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Abstract

Numeric approximations to the solutions of asymptotically stable homogeneous systems by Euler method, with a step of
discretization scaled by the state norm, are investigated (for the explicit and implicit integration schemes). It is proven that
for a sufficiently small discretization step the convergence of the approximating solutions to zero can be guaranteed globally
in a finite or a fixed time depending on the degree of homogeneity of the system, but in an infinite number of discretization
iterations. The maximal admissible step can be estimated by analyzing the system properties on the sphere. It is shown that
the absolute and relative errors of the discretizations are globally bounded functions, thus the approximations approaching the
solutions with the step converging to zero. In addition, it is established that the proposed discretization approach preserves
robustness with respect to exogenous perturbations. Efficiency of the designed discretization algorithms is demonstrated in

simulations.
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1 Introduction

In many applications non-asymptotic convergence rates
are preferable, and the theory of homogeneous dynami-
cal systems are frequently used to guarantee these fast
rates [7]. Examples of such an application of homoge-
neity can be found in the sliding mode control dom-
ain [28], in the designs seeking for control or estima-
tion in finite-time [23,24,11,35,31,41,42] or in fixed-time
[5,14,37,38]. Another reason of popularity of homogene-
ous systems is due to that they take an intermediate
place between linear and nonlinear dynamics [6] (the
linear dynamical systems are also homogeneous). The
common advantages of homogeneous systems include
scalability of trajectories, robustness to measurement
noises and exogenous disturbances [2,36,9], e.g. as the
linear dynamics. From another side, these systems are
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described by essentially nonlinear differential equations,
where some interesting nonlinear phenomena can be ob-
served, namely finite- or fixed-time convergence rates for
negative and positive degrees of homogeneity, respecti-
vely, and robustness with respect to delays [19,43].

The models of industrial plants are usually described
by continuous-time ordinary differential equations, then
frequently the control and estimation algorithms are de-
veloped in continuous-time setting. Hence, design and
analysis of stability or performance of closed-loop sys-
tems are performed in continuous time, while for a veri-
fication or implementation, the solutions of closed-loop
systems have to be calculated in a computer or in a di-
gital controller, which are usually operating in a dis-
crete time. Different numerical discrete-time approxima-
tion methods and time discretization schemes are pro-
posed for continuous-time differential equations in order
to realize such an implementation [4,13]. Their variety
is originated by the fact that these approaches guaran-
tee the preservation of performances obtained in con-
tinuous time for discrete-time approximations only un-
der some particular hypothesis, then their application
is case-dependent. For the control or estimation algo-
rithms designed using the theory of homogeneous sy-
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stems, which possess an increased rate of convergence
with respect to linear systems, the problem of imple-
mentation and derivation of solutions becomes impor-
tant being in the focus of many works, especially in the
sliding mode control community [29,18].

The conventional Euler method is a first-order nume-
rical routine for solving ordinary differential equations
with a given initial value and a fixed time step, which re-
presents the most basic explicit/implicit method of nu-
merical integration and the simplest Runge-Kutta met-
hod, which is extremely popular in the control commu-
nity. In particular, in the recent papers [18,30] it has
been shown that application of the explicit Euler met-
hod (with a fixed time step) for the global approximation
of solutions of homogeneous systems with non-zero de-
gree is problematic (see also [29]), and the implicit Euler
scheme has a better perspective (as it has been also in-
dicated in [1,12,25,34]). In other papers, the conditions
of convergence and stability of the explicit and implicit
Euler methods have been studied for linear systems (the
notion of A-stability) [16,13], or for particular classes of
nonlinear systems [22,33,3].

Following the results obtained in [18], the present work
is devoted to application of explicit and implicit Euler
discretization schemes for approximation of solutions of
homogeneous stable dynamical systems. The case of a
state-dependent scaling of the time discretization step
is considered, and different conditions for the existence
(in the implicit case) and convergence to zero of approx-
imations for the explicit and implicit Euler integration
methods are derived. It is shown that introduction of
a state-dependent re-scaling of the time discretization
step allows the finite- or fixed-time rates of convergence
to be recovered by the discrete-time approximations of
solutions, but for an infinite number of steps (in a finite
number of steps the convergence to a vicinity of the ori-
gin is obtained). Absolute and relative errors (closeness
of the approximations to real solutions) for the expli-
cit and implicit Euler integration schemes are investiga-
ted using the homogeneity theory, and it is shown that
the relative errors are globally bounded and by decrea-
sing the initial discretization step it is possible to make
them arbitrary small, hence, the proposed modification
of the Euler method can be indeed used for calculation
of solutions of homogeneous dynamics. The preliminary
formulation of these results (without proofs) appears in
[17]. In the present work, the proofs are given and, in ad-
dition, since stable homogeneous systems admit certain
robustness with respect to external inputs [9], it is shown
that the discretized approximations obtained with the
proposed methods keep this property.

The outline of this note is as follows. The problem sta-
tement and some preliminary results are introduced in
Section 2. Some basic properties and relations between
solution approximations are studied in Section 3. The
convergence conditions are established in Section 4. Pro-

perties of relative and absolute errors of approximation
of solutions of homogeneous systems by the explicit and
implicit Euler methods are investigated in Section 5.
Analysis of stability robustness of approximations with
respect to external disturbances is presented in Section
6. Simple illustrating example is considered in Section 7.

Notation

e R, = {z € R:z > 0}, where R is the set of real
number.

e |-| denotes the absolute value in R, for a vector € R™
the symbol ||z|| denotes the Euclidean norm, and the
corresponding induced matrix norm || A|| for a matrix
A e Rnxn_

e A continuous function a : Ry — Ry belongs to the
class K if (0) = 0 and the function is strictly increa-
sing. The function o : Ry — R belongs to the class
K if @ € K and it is increasing to infinity.

e The identity matrix of dimension n x n is denoted
as I, and diag{r;}"_, is a diagonal matrix with the
elements on the main diagonal equal r;.

e A sequence of integers 1,2, ...,n is denoted by 1, n.

2 Preliminaries

In this work the following nonlinear system is considered:

&(t) = f(x(t), t >0, (1)

where x(t) € R™ is the state, f : R” — R"™ ensures
forward existence and uniqueness of the system solutions
at least locally, f(0) = 0. For an initial condition zy € R”
define the corresponding solution by X (¢,z() for any
t > 0 for which the solution exists. If f is discontinuous,
then the solutions are understood in the Filippov’s sense
[21] (it is assumed that f(z) € ®(x), where @ is the
corresponding Filippov’s set-valued extension).

Following [40,27,37], let Q C R™ be an open set, 0 € Q.

Definition 1 At the steady state x = 0 the system (1)
is said to be

(a) stable if for any o € Q the solution X (t,xo) is
defined for allt > 0, and for any e > 0 there is§ > 0 such
that for any xo € §, if [|zol| < & then [| X (¢, x0)|| < € for
allt > 0;

(b)  asymptotically stable if it is stable and for any
k > 0 and € > 0 there exists T'(k,€) > 0 such that for
any zo € Q, if ||xo|| < K then || X (¢, x0)|| < € for all
t > T (k,€);

(c) finite-time stable if it is stable and finite-time con-
verging from €, i.e. for any xg € § there exists 0 <T <
+00 such that X (t,x9) = 0 for allt > T. The function



To(zo) =inf{T > 0: X(t,29) = 0Vt > T} is called the
settling time of the system (1);

(d) fixed-time stable if it is finite-time stable and
sup,, cq To(wo) < +o00.

The set 2 is called a domain of stability /attraction.

If Q = R"™, then the corresponding properties are called
global stability/asymptotic stability/finite-time/fized-
time stability of (1) at x = 0.

Similarly, the stability notions can be defined with re-
spect to a compact invariant set, by replacing the dis-
tance to the origin in Definition 1 with the distance to a
set.

2.1 Weighted homogeneity

Following [44,6,28], for strictly positive numbers r;, i =
1,n called weights and A > 0, define:

o the vector of weights v = (ry,...,70) ", Tmax =
maxi<j<nTj and Tmin = minlgjgn 753

e the dilation matriz function A.(N\) = diag{\"}}_,,
note that Vz € R” and VA > 0 we have A,(\)z =
A"y, A, T

e the r-homogeneous norm |z|, = (3, |xl|%)% for
any x € R™ and p > Tmax, it is not a norm in the stan-
dard sense, since the triangle inequality is not satisfied
for || - |-, however there exist 0,7 € Ko, such that

a(llzll-) < [zl <7 (lzl,) VzeR™
e the sphere and the ball in the homogeneous norm
Sr(0) = {z € R™ : ||z||, = o} and B,-(0) = {x € R™:
Joll, < 0} for 0> 0.

Definition 2 A function g : R™ — R is r-homogeneous
with degree p € R if Vo € R™ and VA > 0 we have:

AP g(A (Na) = gla).

A wvector field f : R® — R™ is r—homogeneous with
degreev € R, v > —rpi, if Ve € R™ and VA > 0 we have:

ATVATT N F(A(N)z) = f(2),

which is equivalent for i-th component of f being a
r-homogeneous function of degree r; + v.

System (1) is r—homogeneous of degree v if the vector
field f is r—homogeneous of the degree v.

The homogeneous norm | - ||, is an example of
r-homogeneous function with degree 1.

Theorem 3 [/4,39] Forthe system (1) withr—homogeneous
and continuous function f the following properties are
equivalent:

o the system (1) is asymptotically stable;
o there exists a C? r—homogeneous Lyapunov function
V:R™ = Ry such that Vo € R™ and VA > 0

(Ilwll) < V( ) < a(lz]]),

LyV(z) = (’T( 2)f(z) < —a(||z]]),
ATV (A (Nz) =V (), > Tmax,

for some a1, as € Koo and a € K.

The requirement on continuity of the function f has been
relaxed in [8].

3  Euler schemes
Let us consider a class of systems in (1) with

sup (&) < +o0
£€5-(1)

and admitting the following hypothesis:

Assumption 1 Let (1) be r—homogeneous with a degree
v € R and asymptotically stable.

In this work, in order to obtain a discretization of the
solutions of (1), we will propose modifications of impli-
cit and explicit Euler methods [13] with state-dependent
scaling of the time discretization step. To this end, se-
lect a basic discretization step h > 0, define a sequence
of time instants ¢; for 4+ = 0,1, ... such that {5 = 0 and
t;+1 —t; > 0, and denote by x; an approximation of the
solution X (¢;, z¢) at the corresponding time instant (i.e.
x; ~ X(t;,x0) and xg = X(0,20)), then the approxi-
mation z;4; calculated in accordance with the explicit
Euler method is given by:

h

Tiy1 =T + 7”x,||l,f(xi), (2)
h

tiy1 =1t; + W

for ¢+ = 0,1,..., while the approximation calculated by
the implicit Euler method comes from:

Y ) 3
Ti+1 i+ ||$i+1||l;f(xl+1), ( )
t =1; + h

T el

for i = 0,1,... In the algorithms (2) and (3) it is as-
sumed that z; # 0 or x;41 # 0 since in the opposite



case the discretization stops at the equilibrium due to

£(0) = 0.

Remark 4 In order to clarify the relations of the results
obtained in this work and in [18], and also to motivate
the selected design, for the system (1) under Assumption
1 let us consider a function

Yo (1) / | X (s, z0)||¥ds

for any xg € R™, which is well-defined and invertible
when the trajectory stays out of the origin, i.e. for all
t € [0,To(xo)) where Ty : R™ — Ry U {400} is possi-
bly infinite time of convergence to the origin (as in De-
finition 1). Denote Y (1,x0) = X (¢3! (7),20) for T €
[vaﬂﬁo (To(xo))), then

d d 1
EY(T, 370) = £X(8,330) =gzl () HX(wm_ol(T)axO)”:
_ f(X(l/};Ol(T), xO)) _ f(Y(Tv l‘o)) (4)
IX Wz (1), z0) [z Y (7o) Iy

Obuviously, for any xg € R™ the asymptotic stability pro-
perties of the corresponding solutions X (t, o) of the sy-
stem (1) fort € [0,Ty(xz0)) and Y (1,20) of (4) for T €
[0, %4, (To(z0))) are interrelated, and the system (4) is
r-homogeneous with degree 0:

J(A-(Ny)
A (N yll%

for anyy € R™ and A > 0. As it has been shown in [18],
for the case v = 0 and a properly established discreti-
zation step h > 0 the explicit and implicit Fuler met-
hods provide an admissible approzimation of the solution
yi = Y (74, x0) with 7, = ih fori=0,1,...:

)
l[yll%

h
Yiy1 = Yi + Wf(yi% Yir1 = Yi + F(Wiv1).

Yy ll¥

Hence,

tit1
T = h = / 1X (s, 20) [V ds,
t

i

where t; are the corresponding instants of discretization
in the original time t, and under an assumption that
1 X (s,20)||% =~ const for s € [ti,tiy1], i.e. the discreti-
zation interval is sufficiently small relative to the velo-

city of the system, we obtain t;41 —t; ~ m or

tig1 —t; =~ m for (2) and (3), respectively. In
this work such a scheme is used directly for the system (1)

to approzimate the solution X (t;,zo), which is a signi-
ficant difference from [18]. This intuition also highlights

our motivation to reduce an Euler computation scheme
to work with a system of degree zero.

Therefore, it is a well-known fact that for v = 0 with
h — 0 both methods approach the real solution [13], i.e
x; = X(t;,x0) in (2) and (3) with » — 0 over any com-
pact time interval. In [18] for the case of the conventio-
nal explicit and implicit Euler methods with a constant
discretization step h and v # 0 it has been shown that
outside of a vicinity of the origin for ¥ < 0 or a vicinity
of infinity for v > 0 the same results can be obtained.

In the sequel, the problem of global convergence to zero
of the approximations {xz} 2o derived in (2) and (3)
is studied for systems in (1) satisfying Assumption 1
with v # 0 (the case v = 0, or without scaling of the
discretization step, has been analyzed in [18]). For this
goal we need to establish some auxiliary properties of
approximations {z;}2, obtained in (2) and (3).

3.1 Relations between approzimations obtained for dif-
ferent initial conditions

One of the main features of (2) and (3) is as follows:

Proposition 5 Let the system (1) be r—homogeneous
with a degree v € R. If {z;}32, is a sequence generated
by (2) or (3) for the time instants {t; }2, with the step h
and the initial state xq, then for any X > 0, y; = A.(N)z;

is a sequence obtained by (2) or (3), Tespectively, for the
instants A~V {t;}52, with the step h and the initial state
Yo = A ()\)370

PROOF. Fixing A > 0 and multiplying both sides of
(2) by the dilation matrix A, (\) we obtain:

Ar(Nzipr = A (N + ——— AA(N) f23)

TV

ill7

o
A (N[

Yi + 15 HVf(yl) that gives the
desired result. The proof for the scheme (3) is the same.

=A-(N)z; + F(A(N)zy),

or, equivalently, y;11 =

Note that y; is an approximation of X (A7"t;,y0) for
scaled instants of time.

Corollary 6 Let the system (1) be r—homogeneous with
a degree v € R. Let for all xg € S,-(1) there exist sequen-
ces {x; 152, obtained by (2) or (3) with the step h > 0
and the initial state xo possessing one of the properties:

sup ||z;|| < +o0; (5)
i>0
lim oz, =0. (6)
1—+00



Then for any yo € R™ there exist sequences {y;}52, ge-
nerated by (2) or (3) with the step h and the initial state
Yo possessing the same property.

PROOF. For any yg € R” there exists A > 0 such that
yo = Ar(N)xo for some xg € S;-(1), next the result is a
direct consequence of Proposition 5 since y; = A,.(\)z;.

3.2  Norm deviations

Another property of the proposed approximation algo-
rithms (2) and (3) consists in their finite increment:

Lemma 7 Let the system (1) be r—homogeneous with a
degreev € R. Thentherearehg > 0 and0 < ¢ < ¢ < +00
such that for any h € (0, hol:

cllailly < el <laill,

for all z; € R™ in (2) or (3) (provided that a solution
Tit1 €rists).

PROOF. Starting with (2), let z; € R™ and denote
x; = Ap(||2i]]r)& for some & € Si-(1), then the equation
(2) can be rewritten as follows:

Tit1 = Ar(||lzill) (& + hf(&)) -

Therefore, ||z;11]l- = |zill-|1& + hf (&) and there ex-
ists hg > 0 such that 0 < ¢ < € < +o0 for

= inf inf [[€+Af(E)]
e= ol ot R

c= sup sup [[E+Af(E)]
he(0,ho] £€S1-(1)

since || f(€)] is bounded for any £ € S,.(1).

For (3), let z; € R™ and denote z;11 = Ay (||zi+1]]r)&i+1
for some &1 € S.(1), then the equation (3) can be
rewritten:

zi = Ap([|zisallr) (§ira = hf (Gi41))
and the statement follows repeating the steps as for (2).

Corollary 8 Let the system (1) be r—homogeneous with
a degree v € R. Select hg > 0, then there exists 0 < ¢ <
+0o0o such that for any h € (0,ho] and for all z; € R™,
sl < ezl in (2) or cllaille < @il in (3)
(provided that a solution x;1 exists).

PROOF. This result follows repeating the arguments
of the proof of Lemma 7 by taking into account that

for a generic f it might be infyc (g p,) infees, (1) [I€ +

hf(Nr = infreo,ne) infees,. 1y 1€ = RF(E]- = 0 wit-
hout a restriction on the amplitude of hy.

4 Convergence of sequences {r;}{°, generated
by Euler methods

In this section we will study the stability and conver-
gence features of {z;}$2, only. The quality of the cor-
responding approximations (the closeness of {z;}32, to
the continuous-time solutions X (¢;, zo)) will be conside-
red in the next section.

According to Theorem 3, under Assumption 1 for the
system (1) there is a twice continuously differentiable
and r-homogeneous Lyapunov function V' : R™ — R,
of the degree 1 > —v such that

a=— sup L;V(§) >0,
£€S,(1)
ov
0<b= sup (OH < o0, (7)
eIl O
0<c= inf V(), 0<co= sup V(§),
' £esr(1) ©) ? ges,.I()l) ©

cillellt < V() < coflellt Vo € R™,

4.1 Convergence of the explicit Euler scheme (2)

The principal statement of this subsection is as follows:

Theorem 9 Let Assumption 1 be satisfied, then there
exists hg > 0 such that for any discretization step h €
(0, ho) the sequences {x;}52, obtained by (2) for any ini-
tial state xo € R™ and the step h possess the following
properties:

(@) supi—q,1,... [zill» < ~llollr for some ~ € (0, +00);
(b) lim s 4 oo |24l = O;

(¢) for v = 0 the sequence {z;}32, has an exponential
convergence rate, for v < 0 for any xq € R™ the time
of convergence to the origin t1° = lim;_, o t; is finite,
and for v > 0 the time of convergence from any ro € R™
to B,.(1) is also finite independently of xg.

PROOF. The proof is given in [20].

The property obtained for v > 0 is related with the
fixed-time rate of convergence (to the unit ball).



Remark 10 The mazimal admissible discretization step
hg can be evaluated as

. a _co
ho = 1,-,2—=1},
0 = min{ ” }

where
. OV(y)
a= inf , c2= sup V(y),
yes-(1) 0y f(y) ? yES}zl) (y)
0%V
v= s swp () T )
YES,(1) 0€(0,1) S PR

are calculated on the unit sphere for known f and V. Such
an estimate is a lower bound on hg.

4.2 Erxistence of approzimations in (3)

Existence of some z;11 € R™ for any z; € R™ in the ex-
plicit case (2) is straightforward, but it is not the case of
(3). According to the result of Corollary 6, it is enough to
find the conditions of existence of z;;1 for all z; € S,.(1)
in (3). Note that in a general case, it is difficult to provide
some simple conditions for existence and uniqueness of
x;+1 in the equation (3) for any z¢ € S,-(1), but homoge-
neity may further simplify the solution under additional
mild restrictions on f.

Proposition 11 Let f be r—homogeneous of degree v €
R and continuous on Sy(1). Then there is hog > 0 such
that for all h € (0, ho) the equation (3) for any x; € R™
has a solution x;+1 € R™.

PROOF. The proof is given in [20].

Thus, for the proposed implicit Euler method with state-
dependent discretization step (3), the global existence of
solutions may be guaranteed by selecting h sufficiently
small provided that f is homogeneous and continuous.

4.8  Convergence of the implicit Euler scheme (3)

Similar to (2) results can be obtained for (3) and even
with some improvement under additional restrictions.
Note that in this subsection we assume that the sequen-
ces {x; 152, exist in (3) for all g € R", e.g. the conditi-
ons of Proposition 11 are verified.

Theorem 12 Let Assumption 1 be satisfied, then there
exists hg > 0 such that for any discretization step h €
(0, ho] the sequences {x;}52, obtained by (3) for any ini-
tial state xo € R™ and the step h possess:

(@) sup;—q,1,... [zill» <7llollr for some~ € (0, +00);

(b) im s 4 oo [|24]|» = O;

(c) for v = 0 the sequence {x;}2, has an exponential
convergence rate, for v < 0 for any xo € R™ the time
of convergence to the origin t1°, = lim;_, { o t; is finite,
and for v > 0 the time of convergence from any xg € R"
to By-(1) is also finite independently of .

If the matrix % >0 forall€ € R™, where V : R™ —
Ry is a r—homogeneous Lyapunov function satisfying
(7), then hg > 0 can be selected arbitrary.

PROOF. The proof is given in [20].

The requirement on nonnegative definiteness of the se-
cond derivative of V is related with the condition of con-
vexity level set of V' imposed in [18].

5 Absolute and Relative Errors of Discretized
Homogeneous Systems

Conventional characteristics of the discretization accu-
racy are studied in this section for the proposed algo-
rithms (2) or (3) and for homogeneous systems. To this
end denote Zp, (z9) = X (h]|zol|; ¥, zo) as the value of the
solution of (1) with the initial condition zy € R™ evalua-
ted in (2) or (3) after one iteration with the discretization
step h > 0 (at t1 = hl|lxo|| ¥ with ¢, = 0). Denote by
=1 (20) the estimated value derived by (2) or (3) for the
same xo and b > 0 (note that =, (z¢) = xo + Wf(iﬂo)

in the case of (2)), then [15]:

e the absolute error is the magnitude of the difference
between the exact value and its approximation:

e the relative error expresses how large the absolute er-
ror is compared with the exact value:

hioy . AM@)  chgoy Al
M(x) = IEXGIE o (x) = TER @)

The errors are given for two different norms, the con-
ventional one || - || and the homogeneous norm || - |-, the
former one is used habitually for evaluation of a discreti-
zation method precision, while the latter norm suits bet-
ter for analysis of homogeneous systems. Equivalence of

these norms has been shown in [18], that is why in this
note we will study only A”(z;) and 67 (z;).

These error functions admit the following useful proper-
ties:



Theorem 13 Let the system (1) be r—homogeneous of

degree v € R and E1,(z) be calculated by the explicit (2)
or implicit (3) Euler scheme for x € R™ and h > 0.
Then the functions A (z) and 5 (z) are r—homogeneous
of degree 1 and 0, respectively.

PROOF. First of all note that for a homogeneous sy-
stem (1) [6]:

X(t,A-(Nzx) =ANX(Nt,z) VE>0,VereR"”
for any A > 0, then

En(Ar(N)z) = X (hl[AN)z]; ", Ar(A))
= X\l A (V)

= A (VX (hljz]|", z) = Ar(M)En(2),

hence Zj, is r-homogeneous vector field of degree 0. Ac-

cording to Proposition (5) the vector fields =, (z) are
also r-homogeneous of degree 0 in (2) or (3).

Consider the case of the explicit Euler scheme (2), then

=8 () = En ()]l
= [1En(2) — 2 = hllz]l.” f ()],

and for any A > 0 we obtain:

AT (Ar(N)2) = [IER(Ar(N)2) = Ar (M)
—hl[A Nzl f(Ar (V) 2) ],
= AMEn(z) =2 = hllz]l7" f(@)ll: = AAR (=),

which implies that the error function A’ (z) is r-homogeneous

function of degree 1. Similarly,

oy AMA ) AN
o N0 = Nl T @l

for any A > 0 and the error function &7 (z) is
r-homogeneous function of degree 0.

For the case of the implicit Euler method (3) we have:

Eh(x)HT

Al(x) = ||En(2) -

= 121 (En(@) - hER@) 7 En(@))) = En@)lr

and repeating the same arguments (as it has been shown

above, 2, () and 25, () are r-homogeneous of degree 0)
the following facts can be substantiated:

AL(A(N)z) = AAR(2), &7 (Ar(N)z) = 07 ().

Any homogeneous function of degree 0 is globally boun-
ded (it may be discontinuous) if its maximal amplitude
is finite being evaluated on S,.(1). Therefore, if for any
initial conditions € S,(1) the error 6"(x) stays suf-
ficiently small for a reasonable selection of h (i.e. the
one step error of usual Euler discretization approaches
is small on the sphere), then the explicit (2) and the im-
plicit (3) Euler schemes provide a uniformly bounded
relative error ¢, globally. Boundedness of §, implies that
the difference between =y, (z) and Zj,(z) stays of the or-
der Zj(x) (roughly speaking proportional to z). Indeed,
assume that f is continuously differentiable on S,(1).
In this scenario, the second derivative of the solution
X (t,x0) exists and continuous, and for all zy € S,.(1):

_ » . B2 ..
Zn(z0) = X (hllzoll;", z0) = 2o + hX(0,z0) + - X (6, 20)

h2 .
= X + hf(d?o) + ?X(H,xo),

where 6 € [0,h] and the Lagrange reminder of Taylor
series expansion was used. Then for z¢ € S,.(1) and the
explicit discretization algorithm (2):

Al (w0) = ||En(20) — En(@o)]lr
2

= flwo -+ hf (o) + o X (0,20) — 20 — hf o)

h2
= S 1X(0, 20)|l»

for h <1 and rpax = 1 (always can be assumed without
loosing generality). By differentiability of f, there exists
a constant ¢ > 0 such that

sup 1X (8, z0)[l» <,
0€[0,1], zo €S, (1)

hence,
Al(ao) < Sk

for all zp € S,-(1) and h € (0, 1]. The quadratic in h con-
vergence of the absolute error A”(x() (the same can be
shown for the relative error 87 (z)) implies approaching
of the real solution X (h, xq) by its approximation given

n (2) [15].

Remark 14 Note that the time step in (2) and (3) is
state- and degree-dependent. In particular, if ||z;||, >
1 (it is sufficiently big) and v < 0, then t;41 — t; =
lz:||-¥h > h in (2) and the time step can be too large,
which is also related with the obtained accuracy estimates
in Theorem 13. It is worth stressing that anyway the con-
vergence of these algorithms is not influenced, and this
observation deals only with the sampling of discretization.
Therefore, for big amplitudes of x; in the case of v < 0
it is admissible to use the conventional Fuler methods
(without a scaling of the time discretization step), which



may provide a reasonable accuracy of approximation of
the solutions under a more regular sampling [18,30].

6 Robustness with respect to external inputs

Let us consider a version of the system (1) extended by
external inputs:

@(t) = F(x(t),d(t), t =0, (8)

with F : R"*™ — R"™ and F(z,0) = f(z), where d :
Ry — R™ is a measurable and essentially bounded
function of time. For zp € R™ and an input d : Ry — R™
denote a corresponding solution of (8) as X (¢, zo, d). The
following hypothesis will be imposed on (8):

Assumption 2 There exist7; >0, j=1,m andv € R
such that

F(AT(A)LU, AF(A)d) = )\VAT()\)F(QT,d)

forallz € R", d € R™ and A > 0, and there exists
o € Ko such that

sup |[|[F(y,d) — F(y,0)|| < o([|d|l7)
y€Sr(1)

foralld € R™.

If Assumption 1 is also satisfied, since F(z,0) = f(z),
the degrees v in these assumptions coincide. Moreover,
if assumptions 1 and 2 are both verified, then the system
(8) possesses the input-to-state stability (ISS) property
with respect to d [9], [10], and the zone of asymptotic
convergence (the asymptotic gain) can be evaluated as

1
C2 " ||d| 7,00
< — 2
Il < (C1> o (g5)’

where constants u, a, b, ¢; and ¢g are introduced in (7),

|d||7,00 = esssup[[d(t)]7.
t>0

Let us show that (2) and (3) preserve the same stability
performance for (8). Note that being applied to (8) these
algorithms can be formulated as follows:

Tiy1 = T; + WF(%, d;), 9)
T
t =1t; + h
T

or
h
Tiy1 = T; + —F(zit1,div1), (10)
[y
t t; + h
=1
T il
for i = 0,1,... , respectively, where as before z; is an

estimate of X (t;, o, d) and d; = d(¢;).

Theorem 15 Let assumptions 1 and 2 be satisfied, then
there exists hg > 0 such that for any discretization step
h € (0, ho] the discrete-time systems (9) or (10) are
1SS | and for any initial state xo € R™ and any bounded
input d : Ry — R™ the corresponding sequences {x;}32,
enter in the set where

1
e\ F il
|xz—||rs(> ldllzeo
c1 o=1(g5)

PROOF. If Assumption 1 is verified, then there exists a
Lyapunov function V' (x) for the system (1) that satisfies
the conditions (7).

Let us check the increment of this Lyapunov function
V() on the sequences produced by (9) (i.e. let us verify
that V(z) is an ISS Lyapunov function for (9) [26]):

Vi(@ip1) = V(i) = V(@ + hllaill " F(xi, di)) = V(@)
= ||z |“[V (ys + hF (35, 0:)) — V ()],

where y; € S,(1) such that z; = Ay(||zillr)yi, di =
Ai(||x;]|-)d; for some §; € R™, and the first property
from Assumption 2 has been used. Next, similarly to the
proof of Theorem 9, for some 0 € [0, 1] we obtain:

Vi b 00) = V) + Tp | b ()

’§=yi
h2
+?FT(yi76i) F(yi, 6;)

V(e ’
O leeyronr iy

=V(y:) + w hf(yi)
E=y;
+ P

o
S| nrs) - Pl

R ot s, 32"(0‘

5 (s 00) P | conriosn
< V(yi) — ha + hbo(]|6:]|7)

PV ()

0&2

V()

F(yiy@)

h2
+?FT(yia5i)

F(y7,7 6i)7
E=yi+0hF(yi,0;)

! See [26] for the definition of this property and also for its
equivalent Lyapunov characterizations.



where the estimates from (7) and the second property
from Assumption 2 are used on the last step. Denote

w = sup sup

y€S-(1) [I8]lr<eo~1(55)

o*v
sup F'(y,0) 3 gﬁ) F(y,9),
€[0,1] 3 E=y+uF(y,0)

obviously w € (0, +00) (recall that sup,cg 1) [ f(¥)]| <
+oo and || F'(y, 0)[| < [[F(y,0)|| + o([|]|7) for all y € S
and 6 € R™ by Assumption 2), and assume that

_ a
Il < o~ (52), ()

then

2

h
V(yi + hF(yi, 0:)) — V(yi) < —ha+ hbo([|0;|7) + Jw

a
< —-h-+ —
= 2+2w

provided that h < 1. In addition, if h € (0, hg] with
ho = min{1, 5=}, then

a
V(zip1) = V(w) < —hzniﬂiﬂf

under the restriction (11), which can be equivalently re-

written as ||z;[|, > ;lflll‘(ff) or

2b

Therefore, the system (9) is ISS [26], and any sequence
{z:}72, generated by (9) reaches for the zone

cllzilly < V() < e (‘1””0)“
" - O'_l(le) )

which is desired.
For the system (3) the analysis is similar:

V(zip1) = V(xi) = V(wig1) = V(zip1 — hF(Ti41,div1))
= |z M [V (Wit1) = V(%ir1r — RE(Yig1,0i41))],

where 2,11 = Ar(||zig1llr)yis1 for yir1 € S-(1) and
diy1 = AF<||xi+1Hr)6i+1 for some §;41 € R™. Next, all
the rest steps coincide.

Therefore, the schemes (2) and (3) (or (9) and (10))
for approximation of solutions of a homogeneous system
(8) keep unchanged the convergence rates and stability
margins in the presence of perturbations.

Remark 16 Note that for an input d(t) # 0 the corre-
sponding trajectory may visit the origin, but does not stay
there due to disturbance presence. In such a case the al-
gorithms (9) and (10) will decrease to zero the amplitude
of the time step for the systems with negative degree or
augment it till infinity for the systems with positive de-
gree following their construction. In order to avoid this
issue, the upper and lower limits 0 < h < h < 400 on
hllzi|| ¥ or h||xig1||-¥ must be imposed in (9) and (10),
respectively.

7 Example

Consider the super-twisting benchmark system:

T = fk1|x1|0'5sign(x1) + x5 +d,
&g = —kosign(xy) + f,

where z = [z1 23] T € R? is the state vector, k; > 0 and
ko > 0 are the system parameters; d € R is the exter-
nal disturbance and f € R is the matched perturbation
that has a known upper bound with ko > sup,~q | f(¢)|;
v = —0.5 is the homogeneity degree for r = [1 0.5]T.
The signal f can be embedded in the system equations
by considering instead a differential inclusion, and it is
easy to check that then the super-twisting algorithm is
an example of the system (8), which verifies assumptions
1 and 2 (for ¥ = 0.5 and o(s) = s). Since it is a discon-
tinuous system, then we are going to compare for this
model the explicit method (9) and the same approach
without state-dependent scaling:

for i = 0,1,..., which was previously studied in many
works and it is recommended for the use in the sliding
mode control community [28,18,30,29] (a more sophisti-
cated solution is given in [32]).

For simulations k1 = 8 and ky = 5 are selected with
k2 . 2
F(#) = “2(1 +sin(26%)),

and the run of the algorithms (9) (for ¢ = 0,..., N
with the maximum number of iterations N = 10%) and
(12) have been performed for the same initial condition
xo = [10 10] " with the discretization step h = 1072 and
h=h"' =10 from Remark 16. The results of simula-
tion for the case d(t) = 0 are presented in Fig. 1, where
[lz(t) || is plotted in a logarithmic scale, the result of (9)
corresponds to the blue line, the result of (12) is shown
by the red one. As we can conclude from these simulati-
ons, the method (9) outperforms (12) since the former is
finite-time converging, while the latter one cannot con-
verge to the origin. It is important to highlight that these
discretization algorithms have a similar computational
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Fig. 2. The results of simulation for d(t) = 1 + cos(10¢t)

complexity (comparing with (12), in (9) it is necessary
to additionally compute the value of the norm |;|%,
which only needs the power and the addition operati-
ons). The results of simulation for d(t) = 1 + cos(10¢)
are plotted in Fig. 2, where (9) is approaching the origin
much closer, while (12) generates bounded trajectories
loosing the precision in a vicinity of zero. All these re-
sults confirm the theoretical finding of the paper.

8 Conclusions

In this work a series of results has been established de-
voted to application of the explicit and implicit Euler
methods with state-dependent scaling of the discretiza-
tion step for discrete-time approximation of solutions of
homogeneous systems. The main contributions can be
summarized as follows:

e The obtained approximations can be made globally
converging for asymptotically stable homogeneous sy-
stems provided that the discretization step is selected
sufficiently small, in addition they preserve finite-time
or fixed-time rates of convergence in infinite number
of iterations (theorems 9 and 12). The maximal ad-
missible discretization step can be evaluated on the
sphere (Remark 10).

e For any value of the discretization step, the implicit
and explicit Euler methods provide a good approxi-
mation of the system solutions (Theorem 13).

e Both approaches, (2) and (3) ((9) and (10)), preserve
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the input-to-state stability of the homogeneous dyn-
amics (8) with the same asymptotic gain (Theorem
15).
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