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Abstract

This contribution presents an exponential stability criterion for linear systems with multiple pointwise and
distributed delays. This result is obtained in the Lyapunov-Krasovskii framework via the approximations of the
argument of the functional by projection on the first Legendre polynomials. The reduction of the number of
mathematical operations in the stability test is a benefit of the supergeometric convergence of Legendre polynomials
approximation. For a single-delay linear system with a constant distributed kernel, a new computational procedure
for the solution of the integrals involved in the stability test is developed considering the case of Jordan nilpotent
blocks. This strategy is the basis for developing new procedures that allow the numerical construction of the
stability test for different classes of kernels, such as polynomial, exponential, or v distribution.

Keywords: linear functional differential equation, necessary and sufficient stability condition, Legendre poly-
nomials approximation.

1 Introduction

Time delays inevitably arise in all systems that involve data and signals processing, propagation phenomena,
measurement of variables, or due to the intrinsic nature of the system’s behavior. Particularly, distributed delays
are a special class of time delays that model the cumulative effect of past history on the dynamics of a system,
and thus the interactions between its different components [16]. Consequently, systems with distributed delays are
realistic models of various phenomena arising in physics [29], engineering [18], biology [24], ecology [11], and other
disciplines. Motivated by its potential applications, the effect of distributed delay on the stability of time-delay
systems has been a problem of general interest from both theoretical and practical perspectives.

The Lyapunov-Krasovskii framework which uses, instead of Lyapunov functions, functionals that capture the
true state of the system is widely used to derive stability conditions. A first approach consists of the proposal
of functionals of prescribed form leading to sufficient stability conditions formulated in terms of linear matrix
inequalities (see for example [12, 23, 26], and the references therein). A second approach is based on converse
results: it consists of determining the form of the functional with a given prescribed negative quadratic derivative
along the solutions of the system (see [9, 28, 15, 25]).

In [17], Lyapunov-Krasovskii functionals of complete type are presented. These functionals are defined in terms
of a matrix function called delay Lyapunov matrix which satisfies the continuity, dynamic, symmetric, and algebraic
properties [16]. Moreover, the functional admits a quadratic lower bound if the system is exponentially stable. This
approach opens the way to finding necessary and sufficient stability conditions.

A first progress was to present necessary stability conditions expressed in terms of the system delay Lyapunov
matrix for several classes of delay systems [21]. The result is achieved by replacing the functional argument by an
approximation depending on the system’s fundamental matrix. The new stability /instability theorems on a special
set of bounded functional arguments introduced in [20, 19] are crucial for estimating the approximation order
required to ensure sufficiency. Unfortunately, the poor convergence properties of the fundamental matrix-based
approximations resulted in high-order estimates that often exceed computer capacity. For retarded type systems,
recent research revealed that the methodology presented in [13, 21] can be applied to other approximation techniques
of the functional argument, significantly reducing the numerical complexity. In particular, new necessary and
sufficient conditions were formulated using Legendre polynomials [4] and piecewise linear functions approximations
[1]. Nevertheless, for systems with multiple pointwise and distributed delays, the problem remains open.

For the case of systems with distributed delays, through fundamental matrix-based approximations, stability
criteria are presented in terms of point values of the delay Lyapunov matrix and the system’s fundamental matrix [6];
nevertheless, limited by the discretization schema, the overlarge orders of approximation prompt that its numerical
implementation demands a high computational effort. This contribution overcomes this dimensional issue by
approximating the Lyapunov-Krasovskii functional’s argument through projection on a Legendre polynomial basis.
Therefore, a stability criterion that depends on integrals of the Lyapunov matrix, the first Legendre polynomials,
and the kernel of distributed delay is derived. The reason for using Legendre polynomials approximation is to exploit
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the following underlying properties: 1) rapid convergence for smooth arguments, 2) orthogonality concerning the
Lebesgue measure, and 3) second-order recurrence satisfied by the coefficients. These properties help to significantly
reduce the dimension of the stability test, which is numerically tractable.

The criterion presented is deduced from three key elements: 1) generalization of the stability /instability theorems
on a bounded set of the class of distributed delay systems, 2) determination of the quadratic form resulting
from the substitution of the Legendre approximation of the argument, and estimation of the resulting functional
approximation error, 3) use of the stability /instability theorems to determine the approximation order guaranteeing
sufficiency. The numerical evaluation of the stability criterion depends on the delay Lyapunov matrix, the first
Legendre polynomials, and the kernel class in the distributed delay; therefore, a particular recursive method must
be developed for each kernel type. We present an efficient computational procedure based on the Jordan canonical
form to solve the first Legendre coefficient delay Lyapunov matrix-based integrals involved in the stability test for
a single-delay linear system with a constant distributed kernel delay. This procedure provides the methodology
for obtaining recursive methods for different systems with pointwise delays multiple of a basic one and distributed
terms with piecewise constant, polynomial, exponential, or combinations such as = distribution.

The organization of the paper is as follows: 2 is devoted to some preliminaries on systems with distributed delays,
and to the generalization of the fundamental stability theorems. Additionally, the approximation of functions by
Legendre polynomials and their supergeometric convergence are presented. The main results and their proofs
are presented in 3. In 4, recursive relations for the effective computation of the quadratic form resulting from
the substitution of the Legendre approximation into the functional are presented, emphasizing the special case of
Jordan nilpotent blocks. The paper ends with illustrative examples in 5, followed by concluding remarks.

Notation: We denote the space of piecewise continuous, continuous, continuously differentiable, and smooth
functions defined from X with values in Y by PC(X,Y), C(X,Y), C1(X,Y), Cx(X,Y), respectively and let PCp, =
PC([—h,0],R™). In the paper, the Euclidean 2-norm for vectors and the induced norm for matrices are denoted

by || - ||. For functions ¢, we use the uniform norm ||p||, = sup |¢(#)|. The transpose of a matrix A is denoted
0€[—h,0]

by AT and the ¢ x g identity matrix by I q- The minimum and maximum eigenvalues of a symmetric matrix () are
represented by Amin(Q) and Amax(Q), respectively. The notation @ > 0 (Q > 0, Q # 0) means that the symmetric
square matrix @ is positive definite (positive semidefinite, not positive semidefinite). The symbol [-] represents
the ceiling function, and ¢;, denotes the Kronecker delta function. The symbols ®, & stand for the Kronecker
product, and the direct sum operator of matrices, respectively, while vec and vec ™! indicate the vectorization and
devectorization operations.

2 Preliminaries

This section recalls essential concepts for the time-domain stability analysis of linear systems with pointwise and
distributed delays and for the numerical analysis based on Legendre polynomials approximation.

2.1 System and stability concept
Consider linear time-delay systems of the form
m 0
z(t) = Zij(t — hj) + / G(0)x(t + 0)do, Vvt > 0,
3=0 —h

z(t) = p(t), YVt € [—h,0], ¢ € PCh.

(1)

where Aj, j = 0,...,m, are given real n, X n, matrices and 0 = ho < hy < -+ < hy, = h are time delays, and
the function G € PC([—h, 0], R™**"=) represents the kernel of the distributed delay. The restriction of the solution
x(t) of initial-value problem (1) on the segment [t — h,t] is defined by z; : 6 — z(t+60), 6 € [—h,0]. When the
initial condition ¢ must be indicated explicitly, we use the notations z(t, ) and z:(yp).

Definition 1 (see [5]) System (1) is said to be exponentially stable if there exist v > 1 and o > 0 such that every
solution of the system satisfies the inequality

lz(t, o)l < ve” llelln, ¢ >0.

Fundamental results concerning the Lyapunov-Krasovskii approach are presented hereafter.

2.2 Lyapunov-Krasovskii functional
In this contribution, we make use of special matrix-based functionals with a prescribed quadratic negative derivative.

According to [17, 8], for any matrix W > 0, the unique functional v(x;) satisfying

L o(wi(9) = ~aT(t — h Q) Walt — b, ),



along the trajectories of system (1) has the form

() = ¢ (0)U(0)¢(0) + > I (2)

where we defined the following integrals

I = Z/ L0+ hy)A;0(0)do,

I = 91 Ak]:U(ol 02, —hi, —h;)Ajp(02)dR
;2// @

I = 257 (0) / U0~ 96©de0)as

Iy = 22/// T(61)A] Fu (61,602, —hi, )G (&) (02)dRs,

0

n=[[f / (616" (€0)F (61,02, 61,E2)GIE)pl02)dRs, To = [ 7 (O)Wip(6)ds,
—h

with the function Fy(61,602,&1,8&2) = U(61 — 02 — &1 + &2), and the integration regions

Rl = {91 S [—hk,O],eg S [—h,j,()}},

R, :={61 € [-h«,0],02 € [—h,0],€ € [—h,02]},

R, = {(91 S [—h, 0],92 S [—h70]7§1 S [—h,ol],€2 S [—h7 92]},

dR, = db2db1, dR, = d€dO2d01, dR, = d2d€1d02db:.
The matrix-valued function, U(7), is known as the delay Lyapunov matriz of system (1), associated to W. It

satisfies the following set of properties:

1. Dynamic property for 7 > 0

2. Symmetry property for 7 € R

3. Algebraic property

=y [ATU™ (=hy) + U(=hy) 4] +/

3=0 —h

0

[GT(Q)UT((?) + U(@)G(a)] d9.

The characteristic equation of system (1) is [5]

det[s[ ZAe 77/0

e’G(0)do| = 0.

—h

Let A be the spectrum of system (1), that is the set of its characteristic roots. It is said that system (1) satisfies the
Lyapunov condition, if s € A implies —s ¢ A. The Lyapunov condition guarantees the existence and uniqueness of
the delay Lyapunov matrix [16].

Remark 1 The delay Lyapunov matriz U(T), 7 € [—h,h] can be computed using the dynamic, symmetric, and
algebraic properties by a semi-analytic procedure when the delays are multiple of a basic one, and G is a piecewise
continuous polynomial [16, 2]. In the numerical part, examples with a single delay and constant kernel G are
considered.

2.3 Fundamental stability theorems

The main attribute of the functional v is that it admits a quadratic lower bound on the set of functions PC;, when
the system is stable [10, 6]. This condition is established in the following result.

Theorem 1 [10, Theorem 1] If system (1) is exponentially stable, then there exist positive numbers oo and ai
such that

0
() = aollp(0)* + e [h le(0)1d6, ¢ € PCh. ©)



We introduce the following compact set in the space of continuously differentiable functions parameterized by pu > 0
S0 = {0 € Cal[=h, 0LB™) | [lglln = (@) =1, 6®In <, ¥k €N}, (1)

The following theorem, given in the framework of the set S,,, establishes that if the system is unstable, the functional
v does not admit a nonnegative lower bound.

Theorem 2 [10, Theorem 2] Let p =3 7" [|Aj]| + h[|G||n. If system (1) is unstable and the Lyapunov condition
holds, then there exists ¢ € S,, such that

~ * >\min w
v(p) < —p :—Wgh#)(l—i—cosb)7 (5)
where b € (0,7) is a unique solution of the equation
((2hp)* +b*)(1 = cosb)” = 4(2hu)? (6)

The preceding result reveals the crucial role of the set S,. Indeed, by negation, 2 provides a sufficiency stability
theorem, which is decisive for proving the main result of this contribution.

2.4 Legendre polynomials approximation

Key concepts about the Legendre polynomials and their use in the approximation of the initial function ¢ € PCs
are introduced.
Legendre polynomials on [—h, 0] are defined as

W(0) = > uf (%), VkeN, (7)

with uf = (—l)k”(f) (k;”), where (’:) stands for the binomial coefficient. Legendre polynomials are a system of
complete and orthogonal polynomials that span the space of square-integrable functions.
For 6 € [—h, 0], we introduce the matrix L,(#) € R™"™**"* defined by

T
Ln(0) = [10(9) 1(8) --- zn_l(e)] ®In,, V0 € [~h,0).
For any function ¢ € PCj, and for any approximation order n € N, let us decompose V 0 € [—h, 0]

@(0) = ©n(0) + n(0)

where ¢, (0) = LT(0)®,, is the polynomial approximation and $,(0) = ¢(8) — . (#) is the residual error. The
vector ®,, represents the normalized n first polynomial coefficients of the function ¢ and is defined by

ya! 2n —1 0 nong
@n—dlag(g,..., - )®Inm/_th(9)go(9)d6’eR .

Next, we prove that the Legendre approximation ¢, converges uniformly towards ¢ with respect to 8 and we
also quantify its convergence rate on the set S, defined in (4).

2.5 Convergence of the Legendre polynomials approximation

The following convergence lemma allows us to estimate the order that ensures that, for any ¢ € S,, the approxi-
mation error ¢,(0) = ¢ — ¢, is upper bounded by € > 0.

Lemma 1 Let > 0 and consider ¢ € S,,. For any € > 0, the Legendre truncated error function ¢r satisfies the
following inequality
[@nlln <& Vn>Nu(e)

where
Nou(e) = ’V,uexp [1 +W ((en)*llog (f))] W (8)

R+ — R+

, .
Y= 26" > 2 Lambert’s function [7].

; — 5 - __ 2 .



Proof : For n = {1, 2}, we have roughly
61l < 2llelln =2, o
l[Z2lln < 5ll@lln = 5.
For n > 3 and d < n—1, according to [3, Lemma 2.2], for any ¢ € S,, an upper bound of the Legendre approximation

error is given by
(A1

l@nlln < 2d<d71)(n,%)_,.(nfd+%)7

and, with the largest possible value d = n — 1, which takes advantage of a maximum number of bounded derivatives
and leads to the smallest bound when h or p are small, we have

()" e ()G 5(%)" (10)

1 = 1 1
n! (n72)(n73 3 n! n!

[@nlln <

5) )

Merging (9)-(10) leads to

) i
&nlln < 0, (11)
n.

where o = 7 and o = %hu are set at the beginning.If we apply the logarithm function “log” to the

5
2= Fmin(L ()
foregoing inequality, then

log (/|@nlln) < log (¢) + nlog(i) — > log(k).
k=1

The Maclaurin integral test gives the following upper-bound
log ([ @nln) < log (¢) + n log(1) — / log(s)ds = log (o) — nlog ().
0

Defining z, := log (%), imply that e*» = % and
log ([|@nlln) < log (o) — ea(zne™). (12)
Therefore, for that (12) is bounded by log(e), the following inequality need to be satisfied
Zne™ > (efi) ™" log (f)

By definition of W Lambert’s function [7] and its increasing behavior on Ry, we have

2 = log (%) > W ((ep) " 10g (£)).

or equivalently that the order n is sufficiently large to satisfy
n > i exp [1 +W ((eﬂyl log (g))} .

Hence the proof is completed. O

3 A new stability condition for systems with distributed delays

The main result of this contribution is obtained through the approximation of the Lyapunov - Krasovskii functional
v in (2) by the n first Legendre polynomials for particular functions ¢ from the subsets of PC;. Based on this
idea, we present a necessary and sufficient stability criterion for system (1), whose test requires a finite number of
mathematical operations.

3.1 Approximated Lyapunov-Krasovskii functional

For any ¢ € PCj, the approximated Lyapunov-Krasovskii functional at order n is given by

T U(O) Qn + Rn

_ _ T

with v, = [¢7(0) ®Z]" € R"FD™ and P, € RO x (mine,



In the foregoing expression, we have

0 0

UT (0 + hj)A; LY (0)dr, I,' ::/ L (r)WLE (r)dr,

17 —hj —h

Qn:

<
Il

.
—

0

U™ (0 — &)G(&) Ly, (0)dedo,
T, : n(01) AL Fu (01,02, —hy, —hj) A; LY (62)dR,
;2// k

Sn = Z /// L (01) A} Fu (01,02, —hi, €)G(E) LY (02)dRo,

s

S

i
[
\

(14)

D, : //// n(01)GT (§1)Fu (61,02, 61,6)G(&2) L, (62)dRs,

where the function Fyy and the regions Ri, R2, Ra are defined in 2.2.

Remark 2 Functional v, is a Legendre polynomials approxzimation of the Lyapunov - Krasovskii functional v
defined by (2). It is a quadratic form composed of a finite number of coefficients stored in matriz P,. The
difference between vy, and v depends on the Legendre residual error ¢n,.

3.2 Convergence of the approximated Lyapunov - Krasovskii functional

The convergence of the functional v, towards the Lyapunov-Krasovskii functional v is now established. The result
follows from Legendre polynomials approximation presented in the previous section.
For ¢ € PCh, we define the Lyapunov-Krasovskii functional remainder as

Un (@) :=v(p) — vn(p Z (15)

where the remained integrals are expressed using symmetry properties in terms of the original function ¢ and the
residual error @,, as follows

0
I =27 2 / (0 4 hy)A;pn(0)d0, To = — / 5T (0)W 3. (6)d,

—h

h=Y Y / /R (zsaTwl)A% —r(0,)AT ) Fur (01, 02, ~he, —hy) Ay (62) AR,
k=1 j=1 1
0 0
h=2"0) [ ) / UT (0~ )G(E)degn (0o
i, :2; / / /R 2 <2¢(91)A; - @nwl)A]T)fU(el, 02, —hi, §)G(€)@n (02)dRo,

L= //// (w (01)GT (&) - @Z(@QGT(a))fU(eh02,£1,52)0<s2)¢n<02)d7z3,

where the function Fy(-) and the integration regions Ri, R2, Rs are defined in 2.2. The next step is to bound the
functional approximation error. We prove that in the compact set S,, ¥, converges to zero with a guaranteed and
quantified convergence rate.

Lemma 2 Let u > 0. For any ¢ € S,, we have
Onll < B, Vn > Nu(E(B))

where ¥, is given by (15), N, is given by (8), and

£6) = -2 +y/(2) + £,



with scalars

14 1+R21G 1) (1403 1451487 1G )

j=1

= U

2 2
ra:= U (B Y 145 1+B7IG ) +RIW -

>
j=1
hy
Jj=1
Proof : We estimate an upper bound of each summand of #,, by the use of Cauchy-Schwarz inequality

_ m ~ ~ m 2 _ ~
L2 U A MG lnlleln, LU (R Y 1A51)° @lellnH@nlln)[@nlln,

Jj=1 Jj=1

L2Unh?[Gllul@allnleln,  L<2UIh* 1G] D 1A I IeIaHI Gl @nln,

j=1
- 4 ~ B - ~
LL|UnRMIGIR ClelnHI@nllm)@nlln,  Is <hIWIEnll,

yielding
150 (@) < K2l @nllh + 21lIGnlnlllln- (16)

Having [|¢||n < 1, we assess that ||0,|| < S holds under the following quadratic constraint

~ 2 K1~ ﬁ
16all7 + 22 nll — £ < 0

which is satisfied for [|@n] < £(B). Finally, applying 1 and considering ¢ € S,, we have ||Pn]ln < E(B) for
n = N, (E(B)) which concludes the proof. O

We are now in a position to present the main contribution of this research. This result, inspired by [13, 3, 1],
provides necessary and sufficient stability conditions expressed in terms of the positive definiteness of the matrix
P, defined in (13). The resulting criterion requires the verification of just one condition evaluated at a fixed and
explicitly given approximation order n*.

3.3 Necessary stability condition

It is evident that the substitution of any particular initial function into the functional (2) combined with the
quadratic lower bound on the functional will provide a set of necessary stability conditions.

Theorem 3 If system (1) is exponentially stable, then
P,>0 VneN,
where matriz P, is given by (13).

Proof : For any vector v, = (mT @Z)T e R D% and n € N, we define the initial function @ € PCj, as

— _ Lg(e)q)’ﬂv v 9 € [7h7 O)a
“"(9)_{ x, if 6 =0.

The evaluation of the functional v(p) on the special function @ reduces to v(¢) = YL Ppvyn. As system (1) is
assumed to be exponentially stable, inequality (3) in 1 holds, therefore v(@) > 0, which yields P,, > 0, for all
n € N, since x and ®,, are arbitrary vectors. Hence the theorem is proven. O

Remark 3 The necessary stability condition in 8 can be used as a sufficient condition of instability: if P, % 0 then
system (1) is unstable. In practice, it leads to an over estimation of the stability regions in the state of parameters.

3.4 Sufficient stability condition

It is interesting and novel to see that a positive quadratic bound for v,, that depends on the approximation order
n can be used as a sufficient condition for exponential stability.



Theorem 4 Let p= 377" ||Aj|| +hl|G||n and order n € N. If the Lyapunov condition holds and if the positiveness
semi-definite test Py, — Py, = 0 is true where Py, is given in (13), 8 in (5),

|60 =B") I, O
|

b= (10l (hie)? + HIW ) (5”“,) 20Ul () (1 + o) (%) ’

and i = max (1, %,u) , then system (1) is exponentially stable.

Proof : The proof is done by contradiction. We assume that system (1) is not exponentially stable, but P,, —P,, > 0
and the Lyapunov condition holds. The application of 2 for this particular value of the parameter u implies that
there exists a function ¢ € S, such that

v(p) < =B = =B p(0)]. (17)

Next, it follows from (13) that

v(®) = Yn PrYn + () = Yo Pruyn — [T (9)]-

Owing to (16) allows us to obtain
0(®) 2 Yo Puyn — 2| @nlln — 261]|Gnlnllolln,
where k1 = ||U||n(hp)(1 + hp)), k2 = [|U]|n(hp)? + h||W|| and ||¢||n = 1. Then, the application of (11) gives
0(9) 2 Yn Pavn = 6alle(0)]. (18)

Lastly, merging (17) and (18) yields
Yn (P —=Pn)ym <0,

and contradicts the positiveness semi-definite assumption on P,, — P,. O

Remark 4 The sufficient stability condition in Theorem 4 can be used to ensure stability, even for low order n.
In practice, it leads to an under estimation of the stability regions in the state of parameters. Note that, when the
order n is sufficiently large to obtain §, < B, the condition amounts to a positivity test on the matrix P,,.

3.5 Necessary and sufficient stability condition

The following result is a necessary and sufficient stability condition for systems with pointwise and distributed
delays, that can be verified in a finite number of mathematical operations.

Theorem 5 Let p= 377" | Aj|| +hl|Gln. System (1) is exponentially stable if and only if the Lyapunov condition
and
P, >0, (19)

with n* = N, (E(B%)), where 8*, N, € are determined by 77, respectively.

Proof : We prove separately the necessity and the sufficiency.

Necessity: The necessity directly follows from 3, since (19) holds for every integer n, and in particular n*.
Sufficiency: The sufficiency directly follows from 4 since inequality d, < 8 holds for all integer n > n™. O
In the next section, we introduce an algorithm to solve the problem of the numerical computation of matrix P,,.

4 Legendre projection computations

It is evident that the availability of a computational scheme for the numerical test of the stability conditions pre-
sented in 3 is required. However, analytically constructing the matrix P, is a numerically complicated task due
to the presence of polynomial sequences, integral terms, and especially the distributed delay. To overcome this
difficulty, we can develop effective inductive relations for the computation of P,, using the following process. First,
we introduce, depending on kernel type, the semianalytic expression for the computation of the delay Lyapunov
matrix U(7), 7 € [—h, h] associated with W = I,,, [2]. Second, we decompose the matrix P,, given by (13) in terms
of integrals of quasi-polynomials kernels. Third, we develop a recursive method for computing these integrals using
the properties of Legendre polynomials (orthogonality, point-wise values, and differentiation properties [27]). This
procedure provides the methodology for obtaining recursive methods for different systems with point-wise delays
multiple of a basic one and distributed terms with piecewise constant, polynomial, exponential, or combinations
such as « distribution. For the case of systems with constant distributed kernel delay and a single point-wise delay
(G(0) = G, h1 = h), we present the corresponding recursive relations.



4.1 Delay Lyapunov matrix: semianalytic method

The delay Lyapunov matrix U € R™*™ is given by U = vec™* (i), where U = vec(U) is defined by [2]
U(T) = Ee™ Xy, T€[0,h)

with Wi = vec(W), and

0712 I -1
Xo= [ M+[-e” ny]el #nd e 0,2 |, &=[%2 Tn2 %2],

I 0 0
Al e, AY®I1,, GcTel,, n2 n2 n2

L=|-r,eaf -1,,047 ~1,,0GT |, M =] Oz = Ou Tz, (20)
Ing®Ing —Ing®Ing 0n®0n, Aler,, AT®I,, GT®I,,

Oni 71713: On%
Ni = 0,2 0,2 On2 ;o &1 =[Tn2 002 0,2].
Ing®AT I,, @AY 1, ®GT

For the solution of the integrals defined in (14) there exist recursive relations only for the case where L is nonsingular
[3]. A technical challenge in the case of distributed delay systems is that matrix L in (20) is, for most systems
parameters, a singular matrix. By introducing its canonical Jordan form, we guarantee that the analytical-recursive
solution of the integrals in (14) can be computed for the invertible and non-invertible parts of matrix L.

Lemma 3 (See [14]) Let L € R"**"* defined by (20). There exist a nonsingular P, € C"**"*  positive integers
q, mi,...,mq with mi +ma + - - - + mq = nz, and distinct eigenvalues s1,...,sq € C of L, such that
L= PL(Jml(sl) D Ty (52) ® - D Ty (54) )PL‘1~

Jr

A Jordan block Jm,;(si) is a m;-by-m; upper triangular matriz where the scalar s; appears m; times on the main
diagonal (algebraic multiplicity); if m; > 1, there are m; — 1 entries “+1” in the super-diagonal; all other entries
are zero.
Remark 5 Notice that the matriz Ji, defined in 4 can be expressed by
B 0
L= {0 N] ’

where B is a direct sum of all the nonsingular Jordan blocks and N is a direct sum of all the nilpotent blocks. The
direct summand B is absent if L is nilpotent; N is absent if L is nonsingular. Then, the exponential matrixz of
L= PLJLPE1 is defined by
BTt
T = premiipt = py {60 61(\)77} Pt

The exponential matriz of the nilpotent Jordan block Jm;(0), contained in matriz Pr, is given by

1,0 1.1 1 m;—1
orT 1!70 (m;—1)1 " )
0 1 B S A
I o! (m;—2)!
R o : (21)
0 0o - L0

0!

where m; represents the algebraic multiplicity.

4.2 Components of the matrix P,

Each coefficient of matrix P, given by (13) needs to be evaluated numerically, which is more complicated since
matrices Q,, Ry, Ty, S, and D,, contain the first Legendre coefficients of the delay Lyapunov matrix. Therefore,
substituting the semianalytic expression of U in each component of the matrix P,,, and considering the Jordan



canonical form of L described in 4, we obtain

Q.=[QfA QTA - Qi1A], R.,=[R{G R{G --- RG],
[ATTooA1 AT To1Ar -+ AT Ton_141
* A?T11A1 A’{Tln—lAl
Tn - . . . . )
L * * * A1TTn71,n71A1
[ AT So0G ATSnG -+ ATSp,1G
ATS10G ATS1G Afsl,vL—lG
Sn = . . . . )
LATSn-10G AS,_11G -+ AlS,. 1..1G

I,'=h- dlag( T N et 1)®Inf,

GTDwG GTDwuG --- G™Do.n1G
* G'DuG - G™D1,-1G
Dn = . )
* * o GTDy1n G

where Q, Ri, Tjr = TijrijkT, Sk = Sk +S§Z and Dj, = Dji + D?: are the Legendre coefficients of the Lyapunov
matrix U given in the vector form as follows

£1PLFkPL_12\.’o,

Qr = vec(Qx) =
R = vec(Rk) £1PLA}€P7 X(),
'E'k = VeC(T k) €1PLF]kP X(),
T = vece(T}y) = E1PLT P XO,
Sjr = vec(Sjk) 51PLA]kP XO,
Sjbk :VeC(S;k) SIPLAJkP 1XQ,
Djk = vec(DJk) S1PLA]kP Xo,
Dy = vec(D5,) = E1PLAY Pyt Xy,
with
0 0 0
/ ePHOILY (0)db, A :/ / e 7L del (0)do
— 01
Tk :/ / 1;(61)e =922 1, (65)dO2db) r]k_/ / 1;(61)e %272, (65)dB2db),
h 01
_ 91+h
A :/ / / 1;(01)e* L 15 (02)dEdO2d0,
_ ey (22)
A = )e le(ez)dgdagdeh
01— 62
_ 01+h r&1
Ajk:/ zj(el)/ zk(ez)/ / E1)TL e, 4 dfdb,,

R 01+h rO2+h
Ajk_/ 91/ I ( 02/ / &2 =80IL ge) de, dhdb

where Pr,, Ji, are defined by 4. In the following section, by the properties of the Legendre polynomials, we present a
recursive numerical scheme for the calculation of the integrals involved in the determination of the matrices defined
n (22). The reduction of the computational burden makes the stability conditions numerically tractable.

4.3 Iterative calculation of Legendre exponential coefficients

The following propositions address the recursive computation of the integrals defined in (22). The highly technical
proofs are given as Supplementary material.

Proposition 1 The matrices I'x and A can be computed by

10



where the matrices B, N are defined in 7.
For the case of B, the following recursive relation holds

[k(B) = Ty_2(B) — 22D =1 1(B), Yk > 2,
Ax(B) = B 'Tx(B), VEk>1

initialized with
To(B) BT ("B —Iy))
[r1<B>] = | B~Y"B+1Ln,)- 2B 'To(B)
Ao(B) B~ (o(B)~hIm,)

For the case of the nilpotent matriz N, we have that

Ie(N) =T%1(0) ®@T%,2(0) ®--- ® Tk 1(0),
Ap(N) = Ap,1(0) @ Ap2(0) @ - - - ® Ag 5(0),
with
Yk,0 Vk,1 " Vk,m;—1 Ak,0 Ak, Akymg—1
0 Yk,0 ' Yk,m;—2 0 Ago 0 Akmy;—2
Cea(O)=1 . . . . s Aea(0) = . ;
0 0 o 06 Ao
k ulf ppti
= 7, A = )
Vk,p ilzzo (11 +p+ 1)]7' k,p Vk,p+1
where u¥ is given by (7), p=0,...,ms, m; is the algebraic multiplicity of nilpotent blocks i, i = 1,2,...,b, b the

number of nilpotent blocks of L, and k =0,...,n — 1.
Proposition 2 For any matriz Jr, and for matrices T, I:";-k the following equality holds
Cjr = (=100 V@, k) € {0,1,...,n—1}>

Proposition 3 The matrices T';; and f?k are calculated by

Tjp =Tjn(B) @ Tjn(N), Th =T5(B) & (),

where the matrices B, N are defined in 7.
The matrices T'ji(B) are computed as follows relations

(_1)j+kfkj(B), k <j7
Tjx(B) = = 2(2k41) 17
Lje—2(B) + =5 —B ij,l(B)) :
_ , k > max(2,7),
( — oy B7H (855 — djk—2) 2,9)
initialized with
Too(B) B~ (To(B)~hlm,)
l:F(,l(B)] = —B~'I'i(B)
I'11(B) (3BT =L )T1(B) =2 1,)

For the case of a nilpotent N, we have that

Ljx(N) =Tj11(0) @ Tjr2(0) @ - - & Ty (0),

with
Yik,0 ’}’jk,l ’:ij,mi—l
Foes(0) = 0 ’Yj{c,O ij,@-fz ’
o

k p u] ulc hp+2

1]
Tikp = p'zzz<) DL pre

1,=014,=01,=0

where uJ ,ui are giwen by (7), p = 0,...,m; — 1, m; is the algebraic multiplicity of nilpotent blocks 1,

i=1,2,...,b, b the number of nilpotent blocks of L, and k =0,...,n— 1.

11



Proposition 4 The matrices Aji and [\?-k are given by

Aji = Mje(B) @ Rji(N), Ay = Ay (B) @ Ky (),

where

i _ [ hBTT(B) if k=0, j=1,

Aj’“(B)_{ 0 if k>1,

Ajk(B) = (1Y BT TR(B)Ty(B)e ", > 1,k > 1
and _

[Aoo(B>] _ [ hB~ 1T (B)—h2B~! ]
A3o(B)| — [To(B)To(B)e P —n2B~1
For the case of nilpotent matriz N, we have
Aji(N) = Njr,1(0) ® Ajr,2(0) @ -~ @ A 5(0)
Ajk( )= A]k 1(0) ® Ajk 20)®- @ A?k,b(o)

with

Jko >‘_]k 1o Njkmg—1 ;‘;k,() Ajk,1 r Ajkimg—1

_ Njk,0  Ajkymg—2 _ 0 Xjko - Ajkmg—2,
Aj,i(0) = ) Azkz(o) = ) L . )
0 Xj;w 0 o I\j;c,o
by _ h7J7p+1 if k=0,
7P = 0 if k>,
o _ (et Zk: > (8) (=i, ul, b2
k= 1) Pt (i, =iy +p+1)(4, +45 +1)°

where u 7uZ are given by (7), p=0,...,m;—1, m; is the algebraic multiplicity of nilpotent blocks i, i =1,2,...,b,

b the number of nilpotent blocks of L, and k =0,...,n — 1.

Proposition 5 The matrices A1 and A?k are computed as

Aji = Ajn(B) & Ajr(N), A% = AJ(B) @ AJ(N),

where
- hB™?T';(B) ifk=0,j>2
Ajk(B):{ 0 ]( ) ka>1
—A%.(B) ifj>0,k>1
Ab B) = ik R =2
#(B) { —Ak(B) + hBT*T(B) ifj=0,k>1,
with
hB_l(B_ll"o(B)—hTZlmith_l)
Qoo (B) W3 s L
Q0(B) | - BT?4+hBT?I'1(B)
Qb (B) | =
Q(bl)E(B) —-B~2 (F%(B)e*thhro(B)jL%B)

B2ro(B)y(B)e Bkl p-1
For the case of a nilpotent matrix N, we have

Aji(N) = Aji,1(0) © Aj,2(0) ® - - ® A p(0),
AJk(N) = B511(0) ® A%y 2(0) @ - @ Ay 4(0),

where
8ik,0 Sk o Sjk,mi—l Sgkﬂ S;k,l S;k,mifl
_ 0 Sjk0  Ojk,m,—2 0 o kmy—2
Nja(0)= | . ) , Aoy =1 7 ) ) ;
0 0 - ko 0 0 - g;};)g
Sikp = Njk,pt1 gb'k = Akjpt1 — j\b'k
jk,p jk,p+1, Jjk,p 3P Jjk,p+1s

with p = 0,...,m; — 1, m; the algebraic multiplicity of nilpotent block i, i = 1,2,...,b, b the number of nilpotent
blocks of L, and k =0,...,n— 1.

Remark 6 A worthy of mention fact is that the numerical scheme developed in this contribution for the calculation
of the integrals (14) can be applied to compute the integrals required in [3, Theorem 1] when the matriz M of the
semianalytic method is singular, a case that has not been treated before in the literature.

12



500

-

500

¢ (-200,-200)
(-60,-50)

¢ (100,100)

¢ (-250,250)

¢

-500

-500

Table 1: Stability criteria of 5, and Theorem 7 and 8 in [6], for some parameters (kq, k2) (highlighted in 1b), 1.
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(a) Necessary condition (3).

Figure 1: Necessary and sufficient stability condition of 5 for 1.

(k1, k2) n* Thm 5 | 7* [6, Thm 8] | 7 [6, Thm 7] Result

(—200, —200)* 15 3473 16664261 Stable

(—60, —50)* 9 107 6102 Stable
(100,100)* 10 599 119286 Unstable
(—250,250)* 18 185498 ~ 10° Unstable

5 Numerical Examples

In this section, we illustrate how the stability conditions of 7?7 can be applied to determine the stability region
in the space of parameters, including delays. The numerical implementation of the recursive scheme presented in
4 is carried out in MATLAB. The numerical errors in the recurrence relations, accumulated as n increases, are
reduced by using the vpa function. The positivity of P, is verified with the chol function, while the solution of
(6) is computed with the fzero function. In each figure, the system parameters that satisfy the stability conditions
are represented by isolated points, while the solid lines indicate the stability/instability boundaries obtained by the
D—Partition method [22]. It is essential to clarify that, unlike in frequency-domain methods, Theorem 5 allows the
independent analysis of the stability of any isolated point of system (1). The numerical computations are performed
on a desktop computer with Intel Core 19-9900, 3.10 GHz, 6 cores, and 32 GB RAM processor. For comparison
purposes, we also present the number 7, r* of the stability test for systems with distributed delays introduced in

[6].
Example 1 Consider the following system with an exponential kernel

B(t) = ((1) ‘D o) + <_g.5 ‘3'5) o(t — h) + ('f)l 132) /Oh P (t + 0)do

with h = 0.1, v = —2.5, and ki,k2 € R are free parameters.

The points where the conditions of 3 are satisfied for different values of n are depicted in la. As the conditions
are necessary for any n, an outer estimate of the stability region is obtained. Consequently, points that do not
satisfy the condition for some n are not evaluated for greater values of n. 1b represents the map of the order n*
for which the conditions of 5 become sufficient, considering only the parameter region obtained from 3 with n = 2.
The estimation order n* and the estimates of #,r* found in [6] are given in 1 for several parameter pairs (k1, k2).
The reduction of the estimation order and the gain in numerical complexity is clear.

Example 2 Consider the following two-dimensional example:

s (_01 01.35> s(t—h)+ (_01 8) [Ohx(t+e)do,

where p € R and h > 0 are free parameters.

la illustrates the stability regions obtained through the necessary condition of 5. The number n* defined in 5
is depicted in 2b for pairs (h,p) in the space of parameters. 2 presents a comparison of the orders required to

13
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(a) Necessary condition (3).

0

(b) Required orders of n* with respect to (h, p).

Figure 2: Necessary and sufficient stability condition of 5 for 23.

Table 2: Stability criteria of 5, and Theorem 7 and 8 in [6], for some parameters (h,p), highlighted in 2b, 23.

(h,p) n* Thm 5 | 7* [6, Thm 8] | 7 [6, Thm 7] Result

(0.1,-0.1)* 6 4 13 Stable

(0.3,0.1)* 8 90 873 Stable
(1.5,—1)* 20 15819 2188460189 | Unstable
(2.5,1)* 41 144859603 ~10'® Unstable

guarantee the sufficiency of 5 and [6, Theorem 7, Theorem 8| for selected pairs of parameters (h,p). We can see
that our stability criterion is much more efficient for low orders. We also note that, as in other stability criteria,
the order increases along the stability boundaries.

Example 3 Now, we consider a liquid monopropellant rocket motor with a pressure feeding system [29]. A lin-
earized version of the dynamic equation of its feeding system and combustion chamber, assuming nonsteady flow

and taking nonuniform lag consideration, is given by
0
/ z(t + 6)do (23)
—h

¥—10 0 0
)= (%8 %2 ) al0) -
0 1-10

where k = 0.5556, v € R, and h > 0 are system parameters.
The test of the conditions of 3 allows inferring that the stability region in the parameter space {(h,v) : 0 < h <
6.5,0 < v < 6.5} can be obtained with n = 1 (see 3a). In addition, the estimated order n*, as expressed in 5, is
illustrated in 3b. It is worth mentioning that although n* can be large in some cases where the Lyapunov condition
is almost violated, as shown in 3, it is still finite and less conservative compared to the values of 7 and r* reported
in [6].

cooFR
coco o
coo>|~
coo o

6 Conclusion
This contribution presents a new necessary and sufficient stability condition for linear systems with pointwise and

distributed delays. The formulated criterion links the system’s stability with the positivity of a particular matrix,
and its verification only requires n* finite number of operations. This result is based on the approximation by the

Table 3: Stability criteria of 5, and Theorem 7 and 8 in [6], for several parameters (h,~), highlighted in 3b, 3.

(h,7) n* Thm 5 | r* [6, Thm §] 7 [6, Thm 7] Result
(0.1,0.3)* 8 1935 32440 Stable
(0.7,1.5)* 24 253553 167248147506 | Stable

(0.5,5)* 25 1018773 1033202905518 | Unstable
(1.2,3)* 43 173260910 ~10'® Unstable
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(a) Necessary condition (3). (b) Required orders of n* with respect to (h,7).

Figure 3: Necessary and sufficient stability condition of 5 for 3.

first n Legendre polynomials of the initial function argument in the Lyapunov-Krasovskii functional with prescribed
derivative and recent fundamental stability theorems. The supergeometric convergence rate satisfied by the Legen-
dre polynomials demonstrates that Theorem 5 requires fewer operations than the results in [6]. Furthermore, the
recursive numerical scheme guarantees an efficient implementation of the stability conditions, which is numerically
tractable. Research perspectives consist of reducing the computational effort of the stability test by improving the
estimation of n* whose conservatism derives from the overestimations of the bounds of the fundamental stabil-
ity /instability theorems. An ongoing objective is to develop numerical schemes for systems with distributed delays
with non-constant kernels and multiple-point delays. Future work also consists of studying the computational
complexity of the recursive relationships of the stability test to improve the efficiency of the developed algorithms.
Another main line of research consists of finding estimates of the exponential decay rates of these systems. Finally,
this contribution is a significant step in continuously improving stability theory for linear systems with distributed
delays.

A Proofs of the new recursive method for projection computa-
tion: Propositions 4.3 - 4.7

In this section, we present the technical details corresponding to the proofs of the recursive relations of the numerical
scheme for the calculation of the integrals involved in the construction of the matrix P,,. These results are obtained
using the properties of the Legendre polynomials and the Jordan canonical form of the matrix L of the semi-
analytical method for systems with distributed delays.

In order to present the results clearly, we recall the following results.

Lemma 4 (See [14]) Let L € R"**"=. There exist a nonsingular P, € C"**"*  positive integers q, mi, ..., Mg
with m1 +ma + - + mgq = ng, and distinct eigenvalues s1,...,sq € C of L, such that

L= Py ((Jms (1) @ Tma(52) & - @ Jmy (M) ) P

Jr

A Jordan block Jpm, (si) s @ mi-by-m; upper triangular matriz where the scalar s; appears m; times on the main
diagonal (algebraic multiplicity); if i > 1, there are i — 1 entries “+1” in the super-diagonal; all other entries are
zero.

Remark 7 Notice that the matriz Ji defined in 4 can be expressed by

B 0
JL_|:O N:|a

where B is a direct sum of all the nonsingular Jordan blocks and N is a direct sum of all the nilpotent blocks. The
direct summand B is absent if L is nilpotent; N is absent if L is nonsingular. Then, the exponential matrix of
L= PrJLP;" is defined by

L JL p—1 BT 0 1
e’ =Pre” 't P, :PL{O NT]PL

15



The exponential matriz of the nilpotent Jordan block Jm,(0), contained in matriz Pr, is given by

1.0 1.1 .. 1 _my—1
oT 1T (m;—1)1 "
1.0 1 m;—2
T (0)7 [
o , (24)
1.0
0 0 a'r

where m; represent the algebraic multiplicity.

The proofs of the recursive relations of the numerical scheme for the construction of P,, are presented below.
Proof : [Proposition 4.3] The key point of the proof is the relation

2(2k — 1)

k-1, VR 22, (25)

e —lho =
satisfied by Legendre polynomials. To compute I'y(B), partial integration shows that
0
I'w(B) — T _2(B) = / ePFOB(1,(6) — 1r_2(0))do

—h

_ 0 0

- 2@zl / OB (0)d0 + B [P (1400) ~ 12 0)] [
—h -

and using the boundary conditions I, (—h) = lx—2(—h) = (—1)* and Ix(0) = Ix—2(0) = 1, the last term vanishes.
Now, for k = {0, 1}, we have that

0
I'o(B) = / e TOM g — g~ (ehB - I)

h
0
I (B) = / S OIM (ZGL h) do = B! (ehB + I) — 2B 'ry(B)
—h h h
The solution of Ag(B) leads to the following equality
0 '] 0
Ax(B)=-B! <e(9_§)3‘ h) 1L(0)d0 = B™'Tw(B) — B~ [ 1,(0)d6,
—h - —h

where the second term vanishes for k£ > 1, therefore

Ao(B)=B~! (FO(B) - /0 d9> =B 'I'y(B) —hB™'.

—h

Finally, for I'x ;(0), Ax,;:(0) associated with the nilpotent matrix N, we have that

0
Tyi(0) = / MmOy, (9)do
—h

0 0
Ay,i(0) =/h/he“"f”mi(o’lk(a)dgde.

Replacing the exponential matrix Ji,, (0) by (24) leads to (4.4). Each component of 'y ;(0), Ak ;(0) is defined by

1 (0]
o= o / (h+ 0)"11.(0)db,

—h

and substituting [ () given by (2.7) yields the solution of 7 p. O

Proof : [Proposition 4.4] Using the symmetry property of Legendre Polynomials, i.e. Ix(—6 — h) = (=1)*14(6),
0 € [—h,0], and the successive changes of variables 71 = —(61 + h) and 72 = —(02 + h), we have that

_ —h T
T = / / L(—m1 — h)e 28 (Cry — B)dradr)
0 0

0 0 ] L
= [ [ L ) e m)ndn = ()7 T,
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Proof : [Proposition 4.5] As in the proof of Proposition 4.3, an integration by parts and (25) ensure that T';x(B)
satisfies the recursive relation

— o
Tjr(B) = Tjr—a( / / e 7P (11(02) — 11i—2(02))d02d0,
. (01—62)B|%1
—_B lj(gl) (16 (02) — lg—2(02)) e""r 772 ’h db
_h N
0

T1
+B—1/ zj(el)/ 17028 (1(02) — U} _2(02)) dO2db:
—h —h

ho o 2(2k + 1
=gpr1l G2+ : h :

B 'Tjr_1(B).

Note that the region of integration of T is defined by
Ry = {01 € [~h,0],0: € [~h,01]} = {02 € [-1,0],01 € [62,0},
which means that using the change of coordinates 72 = 61, 71 = 62, implies
0 L
Ljx(B) = / / Li(m1)e' ™™ () dradry = T (B) = (—1)" T, (B)
T1

An integration by parts yields the initial values. The expression (4.5) is obtained by applying the procedure
described in the proof of Proposition 4.3 for the case of the nilpotent matrix IV, where

1 0 01
Yik,p = ]j/ / l]-(el)(el — ez)plk(eg)dHQdel.

O
Proof : [Proposition 4.6] By integration, we have
0 0
Ajr = B’l/ 1;(61)e 1M B g, / x(02)db; — B~ / i(61) d91/ 1 (02)d6-
h —h
= (B — B~ / 91 d@l)/ (92)d02
Therefore, the first expression of (4.6) is obtained knowing that
0 .
h if k=0
/7hlk(9)d9—{ 0 if k>1" (26)

For the term A?k(B), we have, for all (4,k) € {0,1,...,n —1}?

b 0 ro 0
Ajk = —Bil/ / lj(91) (6753

61 —65
=—-B" / 91 d@l/ (92 d@g + B~ / / 7(01 02)Blk(02)d92d91

Then for 7 > 1, k > 1, the change of variable 71 = —6; — h, and by the symmetry property of Legendre polynomials
implies that A] i satisfies the following equality

0 0
A]k = Bil/ lk(92)8(92+h>3d92/ 6791Blk(91)d9167h3
—h —h

) lk(ez)d92d91

0
= B’le(B)/ 6(T1+h>Blk(fT1 — h)d@geihB

—h

= (=1 B™'Tw(B)I;(B)e "*

Finally, the procedure described in the proof of Proposition 4.3 is applied to nilpotent matrix N, where each
component of I'jx ;(0) is given by

91+h
Nikp = — / / / (01)€P 1 (02)dEdO2db,
0

(p+ 01 [ 1;(61) (01 + h)P*'do, / k(02)db2 = ’ypHJ/ 11:(62)d0s,

—h

17



and for F]k ;(0) we have

]k,z,p ) / / / 91 )plk(02)d€d92d91
p: 01—0

( P+1

:pT/ / (601) (01 = 02)" 11 (62) 02

whose solution is obtained by integration, replace I given by expression (2.7). O

Proof : [Proposition 4.7] The next result follows immediately from of solution of A, (B)

0 0 pO1+h &
= / / / / lj(01)6(51_52)Blk(92)d§2d§1d92d01
—h J—-hJO 0

—_pB! ’ 1i(601) (21(61) + L1o(61)) dbr /0 15 (62)d6>
—h

—h

+ (B_QF]-(B) - B2 ’ zj(el)del) /0 11 (62)d0s.

—h —h

By the property expressed in (26) we obtain dlrectly the first expression of (4.7) for k = 0,5 > 2. Otherwise,
Ajx(B) = 0. The same procedure is applied to A] «(B) using Legendre polynomials properties, thus by integration
by parts we obtain the initial values expressed in (4.8).

Finally, replace the exponential matrix of N by (24) into A, (N), leads to the expression (4.9), where each com-

ponent is defined by
01+h  ré&
Sjkip = / / / / (01)(&1 — &2)P 11 (02)dExdEr dB2dby

(p + 2)~ / (01)(91 - h)p+2d91 ,/,hl (92)d02 - )\erl Jk

and for Q7 ;(0) we have

;Hp 1/ / /61+h/:2+h (01)(&2 — £1)P1k(02)dE2dE1dO2db1

:p'
1 p+2

- p+2 / / (01) (01— 02)"" i (B2) dBdty

1 0 0 s
+ mlh l](el)dez /7}L(92_|_h)17 lk(02)d91

N 3b
= Apt1,kj = Apt k-

O

Remark 8 The authors have created a repository on the Git-Hub platform where we include the created codes (sys-
tems with distributed delays with constant and exponential kernel.): https://github.com/AlexCasHer/TDS_Test_Stability
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