem under consideration is known a priori to be GES for
a given delay h. Apart the convergence, ie. the existence
of an order N* for which the LMI condition is guaran-
teed, an interesting underlying question is to estimate
analytically such a bound. The next developments aim
at providing a solution to these two problems. More
specifically, the next section presents a converse theo-
rem with first a proof of existene of N*, while the latter
address the problem of estimating order N*.

3 Necessity of the LMI condition: Existence of
an order

The converse result of Theorem 2 is formally stated.

Theorem 3 If the trivial solution of system (1) is GES
for a given delay h, then there exist an order N* in N*
and matrices (P -+, R, S) in S"=+N = x §= x S+ such
that inequalities ®f. = 0 and ® . < 0 in (8) hold.

The proof is decomposed in five subsections respectively
based on the steps listed below.

Step 1. To ensure the existence of a complete Lyapunov-
Krasovskii functional which can be expressed analytically
with respect to a Lyapunov matriz function.

Step 2. To use the properties of convergence of Legendre
polynomial series to approximate the Lyapunov matriz
function and its derivatives.

Step 3. To make the link between V,, introduced in (9) and
the Legendre approxzimation of the complete functional.
Step 4. To apply the approximation results to obtain a
new necessary condition based on functional V.

Step 5. To recover the LMI condition given in Theorem 2.

3.1 Ezistence and properties of complete functionals

It is well known that the stability of system (1) can
be established thanks to the use of the so-called com-
plete Lyapunov-Krasovskii functional, firstly introduced
in [18] and fully described in [21]. All along this arti-
cle, for any positive definite matrices (W7, Wy, W3) in
St x Shr x ST*, we define the complete Lyapunov-
Krasovskii functional V by

’ U(6+h)BCx,(0)d0
h

Vi) =] (OU(0)2:(0) 4207 (0)
/ / ZL’t 91 BC) (02—01)cht(02)d01d02

[h (O CT(Wy + (0 + h)W3)Cxy(0)dO

(12)
where U is a matrix function from [—h, h] to R"=*"= and
is called the Lyapunov matrix. Interestingly, referring
to [21, Section 2.10], a method is provided to build ana-
lytically this matrix. Its expression is therefore given by

{ U(0) = vec™ ([1n2 O]eeM/\/'_l[*"eB(W)D if 6 <0,

U =U"(-0) if >0,
(13)
where matrices
W =W +CT (W +hW3)C,
_ [-AT®I,, —A]®I,,
M= [ I, ®A] In:®AT }
AT @Iy +1n, ®AT A] @I, I, ®A] 0 -
N:{ T2 ‘0 }4'{ 0 ¢ an}e M,
(14)

and where ‘vec’ is the operator that transforms a matrix

in R"= XM= t0 a vector in R that collects all the columns
of this matrix and ‘vec™!’ denotes the inverse operator.

Remark 2 Before going any further, it is important to
note that this functional cannot be defined if matriz N
is singular. As mentioned in [21, Theorem 2.10], this
condition is equivalent to the Lyapunov condition, i.e.
there is no eigenvalue of (1) such that its opposite is also
etgenvalue. This is not an issue since it excludes a set of
systems which are intrinsically unstable.

The complete functional V has been built so that its

derivative with respect to time along the trajectories of
the system yields

V(@) = —wt(g )Wiz,(0) -z (—
- / z; (0)CTW3Cx(0)d6,

—h

)CTWQCLL't( )

(15)

Recall that W7, W5 and W3 are arbitrary symmetric pos-
itive definite matrices. The following theorem holds.



Theorem 4 System (1) is GES for the delay h if and
only if V defined by (12) is a Lyapunov-Krasovskii func-
tional for this system.

Proof : The proof can be found for instance in [15,
Theorem 5.19] or in [21]. O

In addition, the Lyapunov matrix satisfy several prop-
erties. The first property is related to the fact that U is
continuous over [—h, h] but its derivative, U’, is not only
continuous over [—h, 0) (0, h]. Indeed, U’ has a discon-
tinuity at 0, which is measured as follows.

Property 2 ([21]) The Lyapunov matriz U verifies the
following properties

(i) The Lyapunov matriz U is infinitely differentiable on
[0,R] (and [—h,0]) and is continuous at 0 with

U0)=UT(0).

(#i) The derivative of the Lyapunov matriz is infinitely dif-
ferentiable on [—h,0) (0, h] and a unique discontinu-
ity at 0 so that

AU(0) := lir% (U'(e) =U'(—¢€)) = W.
€E—
These regularity conditions satisfied by the Lyapunov
matrix have been used for Hy [19] or Heo [20] analysis.
They will also be at the heart of the derivation of the
convergence results.

3.2 Polynomial approximation of the Lyapunov matriz
and convergence of the approximation errors

In this section, the objective is to understand how to re-
late the Lyapunov-Krasovskii functional defined in (9)
and the complete one in (12). To do so, the main idea is to
exploit the terms of (12) that are expressed in U(0+h)B
and BTU (03 — 6,)B. The Legendre polynomial approx-
imation of these functions at any order n in N* writes

U0+ h)B = Uy b, (2E2) + Uy,(0), V0 € [~h,0),
BTU(0)B = U b, (&1) + Us ,(0), VO € [, h].
(16)
In this decomposition, the constant matrices Uy ,, and

Uy, have been selected as the orthogonal projection of

U + h)B and BTU(0)B, respectively, on the n first
Legendre polynomials ¢,,. Their expressions are given by

! (/_Oh U0+ h)Be, (T) d9> T,,

1 ho +(0+h
Uzp = o </—hB U(0)BL, <2h> d@) Z,.

Ul,n =

>

(17)

Functions U ,,(0) and U,,,(0) can be interpreted as
the approximation errors of the orthogonal projections,
which verify

0 0
/ 8 n(e)é,f<0+h>d9= / U(6-+h)BE) (0+h>d0
I h A h

=U1,n(Zn/h)~?

0 0+h\ + (0+h
[ () (S a0

=(Zn/h)~"

where we have used (6) on [—h,0]. Similarly, the same

calculations ensure that error [Nfgm is orthogonal to the
n first Legendre polynomials considered over [—h, h], i.e.

ffh [}Q,n(a)éI(G;Th)de =0.

The next developments aim at demonstrating the uni-
form convergence of the polynomial approximation. Fol-
lowing the theory of polynomial approximation (see for
instance [2] and references therein), it results that Uy ,,
and U, given in (16) converge to zero in the sense of
the L5 norm. This is actually a by-product of Bessel
inequality. This implies that the approximation errors
converges to zero almost everywhere on their domain of
definition, as n tends to infinity. Nevertheless, uniform
convergence properties can even be obtained using the
regularity of the Lyapunov matrix.

The following lemma assesses the uniform convergence
that will be used in the proof of Theorem 3.

Lemma 3 Consider the Lyapunov matrix U for the
time-delay systems (1) defined for any positive definite
matrices (W1, Wa, W3). The following statements hold.

(i) The approzimated Legendre function Uy 0, (%)

converges uniformly to U(6 + h)B, when n tends to
infinity, on the closed interval [0, h].

More precisely, for anyn > 4, the following inequality
holds

01

Vn—3

sup ‘U1n(9)) < Uy =
0€[0,h]

Wi, (18)
where
3
T 2 _
or =i (5) MMV 2Bl (19)

and matrices M, N and W are given by (14).

(i) The approzimated Legendre function %Ul’nﬂl (%)

converges uniformly to U'(6 + h)B, when n tends to
infinity, on the closed interval [0, h].
More precisely, for anyn > 6, the following inequality



02

sup |Uj,,(0)| < tg,, := w|, 20
Ge[Olf)h] 1, ( )‘ 2, m‘ | ( )
where
1 T 5 _
0= 5viz (5) MIMINT R B, (2D)

and matrices M, N and W are given by (14).

(i) The approximated Legendre function Ugﬂjn(‘g;—hh)
converges uniformly to B'U(0)B, when n tends to
infinity, on the closed interval [—h, h).

More precisely, for anyn > 4, the following inequality
holds

03
vn—3

sup ’17271(0)’ §7-_L3,n =
0€[—h,h]

Wi, (22)

where
03 = V2r(1 + rgmhe" ™M MAN TR |BI?, (23)
and matrices M, N and W are given by (14).

Proof : The proof follows the arguments provided in [35,
Theorem 2.5] and is based on the regularity properties
of the Lyapunov matrix U. Because of its technicality,
the proof is postponed to Appendix C, for the sake of
readability. O

The previous lemma provides uniform upper bounds on
the error done by three approximations related to the
Lyapunov matrix U. This lemma extensively uses the
properties of the Lyapunov matrix U on its domain of
definition. These uniform convergence results are only
presented as properties of U and its polynomial approx-
imations but addresses specific problems of functional
analysis of continuous and discontinuous functions.

All these upper bounds depend explicitly on the arbi-
trary symmetric positive definite matrices (W7, Wa, W3)
through the term ||, which is intuitively relevant.

As a final comments, Lemma 3 implies the following
corollary.

Corollary 1 For any positive scalar nn > 0, there exists
an integer Ny such that

max (ﬁl,nn ﬂ27n7 ﬂ3,n) S 777

Vo> NI (24)

Proof : Since the upper bounds of approximation errors
tend to 0 as n tends to infinity, the existence of such N
for any n > 0 is guaranteed. [

3.3 Construction of B,, S and R

Lemma 4 Consider any positive definite matrices
(W1, Wa, Ws) in ST x S'* x S'* and assume that the
following inequality holds

Wi +H(U1,0(0)C) —Uyn(—h) WL(6)

U,,(0):= x W,  W2(0)| >0,
* * %Wg
(25)

for a given n in N* and for all 0 in [—h, 0] with

UL(0) = ATU ,(0) — U . (0) + CTUs,p (0),
U2(0) = BTU,.,(0) — Ua (0 + h),

and with Uy 4, U{m andUs ,, are the approzimation errors

of the Lyapunov matriz U of system (1) generated with
matrices (Wy, Wa, W3).

Then, having system (1) GES for the delay h ensures
that there exists € > 0 such that the candidate functional
Vi, given in (9) with matrices

U(0) Uy,
x* T,

00

[T, (61+h (0240 T,
Tnf/ /hen<h>u2,n(ez em( . >hd01dez,

—h —h

0+ h
Z/{Q,n(e):UQ,ngn( * )7

P = , S=W,y, R=Ws,

2h
(26)
where Uy, Ua,, are given in (17), verifies
2 0 2
W)z (o0 +1 [ 1Coo) as) (27a)

0
vn<so><—e<|so<o>|2+h / hICSO(9)I2d9+ICsO(—h)IQ),
(27b)

for all ¢ in Cpyy(—h, 0; R").

Proof : The proof is divided into two parts, each one
being dedicated to each inequality in (27). Let us start
with the proof of inequality (27b). Re-injecting the ex-
pression of U(6+h)B and B' U(6)B and using their ap-
proximation given by (16) into the complete functional



V leads to

V(ar) = 2OV 0)z:(0)
12:7(0)U, / 0 (‘”h) Cir,(6)d6

Oy — 01 +h
/ /xt (0:)CTU, nen( 2 2;* >Czt(02)d91d02

/ L (0)CT (Wy + (6 + h)W3)Cxy(0)d0
—h
0
+22] [ Uin(0)Cz(0)d6
—h
0 0
+/ / xj(@l)C’TUQm(GQ — 91)C£L’t(02)d01d92
—hJ—h

(28)
Since Us (02 — 01) = Ugmﬁn(W) belongs to
R™*"= and is a polynomial function of degree n — 1
in both 6; and 65, it can be decomposed using the ba-
sis of Legendre polynomials ¢, () and ¢, (%52).
Thanks to the orthogonality of Legendre polynomials,
this decomposition gives

By —01+h T 0,+h O>+h
i )

where matrix T, is the symmetric matrix given in (26).
Note that the symmetry of T,, is ensured by the sym-
metry of [727»” highlighted in Property 4 that has been
postponed in Appendix B in order to ease the reading.
Hence, using the same augmented vector as in the proof
of Theorem 2, i.e. &, (x4) f % (e'gh) Cz(0)d, func-
tional V reduces to the followmg expression

U(0) Uy
* T,,

V() = [fﬂt(o) ﬂft(o)]

0 gn (:Cf) gn(xt)
+/ z (0)CT (Wa + (6 + h)W3)Cxy(0)d6
—h

42z, (0 / Uy n(8)Czy(0)d6

/ / It 01)0 UQ n( 2791)01}(92)(191(102

(29)
Therefore, by selecting B,, S and R as in (26), functional
Vyp in (9) is retrieved and we obtain

O ~
Vo (x) = V() 22, (0) [ ) Uyn(0)Cz(0)d0

0 0
- / / x; (61)0 T Us (02 — 01)Crxs(02)d6,d05.
—hJ —h

Differentiating the previous expression leads to

0
Valir) = V(o) = 267 (0) [ Oun(0)Car(0)00
) :
=22 (0) [ Ui n(0)C3:(6)d0
0 o/h )
- /_h/_h &) (01)C U, (05 — 01)Clry(62)40, 0.

0 0
- / / x; (61)C T Us (02 — 01)Ciiy (02)d0,d05.
—h

Since V is the complete functional, its derivative is ex-
pressed using Wi, Wa, W3. Several integrations by parts
lead to the following expression of V,

Vn(mt) = —z; (0)W1z4(0) — 2] (—h)CTWoCxy(—h)
0
—/ (6 CTWsCx,(6)d6

0
—2(Az(0) + BCxy(— ))T[ Ur n(0)Cx(0)d0

~22] (0) (1, (0)C4(0) = T n (~h)Ce(—1))
0

+22/(0) [ U, (0)Cxy(0)do
—h

—Ty (0)/_0h0 (U2,n(8) + Uy, (—0)) Ce(8)d0

:2U2,n(9)
0
ta) (—h) / CT (T (0+h)+ 07, (-h—0)) Oz, ()0
—h
:202,n(9+h)
0 0 B
+/ / zf (01)C U, (62 — 01)Cay(62)d61d6s,
—hJ—h

0 0
—/ / z/ (01)C U, (62 — 01)C4(02)d0:d0o.
—hJ—h

We first notice that the two last terms of the previous
expression are opposite and thus sum up to zero. More-
over, Property 4 given in Appendix B helps reducing the
expression of the terms that depend on U ,,. Re-ordering
the previous expression yields

. 1 (O =@ 77 (0
Vn(xt):_ﬁ [Czt(—h)}@n(e){cm h)}d& (30)

hCz(0) hCxz(0)

where W, is given in (25). Therefore if matrix ¥, is
positive definite there exists a sufficiently small ¢ > 0
such that U, (0) > el3,, which yields to (27b).

In order to ensure inequality (27a), let us introduce the
following functional

0
W(mt):Vn(ast)—5(|xt(0)|2+h/_h|0xt(9)|2d9> , (31)



where ¢ is a positive scalar to be determined and where
V,, is the candidate functional given in (9) with the same
selection of matrices B,, S and R as in (26) associated
to (W, Wa, W) in S'}7 x S%# x S'*. Differentiating W
along the trajectories of the system, yields

W(zt) = Vo(z) — 2e2;] (0)(Az(0) + BCxy(—h))
—eh (|Cze(0)* — [Cay(=h)?)

(32)
which can be rewritten as

. 1 /07 =0 17 @4 (0)
W(xt)Z—E/ |:Czt(—h):| \Ilfl(e)|:0m(—h):|d97 (33)

—h L hCz.(0) hCxz(0)
where
’H(A)—l—C’TC' B 0
UL(0)=V,(0)+e x —1I,.0|, V0 €[~h,0].

* x 0

Therefore, if ¥, is positive definite, then there exists a
sufficiently small € > 0 such that ¥$ adn consequently,
W(z;) are negative definite. Integrating then W(x;)
from t to infinity yields

lim W(xT)

T—o0

- W(xt) = —W(xt) < O7

where we have used the assumption that system (1) is
GES meaning that W(xr) o 0. Hence, (31) ensures
— 00

that there exists a sufficiently small ¢ > 0 such that
(27a) holds, which concludes the proof. O

3.4 New necessary condition for functional V,,

The next statement provides a convergence result on the
functional V,,. To do so, it suffices to ensure that matrix
W, is positive definite, which still has to be proven.

Corollary 2 If the trivial solution of system (1) is GES,
then there exist an order N* inN* and matrices (B, S, R)
in S™e e 5 ST x S"= such that the associated Lyapunov
functional V,, given in (9) satisfies (27), for anyn > N*.

Proof : As a first step to the proof of convergence, let
us emphasize the structure of matrix ¥,, and recall that
matrices (W1, Wa, W3) in S} x§}* x S'* have been fixed
to build the complete functional V. Therefore, matrix
¥, can be decomposed as the sum of a block diagonal
positive definite matrices that is independent of n and
of a matrix whose entries are all expressed using the
approximation errors U1 n Ul ,» and Us .n, Which can be
made uniformly arbltrarlly small in hght of Lemma 3.

To do so, we will use the following equivalence results.
For any matrix X in RP*? such that XX < |X|%,
'f(‘ip |X)\(Iq:| > 0 holds. Using this in-
equality, the following lower bounds of ¥, is derived

then inequality [

Nl,nInm 0 0
\I/n(o) E 0 MQ,nInz 0 s
0 0 ,LLS,nInz
with
= (Wl)_(1+|A|+2|C|)a1,n_a2,n_|C|a3,na
= (W2)7(1+|B|)ﬂ1,n763,n7
13, =%Q( W3)— (| A|+|B|)tir n —tig,n — (1+]C|) 3,0,

(34)
where U1y, U2, and U3, are the upper bounds of the
approximation errors of the polynomial approximation
given by (18), (20) and (22), respectively.

Then, Corollary 1 ensures that all the negative terms
can be made arbitrarily small as n increases, while the
first terms are positive and independent of n. In partic-
ular, there exists N* in N* such that inequalities (27)
hold, for all n > N*, which concludes the proof. ([l

Note that such result could also be obtained with other
approximation methods. For instance, it is also the case
of piece-wise approximation as demonstrated in [14].

3.5 Necessary LMI condition

The next and final step of the proof consists in demon-
strating that the previous corollary imposes the satis-
faction of the sufficient LMI in Theorem 2.

Proof of Theorem 3: Assume that system (1) is GES.
Thanks to Corollary 2, there exist N* such that inequal-
ities (27) hold for any n > N*. This means that, for such
an n, there exists matrices (B,, S, R) in S"= 17"+ x §7* x
S%# given by (26) such that the associated functional V),
verifies (27) for all ¢ in Cpy,(—h, 0;R™). In particular,
consider ¢ as a function expressed as follows

o0) = |30 OO, 5000 |[£] 65

with Ct = cr(ccm)-t
inverse of C' and with

in R™=*"= ig the right pseudo-

1u(6) = €, ("*hh) 0 (1)50(8) — £ (0)5 1 (0).

. . b4 . . .
In this formulation, vector [:@3 ] in R 7= (n+1) g arhi-
h

trary and dg, is zero everywhere except at 6y, where is



it equal to 1, i.e.

690 (9) = {

Note that such a function ¢ has been selected so that
¢ at the boundary of [—h,0] is given by ¢(0) = o,
¢©(—h) = Cto_4, and in the interval (—h,0) by ¢(0) =
%C‘Yn (%) Znon, for all @ in (—h,0), which is a poly-
nomial function of 6 of degree n — 1.

Re-injecting this expression into the definition of V), in
(9) and its derivative in (11) yields

1 for 6 = 6,

0 otherwise.

vale) = (220120 Vale) = [5] @ [£].

where we have used the equality case of Lemma 1, since
 is a polynomial of degree n — 1 over (—h, 0). Similarly,
re-injecting (35) into both inequalities in (27) leads to

Va(9) 2 (9ol + on Zagn) 22 | £2 17 (36a)

© 2
el | (36b)

V() < 5(|<P0| +o nwn+|wh|)

for a sufficiently small scalar e > 0. Therefore, the follow-

ing inequalities hold for any vector {EE } in R7=+(nt+1)n-

<P02

Pn
$h

bzl zelnl, [B] e8] <

_5‘

Hence matrices ® and ®;, are necessarily positive and
negative definite, respectively. (I

4 Necessity of the LMI condition: Estimation of
the order N*

This section aims at providing an estimation of the order
N* for which the sufficient LMI conditions of Theorem 2
are necessarily satisfied if the system is assumed to be
GES for a given delay h.

Theorem 5 If the trivial solution of system (1) is GES
for a given delay h, then there exist matrices (Py«, R, S)
in S"etN= o S xS such that LMI (8) holds at
the order n = N* given by

2
N5t (- +AL+HBDer 224220 (1472,

(37)
21),(23),

where parameters o1, 02, 03 are defined by (19), (

10

but are recalled here for consistency
3
le ( 2 h\M\|M2N71|h2|B|,

g
02 = 2y/mg (2)2 "M MAN L B3| B,
03 \/?(1 + /amhe™MI M2N )b | BJ.

€
3
2

)

Proof : The key step for the estimation of N* appears in
the proof of Corollary 2, more particularly in equations
(34), that are recalled here for the sake of readability
(with |C| = 1),

0 < pir,n =a(W1)—B+[A])U1,n— Uz —Usn,
0< H2,n :Q(WQ)_(1+|B|)121,7L_713,717
0 < pan = 10(Wa) = (|Al+|B|) 1,0 — o0 — 213 -

(38)

As matrices (W7q, Wa, W3) are arbitrary, it is possible to
select for all A > 0
Wy = ply,, Wo=Xnel,., hWs=pal,, , (39)
where 71, n2 and n3 > 0 are positive scalars such that
M +n2+n3 = 1. This selection makes that o(W7) = Any,

a(Ws2) = An2 and o(W3) = £z so that [W| = A

Therefore, the upper bounds of the approximation errors
given in (18), (20) and (22) verify for all n > 6,

Ty, = 01 \ < 01 A
i Vn—=3 ~Vn—=-5"
lg, = —22 )
" n—5 "
_ 03 03
U = <
3m Vn—3 T n-—

The objective is now to evaluate the necessary condition
obtained in the previous section, more particularly the
ones arising from inequalities (38). We select then 7y, 72
and 73 as follows

01(3 + |A]) + 02 + 0

vn—2>5
o1(1+[B[) + o3

m =

>
Yy S
by > QUAI T B + 0 +205

n—>5

Recalling that n; + 13 + 13 = 1, we obtain

401+ ((|A|+|B|)o1+02+203) (1+h?) <1
Vn—5 =5

which yields condition (37). O



Table 1
Sufficiency: maximal allowable delay h which satisfies (8).
n=1|n=2|n=3 Expected
Ex. 1| 0577 | 0.604 | 0.604 | 2205 ~ 0,604
Ex. 2 - 1.600 | 1.603 1.603

Remark 3 [t is worth noticing that the minimal order
N* given by (37) is an over estimate of the necessary or-
der. Indeed, to get such estimate, several over bounding
approzimation have been performed, leading to a conser-
vative estimation. Nevertheless, this is a first attempt in
this direction, which has not been provided in the context
of LMI conditions for the stability of time-delay systems.
Several improvements to get a more accurate estimation
is led to future works. One of the possible improvements
would consider, for instance, more accurate estimation
of 01, 02, 03 which would greatly reduce the estimation by
using the fact that U is infinitely continuous on [—h, 0].
Another possibility to improve our estimation of N* is to
calculate the minimal order directly from inequality (25).

5 Numerical results

The numerical application of Theorems 2 and 5 is com-
mented and illustrated on the following academic exam-
ples corresponding to (1) with

Example1l A=1 and Ay = —2.

Example 2 A =[3§] and Ag = [ 3", %]

0 1
0 0
00

0

0
1
1 0
—15

4] mans-[1141].

First, we recall the efficiency of the sufficient stability
condition of Theorem 2. For Examples 1 and 2, Table 1
reports the maximal allowable delay, for which LMI (8)
at order n = 1,2,3 are satisfied. Figure 1a shows the
stability region for Example 3 achieved by the same con-
dition for several orders. One can see that in this table
and in this figure the efficiency of Theorem 2 even for
very low orders n to provide an inner approximation of
the stability regions.

0
Example 3 A= o
0

(=) gelw]
[e]ejel]
[=lelele]

0

0
—10—X

5

Thanks to Theorem 5, these LMI conditions of stability
are proven to be also necessary. Therefore, the inner ap-
proximation mentioned above is supposed to converge
toward the expected regions of stability as the order n
increases. Table 2 reports the estimated order N* for
which the LMI become necessary. Similarly, Figure 1b
shows the values of N* given by (37) for various values
of (A, h) € [0.1,10] x [0, 3]. Clearly the values of N* com-
puted here are very too large to propose tractable test
of instability in comparison to [12]. Nonetheless, The-
orem 5 provides a theoretical estimation of N*, from
which the sufficient LMI conditions becomes necessary.

11

Table 2
Necessity: estimated order N* given by (37).

h=01|h=05|h=1|h=2
Ex. 1 75 108 1010 1013
Ex. 2 6 537 107 1010

-1 -0.5 0
Parameter logio())

0.5 1

(a) Sufficiency: stability areas in the plan (X, h) given by (8)
for n € {1,2,3,4,5}.

3 ~_ r10%
1040
< 2 \ x
100 =
E\. \&/ %;
A 1 102 5
e — T
0 10°
-1 -0.5 0 0.5 1

Parameter logyo())
(b) Necessity: order N* in the plan (A, h) given by (37).

Fig. 1. Example 3.

This estimation is a by-product of our main result that
has not been optimized in this paper. Some guidelines
to improve this estimation have been suggested in Re-
mark 3.

Interestingly Figure 1b shows that increasing both A and
h makes that N* also increases very fast and reach very
large values. Indeed, formula (37) shows that the order
N* grows as the delay h or the norm | B| increase, respec-

tively in h8¢2P1M| and |B|*. Tt is also worth noticing that
when the parameter A and h are getting closer to the
black lines, the estimation N* increases even more faster.
These black lines correspond to the situation where some
roots of the time-delay system cross the imaginary axis.
This makes sense in light of Remark 2, because if charac-
teristic roots are approaching the imaginary axis, then
matrix A tends to a singular matrix and [N ~!| tends
to infinity. Hence, the upper bounds o1, 02, g3 also tend
to infinity. All together, this ascertainment can be cor-
related with Figure 1a and can explain why some stable
regions are difficult to reach with LMI conditions (8),
especially for low orders n.



6 Conclusions

This paper studied the convergence of sufficient LMI
conditions for the stability analysis of time-delay sys-
tems, based on the Bessel-Legendre inequalities. While
the framework of Bessel-Legendre already showed its
relevance regarding the hierarchical structure of the
LMI, i.e. to increase the order can only reduce the con-
servatism, the main contribution of this paper demon-
strates that this framework also offers an asymptotically
necessary condition of stability for time-delay systems.
In other words, it is now proven that if a time-delay
system is stable, then, there exists an order N* such
that these LMI conditions are verified at least at this
order. A numerical estimation of this necessary order
has also been provided, ensuring then that if the LMI
conditions are not verified at this order, then the sys-
tem is proven to be unstable. To summarize, the LMI
conditions arising from the Bessel-Legendre inequality
are sufficient and asymptotically necessary.

The estimation of the order N* provided in this paper
can be numerically very large, even on some simple ex-
amples. This can be seen as a major drawback of the
contribution. Providing more accurate estimations is let
to future direction of research. A generalization to other
approximation or discretization methods or the investi-
gation of combined procedures could also be considered.

A Preliminaries on Legendre Polynomials for
the technical proofs

In this section, several additional properties of Legendre
polynomials are presented and are of high importance
in the next technical developments that are required to
the proofs of the main results of this paper.

Property 3 The Legendre polynomials verify the fol-
lowing properties

(i) Point-wise values: The Legendre polynomials are
evaluated point wisely by
k(k+1), Vk e N.

1(0) = (=D, L(1) =1, [;,(1) =
(A1)

(ii) Evenness and oddness: For any 6 and 0y in[—h, 0]
and n in N*| the following equation holds

h—0 h+6 h—0 h+0

T 1 2\ T 2 1

w (e ()= ()= (ant)
(A.2)

(iii) Bound: For any 6 in [0, 1], the Legendre polynomials
verify the following inequalities

|k (0)] <
|k (0)] <

Vk €N, (A.3)

(A4)

1

1 s
— Vk € N*.
5 S

2k0(1 — 0)’

(iv) Derivation: For any 6 in [0, 1], the Legendre polyno-

12

mials verify the following differentiation rule

m (g1 (0) = 15._1(0)) , Vk € N*.

(A.5)

U (0) =

(v) Bound on the derivative: For any 0 in [0,1], the

Legendre polynomials verify the following inequality

14.(0)] < |1, (1)| = k(k+1), VkeN.  (A.6)

Proof : The proofs can be found in [9] except the one
of (A.4) which is given by [29, Theorem 61]. O

B Symmetric property

In the core of the paper, we have used the following
property satisfied by the Legendre approximated error
Us.,, of function BT U B on the interval [—h, h].

Property 4 The approximation error Ug’n
in (16) verifies U, (0) = UJ,,(—0

defined
), for all 6 € [—h,0].

Proof : From the definitions of Ug,n and Usy,, we have

U, (-0)=BTUT(-0)B
1 +(h—0 h+61\ 1ot
~57 (/ Al <2h>mn< o )B UT(0,)Bd6, |.

Then, property (A.2) of the Legendre polynomials and
since £, (h Gl ) Loty (’”9) is an n, X n, matrix that is
proportional to I,,_, it commutes with BTU " (0')B, so
that the previous expression writes

UQn =B'U"(-0)B

Sl )o)

Recalling that U T (—6) = U(6) holds for all § in [—h, h]
and performing the change of variable #; = —#6;, the
previous expression becomes

UJn(—e) =BTU(9)B
h+0, h+6
T T
o ([ mrvoam (B an) 7 (22),
which is the definition of Us ,,(6). O



C Proof of Lemma 3

The next properties reflect the fact that U has contin-
uous and bounded second and fourth order derivatives
n [—h,0) (or (0, h]). Their bound are provided therein.

Property 5 The Lyapunov matriz U associated to W
defined in (13) satisfies

sup |U@(0)|= sup [UD(0)] < pl], (1)
0€[—h,0) 0€(0,h]
sup [U0(6)| </ IW), (C2)

0€(0,h]
with parameters p, p’ given by

p=vnge"MMNTY, pf =g M MINTY,

(C.3)
and matrices M, N given by (14).

Proof : Thanks to the equivalence of matrix norms,
inequalities M T | = |[M| < |vec(M)| < \/p|M| hold, for
any square M of dimension p. Then, for all 8 in [0, 1], we
have

U®(6)] < |11z 0] MMEN [ ~vee)]
< [P M[MEN T vee(W)]
< Vg [P M [MENTH (WL

)

Moreover, recalling the definition of exponential matri-

k
ces, i.e. ePM =37 (0/,;1) OM| is

obtained as follows

, an upper bound of |e

o0 k2 gk pIF 2k AR
oM (M) 01" |M| REMI™ _ nmg
e |SZJ S TR
k= k=0 k=0
which yields the results (C.1) and (C.2). O

C.1  Proof of item (i) of Lemma 8

Proof : The objective of the proof is to provide an up-
per bound of the norm of the approximation error Uy ,,,
which depends explicitly on order n. To do so, let us first
rewrite the expression of this error as follows

n—1
. h+0
010 (0) = U(h+0)B— E:Uklk< ;: )
k=0

with U¥ being the projection of U(h + ) B onto the k'"
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Legendre polynomial, that is

/ Uh+0)Blk<h;;0> a6,

—(2k+1) /1 U (h0) 15, (0)d0.

2k+1

Ul =
(C.4)

Using the differentiation rule (A.5), the previous expres-
sion can be rewritten as

1

Ut = [ U0OB(6) - @) . (C5)
0

Then, an integration by parts yields

h

ut=1 / U (0)B (li—1(0) — l11(0)) 40, (C.6)

where we have used l41(0) = lx—1(0) and lx11(1) =
lx—1(1) as a by-product of (A.1), which cancels the first
terms of the integration by parts. Repeating this opera-
tion, we get

2
(221 / U" (h8)B (Ix—2(0) — 1x(6)) d6

2k+3 / U" (h6)B (15(0) — lp42(6)) 6.

Ub =

Then, Property (A.4) ensures that

V3h?|B|
2Vk —2(2k — 1)

1 "
U ()|,

o VIL-0)

Using (C.1), (2k—1) > 2(k—2) and fo

following upper bound is obtained

Ut <

=, the

,/9(1 0)

3
)2 h?|B| W
B
2k —

k
[Uf| < %

Applying now (A.3) ensures that for any integer N > n
and for all 6 in [—h, 0]

Uk h+9 ! 91|W|
S Ul Z|U|<Z TEDER

k=n

denoting 07 = p(g)%h2 |B|. Finally, using an integral
over estimation of the sum, we obtain

N
0+h
ZU’ka (h )

k=n

< oW <\/n1 3 \/N1—3) '




We conclude that the approximation error Uj(#) =
Z lk(9+h) is uniformly bounded as in (18) and,
k=

consequently, converges uniformly to zero as n tends to
infinity. (]
C.2  Proof of item (ii) of Lemma 3

Proof : The objective of the proof is to demonstrate the
uniform convergence towards zero of

Ui . (0) = ;9 ( (0 +h)B-U, nen(f);h»

n—1
1 0+h
U'(0+h)B— h§ Uklk< J}; )

k=0

with U¥ given by (C.4). Here, we repeat the pro-
cess (C.5)-(C.6) four times successively to obtain

/OlU(4)(h0)B <24: (?) ak,ilk_4+2i(9)> a0

h\* i=
U’f=<2> (2k—5)(02k—3)(2k*1)

where a4, ; are positive coefficients whose expression is
omitted for simplicity but which verify |ay ;| < 1. There-
fore, an upper bound of the norm of U¥ can be derived
using property (A.4), yielding

e L Ry
~ (2k=5)(2k—3)(2k-1) (k—4)0(1—0
Using (C.2), (2k —5) < 2(k — 4) and fo \/7 =,

0(1—6
the following upper bound is obtained
w2
z B||W
| < LEERIBIVL g5 e
2(k —4)2(2k—3)(2k—1)

We denote go = +p/(Z)2h? |B| and we use this upper
bound to get to the result The application of (A.6)
and (C.7) give, for any integer N > n > 5 and for all 6
in [7ha 0]7

N N k
1 ky (0+h U] k(k+1)
hzm%<h)§2hv
k=n k=n
< Z Q2|W|k’(k+1) )
2 (2k—3)(2k—1)

Noticing that % < 1 for all k£ > 5, we obtain
N
o2 |W]
2k —4)3

N
1 e [(0+R
vt ()
Finally, an integral over estimation of the sum leads to

ZU’“[’ <9+h)

We conclude that the approximation error U{n(é) =

45 Ub (52) is uniformly bounded as in (20) and

<o 73s)

=n
converges to zero as n tends to infinity. |

C.3 Proof of item (iii) of Lemma 3

Proof : The objective of the proof is to demonstrate the
uniform convergence towards zero of

Usn(0) = BTU(0)B—Usy b, @T) ,
n—1

0+h
= BTU(0)B- ZU’glk( - ) ,
with U§ the k-th coefficient of matrix U, , given by

2k +1 [P 0+h
k _ T
Uk = o /_hB U(0)Bly, ( o ) de,

— 2kt 1) / BTURE0 - 1) Bly(0)d8.  (C.3)
0

Using the differentiation rule (C.5) and 1ntegrat10n by
parts (C.6) on both intervals (0, 1) and (3, 1), we obtain

Ul = h/ BTU'(h(20 — 1)) B(ly—1(0) — Le+1(0)) d6.

since lg4+1(0) = lg—1(0) for 6 € {0, 1} is ensured by (A.1)
and since the continuity of U(h(26 — 1)) at 6 = 3 is en-
sured by Property 2 (i). Then, repeating this operation,

we get to

Uk = 2(2:_1)BTAU’(O)B (16(1/2) = le_5(1/2))
+(2:i1)/01BTU”(h(29—1))B (lr—2(6) =1k (0))do
+ 2(2kh+:)))BTAU’(O)B (let2(1/2) = 1(1/2))
_(2;13) /0 lBTU”(h(29—1))B (1 (0) = Li2(6))d6.
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where AU’(0) := lim,_,o (U'(e) — U'(—¢)). Then, an up-
per bound of the norm of U4 can be derived by the ube
of property (A.4) for 6 € [0, 1] and especially for § = =
yielding

\/27rh\B\

[o"sc26-1)]
VE—2(2k—1)

U5 < N

A \+h/ \U” h(20—

Thanks to Property 2 (ii) upper bound (C.1), inequality
(Qk 1) < 2(k 2 and fO \/ﬁ = T, We have

| 2|_V2”h‘B| (pry ] = S o>
2k —2)% 2k — 2)8

where notation o3 := /27 (1+ prh)h|B|? is introduced.
For the same reasons stated in the proof of Lemma 3 (i),
for any integer N > n and for all § in [0, 1], the following
upper bound is obtained

N

0+h 1 1
EU’“Z — ) <o3|W — .
Z ”( h) = o] '(Jn—s \/N—3)

We conclude that the series Uy, (6) = Z Uk e (5E2)
k=

exists, converges to zero as n tends to 1nﬁn1ty and that
1nequahty (22) holds. O
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