N

N

Finite-time stability analysis of homogeneous systems
with sector nonlinearities %

Konstantin Zimenko, Denis Efimov, Andrey Polyakov, Artem Kremlev

» To cite this version:

Konstantin Zimenko, Denis Efimov, Andrey Polyakov, Artem Kremlev. Finite-time stability analysis
of homogeneous systems with sector nonlinearities x. Automatica, In press. hal-04613985

HAL Id: hal-04613985
https://inria.hal.science/hal-04613985

Submitted on 17 Jun 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://inria.hal.science/hal-04613985
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Finite-time stability analysis of homogeneous systems with

sector nonlinearities

*
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& Faculty of Control Systems and Robotics, ITMO University, 49 Kronverkskiy av., 197101 Saint Petersburg, Russia

b Inria, Unwv. Lille, CNRS, UMR 9189 - CRIStAL, F-59000 Lille, France

Abstract

A class of homogeneous systems with sector nonlinearities is considered in the paper. Sufficient conditions of finite-time
(input-to-state) stability are established with the use of new constructive modification of the Implicit Lyapunov Function
approach. The proposed conditions are given in the form of linear matrix inequalities. The theoretical results are supported

with numerical examples.

1 Introduction

Homogeneity is a kind of symmetry of the right-hand
sides of dynamical systems implying also a similar prop-
erty for their solutions, which is widely used in systems
and control theory for stability and robustness analy-
sis, nonlinear control and observer design, etc. (see, for
example, [1]-[14]). In addition, homogeneous differential
equations and inclusions describe a (local or approxi-
mate) behaviour of a wide class of dynamical systems,
which includes some physical phenomena [2], nonholo-
nomic systems [15], mechanical models with frictions
[16], etc. The use of the homogeneity property in control
and observer design is supported by a number of useful
features, such as behaviour scalability (local (stability)
property can be transformed to the whole state space),
nonasymptotic convergence rates (finite-time or nearly
fixed-time stability) and robustness (e.g., Input-to-State
Stability (ISS) and delay robustness) [3], [4], [5], [6].

Stability analysis of nonlinear systems is a basic problem
in systems and control theory whose solution is based on
the use of Lyapunov function method, then it is hard to
solve this problem constructively in a general case since
there is no common approach to select a Lyapunov func-
tion [17]. In the case of homogeneous systems, in [7],
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it was shown that such systems are equivalent to stan-
dard homogeneous ones via appropriate change of co-
ordinates. Based on this equivalence it was shown that
for a stable homogeneous system there exists an implic-
itly defined quadratic-like homogeneous Lyapunov func-
tion. In some cases, despite significant system nonlinear-
ities, the Implicit Lyapunov Function (ILF) method with
quadratic-like function leads to simple stability (stabiliz-
ability) criteria in the form of Linear Matrix Inequalities
(LMIs) (see, e.g., [8], [9]). Pursuing the aim to enlarge
the class of the systems to which the ILF approach can
be applied providing efficient LMI-based stability (sta-
bilizability) criteria, the present paper deals with the
class of homogeneous systems with sector nonlinearities.
Examples of such systems are homogeneous Persidskii
systems [1], distributed control applications [18], [19],
liquid tanks systems [20], etc.

In [21] stability criteria were presented for generalized
Persidskii systems in the form of LMIs. However, in gen-
eral case, these LMIs are infeasible for homogeneous
Persidskii systems due to homogeneity imposes some re-
strictions on system matrices (e.g., linear part of the
system is presented or can be reduced to the form Agx,
x € R™ with a nilpotent matrix Ay € R™*"), and the
approach of [21] does not take into account a possible ho-
mogeneity of the system, then the used Lyapunov func-
tion cannot be homogeneous. In some cases this problem
can be handled with the use of homogeneous approxima-
tions as in [10]. However, this approach does not allow
to obtain settling-time estimations and does not provide
quantitative robustness analysis. Therefore, in the case
of homogeneous systems with sector nonlinearities, the
analysis becomes more complicated. The main goal of
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this paper is to propose a new constructive modification
of the ILF approach by formulating LMIs to check finite-
time stability for homogeneous systems with sector non-
linearities; and provide both quantitative and qualita-
tive robustness analysis. More precisely, in this work a
homogeneous ILF is proposed, where a properly dilated
sum of quadratic-like part and linear combination of the
integrals of the nonlinearities is used. This form of Lya-
punov function allows to obtain simple sufficient sta-
bility conditions in terms of LMIs. Note, that with the
use of the local homogeneity concept the presented re-
sult can be developed for nonhomogeneous systems to
provide local finite-time stability analysis. With respect
to the preliminary results of [1], the key differences are
as follows: the results are extended for generalized type
of homogeneity and to a class of homogeneous systems
with sector nonlinearities (in [1] the weighted homogene-
ity and homogeneous Persidskii systems are considered);
the proofs of all claims are given; new examples are con-
sidered.

Notation: Ry = {z € R : z > 0}; the symbol 1,m is
used to denote a sequence of integers 1, ...,m; \;(P) de-
notes i eigenvalue of a matrix P € R™ ™ \ .. (P) and
Amin (P) denote its maximum and minimum eigenvalues;
u;(A) denotes left eigenvector of a matrix A correspond-
ing to i*" eigenvalue, i.e., u;(A)A = \;(A)u;(A); the set
of nonnegative diagonal matrices with dimension n x n
is defined by D7} ; diag{\;}j-, is a diagonal matrix with
elements \;, i = 1,n; O,,x, denotes zero matrix with
dimension m X n; es(4) is a vector of the canonical basis
of R®, where i*" component is 1 and the rests are 0; L is
the set of essentially bounded measurable functions R —
R™ with the notm | - | ) = e555UDyeio, 400y || - ()
symmetric elements of matrices are denoted by x.

2 Preliminaries

Let us consider the system

&= f(x), x(0)= o, (1)

where = € R” is the state vector, f : R — R" is a vec-
tor field, f(0) = 0. If f is discontinuous with respect to
x, then the solutions of (1) are defined through the asso-
ciated differential inclusions and need to be understood
in the sense of Filippov [22]. Assume that (1) has unique
solutions defined in forward time (at least locally).

2.1 Finite-time stability

Definition 1 [16], [23] The origin of (1) is said to be
globally finite-time stable if it is globally asymptotically
stable and any solution x(t,xo) of (1) reaches the origin
at some finite time moment, i.e. x(t,x0) =0, Vt>T(x0)
and z(t,xo) #0, Vt €10, T(xg)), o #0, where T:R™ —
R, U{0}, T(0)=0 is the settling-time function.

The following theorem presents the ILF method [24],
[25] for finite-time stability analysis.

Theorem 1 [8] Suppose that there exists a continuous

function (Qvﬁﬁg(v_;ﬂf such that

C1) Q(V,x) is continuously differentiable Vo € R™\{0}

andVV € Ry ;

C2) for any x € R™"\{0} there exist V= € Ry and V't €

Ry :Q(V7,2) <0< Q(VT z);

C3) for 0 = {(V.2) € R™1: Q(V.) = 0)

lim ;o V=07lim_ o+ [|z]=0,lim,|_ V=100;
(Viz)eq (V,z)eQ (V,z)eQ

C4) the inequality —oo < % < 0 holds VV € R4

and Yz € R™"\{0};

C5) the inequality 8Q(Vz)f(x) < aVl‘W% holds

V(V,x) € Q, where p < 0 and a > 0 are some constants.

Then the origin of the system (1) is globally finite-time

stable and T (xq) < (Vo,z0) = 0.

2.2  Generalized linear homogeneity

In this paper we deal with the one-parameter group d(s):
R — R™*" of linear dilations given by d(s)=e%4*, where
s €R, and Gq € R™™™ is an anti-Hurwitz matrix (i.e.,
—Ggq is Hurwitz) called the generator of the dilation.

Theorem 2 [7] Ifd is a dilation in R™, then there exists
a symmetric matriz 0 < P € R™*"™ such that PGq +

GIP >0 and
s < JdEp < e if s<0.
e* <ld(s)l[p < em® if s>0,

— d(s)z|| p
where ||z||p = \/m; [d(s)llp = Supx#%
and o — p—%Ggp%),
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Definition 2 [11] A vector field f: R™ — R™ (a function
h: R™ — R) is said to be d-homogeneous of degree p €
R if f(d(s)x) = et*d(s)f(x), Vx € R", Vs € R,
(resp. h(d(s)x) = e**h(z), Va € R", Vs € R).

If the matrix Gq is diagonal, then d-homogeneity is re-
duced to the conventional weighted one [12]. The follow-
ing theorem provides the relation of homogeneity prop-
erty and finite-time stability:

Theorem 3 [7], [12] Let f: R* — R" be a d-
homogeneous vector field with degree p < 0. If the origin
of (1) is locally asymptotically stable, then it is globally
finite-time stable and there exists a continuously differ-
entiable Lyapunov function V which is d-homogeneous
of degree v > —p.



Under homogeneity conditions, asymptotic stability of a
nonlinear system with zero disturbance implies a certain
robustness in ISS sense (see, [3], [4, Theorem 4]).

3 Problem statement

Consider the following class of systems:
M
H1)= Aot (1) + D A; PP (Ur(0) +d(t,2(0), £ 0, (3)
j=1
where x(t) = [z1(t) ... 2, (t)]" € R™ is the state vector,
2(0) € R, fI(Uz) = [fi(en (WU2)... fi(ey (n)Ux)]T,
j =1, M are continuous functions ensuring existence of
solutions of the system (3) in forward time, f7(0) = 0,
the matrices U, A, € R™"*" for k = 0, M, and the func-
tion d : R x R™ — R"™ describes exogenous disturbances

and uncertainties. It is assumed that the system (3) sat-
isfies the following assumptions:

Assumption 1 For anyi=1,n,j=1,M:
sfl(s) >0 VseR\{0}. (4)

Assumption 2 The system (3) with d = 0 is d-
homogeneous of degree 1 <0 with the generator Gq, i.e.,

d(s) (Aoz + 27, 4,8 (U))
=e M (Aod(s)a:—i—zyil Ajfj(Ud(s)a:)) , VseR, VzeR™;
o A (5)

and there exists p € 1, M such that f7(Uz) are homoge-
neous of degree u for j =1, p.
Assumption 3 Each row of the matriz U is a left eigen-
vector of Ga, i.e.,Vi € I,n,3j € 1,k : eX (1)U = u;(Ga),
where k is a number of disjoint real eigenvalues of Gq (it
is assumed that Gq has at least one real eigenvalue).

In Assumption 1 and Assumption 3 it is stated that
all nonlinearities f} belong to a sector with respect
to u;(Ga)z, i € 1,k and may take zero values only if
u;(Gq)xr = 0. Assumption 2 restricts (3) to the class of
disturbed d-homogeneous systems. The presence of ho-
mogeneous functions f7(Ux), j = T, p can be obtained
after a proper re-indexing and decomposition of a non-
linear system dynamics, and the principal restriction of
Assumption 2 is (5).

Remark 1 For U € D7} the diagonal structure of the
nonlinearities places (3) to a class of Persidskii systems.
Persidskii systems were studied in the context of neural
networks [26], [27], electric circuits [28], robust stability
analysis [21], gradient systems convergence analysis [29],
etc. In [1] LMI based sufficient stability conditions were
proposed for a class of homogeneous Persidskii systems
with negative degree and G4 € D’}. Homogeneous Per-
sidskii systems with diagonal U describe finite-time con-
trollers (see, e.g., [30]). For U ¢ D"} the system (3) has a

structure appearing, for example, in a number of homo-
geneity based distributed control applications (see, for
example, [18], [19], [36]) and observers (e.g., [31], [32]).

Remark 2 According to Theorem 3, to establish the
finite-time stability property of (3) with d = 0 it is
enough to show asymptotic stability of the system. In
the case U €7}, at a first glance, to solve the problem
we can use sufficient LMI-based conditions as in [21] to
check asymptotic stability, and then the system is finite-
time stable due to homogeneity. According to [21] one
of the main requirements for stability checking is that
there should exist matrices 0 < P = PT € R™*" and
Ne D% for j=1, M to serve as solutions of the Lyapunov
equation for the matrices Ag, A; for j =1, M, respec-
tively. However, this approach has the following stick-
ing point: for nonzero linear part of (3) the homogene-
ity property imposes restrictions on the system matrices
(Ao is nilpotent or A; is not diagonally stable for some
je{l,...,M}), that is difficult to fit into the require-
ments of [21]. Thus, such an approach is more adapted
for Ag = 0, that significantly reduces the class of sys-
tems under consideration. For the case U ¢ D" (partic-
ularly, when U is not invertible) the problem becomes
more complicated.

This paper is aimed to derive constructive (in the LMI
form) conditions of robust finite-time stability of the
homogeneous system (3) with a settling-time estimate.

4 Main result

After proper re-indexing and decomposition of a nonlin-
ear system dynamics the sector condition (4) and homo-
geneity property imply that:

e for any i = 1,n, j = 1,( the nonlinearities f} have

unbounded integrals, i.e., lims_ 400 fos fg(a)da = +o0,
where ¢ > p; L
eduetopu<Oforanyi=1,n,j=1,p:

sfl(s) > ¥ls® Vs € [s;,5]\ {0}, (6)

where ﬂ}g €Ryand —o0 <5, <0< 35; < +o0.

Define ¥/ = diag{s}7, € D?, j = 1,p and denote
u; = eX(i)U for compactness. Define T € R"*" : 7, ; =

{ sign(u;u] ),

if uj,u, are colinear o
or i, = 1,n.
0, otherwise

Introduce an ILF candidate in the form
QV, z) =2TdT (~InV)Pd(—InV)x
n i ru;d(—InV)z .4

+2500L, Sy AL YT (s)ds - x,

where A/ = diag{AJ}?, €D?, 0 < P = PT ¢ R™*",
and y € R;. All these quantities will be selected below
as a solution of LMI. Imposing A7 = 0, j = 1, M the




equation (7) can be reduced to the ILF considered in [9]
for finite-time stabilization of linear MIMO systems.

Theorem 4 Let Assumptions 1, 2, 3 be satisfied. Let
a,t1,La € Ry be chosen such that the ICIMI system

P>0; PGa+GEP >0; uP+U") NU>0; (8a)

j=1
M
['>0; UTY AU+1(PGa+GiP)>0;  (8b)
j=1
o A e R R S E N CD

is feasible for some P = PT ' =TT ¢ R™*": AJ € D7,
j=1,M,0 < 2 =27 ¢ RIM+EYnx(M+1)n yhere for
X = P+Z§:1 UTAj\I/jU (mdAo = AO+Z§:1 Aj\IJjU

XAFAT X X A+ATUT AL XApy+ATUTAM X

* A UAHATUTAY . AlvAy+ATUTAM Al
le . : : )
* * . . .
* * o AMUA AT UTAM AMy
* * uTAM -r
XGa+GiX UTA'H ... UTAMH
* MnXxXMn
Yoo U' Yo - UTYom
— * Tl,l Tl,M
Q3 ==+ )
* * .
* * RSYRY:

H = dlag{)\l(Gd)};ﬂ:p TO,O = On><n; TO,i € Di; Ti,i =
TZ:Z c Rnxn,
>0, ifey (n)Zen(l)=1
Tij €RV™ el ()Y jen(1)] <0, ifel (n)Zen(l)=—1
=0, otherwise

fori=1,M,j=14,M,n1=1n, and let the following
restriction to the system disturbances be satisfied:

dTd” (—InV)Td(—InV)d < V2yTQsy  (9)

d(—InV)z
FHUA(=In V)z)—¥'Ud(—InV)z

fP(Ud(=1nV)z)—TPUd(—In V)

andV € Ry :
P Ud(=1InV)x) *

fory =

I MU= V)z) ]
QWV,2)=0withRi5x<n minieﬁ{gf,Ef})\min(X) U=

Then the origin is globally finite-time stable and T (z¢) <
VU}:, where Q(Vo, z¢) = 0.

«

Proof. Consider a candidate Lyapunov function V
defined implicitly by Q(V,z) = 0. The function
Q(V,z) satisfies the conditions C1)-C8) of Theo-
rem 1. Indeed, it is continuously differentiable for

all Ve Ry and € R™. Assumption 1 and the in-
equality 1P + UL 2521 AU > 0 from (8a) imply
C2) and C3). Indeed, for z € B := {z € R™ \ {0} :
22?11 S A Ou"’d(_lnv)xff(s)ds = 0} due to As-
sumption 1 z7d? (—In V)UT Z§:1 ANUd(-InV)z =0
and by Finsler’s lemma 27d” (-~ In V)Pd(—InV)z > 0.
Then for z € B the following inequalities are satisfied

Aumin (P~ min (P+EUT Y0 M U)o}
min{Ve1,Vez2}
<aTdT (- V)(P+ LUT Y5_ MU)d(—InV)z
=2TdT (- V)Pd(—InV)z = Q(V,z) + X

Amax (P71 Amax (P) |12l
min{Ve1 Vez2} ’

<

_ (10)
where g1, g2, P are as in Theorem 2. For z ¢ B U {0}
we have 22].]\11 S A Oui'd(_lnv)x f7(s)ds > 0 and,
taking into account w,d(—InV)zr = V(Gau;z, by
mean value theorem

0 <2300, Y, AV G f (s, ;)

)\max(pil))\lhax(P)H H%
<QV,z)+x < min{Ver,vez} —E (1)

+2 3000, Y, A VNG f (ks ),

where r; ; € (0,V~*(%)u;z). Then (10), (11) guar-
antee that the lower and upper estimates are positive
definite functions of x, and there exist V~ € Ry and
VteR, : Q(V~,z) <0< Q(V*,z). Thus, the con-
dition C2) holds for any = € R™ \ {0}. Moreover, if
Q(V,z) = 0 then by the same arguments it follows that
the condition C3) is verified. Since

29 = v '2"d" (- InV)(PGa + G P)d(—InV)z
=2V Y S AwiGad(— InV)z ff (wid(—In'V)z)

= -V 12TdT (- InV)(PGq + GEP)d(—InV)z
2V S AN (Ga)ud(—In V)z ff (wid(~In V)a),
and by Assumption 1

{z e R™\ {0} :

S AAi(Ga)wid(— In V) f (wd(—In V)x) = 0}
={zeR"\{0}: 31,31 2"d (- In V)uf AJwid(-In V)z =0}
={zeR"\{0}: 3} 2"d" (- InV)UTAUA(~In V)z=0}.
Then by Finsler’s lemma the inequalities U7 Zjvil NU+
12(PGq + GIP) > 0 for 15 € R and PGq + GYP > 0

imply that 32 < 0 for all V € Ry and 2 € R™ \ {0},
and the condition C4) of Theorem 1 holds.

Now, in order to obtain more efficient LMIs (see Re-
mark 5 below), let us rewrite (3) and (7) in the following



equivalent forms:

() = (Ao + X0_, A;WIU)a(t)
+ 300 A (I (U (t)) — WIU(t)) (12)
A A (U (b)) +d(t, 2 (L)), >0,

QV, z) =27d" (- InV)Xd(-InV)x
2L S AL gl s)ds

fs)=uls for j=Tpi=Tn,
fl(s) for j=p+1,M,i=T,n

(13)

)

where ¢/(s) = {

X=P+ Zp UTAIWIU. Then, denoting Ay = Ay +
P Aj\IJjU and using (5), (8) we have

. 1

V-9

=2V (z7d" (- InV)(PGa + GEP)d(—InV)x

Loy S A{)\i(Gd)uid(—lnV):cff(uid(—lnV)a:))A

x [z"d"(-InV)Xd(—In V)&

+ M S Mg (ud(~In V)x)uid(—an)a':}
=2V (27d" (= InV)(XGa + G X)d(—InV)z

+25 M oTdT (- mV)UTA Hg? (Ud(~ In V):r)) -

x [deT(fln V)X Aod(~In V)

+27d" (V)X Y A;g? (Ud(—InV)z)

+ vy @"d" (- V)UTN g (Ud(—1In V)x)

+ vV #2"d" (- InV)Xd(— InV)d]

-1 y T v
= VI (4" Qay) ([V*“d(—lnvw] @ [V’“d(*‘“v)d]

+ V72#d"d" (—In V)I'd(—1InV)d)
vite(v=20gTdT (- n V)Pd(- In V)d—ay” Qay—y” Qsy)
< T
Yy Qay
S _aV1+M7
where the aggregated vector variable y is defined in the
formulation of the theorem. Thus, the condition C5)
holds. Note, that due to the condition C4) of Theorem

1, we have yTQqy > 0 for z € R™ \ {0}.

Now, let us show that y7Qsy > 0, i.e., the class of
feasible disturbances is not empty. Denote the set
A:={z cR*"\ {0} : 5, < VMCwax <50 =1,n}
and w1 = min1§i§n§?, Wy = minlgign §22. Since
x < nmin{wy,wsAmin(X)||U|| 72, then accordingly
to (6 ) and (13) for Q(V,z) = 0 we have n min{wy, wa} >

W > U)2d(~ V)l > [Ud(~InV)a|? if
22] Dy 1AJ ud(=lnV)z j( )ds > 0. Note that
{xER" \ {O} . ||Ud(_1nv)$||2Snmln{thUz}}g.A
CCi={zeR"\{0}:23 0 S | A7 [ V%00 (5)ds >0},

i.e., the solution of Q(V,x) = 0 implies u,d(—InV)z €
[8;,S;] on the set C. Consider the set

E={weR"\{0}i—c <230 S A0 (5)ds < 0},
where ¢ € R, is arbitrary small. Note that EN A = 0,
ie, if z € &, then Jud(—InV)z ¢ I[s,,5;] for some
i € {1,..,n}. Assume that there exists a solution of
Q(V,z) = 0for x € £. Then taking into account  is arbi-
trary small, we have nmin{w;,ws} > |[Ud(—1InV)z|?,
that contradicts the assumption u,d(—InV)z ¢ [s;,s;
Finally, due to continuity of the Lyapunov function we
conclude that uw,d(—InV)z € [s;,5;] for any x € R™\
{0}, i = 1,n, where s;, §; are defined in (6). In this case
y'Qsy > 0 for any € R™\ {0}. Thus, all conditions of
Theorem 1 are satisfied, and the system (3) is globally
finite-time stable if (8) holds. [

Remark 3 Let us define Y= { e ):1}(X llz]|%) € Ry,
that can be calculated on a numerlcal grid. Then the
implicit restriction (9) to the system disturbances can be
replaced by explicit (but more conservative) inequality

ldll? <ay~"
utol—e 2(pteq) 2(p—e3+202)
Xmin{x ol et

(14)
for 8= (x— 5()% under additional conditions I' < P,
Z LN £0, PGg+GE P>0and Q3> [ qP Onxn }

nxn OJ\I'nXI\/In
for some ¢, € R+
Indeed, sinceQZ > lAJ ud(~ln V)z f7(s)ds is ho-
mogeneous with zero degree and P >0, then for Q(V,z) =
0 we have 0 < x — x < deT( an)Pd( InV)z < x.
Then, V(z) > x 292 ||3L‘||j;2 for {z € R" : V(z) < 1}

and V(z) < BHmef for {x € R" : V(z) > 1} by The-
orem 2 and Assumption 1. Finally, under conditions on
I and Q3, (9) follows from d7d? (—In V)Pd(—InV)d <
%V2“deT(— InV)Pd(—InV)x, and using (2) and ob-
tained bounds on V(z), we have that (14) implies (9).

Example 1 Consider the three tank hydraulic system
considered in [20]:
w1
+ |: 'u.2:| )
0

[—‘%3 0 0 1 l|x1x3|1/25ign(m1mg)

T=| 0 -2 =¥ 2|/ 2sign(z2)

+oo0 =g w3 —z2| "/ sign (x5 —2)

where ¢ = [xl o $3]T = [hl ha hg]T with hi € R+ be-
ing the liquid levels in each tank for ¢ = 1,3, the input
flows are u = [u1 us]” = [Q1 Q2)". The system is in the
form (3) with zero matrix Ay and d = [%ul %'U/Q 0]7,
and it is homogeneous of degree —0.5 with Gq = I3
for u; = uy = 0, i.e., Assumption 2 is satisfied. Let
S = a13 = azz = 1, a0 — 2 and ul = 05.’172, U =
0.5sin(xz). Then for Ay =0, 4; = [ 0 %)2 (1)1}, U = I3,

2
U=t

U= [é El _(1)1] the LMI (8) is feasible and the condi-

tion (9) is satisfied. Thus, the system is globally finite-
time stable with the settling-time function estimate pro-
vided by Theorem 3.



Remark 4 If U is invertible then under change of coor-
dinates z = Ux the given result can be reduced to the
case of stability analysis of homogeneous Persidskii sys-
tems considered in [1].

Stable homogeneous systems have such qualitative sta-
bility properties as ISS with respect to additive pertur-
bations and measurement noises (see, for example, [3],
[4]). In this case to establish the ISS property it is enough
to analyse system stability with d = 0.

Corollary 1 Let all conditions of Theorem 4 be satisfied
forT'=0 and

XAg+AT X XA +ATUTA ..
* AvAH+ATUTAL -

XAy +ATUTAM 0,50
A UANHATUTAM Oy
Q1= . : :
* * o AMUANHAT UTAM O,
* * Onxn Onxn
Then the system (3) is ISS for d € L, and for d = 0 the
—H
origin is globally finite-time stable with T(xo) < — Vgu ,

where Q(Vo, zo) = 0.

Proof. The proof follows exactly the same arguments
as one of Theorem 4 for d(t) =0 and ISS properties of
homogeneous systems given in [3], [4, Theorem 4]. W

Example 2 Consider the problem of finite-time control
for uniform allocation of agents on a segment. The dy-
namical model of each agent is described by a simple in-
tegrator @;(t) =w;(z(t))+d;(t, z),i=1,n, where u; ER is
the control input, z € R™, d;(t, ) is a bounded exogenous
disturbance. Let xp1, zp2 denote the fixed endpoints of
the segment. Then, according to [18] the control protocol
w;(z)=als;(z)|* T#sign(s;(x)) uniformly allocates agents
on a segment, where s;(x) = %(a:i,l —x;)+ % (Tip1—24),
acRy, pe(—1,0), z_1=xp1 and z,+1 =2xp2. Using the
change of variables z = x + U ~1b we obtain the system
z=f(Uz)+d, (15)

where d € R™ d(t) € L,

-
—-105 0 - O 0.5z p1
0.5—-10.5:- 0 0
: |y b= : :
(') 0 --- 0.5 ,'1 0.5,'7:172

Note that U is Hurwitz (see [18]). Obviously the sys-
tem (15) is in the form (3) with M = 1, Ay = Opnxn,
Ay = I, and for d = 0 it is d-homogeneous of degree p
with Gq = I, and el (i{)U = u,, i.e., Assumption 2 and
Assumption 3 are satisfied. Due to U A; is diagonally sta-
ble the conditions of Corollary 1 are satisfied and the sys-
tem is finite-time stable for d = 0 and ISS with respect
to disturbances d. In comparison with [18] the proposed
approach allows to obtain new settling time estimations.
According to the simulation results for different initial
conditions, the settling time estimations based on Corol-
lary 1 are significantly closer to the true values than the

estimations derived from the results of [18]. For exam-
ple, for n = 5, a = 5 and z;(0) = 0, ¢ = 1,5, x,1 = 5,
Zp2 = 11 the settling time is 3.25, while the estimates
obtained using the proposed result and [18] are 3.96 and
5.22, respectively. Moreover, this approach is promising
for further development of finite-time control protocols
for systems with more complex agent models, that is one
of the possible directions for further research.

Remark 5 In order to satisfy the condition (8) the ma-
trices X and A7 serve as solutions of the Lyapunov equa-
tion for the matrices Ag and UA; for j = 1, M, respec-
tively. In this case it is important to choose appropriate
representation of the system in the form (12) to better
take the features of the LMIs (8). Indeed, without the
use of the representation (12), the linear part of the sys-
tem (3) in general case can be represented with nilpotent
matrix Ay for which the inequalities (8) are not feasi-
ble (i.e., Ag = Ag, ¥ = 0 and in this case the matrix
X Ag+ AT X in Q; cannot be negative definite).

The matrix @3 is used in order to relax the stability re-
quirements for each matrix Ax, k=0, M. The matrices
T, ; for n=0,M—1 and j=n+1, M are introduced in
order to reduce the conservatism of the condition (8c).
Indeed, since for x < nmin{s?,3%} Amin(X)|| U] =2 we
have that w;d(—InV)x €[s;,5;]\ {0} for any x e R™\ {0},
i=1,n, then due to the sector properties (Assumption
1), all terms in y” Q3y are nonnegative for z € R™ \ {0}.
In other words, all cross-terms, which appear on the left-
hand side of (8c), should not be considered as additional
"perturbations” in verification of the restriction (8c)
provided that they have a non-positive multiplier.

The advantages of using the representation (12) are
based on the following observations:

e the linear term ij.:l A; WUz has slower dynamics in
5:1 A; f?(Ux);
e the sector restriction (4) is generic, and it does not
introduce in the analysis the lower and upper bounds
usual in the absolute stability theory [33], then inclu-
sion of the matrices U7 allows the lower one to be taken
into account;

e due to homogeneity property of the system and the
chosen Lyapunov function, the global stability proper-
ties can be analysed in the vicinity of 0, where the sector
condition is satisfied for nonlinearities f/ (u;z) — ¢ w;z,
i=Tnj=Tp

a neighbourhood of 0 with respect to

Similarly to the representation (12), the same trick can
be used for other terms of (3) with a slow dynamics
in a neighbourhood of 0, and the obtained results stay
relevant. It is shown in the following corollary, that for
stability analysis we can use the representation with the
terms A, (7 (Uz)-VIUx—®’h? (Uz)), where ® € D7, j=
1, p and W’ (Uz) have slow dynamics close to 0. Assume
that in (3) the terms f*(Uz(t)),i=p+1,9, 9 € [p+1, M]
have slow dynamics close to 0, and (8) is not feasible.

For any i=1,n, j=1,p, ¢=1,0—p we have sf/(s) >



biff19(s)s, Vs€[s;, 5] \ {0}, where ¢; €R, and —oo <
$; <0<35; <+oo are as before. Define & =diag{¢;} , €

D7 and fiUz(t)=®f (Ux(t)) for i:p—kl,ﬂnthen for
i=T,n,j=1,p, q=1,9—p we have sf](s) > f/*(s)s,
Vsels;, 5]\ {0} and by (6)

1—H9 <¢J8+2fp+q >s Vs€[s;,5:]\{0}.

Therefore, the following result can be used:

sfi(s)>

Corollary 2 Let Assumptions 1, 2, 3 be satisfied. Let
a € Ry, 11,10 € Ry be chosen such that (8), (9) are

satisfied for some P = PT ¢ R"*"; AJ ¢ DY, j=1,M,
0<== =T ¢ R(M+1)TLX(]VI+1)H with

r d(—InV)z T
FLUd(=InV)z)— [\I/lUd(fln V)z+S0Zf fPHaUd(-1n vm}

1
T¥9—>p

fPUdA(=InV)z)—

e [\D”Ud(— In V)t SUZf
fPriwd(—1nV)a)

fPrawd(—m V)}

fﬁ<Ud(l1n V)z)
N Ud(—1nV)z)

i Mwac-mvia) p
X=Pt 1 Y0 UTANWIU, Ag=Ao+ ik 0 A, W90,
A = A9 + + = 52201 Aj substituted instead of
A; fori=p+ 1,9, andAJ*AJCI)quH_ﬂp _ Af

substituted instead of AV for j = p+ 1,9.
Then the om'gz'n is globally finite-time stable and

T(xo) < (Vo,2z0) = 0.

Proof. The proof follows the same arguments as one of
Theorem 4, where:
e instead of (12) the following representation is used:

(t) = (A0+1+19 S 200 AU (t)
+320 A (P ((0) - - p[\PﬂUw( )+ 0z frraua))
+20 (Agro® ' + Aj) fre(Ua(t))
+ o1 An (" (U (t )))+d(t,w( ), t=0,
e For ILF (7) the representation
Q(V,x) = deT(—an)Xd(—ln V)z
+221'\i ud( InV)z g (s)

is used, where X = P +

ds—x,
_LUTAIWIU,

OB = (w3s+zq=f 9)
forj = W?i = 7n’

1+19 P

Fo+
e

gl(s)=4 .. o ,
‘(s or 1 = , Uyt = 1L,n,
fi(s) forj=p+1,0,i=1
f1(s) forj=9+1,M,i=1,n

A A for j_ﬁ and j=9+1,M,

AN D +1+19 5 2q AT forj=p+1,7

e for Q(V,x) = 0 the inequality (16) implies the sector
condition for the terms

fj(Ud(—an) )

i [\I/JUd(—an Yo+ S0-p fere(Ud(— an)x)]. .
Remark 6 According to Corollary 2 for the case U €
D%, in order to establish finite-time stability and ISS
property, it is sufficient that all terms f* with fast dy-

namics in a neighbourhood of 0 are multiplied with di-
agonally stable matrices A;.

Remark 7 If in (3) there exists a locally bounded
and piecewise continuous f;, j € {1,...,M}, then un-
der the assumption that the trajectories do not stay
on the discontinuity set (except at the origin), the re-
sults above are preserved by interpreting the inequality
for the derivative of Lyapunov function in the almost
everywhere sense.

Remark 8 In order to obtain less conservative LMIs
the following approach can be used. In (8) some ele-
ments el (7)Y, jen(l), 0,1 € 1,n of the matrices T, ;,
i,j € 0, M that correspond to the case el (n)Ze,(l) =1
can be selected to be negative if there are positive ele-
ments of Ty 4, 1,q € 0, M that correspond to terms with
the same multipliers, but having faster or the same dy-
namics in the vicinity of the origin; and the sum of these
elements is greater or equal than the sum of absolute
values of negative counterparts that correspond to terms
with slower dynamics. The simllar remark with inverted
signs can be made for the case el (n)Ze,(l) = —1.

Example 3 Consider the problem of observer design for
the second order linear system @& = Az, y = Cx, where
A=1[33],C =[10]. According to [31], [32] let us choose
A |21 —y|'~"sign(21—y)

the observer & = A + [0 lz] |£1,y\1*2ﬂsign(ilfy)]
where p € (0,1/2), and l3,ly € R are such that A +
H;] C' to be Hurwiz. In [34], [35] such an observer was
studied for ¢ = 1/2 (Super-Twisting Algorithm). For
e = & — x the error system takes the form

i=aes [38][ 1T an

lex|"~**sign(er)

that corresponds to (3) with Ag = A, M =1, A; =
1—pu s
diag{l;};_,, U = [18], f1(Ue) = [‘el‘ Slgn(el)]-NOte

le1|'~#sign(e1)
that the system (17) is homogeneous of degree —p with
Gq = [0 12 “] Note that the paper [32] provides an ad-
ditional rather conservative bound for the degree of ho-
< 2] 0 — exp(1) )\m;n(fﬁg‘XfXAg)
R n(v/n+0)’ 2 Amax (X) | X Av]]
where Ag = A + [2] C, 0 < X € R?*2 is such that
—ATX — XAg > 0. Let I} = Iy = 1. For u = 0.49,
WU = ], all conditions of Corollary 1 are satisfied with
) —15. 1548 0 5.3517 2.2257
X = [ 52000 S0 1 @3 = | a7 0 —7.di2s 37064 |»
2.2257 0 3.7064 0
where Remark 8 was used. Thus, the system (17) is
finite-time stable, while for the same matrix X the re-

sult of [32] is applicable only for < 0.0097 (i.e., for an
observer close to the standard Luenberger one).

mogeneity:




5 Conclusions

In the paper, sufficient conditions of robust finite-time
stability are presented for a class of homogeneous sys-
tems with sector nonlinearities. The conditions are given
in terms of LMI. The proposed approach extends the
results of [1], [21]: with the use of system representa-
tion (12), simple LMI-based stability conditions were ex-
tended on the class of d-homogeneous systems with sec-
tor nonlinearities; and nonasymptotic (finite-time) sta-
bility was studied. The proposed results allow to obtain
settling-time estimates. The main advantages of the pro-
posed results are as follows: a non quadratic-like ILF is
proposed with related LMIs that can be applied to a
wider class of homogeneous systems (quadratic-like ILF
(7], [8], [9] is a special case of (7) with A] = 0) as it
is shown in Example 3; the results of [21] are extended
to the class of homogeneous Persidskii systems (LMIs
given in [21] are rather restrictive in general case); in
comparison with results based on homogeneous approx-
imations the proposed method provides quantitative ro-
bustness analysis (Theorem 4, Remark 3); in some cases
our approach allows to obtain better settling-time esti-
mations (see, e.g., Example 2). Possible directions for
future research include an extension of the results for
systems with positive degree of homogeneity, finite-time
control and observer design.
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