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Abstract—Zero-order holder discretization effects in sliding
mode control systems with an input delay are studied. Stability
conditions are formulated. Conditions for the existence of periodic
solutions are derived and the existence of periodic steady states
is investigated. The influence of the discretization step and the
delay on the period and the amplitude of steady state oscillations
is discussed. Structure of basins of attraction of periodic orbits
with different switching patterns is studied. Simulation results
are presented to illustrate various behaviors.

I. INTRODUCTION

LIDING mode control (SMC) is a simple and robust
control method which applies a discontinuous control
signal, forcing the system to slide along a prescribed sliding
surface [1], [2]. Sliding mode exists when the switching
frequency is infinite. Nowadays, industrial control systems
are implemented digitally which leads to the emergence of
chattering — the most unwanted side effect of SMC. Dis-
cretization of the SMC designed in the continuous-time domain
results in irregular behaviors [3], [4]. Discretization effects in
single-input and multi-input SMC systems have been studied
substantially; e.g. in [5], [6] the Euler-discretization and ZOH-
discretization effects were studied; in [7], it has been shown
that the implicit discretization generates less chattering than the
explicit discretization scheme; and in [8], general discretization
issues were discussed. In these studies, it is assumed that the
control signal can be applied instantaneously — without a
time-delay caused by control signal transmission delay.
Taking into account a time-delay associated with the ap-
plication of the control signal leads to a delayed SMC sys-
tem. The dynamics of the second order SMC systems in
presence of input delays is studied in [9], [10] where it is
shown that the presence of input delay causes chattering. To
overcome the time-delay effect in SMC, some sophisticated
control approaches can be used, for example, in [11], a delay-
dependent sufficient condition is obtained to guarantee the
asymptotic stability of a time-delayed system, and in [12], such
methodology was extended to stochastic systems. However, in
these papers, discretization effects are not considered.
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In this work, we study combined effects of both factors —
the input time-delay and discretization — on the behaviors
of SMC systems. This is a critical issue in implementation as
digitization is common in industrial controllers and time-delay
is also a problem when control signals are transmitted either
through wired or wireless transmissions (or even the Internet).
We present analysis of zero-order holder (ZOH) discretization
effects in SMC systems with a time-delay. Preliminary results
concerning this system were presented in [13], where various
dynamical phenomena including the coexistence of periodic
steady states with different periods have been reported. In this
paper, the full stability analysis is given and various periodic
behaviors are analyzed in details, accompanied by various
simulations.

The layout of this paper is as follows. The discretized
delayed SMC system is defined in Section II. In Section III,
formulas for the stroboscopic map describing discretized de-
layed SMC systems are derived. Stability conditions are for-
mulated in Section IV, and conditions for the existence of
periodic orbits with specified switching patterns are given in
Section V. Stability analysis of example systems is carried out
in Section VI showing the usefulness of methods presented
in previous sections. For different parameter values all short
periodic steady states are found. The influence of the delay and
the discretization step on the period and amplitude of steady
state oscillations is studied. The structure of basins of attraction
of different periodic solutions is discussed.

II. DiscreTizED DELAYED SMC SYSTEMS
Let us consider a single input n—dimensional linear system

X =Ax+ bu, (1

where x € R” is the state of the system, A € R™" b € R", and
u € R is the control signal. Without loss of generality we can
assume that the system is in the controllable canonical form,
ie. Xx;=x; fori=1,2,...,n—1, and x, = —(a1x1 + arx> +
st apxy) + U

The most popular SMC method is the equivalent control
based SMC of the form

u(x) = —(c"b) 'eTAx - (cTh) ' sgn(c T x), )

where a > 0, sgn(x) = 1 for x > 0, sgn(x) = —1 for x < 0, and
the vector ¢ = (¢1,¢2,...,¢,)" € R" is chosen in such a way
that the polynomial ¢, A" +¢,_; "2+ - - +cyA+c; is Hurwitz,
¢y >0, and ¢"b # 0. Note that system (1) under control (2) is
asymptotically stable and the switching manifold s = ¢ x =0
is reached in finite-time, which can be easily shown by using
the Lyapunov function V = %sz such that V = 55 = —afs|.
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We assume that the control signal (2) is applied with the
constant and time-invariant delay 7. The resulting delayed SMC
system is given by

k(1) = Ax(t) = (c"h)™" (bcTAx(t - 7) + ab sgn(c T x(t - 7))).

(3)
To eliminate ambiguity what is the delayed state x(f — 1)
before the control action is started at t+ = 0, we assume that
for t € [-7,0] the system evolves freely (with u = 0). We
further assume that (3) is implemented by a zero-order holder
at discrete moments #; = kh, with the discretization step 7 > 0,
i.e. that for t € [, fx+1) the control signal u is constant

ug = —(cTh)™! (CTAx(tk - 1)+ asgn(c" x(t; — ‘r)))) . @

It follows that for ¢ € [, tr+1) We have x(f) = Ax(¢) + buy.

III. STROBOSCOPIC MAP REPRESENTATION

In this section, formulas for the stroboscopic map represen-
tation of discretized delayed SMC systems are derived. The
stroboscopic map is obtained from the continuous time system
by sampling trajectories at constant time intervals. We will use
the sampling interval equal to the discretization step /.

Let x® denote the solution of the control system (3) after
time #, i.e., x® = x(#). Let us define £* = (x®)T, )™ € R™,
where m = n + 1. Given ¥ one can compute the solution at
the next discretization step using the formula

XD = () x® + T(hyuy, = PP, )
where ®(h) = e, T'(h) = foh e bdt, Y(h) = (O(h),T(h)).
Let us denote by d the smallest integer number such that
7 <dh,ie. d=—-|-1/h] and let 6 = dh — 7. Since t;, — 7 =
— (dh — 8) = hk — 7 it follows that x(#; — 7) is the solution
obtained from the initial point £*~9 = ((x*NT u_,)7 after
time 6, i.e.

x(tx = 1) = D)X + T(O)up—g = PO, (6)

From (4), (5), and (6) we obtain the update formula for the
discrete system ¢

Skt _ P
~ =) (cTAPE) KD + @ sgn (cTP(O)REHD)) |
@)

Note that the state £**! depends on the previous state &%
and the delayed state £*~%*D_ The extended set of coordinates
WO = (@), @), (39)T) s defined so that the
next state of the system depends on the current state only.

The stroboscopic map F: R™ s R™ defining behavior of
the discretized delayed SMC system is given by

Yy = Fo®) = Dy® - asig, ®)
where s; = sgn(fTy®), f = (cT¥(),0,...,0)7, and g =
,...,0,(cTh)™") € R™. 5 = (s0,51,...) is the symbol

sequence corresponding to the initial condition y©. D €
ROmOX0md) g 3 matrix given by

Omxm IITle 0m><m OIﬂXWI 0m><m
Omxm Ole’n Ile’ﬂ OmXWl Olen
D= ,
Om><m Ome 0m><m Ome Ime
Q(é) OITLXWI 0m><m OIHXWI ®(h)

_ Onsim _ (¥
Q(é) - (_(CTb)ICTA\Ij(é‘)) s ®(h) = (lem) 5

where I € R®* denotes the identity matrix of dimension &,
and Oy € RF<J denotes the zero matrix with k rows and j
columns.

IV. StaABILITY

First, we show that A = 1 is an eigenvalue of D.
Lemma 1: Let us define v = ®7,97,...,97)7 € R with
P=@",6T € R™, where 0 # 7 € R"” and € € R are such that

(A= by 'bcTA) =0, £=-(TH)'cTAp.  (9)

Then v is an eigenvector of D corresponding to the eigenvalue
A=1,1e,v#0,and Dv = v.

Proof: 1t is clear that if 7 # O then also v # 0. The first
d -1 equations in Dv = v are satisfied automatically (/9 = ).
The last equation is Q(6)& + O(h)? = . It can be rewritten as

—(Th) ' cTADO) — (cTh) ' cTAT(0)¢ — &) ~ \0)

The first equation above holds. Indeed, for any 4 we have

h
(®(h) — Dy + T(h)E = (e —Dn + & f e bdt

SR

[kzk— thn+§Z—A"ft]‘bdt

[Zi A lh")(An+§b)=0. (11)
£kl

The last equality follows from An + &b = 0, which is a con-
sequence of (9). The second equation in (10) can be rewritten
as —(cTb)"'cTA((@(6) - Dy —T(©)¢) - ((cTh)'cTAp +£) = 0
From (11) applied to & = ¢ it follows that the first component
vanishes. The second component is zero based on (9). This
completes the proof. ]

The following results states that there exist 7 satisfying the
assumptions of Lemma 1.

Lemma 2: There exist a nonzero vector 7 € R” such that
(A - (ch)*lbcTA) n=0.

Proof: The determinant of a rank-one perturbation of the
identity matrix can be computed as det(I+uv") = 1 +vTu
(compare [14]). Using this formula for u = (¢"b)™'b, v = ¢ we
obtain det (A — (cTh)'bcTA) = det(I - (cTh)'bcT) det(A) =
(1 - (ch)-lch) det(A) = 0. The assertion follows. (]
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From the above two lemmas, it follows that A = 1 is an
eigenvalue of D and v defined in Lemma 1 is the corre-
sponding eigenvector. If the system (1) is in the controllable
canonical form (b = (0,0,...,0,1)" € R” and A;;4; = 1 for
i=12,...,n=1,A,; =—a; fori=1,2,...,n,and A;; = 0
otherwise) then one may choose = (1,0,...,0)T € R”,
£=—(c"b)'cTAp = ay, and ¥ = (1,0,...,0,a;)".

Let us select a basis in R™ in such a way that the first
element in this basis is v. Let P be the change of basis matrix.
The new vector of state variables is § = P~'y. In the new basis
the dynamical system (8) has the form

sk = sgn(f 790, (12)

where D = P'DP, 3 = P'g, fT = fTP. Since the
first element of the new basis is the eigenvector v of D
corresponding to the eigenvalue A = 1, it follows that we can
decompose the system in the following way

75D = R (k)

§ = D5 - asia,

+e'w (13a)

(13b)

where 3% = (z®, (W), s = sgn (fiz® + fTw®), X, £, €
R, w®, e, f,, € R¥~! The following result formulates condi-
tions for the stability of the system (13).

Theorem 1: If ||E|| < 1 (where ||E|| denotes an induced
matrix norm of E) then

— Sy,

wED = Ew® — agy,,

tim sup [ < whoua = 12l

, 14
k—oc0 1- ”E”

Additionally, if y.f, > 0, aly.| > |lellWbouna then

hin sup |Z(k)| < Zvound = (Ifwll/1fz] + llelDWoouna + @yl (15)
Proof: Let us first consider the subsystem (13b). Since
WD = |EW® — asiyll < EI| - W1+ eyl it is clear
that if [[w®|| < Wyouna then also [[W**D|| < Wpouna, i.€. the set
{Iwll < Wpouna} is positively invariant. Now, we show that as
long as w is outside this set the norm ||w|| decreases, i.e.

k k+1 k
WOl = woouna(1 + &) = WVl < WO = sallyll. - (16)

From the assumption [[w®|| > wpouna(1 + &) it follows that
IE - WPl + allyull < WPl - allywlle. Since [w* D] < |IE]| -
W@ + ally,ll, the assertion in (16) follows.

Let us assume that the bound (14) is not true. From this
hypothesis and (16) with € = 0 it follows that there exists
&> 0 such that [[w®|| > wpouna(1 + &) for all k > 0. From (16)
it follows that |[w®| < |[w@|| = ally.llek for all k > 0, and
that there exists k > 0 such that ||[w®|| < 0 which contradicts
properties of the norm. Thus, we have proved the bound (14).

Let us now consider the variable z of (13). First, we will
show that in the steady state

152002 lflWhouna = sgn (250 =z20) = —sgn (). (17)

Since [[W®|| < Wpouna (steady state assumption) and aly.| >
llelWpouna We obtain [le"w®|| < [le]l - W] < llellwbouna < aly:|.
It follows that the term —as;y. dominates in e"w® —as;y. and
sgn (%D — z0) = sgn (eTw® — asyy.) = sgn (- asyy.). From

I£:201 2> || fullWoouna it follows that s; = sgn (£,z® + fTw®) =
sgn(f.z®), and hence sgn( — asyy,) = sgn(—af)zVy,) =
—sgn(z®), which completes the proof of (17). Property (17)
means that if |7¥| is sufficiently large then change in z is
towards zero. In the steady state |z%*D| < ||flWoounal ol ™' +
lleTw® — asy.|l, and (15) follows. [}

The above theorem states that the steady state of the
subsystem (13b) is bounded provided that the matrix norm
of E is less than one. For sufficiently small discretization step
all eigenvalues of E lie within the unit circle, and hence there
exist a matrix norm with ||E|| < 1. Note that the solution is
bounded no matter what is the symbol sequence s;. Depending
on the transformation P we may obtain different estimates on
the steady states. If matrix E is (partially) diagonalized one
may use (14) to obtain independent bounds for parts of w,
which may lead to lower bounds for the original variables y.
An example is given in Section VI.

The assumption aly,| > |le||Wbound 1S technical and is needed
to obtain bound (15) for a specified e. To avoid this assumption
one may (partially) diagonalize matrix D in such a way that
the vector e is zero, and then the only requirement is that 7,
is nonzero. Such a partial diagonalization is always possible
if A =1 is an eigenvalue of D with multiplicity one, which
is true for & sufficiently small. The assumption that f; and v,
are of the same sign is natural. In the opposite case for large
|zZ0| we have sgn(—asyy,) = sgn(—af. zPy,) = sgn(z?). It
follows that the term —asyy, in (13a) is of the same sign as
z® and in consequence z diverges. Here, we neglect the term
e¢"w® which has to be smaller than |avy,| if the control action
is supposed to work properly.

V. PERIODIC ORBITS

In this section, conditions for the existence of periodic
orbits with specific switching patterns are derived. We say
that y© is a period—p point if y© = FP(y©), and p>0. We
say that the periodic symbol sequence s = (o, Si,...,8p-1)
is admissible if there exist a period—p point y© with the
corresponding sequence s. Note, that not all periodic orbits
of (8) correspond to trajectories of (7). This is a consequence
of the fact that when the control action is initiated at the
moment ¢ = 0 past symbols are not properly defined. We say
that the periodic orbit (y@,y, ..., yP=VY is reachable if there
exist an initial point x such that the trajectory F(y) based
at y = (x7,0,(®()x)7,0,(DR)2x)T,0,..., (@R "x)T,0)",
i.e. that the system evolves with zero control action for
t € [—dh, 0], converges to this orbit.

Let us consider symbol sequences of length p > 0 for which
the sum of symbols is zero, ie. %7 s; = 0. This is the
only type of admissible sequences observed in simulations.
The following result provides admissibility conditions for such
sequences. |

p= —

Theorem 2: Let us assume that ijo s;j = 0 and that

the matrix Zf:_ol D/ is invertible. The symbol sequence s =
(50, S5 - -, 8p-1) is admissible if and only if

T4,(K) T4,(K)

> i —ffT = e (18)

Mmin = mMax — min
mn k: sp=1 fTV ki sp=—
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where v is an eigenvector of D corresponding to the eigenvalue
A=1,1e. Dv=v, fTv>0 and

YO —¢ [pz_i DjJ [2 pr2-i ZJ: 5 ]g’ (19)
Jj=0 =0
kii Dk_l_jsj] g.

=0
(20)

The corresponding periodic points are given by y© +uv, where
HE [/Jmin’#max)

Proof: Given the symbol sequence s = (sg, Si,...) COI-
responding to the initial condition y©, the iterate y* can be
computed using (20). If y© is a period—p point then it satisfies

p-1
(I-D"y? = —a [Z D!’lf'sj] g. 1)

Jj=0

y(k) =Fk(y(0)’ $05 .- ”Sk—l) = Dky(O) -

From Lemma 1 it follows that 4 = 1 is an eigenvalue of D,
and v defined in Lemma 1 is the corresponding eigenvector.
Without loss of generality we may assume that fTv > 0. Let
us note that fTv = ¢"(PG),TENY = (PO + T(6)E) =
¢"n, where the last equality follows from (11). If fTv =
¢'n < 0 we may choose —n to define the eigenvector v).
It follows that O is an eigenvalue of (I — DP). We will
show that (21) has infinitely many solutions of the form
y® + uv, u € R. From the assumption Z;:; s;j = 0 it
follows that Z;’:—S Dp‘ll‘jsj = Zj.:ol Dr17ig; — Z;’:—; Is; =
(D-1) Z” 2 (DPr 7, 5i). Therefore, the term I — D can be
extracted from both s1des of (21). Skipping this term yields
(ZP lDf)y(O) = a(Zp 2 pp2-i Z’ s,s)g, which gives the
solution y© defined in (19). The above solution is one of the
solutions of (21). Other solutions can be expressed as the sum
of (19) and an element of the null space of I — D, i.e. the
solution set is (y@ + uv: u € R}.

Let us select y = y© + v, Tt is clear that F(y, so) = FO'© +
uv, so) = Dy + Duv — aspg = y + uDv. Similarly, one can
show that Fk(y, 8Os e vy Sk1) = y(k) + ,uDkv. Since Dv = v it
follows that FX(y, so,...,, si-1) = y© + uv. The solution y is a
periodic point of (8) if s; = sgn(fT FX(y)) = sgn(fT(y® + uv))
for each k= 0,1,...p—1,ie. ufTv>—fTy® for s, = 1 and
ufTv < —fTy® for s, = —1. Since fTv > 0, these conditions
are equivalent to u € [tmin, Umax)> Where pmin and pma.x are
defined in (18). [ |

From this theorem it is clear that opposite to what is
observed for non-discretized delayed SMC systems, none of
the periodic orbits is asymptotically stable. Instead, periodic
orbits are not isolated and initial conditions of orbits with the
same symbol sequence form intervals.

To find all periodic orbits of a given length p with the
sum of symbols equal to zero, one should consider all symbol
sequences of length p of this type, for each sequence find y*)
using (19) and (20), evaluate g, and g,y using formula (18),
and verify whether tyin < tmax-

For symbol sequences of type ((+1)"(—1)") with m > 1,
which are most frequently observed in simulations, (19) can

4
be simplified to y© = a(7+D")"! (I+ D+ D* +--- + D"!)g.
Let us consider the symbol sequence s = (+1,—1). For

discretized SMC systems without a delay, periodic orbits
with this symbol sequence are the simplest and most desired
steady state behaviours (compare [15]). In this case we have
y@ = a(I+ D) 'g, or in the original variables £*~D =—%® for
-d+2 <k <0, QO + T+ 0Mh)F?Y = of, where
B = (0,...,0,(c"h)™")" € R™. Eliminating other variables
yields ((=1)?1Q(8) + I + O(h)x® = ap. For fixed h and
0 the solution depends on the parity of d only. One can
show that if the sequence (+1,—1) is admissible for a given
delay 7, it is also admissible for the delay 7 + 2hk, with
k = 1,2,.... However, orbits with £ > 0 are not reachable.
Similar results can be obtained for other symbol sequences of
type ((+1)"(=1)™). Examples will be given in the next section.

VI. SIMULATION EXAMPLES

As an example let us consider sliding mode control of a
permanent-magnet synchronous motor (PMSM). The dynamics
of PMSM can be represented as a two dimensional linear
system of the form (1) with a; = 0, a, > 0, where x; is
the angle, x, is the angle velocity and u represents the control
torque (for details see [16]). We select a, = 0.242 and the
sliding surface defined by ¢ = (ci,¢2) = (1,1). Trajectory
of the sliding mode control system without a delay with the
initial point (x1,x2) = (0.01,0.1) is plotted as a thick red line
in Fig. 1(a). The sliding surface c;x; + c2x; = 0 is plotted
as a dashed line. In this case the system trajectory reaches the
sliding surface and then approaches the origin along the sliding
surface. Trajectory of the delayed SMC system with the delay
7 = 0.1 is plotted as a narrow blue line in Fig. 1(a). In the case
of infinite switching frequency the system trajectory converges
to a stable periodic orbit with length 0.4148 and amplitude
0.108. Steady state does not depend on initial conditions.
When the system is discretized various behaviors are observed.
Two example trajectories observed for the discretization step
h=71=0.1 are shown in Fig. 1(b,c). Depending on the initial
condition trajectories converge to an orbit with period T = 0.6
with amplitude ||x||max ~ 0.1644 or to an orbit with period T =
0.8 and amplitude ||x||max =~ 0.2157 which is approximately
two times larger than in the non-discretized case. From this
example we conclude that discretization of the delayed SMC
system may further deteriorate performance of the control
system. Discretization increases chattering amplitudes and the
uniqueness property of the steady state is lost. This is also a
consequence of Theorem 2 which states that none of periodic
orbits is asymptotically stable.

Let us now study a more demanding control example with
parameters a = (aj,a2) = (-2,2), ¢ = (L7, @ = 1,
h = v = 0.02 giving rise to more complicated dynamical
phenomena. First, we study stability of the system. For the
selected parameter values the extended system has the form (8)
with

1.0004  0.019608 0.00019737
D =10.039216 0.96118  0.019608 |, (22)
-2 1 0
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~0.15 1 1 i

-0.02 -0.01 0 0.01 0.02 -0.06 -0.04 -0.02

0.02 0.04 0.06 -0.06 -0.04 -0.02 0 0.02 0.04 0.06

Fig. 1. Examples of steady states for the delayed SMC system with a = (0,0.242), ¢ = (1,1)T, @ = 1, 7 = 0.1, (a) infinite switching frequency with and without
delay, (x1,x2) = (0.01,0.1), (b) & = 0.1, period—6 orbit, (x;,x2) = (0.01,0.1), (¢) & = 0.1, period-8 orbit, (x1,x2) = (0.01,0.09).

g=1(0,0,1)7, f=(1,1,0)T. The transformation matrix

044721  —0.30684 —0.00019048
p=l o0 027965  0.01998 23)
~0.89443 090975  -0.9998

diagonalizes D and for the new variable § = P~'y we obtain
the system (12) with D = diag(l,0.98194,-0.020365).
The decomposed system has the form (13) with
E = diag(0.98194,-0.020365), y. = 0.04758, vy, =
(0.06996,-0.9791)7, f, = 0.4472, f,, = (—0.02719,0.0198)7.
Note that due to full diagonalization of D we have e = 0.
Since y, # 0 the assumption aly,| > |le|[Wpouna 1S automatically
satisfied for arbitrary bound wpoyng. Using Theorem 1
we obtain bounds Wwpouna = 54.35, Zpouna = 4.134.
It follows that for the variable § we have the bound

I9l < Poound = WEouna + Founa = 546, and for the original

variables ||yl = IPFIl < [IPIl - I9ll < 1Pl[9bound = Ybouna = 91.8.

As it was mentioned before one may improve the bounds us-
ing the fact that the matrix D is strictly diagonal. Applying (14)
separately to each variable wy; we obtain: |wi| < Wipound =
allywill/(1 = IEv il = 3.8732, |wa| < wopound = @llywall/(1 -
[[E22]) = 0.99946. The improved bound for z can be com-
PUted USing the formula Zbound = (|fwl|/|fz| + |91|)Wl,bound +
(Ifw2l/1fz] + le2DWa.bound + aly;| = 0.32726. Having individual
bounds (31 pound> ¥2,pound> ¥3.pound) = (0.32726,3.8732,0.99946)
for elements of y, we obtain bounds ypoumg = 1.335,
Yopouna = 1.1031, and y3poung = 4.8157 using the formula
Ykbound = Pr1191,bound + |1Pr2192p0und + 1Pk2193.p0und- Y1,b0una and
Y2.ouna are bounds for the original variables x 2, while y3 pouna
is the bound for the control signal u.

To study the phenomenon of coexistence of periodic orbits
with different switching patterns and investigate the influence
of the value of the discretization step on the amplitude of
chattering we have carried out the following computations. For
1500 discretization steps uniformly filling the interval [0, 37]
using random initial conditions we have found the amplitude
of the steady state. The results are shown in Fig. 2(a).
Random changes in initial conditions introduce certain level
of randomness into the plot, but several structures are clearly
visible. Note that in all cases the amplitude of the steady state
is not smaller than the amplitude of the steady state for non-
discretized case (h/7 = 0).

To further understand these results let us use Theorem 2
to find all short periodic orbits. For the same values of
discretization steps as in the previous computations, we have
found all periodic orbits with periods p < 14 and additionally
all periodic orbits with symbol sequences of type ((+1)"(—1)")
with m < 50 (plotted in Fig. 2(b) using the blue color). One
can see that dense patterns (lines) in Fig. 2(a) correspond to
periodic orbits of type ((+1)"(—1)"), while clouds of points
correspond to periodic orbits of different type. It follows that
orbits of type ((+1)"(—1)") are easier to find — they have
larger basins of attraction. Also note that for small z (h < 0.771)
there are admissible periodic orbits with amplitudes smaller
than the amplitude of the non-discretized system. Below, we
show that these orbits are not reachable.

Fig. 2(c) shows amplitudes of admissible periodic orbits
when the discretization step is fixed at &4 = 0.02 and the
delay is varied. Note that the pattern corresponding to the
shortest periodic orbit (with symbol sequence (+1, —1)) visible
for 7/h < 0.5 is repeated for 7/h close to 2,4,6,.... This is
in agreement with a theoretical prediction that systems with
delays T and 7+ 2kh have the same admissibility conditions for
the symbol sequence (+1, —1). Similar effects are observed for
sequences of type ((+1)"(-1)") with larger m. The difference
is that the pattern repeats after 2mh.

Let us now consider the case & = 0.02, T =4.1-h = 0.082.
For this case there are four admissible symbol sequences in
Fig. 2(c): (+1 = 1), (+1)*(=1)%), (+D3(=1)®), (+1)°(=1)").
Positions of the corresponding periodic orbits are shown in
Fig. 3(a). Their amplitudes are 0.012713, 0.019889, 0.075984,
and 0.085373, respectively. Fig. 3(b) shows basins of attraction
of different periodic orbits. Basins were constructed by choos-
ing 500x500 initial points in the area [-0.02, 0.02]x[-0.1,0.1]
and plotting with different colors initial points for which
trajectories in the steady state have different symbol patterns.
Basins of attraction of the period—16 and period—18 orbits are
plotted in blue and red, respectively. Period—2 and period—
4 orbits have empty basins of attraction — they are not
reachable. Points converging to other periodic solutions that
have long complex switching patterns and were not detected
by the search procedure are plotted using the cyan color.

We have shown that if % is small then there exist short un-
reachable periodic orbits with amplitudes considerably smaller
than amplitudes of reachable orbits and what is equivalent
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Fig. 2. Discretized delayed SMC system with a = (-2,2), ¢ = (1,1)7, @ = 1; (a) 7 = 0.02, amplitudes of steady state oscillations obtained from random initial
conditions versus //7, (b) T = 0.02, amplitudes of short periodic orbits, (c) & = 0.02, amplitudes of admissible periodic steady states versus the delay 7/h.
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Fig. 3. Periodic steady states for delayed SMC systems with a = (-2,2),
c=(1,1)T, h=0.02, 7 = 4.1h, @ = 1, (a) positions of period-16 orbits (blue),
period—18 orbits (red), unreachable period—2 orbits (green), and unreachable
period—4 orbits (cyan), (b) basins of attraction of period—16 (blue) and period—
18 (red) orbits.

smaller than amplitudes of non-discretized SMC systems
(compare Fig. 2(b,c)). This observation suggests that it may
be possible to reduce chattering in the delayed SMC system
with sufficiently small /4 by redesigning the control in such a
way that trajectories reach one of small amplitude orbits.

VIL

Discretization effects in delayed SMC systems have been
studied. Analytic formula for the stroboscopic map describing
the discretized system has been derived. Stability conditions
have been given. Conditions for the existence of periodic
orbits have been formulated. The influence of the discretization
step and delay on the period and amplitude of steady state
oscillations have been discussed. In future work, we plan to
exploit the idea of redesigning the control strategy so that
shorter orbits are reachable with the goal to reduce chattering
amplitudes of the controlled system. We will also consider
extending the results to multi-input systems. The challenge lies
in applying the idea of a stroboscopic mapping to multi-input
systems where multiple symbol sequences for multiple inputs

CONCLUSIONS

(or sequences of vectors of symbols) need to be considered.
Stability conditions and periodic orbits conditions would in-
volve intertwined periodic multiple symbol sequences, which
require new mathematical tools to analyze.
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