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can be established by considering only the homogeneity degree. The existence of

homogeneous Lyapunov and Lyapunov-like functions is proven.
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1 | INTRODUCTION

Owing to the advantages that the homogeneity offers in the analysis and design of continuous-time (CT) control systems, it has
remarkably been studied by many authors',%,3,4,50 7 8 D10 LIl Some of the main features of homogeneous systems are:

1.
2.

the homogeneity is easily verifiable in the vector field of the system;

the trajectories of a homogeneous system exhibit a dilating property, i.e. a dilation of the initial condition is equivalent to
a scaling of the original trajectory, and as a consequence, local properties of homogeneous systems can be translated into
global ones;

. when the origin of a homogeneous system is asymptotically stable, the convergence rate is specified by the homogeneity

degree;

. there exist converse Lyapunov theorems that assert the existence of smooth homogeneous Lyapunov functions (LF) for

homogeneous system;

. the homogeneity degree allows to determine several robustness properties of the system with respect to external inputs,

delays and unmodeled dynamicsH2,13.,

Discrete-time (DT) systems, in their turn, are of great importance in Control Systems Theory. They arise as mathematical
models of real processes, e.g. in Economics, Biology, and Engineering'%. DT systems are also obtained by means of discretiza-
tion of CT systems. Hence, many of the concepts and tools for analysis and design of CT control systems have been transferred

to the DT counterpart, see e.g. 12,1914 17118/ Naturally, the advantages of homogeneity for CT systems are desired to be extended
to the DT case, however, as mentioned in'Z, the extension of the CT properties to the DT case require modifications that are not
completely obvious.

Some approaches to extend homogeneity to DT systems have been proposed in'® and??. The definition of homogeneity for
DT systems given in'"? is basically the same as for CT systems. Consequently, for the DT systems, only the case of homogeneity
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of degree zero has the benefits of homogeneity present in the CT case. In?” a wider family of dilations is defined, however, all
the developments are restricted to the case of homogeneity of degree zero. Those results indicate that homogeneity of degree
zero, is the only case when the definition for CT systems can be applied directly in the DT case by preserving the advantages
from the CT framework. Hence, some more suitable concepts of homogeneity for DT systems should be introduced.

In this paper we introduce a new definition of homogeneity for DT systems, we refer to it as D, —homogeneity. The following
properties are proven for D.—homogeneous DT systems:

1. D,—homogeneity can be verified algebraically in the transition map of the DT system;

2. the trajectories of a D.—homogeneous system admit dilation, i.e. a scaling of the initial condition is equivalent to a scaling
of the whole trajectory;

3. we show that D.—homogeneity directly implies local asymptotic stability of the system’s origin or global boundedness
of the trajectories depending only on the D, —homogeneity degree;

4. when the origin is locally asymptotically stable, the trajectories starting far enough from the origin are unbounded. In the
case of global boundedness the origin is locally unstable;

5. convergence rates of system’s solutions can be established by considering only the homogeneity degree. In particular,
when the origin is asymptotically stable, the convergence rate of the trajectories can be exponential or hyper-exponential;

6. the existence of homogeneous Lyapunov and Lyapunov-like functions is guaranteed in every case. Some of the results of
this paper were briefly announced in!' without proofs.

Paper organization: In Section [2} the definition of D.—homogeneity is stated. The stability properties of D, —homogeneous
systems are described in Section [3] Convergence rates are analysed in Section @ Examples of the theoretical results are given
in Section[5| Some concluding remarks and future research are stated in Section [6]

Notation: Real and integer numbers are denoted as R and Z, respectively. R, denotes the set {x € R : x > 0}, analogously
for the set Z and the sign >. For x € R”, |x| denotes the Euclidean norm and ||x||, a r-homogeneous norm (see Appendix [B).
The composition of two functions f and g (with adequate domains and codomains) is denoted as fog, i.e. (fog)(x) = f(g(x)).
Thus, we denote (fofo--of)(x) = f'l(x), for example, f1(x) = f(x) and f1?!(x) = f(f(x)). For a continuous positive

——
definite function V' :r_ﬂ[in’}esa R, and some a,@ € R, Z(V,a) and E(V, @) denote the sets {x € R" : V(x) < a} and
{x e R" : V(x)> &}, respectively. For x € R and ¢ € R., [x]|? denotes sign(x)|x|9.

2 | D.—HOMOGENEITY

We consider an autonomous DT dynamic system
x(k+1) = f(x(k)), ey
where the state x(k) € R", for any k € Z,,. We assume that the transition map f : R” — R" is well defined and locally
bounded for all x € R”. Such an assumption is sufficient to guarantee existence and uniqueness of solutions, see e.g.™* p. 5. Let
F(k; x,) denote the solution of () with initial condition x, = x(0), thus, F(0; x,) = x,. Note that
F(1;xp) = f(xp),  F2ix9) = f(F(15x0)),
Therefore, F(k; x,) = f*!(x,). In this notation, F(0; x,) = f%(x,) = x,.

Before stating the definition of D, —homogeneity, let us recall the usual definition of weighted homogeneity.

Definition 1 (?%). Let AL denote the family of dilations given by the square diagonal matrix A} = diag(e", ..., €™), where
r=[r,....r,]T,r; € R, and € € R. The components of r are called the weights of the coordinates. Thus:

>'hn

a) afunction ¥V : R” — R is r-homogeneous of degree m € R if V' (AZx) =e"V(x), Vx € R", Ve € R, ;

b) avector field f : R" - R", f =1[f},... ,fn]T, is r-homogeneous of degree k € R if foreachi = 1,...,n, f; (Arx) =
et fi(x), Vx € R", Ve € R,
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Remark 1. Definition|1]is used in® for DT systems for the case x = 0. The definition given in?? coincides with Definition [1|for
the case of dilations Af, and also considers only the case k = 0. The main reason to restrict the homogeneity degree to k = 0 is
the following. The solution of a DT system is computed by the successive composition of its transition map. Thus, if in (I)) f is
r-homogeneous of degree x, then

F(f(ALxg)) = f (€"ALf(x)) = €“ALF(€" f(x0)) -
Hence, it is clear that the scaling property for the system’s solution can be obtained only for the case k¥ = 0.
D,.—homogeneity consists in a modification of the usual definition for vector fields, we state it as follows.

Definition 2 (D, —homogeneity). Let A7, r and € be as in Deﬁnition Amap f : R" - R", f = [f,.... ], is D,-
homogeneous of degree vif foreachi =1, ...,n, f; (A:x) =¢e" fi(x),Vx € R", Ve € R, and some v € R, or equivalently,

SNex) = (MDY f(x) = AT f(x) = AL f ().

We say that (T) is D,—homogeneous of degree v if its transition map f is D.—homogeneous of degree v. Observe that we
are not modifying the definition for scalar functions. Also note that, for vector fields and maps, both definitions are equivalent
if and only if ¥ = 0 and v = 1, respectively. Thus, the case of D.—homogeneity of degree one for (I)) coincides with the case
of r—homogeneity of degree zero given in'® and?’. The following lemma states some properties of r—homogeneous functions
and D,.—homogeneous vector fields.

Lemma 1. Let V' : R” — R be a continuous r—homogeneous function of degree m. Let f : R" — R" be a D, —homogeneous
map of degree v. Then:

a) Vo f is an r—homogeneous function of degree m = vm;

b) Vof islocally bounded if f is locally bounded, and Vo f is continuous if f is continuous;

c) Vof is positive semidefinite if V" is positive semidefinite;

d) Vof is positive definite if V" is positive definite and f is such that f(x) = 0 if and only if x = 0;

e) forany k € Z.,, f!¥ is D,-homogeneous of degree v = v*.

Proof. a) By using Definition [2| and Definition (I} we have that V(f(ALx)) = V((AD"f(x)) = V(AL f(x)) = €V (f(x)).

Therefore V' (f(x)) is r—homogeneous of degree /i = mv. Points b), ¢), and d) are straightforward. e) According to Definition 2]

SEALR) = 1 (ADY 7 () = S92 (AD7 7RI ) = = (DY G0, 0
Let us recall the result about the scaling property of the solutions of CT r—homogeneous systems.

Lemma 2 (see e.g.1%). Consider the system % = f(x), x € R", and suppose that f is r—homogeneous of degree . Let ¢(7; x,)
denote the solution of the system with initial condition x, = x(0), then

Bt ATxg) = A"t o)

The extension of this result to homogeneous differential inclusions is in®1. Now we give an analogous result for
D_.—homogeneous DT systems

Lemma 3. If (I)) is D,—homogeneous of degree v, then its solutions F(k; x,) are such that
F(k; A'xg) = (A" F(k; xo), Vk € Zyy. 2)

Proof. Fork =0, F(0; Afxy) = Alxy.Fork € Z, F(k; Alxy) = fIH(Arx,), hence, by using Lemmawe obtain fTH(Arx,) =
(A () = (ADY F(k; xo)-

Remark 2. As r—homogeneous CT systems, D.—homogeneous DT systems admit scaling of their trajectories.

'In2L there is an error in the corresponding equation to @), it says (A;)k” instead of (A:)Vk.
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3 | STABILITY PROPERTIES OF D,—HOMOGENEOUS SYSTEMS

In this section, (1)) is assumed to be D.—homogeneous of some degree v with a unique equilibrium point at the origin. We show
that the value of v directly implies stability features of (T)). All the results in this section are Lyapunov-based. Thus, although
the definitions of stability in the sense of Lyapunov for DT systems coincide, in general, with those for CT systems, we have
included them in Appendix [A] We evoke below the characterization of stability by means of LFs, for this purpose, we recall that
x € R" is an equilibrium point of (T)) if it is a solution of the equation f(x)— x = 0. For the following theorem see e.g.%, ¥ (and
the references therein), see also*? Theorem 14 and Remark 11.

Theorem 1. Let x = 0 be an equilibrium point of (I) and let S ¢ R" be a neighbourhood of x = 0. If there exist a continuous
positive definite function V' : S — R such that

e AV(x) :=V(f(x))—V(x) <0forall x € S, then x = 0 is a stable equilibrium point of (I},

o AV (x) < —n(]x]|), for all x € S, and some continuous positive definite function #, then x = 0 is an asymptotically stable
equilibrium point of (T}

The following simple but useful result is required to guarantee the existence of LFs for D.—homogeneous systems.

Lemma 4. Forany n € Z_j,anym € R,y ,andanyr € R, r;, > 0,i = 1,...,n, the function V' : R” — R given by
Vix) = Z;':l Bilx;|", B; € R, is continuous, positive definite, and r—homogeneous of degree m. Moreover, if m > max,{r,;},
then V is differentiable for all x € R”.

Proof. The smoothness properties of V' are deduced directly from the smoothness properties of the function |x;| 2 O
For some of the results we require the following assumption.
A1 The transition map f of (I) is such that inf o [f(P)] >0, where S = {x € R" : |x| =1}.

Note that: 1) to fulfil A1, it is necessary (by homogeneity) that f(x) = 0 = x = 0; 2) Al is always satisfied by a continuous
map such that f(x) =0= x =0.

3.1 | D,—homogeneous systems of degree v > 1
For the following theorem, we use the sets T and £ defined in the notation given in Section [I]

Theorem 2. Suppose that (I is D,-homogeneous of degree v > 1, with a unique equilibrium pointat x = 0. Let V' : R" - R
be a continuous positive definite r-homogeneous function of degree m € R.,. Then:

1) x = 0is a locally asymptotically stable equilibrium point of (I, and there exists « € R, such that V' is a LF for (I)) on
1V, a);

2) if in addition f satisfies A1, then there exists & € R such that for all x, € E(V, @), | F(k; xy)| = o0 as k — .

Proof. 1) From Lemmal(I] the function Vo f is nonnegative, and r-homogeneous of degree m = mv. Therefore (see Lemma[7]
in Appendix , there exists ¥ € R, such that

V(f(x) <yV'(x), VYxeR". 3)
L
Define a = (17%5> "', for any € € (0, 1). Thus,
AV <7V -V = (V') - 1) V().
Since V(x) <aforallx € I(V,a),
AV(x) < (7o' = 1) V(x) = —eV (x).
From Theorem [I] we conclude the proof for the first part of Theorem 2}
2) For the second one, Lemmalﬁ assures that there exists y € R, such that

V(f(x)) > ZVV(x), Vx e R". “)
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e
v—1
Define @ = % , for any € € R_,. Thus, AV (x) > ZVV(x) -V = (ZVV‘l(x) — 1) V(x). Since V(x) > a for all
x €&V, a),
AV(x) > <y&v_l - 1) Vx) = eV (x).

Thus, for each k > 0, V(F(k + 1; xy)) > V (F(k; x;)). Now

J
hence, V (F(k; x,)) > V(x,) + kea. Since V is well-defined for all x € R”", continuous, r-homogeneous and positive definite,
then it is radially unbounded!® Lemma 4.1, thus,

k k
AV (x(j)) = V(F(k; xg) — V(xy) = Z£V(x(j)) > kea,
=0 =0

k— o0 = V(F(k;xy) = 00 = [x(k)| > co. O
From Theorem [2] we can make the following observations:
e To ensure (local) asymptotic stability of the origin of (I, it is sufficient to verify D.—homogeneity of degree v > 1.
e Theorem 2] guarantees that any r-homogeneous positive definite function V" of degree m € R is a LF for ().
e The proof of the theorem gives a procedure to estimate the attraction domain as Z(V, a).

e D, —homogeneity degree v > 1 only guarantees local asymptotic stability of x = 0. Nonetheless, under assumption A1,
the trajectories starting far enough from the origin cannot remain bounded (despite the origin is asymptotically stable).

3.2 | D,—homogeneous systems of degree v € (0, 1)
For the definition of practical stability used in the following theorem see''* or Appendix @

Theorem 3. Suppose that (I)) is D,.-homogeneous of degree v € (0, 1) with a unique equilibrium pointat x = 0. Let V' : R" —
R be a continuous positive definite r-homogeneous function of degree m € R_,. Then:

1) the origin of (I is globally practically stable, and there exists @ € R, such that AV (x) < 0 for all x € E(V, a);
2) if f satisfies A1, the origin of (I)) is locally unstable.

Proof. 1) From the assumptions on f and V, Lemma [7| guarantees that there exists y € R, such that (3) holds. Define
1
@ = (e +y)i~ for any € € R,. Thus, forall x € £(V, a),
AV STV -V = (7-V"@)) V@) < (7 —a'™) V(x) = —eV'(x).

Note that —eV¥(x) < —ea” for all x € E(V,a). Thus, according to''* Theorem 5.14.2, Corollary 5.14.3, V proves global
practical stability of the origin of (TJ.
2) According to Lemmathere exists y € R, such that (@) holds. Define a = (y — e)li_v for any € € R, € < y. Thus, for
allx € I(V, ),
AV 2 V@ -V =(r =V @) V@ (r-a ™)V = eV (),

Thus, from* Theorem 5.9.3 we have that x = 0 is an unstable equilibrium point of (T)). O

From Theorem [3| we can observe the following:

e D, —homogeneity of degree v € (0, 1) guarantees that, for any bounded initial condition, the system’s trajectories reach a
vicinity of the origin in a finite number of steps.

e Such srability property can be verified through any continuous positive definite r-homogeneous function V' of any degree
me R,,.

e The proof of the theorem gives a procedure to estimate the practical stability-region S, note that S ¢ R" \ E(V, @).
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e D —homogeneity of degree v € (0, 1) prevents global asymptotic stability of the origin when f satisfies A1, note that in
this case, there are no solutions converging to the origin.

To finalize this section we state a robustness property of D.—homogeneous systems. Consider the disturbed DT dynamic
system
x(tk+1) = f(x(k) +6(k), ) &)
where x and f are as in (). The disturbance 6 : Z., — R" is such that |5(k)| < é, for all k € Z,,, for some 6 € Ry

Theorem 4. Suppose that, in (3)), / is D,-homogeneous of degree v € (0, 1), and x = 0 is the unique solution of the equation
f(x) = x = 0. For any finite § € R, the origin of (§) is globally practically stable.

Proof. Consider any positive definite r-homogeneous function V' : R” — R of some degree m € R, such that V' is a—Holder
continuousE] for any compact set of R” (such a function always exists, e.g. in the class of functions defined in Lemma {4 if
m < min,(r;)). Note that AV (x) = V(f(x) + 6) — V(x) can be rewritten as AV (x) = V(f(x)) — V(x) + V;(x) where Vj(x) =
V(f(x)+8)—V (f(x)). Once more, we use Lemmal7|to assure that there exists y € R, such that (3)) holds. Define @ = (e +?)ﬁ
for any € € R,,. By following an analogous procedure as in the proof of Theorem E] we have that, for any x € £V, a),
AV (x) < —eV"(x) + |V5(x)|. Now, according to Lemmathere exists L; € R, such that

Lsls|® if [/ (ol <1,
Lsll f(oliglsl® if lf(oll, > 1,

where p = m — a min, {r;}. From Lemma the function x + || £(x)||% is nonnegative and r—homogeneous of degree vp. Thus,
by using Lemmas |5/ and |6} we obtain Lg|| f(x)||? < nLgV?p(x) for some n € R, ,. Therefore, AV (x) < —(1 — 0)eV"(x), for

any 6 € (0,1), for all x € &V, M), where M = max { @, <M)- , (M)(M__”) } Thus, according to'* Theorem 5.14.2,

Vsl < {

Oe O¢
Corollary 5.14.3, V proves practical stability of the origin of (3). O

3.3 | D,—homogeneous systems of degree v = 1

We have seen that for D, —homogeneity degrees v > 1 and v € (0, 1) there cannot be global asymptotic stability of the system’s
origin if f satisfies A1. However, the proven stability properties only depend on the D,—homogeneity degree of the system,
and not on any other features as e.g. on system’s parameters. On the other hand, for the case v = 1, global asymptotic stability
is possible, for example, if () is linear, then it is D,—homogeneous of degree v = 1 and the asymptotic stability property
relies on the values of the system’s parameters. It is important to mention that when (I)) is D,—homogeneous of degree v = 1,
under some stability assumptions of the system’s origin, the existence of an r-homogeneous LF is guaranteed?. The following
theorem states such a result, but with simpler assumptions and proof than those in“?. We use the definition of robust global
asymptotic stability as given in®?, see also Appendix |C| The origin of (I) is said to be robustly globally asymptotically stable
(robustly GAS) if its associated difference inclusion is robustly strongly GAS (see Appendix [C).

Theorem 5. Suppose that (I)) is D,—homogeneous of degree v = 1, x = 0 is the unique equilibrium point. If x = 0 is locally
asymptotically stable, then x = 0 is globally asymptotically stable. Moreover, in any of the following cases: 1) f is continuous;
2) f is discontinuous, and x = 0 is robustly GAS; there exists a differentiable LF V' : R"” — R for (1) which is r—homogeneous
of degree m for any m > max;(r;).

Proof. The homogeneity and stability assumptions imply that x = O is globally asymptotically stable, the proof is the same as
in™ Claim 1, but considering the discontinuous case.

The existence of a differentiable and radially unbounded LF V; : R" — R for (I) is guaranteed in*> Theorem 1 for f
continuous. For the discontinuous case, in“? Theorems 10, 12 and 14, the existence of V, is guaranteed for the difference inclusion
associated to (I)), see also Appendix To construct an r—homogeneous Lyapunov function we use the technique provided in®.
The construction is made for the associated differential inclusion x(k + 1) € F(x(k)), the case of f continuous is a particular
one. Let v : R — R be a differentiable function such that

(= {0 s€ el
YIZN 1, sel2 ),

’For @ € R, @ € (0,11, a function ¥ : R” — R is called a—Holder continuous in the set I C R”, if there exists L; € R, such that [V (x) — V()| < L;|x — y|*
forall x,y € I, see e.g.4.
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and is strictly increasing in the interval (1, 2). Consider the function V' : R"” — R given by

[c)

Vm=/wfmewwm ©)

+1
0

Homogeneity, positive definiteness and smoothness properties of V' are proven exactly the same as in#. We verify now that
AV(x) := max e r V(y) — V(x) < 0 for all x # 0. First note that, since F is D,—homogeneous of degree v = 1, and y is
non-decreasing,

YEF(x)

1 1
< A" =
max V(y) < / ¥ <yrélg(§)V1( Sy)> de /eme <werg;gszx)Vl(W)> de,
0 0

where w = Aly. Now, since max ¢ p(,, V;(p) is strictly less than V) (x) for all x # 0, and y is strictly increasing in (1,2), we
have that

weF(Arx)

AV (x) < / ! [u/ < max Vl(w)> -y (Vl(Arx))] de <0,
€m+1 €
0

for all x # 0. In particular, we have that (along the solutions of @) AV (x) < 0, hence, V is a LF for (III) Now, since V is
continuous and locally bounded, the unit homogeneous sphere .S is compact, and F(x) is compact for all x € R", then the set
A={zeR : z=V(w)-V(y), y€ S, we F(y)}iscompact. Moreover, z < Oforallz € A,and {z€R : z=AV(y), y €
S} C A. Hence, inf g (~AV(y)) > 0. Therefore, according to Lemma@ there exists y € R, such that y||x||}' < —AV(x)
for all x € R". O

4 | CONVERGENCE RATES OF D,.—HOMOGENEOUS SYSTEMS

In this section we show that, as in the CT case, the D.—homogeneity degree of a DT system determines the convergence rate of
its trajectories. For the definition of Hyper-exponential stability see“® Definitions 12.5 and 12.6.

Theorem 6. Let (I) be D,.-homogeneous of degree v.

a) If v =1 and either: 1) f is continuous, and x = 0 is asymptotically stable or; 2) f is discontinuous, and x = 0 is robustly
GAS; then there exist constants y;, 4, € R, such that, for any x(0) € R",

XUl < pyllx(O)l, exp(g(k)),  g(k) = —ppk, Vk € Zy. @)

b) Let V and a be as in Theorem[2] If v > 1, then x = 0 is locally uniformly hyper-exponentially stable in Z(V, @), i.e. there
exist constants p,, i, 43 € R, such that, for any x(0) € Z(V, @),

lxCOly < pylIx(O)l, exp(g(k)),  g(k) = —pyexp(uszk), Vk € Zy,. ®)
¢) LetV and a be asin Theorem If v € (0, 1), then there exist constants yu;, i,, 43 € R, such that, for any x(0) € E(V, @),

lx(R)lle < pyexp(g(k)),  g(k) = In(uy || x(0)]) exp(—p3k) , ®
for all k € Z such that x(k) € £(V, a).
According t0%® Definition 12.6, the convergence rate for v = 1 is exponential or hyper-exponential of degree zero, and the

convergence rate for v > 1 is hyper-exponential of degree one. Note that, in any case of Theorem|[6] g is a strictly decreasing
function of k. However, in (9), g is bounded from below by zero, in accordance to the practical stability property.

Proof. According to Lemmal5] if V is a continuous, positive definite, r—homogeneous function of degree m € R, then there
exist constants 0,60 € R, such that
Ollxlly < V(x) < Ollxlly (10)
a) From Theorem [5] we know that there exists a LF V" for (I) that is r—homogeneous of some degree m, and from its proof,
that there exists y € R, such that the function —AV given by —AV(x) = =V (f(x)) + V(x) satisfies

2lxIF < =AV(x). an
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Thus, from (I0) and (TT), it is easy to see that
Vi) < (1-2/0) Ve, 0<1-z/8<1. (12)

Therefore, by defining A =1 — y /5, recalling the dependence of x on k, and using recursively (I2), we obtain
V (x(k)) < AV (x(0)) = V(x(0)) exp (= In(1/ A)k) . 13)
Hence, by using (T0) in (I3) we have that
Ollx(OII;" < Ollx(O)II7 exp (= In(1/A)k) .

and from this inequality we obtain (7) with y, = ©/ Q)i , My =In(1/2)/m.
b) As it has been established in the proof of Theorem 2 (see (), AV (x) < ¥V"(x) — V(x). Hence, V (x(k + 1)) < 7V (x(k)),
and from a recursive use of this inequality we obtain
k-1
V(x(k) < VY (X(O))H =V xO)V* _I(X(O))Y =l (14)
i=0
1

L
Recall that the domain is restricted to Z(V, a) and a = (%) ', for any € € (0, 1). Thus, V(x(k)) < (%) ' or equivalently,
€)

V(x(k))?ﬁ <(1- e)ﬁ. In particular, 7% V(x(0) < (1 - +1 and from (T4) we obtain

V(x(k)) < V(x(0)) ((1 - g)ﬁ) < V(x(0)) exp (— In ((1 - e)%> (enOk — 1)) . (15)

By using (T0), we obtain from (T3]
Ol < BlxO I exp (= n (1= )7 ) (" =1) ) ,

and from this inequality, (8) is obtained with y, = (5/ 9)16”2, U, =1In ((1 - s)%> /m, and p; = In(v).
vk—1

¢) Analogously to b) we have that V' (x(k)) < vV (x(0))y -7 . Hence,

k
1 1

V(x(k)) < <V(x(0))> ¥ <7 exp <ln [V_(xl(()))] o In(l /v)k) _ (16)
y1-v yi-v
By using (T0), we obtain from (T6))
1 7 X m
Ol <77 exp <1n [M] e—lnu/v)k) ,

yT=v
1

1

1 - 7 m

and from this inequality, (@) is obtained with y; = <7H /Q) ", 4y =In(1/v), and p, = <Ll> )
T

O
5 | EXAMPLES
In this section we illustrate through some simulations the results obtained in previous sections. Consider the DT system
xk+1)=x (k) +o6,k),i=1,...,n—1, a7
x,(k+1) =u+96,>k),
where 6(k) = [6,(k), ..., 6,(k)]T € R" is a vector of disturbances, and u is a feedback controller given by
u=-— 2 a;[x, (k)% , p;=v""H L va e Ry,. (18)

If §(k) = 0 for all k € Z, then: the transition map of the closed loop (T7), (I8) is D,-homogeneous of degree v with r =
[ry, 71V ..., rv" T forany r; € R, ; according to Theoremand Theorem the origin of (T7), (I8), is locally asymptotically
stable for v > 1, and globally practically stable for v € (0, 1), for any a; € R,,; when v = 1, the system is linear and the
parameters a; must be correctly designed to guarantee asymptotic stability of the origin. If |6(k)| < A for all k € Z, and
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FIGURE 1 States of (T9) for v = 2/3, disturbed case.
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FIGURE 2 Zoom of the states of (I9) for v = 2/3, disturbed case.

step: k

v € (0, 1), then the system’s origin is practically stable for any finite A € R,. In“Y, some simulations of (T7) has been shown
for the undisturbed case.

Example 1. In the case of n = 3, the closed loop (T7), (I8) is
x(k+1)=x,,(k)+6,(k), i=1,2,
k+ D ==Y a[x00]"" +650k).

We consider a; = a, = ay = 4/3 in (I9). Observe that in the linear case (v = 1) these gains would render the origin unstable.

To illustrate the robustness property stated in Theorem[] let us consider (I9). If v = 2/3, then the origin of (T9) is practically
stable in the nominal case. With the bounded disturbances 6, (k) = cos(k/2), 6,(k) = cos(k), and 65(k) = cos(3k/2), Fig. |I|

and Fig. [2] show that the origin of (I9) preserves the practical stability property despite the disturbances. The initial conditions
x;(0) = 100, x,(0) = =100, x5(0) = 100 were used for the simulation.

19)

Example 2. Now we illustrate an application of D.—homogeneity for global asymptotic stabilization by means of a switched
controller. A similar example is shown in!, nonetheless, here we use LFs to design the switching strategy. Consider again (T7)
with n = 2 and each 6,(k) =0, forall k € Z, i.e.

x(k+1)=x(k), xy(k+1)=—a,[x,;(k)] v a,[x,(k)]". (20)
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FIGURE 3 Level sets of V and V.

< A
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Since the proposed strategy will be compared with the linear case (v = 1), we select a; = a, = 1/3 for both control schemes.
The main idea is to use one D,—homogeneity degree to bring the system trajectories to a vicinity of the origin, and then to
change the D, —homogeneity degree to drive the systems trajectories to the origin. Thus, define the following switching strategy:
i >
Set v = 2/3 %f V(x(k) =29,
4/3 if V(x(k)) <9,
for some function V' : R? — R and some 9 € R.,. The design of V' and 8 is Lyapunov based, and it consists in using the
estimations of the attraction domains and the region of practical stability from Theorems [2] and 3]
For v = 2/3 we chose the Lyapunov-like function V' : R? — R given by

3
V(x) = 3l ]+ [x,)2 @1
Note that it is r—homogeneous of degree m = 3 for r = [3,2]", and (we are omitting the dependence on k)

3
2

1 1 2 1 1 3
AV () = Sl + [T 1 4+ 31| = Sl = Il

<= (1t = V20737 ) I If = (Il = 1 = V201/3)7) Ixl.

3\ 2
Hence, AV (x(k)) < 0 for all x € R? such that |x,| > (2/3)2 and |x,| > i (1 + (2/3)§> . Therefore, AV (x(k)) < 0 for all

. 3
x € R? such that V'(x) > 1(2/3)F + 1 (1 + (2/3)5) ~ 0541,
For v = 4/3 we chose the Lyapunov function ¥ : R?> — R given by
- 4
V(x) = 31x,15 + Ix,.- (22)
Note that it is r—homogeneous of degree m = 4 forr = [3, 217, and

= 1 4 1 2
AV(x) = Sl + 1 |13 + [x,)”
11 4 4 5 L
<= (32l ) Il = (1= 20l ) 1x

Hence, AV (x(k)) < 0 for all x € R? such that |x,| < (3/ 2)3 and |x,| < (6/5). To find an estimate of the attraction region, it is
enough to analyse ¥ on the coordinate axes by considerinthe set where AV (x) < 0. Therefore, AV (x(k)) < 0 for all x € R?
3

1 4
~ x5 = Il

such that ¥ (x) < min (%(3 /27, (6/5)3) ~ 1.687. In Fig.

I, some level curves for ¥ and V can be appreciated. Hence, for the
switching strategy, we can choose V as in (ZI)) and any 9 € [0.55, 1.2]. The simulation is performed with the initial conditions
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FIGURE 4 States of (T9) (undisturbed) with Linear (v = 1) and Switched schemes.
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FIGURE 5 Comparison of convergence rates of Linear and Switched schemes.
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-10
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step: k step. k

x;(0) = 200, x,(0) = —200. Fig. E| shows the responses of the linear and the switched schemes. Note that, as expected, the
switched scheme is able to drive the system’s trajectories to a vicinity of the origin faster than the linear controller.

Fig. [5]shows the convergence rate of both schemes, the hyper-exponential rate of the switched scheme is confirmed.

Now we consider @ in presence of disturbances, i.e.

xik+ 1) =x0k), xk+1)=—a,[x,(k)]" —a,[x,(k)|" + 6(k),

where 6(k) = 1 + 2 cos(3k/2). Fig. |§| shows the responses of the linear and the switched schemes. Note that, for both control
schemes the system’s origin is practically stable. However, the trajectories with the switched scheme converge faster to the
practical stability region, see Fig.[7}

6 | CONCLUSION

In this paper the concept of D, —homogeneity was introduced. This is a notion of homogeneity for nonlinear DT systems, which
generalizes the previously introduced frameworks of!? and?. D, —homogeneity allows the trajectories of D,—homogeneous
DT systems to be scaled, as in the CT case. Contrarily the latter, in the DT this does not lead to a global stability/instability
of the system, but (for v # 1) it simplifies greatly the local stability analysis (and convergence rate) of the system, since it
becomes a function that depends only on the D,—homogeneity degree. In addition, it was shown that the selection of LFs for
D,.—homogeneous DT systems does not represent a problem, nonetheless, its adjustment allows the domain of attraction (or
repulsion) to be better evaluated. The theoretical findings are illustrated by a nonlinear stabilization control design with the
results of simulations confirming efficiency of the concept.
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FIGURE 6 States of (T9) (disturbed) with Linear (v = 1) and Switched schemes.
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FIGURE 7 Comparison of convergence rates of Linear and Switched schemes (disturbed case).
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The directions of future research include: extension of the definitions of D, —homogeneity to generalized dilation operators;
analysis of additional robustness properties of D, —homogeneous systems; investigation of general schemes for control for dif-
ferent D,—homogeneity degrees; introduction of local approximations and limit homogeneity; and studying the possibility to
design D,—homogeneous observers.
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APPENDIX
A STABILITY DEFINITIONS

The following definitions were taken from'4,

Definition 3. Consider (I)) with an equilibrium point at the origin, i.e. f(0) = 0. Let F(k; x,) be the system’s solution defined
for all k € Z,, for the initial condition x,. The system’s origin is:

e stable if for each € € R, there exists a 6(¢) € R, such that for any solution F, the inequality |x,| < é implies that
F(k; x,) is defined for all k € Z, and | F(k; x)| < € for all kK > 0;

o asymptotically stable if it is stable and 6 can be chosen such that |x,| < 6 implies | F(k; x,)| = 0 as k — oo;
o unstable if it is not stable.

Definition 4. Let F(k; x,) (defined for all k € Z,) denote the solution of (T) for the initial condition x,,. The origin of (I)) is
globally practically stable, if there exists a neighbourhood S C R" of x = 0, and for every 1 € R, there is k; = k(1) € Z,,
such that: |xy| <1= F(k,xy) € SVk > k;.

B HOMOGENEOUS FUNCTIONS

We state some useful properties of r—homogeneous functions.
Definition 5 (See e.g.”). Given a vector of weights r, a r—homogeneous norm is defined as a function from R” to R, and
1
A - . .
given by [Ix||,, = (Z?:l |x; | )” ,Vx € R", for any p > 1. The set S| = {x € R" : [Ix[l,, = 1} is the corresponding
r—homogeneous unit sphere.

Note that any r —homogeneous norm is a r—homogeneous function of degree m = 1. Since, for a given r, the r—homogeneous
norms are equivalent®2, they are usually denoted as || - ||, without the specification of p.

Lemma 5 (1%). Suppose that ¥}, V, : R” — R are continuous r-homogeneous functions of degrees m,, m, € R, respectively,
and V] is positive definite. Then,

my my

V@) S V) STV (),
for every x € R”, where y = min, .5 V,(x), and y = max, g V,(x), with E = {x € R3 : Vi(x)=1}.
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Remark 3. In Lemma if ¥, is positive semi-definite, then y € R, and ¥ € R,,. Nonetheless, if ¥, is positive definite, then
7.7 €R,,.
An analogous result can be stated for discontinuous functions.

Lemma 6. Suppose that the function V' : R" — R is well defined and locally bounded for all x € R", it is r—homogeneous of
degree m € R, and it is positive semi-definite. Then:
1) there exists ¥ € R, such that
V) ST, VxeR';
2) if, additionally, there exists v E R, such thatinf . ¢ V(y) 2> 7 S={xeR"” : ||x||, =1} then

V) zylxlly, VxeR".

Proof. 1) Since V is locally bounded, we can assure that there exists 6 € R, such that V' (y) < 6 for all y € .S, indeed we
can choose 6 = sup,cs V' (y). Note that, if for any x # 0 we set e = ||x||r‘1, then y = Alx € S. Thus, 6§ > V(y) = V(Alx) =
(||x||r‘1)’”V(x), then V'(x) < y||x||" for any ¥ > 6. 2) The proof of this point is analogous to the previous one. O]

A consequence of lemmas [5]and [6]is the following lemma.

Lemma 7. If V : R" — R is a continuous function that is positive definite and r—homogeneous of degree m € R.,, and
f ¢ R" = R" is a map that is well defined and locally bounded for all x € R”, and is D.—homogeneous of degree v € R,
then: 1) there exists y € R, such that

Vof)x) <yV'(x), VxeR";
2) if additionally, f satisfies A1, then there exists y € R, such that

(Vof)(x) 2 yV'(x)., VxeR".

Proof. First note that since f is D.—homogeneous, then f(0) = 0, therefore, (Vo f)(0) = 0. From Lemmawe know that Vo f
is positive semi-definite, r—homogeneous of degree m = mv, and locally bounded. 1) From Lemma@, (Vo f)(x) < 6|lx|7, and
from Lemma there exists 7 € R such that ||x||""7 < V"¥(x). Hence, we get the result with y = §/7. 2) By D,—homogeneity
of f, assumption A1, and continuity of V', we have that there exists 6 € R, such that inf ,c (Vo f)(y) > 6, where S = {x €
R"” : |lx|l, = 1}. The results follows from Lemmas [6|and [5] O

Lemma 8. Let V' : R" — R be a positive definite r—homogeneous function of degree m. Suppose that V' is a—Holder
continuous for any compact set of R". Define p = m — a min,;{r;}. For any finite Y € R, there exists L, € R, such that, for
allx e R"andallye {yeR" : |y| <Y}

Ly|yl* if llx|l, <1,

[Vix+y) -V < { «
LyllxlIglyl® if flxll, > 1.

Proof. Define Y = max ¢  cgn: |y IVlly- note that {y € R” : |y| <Y} C {y € R" : |y, < Y}.If|Ix|l, < 1, then
x,y € {fw e R" : |lw|l, £max(l,Y)}, since this set is compact and V' is a—Holder continuous, then there exists Ly € R,
such that |V (x + y) — V(x)| < Ly|y|*

Now, suppose that ||x||, > 1. Consider the change of coordinates z = Alx, and define y = ALy with € = 1/]|x||,. Note that

17, = Iyl /lIx]l,, therefore O < ||7|l, < |I¥ll,. Hence, by their construction, z,7 € {w € R" : ||wl||, < max(l,Y)}, for all
x € R". Thus, |[V(x+y) = V)| =|V ((Ag)‘l(z + )7)) - V((A:)‘lz)l = Ix|I1V(z+ 3) = V(2)| < |Ix]|¥* Ly |7|*. On the other
1 1

hand, [7] = [ATy] = (3" %) < (x| 22™0 00 3 322 i letes the proof O
and, 151 = 101 = (S0, )" < (1™ £, 32" this compltes the proof.

C DIFFERENCE INCLUSIONS

Consider (T) and its associated difference inclusion?

x(k+1) € F(x(k)), x(k)eR", €1

where the set-valued map F(x) C R" is given by F(x) = [ ey, cl{ f(B(x, p)}, where B(x, p) is an open ball in R" centered at x
with radius p, and cl{ A} denotes the closure of the set A. The set-valued map F is nonempty, compact, and upper-semicontinuous
for all x € R"23,
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Definition 6 (“,%7). The origin of (CI) is strongly GAS if there exists a class-K L function # such that, for every x, € R", all
the solutions @ with initial condition x, satisfy |®(k; xo)| < f(|xyl, k) for all k € Z,,.

Definition 7 (“2,27), The origin of (CI) is robustly strongly GAS if there exists a continuous and positive definite function & :
R" — R such that the origin of x(k + 1) € F5(x(k)) is strongly GAS with F3(x) = {y € R" : y € F(w)+cl{B(0,6(x))}, w €
cl{B(x,5(x))}}.

According 0% Theorem 14 if (I is robustly GAS then the origin of its associated difference inclusion is strongly GAS.
Moreover, since F is is nonempty, compact, and upper-semicontinuous,?J Theorem 12 guarantees that the associated difference
inclusion is robustly GAS. Therefore, the existence of a differentiable LF for the difference inclusion is guaranteed by“* Theorem
10.

In the particular case when f is D,-homogeneous of degree v = 1 we have that F is r-homogeneous of degree k = 0 (see
e.g.8,20 28 for the definition of homogeneous set-valued maps), this fact is a particular case of“” Corollary 2.9.
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