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Abstract

The paper proposes a discretization (sampled-time implementation) algorithm for a class of homogeneous controllers for linear
time-invariant (LTI) systems preserving the finite-time and nearly fixed-time stability properties. The sampling period is
assumed to be constant. Both single-input and multiple-input cases are considered. The robustness (Input-to-State Stability)
of the obtained sampled-time control system is studied as well. Theoretical results are supported by numerical simulations.
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1 Introduction

By definition, the homogeneity is a dilation symmetry
introduced by Leonhard Euler in 18th century as follows:
f(Az) = A f(z),YA > 0, where the coordinate trans-
formation x — Az is know today as a standard (or Eu-
ler) dilation. A weighted (generalized) dilation is stud-
ied since 1950s. An introduction to stability theory of
weighted homogeneous Ordinary Differential Equations
(ODEs) can be found in [60]. Extensions of the homo-
geneity theory to various finite-dimensional and infinite-
dimensional dynamical models are proposed in [25], [24],
[12], [45]. Homogeneous differential equations/inclusions
form an important class of control system models [51],
[43], [3], [48]. They appear as local approximations [16]
or set-valued extensions [29] of nonlinear systems and in-
clude models of process control [57], mechanical systems
with frictions [42], fluid dynamics [45], etc. Stability and
stabilization problems were studied for both standard
[59], [2] and weighted homogeneous [9], [17], [50], [53],
[13], [38] systems which are the most popular today [42],
[29], [43], [3], [48], [34]. A homogeneous model predictive
control is introduced in [8].

An asymptotically stable homogeneous system is finite-
time stable in the case of negative homogeneity degree
and nearly fixed-time stable in the case of the positive
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homogeneity degree (see, e.g. [37], [4], [3]). However, the
finite/fixed-time stability is a fragile property, since an
arbitrary small measurement delay or an improper dis-
cretization of a finite-time or a fixed-time stable ODE
may result in a chattering [1], [30] or even in a finite-time
blow up [31]. Existing approaches to sampled-time im-
plementation of nonlinear controllers (see, e.g. [41], [40],
[18]) do not study these issues. The explicit discretiza-
tion (sampled-time implementation) of a finite-time con-
trol yields a chattering even if the original control law
is a continuous function of state [11], [23]. That is why
the discretization issues are very important for practical
implementation of finite/fixed-time control/estimation
algorithms [1], [26], [32], [27], [21], [5], [35], [15].

The concept of consistent discertization introduced in
[46] postulates that stability properties of a continuous-
time system must be preserved in its discrete-time
counterpart (approximation). Consistent discretiza-
tions for stable generalized homogeneous ODEs were
developed in [46], [52] based on Lyapunov function the-
ory. Some schemes with state dependent discretization
step were given in [10]. Being efficient for numerical
simulations, the mentioned schemes do not allow a con-
sistent discretization (sampled-time implementation)
of finite-time controllers in the general case. To the
best of authors’ knowledge, such implementations are
developed only for some particular first order (see, [1],
[20]) and some particular second order systems (see,
[21], [6]). This paper presents a consistent discretization
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for a homogeneous controller designed in [47], [45], [58]
for multidimensional linear plants. It is shown that the
sampled-time implementation of the controller accord-
ing to the developed scheme preserves the finite-time
and nearly fixed-time stability property of the original
closed-loop continuous-time system in the disturbance-
free case. We also prove an Input-to-State Stability
(ISS) of the obtained sampled-time control system with
respect to bounded additive perturbations and mea-
surement noises. Algorithms are developed for both
single-input and multi-input models. Numerical simula-
tions show an efficiency of this scheme and a complete
rejection of the so-called numerical chattering [1] caused
by a sampled-time implementation of a continuous-time
control algorithm. The preliminary version of this paper
[49] considers only the case of a finite-time stabilizer for
a planar (two-dimensional) system.

Notation: N is the set of natural numbers including 0; R
is the field of real numbers; Ry = {o € R: oo > 0}; 0 is
the zero of a vector space; I,, € R™*"™ is the identity ma-
trix; e; = (0, ...,0,1,0,...,0) T € R™ is the i-th element of
the Euclidean basis; W = 0 means positive definiteness
of a matrix W = WT € R™" and Apax(W) is a max-

imal eigenvalue of W; ||z|| = V2T Pz is the weighted

FEuclidean norm in R™ with P > 0 specified below in

each case when P is not arbitrary; [|Al| = sup, Hl‘fD:T‘H

for Ae R"*"; S ={z € R": ||z|| = 1}; K is the class of
strictly increasing positive definite continuous functions
R — Ry;y € Kisofthe class Koo if y(s) = +ocass —
+00; 0 : Ry xR +— Ry is of the class L if the function
s — o(s,7) is of the class K for any fixed 7 € Ry and
the function 7 — o(s, 7) is monotonically decreasing to
zero for any fixed s € Ry ; L (R, R"™) is the space of the
essentially bounded measurable functions ¢ : R — R”
and [qll Lo ((a,0),km) = €58SUD¢(q.p) lg(B)]]; £ is a space
uniformly bounded sequences; diag{a, ..., a,} € R™"*"
is a diagonal matrix.

2 Problem Statement

Let us consider a linear control system
&(t) = Az(t) + Bu(t), t>0, =z(0)==xz€R", (1)

where z(t) € R” is the system state, u(t) € R™ is the
control input, A€R"*", B€R"™*"™ are known matrices.

Definition 1 Let the system (1) with a feedback control
u(t) = u(x(t)), € C(R™\{0},R™) be globally uniformly
finite-time! (resp. nearly fized-time) stable. A family of

1A system @ = f(t,x),z(0) = 20 is globally uniformly

o Lyapunov stable if o € Koot ||z(t, z0)| < o(|jzol]),Vt >
0,Vzo € R™ and for any solution z(t,zo) of the system;

e finite-time stable if it is globally uniformly Lyapunov sta-
ble and there exists a locally bounded function 7" : R"™ —
R4 such that any trajectory of the system vanishes to zero

functions ap, : R™ — R™ parameterized by a scalar h >0
is said to be a consistent discretization of u if

e Consistency of Stability: the system (1) with
u(t):ﬂh(z(ti)), tE[ti,ti+1), tizih,iEN (2)
is globally uniformly finite-time (resp., nearly fized-

time) stable for any h > 0;
e Control Approximation:Vry >0,Vro >r,dw,. €K :

sup  ||an(z) — @(z)| < wr(h),
ri<|z||<rz

Vh>0. (3)

The first condition of Definition 1 asks the sampled-time
control system to preserve the stability property of the
original system for any fixed sampling period h > 0.
The second condition guarantees that the control @y, is,
indeed, an approximation of @, i.e., @y (z) — 4(x) ash —
0" uniformly on compacts from R™\{0}. The origin is
excluded since a finite-time stabilizing feedback is always
non-smooth or even discontinuous at zero.

The aim of the paper is to propose a possible method of
consistent discretization of finite/fixed-time controllers
for LTI systems and to design a consistent discretiza-
tion for one particular class of generalized homogeneous
controllers studied in [47], [48], [45], [58]. First, we de-
sign a universal discretization being a mixture of feed-
forward/feedback algorithms, which guarantees an ex-
act tracking of the states of the original continuous-time
closed-loop system at time instances t,;, k € N. Next,
we present the consistent (in the sense of the above def-
inition) discretization scheme and study its robustness
under the condition:

Assumption 1 The pair {A, B} is controllable, the ma-
trix A is nilpotent and m = 1.

Recall [58] that a linear system is generalized homoge-
neous of non-zero degree if and only if A is nilpotent.
Finally, we generalize both schemes to multi-input sys-
tems, which can be decomposed into a cascade of single-
input subsystems satisfying Assumption 1.

Assumption 2 Let us assume that

Ar o ... * * By 0 ... O 0
0 Ay ... * 0 By... O 0
A=| 222 ol B=| 2 A Y
0 0 ... A1 = 0 0 ...Bn1 O
0 0 ... 0 A, 0 0 ... 0 B,

where A; € R"*™ B, € R™ ny +ng + ... +n,py = n,
* is a (possibly) nonzero block. The pair { A;, B;} is con-
trollable and the matrices A; are nilpotent, 1 =1, ..., m.

in a finite time: || (¢, z0)||=0,Vt>T (z0), Vzo €R™;
e nearly fized-time stable if it is globally uniformly Lyapunov
stable and Vr >0,3T, > 0: ||z(t, zo)|| <7, Vt>T;, Vo €R™



If the pair { A, B} is controllable and rank(B) = m then
there exists a coordinate transformation [33] to a canon-
ical form similar to (4). Assumption 2 asks that {A, B}
is controllable, A is nilpotent, rank(B) = m and the sys-
tem admits a transformation to the block form (4).

3 Preliminaries: Homogeneous systems
3.1 Linear dilation and homogeneous norm

The so-called linear (geometric) dilation [45, Chapter 6]
in R™ is given by
d(s) = esGa — Z (SC;d)i’

=0

s € R, (5)

where Ggq € R™*™ is an anti-Hurwitz matrix? known
as the generator of linear dilation. The latter guarantees
that d satisfies the limit property, ||d(s)z|| — 0 as s —
—oo and ||d(s)z|| = 400 as s — 400, required for a
group d to be a dilation in R™ (see, e.g., [24]). The linear
dilation introduces an alternative norm topology in R™
by means the so-called canonical homogeneous norm.

Definition 2 [45] The function || - ||a : R™ — Ry given
by ||z]la = 0 for x = 0 and
|z|la=e€°", wheres, €R :||d(—s,)x| =1,

x#0 (6)

is called the canonical homogeneous norm in R™, where
d is a linear monotone dilation?.

Notice that ||z|] = 1 (resp. ||z|| < 1) is equivalent to
|zlla = 1 (resp. ||z|la < 1). For the uniform dilation
d(s) =e®I,,s € Rwehave ||| =] - |a-

Theorem 1 [/4] Ifd is a monotone dilation and ||z| =

VT Px with a symmetric matriz P € R™*" satisfying
PGq+GJP = 0,P = 0 then the canonical homogeneous
norm || - || is continuous on R™ and smooth on R™\{0}:

Olzlla _
ox

lzllaz"d (= Injz]la) Pd(=1n ||z]la)
zTdT(—In||z|la)PGad(— In ||z|q)z ’

Ve#£0; (7)

Moreover, o(||z||) < ||z]la < T(]|z]), Vz € R™, with

Ve oy _ RV P

o) = {7z eo={ln P
where o =0.5A\max (P1/2GdP*1/2+P*1/2G;—P1/2) >0
and B =0.5 i (PY2GaP~1/2+ P712G] PY/?) > 0.

Below the canonical homogeneous norm is utilized as a
Lyapunov function for analysis and control design.

2 A matrix Gq € R™™" is anti-Hurwitz if —Gq is Hurwitz.
3 A dilation in R™ is monotone if for any z € R™\{0} the
function s — ||d(s)z||, s € R is strictly increasing.

Remark 1 (On computation of || - ||a) Since the ca-
nonical homogeneous norm is defined implicitly, a com-
putational algorithm is required for its practical imple-
mentation. Issues of numerical estimation of || - ||la are
studied in [47], [48] based on a bisection method. In [45,
Chapter 9.2.4] a scheme for an approximation of || - ||a
by an explicit homogeneous function is presented.

3.2  Homogeneous continuous-time systems

Definition 3 [24] A vector field f : R™ — R™ (resp. a
function h : R™ — R) is said to be d-homogeneous of de-
gree pu € R if f(d(s)z) = e**d(s) f(z) (resp. h(d(s)z) =
e’ h(x)), for allz € R", s € R.

If f is d-homogeneous of degree p then solutions of =
f(z) are symmetric [24]: z(e7#5t, d(s)zo) =d(s)z(t, x0),
where x(t, z) denotes a solution with z(0) = z. For in-
stance [58], the linear vector field x — Az, A € R"*" is
d-homogeneous of the degree p # 0 < A is nilpotent
& AGa = (ul, + Ga)A.

The homogeneity degree specifies the convergence rate.

Theorem 2 [}/, [36] Let f : R™ — R" be d-
homogeneous of a degree i € R. If the system & = f(x)
is asymptotically stable then it is globally uniformly
finite-time (nearly fized-time) stable for n < 0 (u>0).

The homogeneous control systems are robust (ISS) with
respect to a rather large class of perturbations [19], [3].

3.3 Homogeneous stabilization of linear plant

The following theorem merges results of [47], [58], [39].

Theorem 3 Let a pair {A, B} be controllable. Then

1) any solution Yo € R™*" Gy € R™™ ™ of the linear
algebraic equation

AGy—GoA+BYy=A, GyB=0  (8)

18 such that the matriz Go — I,, is invertible, the ma-
tricr Ga = I, + uGqy is anti-Hurwitz for any p €
[—1,1/7], where n is a minimal natural number such
that rank[B, AB, ..., A""'B] = n, the matriz Ay =
A+ BYy(Go — I,)7! satisfies the identity
AoGa = (Ga + puly)Ag, GaB = B; (9)
2) the linear algebraic system
Ao X +XAJ+BY +Y T BT4+p(GaX+XG))=0, (10)
GaX+XGl -0, X=X"%>0

has a solution X € R**™ Y € R™*" for any p > 0;



3) the canonical homogeneous norm || - ||a induced by the

weighted Euclidean norm ||z|| = Va7 Pz with P =
Xt is a Lyapunov function of the system (1) with

u= Koz + ||lz| " Kd(—In ||z||4)z, (11)

Ko=Yy(Go—1,)""', K=YX' (12
where d is a dilation generated by Gq; moreover,

1
dllzlla = —pllallg™, = #0; (13)

4) the feedback law u given by (11) is continuously differ-
entiable on R™\{0}, u is continuous at zero if p > —1
and u is discontinuous at zero if p = —1;

5) the system (1), (11) is d-homogeneous of degree .

Obviously, due to (13) the closed-loop system (1),(11)
is uniformly finite-time stable if ¢ < 0 and it is nearly
fixed-time stable if ;1 > 0. For g = 0 the control (11)
becomes u = Koz + Kz. Such a control law (under some
variations and/or simplifications) has been presented in
the literature as a solution to a finite-time stabilization
problem for linear plants [28], [50], [47].

Remark 2 Under Assumption 1, the equation (8) has
a unique solution such that Yy = 0 (i.e., Ag = A) and
3J € RV ¢ J71GoJ = —diag{n — 1,...,1,0}. This
follows from the fact then the system (1), in this case, is
equivalent to a controlled integrator chain.

A topological equivalence of any stable d-homogeneous
system to a standard homogeneous one [44] allows an
explicit representation of solution for (1), (11) to be de-
rived.

Corollary 1 (Explicit representation of solutions)
Under conditions of Theorem 8 with p # 0, a solution of
the closed-loop system (1), (11) is unique and

w(t+7) = Qr([[x(t)]la)=(t), (14)

where 7,t > 0, Q-(0) = 0 and forr > 0 one has

_ eGdlnrQ(ln(l+:.j‘rr“))edelnr if #>*HPT»
QT(T)_{ 0 if Fr <—ppT, (15)

Q(g) :e—de§e(A-i—B(Ko—‘,—K)—‘,—de)§7 §>0. (16)
The proof of this corollary, as well as the proofs of
other main and auxiliary results, are given in the Ap-
pendix. The matrix-valued function @Q,x(-) can be eas-
ily computed, since elements of a matrix exponential
e*M can always be represented as polynomial func-
tions of s, efi, cos(w;s) and sin(w;s), where p; + iw;
are eigenvalues of the matrix M € R™*". Moreover, if
Ay = A+ BKy, B, K,Gq satisfy (10) then the matrix

X12(Ag + BK + pGq)X ~1/? is skew-symmetric and

o(Ao+BE+pGa)d

= X'2R(¢)X'/?, (17)

where R(¢) is a rotation matrix for any ¢ € R, i.e.,

Corollary 2 (On cascade homogeneous control)
Let Assumption 2 be fulfilled. Let Gq, € R™*™,
K; € RiXni P, € R™*" qgnd the control u;(x;) with
x; € R™ be defined by Theorem 3 for the pairs {A;, B;}
and some u; € [—1,1/n;], p; > 0, respectively. Then
the system (1) with the control u = (uq, ..., un,) is glob-
ally uniformly finite-time stable if p; < 0 (resp., nearly
fized-time stable if p;>0) for alli =1,2,....;m.

4 Discretization of Homogeneous Control
4.1 Single-input case

Let us represent the system (1) with the sampled-time
control u(t) = u(ty) for t € [tg,tr11) in the form:

Try1 = Apxy + Bru(ty), k€N, (18)
where zp =x(ty), ty =kh, A, =e" and By, :thESABdS.
The system (18) can be rewritten as follows:

Thtn = Bhu(tk+n—1)+-~-+AZ_1BhU(tk)+Azxk- (19)

The controllability of the pair {4, B} implies the con-
trollability of the pair {Ap, By} and the invertability of

Wy = [Bn, AnBy, ..., A} By (20)
(see the formulas (45), (44) and Lemma 5 in Appendix).

Let parameters of a stabilizing homogeneous controller
(11) be designed as in Theorem 3 for p1 # 0. By Corollary
1, to track a trajectory of the continuous-time closed-
loop system (1), (11), the sampled-time control just has
to fulfill the following identity

Qun(llzklla)zr =Bru(tirn—1)+..+A" " Bru(ty)+Aj .
Indeed, if a sampled-time control is implemented as

UW(tktn—1) - "
[ = Wit @anlanlla) = A e, (1)
then the discrete-time system (18), (21) tracks any tra-
jectory of the continuous-time system (1), (11) at ¢ =
tin, k € N. In particular, if u < 0 then for any xo € R™
there exists k* € N such that z; = 0,Vk > k*.

Theorem 4 The system (1) with the sampled-time con-
trol (21) is globally uniformly finite-time stable if u < 0
(nearly fized-time stable if u > 0).

Since u(tg+i—1) depends on zp = xz(tx) but not on
Z(tg4i—1), then the discretization (21) of the control
(11) could be useful, for example, if the control sam-
pling is n times faster than a measurement sampling. In
other cases, the control (21) is a mixture of feedforward
and feedback algorithms, where the state measurements
Z(tgsi—1) for i = 2,...,n — 1 are simply omitted during



the control implementation. This could badly impact
to a robustness and to a precision of the sampled-time
controller. To avoid this drawback, let us consider the
static feedback law

in (k) = Kn(l|lvklla)zr, (22)

Kn(lzklla) = en Wi (Qualllzalla) — AR),  (23)
which is obtained from (21) selecting only u(t).

Proposition 1 (Approximation property) Letu be
a homogeneous control (11) designed by Theorem 3 under
Assumption 1. Then iy (z) — u(x) as h — 0T uniformly
on compacts from R™\{0}.

This proposition, in particular, implies that for a suffi-
ciently small h > 0 the system (18), (22) behaves simi-
larly to the continuous-time system (1), (11) at least on
small intervals of time. Let us denote

Ly = Bre, Wit F,= Ay — LAY, k>0, (24)

My([lzlla)e = (Fn + LnQun(llzlla))z, = € R", (25)
and rewrite the discrete-time system (18), (22) as follows

Tp1 = 2n(xr) = Mp(||lzklla)z. (26)

Lemma 1 (Homogeneity of discretization) The
system (18), (22) is d-homogeneous as follows :

zp(d(s)x) = d(s)zensn(z), (27)

n(d(5)2) = €00 (2), (28)
for all s € R, for all h > 0 and for all x € R™

The dilation symmetry established by Lemma 1 guar-
antees that a global asymptotic stability of the discrete-
time system (18), (22) for some h = h > 0 is equivalent
to the global asymptotic stability of this system for any
h > 0. For simplicity, we select

h = (lplpn) . (29)

As shown below, the key feature of the proposed control
discretization is the nilpotence of the matrix Fj, i.e.,
F}» = 0. Together with properties of Q. (||zk|la)zk, this
allows the controller (22) to preserve stability properties
of the original system in its sampled-time counterpart.

Lemma 2 Letu be a homogeneous control (11) designed
by Theorem 3 under Assumption 1. Then the closed-loop
discrete-time system (18), (22) is

1) locally uniformly finite-time stable for <0 and
|zollq <~ (R/M)Y* = 2,=0, Vk>n,

where ||z||a is the canonical homogeneous norm in-

duced by the weighted Euclidean norm ||z|| = VT Px
with P = X~Y and r~ >0 is any number such that

max |[F 7 d(Inr )| <1;
ie{l,...,n}ll h (Inz)

2) globally practically* finite-time stable for u < 0 and
the set O~ = {:r ER™: |zlq < r(ﬁ/h)l/u} is in-
variant and finite-time stable for some T~ > 1~ ;

3) globally practically fized-time stable for p > 0:

|zklla < 7T (h/R)V*, Wk >n

n =+ n =l .
forallzy € R™, whereTt > |\£;r,~,l|?§1 HZi:l FH Ljv;

4) locally asymptotically stable for u > 0 and the set
QF = {J;ER" z|la Sfr(iz/h)l/“} is an invariant

attraction domain for some r™ € (0,7"].

;
d

The latter lemma proves that the discretization (22) of
the controller (11), indeed, preserves a stability property
of the original system at least locally (close to zero and
close to infinity). The discrete-time system with h =
h behaves similarly to the continuous-time system for
lzrlla < 7F and ||zg]la > 7F. Hence, if the set QF =
{z : r¥ < ||z|la < 7} does not contain an invariant
set of the discrete-time system then the discretization is
globally consistent. Lemma 2 does not provide explicit
estimates for 7~ and r*. So, a criterion of the global
consistency of the discretization (22) has be obtained in
a different manner.

Let us consider a family of mappings ©y, : (0, +00) xS —
R™*"™ defined recursively as follows: ©¢(d,v) =1, and

®k+1(5a 'U) :Méﬁ(”@k(da v)v||d)6k(6’ U)v keN, (30)

where § € R,v € S, the parameter h > 0 is defined by
(29) and S = {z € R™ : ||z|| = 1} is the unit sphere.

Lemma 3 Any solution of the discrete-time system
(18), (22) with h=h and o #0 admits the representation

zx = d(In[|lzolla)O% (Izollg,vo) vo, (31)

where vg = d(—1In ||zg||a)zo € S.

The following theorem presents a necessary and suffi-
cient condition of the consistency of the discretization
(22) for the controller (11).

Theorem 5 (Consistent discretization) Let u be a
homogeneous control (11) designed by Theorem 3 under
Assumption 1 for u # 0. Then @y given by (22) is a
consistent discretization of the control u if and only if
there exists k* > 1 such that

O+ (6, v)v[la <1,

Vo € (0,7*], Yvels, (32)

where r* = (r7)* if u < 0 and r* = (FH)* if p > 0.

4 Practical finite-time and fixed-time stability is introduced
using the same definitions by replacing a norm (distance to
0) with a distance to a set being a neighborhood of zero.



Fig. 1. The minimal eigenvalue of the matrix A(d) for
u=-1/2,p=2

Therefore, the discrete-time system (18), (22) is uni-
formly finite-time(or nearly fixed-time) stable if and only
if the canonical homogeneous norm || - ||q is a kind of a
homogeneous Lyapunov function. Indeed, (31) and (32)
simply means that ||z« [la <||zolla, Yo : ||zl € (0,7%).

Remark 3 (On feasibility of condition (32)) For
k* = 1 the condition (32) is equivalent to the nonlinearly
parameterized matriz inequality

Mg (1)" XMy (1) <X, Voe (0,77, (33)

which can be checked numerically on a sufficiently dense
grid in (0,7*] because of a continuous dependence of
My; (1) on the parameter 6. Denoting A(§) = X! —
M;a(l)X_lMéh(l)) we conclude that the condition (33)
is fulfilled if Amin(A(0)) > 0 for all § € (0,7*]. For ex-
ample, forn =2, p = —1,p =2A = [8(1)]73 = [(1)]
Theorem 3 gives Gq = diag{2,1}, K = Y X! with

_ v v o_ 1 —p(1—p)
Xo=aonXoon > 0% = [0 00 i)

Y = p?(2—p) (1 — p)ayy [ E=1Em 7@ ) | [n this case,
we have r* = 1 and Figure 1 depicts the evolution of
the function & — Amin(A(9)), which confirms that (33)
is fulfilled. For k* > 1 a similar (but a bit more compli-
cated) numerical procedure can be developed.

4.2  Robustness analysis

It is well known [19], [3] that homogeneous systems are
Input-to-State Stable (ISS) with respect to sufficiently
large class of perturbations. Recall [54] that a system

= f(t,x,q), t>to (34)

is practically ISS with respect to ¢ € L (R, R!) if there
exist, ¢ > 0, £ € KL and vy € K such that

le@)] < e+ &(llzoll, t —to) + (llallLo((to,0.1))- (35)

If ¢ = 0 then the system is ISS. Local ISS restricts ad-
ditionally the set of initial conditions ||z¢|| < 7, and/or
the maximal magnitude of the input ||g|| < rq.

Let us consider the system

#(t) = Ax(t) + Bu(t) + ¢(t), t>0,

36
t € [tr, thr1), (36)
where u(ty) is given by (21) and ¢ € L>®(R,R") is an
exogenous input.

Theorem 6 The system (36) is 1) locally ISS; 2) prac-
tically fixed-time stable if u > 0; 3) ISS if p > — 3, where
B > 0 is defined in Theorem 1.

The ISS can be established for consistent discretization
of homogeneous controller. Let us consider the system

i(t) = Ax(t) + Bu(t) + q,(t), t>0, 37
u(t) = n(z(te) + gm(te)), ¢ € [thythsn)
where 4, given by (22) is a discretization of a control
(11) designed by Theorem 3 under Assumption 1 and
the exogenous input ¢ = (q;,q;)T € L™(R,R?") is
such that {g.,(tx)} € ¢>°. Here ¢, models an external
perturbation and ¢,, is a measurement noise.

Theorem 7 The system (37) is 1) locally ISS; 2) prac-
tically fixed-time stable if u > 0; 8) practically ISS if
w > —0;4) 1SS if u > —f and the unperturbed system
(g=0) is globally asymptotically stable.

Notice that ¢ may contain an output of another system.
In this case, a stability analysis of a cascade system can
be based on ISS [54], [7]. We follow this idea for the design
of the consistent discretization in the multi-input case.

4.3  Multi-input case

Let the control u be designed using Corollary 2 under
Assumption 2. Since A; is nilpotent then, as before,
Ky = 0 in Theorem 3 and in Corollary 1. Let Qp,n(-)
be defined by the formula (15) for A;, B;, K;, Ga,, Pi, i,
i =1,...,m. Let us denote

Wh.i = [Bh,is AniBhi oy A Bhil, (38)
Api = ehAi By = foh e™idrB, and introduce the fol-
lowing discretization of the controllers w;:

[0 W (@) )~ AR ) (11)- (39)

wi(ty)
Corollary 3 Under Assumption 2, the system (18) with

the control (39) is globally uniformly finite-time stable if
wi < 0 (nearly fixed-time stable if p; > 0), Vi =1,...,m.

Similarly to the single input case, a consistent discretiza-
tion of the multi-input control system is designed as

wi(wr) = Ki(|oeilla,) o (40)

Ki(|lzn,q]

) = e Wit (Quni(||.]

di) _Az,i) .



Corollary 4 Let a control law u be designed by Corol-
lary 2 under Assumption 2. Then (40) is a consistent
discretization of u provided that conditions of Theorem
5 are fulfilled for p = p;, Vi=1,...,m and max p; <0 or
min p; >0.

5 Numerical Examples
5.1  Single-input system
Let n =3, A= [$%], u=-025 p =2 By Theo-

rem 3 we derive a finite-time homogeneous control (11)

with parameters Ko = 0, Gq = [185 125 ﬂ and X =

1.0000 —3.0000 6.4250
|: —3.0000 10.0750 —25. 1875} K = [—34.2751 —25.175 —7.5].
6.4250 —25.1875 75.2507

The numerical simulation has been done in MATLAB® .
Simulation results of the system (1) with the consistently
discretized control (2), (40) for xp = [1 ~1 0]T, h =0.1
are presented on Fig. 2 (right). The system states con-
verge to zero in a finite time in the sense that ||z| <e,
Vk > k* = 24, where ¢ = 1.11 - 10716 is the machine
zero. Since |lzg-—1] &~ 107° then ¢4~ = 2.4 is the set-
tling time estimate obtained by the numerical simula-
tion, which coincides with the theoretical settling time
T(z0) = [Jzollg"/(—pp) = 2.4526 up to an error of the
order h. This property is observed in all simulations,
for other initial conditions and other sampling periods,
confirming very high precision of the approximation of
the continuous time system by its sampled-time coun-
terpart. The results for the explicit discretization

u(t) = a(z(ty)), t € [tetrors) (41)

of the control (11) are depicted on Fig. 2 (left) for
comparison reasons. The system (1) with the explicitly
discretized homogeneous controller is not asymptoti-
cally stable and suffers of a chattering. For y = 0.25,
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Fig. 2. The simulation results for the system (1) with ex-
plicitly (left) and consistently (right) discretized finite-time
control (11) forn =3,m=1,u=—0.25,p =2,h = 0.1.

® https://gitlab.inria.fr /polyakov/hcs-toolbox-for-matlab

p = 2 we similarly derive a nearly fixed-time ho-
mogeneous control (11) with parameters Ky = 0,
0.5 0 1.0000 —1.0000 0.4583
Gaqa = [0 0.75 1} and X = {—1.0000 2.0417 —3.0625 |,
0 0 1 0.4583 —3.0625 7.9863
K = [-32569 -7.0069 —4.5000]. The simulation re-

sults for the explicitly discretized controller with
ro = 4.96873515-[1 —1 0]" are depicted in Fig. 3
(left). With the explicit discretization, the system sim-
ply blows up for larger initial conditions. Simulations of
the consistently discretized control were made for initial
conditions with various magnitudes up to ||xo|| &~ 101°.
They show the nearly fixed-time stability of the closed-
loop system as in Fig. 3 (right). ISS of both controllers
(for p = —0.25 and g = 0.25) with respect to addi-
tive perturbations and measurement noises was also
confirmed by simulations.

50 6

o 1 2 3 4 5 o 1 2 3 4 5
¢ t

Fig. 3. The simulation results for the system (1) with ex-
plicitly (left) and consistently (right) discretized fixed-time
control (11) forn=3,m=1,u=0.25,p =2,h = 0.2.

5.2 Multi-input system

For the multi-input case we consider the above single-

input system (n; = 3) with the finite-time control
(p11 = —0.25, py = 1) in the cascade with the sec-
ond order system (ny = 2) with the finite-time con-

trol (ue = —1, po 1) considered in Remark 3, i.e.,

A=[7g “X;] = [

i 5] ]
Ay =[98 = {%} . The simulation re-

sults for the cascade system are shown on Fig. 4 for
r1(0) = [1 —1 0]7,29(0) = [1 0]". They confirm
finite-time stability of the closed-loop system with the
consistently discretized control.

6 Conclusions

In the paper, two types of discretization (sampled-time
implementation) schemes for a homogeneous control law
are developed. Both preserves the finite/fixed-time sta-
bility properties of the original continuous-time closed-
loop system. The first scheme gives a mixture of feed-



s PRV -

Fig. 4. The simulation results for the cascade system (1)
with consistently discretized finite-time controllers with
ni :3, n2 :2, M1 :—0.257 pP1= 1, M2 = —1, p2= —1, h=0.05.

forward and feedback algorithms. It can be utilized if
the control sampling is much faster than the sampling
of measurements, or in the model-predictive framework.
The second scheme (called consistent) provides a static
feedback law, which always preserves the stability prop-
erties, at least, locally (close to zero and close to infin-
ity). A necessary and sufficient condition of global con-
sistency is presented. A particular sufficient condition
is formalized in terms of a parametric LMI, which, by
numerical simulations, is shown to be feasible in some
cases. A development of numerical algorithms for control
parameters tuning based on the obtained conditions of
the consistency is an interesting problem for the future
research.

7 Appendix
7.1  Auziliary results

Lemma 4 [14, page 136] If Z1Zs — Z2Z1 = qZ> with
q € R and Zy, Z> € R™*™ then eZ1eZ2 — 6Z1+1767QZ2.

Lemma 5 If Assumption 1 is fulfilled and d is a linear
dilation defined in Theorem 3 then

1) for all s € R the following identities hold:

Ad(s)=e"*d(s)A, d(s)B=e*B, d(s)e™d=c " m4d(s), (42)

d(s) foh e™Adr = et f:_w" e™4drd(s); (43)
2) the matriz Wy, given by (20) satisfies
Wi=d (1nh)f eAdr[B ¢AB .. " "V4B], (44)
_ - e
Wy tdo(nh) ["eTdrB = [1} , (45)
where d, corresponds to d with y = —1;

o the parameter B defined in Theorem 1 satisfies § =1
for any p < 0.

Proof. 1) Under Assumption 1 of Theorem 3 the dila-
tion d(s) = e*“4 is uniquely defined such that Ggq satis-
fies (9) with Ag = A. We derive Ad(s)= AZ+°° & Gd =

S M—e’“d( A, d(s)B =32 iC!?dB —
S5 =B, Vs € R. Hence, for all s € R we have

d(s)eTA o d( )Zn 1hl;.41 - Zn 16_“”h7A ‘d(s)

e¢ ""74d(s) and d(s f erddr = foh ec " TAd(S)dT.
and changing of the integration variable we derive (43).

2) On the one hand, since e*4 and foh e™Adr commute for
any s € R then taking into account AZ = "4 we derive
Wy = [By AyB AZB, .. AV'B] = ( IS esAds)-
[B; e"B AR ... em~DRAB] On the other hand,
the homogeneity identities (42) imply hB = d.(Inh)B
and e”4d, (Inh) = d,(Inh)e', Vi € N,Vh > 0. Hence,
we have
W, = (% foheSAds)d*(ln h)[B,e B, e* B, ..,
Using the identity (43) we derive

d,(—Inh) (% foheSAds) — [lesAds d.(~Inh),
so the formula (44) holds. Finally, since [je™"4dr =
S fiTerAdr = [lemAdr Y r e then W, 'du(Inh)-
e AdrB=[Be”B ...e("~14p] Iy leiAB=3""e¢;.
3) For m = 1, under conditions of Theorem 3, we have
Ga = U ldiag{l — p(n — 1),...,1}U for some non-
singular matrix U € R®*™. The latter means that § =1

e(n=DARB].

Lemma 6 The function V : R™ — R, defined as
V(z) = 7 Y(||z|la),z € R™ is positive definite radially
unbounded and globally Lipschitz continuous with the
Lipschitz constant 1, where @ € Ko is as in Theorem 1.

Proof. The Lipschitz continuity for |z|| > 1 follows
from [44, Proposition 1]. For ||z|| < 1 this fact can be
proven similarly (just replacing S with «). All other
properties of V' are obvious.

Lemma 7 For any C,. >0 and any € € (0,1) there exist
C >0 and r>0 such that

[u(2) = u; (#)] < Cminlz] g™, 2]}, (46)

for all z, % satisfying (1 — €)||Z||a < ||z]|a <
lells <, lld(=Inlz]la)(z — &) <C.]

(L +e)lllla,

Proof. Using approximation of ; (see, the proof of
Proposition 1) we conclude 3hg € (0,1),3Cy > 0 such
that sup,cg|u(y) — 47 (y)| < Coh, Yh < hg. Since u
is locally Lipschitz continuous on R™\{0} then for any
0 € (0,1) there exists C such that |u(y)—u(z)| < Cy|ly—
z||, Vy € S and Vz : ||y — z|| < §. Using the Lipschitz
condition and the dilation symmetry of u and ay (see
(28)) we derive



)~y ()| < (@) —u(@) |+ u (@)~ (2)| =
25 [u(d(— In [l2]la)2)—u(d(~ In [l2]la)2)| +
115 (= Tn [7]10)) =)y (A~ In 13]la)2)]|<

Cillll g lld(-1n ||z]la)e—d(- 1nHrl\d)fﬂ\l-i-l\w\ldﬂcolel“h—
Cillzl g ld(-In [z a)e—d(- In [l]la)#]+C2 | #] "
provided that ||d( In||z|la)z — d(flonHd) I <9
and ||z]| < ho/h, where Cy = Coh. Taking r <
e\ s 14e) TH2IH

(452) "min{ &t} and C=(C1C. + ) ()

we complete the proof.

7.2 The proof of Corollary 1

Denoting y = |z||d(—||z||a)z, we derive |y| =
|z|lalld(—In ||z|la)z]] = ||z|la and conclude that the
closed-loop system (1), (11) is topologically equivalent
(homeomorphic on R™ and diffeomorphic on R™\{0},
see [44]) to the standard homogeneous system:

v = |ly||" (Ao + BK + p(Ga — I,))y,

where the identities d(s)Ag = e "% Apd(s) and d(s)B =
e’B, Vs € R are utilized on the last step. In this case,
using (10) we conclude

Ly)l= —plly@)|**

and [[y(t+7) =+ = lly(®)| =+ ppr, for [[y(t) |+ +ppr >
0. Obviously, ||y(t+7)|| = 0if ||y(¢)]|~* + per < 0. The
latter corresponds to the negative homogeneity degree
p < 0 and the finite-time stability of the closed-loop
system. Hence, denoting A = Ayg+ BK + pGq we obtain

y(t + 1) = AP [ vt o 4
— o(A=pl) s In(LupTllyI*) (1)

Since ||y(t)|| = ||z(t)||la then returning to the original
coordinates we derive

a(t+7)=d(n|ly(t + || H%mn =

Qr([l(t)lla)x(t)

forallt > 0 and all 7 > 0.
7.8 The proof of Corollary 2

Under Assumption 2, the model (1) is a system of inter-
connected subsystems with state vectors x; € R™ and
control inputs u; € R. By the formula (7), we derive

1 iy
PZHmz” —HL

zld] (= In||lzilla;) Pidi(—In ||z la,) E;n:l“ Ajjz;

#llzilla, =

where A;; are over diagonal blocks of the matrix A. By

Theorem 3 the norm in R™ is defined as ||z|| = /2T P;z,
z € R™ and ||d;(—||z:|la,)z:]| = 1. Taking into account
P,Ggq, + Gd P; = 0 we derive

z; d (—In|lzi]la,)P,Ga,di(—In ||z;]|la,)z: > Bi >0,

where ; = 0.5 Amin(P, 1/2G P72 4 pT 1/2GT P1/2)
Applying the Cauchy- Schwartz mequahty we obtaln

e d] (= Inlzilla,)Pidi(—In ||z ]q, )EJ i4q Aigi <
szT(—ln\|z7¢Hd YPiGa,di(—In||z;|la;)z: —

[
a,) 2% z+1Ame||<%’

7 lldi(=

where 0; = @ ! and 7 is given in Theorem 1 with a =
@i = 0.5\ max (PG, P72+ P 2GL PY/2) and § =
B;. The estimate obtained for 4 ||z;||a,, the stability of
the m-subsystem and the cascade structure imply the
forward completeness of the whole system.

If V(xl) = 0;(||;|la;) then for lzilla, > 1 we have
— B ‘Z"H;”d < —BipiV; A + HZJ i1 AzﬂJH
For 0 < ||zi]la < 1 we derive
avi _ . Vigrllwill
= o= < —aiplV jit1 AZJ%H
Since V; locally Lipschitz contmuous on R™\{0} then
using the Clarke’s gradient for ||z;||a, = 1 we have

i

Ki Hi

: 1442 i
G <= Niw)aipV; " = (1 -

)\i(ib”i))ﬁiiniH g
+ (Al(xl)% +1- )\l(xi)) ||E;‘n:z'+1Aijij

with some A(z;) € [0,1]. The latter means that z; —
Vi(z;) is an ISS Lyapunov function [56] of the i-th sub-
system with respect to the input 37" ;| Aj;z; provided
that p; > —pf;. Since the m-th subsystem is globally
uniformly asymptotically stable then using the cascade
structure and the ISS property of each sysbsystem we
conclude that the whole system is globally uniformly
asymptotically stable as well. Moreover, the obtained
estimate of Z-||x;|lq, implies that the finite-time, ex-
ponential and nearly fixed-time convergence rates are
preserved as well dependently of the sign of u; for all
i=1,...m. If u; < —p;, then the each subsystem with
the zero input is finite-time stable. Taking into account
forward completeness and the cascade structure we con-
clude that the whole system is finite-time stable too.

7.4 The proof of Theorem /

On the one hand, since gy, = Qnr(||zk|la)zr then,
in the view of Corollary 1, the states of the discrete-
time system (18) with the control (21) coincides with the
states of the original continuous-time system (1), (11)
at time instances tx,,k = 0,1, ..... In this case, if the
discrete-time system is globally Lyapunov stable then
the finite-time or nearly fixed-time stability property of
the original continuous-time system is preserved.

On the one hand, in the view of Theorem 3 and Corollary
1, we have Q. (Jlella)elz" = 2]l 3" + por for all z €

"zl g" + ppr > 0 and V7 > 0, and Q- (||z]|a)z = 0
otherwise. Hence, we conclude



1Q-(lella)zlla = (lzllq" + por)~/* < lzlla < 7(||])),

where & € K is defined in Theorem 1. In this case,
there exists { € Ko such that |u(tes;)| < E(|lxr+41)),
j = 0,1,....,n — 1 and there exists 01 € K such
that [[zx4j+1lla < o1(lzrsjlla), J = 0,1,..,n — 1.
Consequently, there exists o, € Ky such that
lzktnlla < on(l|zklla), VE € N. On the other hand,
by construction, we have i, Qnn(|lzklla)zk,
so, taking into account ||Qnn(||zklla)zklla < ||zk|la,
we derive [zginlla < min{|zya, on(llzxla)} and
lzklla < min{||zolla, on(llzolla},VE > 0. Using Theo-
rem 1 we substantiated the global Lyapunov stability
of the system (18) (as well as the system (1)) with the
sampled-time control (21).

7.5 The proof of Proposition 1

First of all, notice that under Assumption 1 we have
Ky = 0 and Ay = A (see Theorem 3). Let us denote

= In(1 + ppnhrt)V/ (1) with r = ||z||q and show
Kp(r) = r'*#Kd(—Inr) as h — 0.

On the one hand, if d.(s) is defined by Lemma 5 then

d.(~ Inh)e(A+BE+rGa)sn —

Z

i=0
R (Inh) + YT S AITIBK 4 O(h).
Indeed, for i 2 we have (A + BKd.(Inh) +
phGq)?d.(—Inh) = (A + phGq)?*d.(—Inh) + ABK +
O(h), and, by induction, we conclude (A+BKd.(Inh)+
phGq)id(—Inh) = (A+phGq)id.(—Inh)+ A" BK +
O(h). Since A is nilpotent then for ¢ > n + 1 we have

i pd(-Inh) (A+BK+pGa)' _
]
i=0 “
st (A+BKd,(Inh)+phGa)'d.(— lnh)
hid!

A1 = 0 and (A + BKd.(Inh) + phGq)'d(—Inh) =
(A+ phGqa)'ds(—1Inh) + O(h).

On the other hand, since d(—s)Ad(s) = e 4
then d(—s)e™d(s) = e ™ for all 5,7 € R and
Qun(r) — A7 = d(Inr)Q(sp)d(—Inr) — et =
d(Inr)(Q(sp) — e A)d(—Inr) where Q(sy) is given
by (16). Since d*(s) commutes with d(7), Vs,7 € R

then using the identities (42) and the estimate of
di(-In h)e(A+BK+de)sh we derive
d.(—Inh) (eATBE+Ga)sh _ epsnGagnhrA) —

d. (—ln h)eA+BEFpGa)si _ gpsnGaenrAq, (—Inh) =

sEAT IBK
Z e

( sp(A+phGq)
e T

If 2y = pspGa, Z2 = nr*A, ¢ = —pupsy then the
condition Z1Zy — ZoZ4 qu of Lemma 4 is ful-

Gt 7
filled, so eZ1e?2 i 2
6psth em"“A

= or, equivalently,
= e”ShGd+ A Therefore, since sy,

2
e p2hrt)? | o3
ppnhr p; HOMT) _ okt + O(h?)

In(1+ppnhr?)
ol

—epsiGa e’”’MA> d(-Inh)+O(h).
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then d.(—Inh) ( (A+BK+pGa)sn _ ePSthe"hT“A)
Sy W + O(h) = TiZ P 1 0(n)
Jo" e"4drBK + O(h). Since d(s) = eSGd then
Ay (— I h)(Qun(r) — A7) =
d(Inr)ersnCa fomq“ e™drBKd(—Inr)+ O(h) =
JI d(Inr — psy)emAdrBKd(—Inr) + O(h) =
fonr“eeﬂt(ln "W TAGrd(Iny — psp)BKA(—Inr) + O(h) =
S e T A Gyt B (— In) + O(h) =
[ emTAdr BrKd(~Inr) + O(h) =
fy e tdrBritrKd(—Inr) + O(h).
Therefore, using Lemma 5 and Remark 2 we conclude
Kn(r) = ey W (Qun(sn) — A7)
en Wild.(Inh) (fye™drBrit*Kd(—Inr) + O(h)) =
rITrKd(—Inr) + O(h?),

and Kj(r) — r'*#Kd(—In7) as h — 0 uniformly on r
from compacts belonging to (0, +00).

7.6  The proof of Lemma 1

Let us show that (27) holds. Indeed, on the one hand,
since ||d(s)z||a = €®||z||a then

A (In(14+ppnhe **||d(s)z||Y A (In(14+ppnhlz|h
§ ((nttehone L) _ o (Itrtepmiiel)

and Vs € R,Vx € R™ we have

Qnhe-rs([[d(s)z]la) = d(s)Qnn([lx]la)d(=s).

On the other hand, using Lemma 5 we derive

Wo—rsp, = du(—pus)Whp,  Be-usp, = ¢ *7°d(s) By,

Le-uspd(s) =d(s) Ly, d(s)Fp=F,—uspd(s),
for all s € R and for all A > 0, where the identi-
ties d. (1) = e™"t7% and d(s) = esfn~1C0 are uti-
lized for the analysis L in order to conclude that
e *#5d, (us)d(s) = I, where Gy is defined in Theo-
rem 3. Hence, we derive (27). The identity (28) can be
obtained in the same way.

7.7 The proof of Lemma 2

1) Local Finite-Time Stability for x4 < 0. Let us
show that the matrix F}, is nilpotent. Notice that Fj, can
be rewritten as follows

Fp=(1,—[0 0 .. 0 B,JW, "A}"") 4), =
(AW, W, AP — [0 0 .. 0 By|W, TAYTY) Ay =
AWy —[0 0 ... 0 AVIB, )W, tAY
A7 By ApBy ... AYT2Bg, OJW, AR



Since W,:I[AhBh Azleh 0] =[ez ... e, O] then

FEZA};n[Bh ApBy, ... Azith 0} [62 €3 ... en O]ngAZ:
A}lfn[AhBh AZ_QB}L 0 O]W};lAZ

Continuing the same considerations we derive F}' =
0. On the one hand, since for 4 < 0 we have
Qllzlla) = 0 if |lzla < (—ppnh)='/* then the
closed-loop system becomes linear xyx41 = Fpap for

R 1/p
lzella < (—ppnh)=/r = (h/h) . On the other
. : ; s o \VE :

hand, the inequality ||F}zolla < (h/h) is equiva-
lent to Hd (iln%) F,ion = HF}ZLd (iln %) J:OH <1,

R 1/
and the inequality ||zolla < r~ (h/h) 8
lent to Hd(—lnz)d (%ln %) :roH < 1. Therefore, the
inequality | Fid(Inr )| <1 yields HFijd (ﬁln %)mOH <

Hd(—lng_)d (iln %)moH Hence, we derive ||z;|la =

is equiva-

) N 1/
|1 Ffzolla < (h/h) “fori = 1,...,n — 1 provided that

R 1/p
lzolla < r~ (h/h) . Taking into account the nilpo-

tence of F},, the latter implies local Lyapunov stability of
the closed-loop system and the finite-time convergence
of solutions to zero.

2) Practical Finite-time Stability for u < 0. The
proof repeats the proof of Theorem 7, the case 1) for ¢ =

o dlz R
0 and gives % < —05p||z|| ;T for all -« ||z)| " > 7.

Using Lemma 1 we derive Q~ for h # hwith 7~ =7—1/n,
where 7 is defined in the proof of Theorem 7.

3) Practical Fixed-time Stability for ;1 > 0 Let us
prove, now, the practical fixed-time stability. On the one
hand, since, by Theorem 3 the canonical homogeneous
norm is a Lyapunov function of the system satisfying

d 1
le®la=—pllz®la™,

then ||z(t + nh)| 3" = |lz(t)||4" + ppnh, and for p > 0

N1
we have ||z(t+nh)||la < (upnh)_l/“ = (%) g
dently of z(¢). On the other hand, by Corollary 1, we have
z(t + nh) = Quu(lz(t)]la)z(t), so [Qna([Z]la)Zlla <

o\ L/
(%) ,Vz € R™. Since the right-hand side of the sys-

tem can be represented as follows

indepen-

zn(x) = Fpx + LpQnn(|[zlla)z, Ln := Bue, Wy,

then, for any g € R™ the solution zy,k = 0,1,2, ... of
the discrete-time system (18), (22) satisfies

11

21 = Fpxo + Lpyr,
Ty = Ffag + FrLpyr + Lyye,

Ty = Fl'ag + FP " Lyyy + P 2Lyya + oo + Ly,

where y; = Qun(||lzi—1lla)xi-1, ¢ = 1,2,.... Since the
matrix Fj, is nilpotent then F}' = 0 and

2, =F Ly ni1 +F 2 LnYk—nt2+ -+ Layi, Ve >n.

<1 i)l

n 1, h\pi-1 1, h\
’21:1(1(;/, In iL)Fh Lh,d(*'uln h)ﬂz

h
h

d(%ln%)th (—%ln%), L,»l:d(iln%)Lhd (—5111%)
and ||v;]| <1 we derive Hd (i In %)kad< T, Vk>n.

Since uila< (§)" = [la (2m )
1 then

1. h
e

wherev; = d (% In

d d

) Yk+n—i- Taking into account F; =

4) Local Asymptotic Stability for p > 0. Since
% < —0.5p||z]|57* for all z : |jz||% < 7' then for
1 > 0 the closed-loop system is locally asymptotically
stable. Using Lemma 1 we derive QF with r+ = #=1/4,

7.8 The proof of Lemma 3

The symmetry proven by Lemma 1 yields My, (||z]la)z =
d(s)Mensp(][d(—s)z|la)d(—s)z for all z € R™, for all
s € R and Vh > 0. Hence, for any zo € R™\{0} we
have 1 = Mp(|[zo|la)zo =d(In[lzo|la)©O1([zol[gh, vo)vo-
Since [lz1lla = [lzolla [©1(llzollg, vo)volly then o =

My (||lz1]la)xs = Mp([|lz1]la)d(In [|zo|la)O1(||l21 ||gﬁ» vo)vo
= d(ln[|zolla) M), ks, (21 lla/l[zolla) ©1 ([zollas vo) vo

= d(In||zo]la)O2 (||zo|4, vo) vo. Repeating the above
considerations we derive (31).

7.9 The proof of Theorem 5

The approximation property is proven by Proposition
1. Let us prove the consistency of stability properties.
If the discrete-time system (26) is globally uniformly
finite-time stable for some h > 0 then due to dilation
symmetry (see Lemma 1) it is globally uniformly finite-

time stable for any h > 0, in particular, for h = h.

Necessity. Let us consider the case p < 0. The uni-
formity of the finite-time stability and Lemma 2 guar-
antee that there exists £* > 1 such that for any x¢ :
lzolla > r~ we have ||zg=|la < ||o|la- The latter means
that [|zollal©k~ (lzol[*; vo) volla < l|zolla and

1©k+ (r*,v0) volla < 1,Vr > 17,V € S.

Denoting 6 = r# for p < 0 we derive the inequality (32).
The case i > 0 can be treated similarly.



Sufficiency. Let us denote r, = (F~)* for 4 < 0 and
re = (r*)* for u > 0. Let us consider the candidate
Lyapunov function V : R™ — R defined as follows

Vi) ld(=p~ Inr)zllg if fzllg <,
€Tr) =
ld(=p= )z if [l =

where p= S if u < 0 and p = a if u > 0, where «, 8 are
given by Theorem 1. By construction, V' is positive def-
inite, radially unbounded and globally Lipschitz contin-
uous with the Lipschtiz constant L = ||d(—p ! Inr*)||
due to Lemma 6.

a) Let us show that V is a Lyapunov function for
lzoll§ € [rs,7*]. Since (§,v) — ||Ok=(d,v)v||a is a con-
tinuous function on the compact [r,,7*] x S then using
(32) we derive v = maxseyy, 7+ [|O=(d,v)v]la < 1 and
for ||zo||* € [r«,7*] we have ||zx-|la < v||zolla. Since
k- la < Alzolla < ld()z-la < Ylld(s)zo]la; Vs € R
then V(xy+) < APV (o) for [Jaolly € [re, 7*].

b) Let us show that V is a Lyapunov function for
llzolly < 7« Since d”;cit”d < —0.5p||z|| " for all
z : ||z]|f < 7. (see the proof of Lemma 2, case 2), then
lz1lla < villlzollg)l|lzolla, Voo : [lwolly < 7, or equiv-

alently, V(z1) < A2(|lzol|5)V (z0), Vo : ||zolly < rs,
where 7. (s) = (1 + 0.5pus)~'/* with s > 0.

¢) Let us show that V is a Lyapunov function for ||z >
r*. If ||zo||y > r* then for all k > n we have ||zg|| = 0 if
p<0and ||[d(—p~Inr*)zg|| < 1if u > 0 (see the proof
of Lemma 2). This means that there exist v* € (0,1)
such that V(zg) < ~4*V(xo), |zol* > r*. Without loss
of generality we may assume that &* > n (otherwise we
just take nk* instead of k* in all above considerations).

d) Therefore, for any 7, € (0,r,) and for any finite 7 >
T, there exists 4 € (0,1) such that

V(.’Ek*) < ’7V(CI’J0), Vg : Ty < ||l‘0||“ < 7.

Taking into account local finite-time (resp., asymptotic)
stability and practical finite-time (resp., fixed-time) sta-
bility proven by Lemma 2 for u < 0 (resp., u > 0) we
complete the proof.

7.10 The proof of Theorem 6

In a discrete time, the system (36) can be rewritten as

n—1

v = Quallefla)al + D AR o
i=0

where ¢, = foh eA(h’T)qp(tk + 7)d7 is the sampled-time
realization of the external perturbation, so {G;} € £
for any h > 0. Let V be defined as in Lemma 6. Since
1Qun(lella)zlg* = llellg" + ppnh for all & € R ;

2l +uonh > 0 then (|2, —qi[| ;" = llllq" + uonh,

where @ = Z?;ol Ag—iqm. Moreover, since gy is uni-
formly bounded, then for p > 0 it guarantees a practical
fixed-time stability. In this case, we derive

V(@i )=V @)=V (], )-V (]~ +V (el ,—a)-V(z])
<l @ll+V (=}, —an) =V (@D =larll+7 (=] —axlla) -V (z])
=gk ll+W(V (z})),

where W (V) ="4(G(V) " *+upnh)~/*—V. For u>—f
we have W € Ko and V' is an ISS Lyapunov function [22].

7.11  The proof of Theorem 7
In a discrete time, the system (37) can be rewritten as
af oy = Apaf + BuBn(l|2f + qul) (2§ + @) + dr, (48)

where {dx}, {Gr} € €*° for any h > 0, G = gm (tx) is the
sampled-time realization of the measurement noise and
qr = foh eAh=") g, (tx +7)dr is the sampled-time realiza-
tion of the external perturbation. Denote g = (G} , 4} ).
Due to the dilation symmetry proven by Lemma 1 it is
sufficient to analyze ISS of (48) for h = h.

1) Let us prove local ISS and practical ISS of (37). If
T = eAhtxZ + Bhtﬂﬁ(‘fz + qu) =+ (jhm hy =t — t; and
Gn, = foh‘ eAhi=")g (tx + 7)dT then x corresponds to a

solution of the system (37) for t € [t,t, + h). Let us
denote g, = d(—1In ||z [la)qx, ai =d(—In [l ]la)dn,

a) Let us show that ||z}||q is close to |z|lq for a suffi-
ciently large ||z}||;" and sufficiently small ¢}, i = 1,2.
Using dilation symmetry (see (28)) we derive

= d(nfz o) (A S ot By g g Cn gD +a3),
with vy = d(—In ||z} |a)z} € S, Since eA*s — I, as
s — 0 and Bj,s — 0 as s — 0 then for any ¢ € (0,1)
there exist r. > 0 and d. > 0 such that

Ahy |l || ~ 1 2
‘He t”wk”dvk+Bht|\w2|\g%(vk + i) + QkHd_1’ <e

for ||z¥||3" > ro and ||¢i|| < d.,i = 1,2. Hence, we
have (1 —¢)||zf|la <||z|la < (1 + ¢)||z}|la and 3Co, Cy >
0+ fld(-1n llofa)ix] = d (-1n {2) g} | < Collgt]) ana

[EH

ld(=mn|z]la)zfll < C1 for [laf]lg" >re and |l ]| < 6.

b) Let us show that us(z{ + dx) is close to u(z) for

—u

a sufficiently large |z}||;" and sufficiently small ||g}|.

Using Lemma 5 and the identity z{ =

e*Athhtﬂﬁ(zZ + Gr) — e~ Gy, we derive

e Ahey —



d(—1In|lzlla)z—d(= In|lz]la)(z;+dr)=
d(—In|zlla)(ITn—e”")z+d(~ In|[zlla)e”*"* By, @ (¢} +dx)
+d(—1In|lzfla)e” " Gn, +d(— In||z|la)dx=
h —Ahy|lz||® . .
—d(=Inlzlla) [ AerT drare” M ad(— n alla) Ba, @y (2] +3")
—Ah | - N
+e” Il (— n |2l a)gn, +d(— In ella)de=

— [ 18 AeA™ drd(=In ]la)z
—Ah [
tlela By Ik Uy H#h(d(flIl(HIHd/HIkHd))(vk+q}c))

—Ah N
H=laa (= m(llella/llzd la))aZ+d(— In [z ]a)dx-

+e

+

Since 3Cy > 0 : ‘fohf“x”ﬁAeATdrH < Collz)l4 and

3G > 0 - HB~ el eATdTBH < Gyl
then for any C, > 0 there exist C3 > 0 such
that [d(=In[zlla)z — d(-Infzfa)(={ + @)l <

Csllally for Jlzllg" > 7o = (FE)¥re, llgill < 6.
and [|d(—In|z|a)de] < Cullz||4. In this case, by
Lemma 7 there exists C' > 0 and r > 0 such that
a5, (2 + ax) — u(@)l| < Cllaf|' 2. for |lz]" >
max{7.,r '}, all t € [t;,t;41) and |lgi]] < . and
[d(=In[lzfla)dell < Cullz]g-

¢) Adding and subtracting u(x) we derive

llz|laz"d" (= In||z|la) Pd(~1n | lzlla)(Az+ B (zx+4r)+4p) _
zTd" (—Inlz]la) PGad(—In [lz[la)z
TdT( In|lz|la) P(B(d(2k+qk) —u(@)+llzllad = Inllzlla)gp)
z7dT (—In||z]la)PGad(— In||z|a)z
<BIIB (i, (wx+dn) —w(@) | +B]|zllalld(— In |z]a)gp | —pll=l 3
<llzl S BIBICz5—p)+Blzllalld(— In |]la)gpll

that for [|z|3" > v = max{re,r™'}, t € [t;,tiy1),
lgill < 0c and [[d(=1In [|z]|la)gr]| < Callz(lg-

d\lﬂﬂl\df

1
pllzll 5™

d) Let us show that || - [la is an ISS Lyapunov function
(close to zero for p > 0 and close to infinity for —3 <
pu < 0). Let o(s) = s#a 1(s), where & € K is given
in Theorem 1 and s > 0. For ||g,|| < 0.2587po(||z|a)
we derive fB|z]|a)ld(—In|z]la)g|| < 0.25p|z||57". No-
tice that gl < 8.5 (|alla) implies g} < o,

[l .
Cyt (1 - ) implies

Colat]l < (HE) el and (= n o la)ax] < ll2l4
for ||z||~* > »'. For a sufficiently small §' > 0 the in-
equalities ||z{||4" > 7. (or, equivalently, ||z| ;" > 7.)
and [|g, || < 0’0 ([|z[|a) imply [lgg]| < de.

llgmll < 5oU(||x||d) with dp =

max{r’,0.5p(8||B||C)~t} we derive
< —0.25p|z||g™ for [|z]|g" > 7, |lgp|| < do([l]la),
lamll < doo(l[z]la) and [lgml < d:5(||lz[la), where
§ = min{0.25871p,8'}. The function o belongs to the
class Koo if p > —f. Therefore, the system (37) is prac-
tically ISS if —8 < p < 0 and locally ISS if p > 0 even
when the conditions of Theorem 5 do not hold.

Selecting 7 =
dlzla

e) Let us show that the system (37) is practically fixed-
time stable and practically ISS for u > 0. Since F;Z =0
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(see the proof of Lemma 2) then

Fial + Lyyi + @,

zi= q1 = qo
x5 = FQJ*’O"'

— L; Ao,

Liyyi+Lyy2+q1, @=Fq +qi— Ly A7 G,

mn—Fn 1Lhy1+ +Lhyn+Qn, (jn:F;LfYn—l“‘qn—l L; A ‘In 1,
where yi1 = Qi (l|lzf +dilla)(zf +d:), i =0,...,n — 1.
Since for p > 0 we have ||yr+i]| < 1 (see the proof of
Lemma 2, case 3) and ||@;]| < C j_nax | llg;]| for some

C > 0, then the system (37) w1th ,u> 0 is practically
fixed-time stable and practically ISS.

f) Let us show that the system (37) is locally ISS for
p > —1. For || 4 grlla < r~ we have 2}, = Fyx] +
Gr—L;, quk, where F}, is a Schur stable nilpotent matrix.

Since asymptotically stable linear system is ISS w. r. t.
additive perturbations then (37) is locally ISS.

2) Let us show that the system (37) is ISS for pu >
—f provided that the unperturbed system is globally
asymptotically stable. Our goal is to show ISS of

(49)

$?p+1)k*:E(ka* slpk=s - Ap+ 1)k —1), P=0,1,...

which describes evolution of (48) with the discrete step
k*. The latter would imply ISS of (37). Notice that the
local and practical ISS of (37) guarantees the local and
practical ISS of the system (49). Let k* > 1, V, 7,,
7,5 € (0,1), L = ||d(—p~In7r*)|| be defined as in the
proof of Theorem 5. Let z; € R™ denote a solution of
the non-perturbed system with zy = .

a) Let us show there exists wi+ € Koo

< wi (max{{lgoll,

sMNar=—1l})

for 7, < ||lzo||j < 7. Since the system (37) is practically
ISS then for any & E K, there exists a compact set
Q C R” such that z¢ € Q for all i € 0,...,k* provided
that 7. < [lzoll§ < " and _max o] < o(laola):

Denoting go = 0 and g, = Fth 1+qk+Lh (|lzp—1+
Gre—1+aklla) (@r—1+qu—1+adr) — Q,; (|xr— 1||de$1¢ 1) for
k > 1 we derive xZ = x + . Since the function z +—
Q- (||z||a)z is continuous on R™ then by Heine-Cantor

[Em

Theorem it is uniformly continuous on  and there exists
wo € Koo such that |Qr([[z1lla)zr — @r(l[22lla)z2] <
wo(||z1 — 22||) for all z1, 20 € 2 and

|l < llgoll + I L llwo(l[Gol)-

Repeating the above consideration, on k*-th step, we
derive that Jwg« € Koo «( max, ||qu)

7=0,..
el = (H:roHd)

for 7, < ||lzollly <7 and i

b) Since V(zf.) = V(2{.) = V(zk) + V(zx) < L G-
FV (x0) < T2V () for 7. < [|lzolly < 7 and ||gi-|| <
LAV (w0) then V(zf.) < TV (af) for 7 < ||lao|ly < 7*




and max

Jj=0,....k*
Taking into account the local and practical ISS proven
above, the latter guarantees global ISS of (49) by [22].

7.12  The proof of Corollaries 3 and 4
Denote 6;(t) = 37",
a number of subsystem in the system (1), (2), (39) and
the matrices A;; are defined in the proof of Corollary
2. By Theorem 4, each subsystem with ¢; = 0 is finite-
time (for p; < 0) or nearly fixed-time (for p; > 0) sta-
ble. Moreover, it is forward complete ¢ if §; is uniformly
bounded. The case p; < 0. Since the m-th subsystem is
finite-time stable then 37}, > 0 such that d,,-1(t) = 0
for all ¢ > T,,. Considering subsequently the systems
m — 1, m — 2,...,1 we conclude that the system (18),
(39) is finite-time stable. The case p; > 0. Since the
m-th subsystem is fixed-time stable then d,,_; is uni-
formly bounded and (m — 1)-th subsystem practically
fixed-time stable (see Theorem 6), but the ISS property
guarantees its global uniform asymptotic stability [55].
Using the cascade structure of the system we complete
the proof of Corollary 3. The proof of Corollary 4 is lit-
erally the same but it uses Theorems 5 and 7 instead of
Theorem 4 and 6, respectively.

A;jx;i(t), where i = 1,...,m is
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