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Analysis of robustness of homogeneous systems
with time delays using Lyapunov-Krasovskii

functionals

D. Efimov, A. Aleksandrov

Abstract

The paper is devoted to stability analysis of homogeneous time-delay systems applying the Lyapunov-Krasovskii theory, and
a generic structure of the functional is given that suits for any homogeneous system of non-zero degree (and can also be used for
any dynamics admitting a homogeneous approximation). The obtained stability conditions are utilized to evaluate the domain of
attraction for the delayed twisting control algorithm.

I. INTRODUCTION

The influence of delays on the system stability and performance is important for many engineering systems [1], [2], [3].
Design of control and estimation algorithms, which are robust with respect to uncertain and time-varying delays, is a popular
topic of the control theory [4]. The most of existing solutions deal with linear time-delay models, which is originated by
complexity of stability analysis for the nonlinear case. Indeed, constructive variants of selection of a Lyapunov-Krasovskii
functional or a Lyapunov-Razumikhin function are elaborated for linear systems (or close to them nonlinear dynamics) [5],
but for generic scenario it is rare to find an applicable recommendation.

Homogeneous dynamical systems take an intermediate place between linear and nonlinear ones [6]. The theory of
homogeneous dynamical systems has been proposed for ordinary differential equations [7], [8], [9], [10], differential inclusions
[11], [6], time-delay systems [12], [13] and partial differential equations [14]. The main feature of a homogeneous nonlinear
system is that its local behavior is the same as the global one, the homogeneous stable/unstable systems admit homogeneous
Lyapunov/Chetaev functions [10], [15], [16], [17], [18] and possess robustness properties with respect to external inputs and
delays [19], [13], [20]. Since such a subclass of nonlinear systems (having global stability or convergence) is rather small, the
concept of local homogeneity has been introduced [10], [21], [16], [22].

In [23], [24], [25], [26], [27], [13], [20] it has been shown that homogeneous systems have certain robustness of stability
with respect to delays, e.g., if they are globally asymptotically stable for some delay with non-zero degree, then they preserve
this property independently of delay (IOD). For the case of positive degree it has been proven that global asymptotic stability
in the delay-free case implies local asymptotic stability for any value of delay. For the case of negative degree, it is shown that
if the system is globally asymptotically stable in the delay-free case, then for any delay it is globally asymptotically stable with
respect to a compact set containing the origin. The latter results have been obtained in [13], [20] using Lyapunov-Razumikhin
theory.

In the present work, first, following the framework of [28], the same results are obtained by proposing a generic structure
Lyapunov-Krasovskii functional for any homogeneous system with non-zero degree being asymptotically stable in the delay-
free case. The presented approach allows the domain of stability/attraction to be evaluated. Second, the proposed Lyapunov-
Krasovskii functional is used to estimate the domain of convergence for a delayed twisting algorithm.

The outline of this paper is as follows. The preliminary definitions and the homogeneity for time-delay systems are given

in Section II. The main result is presented in Section III. An example is considered in Section IV.
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II. PRELIMINARIES

Consider an autonomous functional differential equation of retarded type [3]:
dx(t)/dt = f(x), t >0, ()

where x(t) € R"™ and z; € C[_, ¢ is the state function, x;(s) = z(t+s), —7 < s < 0 (we denote by C[_, ¢ the Banach space
of continuous functions ¢ : [—7,0] — R™ with the uniform norm [|¢|| = sup_, <o [¢(s)|, where |-| is the standard Euclidean
norm); f : C{_; o — R"™ ensures existence and uniqueness of solutions in forward time (such a requirement can be imposed
even for discontinuous time-delay systems [29], [30]), f(0) = 0. For the system (1), denote the solution that corresponds to
the initial functional condition 2o € C|_; ) by (¢, 7o) and the restriction of the solution on the interval [t — 7, ] by z}° (then
xy°(s) = z(t + s,x0) for —7 < s < 0), which is defined on time interval [—7,7T) with T € Ry U {+oo}. The representation
(1) includes pointwise or distributed time-delay systems.

The upper right-hand Dini derivative of a locally Lipschitz continuous functional V' : C|_; q) — R along the system (1)
solutions is defined as follows for any ¢ € C|_; g

h—0+

where ¢p, € C|_r ) for 0 < h < 7 is given by

¢(0 + h), 0 € [-7,—h)
¢(0) + f(#)(0 +h), 0 €[=h,0].

h =

A continuous function o : Ry — R belongs to class K if it is strictly increasing and o(0) = 0; it belongs to class Ko, if
it is also unbounded. A continuous function 8 : Ry x Ry — R, belongs to class KL if 8(-,7) € K and S(r,-) is decreasing

to zero for any fixed » > 0. The symbol 1, m is used to denote a sequence of integers 1, ..., m.

A. Stability definitions

Let A C C|_,) be a bounded set, it is called forward invariant for (1) if 29 € A implies that x;° € A for all £ > 0, denote
distance to the set as |[z[|4 = infyc 4 ||z — y||. Let @ C C[_, o be an open neighborhood of a forward invariant set .A.

Definition 1. The system (1) is said to be

(a) stable at A in  if there is o € K such that for any z( € €2, the solution z;° is defined and ||z°|| 4 < o(||zoll4) for
all ¢t > 0;

(b) asymptotically stable at A in Q if it is stable in Q and lim;—, o [|27°]].4 = O for any zy € .

If Q = C|_; ), then the corresponding properties are called global stability/asymptotic stability of (1) at A.

For A = {0} the properties given in this definition are reduced to the standard ones [4] (see also the concept of ultimate

boundedness in [2]).

B. Homogeneity

For any 7; > 0, ¢ = 1,n and A\ > 0, define the dilation matrix A,(\) = diag{\"*}?_; and the vector of weights r =
[7‘1, ceny T‘n}—r, Tmax = MaXi1<j<n Ty and Tmin = minlgjgn Tj.

For any r; >0, i = 1,n and = € R™ the homogeneous norm can be defined, for example, as follows

n 1/p
‘x|7“ = (Z |xi|p/m> y P 2 Tmax-

i=1

For all z € R", its Euclidean norm |z| is related with the homogeneous one:

a.(|zfr) <] <ar(|z]r)



for some o,.,5, € Ko [18]. The homogeneous norm has an important property that is |A,(A)z|. = Az, for all z € R™.
Define S, = {x € R" : |z|, = 1}.

For any 7; > 0, 7= 1,n and ¢ € C|_+,0] the homogeneous norm can be defined as follows

n 1/P
g1l = (Z ||w/”> L P> e
=1

There exist two functions p ,p, € Koo such that for all ¢ € Cj_, g [12]:

e, (el < liell < p.(lllr)-

The homogeneous norm in the Banach space has the same important property that [|A,.(\)¢||, = A|@]|,- for all ¢ € Cj_; o). In
C|—+,0) the corresponding unit sphere is S, = {¢ € C_;q) : |#]|- = 1}. Define B} = {¢ € C_,q) : |8 < p} as a closed
ball of radius p > 0 in C|_; q).

Definition 2. [37] The function g : C|_; g — R is called r-homogeneous if for any ¢ € C|_; o the relation

9(A-(N)d) = Mg(¢)
holds for some d € R and all A > 0.
The function f : C[_; o — R™ is called r-homogeneous if for any ¢ € C|_; ¢ the relation

holds for some d > —r,;, and all A > 0.

In both cases, the constant d is called the degree of homogeneity.

The introduced notion of weighted homogeneity in C|_; ¢ is reduced to the standard one in R™ if 7 — 0.
An advantage of homogeneous systems described by ordinary differential equations is that any its solution can be obtained
from another solution under the dilation and a suitable time re-parametrization. A similar property holds for functional

homogeneous systems:

Proposition 1. [13] Let x(t,zq) be a solution of the r—homogeneous system (1) with the degree d for an initial condition
29 € Cl_r 0, T € (0,400). For any A\ > 0 the functional differential equation

dy(t)/dt = f(y), t =0 2

with y; € C|_x-a, ), has a solution y(t,yo) = ANz (X%, 30)" for all t > 0 with the initial condition vy € Clox-ar0)
yo(s) = A (Nzo(A\s) for s € [-A7%7,0].

The following results have also been obtained in [13], [20]:

Lemma 1. [13] Let the system (1) be r—homogeneous with degree d # 0 and globally asymptotically stable at the origin for
some delay 0 < 19 < +00, then it is globally asymptotically stable at the origin 10D.

For the next two results we assume that f in (1) is a uniformly continuous function.

Lemma 2. [I3] Let f(x¢) = F (x(t),x(t — 7)) in (1) and the system (1) be r—homogeneous with degree d > 0 and globally
asymptotically stable at the origin for T = 0, then for any p > 0 there is 0 < 19 < 400 such that (1) is asymptotically stable
at the origin in B for any delay 0 < T < 7o.

Lemma 3. [20] Let f(x:) = F (x(t),z(t — 7)) in (1) and the system (1) be r—homogeneous with degree d < 0 and globally
asymptotically stable at the origin for T = O, then for any p > 0 there is 0 < 19 < +00 such that (1) is globally asymptotically
stable at B, for any delay 0 < T < 7.

UIf time is scaled ¢ — A?t then the argument of f : Ci_7,00 = R™ in (1) is also scaled to f : C[fAqu_y()] — R”™ in (2).



Thus, (1) is locally robustly stable with respect to a sufficiently small delay if it is r—homogeneous and stable in the

delay-free case. In [13], [20], the Lyapunov-Razumikhin approach was used to prove these results.

Finally, Young’s inequality claims that for any a,b € Ry and v >0, § > 0:
p— by n

b < L
b

for any p > 1, while Holder’s inequality for any f,g: I — R with I C R ensures that

p—1

[t < ( [ f<s>|Pds)’l’ (fsore=as)

for any p > 1. Another related result can be obtained using the properties of homogeneous functions and a specially defined

homogeneous norm:

Lemma 4. Leta,b € Ry and >0, a >0, >0, v>0, § >0 be given, then
a® +b° —La7p? >0

provided that

1
1) max{a®, b} >0 2% and 1 +% <1,

1
oo

2)  max{a®, b’} <¢'"2"F and 1 —|—% > 1.
Proof. Define weights r; = i and ro = % and a corresponding homogeneous norm
[(a, b)], = max{a®, b7},

then the scalar functions a® + b” and a”b’ are r-homogeneous (with r = [ry, 73] ") of degrees 1 and

Therefore, the following inequality is satisfied for a,b € R, :

+

wlon

v

ﬁhp

a’b® < s|(a,b)

where

s= sup a'b’=1,
‘(avb)‘Tzl

then the property
a® + 6% — (a6’ > 0

for any a,b € Ry and ¢ >0, a >0, 8 >0, v >0, 6 > 0 is verified provided that

X498
|(a,b)], — £ (a,b)[7" 7 >0.

Hence, if 5
i
L2«
« + B

' )

then this inequality is satisfied for all |(a, b)|, > £'"= "5, and if
vy 4
42>,
@ + 15}

1

then for |(a,b)], < "5,

III. MAIN RESULTS

Consider a variant of the system (1):

«

1 4 %, respectively.

3)



where F : R?" — R” is differentiable with respect to the first argument, and introduce the following hypotheses:
Assumption 1. The system (3) is r—homogeneous of degree v > —rTyiy, i.e., for all A >0, x € R™ and z € R™:
F(A Nz, Ar(N)2) = XA (VN F(x, 2),

and
OF (£.0) ‘ .

swp PO < 4o, swp | S8

1€l <1,[¢]r<1 1€]-<1,|¢l-<1

Assumption 2. The system (3) is globally asymptotically stable at the origin if T = 0.

Under these assumptions [10], [15], there is a twice continuously differentiable Lyapunov function V' : R™ — R for (3),
which can be selected to be r—homogeneous of degree u > —v, then for all x € R™:

V(A-(N)z) = AV (z) VA>0,
alzll < V() < efzlf, (4)
dV(x)
dx

F(z,2) < —c|al™

for some ¢; > 0, co > 0 and ¢ > 0.

Remark 1. If the system (3) is r—homogeneous with degree v, then a direct computation shows that it is also r—homogeneous

for ¢ = r 1

—L (r1,...,rn)T with degree 7 = 7——. Hence, without loosing generality in the following we will assume that

Tmax = L.
To proceed we need the following auxiliary result:

Lemma 5. Let Assumption 1 be satisfied, then for any twice continuously differentiable and r—homogeneous of degree p > 2
Sfunction V : R™ — R, :

F(z,2)| < wmax{|elt ™zl i),

dx
*V(z)

’ v (z)

d _ _
]F(w)T F(a,2)| < vmax{[ali 42", []t=2[2[22F2, [z]t=2|q12 2},

dz?
dV(x) OF (z, z _ _
| OEEE) )| < om0 a2,

where

dV(y)‘
dy |g,<1,/c), <1
d2V(y)’ 2
v = sup F(0I%,
yes, | dy? \5\7~§1,\<|r§1| &l

dv (y) IF(, ()
73

[F(& Ol

w = sup
yES,

U = sup
YES,

F(,¢ ’
dy ‘|f|rs1,crs1 &0

Proof. To substantiate the first property define A = max{|z|,, |«|,}, then using homogeneity of V' and F' we obtain

’ dv (z) dV(y)

L A ) O P(E.0)

F(x,z>\ — Jafin”

for y = A 71|z )x, € = A1 (A)x and ¢ = A1 ()\)z. Using the diagonal structure of the matrix A, 1(|z|.)A,.()\) we get:

Tmax
A
< wl|x[F\Y (Wr) [l > |l

F(z,z2)

)

dV(x)
’ 2] < |zl

dx

and since it has been imposed ry,,x = 1, we substantiated that

’ v (z)

F(x,2)| < wmax{Ja[t™ e[ o]}

dx




For the second inequality define y = A '(jz])x, € = AY(N)x, 0 = A'(\)g and ¢ = A7Y(\)z for A =
max{|z|., ||, |z|~}, then by homogeneity:

2 T ,
Fle )F(‘T’Z)’ = A B 0) T A AT 2l) dcz,gy) A (2l A (V) F(E, Q)|
A 2
< vlz|[FA (W) max{|z|r, gl } > |z[, 7

1 max{|z|, gl } < |z

where r,.x = 1 was substituted on the last step, then the desired property is proven:
T d*V(z)
dz?

= vmax {|z[l "%, |z
‘u+2u
x

< vmax{|z[FT?, x4 2N

F(z,q) F(z, 2)

max{ |27, g7} }

A Jal? 3.

[
T

= "
T T

— vmax{[al >, ol 222,

For the last inequality, again denote y = A (|z|.)z, € = ANz, 0 = A-'(N)g and ¢ = A;1(N\)z for
A = max{|z|r, |q|r, |Z|-}, then by homogeneity

dV(y)
dy

IF(E,¢)

A7 (el A ()

F(&,0)|lzltx™,

‘dV(:r) OF (z, z) Fz,q)| =

dx ox

and once more using the diagonal structure of the matrix A !(|x|,.)A-(\) we get:

max{|z|r, |glr} > |z],

A
’dV(w) OF@.2) by )| < ulafinze { BT
dz oz 1 max{|z|,, |q|-} < |z,

< wmax |22 22 [l g

as required. O

Note that v > —7yin and ryin < Tmax = 1 as we assumed (due to Remark 1), then for ¢ > 2 all powers in the obtained esti-
. . . L O R S I D |
mates are positive (the latter estimate for the case v < 0 we can rewrite as max{|z|# T2 |z|? |Z|TV+ AR || \q|rl’—|r =t }

=3 23 I3
since |1:|§ < max{\zhg ,]gl; } in the latter two cases).

Now we are in position to formulate the main result:

Theorem 1. Let assumptions 1 and 2 hold for (3). Then for any value of the delay T > 0 the properties
W(.%‘t) > 0, D+W(J}t) <0

are satisfied for x; € Q if v < 0 or for x; € Q if v > 0, where

t

Wz) = V@) +b[ |e(s)eds+g / (s — t +7)le(s)lds

t—

dV(x(t))

n /1t T Fo,a()s,

is a Lyapunov-Krasovskii functional for (3); b > 7 max{4v(v + 1), u(p + 4v +2)}, g > 0,

ptv 2w+52+rv+(5+1)p
v+2’ v+1+4

%-1-21/—&-1

R T

max{p(l/—f—l)ﬂ(y—i—l) }<p<1/+u,

ifv<0or

ptv (2V+1)(V+u)}

u—i—u<p<min{u(u+1),2(y+1)y+2, |



if v >0, and V is a twice continuously differentiable r—homogeneous Lyapunov function for the case T = 0 with degree

2 v<0
> ;
v+2 v>0

g, c1 and w,v,u are defined in (4) and Lemma 5, respectively;
Q:Q1 mQQ? ﬁ:51 0527

0
Q) = {6 € Clrg  max{|6(0) £, [ |6(s)[0ds} > =1},

0
9, = {6 € Cpr s max{0O)1, [ [o()]2ds) > m,),

—T
0

01 = {6 € C_rg  max{|6(0)|14, / |6(s)[2ds} < =1},

-7

_ 0
s = {6 € Cp_r.0) : max{|$(0)[Z ", / |6(s)[0ds} < )

-7

where

I S v=1\ T oI

©w = max < 7; " ’

=1 mln{(‘l, b} m1n{c1 b} ’

vtp + (p=2(v+1))(v+p)
b+gr \viu—>p 3uT p—2+1) \ w+p—2+D)(ntv)
w, = max 33— | — , | 3v——m——7 s
min{s, g} min{s, g} pmin{s, g}

p— 201 BT Eiovn B (p— & —20—1)(v+p) p=2v=2 \ T3 awTy ot
3ut P v ) ( p—5—-2v-1 ) (,,Jru)(p,,,zy 1)— (L p vt P vip P ( 3ur ) v
- . N ) 3“.77— ’ . N ) . . 3 )

min{s, g} pmin{c, g} min{s, g} min{s, g}

m p=v=1 N\ T _vF1
o . wT v wT P m )
w1 = min _ | — ,
! (min{cl, b}) (mm{cl,b}>
2(w+1)(vtp)

vtp vy (p—
_ . { ( b+ gt > vtu—p ( 3vT >* Sk ( p—2(r+1) > w+2)p—2(v+1)(ntv)
™o = min 33— N , | Bv——m———7 s

min{s, g} min{s, g} pmin{s, g}

p=2v—1 W (p=2v—1)(v+p) p=2v=2 @ _vtp

3ur P vt b <3u p—2v—1 ‘r> W+ Dp— v+ (vFr) 3vr P vFu p ( 3ut ) v
min{, g} "\"" pmin{s, g} min{s, g} min{, g}

Proof. To investigate stability of the nonlinear time-delay system (3) consider a candidate Lyapunov-Krasovskii functional

W (z:) as given in the formulation of the theorem, where b > 0, g > 0 and p > 0 are parameters selected below, and V' is a

homogeneous Lyapunov function for the case 7 = 0, which exists due to Assumption 2 and satisfies (4) with p > 2 if v <0

or i > v+ 2 for v > 0. Let us investigate positive definiteness of W. Obviously W (0) = 0 and

t t
Wieo) 2 ale@lf + [ fo(olzds —w [ max{(o(®)]f o(s) 2, fole)})ds,
t—r t—71
where the first property from Lemma 5 was utilized. Therefore, the following inequalities have to hold for positivity of W

ez ()|l + b/ s)|Pds — wr|z(t)|* T > 0,

il ()] + b/ |2 ()17 — wlz(@®)]¢~ a(s)[7+ds > 0,
t—T1

and the former is valid if
wT

jz(t)[ >0

max{ (1)1 /  fe(s)lpds) -

min{ep, b}

and, hence, for

NS

max{|z(t) |T7ft L lx(s)|pds} > (“’77)_ v <0

min{cy,b}

max{|z(t) j; L lz(s)]Pds} < (m) v>0

NI



the first inequality is true. For the latter, using Holder’s inequality, we obtain:

v+1 —v—1

t t o t p(p—1) pf
e tas < ([ itizas) ([ e )
t—7 t—T1 t—r

v+1

t P
(1)) (/ |x<s>|¢ds)
t—1
t Uj)»l
erla(t)]f + b / (3)]eds — wr ™5 a(n) (/ m(s)ﬁds) >0
t—71

=T

Then for positivity of W the property has to satisfy:

that is true provided the conditions of Lemma 4 are verified for a = |x(¢) ft - s)eds, a =pu, =1 vy=pn—1,
§ = VT and ¢ = chb}, which can be formulated as: max{|z(¢) j; |z(s)|Pds} > (i&{ib}) 7 with
ril 1 for v < 0, or max{|z(t)|", [ |z(s)|ods} < wr 17“117”’;1 with 21 > L for 1 > 0. Hence, takin
p t—7 min{cy,b} p m : > g
p> u( 1) for v < 0or p < pu(v+ 1) for v > 0 ensures positive definiteness of W outside of a vicinity of the origin £,

or locally at zero in €0y, respectively.

The derivative of the Lyapunov-Krasovskii functional W (t) = W (z;) with respect to time for the system (3) takes the form:

W(t) = D W) = T Fa(t).alt = 7))+ 6O ~ [oft - )1
salrlelt = [ lotolzas + T Pt o0) - T F(o), ot - 1) + Hiz

+

(
< —cla@[" + b+ gr)z(@®)]} — bla(t — 7)I7 — g/t |z (s)|7ds + H (1),

where the property (4) was used and

T d?V (x(t))

Hzy) = /tF(z(t),x(th)) )7

\|

Following Lemma 5,

t
Hw)| < [ omax{laO, o) o) a2 halt - D)
t—T
Fumax{fo(t) 2, 2(8)]7  a(t =) Ja(0)]7 T (o) s

for v < 0 or

t
[H(z)| < / vmax{|z(t) [, ()|} e (s)[2, e ()12 a(t — 7))
t—1
umax{ (02, (@) (- )P ()2 e (s) P s

for v > 0, and let us investigate the conditions of negative definiteness of W in the domains of positive definiteness of W for
different signs of degree v. First,

t
Sl =2 [ Ja(o)pds + b+ gr)la(o)l2 <0
t—7

that follows

b+ gr
— 7 _|z@)|]” >0,

maacl[a(0)7. [ Ja(o)lpas) =3



v4p
and which is satisfied for v < 0 provided that v + u > p and max{|z(t)|¥ T, ftt_T |z(s)|rds} > (3mf};{‘?g}) T or for
vtp
. v T vtp—
v>0if v+ p < p and max{|z(t)|¥ T+ ft x(s)|eds} < (3mi’n+{gc g}> ”. Second,
g 1% b i g 14 - 14 — v
@ + §\$(t—7)\f+/t eI} —vmax{e (O, a2 |2 ()7, e (@)t — ) s > 0
if the series of inequalities
S g [
Sl + [ falolgds - vrla(o)l > o
t—1
t
S + et -+ S [ falo)lpds — orla(o)lt 2la(e - D 20
t—T
s "y
S+ [ Qlalols — ola(oly la() P s 2 0
t—7
is verified simultaneously. The first inequality follows
axc{ | (t) [/ /t |z(s)l7ds} T ()t > 0
maxq |T SR x(s Sy — — 1T r =Y,
T - " min{c, g}
PR
then it is satisfied for max{|z(t)|*#, [ |a(s)[ods} > (mijg;g}) " and v < 0 or max{[az(t)[7*#, [1 |x(s)|eds} <

vtp

(miif{’zg}) 7 and v > 0. For the second relation, by applying Young’s inequality to the term |z (¢)[* 2|z (t — T

get:

) E(V'H) we

_9 1 (n—2)p ¢ b 2 1
st~ o2 D a5 18 [ (ot + (5 - o2 fate -l 2 0
t—T1

that for > v2(”+1)7 follows from

3

t
-9 1 _(n—=2)p
maX{|9C(t)|?+”’/ |z(s)[7ds} — 31)%7@( Ol >0,
o pmin{s, g}
. (052(u;r(1))§';(+u) 3
which is true for max{|w(t)|$+“,ﬁt_7 |z(s)|Pds} > (3vw7) CERPTEEREY s 2(v + 1) and v < 0, or

pmin{s,g} v+2
(p—2(r+1))(v+p)

max{|z(t)|7H, [1 u(s)|eds} < (31,%7) (””””2(”“”“*”), 2v+1) < p<2v+ 1)*‘1; and v > 0. To check the

third property, by applying Holder’s inequality to the term ft lx(s)|2v 2|2 (t)|F2ds we derive:

2042

t —2y— t P
S+ / la(s) ds — vr "5 2x<t>|¢2</ |x<s>|¢ds) > 0,
t—T1 t—T1

which is true provided the conditions of Lemma 4 are verified for a = |z(¢)|., b = ft Clz(s)|Pds, a =v+p, f=1,7=pu—2,
2042 o sor’h o\ hER 2
6 === and { = ATy > and that can be formulated as: max{|z(t)[4 T ft Llz(s)[Pds} > <11r)nT1n{gg}> e

p—2v—2 —p—2_ 2v+2
with (v 4 )22 < p for v < 0, or max{|a ()] ft L lx(s)|pds} < (%) T with (v 4 p) 2482 > p for

v > 0. Finally, for v < 0 the property

b ¢ B Py B _ v+ B
Sle@l 4+ Slalt =)l + / Sl — umax{le O, a7 et = D) e (o) s 2 0,
t—1



follows the series of inequalities:

t
Sl + g / [ (s)\0ds — urlz(t) 27+ > 0,

t—T1
S b g [* L w41
@ + Sl =) + g/ |z(s)[7ds —urla(t)l? e —7) 2 =0,
t—1
t . w
S+ [ Salolz - ulal)lf el ds > 0
t—T1
. _vtp
The first inequality can be treated directly, and it is satisfied for max{|z(¢)|.™*, [, _|x(s)|fds} > (mii?:g}) " . For the
second case, applying Young’s inequality we obtain
L _9,_ 1 _B-ve t b B9y
@)t —ur P2 T T (T 4 g/ |z(s)[Pds + { 5 —ut———7 ) Ja(t = 7)|7 > 0
3 P 3 t—71 2 P
that for g > u@r it is followed by
L -1p
t —E_92p—-1 jifu,
max{(e(Ol . [ la(s)lpds) - suP 2ot rae) T 20
t—1 pmln{g,g}

which is true for

(=5 —20v-1)(v+n)

t — £ 21 \ CrmG-F-2o-0-(5-D
max{|z(t)[1H, / |z(s)|Pds} > (3u"2.r) S >
- pmin{s, g}

1\ 2 v
and p > max{4 +2v +1, 2(V+%i :1”;%(5“)“ }. Finally, for the third property using Holder’s inequality, we get

H42v41

S

t p— B oy 1 u t P
S+ [ faolzds - ur 7 ato) (/ |x<s>|¢ds) >0,
t—7 t—1

which is true provided the conditions of Lemma 4 are verified for a = |z(t)|,, b = f:ﬁT |z(s)|Pds, « = v+ p, B =1,
— K9y
— 1,6 =22 and ¢ = Bur

o

v = , and that can be formulated as:

P min{s,g}
t = R S S
max xt”ﬂ‘/ z(s)|Pds}t > | ———M— o ’
(el [ latopas) > | 2
with (v + ) %Iiyjll < p. For v > 0 the property
2

S v b ! g v — v — v
§|m<t>|,.+“+5\x<t—f>|¢+/ ()12 — wmarf2(®) 2, a(®) 1 ot = D () () 2 s > 0,
t—T1

follows the series of inequalities:

t
SO+ 4 [ la(olgds —urla( v 2 0
t—T1
b t
S + et -+ S [ falo)lpds — urla(lyate ~ R 2
t—7

t

S+ [ Ll - sl fa(o)2 Vs >
t—T

vtp

The first inequality as before is satisfied for max{|z (¢)|¥ T, f:_T |z(s)|Pds} < (3“77) 7. For the second case, applying

min{s,g}



Young’s inequality we obtain

—ow—1 (u=1p t b 2 1
Slal —ur 2l [ fatseds + (5 w2
3 p 3 Ji s 2

’7') lz(t —T)]2 >0
that for § > w227 is followed by

—2v—1 (ujl)p
PV @) >0,
pmin{c, g}

t
max{[e(O); ", [ la(s)lpds) - 3u
t—7

(p=2v—1)(v+n)
which is true for max{|w(t)|$+“,ﬁt_7 |z(s)|Pds} < ( uL=2—1 T) (e Gl

2v+1) (v .
pminis,g} 2+l <p< w Finally, for

the third case using Holder’s inequality, we get

2v+1

S g t p—2v—1 t 4
Sl + L [ faoleds - ur " fa(ol (/ |x<s>|¢ds) >0,
t—T1 t—r1

which is true provided the conditions of Lemma 4 are verified for a = |x(¢)|,, b ft_ s)eds,a =v+p, f=1,7v=pu—1,
2v41 3u'rp 2:71 v+ t 3u’rp QPV : Zillb _121:1 .
§ = == and { = =i, and that can be formulated as max{|z(t)[Z T, [ |x(s)[Pds} < e with

%W > p. Therefore, we established the conditions that

W(t) <0

for x; € Q, with v < 0 or for z; € Qp with v > 0.

Hence, the parameters of the Lyapunov-Krasovskii functional have to respect the constraints:
b> max{4v(v +1),u(p +4v +2)}, g > 0.
p

Next, taking into account the admissible set of values for u, the restrictions imposed on p can be summarized as follows for
v <0:

pwA+v 2(u+g)2+u+(g+1)u( N )g+2u+1
v 27T
v+2’ v+1+4+4& ’ K v+L+1

max{u(u+1)72(u+1) }<p<u+u7

or for v > 0:

p+v (21/+1)(1/+u)}
v+2’ v+1 '

It is straightforward to check that for both signs of degree v there is a non-empty interval of admissible values for p under

max{v + u,2(r + 1)} < p <min{p(r +1),2(v +1)

the given restrictions on u. Consequently, the properties
W(l’t) >0, D+W(£Ct) <0

are obtained for z; € Q with v < 0 or for x; € Q with v > 0, where the expressions for the sets Q,ﬁ are given in the

formulation of the theorem. O

d? V(y)

Note that V' can be just twice differentiable having bounded for y € S, (this property is used to calculate v in

Lemma 5).

Remark 2. The local convergence to the origin in the case of v > 0 or the global convergence to its neighborhood for v < 0

follows from the result of Theorem 1 using the standard Lyapunov or Lyapunov-Krasovskii arguments [32], [2], [33].

Qualitatively, this theorem confirms the results of [27], [34], [13], [20], but it also has some quantitative estimates on the
domains of stability (which are included in the sets 2 and §2) and gives the explicit relations between all parameters. Contrarily
[13], [20], there is no requirement on continuity of F' with respect to both arguments in our results. In addition, a universal
expression W (x;) of a Lyapunov-Krasovskii functional is presented, which can be used for any homogeneous systems of

non-zero degree (it also suits for ones admitting local homogeneous approximations [31], [12]), while the estimates derived in



the proof of Theorem 1 can be strengthened as

t

a (Iw(t)Iif + /tt Ix(s)lﬁds> <W(z) <a <|x(t)¢ +/t

—T —T

(e)lds)

() < = (e + lole — Dt + [

t—7

(o)

for all z; € Q with v < 0 or for all z; € Q with v > 0, for suitably defined 0 < o < @ and « > 0, which is equivalent to
W< —awlts

for some & > 0 dependent on £ or €. Note that

t
maX{lx(t)lﬁ“,/ |2(s)|7ds} < max{L, 7} max{|la [, |z.[I7},
t—T

then the set 2 can be re-formulated using the standard norm. Similarly, ||x;|| = |x(t — )| for some 6 € [—, 0], then

t

ot =) = lalt) = [ ils)is] < Jalo) + [ Ji(o)lds

saumm»+/ o (IF((s), (s — 7))l )ds,

t—T1
next defining x = supj¢| <1,i¢, <1 [F'(§, ¢)|,. and A = max{|z(s)|-, [z(s — 7)|-} we obtain:

t
lzll < 7)) + / &, () max AL b \IFTEA ) ds
t—T

-1

SET(IHC(t)Ir)Jr/t_2 (26 (2 (5)]) ) + 70 (26 (2 (s)]) ) ds,

which implies that for an extended space C[_s. ) the set {2 also can be presented using the conventional norm.

Remark 3. It is important to highlight, that the parameter b of the Lyapunov-Krasovskii functional W can be selected

proportionally to max{r, 7} with w < , then the domain of convergence estimated in 2, Q becomes also proportional to

p—vr—1
o

7. In other words, the obtained estimates imply that when the value of delay 7 is approaching zero, the domain of convergence
to the origin for v > 0 grows to infinity, while the zone globally attracting the trajectories for v < 0 shrinks to the origin.

Remark 4. Denote 1 =[1,..., I}T, then 1-homogeneous systems are homogeneous in the standard (Euler) sense. The result
of Theorem 1 in the case of standard homogeneity and positive degree was obtained in [28]. Nevertheless, the result proven
in Theorem 1 for the case of weighted homogeneity has sense, since a transformation of r—homogeneous dynamics to the
corresponding 1-homogeneous can be tricky. Indeed, there exist transformations of coordinates making an r—-homogeneous

system 1-homogeneous [35], e.g.,

-1 . .
yi = |9 sign(z;), i =1, n.

However, such a transformation may not preserve stability properties of (3). For an example, consider a double integrator
stabilized by a delayed feedback that satisfies the conditions of assumptions 1 and 2 for r = [1,1 4 v] with the degree
v € [-0.5,0):

> Vs it2v
Bo(t) = —ky|zy(t — 1) "2 sign(zy (t — 7)) — ko|2o(t — 7)| TF7 sign(xa(t — 7)).
The derivative of F' with respect to the first (non-delayed) argument is well-defined. Consider a change of coordinates:

1
Y1 = x1, Yo = |v2| T+ sign(zz),



then in the new coordinates we obtain:

g1(t) = ly2(t)[ " sign(ya(2)),

k , Lk L
1 J:V lyr (t — 7)[* T sign(ys (t — 7)) — [y2(2)] 1+72yly2(t — 1) sign(ys(t — 7)),

which is 1-homogeneous of degree 1 4 v, but it has a continuum of equilibria on the line y5 = 0 (a change of the time

Ya(t) = —ly2(t)| ™"

t= f(f |y2(8)|~¥ds is hard to apply here due to the presence of delay).

The requirement on boundedness of the derivative of F' with respect to the first argument (imposed in Assumption 1) can
be relaxed by considering a special form of the system:

Corollary 1. Let F(x,z) = Fi(x) + Fy(2) for some functions Fy, Fy : R™ — R", the system (3) be r—homogeneous of degree
V> —Tmin, SUPe|, <1,ic|, <1 [F(§: Q)| < +oo and Assumption 2 hold. Then for any value of the delay T > 0 the properties

W(.Tt) > 0, D+W({L't) <0

are satisfied for x; € Q if v < 0 or for x; € Q if v > 0, where

t t

os)ipds +g [ (st 7)la(o)lpds

t—7

W(z) = V(m(t))—i—b/

t—7

+/t_7 W&(w(s))d&

is a Lyapunov-Krasovskii functional for (3); the meaning and constraints imposed on parameters b, g and p are the same as

in Theorem 1 under substitution u = 0.

Proof. The proof follows exactly the steps of the proof of Theorem 1 taking into account that

G = [ F.ate- )" D b oas

and there is no term proportional to u in the analysis. O

Let us demonstrate applicability of the presented results on a real case.

IV. APPLICATION

In the paper [36], for a super-twisting differentiation/observation algorithm,

E1(t) = —kov|wi(t)|sign(z1 () + z2(t),
Cbz(t) = —k‘gsigl’l(l'l(t)),

x(t) = [21(t), 72(t)] T € R?, where 0 < ko < k; < +oc are the observer gains, the following Lyapunov function has been
proposed:

V(x) = mai + newima|as| + n3a,

for m,m3 € Ry and 72 € R, which is continuously differentiable, and its second derivative is discontinuous (it contains
sign(z2)) but bounded on any compact set, hence, the constant v can be estimated. It is straightforward to check that the
system and the Lyapunov function are r-homogeneous of degrees v = —1 and i = 4, respectively, with r = [2,1] 7. Assume

that the actual output injection exhibits a delay 7 > 0:
#1(t) = —kiv|z1(t — 7)[sign(z1(t — 7)) + 22(2),
i‘g(t) = —k‘gsigl’l(l‘l(t — 7')),

then all conditions of Corollary 1 are satisfied, and such a F'(z(t),z(t — 7)) is continuously differentiable with respect to the

first argument.



Figure 1. Behavior of trajectories of the system
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Figure 2. Behavior of norms on the trajectories of the system

Let
7=0.5, ky =2, ks = 0.1,

then according to the procedure of selection of parameters of the Lyapunov function given in [36]:

m =4, n2=-2, n3 =5.

The admissible interval for p is [1.5, 3], and let p = 2.25. For the norm |z|. = /|21| + |z2|, using a grid with 200 points on
S, we compute:
cp =0434, ¢ =0411, w =u =42.62, v =411.616.

Take g =10 and b =19 > 7 max{4v(v + 1), u(p + 4v + 2)} to respect the restriction of the corollary, then finally we get:
@, = 5.838 x 10°, @, = 2.934 x 107,

An example of the system trajectory is shown in Fig. 1, where behavior of x1(t) and z2(t) are depicted using red solid
and blue dash lines, respectively. The system is converging to a limit cycle. An example of the comportment of the norms
y(t) = max{|z(t)|¥, ftt_T |z(s)|2ds} and ) (t) = max{|x(t)|4TH, ftt_T |x(s)|°ds} are presented using red solid and blue dash
lines, respectively, in Fig. 2. As we can conclude from these results of simulation, the obtained estimates are rather moderate,

and for a concrete example the methodology has to be properly adjusted to reduce the conservativeness.

V. CONCLUSIONS

Considering the homogeneous systems with non-zero degree, which are asymptotically stable without delay, it is proposed a
corresponding generic structure of a Lyapunov-Krasovskii functional, which allows also evaluation of the domain of convergence
in the presence of any constant delay. In particular, we show that for the systems with a positive degree, the domain of
convergence to the origin is inversely proportional to the value of the delay; while for the system with a negative degree, the

size of the vicinity of the origin, which globally attracts all trajectories, is proportional to the value of delay. This Lyapunov-



Krasovskii functional can be useful for analysis of convergence of discretization of solutions of homogeneous delayed nonlinear

systems by using Euler method, which is a direction of future research.
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