N
N

N

HAL

open science

Lyapunov-Krasovskii functional for discretized

homogeneous systems

Denis Efimov, Alexander y Aleksandrov

» To cite this version:

Denis Efimov, Alexander y Aleksandrov.

10.1137/20M1340447 . hal-03193489

Lyapunov-Krasovskii functional for discretized homo-
geneous systems. SIAM Journal on Control and Optimization, 2021, 59 (4), pp.2546-2569.

HAL Id: hal-03193489
https://inria.hal.science/hal-03193489

Submitted on 8 Apr 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://inria.hal.science/hal-03193489
https://hal.archives-ouvertes.fr

Lyapunov-Krasovskii functional for discretized homogeneous
systems

D. Efimov, A. Aleksandrov*
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Abstract
The paper is devoted to stability analysis of discrete-time time-delay systems, obtained after explicit Eu-
ler discretization of (locally) homogeneous continuous-time models. The results are derived by applying the
Lyapunov-Krasovskii theory. A generic structure of the functional is given that suits for any homogeneous
system of non-zero degree (and it can also be used for any dynamics admitting a homogeneous approx-
imation). The obtained conditions are utilized to demonstrate stability for a discretized delayed locally
homogeneous planar system with negative and positive degrees.

1 Introduction

Presence of delays in the modern interconnected plants is hard to neglect, especially for networked and dis-
tributed large-scale systems. Delays and lags may influence the system stability, as well as quality of transients,
see [1, 2, 3]. Synthesis of control and estimation algorithms, which take into account uncertain or time-varying
delays, is a popular subject of research [4, 5, 6]. For stability analysis of time-delay systems, a Lyapunov-
Krasovskii functional or a Lyapunov-Razumikhin function can be used [7], and there are plenty of results in the
domain, e.g., [8, 9], mainly related with linear dynamics [10]. The popularity of the latter is based on a wide
choice of available Lyapunov-Krasovskii functionals and Lyapunov-Razumikhin functions, which is also the case
for some classes of nonlinear plants, as port-Hamiltonian systems [11], for instance.

Another promising class of canonical nonlinear dynamical models, which disposes a variety of tools, is
composed by homogeneous systems that take an intermediate place between linear and nonlinear ones [12].
The theory of homogeneous dynamical systems has been established, first, for ordinary differential equations
[13, 14, 15, 16], and next extended to differential inclusions [17, 18, 12], time-delay systems [19, 20], discrete-time
systems [21] and partial differential equations [22]. The main feature of a homogeneous nonlinear model is that
its local behavior is the same as the global one, the homogeneous stable/unstable systems admit homogeneous
Lyapunov/Chetaev functions [16, 23, 24, 25, 26, 27] and possess robustness properties with respect to external
inputs and delays [28, 29, 20, 30]. Using the concept of local homogeneity [16, 31, 25, 32] a generic dynamical
system may be locally approximated by a homogeneous one, which allows the set of methods developed for this
class of dynamics to be applied at large.

It has been shown that homogeneous systems have certain robustness of stability with respect to delays
[33, 34, 35, 36, 37, 20, 30]. In particular, for the case of positive degree it has been proven that homogeneity
and global asymptotic stability in the delay-free case imply local asymptotic stability for any value of delay. For
the case of negative degree, under similar restrictions, for any delay, global asymptotic stability with respect
to a compact set containing the origin is obtained. The latter results have been obtained in [20, 30] using
Lyapunov-Razumikhin theory, and in [38, 39| by applying Lyapunov-Krasovskii approach.

In the present work, following the results of [40, 38, 39], we consider a discrete-time system obtained after
discretization (using the explicit Euler method) of a (locally) homogeneous system with non-zero degree, which is
asymptotically stable in the delay-free case. The stability conditions are derived by proposing a generic structure
of Lyapunov-Krasovskii functional for this class of dynamics. The presented approach allows the convergence
rates and the domain of stability /attraction to be evaluated. It is demonstrated that for a homogeneous time-
delay system (asymptotically stable for zero delay) the Euler discretization preserves the rates of decay, which
is not the case for non-delayed homogeneous dynamics [41].

The outline of this paper is as follows. The preliminary definitions and the homogeneity for delay-free
systems are given in Section 2. The problem statement and the main results are presented in Section 3, their
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extension to locally homogeneous systems is developed in Section 4. An illustrative example is considered in
Section 5.

2  Preliminaries

In the sequel, R denotes the field of real numbers, and R™ is the n-dimensional Euclidean space; Ry = {s € R:
s > 0}. The Euclidean norm |z| will be used for vectors z € R™.

A continuous function o : Ry — R, belongs to class K if it is strictly increasing and o(0) = 0; it belongs to
class K if it is also unbounded.

2.1 Convergence conditions

We will need the following results estimating the rate of convergence for discrete-time scalar nonlinear systems:

Lemma 1. [40] If a sequence {vy}{Z5 satisfies the condition

1+
0 <vpp1 <wvp—av,

-1

with a >0, 0 >0, vy € [0 then

e
Vo
for k=0,1,...
In a similar way, it can be proven that the following lemma is valid:
Lemma 2. If a sequence {vj}Y_, with N > 0 satisfies the condition

1—p
0< v v —av, °,

fork=0,1,...,N, where a >0, g € (0,1), vo > a® ', then
v < vp(1 — agvo_gk)fl

for k=0,1,....N with N < Ny = 6=
Proof. Let us use the same arguments as in the proof of Lemma 1 [40].

Note that the restriction vg11 > 0 follows vy, > o for all k = 0,1,..., N, then the upper estimate verifies

o_

this condition for “2-% > .

By induction, the estimate obviously holds for & = 0, and assuming that it is satisfied for all k£ <[ for some
integer [ € [1, Ny — 1) let us demonstrate that it is valid in such a case for k = [+ 1. Hence,

—o oot avg ?
vi41 < vl —av; ?) < vo(1 — apvg °l) 1- T aor?l
- Uy

= vo(1 — aovy °(1 + 1))Qflg(z, 1),

o= () (- 5a)

It is necessary to establish the conditions providing g(z,7) <1 for any z > 0 and [ € [1, Ng — 1). Note that the
restriction on [ and Ny implies that (ao(l + 1))¢ " < vo, and we have 1 — z(I + 1) > 0 for any [ € [1, Ny — 1)

where z = apvy ¢ and

(thus, 1 — 2l > 0 also). For g(z,0) = ( L )Q (1— g) we get that ¢g(z,0) < 1 (indeed, ¢(0,0) = 1 and

1—=z

agé()zz,O) =% o=l _ <0 for z € (0,1), which is the case for vy > a® > (pa)? '), then
(1—2) e
ag(z,1) 23(1 - o) 1—2z e
ol 2(1—z)2(1—2z(1+1)) \1—2z(l+1)
and it is always negative for [ € [1, Ny — 1), which implies the desired result. O

In the conditions of this lemma, we have that from any initial value vy satisfying the introduced restrictions,
the corresponding sequence converges to the zone
v < al’

for k£ < Ny, and it stays there if additionally 0 < vg1q < vy for all k =0,1,...



2.2 Homogeneity

For any r; > 0, i = 1,n and X\ > 0, define the dilation matrix A, (\) = diag{\"}"_; and the vector of weights
r=[r1, . "n] ", Tmax = Maxi<j<n 7 and Ty = ming<j<, 75
For any r and z € R™ the homogeneous norm can be defined, for example, as follows

n 1/9
|x"f = <Z xiﬂ/”> ’ s 2 Tmax-
i=1

For all x € R", its Euclidean norm |z| is related with the homogeneous one:
o, (|zlr) < fof <o (|l

for some ¢g,.,7, € K [27]. The homogeneous norm has an important property that is |A,(\)z|, = Alz|, for all
r € R".

Define S, = {z € R" : |z|, = 1} and B, = {z € R" : |z|, < 1} as the unit sphere and the unit ball in the
homogeneous norm, respectively.

Definition 1. [16, 13] The function g : R" — R is called r-homogeneous if for any 2 € R™ the relation

holds for some d € R and all A > 0.
The vector field f : R®™ — R" is called r~homogeneous if for any € R™ the relation

FA(N)z) = AA-(N) f(2)

holds for some d > —7ry;, and all A > 0.
In both cases, the constant d is called the degree of homogeneity.

A system & = f(x) is called homogeneous if f is r-homogeneous. An advantage of homogeneous systems
is that any its solution can be obtained from another solution under the dilation and a suitable time re-
parametrization, and that homogeneous asymptotically stable system admits a homogeneous Lyapunov function
[16, 13]. If f(x) = Ax for some A € R™*", then it is r—homogeneous of zero degree for r = [1,...,1]T, and
the properties of scalability of solutions and existence of a homogeneous (quadratic) Lyapunov function are
well-known for linear systems, then homogeneity allows these useful features to be extended on a wider class of
dynamics.

Lemma 3. Let h: R" — R be x-Hélder continuous on B, with constant L > 0 and r—homogeneous function of
degree v > XTmin, then

[h(x) = h(z)] < Lmax{1, |a[7X"mn, [2[77X 0}z — 2|X

for all x,z € R".

Proof. By definition of homogeneity h(A(N)z) = A\ h(x) for any = € R™ and A > 0. Take any z,z € R" and
introduce A = max{|z|,, |z|-}. If A <1, then

() = h(z)] < Lz — 2|X

by the properties of L, and the required estimate holds. Let A > 1, then there exist £, € B, such that
=AM\ and z = A(N)(, hence

|h(z) = h(z)| = [R(A(N)E) — R(AN)O)] = A[R(&) — h(C)]
< LJE — PN = LA Nz — AL ()2 < LA™Y (W) ¥z — 20,

and recalling that
>\7Tnlin >\ > 1
)\_7'max )\ S 1

ATT ] < {

we obtain the desired result. O

This lemma shows that if a homogeneous function is Lipschitz or Holder continuous in B, with a constant
L, then it possesses this property on any compact set X C R™ with the constant

Lmax{1, sup ||}~ X"min},
reEX



2.3 Useful inequalities

Finally, Young’s inequality claims that for any a,b € R}, and v > 0, 6 > 0:

p— b e

1
ab? < —a?” +
p

for any p > 1. Jensen’s inequality for any convex k_ : R — R or concave kn : R — R function reads:

K (Z?_lxi) < D i KU(%’), . (2?4 xz) > Doy k()

n n n n

for any z1,...,x, € R. In addition,
n v n
(Sn) <30
i=1 i=1
for any x1,...,z, € Ry and v € [0,1).

Another related result can be obtained using the properties of homogeneous functions and a specially defined
homogeneous norm:

Lemma 4. [39] Let a,b € Ry and £ >0, « >0, >0,y >0, 6> 0 be given, then
a® +b° —La76? >0

provided that

1

1) maX{aa,bﬁ}ZEI*%*% and%+%<1,
1

2)  max{a®, b} < 055 and It % >1

3 Main Results

In this section, first, the system of interest will be introduced with the basic hypotheses. Next, two cases will
be analyzed with positive and negative homogeneous degrees.

3.1 Problem statement

Consider the difference system

x(k+1) =z(k) + hF(z(k), z(k — m)), (1)
where z(k) € R" and 2® = (27 (k), 2T (k - 1),...,27(k — m))T € R™m+1) is the augmented state vector, m
is a nonnegative integer representing delay; h > 0 is a discretization step, k = 0,1, ... is the discrete time; the

vector function F' : R*® — R" is locally bounded in R?". Denote by = (k,z(®)) a solution of (1) with initial
conditions z(®) € R*™+1 and x(k)(ac(o)) as the corresponding state trajectory.
The system (1) is a discrete-time counterpart of the continuous-time system

5(t) = F(=(0), 2(t — mh)) (2)
obtained by applying the explicit Euler discretization method with the step h.
Assumption 1. The vector field F is r—homogeneous of degree v € (—Tpin, 0) U (0, +00):
FANE AN = AANF(E,C) V6, CeR™, VA0,
and uniformly continuous with respect to the first argument in B,.: for any L > 0 there exists x > 0 such that
[F(¢+ e, 0) = F(o,¢)| < L

for any ¢,¢ € B, with |p| < x.

This continuity hypothesis is satisfied if, for example, F is continuous in R2". We will need also stability of
the corresponding delay-free system:

Assumption 2. The zero solution of

1s asymptotically stable.



Following [16, 13], let V(2) be a twice continuously differentiable r-homogeneous Lyapunov function of the
degree (1 > rmax constructed for the delay-free (homogeneous) system from Assumption 2 and satisfying the
conditions of the Lyapunov asymptotic stability theorem [13].

Hence, it is assumed that a dynamical system (2) is given, which is asymptotically stable and homogeneous
with non-zero degree for the delay-free case in continuous time (assumptions 1 and 2). Under these restrictions
and for any mh > 0, the origin is asymptotically stable for (2) with » > 0 and there is a vicinity of the origin
that globally attracts all trajectories of (2) with v < 0 [19, 30]. Let us consider its discretization (1) obtained
by the explicit Euler method, and the objective is to determine the conditions and the kind of the discrete-time
system (1) stability under introduced hypotheses. To this end, the Lyapunov-Krasovskii theory will be used.

Note that the case of v = 0 is excluded by Assumption 1, hence, in the sequel the case of linear dynamics in
(1), which is well studied already [10], is not addressed. Recall that in the delay-free continuous-time setting,
an asymptotically stable homogeneous system has a faster converge rate than any linear dynamics close to
the origin (finite-time stability) for a negative degree and at infinity (nearly fixed-time stability) for a positive
degree [12].

3.2 Lyapunov-Krasovskii functional

Choose a Lyapunov-Krasovskii functional candidate for the system (1) as follows

W(2®) = Via(k)+h (Wg”;’“”y;m(m,x(k 1))

m
+h Y Bila(k =), (3)
i=1
where p, 51, ..., Bm are positive parameters, whose values will be defined later. It is a functional of the complete

type [42], which is based on the Lyapunov function V of the delay-free continuous-time counterpart of (1), and
its feature consists in the introduction of a sign-indefinite middle term, whose advantages can be effectively
utilized due to the homogeneity [39]. We will use the following norm in the sequel:

2™ || = max{[z(k)|., |z(k = D), ..., |z(k —m)|,}.

Using the homogeneity of V' and F' we obtain:

hY_Bile(k =il —ash Y (R Y (w(k) ™ + lalk = DI;)
=1 j=1 i=1
et < W (aW) < asleR)ll+ 0 Y Bileh— ot (4)
i=1
+aghy |e(R)ETT Y (k)T + (k= 8)tT),
Jj=1 i=1

where a1, as, asg are the positive constants, which may be evaluated as follows:

a1 = inf V(y), as = sup V(y),

yES, YyES,
B av(e)\"
as = sup. < 96 ) F(¢7w)’~

Consider the difference AW = W (z**1) — W (2})) of W along the solutions of (1):

OV (x(k) + hO1 F(x(k),xz(k —m
0z

AW = h( ”))Tﬂx(k),x(k —m))

Ry Bila(k —i+ D)2 =Y Bila(k — )7

i=1 i=1
T m
ih (3V(x(k) + hF(@:vZ(k),x(k — m)))> ZF(x(k )k it 1))

_h (W(gjk))) Z F(x(k), z(k — 1)),



where 611, € (0,1) comes from application of the Mean Value Theorem to the difference V(z(k + 1))
Further,

T
AW = h (a”””;’“))) Fla(k), (k- m))
T
» <8V<x<k> + 10 Fla(h) (= m)) _ ng(’f))) F(a(k), ok — m))

m—1
+hB |z (k)2 = hBmla(k —m)|2 + 1 Y (Bjs1 — By)|(k — )17
J:

+h(8 ) (ZF (k+1), —i+1))—iF(w(k),x(k—i—&-l)))
+h<av( ) (ZF —¢+1))—§:F<x<k),x(k—i)>>

and making a direct sum of the first and the last terms we obtain:

AW =1 (W)Tnx(k),x(k»

0z
FhB ()2 — Bl —m)[2+ S (Biar — By)lalh — )2
j=1
OV (x(k) + hO1p F(x(k),x(k —m))) OV (x(k)) T
o it - D) Fa(h), (k- m)
ih (8V(m(k)+hF(8i(k),x(k‘—m))) ) i s(b+1), (ki + 1))

+h<8V ) (ZF (k+1),z(k—i+1)) ZM:F —Z+1))>

Hence, due to the homogeneity of V' and F' the following estimate can be substantiated:

m—1

AW < —aghla (k) + by [2(k)|2 — hBmla(k —m)I2 +h > (Bjr1 — B;)la(k — 4|7
j=1
hay 3| 0 AR E =) ST (oo oo - m)fen

=1

OV (o(k) + hF(a(k), 2(k —m)) OV (a(k))| &
0z 0z

+ha5 Z

=1

+ha62|x )|H- “Z\Fl (k+1),2(k—i+1)) — Fy(z(k),z(k —i+1))|,

where ay4, as, ag are positive constants, which may be derived as

Vi \ "
a4=—sup( a(y)) Fly.y), as = suwp |[F(o,0)],
yEeS, Y ¢, pEB,.

IV (y) ‘ .

ag = sup By

yES,

Note that in such a case a3 < asag.

= V(z(k)).

D (alk + DI+ Ja(k — i+ D)



For brevity of notation denote A = ||z(*)|| and recall that A(\) = diag{\"*,...,\""} (we assume that \ # 0).

Then, applying again the Mean Value Theorem we obtain:

OV (z(k) + hb1x F(x(k), x(k —m))) 9V (x(k))
0z 0z

\ (R + 2k — m) ™)

OV (z(k) + hOa F (2(k), z(k — m)))
<
a5hz 02,0z, ‘

X (|l (R) [T +Iw(k m)l ) (e (R)[ A+ | (k —m)[)

n
= ash Y AHTTIT
s=1

Xl (k) 27 + (k= m) [ ) (k) + (k= m) )
OV(AT <A>x<k>+h9zsz”F(A1(A)x<k>,A1<A>x(k—m>>>‘

B2V (A~ (N)z(k) + hbag N F(A~ (N2 (k), A~ (N (k — m))) ‘
8zlazs

< 4ash 2t Z

= 0210z,
0?V (A + RO N F (AT (N (k), A=t (N z(k —m
<4a5hZ|xk ) ”+“Z (N (k) 2kl 8(8 HA)z(k) (N ( )))'7
p=0 2102
where 651, € (0,1).
In a similar way, we obtain for 635, € (0,1):

OV (x(k) + hF(x(k),z(k —m))) OV (x(k))| — ey . Vi
\ b Ga | Dol DI el — i+ DI

"2V (AT (N (k) + hOs N F(A~ (N a(k), A= (Na(k — m))) '

< 2agh\/THTT
= SZ:; 021024

X (mwﬁ AT (W) (k) + hAYF(A (V)2 (k), A (N a(k —m)) | + > Jak—i+ 1)|:+”)

m n 2 -1 T . v -1 z _1 2k —m

p=0 s=1

% (JAT1 )2 (k) + BN P (k) A~ (Va(k —m))| "+ 1).

Define w = max{|xz(k 4+ 1)|., A}, recall that A # 0 and that due to imposed restrictions on F we get

m

Z (RS [Fi((h + 1), a(k — i+ 1) — Fi(e(k), a(k — i + 1))

=1

m

Z k)BTt Z |Fi(A (w)z(k 4+ 1), A" (w)z(k —i + 1))

=1 =1

~F(A (w)a(k), AT (w)z(k — i +1))]

= la(k) Z\Fl k) + A" w)hF (z(k), z(k —m)), A" (w)z(k — i + 1))
—F(A N w)z(k), A (w)z(k — i + 1))

n
SIS SETS

=1
+h)\”A_1(w)A()\)F(A_1()\)x(k:),A‘l(A) (k —m)), A" (w)a(k — i + 1))
—F(A N (w)z(k), A (w)z(k — i+ 1))]

7



< Im S e < Im S B mac (k) + hE(a(k), 2(k — m))[2 7, A
=1

<Lmz|$ TN (AT (N )(k) + AAFAT (N2 (k), A Nk = m)[ + 1)

< Lmz ok —p W”Z AT N (k) + hAYF(AT (N a(k), A~ (N (k — m) [ + 1)

where the first inequality is satisfied since A=!(w)xz(k), A= (w)x(k — i+ 1) € B, for any L > 0 and provided
that
RAYIATH W) AN F (AT Nz (k), AT Nz (k —m))| < x

for some y > 0 using the uniform continuity of F' from Assumption 1 (we select a gain L > 0 sufficiently small
as we need, then we can find x > 0 corresponding to this L). The latter property is valid if

hasA” < x. (5)

Therefore, combining all obtained estimates we conclude that

m—1

AW < —aqhlae(k) i + hBu (k)2 = hBmle(k = m)|2 +h Y (Bje1 — Bj)le(k — 5)I7

j=1

2 2u+ ~ aQV
+4azh Z\xkz p)lx ”ZZ

p=0 =1 s=1

(A~ (N)z(k) + "\ F(A~ (N (k), A= (V)z(k — m))) ’
azlazs

=

+2ma5h2z |z(k — p) |2”+”ii 9

p=0 =1 s=1
x (|A‘1(A)x(k:) + WA (A (N (k), A (Ve (k —m)) | + 1)

020z

2V (A~ (N)z(k) + hOsu N F(A~ (V)2 (k), A= (Na(k —m))) ‘

=

+Lmaghy_ |x(k = p)[7 ™S (AT (N)a(k) + A (A N (k), A~ (Va(k —m) [ + 1) .
p=0 =1

Recall that A=Y(\)x(k),A=*(N\)z(k — m) € B,, then the following upper estimate on the increment of W is

derived:
m—1

AW < —aqhla(k) i + hBr (k)2 — hBmle(k = m)|2 +h Y (Bje1 — Bj)le(k — 5)I7

=1

+4n*a3h’gi (N) Y la(k — )7t
p=0
+2mna3hgi(\) Y ek —p)[7 D (95T () + 1)

+Lmagh Y _ a(k —p) L+ > ((0;1 (g2(\))" T + 1)
p=0 =1
where

PV (¢ +h\"F(,9))
9\ = max  sup 92107,

g2(A) = sup [¢+ hA"F(h,0)|;

O PEB,

)




and finally
AW < —ash|z(k)|}H + hBi|a (k)2 — hBm|z(k — m)|] (6)

+h Y (Bir1 = Bi)lx(k = 5)I7

j=1

3

3

+h2g5(\) Y [k = p) 77 4+ hga(A\) Y (k= p)| 4,
p=0 p=0

where

93(N) = 2nazgi(A) :

m+mY (957N +1)
=1

g4(A) = Lmag Z ((0;1 (92()\)))%” + 1>~
1=1
Call back that L can be chosen arbitrary small by decreasing the value of A” due to (5).

3.3 Stability results

Now we are in position to formulate the main results of this section.

3.3.1 Positive degree

aq

Theorem 1. Let assumptions 1, 2 be valid with v > 0, 811 < B forall j =1,....,m —1, 1y < ¢ and
p = p~+v. Then for any h > 0 and integer m > 0 there exists D > 0 such that for the Lyapunov-Krasovskii
functional (3) and the system (1) the relations

h m
Skl + 5 D Bilatk = I < W < (az + 2aghnm)|a (k)|
j=1

+hY_(B; + 2agnm)|a(k — )|,
j=1

h m
v+
AW < —€5 pgo lz(k —p)|XT#, e >0

are satisfied for all |z*)|| < D.

Tmax Tmax

Proof. Note that u ( Y+ 1) > v + p since we selected p > Ty, and p < p ( Y+ 1) due to the selection

of p. Thus, using estimates (4) we obtain that

h m m
Ll + 5 3 Bilelk = DIE < W < arle(l + Gylatk — )17

i=1 7=t
m
+2azhnm E |z(k —P)|Z+M
p=0
for |0 < D; with
%
-1 L I G
. ai v 2nazh™» T i
Dy < min — | ST ar g ’
1<j<n | \dashnm min{ L, 3;}
%
povorg \ LR T
-1 2na3h P ! w s

h™? -
min{5, 5}



where the computations for the upper estimate are straightforward (it holds without a restriction on ||z(*)|)
and Lemma 4 was used for the lower one. Note that for v > 0, for any Dy > 0 the functions g;(A) and g2())
admit an upper bound for all A = ||z*)|| < D, and

9V (9)
8zlazs

) QQ(A) 2 ag = sup |¢|7
PEB,

A) > a7y = max su
gl( )_ [ 1<1 a<n¢,e]§)

then
ag < g3(A) < 73(D2), aio < ga(A) < Gyu(D2),

2n + mz (ag"'” + 1)
=1

alp = Lma5 ag Z( GS))V+TZ + 1)

=1

ag = 2na§ ar

for all |®)|| < Dy (and additionally L > 0 can be made arbitrary small by decreasing the value of Dy using
(5)), where g5(D2) and g,(D2) are the respective upper bounds for gs and g4. For p = v+ p and any Dy > 0,
the estimate (6) can be rewritten as follows:

m—1

h ,

AW < =2 | aala(R)EH + Bla(h = m)|2+ > (8 = Bjen)|a(h = )]
j=1

for all ||2(®)|| < Dy, which is a solution of the inequality

-1

min{%a ﬂm7ﬁ1 - /82a s 7ﬁ'm—1 - /BTVL} Y
D2 = ( 4hg3(Ds) >

and for

,81 < 6147 g4(D2) min{%aﬁﬂhﬁl _ﬂzfa"'ﬂﬂmfl _Bm}

These inequalities always have a solution with respect to D since for Dy — 0 the right-hand side of the former
stays separated from zero converging to

(min{‘g‘,,@m,ﬁ1 —Bay i Bt — 5m})y
4ha9

while g,(D2) can be made as small as needed with Dy — 0 recalling (5). Thus, with D = min{D;, D2} and
e = min{ayq, Bm, 1 — Po, -, Bm—1 — Bm } the statements of the theorem are verified. O

An approach to evaluate the values of D (the bound on domain of positive definiteness of W and negative
definiteness of AW) and € (the convergence rate) is suggested in the proof of Theorem 1.
Remark 1. As we can conclude from the proof of Theorem 1, if h — 400 or m — 400, then D — 0 (since

- ’LHT] - o 0), which corresponds to the results obtamed in [20, 39] that with the growth of the delay,

the domain OF convergence is shrinking.

Remark 2. If we assume that F is y/-Holder continuous on B, with constant L’ > 0 with respect to the first
argument, x' € (0,1], and for g > (1 4+ x')Tmax (see also Lemma 3), then the conclusion of Theorem 1 can be
obtained for p+ v < p < (1 + x')v + p and without a restriction on ;.

Using the result of Lemma 1 the following time estimate on decay of solutions in (1) can be obtained:

Corollary 1. Let all conditions of Theorem 1 be valid, then there exist § > 0 and a > 0 such that

W (:96®) < w («) (1402w () t)

for all k >0 and all ||| < 4.

I3
v

10



Proof. Consider the Lyapunov-Krasovskii functional (3) constructed for the system (1) in Theorem 1. Since all
conditions of the theorem are valid, there exists D > 0 such that for all ||=®)|| < D:

(vﬂb)

W1+ﬁ |u+u+Z|x I

<d Z |z (k — p)[*,
p=0
where
1+
c=(2m+2)x (max{ag, h  max Bi}+ 2a3hnm> ,
<js<m

2
¢ = emax{1, D" "7},

and Jensen’s inequality was used on the first step, while simple relation s"t® < D%s" which is true for any
s € [0,D] and n,w > 0, was utilized on the last one. Therefore,

W (D) < W (a®) — aw i (z0),

where oo = €. Choose § > 0 such that if [|z(?)|| <, then [z (2(?))|| < D for k > 0 and a(l—&—ﬁ)Wﬁ(x(o)) <1
and with the aid of Lemma 1 we obtain the required estimate. O

Note that % |z(k)[# < W(z®), then the time rate of convergence of z(k) is of order k="', which is the
same as for the continuous-time delay-free system.
3.3.2 Negative degree
For this part we introduce an additional restriction on V' and assume that g > max{rmax, 1 + min }-

Theorem 2. Let assumptions 1, 2 be valid with —ryy, <v <0, B4 < Bj forallj=1,....m—1, B < %
and p = p+v. Then for any h > 0 and integer m > 0 there exists D > 0 such that for the Lyapunov-Krasovskii
functional (3) and the system (1) the relations

a h N
Cla(lt + 5 S Bylah — I < W < (a2 + aghnm)l() ¢
j=1
+h Y (B; + 2agnm)|a(k — )L,
j=1
AW < feﬁ i lz(k —p)|XT", e>0
— 2 (s )

p=0

are satisfied for all |z*)|| > D.

Proof. Note that p ( (

selection of p. Thus, usmg (4) the upper estimate can be derived in the same way as in Theorem 1, and the
lower estimate holds provided that

min{ay, Bumin } max{|z(k thx — 9|7}
> 2ash | nm|z(k |”+”—|—Z|x )BT Z|a: —q) |t

where Bnin = min{f,...,Bmn}. Defining d; = ﬁ’&gmm} this inequality can be decomposed on

max{|z(k hZ|x —0)[0} > dinmlz (k)|
=1

max{|z(k hZ|:z: —z|p}>dlz|x TS " fa(k — i)t
=1

11



This former can be resolved directly, and Lemma 4 can be used for the latter since

v4r;

m u+'rj m P
Sl — D < i (z . i)lﬁ)
=1

i=1

by applying Jensen’s inequality for p > r,.x. Hence, these inequalities are valid for

—1

— P > v
max{|z(k hZ|z )7} rél]aé( {(dlnm) ,

viry \ T s
<2d1nm(hm) » ) Z 7, (dynm) ;},

and there exists D; > 0 such that ||z(*)|| > Dy is included in the above domain. Note that for v < 0, for any
Dy > 0 the functions g;(\) and go()\) admit an upper bound for all A = ||z(*)|| > Dy and
gl()\) Z ar, 92()\) 2 as,

then
ag < g3(A) < G3(D2), a0 < ga(A) < gyu(D2),

for all |z(®)|| > D5, where g5(D2) and g, (Ds) are the respective upper bounds for g3 and g4, and the constants
ar, ag, ag and ayg are defined in the proof of Theorem 1 (similarly, g,(D>) is proportional to L that can be made
arbitrary small by increasing the value of Dy using (5)). For any Dy > 0, the estimate (6) can be rewritten as
follows:

m—1

h .

AW < =2 | aalz ()™ + Bl(k —m)I7 + > (B = Bk — )7
j=1

provided that

m—

5 | @ale @ 4 Bkt~ mle + Z — Btk =12 | 2 Bula k)l

+hgs(D2) Z o (k = P +g4(D2) Y |k — p)li
p=0 p=0
Since p = v + p, verifying the terms with the same powers leads to:

min{ B, 81 — B2,y Bm—1 — Bm }
4 b

which can be ensured by increasing the value of Do as it was explained above. Then the last property to

establish is
le -l >d22|x (k —p)[7**

4hgs(D2)
min{a4, ,617“ 51 - BQ, .. 7ﬁm—1 - /Bm}

Butai(D2) < T G4(D2) <

for

do =

Applying Jensen’s inequality we get

2utp
m m DEST
S ol — P < (m 4 1) (z ol —mw)
p=0 p=0
due to v+ pu > 1 for u > 1+ rpin, then
m
Nt _vtu
> ek — )t > (m+1)dy

is the condition to check, and using again Jensen’s inequality we can show that there exists Do > 0 such that
the above relation is satisfied for ||z(*)|| > Dy (as in the proof of Theorem 1, increasing the value of Dy will push
G5(D2) to its lower bound ag). Thus, with D = max{D;, Dy} and € = min{a4, Bm, 81 — B2, -, Bm—1 — Bm ) the
statements of the theorem are verified. O

12



Remark 3. For h — +00 or m — 400 the constants d; and dy, whose values are given in the proof of Theorem
2, will also grow to infinity implying the same property of D (it is a function of d; and ds). This result for the
continuous-time systems was established in [30, 39]. Similarly to the continuous-time case, in theorems 1 or 2,
h — 0 implies the growth of D to infinity (v > 0) or its decay to zero (v < 0).

Corollary 2. Let all conditions of Theorem 2 be valid, then there exist positive numbers 01, d2 and o such that

. (;c(’“>(x(0))) < max{dy, W (I(o)) (1 + a%Wﬁ (I(O)) k>_5}

for all k >0 and all ||z9] > 6,.

Proof. Consider the Lyapunov-Krasovskii functional (3) constructed for the system (1) in Theorem 2. Since all
conditions of the theorem are valid, there exists D > 0 such that for all ||=(¥)|| > D:

m
W <ec | [z(k)F+ D falk— ) | < c(m+ 1) max{|J®)|[#, @]+,
j=1

) ) m (vtm)? il
WIHE < ()t + Y o= )l | <D etk p)leH,
j=1

p=0

where

¢ = max{ag, h max f;} + 2azhnm,
1<j<m

v v(vtp)
¢ =ctimax{1,D" » 1},

and inequality s7~% < D~%s" was used in the second case, which is true for any s > D and n,w > 0. Therefore,
W (z* D) < W (z®) — aW i (z0)),

where a = e5%. Choose d; > 0 such that W(2(?) > max {c¢(m + 1) max{D*, D**#}, a= ¥} for |20 > 4,

then with the aid of Lemma 2 we obtain the estimate

w (x(k)(x(o))) <W (:17(0)) (1 + a%Wﬁ (x(o)) k‘)

©

v

for all k = 0,1,...,N, where N < Ny = _v W E@E)me  pyom another side, W (z*+1D) < W(z(*®)) while

“w «

W(z™)) > ¢(m + 1) max{D*, DV*#} = 65, which leads to the proposed estimate. O
Remark 4. The obtained results in this section can be extended to a homogeneous system with multiple delays:
z(k+1)=az(k)+ hF(x(k),z(k —1),2(k — 2),...,z(k — m)).

Due to properties of the Lyapunov-Krasovskii functional (3), the results of corollaries 1 and 2 imply asymp-
totic stability of the zero solution of (1) with the domain of attraction ||2(*)|| < § and convergence of all
trajectories of (1) with initial conditions in {¢ € R*(™*D . |I¢|| < 61} to the set {¢€ € R*™+D - W () < 6y}
[2, 3], respectively.

4  Perturbed System
Consider a perturbed version of the system (1):

z(k+1) = 2(k) + hF(z(k), z(k — m)) + hQ(k, z*)), (7)
where @ : Ry x R*(m+1) 5 R” is a locally bounded function, which satisfies the condition:

Assumption 3. For all z®) ¢ R*"+) k>0andi=1,...,n,

Qi(k, 2®))| < Y Ja(k —p)l7*"

p=0

for some ¢ >0 and 0 > —ryiy,.
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Since as in theorems 1 or 2, the analysis will be performed either for ||z®)|| < D (v > 0) or for ||z*)| > D
(v < 0), then the above hypothesis we will not need globally, and this formulation is given for all R™(m+1) for
brevity only.

Remark 5. Under Assumption 3, the system (7) admits homogeneous approximations at the origin or at infinity
in the form of (1) for 0 > v > 0 or 0 < v < 0, respectively. These scenarios will be analyzed in the sequel of
the section.

To study the stability of (7), the Lyapunov-Krasovskii functional (3) can again be applied. The lower and
upper estimates (4) save their meaning. Hence, consider the increment of the functional W along the solutions
of (7):

OV (z(k) + b1 Ax(k))
0z

T
AW =h < ) (F(z(k), 2(k —m)) + Q(k, 2))

+h Y Bila(k =+ )2 =k Bilelk — )|
j=1 j=1

+h<av($(’“)+m )ZF (k+1), k—i—i—l))—h({ﬂ/gz(k))) iF(w(k‘),x(kﬁ—i))

B (*WU“))>T F(a(k), z(k)) + h (W)T Q(k,x*))

0z
T
+h <8V(x(k) 'gjlkAx(k)) . 8V(8$Z(k))> (F(x(k), z(k —m)) + Q(k,x(k)))
SR — hmle( — mlf + b 3 (31 = ek~ )
+h (av(‘”(k)aj Ark) _ ) ZF (k+1),0(k — i + 1))

i=1

+h(av ) (ZF (k+1), k—z’—i—l))—Zm:F(x(k),x(k:—i—i—l)))v

where Az (k) = h (F(z(k), z(k — m)) + Q(k,z¥)), 11 € (0,1) and we used the same tricks as before. Applying
Assumption 3 and since (as previously, denote A = ||2(®)|| for brevity)

T
‘<8V(x(k))> Q( < CLGCZ|$ |;1, TLZL,L, k— p |a+r,

0z
<a,GcZ/\“ “ZX’*“ < agc(m+1 Z|x (k—p)gtH

i=1 p=0

we obtain:

m—1
AW < —ashla(k)[EH + b1 |z(k)|? — hBmla(k —m)2 +h Y (81 — By)la(k = 5)I7
j=1

thage(m + )Y fa(k ~ pI7™
p=0

(Jz(R) [ + |k — m)l”””erxk pITT™)

p=0

IV (x(k) + 01xAz(k)) OV (x(k)) ‘

+hmax{as, c} Z 07 07

=1

8V(x(k)a:; A$(k)) . avgﬂsz)) ‘ Z(M(k + 1)|r+rl + |:E( —i4+ 1)|:+m)

i=1

+ha5 i

=1

m

+hag Z (k) Rk + 1), 2(k — i+ 1)) = F(x(k), x(k —i+1))].

i=1
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Repeating the same operations as in the previous section and using the equality
Q(k, ™) = X A(N)s
with ¢ € T ={z € R" : |z| < (m + 1)c} we derive:

‘8V(m(k) + 0 lAz(k) OV (x(k)

8zl 6Zl
< huy ( (k= p) 7+ ek —p) |7+ (k- p)?"*”)
D p=0 p=0
NPV (AT (N z(k) + hbo [N E(AT (N x(k), A= (N z(k —m)) + A\7¢])
azlazs

\<|x< Y 4 Lok — m) +”+Z|wk e

NE

I
=)

X
s=1
‘8V(x(k) + Ax(k))
azl

)

_ 8V(825k)) ‘ ;ﬂz(k + 1)|:+m Fla(k —i+ 1) 71:+”)

< mmax{as, cjh (2 D le(k = p)F 4 (m+ 1) Y Ja(h — p)|$+”+“>

p=0 p=0
n
>

s=1

X (|A*1(A)x(k) + [N F(A™ (N (k), AT (N @(k — m)) + A q]|

PV (AL (N (k) + kb3 [N F(A"Y(N)x(k), A=Y (N (k —m)) + A7) ‘
02,0z,

SRS 1) :

i k) ”ZIFl (k+1),2(k—i+1)) — F(z(k),z(k —i+1))|
< LmZ |z(k = p)| " Z At ) + WA F(A (V) z(k), A (N a(k —m)) + A7) + 1),

where 92kzl7 QSkl S (O, 1),
wy = max{as, c} max{4,4(m + 1), (m + 1)?},

and for any L > 0 the latter inequality is satisfied under the constraint
hlasA” + A% (m + 1)¢] < x (8)

with some x > 0 due to uniform continuity of F' from Assumption 1. Combining with the estimates calculated
in the previous section we conclude:

m—1

AW < —aghla(k) 1 + hBy|w(k)[2 = hBm|z(k — m)[2 +h Y (Bj41 — Bj)la(k — )17 9)
Jj=1
+hage(m + 1)n Z (k = p)I7H + hgo (X Z (k=PI + B2 (g7(A) + 29s(\) D |z (k — p) 2/
p=0 p=0 p=0
+h*(g7(A) + (m + 1)gs(A Z (k= p)|7T T+ h2gr ()Y |k — p) 27+,
p=0 p=0
where
V(g +h[NF(¢,9) + \7s])
A) = sup su : ,
951(%) qb,weI])B,‘ ce?; 0207
g6(A) = sup sup|¢ + h[N"F(¢,1) + A7l
¢, €EB, ceT
97(A) = max{as, ctw, ZQSl , 98(A) = azmmax{as, c} Y (g5 (A) + 1) gs.u(N),
1=1 1=1

= Laﬁmi ((Qr_l (ge()\)))”“”’ + 1) .
=1
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Thus, in (9) with respect to (6), there are three additional terms containing the powers proportional to o (their
appearance is related with the disturbing term Q).

Theorem 3. Let assumptions 1, 2 and 3 be valid for o > v > 0. Then for any h > 0 and integer m > 0 there
exists D > 0 such that the zero solution of (7) is asymptotically stable for all ||2(*)| < D.

Proof. The proof of this result, first, follows the steps of the proof of Theorem 1 to establish the same properties
of W with 3;41 < gj forall j =1,...,m —1, 81 <% and p = p + v (the terms containing the powers with o,
since o > v, can be treated as ones with p + 2v previously). Second, the result of Corollary 1 can be used to
prove asymptotic convergence to the origin. O

Theorem 4. Let assumptions 1, 2 and 8 be valid for —rpin < o <v < 0. Then for any h > 0 and integer m > 0
there exists D > 0 such that all trajectories of (7) with ||2(%)|| > D converge to the set {¢€ € R*™+D . ||¢|| < D}.

Proof. The proof is based on application of the arguments used in the proof of Theorem 2 (for W with 3,11 < 3;
forall j =1,...,m—1, 8y < % and p = p+ v) and on Corollary 2. O

5 Simulations
Consider a double integrator nominal system:

#1(t) = w2() + Qu(t, 2(0), 2(t — h), ..., x(t —mh)),
j72(t) = u(t) + QQ(taz(t)vx(t - h)v ce 7x(t - mh))7

where z1(t),z2(t) € R, x(t) = [z1(t),22(t)]", u(t) € R is the control, t > 0, Q1,Q2 : R™*? — R are the
disturbances. This system can be stabilized by a feedback [14]:

u(t) = —ki |1 (t — mh)| T2 sign(z1 (£ — mh)) — ke|za(t — mh)| T sign(z2(t — mh)),

where k1 > 0 and ks > 0 are the control gains, v € (—0.5,0) U (0,+00) is a tuning parameter. In the
delay-free case with m = 0, and without perturbations ()1 and @2, this control makes the closed-loop system

1
r-homogeneous of degree v with the weights r = [1, 1+ 1] " (then we select ||, = |21|+ |22 ), and the system
is globally finite-time stable for v € (—0.5,0) or globally nearly fixed-time stable for v > 0. Appearance of the
delay m > 0 models the information measurement and processing lags in the control feedback. Obviously,

b2

F — 1+2v
(9. ) —k1|1 |12 sign(ahy ) — ko|we| TF sign(vpg) |’

the assumptions 1 and 2 are satisfied (the control is continuous for v > —0.5), and discretization of this controlled
dynamics leads to the system of interest (7).
For simulations let

ki =1, ko =2, h=0.01, m = 10,

2v v>0
0= V—"mi ’
2mm v<0

Q1(k,z®)) = esin(kh) > |a(k — p)|7t, Qa(k, ™) = ccos(2kh) Y |x(k — p)|7T72,
p=0 p=0

then for such a choice of Q1 and Q2 Assumption 3 is valid. Thus, all conditions of theorems 3, 4 are verified. For
v = —0.2 and ¢ = 0.1 the behavior of the norm |z(k)|, for three different initial conditions (they are assumed
to be constant for negative values of the time) is presented in Fig. 1 in logarithmic scale. For v = 0.2 and
¢ = 1072 the respective behavior of |z(k)|, is given in Fig. 2. As we can see from these plots, the convergence
of the trajectories is faster than exponential (finite-time) in Fig. 1 and slower in Fig. 2, which confirms the
results of corollaries 1, 2.

To apply our results it is enough to check assumptions 1 and 2, which are essential. Indeed, if we drop
Assumption 1 by considering in the above system

u(t) = —ki|z1 (t — mh)| T2 sign(z1 (£ — mh)) — ke|za(t — mh)| 5% sign (z2(t — mh)),

where the power for the variable x5 was slightly modified, v > f%, then the closed loop dynamics is still
globally asymptotically stable with m = 0 and Q1(-) = Q2(-) = 0 (to verify this claim, a Lyapunov function
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Figure 1: Trajectories of |z(k)|, for v < 0
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Figure 3: Trajectories of [z(k)|. for non-homogeneous case
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Viz) = %|x1|2+2” + 223 can be utilized together with the LaSalle invariance principle). However, for
v = —0.2 and the rest values of parameters being unchanged, the system (7) admits a locally asymptotically

stable oscillating trajectory with unbounded solutions for sufficiently large initial conditions, see Fig. 3. Similar
unstable behavior can be obtained by considering a homogeneous system with v = 0 (the scenario not studied
in this work) and a big enough discretization step h, since it is well-known that for linear systems the explicit
Euler discretization method can be applied for a sufficiently small & only.

6 Conclusion

The problem of stability analysis for a discrete-time time-delay system, which is derived from Euler discretization
of homogeneous continuous-time model, was studied by applying the Lyapunov-Krasovskii theory. A generic
structure of the Lyapunov-Krasovskii functional was proposed that can be utilized for any homogeneous system
of non-zero degree. An extension of this results to the class of dynamics admitting a homogeneous approximation
was developed. The obtained stability conditions were illustrated by simulation of a discretized delayed locally
homogeneous planar system of negative and positive degrees. The presented results demonstrate that the explicit
Euler method preserves stability properties for the selected class of homogeneous systems with non-zero degree
for any value of the discretization step. Extension of this approach to the case of infinite dimensional systems
with m — +o00 can be a direction of future research.
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