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Abstract—We study the dynamics of a piecewise-smooth system of differential equations for
which the existence of a strange Lorenz-type attractor had been rigorously proved previously and
bifurcation mechanisms of its birth had been obtained. In this work we discuss the destruction
of this attractor due to the appearance of sliding motions in its structure. Using qualitative
and numerical methods, we study a complex sequence of attractor bifurcations that leaves in
the system a globally stable limit cycle. We show that this sequence is based on C-bifurcations
and bifurcations of multi-loop homoclinic trajectories.

Keywords: dynamic system, bifurcations, limit cycle, sliding motion, strange attractor, chaos

DOI: 10.1134/S0005117920080020

1. INTRODUCTION

This paper pays tribute to pioneering contributions of Yu.l. Neimark to the dynamical systems
theory. The well-known D-partition method can be considered as one of the first fundamental con-
tributions of Neimark to the local bifurcation and stability theory. Another significant Neimark’s
result is the bifurcation of the birth of a torus or a complex nonwandering set out of a periodic mo-
tion when its stability changes. This is the Neimark—Saker bifurcation well-known to specialists [1].
The theory of piecewise smooth (relay) systems, initiated by Neimark in the 1950-1960s [2, 3], is
still being successfully developed up to the present time [4, 5. This work can be considered as a
further development of bifurcation theory of piecewise smooth dynamical systems.

Piecewise linear and piecewise smooth systems have been widely used in the theory of dynamical
systems in various contexts and applications [4, 6-8]. Their potential advantage over their nonlinear
counterparts is that one can obtain explicit solutions in given regions of the system’s phase space
and “glue” solutions at the boundaries of these regions.

Piecewise smooth dynamic systems [4-6] are broadly used in practice as relay systems, automatic
control systems, and switching systems [9-12]. An interesting example of such a piecewise smooth
system is a biomechanical model of the balance of a pedestrian walking over a bridge [13], where
switching between two systems [14] corresponds to the transfer of the pedestrian weight from
one foot to another. The trajectory of such a piecewise-smooth system is determined by two
glued solutions of integrable subsystems, which makes it possible to obtain exact forms of periodic
pedestrian movement [15].

Piecewise smooth dynamical systems can be used to construct flows that possess basic prop-
erties of chaotic nonlinear systems and allow rigorous analytical investigation. In a recent pa-
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per [16], we proposed a new approach to constructing piecewise smooth models that replace non-
linear non-integrable chaotic systems. These models have qualitatively the same bifurcation struc-
ture and allow one to analytically prove the existence of strange attractors and characterize their
bifurcations.

This approach was applied to the well-known Lorenz system [17], instead of which we con-
structed a piecewise smooth linear system as its simplest counterpart. For this system, we have
given a rigorous proof of the existence of a singular-hyperbolic attractor and explicitly described bi-
furcations leading to its birth. The resulting bifurcations and attractors qualitatively coincide with
the bifurcation scenario and the structure of the Lorenz attractor, studied in detail by qualitatively-
numerical methods [18-20]. It is known from numerical studies that the Lorenz attractor collapses
when the invariant foliation is lost [19, 21] as a result of subsequent complex bifurcations. Due to
its complexity, the exact bifurcation mechanism of the Lorenz attractor disappearance has not yet
been rigorously studied.

In this paper we address this problem, i.e., we study the bifurcation scenario of the death of a
singular-hyperbolic attractor, not in the Lorentz system but rather in its counterpart, the model
from [16]. This destruction begins with the destruction of the invariant foliation and, after an
infinite sequence of bifurcations, ends with the birth of a unique stable limit cycle.

The paper is organized as follows. Section 2 describes the proposed piecewise smooth linear
model, Section 3 gives a description of sliding movements, Section 4 presents the main result [16],
and Section 5 provides a numerical analysis of the destruction of a strange attractor.

2. MODEL DESCRIPTION

We consider a piecewise smooth system glued from three-dimensional linear subsystems Ay, A;,
and A,:

— g,
As @ v =—ay, (z,y,2) € Gs,

z=—vz,

t=-MNz+1)+w(z—0),
A g=—6(y+1), (z,y,2) € Gy, (1)

AT . :_5y—1), (aj,y,z)EGr,

where «, J, v, w, A, and b are positive parameters. These subsystems are defined on the following
phase space partition G, G, and G,., respectively:
Gs:lz| <1, yeR!, z<b,
r< -1 for z2<b
G:sx<—-1 for z>b and y=>0
r<1l for z>b and y <0, (2)
z>1 for z<b
Gr:qx>1 for z>b and y <0
x>-1 for z>b and y=0.
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Fig. 1. Constructing the piecewise smooth system (1). The phase space is divided into three regions: Gs, G,
and G, (not shown in the figure). The saddle region G, is formed by the vertical half-planes S 2 and the
horizontal surface D. Focal regions G; and G, are separated by the saddle region and the vertical Z-shaped
border Z,;. The saddle O, has the two-dimensional stable manifold W* and the one-dimensional unstable
manifold (W{* and W3' are its right and left branches, respectively). Segments w; and w, belong to stable
manifolds of foci e; and e,, respectively.

We denote the vector fields of subsystems Ay, A;, and A, by F, Fj, and F,. respectively in the
form of the system X = Fj(X) with index i = (s,[,7) and vector X = (z,y, 2).

This system qualitatively reproduces the main properties of the Lorenz system [17]. Similar
to the Lorentz system, it has three equilibrium states and remains invariant with respect to the
substitution (z,y,2) — (—x,—y, 2).

Linear subsystem Ay controls the dynamics of system (1) in the region Gg. This system has
the saddle equilibrium state O, at the origin, so we will call G5 the saddle region. Subsys-
tems A, ; are defined in regions G, ; and have symmetric equilibria e,; = {41, %1, b}, respectively.
These equilibria are stable three-dimensional foci in subsystems A,;. In the complete system,
these equilibria become glued and therefore can change their stability. Note that gluing lines
w; ={r=—1,z=0by € R'} and w, = {x = 1,2 = b,y € R'} are stable manifolds of foci ¢; and e,
respectively (see Fig. 1). We will call G, and G the right and left focal regions.

The saddle region G is bounded by the right and left vertical half-planes S; = {z = 1,y € R,
z<b}and Sy = {r = —1, y € R, 2z < b} (see Fig. 1). Region G, is also bounded from above by
a part of the plane D = {|z| < 1,y € R, 2 = b} (the dark gray horizontal plane in Fig. 1). Below
the plane D, focal regions G; and G, are located to the left and right of the vertical half-planes S
and 7 respectively. Above the plane D, the focal regions are separated by the Z-shaped border Z;
(see Fig. 1).

The saddle O, has a two-dimensional stable manifold defined in the saddle region as W ;.. =
{x =0, y € R, z < b} (the central vertical plane in Fig. 1) and a one-dimensional unstable mani-
fold defined in the saddle region as Wi ;. = {0 <z <1, y =2z =0} and W3’ ;. = {—1 <z <0,
y = z = 0}. These manifolds and their extensions along the trajectories of systems A, ; in the focal
regions form global saddle manifolds W# W{* and W3 of saddle Oy in the full phase space of
system (1).

We assume that the following condition holds:

1
2<1/<1<oz. (3)

The part of inequality (3) with v < 1 means that the saddle value of O; is positive. Due to the
inequality 1 < «, the plane W' = ((z, 2) € G,y = 0) is a part of the leading manifold, which is
similar to the Lorenz system.
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3. SLIDING MOTIONS

System (1) is dissipative, that is, its phase space has an absorbing region G such that any
trajectory with a starting point in the region R?\ G falls into the region G and remains there
forever. This region is defined by the following inequalities [16]:

ly| <1
0<2z2<2b for |z[ <1

G = 4
V; < b? for z < -1 (4)
V, < b2 for x> 1,

where V;, = (z £ 1)2 + (2 — b)?>. Obviously, all trajectories of system (1) are contained in this
region. The system (1) has two surfaces of stable sliding motions S;” = {z =1,z > b" = b+ 2:‘,
y <0} and Sy ={z=—1, 2>b" =b+ 2}, y>0}. On surfaces S;” and S, the vector field of
the system A; is oriented towards increasing x, and system A, is oriented towards decreasing x
(vector fields of systems A; and A, join each other on these surfaces). The sliding motions on these
surfaces can be defined by two-dimensional systems obtained by means of an extension method due
to A.F. Filippov [22] that is similar to an extension method due to Neimark [2]. In the considered
case, this extension takes the form

X = aF(X) 4+ (1 = a) F(X). (5)
Here, the coefficient « is defined by the scalar product
(aF(X) 4+ (1 — ) Fi(X),Vs) =0, (6)

where the gradient of the function s(X), which defines the surface of the sliding motions s(X) = 0,
represents the vector v7s(1,0,0). Now (1), (2), (5), (6) together imply that the system of sliding
motions has the form

A0

w(z—=0b) —)\i 7)

(z—=0)— X\

y=—oy+

Zz—w—)\(z—b)—w

System (7) describes simple dynamics of the sliding movements. Since in (7) Z| o+ <0, the
1,2

coordinate z decreases and every trajectory leaves Sff , through the break lines z = b™. Depending
on the parameters of system (1), the role of the sliding motions in the dynamics of system (1) may
be different. We consider two main cases.

4. ATTRACTORS WITHOUT SLIDING MOVEMENTS

The work [16] proves that in the parameter region

In2
§> 8 = 007
s

2
b<b, = 2\/1 + )\2 exp{A (arctanw —|—7r> }
w w A

attractors of system (1) do not contain sliding motions.
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X

Fig. 2. Lorenz type attractor existing in system (1) with parameter values b = 3.8, « = 2, v = 0.75, § = 0.588,
w =2 and A = 0.294 from the region (9). Trajectories of this attractor are glued from the trajectories of the
saddle system As (shown in black) and trajectories of the focal systems A; . (shown in gray).

Theorem [16]. 1. In the parameter region

3mA 1 3T
Dhet = Vhet €XP 9 <b<v Texp
w

)

2w

where Ypet(V) is the inverse function of the function v =1+ 11?1%7_111;, there exists a strange chaotic

Lorenz-type attractor, born as a result of a heteroclinic bifurcation at b = bpey and coexisting with
two stable foci e; and e

2. Surface

3T

bagg=v! exp
2w

corresponds to an Andronov—Hopf-like bifurcation where two symmetric saddle cycles merge into
stable equilibrium states e; and e,.

3. In the parameter region
bAH < b < bcr (9)

the strange singular-hyperbolic attractor is the only attractor of system (1) (see Fig. 2).

5. ATTRACTORS CONTAINING SLIDING MOTIONS

For b > b,,, trajectories of the attractor of system (1) can fall on the surface of sliding motions.
Moreover, any periodic orbit containing a section of sliding movements becomes stable. The fact is
that the instability of periodic motions in the system is determined by the direction of the axis x
(see system Ag in (1)). The X-axis is perpendicular to the plane of the sliding motions, along
which trajectories fall on them non-asymptotically. Thus, the instability along the saddle orbits
is compensated by the superstability of the sliding planes. If trajectories of the nonwandering
set of the system do not fall on the surface of sliding motions, they continue to remain saddle
trajectories, the same as for b < b, in the case of the singular-hyperbolic attractor. The possibility
of the existence of attractors containing both stable trajectories with sliding motions and saddle
trajectories complicates the solution of the problem of the destruction of the strange attractor and
necessitates the use of qualitative-numerical methods. In the numerical study of system (1) that
we carry out below, we pay attention to the following possible effects.
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1. The stabilization of saddle trajectories falling on the plane of sliding motions, i.e., the effect
of the appearance of stable orbits. For a small deviation of the parameter b from the critical value
uw=1—=b,/b>0, u<1, stable orbits have large periods, and their basins of attraction are so
small that they are difficult to find even numerically. Thus, for small ¢ > 0 the attractor ceases to
be singular-hyperbolic and becomes the so-called quasi-strange attractor [23].

2. The bifurcation of the birth of a stable cycle from the homoclinic orbit of a saddle with a
positive saddle value. This effect is unexpected, because in the case of smooth or even piecewise
smooth continuous systems, the cycle must be born unstable.

3. The possibility of a C-bifurcation [11], where two symmetric stable cycles of the same period
are born from a stable limit cycle, and the cycle itself, leaving the surface of sliding movements,
becomes a saddle cycle. In smooth systems, a counterpart of such a bifurcation is a pitchfork
bifurcation of codimension two occurring in symmetric systems where two stable cycles of the same
period are born from a limit cycle that loses stability through the multiplier m = +1. Further, for
simplicity, such a C-bifurcation in system (1) will be called a pitchfork bifurcation.

5.1. Bifurcations of Attractors Containing Sliding Motions

The sequence of bifurcations in the parameter region b > b.. for whose points the attractor
contains sliding motions is more convenient to consider as the parameter b decreases, starting with
large values of b = 300.

Figure 3 shows a bifurcation diagram of system (1). For any given value of parameter b along
the Y-axis, intersection points of the steady movements of the system with the section plane D are
indicated. The horizontal lines near lines x = 1 are an extreme trace of limit cycles.

=
b o
&
~
=

(b)

29 283 2 10 21 29

_.
R e CEEEER
w

b

Fig. 3. Bifurcation diagram of system (1) for a« =2, w =2, § = 0.588, A = 0.294. The Y-coordinates show
intersection points of the steady motions of the system (1) with the section plane D.
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Fig.4. The first sequence of changing the phase patterns of system (1) when decreasing the parameter b.
(a) For b = 300 the system has a globally stable period-two limit cycle enveloping the stable one-dimensional
manifolds w,, of foci e, once. (b) For b =270 two stable limit cycles of the same period coexist. (c) For
b = 143.07 these limit cycles merge into a homoclinic butterfly and, with a further decrease in the parameter,
form a globally stable limit cycle of a double period. (d) Phase portrait of this four-loop cycle for b = 40. The
cycle trajectory goes around each of the manifolds w;, twice. Other parameters: o =2, w =2, § = 0.588,
A = 0.294.

Fig.5. Example of a homoclinic butterfly formed by two symmetrical multi-loop homoclinic orbits for b = 4.075.
Other parameters: a =2, w =2, § = 0.588, A = 0.294.

Figure 3a shows a bifurcation diagram constructed for the entire range of values of the parameter
b € ]0,300]. For b > 283 the diagram contains only traces of a globally stable period-two limit cycle
(see Fig. 4a).

The vertical dashed line at b = 283 corresponds to the first C-bifurcation of the cycle doubling.
At this point, two curves extend from the extreme traces. Together with the horizontal lines, they
correspond to the traces of two stable limit cycles born as a result of the pitchfork bifurcation (see
Fig. 4b).

The vertical dashed line at b = 143 marks the first homoclinic bifurcation, where two stable
cycles merge into the line (x =0, |y| <1, 2 =b) on the stable saddle manifold W* and form a
homoclinic butterfly (see Fig. 4c). This corresponds to the intersection of the curves at the point
(b =143, x =0).

With a further decrease in b, the homoclinic butterfly is destroyed and a globally stable limit
cycle of a double period is born (see Fig. 4d). All four curves of the bifurcation diagram on the
interval b € (29, 143) are the traces of this cycle until the next pitchfork bifurcation occurs at b = 29.

AUTOMATION AND REMOTE CONTROL Vol. 81 No. 8 2020



1392 BELYKH et al.

Figures 3b and 3c are enlarged fragments of Fig. 3a. Figure 3b shows the second pair of
bifurcations: “pitchfork (b = 29)-—homoclinic butterfly bifurcation (b = 21).”

With a further decrease in the parameter b, bifurcation pairs “pitchfork—homoclinic butterfly”
are repeated, doubling the period (round-trip) of the stable cycles (see Fig. 5). These pairs accumu-
late at b — b, forming a sequence that serves as the skeleton of a bifurcation set. Figure 3¢ shows
that every interval (bgy1,bx), where by is the previous and by is the next pitchfork bifurcation,
contains a chaotic window. The bifurcation set in chaotic windows becomes more complex as k
increases. Apparently, this is due to the fact that the sections of sliding motions on nonwander-
ing paths decrease with increasing k, i.e., when approaching the the existence region of a strange
attractor.

The area to the left of the vertical dashed line b.. = 3.95 in Fig. 3¢ corresponds to a singular-
hyperbolic attractor. We noted that, according to the well-known scenario of transition to chaos in
Lorenz-like smooth flows with a negative saddle value [24, 25], with an increase in the bifurcation
parameter the period of stable limit cycles through the cascade of bifurcations of homoclinic orbits
doubles.

A significant difference in the scenario obtained in this paper is that the saddle value of system (1)
is positive. However, the cycles originating from homoclinic orbits, unlike the case of smooth
systems [26], are stable due to the presence of sliding motions. In addition, in the case under
consideration there are windows of chaotic motions along with windows of stable periodic orbits.

6. CONCLUSION

In this paper, we have conducted a qualitatively-numerical study of a complex bifurcation set
corresponding to the destruction of a singular-hyperbolic attractor in a piecewise smooth system,
which is a counterpart of the well-known Lorenz system. This destruction is due to the appearance
of sliding motions in the structure of the attractor. The bifurcation set is a sequence of patterns
that converges to a critical value of the parameter corresponding to the beginning of the destruction
of the strange attractor. The bifurcation patterns are based on C-bifurcations, where doublings
of multi-period limit cycles occur, and the system undergoes bifurcations of multi-loop homoclinic
orbits leading to the birth of stable limit cycles with a double period. These patterns contain
chaotic windows whose structure becomes more complex along the sequence. The nontrivial task
of a rigorous analysis for a complex bifurcation transition from a stable limit cycle to a strange
attractor, briefly described in the present work, requires the construction of point mappings that
take into account sliding motions and is beyond the scope of this paper.
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