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Abstract In this paper, we extend the classical Mel-
nikov method for smooth systems to a class of planar
hybrid piecewise-smooth system subjected to a time-
periodic perturbation. In this class, we suppose there
exists a switching manifold with a more general form
such that the plane is divided into two zones, and the
dynamics in each zone is governed by a smooth system.
Furthermore, we assume that the unperturbed system
is a general planar piecewise-smooth system with non-
zero trace and possesses a piecewise-smooth homo-
clinic orbit transversally crossing the switching mani-
fold. We also define a reset map to describe the instan-
taneous impact rule on the switching manifold when a
trajectory arrives at the switching manifold. Through
a series of geometrical analysis and perturbation tech-
niques, we obtain a Melnikov-type function to measure
the separation of the unstable manifold and stable man-
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ifold under the effect of the time-periodic perturbations
and the reset map. Finally, we use the presented Mel-
nikov function to study global bifurcations and chaotic
dynamics for a concrete planar piecewise-linear oscil-
lator.

Keywords Melnikov method - Planar piecewise-
smooth systems - Homoclinic orbits - Switching
manifolds - Reset maps

1 Introduction

Along with the development of nonlinear science, non-
smooth dynamical systems are becoming more and
more active in the world. Mechanical engineering [1,2],
power electronics [3], walking machines [4], control
science [5] and other fields of natural science and social
science often employ non-smooth functions to describe
dynamical models. Therefore, developing mathemati-
cal methods and studying the dynamics for non-smooth
dynamical systems is very important. At present, global
bifurcations and chaotic dynamics for non-smooth
dynamical systems are interesting but complicated top-
ics.

It is well known that homoclinic bifurcations for
smooth dynamical systems are a usual route for the
occurrence of chaotic dynamics. The classical Mel-
nikov method provides analytical tools for determining
the persistence of homoclinic/heteroclinic connections
for planar regular systems subjected to periodic per-
turbations [6-9]. More specifically, the existence of a
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simple zero of the corresponding Melnikov function
implies the existence of a transversal homoclinic point
of the periodic map of the perturbed non-autonomous
smooth systems. Chaotic dynamics for these systems
can be furthermore explained mathematically by the
corresponding invariant Smale horseshoe set for the
periodic map [7]. This is perhaps the most known route
to chaos for non-autonomous smooth systems; how-
ever, there exists a special case with a different route
given by Pascoletti and Zanolin [10].

How to understand the mechanism of global bifur-
cations and chaotic dynamics for discontinuous sys-
tems is a valuable and active topic. The basic idea is
to extend the classical Melnikov method to discon-
tinuous systems. Many scholars have made a lot of
efforts and obtained some representative results about
the Melnikov method of non-smooth systems in [11—
25] and chaotic dynamics in [26—28]. For example, Du
and Zhang [11] have developed the Melnikov method
for homoclinic bifurcation in nonlinear impact oscilla-
tors. Gao and Du [12] studied homoclinic bifurcation
for an impact inverted pendulum under a quasiperiod-
ically excitation. For the case of a homoclinic orbit
which crosses transversally a switching manifold but
without jumping on it, some scholars in [13-20] have
successfully put forward the Melnikov method to study
the persistence of the homoclinic orbit. Kunze [13], Shi
[14] and Kukucka [15] have presented a Melnikov func-
tion but with difference items induced by the disconti-
nuity of vector fields on a switching manifold for a two-
dimensional periodic perturbed system. The switching
manifold considered in [13, 14] is a special straight line
and the Melnikov theory derived has good geometrical
intuition; however, the difference items in the Melnikov
function looks hard to calculate in [13-15].

Battelli and Feckan have made great contribution
to homoclinic bifurcations and chaotic dynamics for
non-smooth systems. For example, Battelli and Feckan
in [16,17] have discussed a class of high-dimensional
non-smooth systems in which a piecewise-smooth
homoclinic orbit transversally crossing a switching
manifold is subjected to small non-autonomous per-
turbations. Battelli and Feckan [18] also presented
the Melnikov method for sliding homoclinic cases on
a switching manifold for high-dimensional systems.
Considering the perturbations with periodic, and the
almost periodic cases (and even the case of weaker
recurrence properties), they prove the existence of a
transversal homoclinic point which immediately gives
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persistence of the homoclinic trajectory and which
also furthermore proves the occurrence of chaos. The
proofs are carried on in [16—18] and then they are sur-
veyed in [19]. Since the systems considered is high-
dimensional case, Battelli and Feckan have to deal
with the adjoint variational system and with its unique
bounded solution. However, when the two-dimensional
case is deduced from the general one, the geometrical
intuition is less transparent. In order to pursuit geomet-
rical intuition and solve the problem of the difference
items hard to calculate in [ 13—15] in the Melnikov func-
tion for non-smooth system, Li et al. [20] have con-
sidered a planar piecewise Hamiltonian system with
a homoclinic orbit transversally crossing a switching
manifold, then studied the persistence of this homo-
clinic orbit subjected to a periodic perturbation. They
have tried to employ geometrical idea based on the clas-
sical Melnikov method in [7] and found the relation-
ship of a trajectory between two sides of a switching
manifold; then, they have presented a Melnikov func-
tion in complete integral forms. Although the result can
already be found in [16, 19] for two-dimensional cases,
the proof is different and simpler with great advantage
of engineering application.

For the case of trajectories jumping on switch-
ing manifolds, Granados et al. [21] also extended the
Melnikov methods for heteroclinic and subharmonic
orbits in a piecewise-smooth system with a concrete
impact rule on a discontinuous separation line; further-
more, they employed the Melnikov method to study
a mechanical system of slender rocking block. Car-
mona et al. [22] studied the Melnikov theory of peri-
odic orbits for a class of planar autonomous hybrid
systems. Based on the idea presented in [21,22], Li
et al. [23] presented the Melnikov method for a class
of planar piecewise-smooth systems with an impacting
rule described by a reset map on a switching mani-
fold. Furthermore, Li et al. [24] considered a piecewise
Hamiltonian system with a heteroclinic orbit transver-
sally crossing two switching manifolds and presented
the Melnikov method with a simpler derivation and
proof to study the persistence of this heteroclinic orbit
under the effect of a periodic perturbation and reset
maps.

In this paper, based on the work presented by Li
et al. [20,23], we want to study global bifurcations and
chaotic dynamics for a planar hybrid discontinuous sys-
tem. We suppose that there exists a switching manifold
with a more general form such that the plane is divided
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into two zones, and the dynamics in each zone is gov-
erned by asmooth system. Furthermore, we assume that
the unperturbed system is a general planar piecewise-
smooth system with possibly non-zero trace, and pos-
sesses a piecewise-smooth homoclinic orbit transver-
sally crossing the switching manifold. We also define
a small reset map to describe the instantaneous impact
rule when a trajectory arrives at the switching manifold.
Through a series of geometrical analysis and perturba-
tion techniques, we obtain a Melnikov-type function to
measure the separation of the unstable manifold and
stable manifold under the effect of the time-periodic
perturbations and the reset map. Finally, we use the pre-
sented Melnikov function to study global bifurcations
and chaotic dynamics for a concrete planar piecewise-
linear oscillator.

In this paper, we will mainly focus on the analysis
of the reset map and derivation of the Melnikov func-
tion by using a simpler procedure and geometrical idea.
When the reset map is not considered, the Proposition
2 of this paper is indeed covered by Theorem 2.13 in
[16], and then surveyed in [19]. However, the proof in
this paper is different and simpler with good geomet-
rical intuition. Another point needing some illustration
is that we prove the existence of a transversal homo-
clinic point and conclude that implies the existence of
chaotic dynamics but without giving a rigorous proof.
It is indeed not rigorous because there is a case where
the critical point might be on the switching manifold
showing that the existence of a transversal homoclinic
point may not imply the insurgence of a chaotic pat-
tern in [25]. However, without the presence of the reset
map, Battelli and Feckan in [17] have presented a full
fledged proof of the existence of chaos when a transver-
sal homoclinic point is present for high-dimensional
case. Hence, a similar fashion as in [17] can be carried
out to conclude the existence of chaotic dynamics when
the reset map considered here is small.

Here, we will also give some explanations of differ-
ent points between our work with the one presented by
Li et al. [20,23]. Firstly, the unperturbed system con-
sidered here is a general piecewise-smooth system with
a possibly non-zero trace, while the unperturbed sys-
tem studied by Li et al. [20,23] is a piecewise-defined
Hamiltonian system. Secondly, a switching manifold
with a general form and impacting rules are consid-
ered in this paper, while a particular separation line is
defined as the switching manifold in Li et al. [23] and
the orbits do not jump on the switching manifold in

Li et al. [20]. Thirdly, more complicated perturbation
techniques and geometric methods for discontinuous
systems are extended here to derive the non-smooth
Melnikov function. Furthermore, several lemmas and
propositions are given to facilitate the calculation of
the Melnikov function and help to understand different
points between smooth and non-smooth systems.

This paper is organized as follows. In Sect. 2, the
statement of the problem is described, the non-smooth
Melnikov function for the planar hybrid piecewise-
smooth systems is obtained. In Sect. 3, global bifur-
cations and chaotic dynamics for a concrete planar
hybrid piecewise-linear oscillator are studied by the
obtained Melnikov function. Numerical simulations
are also shown to verify the theoretical analysis. Finally,
the conclusions are given.

2 Statement of the problem
2.1 System description

We first define a scalar function i:R? — R, h €
Ccr (RZ, R), r > 1 such that the state-space R2 is split
into two open, disjoint subsets V_ and V. by a switch-
ing manifold . The subsets V_ and V; and the switch-
ing manifold X can be formulated as

Vo =0 e R 1 hex ) <0,
2 ={0r ) e R | he,y) =0},

vi={0 ) eR [ hty) > 0], ()
The normal of the switching manifold X is denoted by

n=n(x,y) =grad(h(x,y)), (x,y)€X, 2
which is a row vector, and we also assume that the
scalar function % is chosen such that n(x, y) # 0 for
(x,y) € X.

We consider a general planar piecewise-smooth sys-
tem as follows:
(X) _ {f—(x,y) +eg (x,y, 1), (x,y) € V_,

v) e y) Fegr(x, p, 1), (x,y) € Vy,
where (x,y) € R> and € (0 < € « 1) is a small
parameter. We suppose that the function fi : R> — R
are C" with r > 2 for any (x,y) € R?, and g1 :
R? x R — R? are C” with r > 2 and f’—periodic int.

In order to describe impacting rules of trajectories
on the switching manifold X, let us consider a reset
map for system (3) given as follows:

3
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Pe X —> X
(, 9) > pe(x, y) = (P1,e(x, ¥), Pe(x,y))  (4)

satisfying po(x,y) = (x,y) and h(pe(x,y)) = 0
for any (x,y) € X, where 0 < ¢ K€ 1, pie €
C"R*» (i = 1,2) with r > 1. We denote by
Pt (x,y) = (1.e(x, y), T2.e (x, y)) the inverse map-
ping of g (x, y) for any (x, y) € R?, and 0 < € < 1.

In the aforementioned assumptions and definitions,
the switching manifold ¥ divides the plane into two
zones whose dynamics in each zone is governed by
a smooth system. We hope that the reset map p, will
be adopted instantaneously when a trajectory arrive at
some point (x, y) on the switching manifold ¥ att =
t*. That is to say, the point (x, y) € X in this trajectory
will jump to the point p.(x, y) € X instantaneously
and then this trajectory will enter into another zone.
Before the assumptions are presented, based on our
expectation of geometrical structure, we first simply
describe a solution of the system (3) and (4), we let
q~ (t; to, X0, Yo, €) be the flow of system (3) restricted
to V_, and #; > fg is the smallest value of ¢ satisfying
the condition

h(q™(t1; to, X0, Y0, €)) = 0. 5

Similarly, g7 (¢; to, x1, y1, €) is the flow of system (3)
restricted to V., and t, > fq is the smallest value of ¢
satisfying the condition

h(g™ (12 to, x1, y1, €)) = 0. (6)

According to the position of (xp, yp) in V4 or V_, we
apply either ¢~ (¢; to, X0, Yo, €) or (g (t; to, x1, 1, €))
until the trajectory of system (3) reaches X, then we
apply (4). In order to let readers easily understand what
is a solution for a discontinuous system stated above,
here we present a trajectory of system (3) and (4) with
initial condition (xg, yo, tp) in Figs. 1 and 2 fore =0
and € > 0, respectively.

z V.

\\// /,/‘7q+(t;t1>xl>y1:0)

1P o

q’(t;l‘o,xo,yo,o) V’/ ~—\’>%%q+(’z§’pxl’%>o)=(xz’J/z)
% A%

y Gox) a7 (t:1,,%,,,,0)

h(x,y)=0<"

q—(’l;’oax(:’)ll)’o): (xl’yl)‘/,ﬂ

Fig. 1 A solution of system (3) and (4) fore =0
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h(x,y):Ok

, 5 2 oo ko2 b))

—\\, 7 (60,5 (5.3,) £y, ) 2)
X

[

a (t3t0:%0,70:6)= (1. 31)

4 (610 %. v0,) l .
A NG (302, (3, ) 22 (5031 1. 8) = (3.3,)

v (%0 30)

(él,: (;z >V2 )va,: ("z V2 ))

Fig. 2 A solution of system (3) and (4) fore > 0

/A
h(x,y)=0
y 7{@ / 7.(1)
POL' \ Z
y2(2)

Fig. 3 The homoclinic orbit of the unperturbed system of (3)
and (4)

In order to extend the Melnikov method to a gen-
eral non-smooth planar hybrid system and guarantee
the aforementioned structure, we make the assumptions
about geometrical structure of the unperturbed system
of system (3) and(4) as follows:

(H1) For € = 0, system (3) has a fixed point py € V_
and a continuous, piecewise-smooth solution y(¢) €
RR? which is homoclinic to pg. The analytical expres-
sion for the homoclinic orbit is assumed as follows:
y1), for t < r*

yp(t), fort" <t <t¢’ @)
y2(), for t > ¢

() =

wheret < 0 < tx,yi’z(t) e V_fort < t*andt > t*,
ye(t) € Vyfort <t <5, yl(*) = yr(t*) € T
and y2(*) = y.(t*) € =.

H2) [n - f- (L)) - [n- fr(2@E )] > 0, [n-
f~2EN]- I fr (2] > 0.

Without loss of generality, we assume the homo-
clinic orbits for the unperturbed system of (3) and (4)
is clockwise oriented and topologically equivalent to
the one shown in Fig. 3.

We give some definitions and lemmas utilized in
the following analysis. Firstly, let a = (x, yl)T, b =
(x2, y2)Tandn = (n1, n2), then the wedge product and
the inner product of two vectors is defined asa A b =
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X1y2 — X2¥1, 1 - a = nya; + naaa, respectively. Next,
we give some lemmas.

Lemmal Leta = (xl,xg)T, b = (yi, yz)T, Aisa
2 x 2 matrix, then we have the formula as follows:

(Ab) Aa+b A (Aa) = traceA(b A a), ®)

where traceA is the trace of the matrix A.

Proof Let

o an ap
axy an )’
then

(Ab) Aa+b A (Aa)
_ |aun +any: xi Y1 anxi+apx;
a1yr +ax»y: x2 Y2 az1x1 +axnx;
=daj1y1x2 — X1a22y2 + y1a2x2 — y2a11x1
= a1 (y1x2 — yax1 + an(x2y1 — x1y2)
Y1 X1 Y1 X1
y2 X2 Y2 X2
= (a11 +ax)(b Ana) =traceA(b A a).

=dail

O

Lemma2 Leta = (a1, a))", b = (b1, b)), ¢ =
(c1, )T, andn = (n1,n2), A is a2 x 2 matrix, A*
is denoted as the adjoint of the matrix A, then we have
the formula as follows:

b/\{I:A_i_w}c}:wa/\c. (9)
n-a n-a

Proof The formula (9) can be verified by some compli-
cated matrix calculations. The Lemma 2 is an important
fact and will be useful for deriving the third equality of
(37), which is a main technique in this paper to simplify
the non-smooth Melnikov function. |

Lemma 3 If the equation w(t) = A@)w(t) + h(t)
satisfies the conditions for the existence and uniqueness
of solutions, then the solution of this equation with the
initial condition w(ty) = wo can be given by w(t) =

t t
|:w0 + / h(s)exp (/ A(u)du) ds:|.
fo N

Proof The Lemma 3 can be easily verified by the
method of variation of constant. The Lemma 3 is also
an important fact and will be useful for solving the

nonhomogeneous differential equations with variable
coefficients.

In order to study the global dynamics of system (3)
and (4), we rewrite the equivalent suspended system of
(3) and (4) to (10) and (11):

(x> _ Gy teg(x,y.0), (xoy) eV,
b frGoy) +egi(x, y.0),  (x,y) € Vy,
6=1,
(10)
(x, ¥) B> pe(x,y) = (P1.e(x, ¥), P2 (x,¥)), (x,y) € &,
(11)

where 6 = ¢ (mod f") e st

In three-dimensional phase space R x S', by
extending the Lemma 4.5.1 and Lemma 4.5.2 in [7]
we get the following proposition: O

Proposition 1 For ¢ = 0, under the assumptions
(H1)-(H2), the suspended system (10) and (11) has
a hyperbolic periodic orbit Yo = {(po,0) : po €
V_,0 € S'Y. Moreover, Yy has piecewise C" two-
dimensional stable and unstable manifolds denoted by
WS (o) and W" (o), respectively, which intersect in
a two-dimensional homoclinic manifold

r= {(y(t), 0) € R? x Sl}.

For € > O sufficiently small, the suspended sys-
tem (10) and (11) has a hyperbolic periodic orbit
Ve = {(pe,0) : pe € V_,0 € Sl} with pe =
po + O(e) € R% Moreover, Y. has piecewise C”
two-dimensional stable manifold W* (yr¢) and unsta-
ble manifold W" ({¢), which are e— close to W* (Yry)
and W* (), respectively.

In order to discuss W*(y¢) and W*(¢¢) for per-
turbed system (10) and (11), based on the idea presented
by Kunze in [13], we fix 6y € st o0, f"] and denote
by L, a line segment in the plane Xg, = R? x {6} that
is perpendicular to the homoclinic orbit at y4 (0), and
therefore points in the direction of the normal vector
of f1(y+(0)). Furthermore, denote by p. g, the inter-
section of V¢ g, wWith X, and let g"* (¢, 8y, €) be the
unique trajectory of system (10) and (11) that lie in
the unstable W* (p¢, g,) and stable W*¥(pe 4,) of pe, gys
cross L at shortest distance to y4+(0) (see Fig. 4).

Let g + T"* (69, €) be the time when the perturbed
orbit g**(t; 6y, €) will cross the switching manifold,
denoted by t¥ and t}. Obviously,

@ Springer
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Fig. 4 The stable and unstable manifolds of pc(6p)

=00+ T"(0,€) =6p+ 1" + O(e),
i =00+ T (00, €) =0 +1° + O(e). (12)

Based on the ahead of assumptions and notations, we
give some Lemmas.

Lemma 4 For each 6y € [0, f] and sufficiently small
€ > 0, there exist §i(e) > 0, (i =1, 2, 3, 4) such
that 0y + t* — 81(e) < T < Oy + 1" + 82(€) and
Oo+1° —63(e) < ) < O+t +084(€), andthe perturbed
orbit q"(t; 0y, €) and q°(t; 6y, €) can respectively be
expressed as

P2(t — 60)
yi Bt —60), if t € (Bo+1"—81(€), Bo+1"),
=1 v+t —6p), if t € (Bg+1t", 600 +1%),
v Bt —60), it 1€ (00 +1°, 600 + 15 + 84(€))

is the solution of equation (x,y)T = fi(x,y) +
€g.(x,y, t) defined in R?, namely )ql_‘ E(t — 60p) and
y_ﬁ’ E (t—06p) are the extensions of the solution v+ (t —6p)
in the V_ beyond the switching manifold ¥, and

P3(t — 6o)

[ yPEG—00). if 1 € By +1° — 83(€), 6y + 1),
T 2@ -6, if t e By +15, +00)

is the solution of equation (%,y)T = f_(x,y) +
€g_(x, y, t) defined in R?, namely, yz’ E(t —0o) is the
extension of the solution y 2 (t —8y) in the V.. beyond the
switching manifold . Furthermore, qi"i (t, 6p) and
qf’i (t, Bo) are the solutions of the following linearized
equation

W= Dfe(P'(t — 6o)w + g+ (P (t — 6p), 1),
i=1,23, (15)

where w = (w1, wz)T e R2,

q"(t: 60, €) = P (t — 60) + €q\" " (1, 60) + O(€?), ift € (—o0, 7)),

“(t; 0 = ! € 13
97t 6. €) {61”’+(l; 00, €) = P2(t — o) + €q} "t (1, 00) + O(e?), ift e (1, 6) (13)
with pe(q" = (t¥; 0o, €)) = q" T (t¥; 0o, €)), and

Syt (4. 5204 s,+ 2 : s
qv(t, 00, 6) — {q (tv 607 6) - V (t 90) +6q1 (ty 60) + 0(6 )’ lft € (00’ Tg)a (14)

q*(t; 00, €) = P3(t — 60) + €q)" (¢, 60) + O(e?), ift € (¢, +00)

with pe(q*t (1l 00, €)) = ¢~ (t}; 6o, €)), where

Pt — 60)
. vl —6y), if t e (—o00,60+1"),
Ty B =60, if t e @+, 0 + 1 + 82(€))

is the solution of equation (x,y)T = f_(x,y) +
€g_(x,y, t)defined in R2, namely, yl’ E(t —6p) is the
extension of the solution y!(t — 0y) in the V.. beyond
the switching manifold X, and

@ Springer

Proof The proof consists of a straightforward modifi-
cation of the proof for Lemma 4.5.2 of [7] for smooth
systems. In order to overcome the difficulties induced
by the discontinuity of vector fields on the switching
%, we only need to extend the solution y (r — 6p) to
be pi(t — ) beyond the switching manifold and we
can show that the following argument does not depend
on the extension. Now, we define a separation between
the unstable manifold W*(pe, ¢,) and stable manifold
W?(pe, g,) on the section X, along the direction of the
normal vector of f (y4+(0)) as
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J++(0) A (" (Bo; 6o, €) — q* (Bo; b0, €))
I f+ (O] '

d(6) =
(16)

By carrying on the Taylor expansion of the displace-
ment function defined in (16) to the first order in the
perturbation parameter € near € = 0 and obtain that

F+(r+0) A (g7 (80, 00) — g} (B0, 60))
Il £ G O))
+0(e?). (17)

d(6p) =€

Let

AOE( 60) = fry(t —60) A g (1. 60). (18)
according to the (17) and (18), it is easy to get

A" T (09, 6p) — A* (6o, 6)

d o) = 0. (19
o) =¢ 1/ (e O] +0E). (19)
We denote by

M(@0) ,
dOy)) =e——+ 0 20
€ =Gy T (20)
where

M(6o) = A" (6, 00) — A (60, 6o)
= [A" T (60, 60) — A" (60 + 1, 60)]
+[A>F (60 +1°, 60) — A>T (60, 60)]
+A" (G + 1", 6p)
— AT (B0 + 15, 6p). 1)

O

In the next main work, we want to derive M (6p)
in a simple form. First, we calculate the derivative of
A%z 0y) with respect to ¢ and obtain that

A E (1 Gy) = traceDfL(y (t — 09) A E (1, 6p)
+/e (v —6o))
Ngx(y(t —6p), 1). (22)
We notice that A*~(—o0, 6y) = AS~(+00,6y) = 0
due to f_(Pyp) = 0 and ¢! (z, 6p) are bounded.

Employing the Lemma 3 and integrating (22) from —oo
to 6 + t" and employing the change of variables r —

t + 6y, we have
A" (0o + 1", 0p)

tu
=/ X)) A gL @), t + 60)

tu
X exp ( / traceDf_(y.! (s))ds) dr, (23)
t

Similar calculations give

AT (B + 15, 6p)
+00
= F-20) A g— (V2 (1), 1 + 60)

t,\‘
t.\'
X exp ( f traceDf_(yE(s))ds) dr, (24)
t
A" (00, 60) — A" TGy + 1, 0p)

0o
=/9 S+ (s —600)) A gy (ys(s —6p), s)

o+1*

o
X exp (f trace D f4 (y4+(m — 90))dm> ds
N

to

=m—0,

L8 [ Fis ) A g5 = 60).)
Bo+1"

0
X exp (f trace Df (y+ (/,L))d/t) ds

s—6p

t=s—0p

0
:_——/ S+ @) A g+ (y+(@), t + 60)
t“

t
X exp (—/ traceDf+(y+(u))du> dr, (25)
0

AT (0o, 00) — A>T (G0 + 1*, 0p)

0o
2/ S+ (s — 600)) A g4+ (y+(s — 6p), )
Bo+t*

6
X exp (/ ’ trace D f (y4+(m — 90))dm) ds
u=m—0p %
:/ S+ — 600)) A g+ (y4+(s — o), 5)
o+t

0
X exp </ traceDer(er(u))du) ds

_90

t=s—6p

ZS
=, S+ @) A g (4 (1), t + 6o)

X exp (—/[traceDf+(y+(u))du) de. (26)
0

It is not easy to calculate straightly A“T(6y + t*, 6p)
and A%t (6y + t°, 6p) by the equation (18), since we
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do not know the exact q;"s in the asymptotic expansion
of the solutions of the perturbed system (10) and (15).
In this paper, we can apply some skillful methods to
obtain the relationship between A*®)+ (9 4 ) 6)
and A*)~ (6 +1“®), §y). First, we need to obtain the
relationship between qf(s)’Jr(t, 6p) and q'f(s)’_(t, 6o).
So we give some lemmas.

Lemma 5

3 e u T
g (00 + 1", 60) = <M|e=o>

de
+Mg," ™ (6o + 1*, 6o), (27
oo () '
ay O+ 15, 60) = (%le:()
+M'q)"™ (60 + 1°. 60), (28)

where the matrix M and M are respectively given by

M = Dpe(y (")) le=o
L - Dpe(y (") |e=op L (1) In(y (1))
n(y (tv)) -yt

’

(29)
M’ = Dj (v () ]e=0
L) DA (y (1) le=op2 (1) In(y (%))
n(y (1) - y2(t%)

’

(30)
Moreover,

A%T (G + 4, 6p)
e (y (" T
=y (1) A (%u—o)
n(y(t”))D*ﬁs(J/(t”))le:o)br(t”)Au,,
n(y (t4)) -yl (1)
x (60 + 1", 6p), 31
A¥T (O + 1, 6p)

, s Ny T
A ( e (a(y(t ))|€:0>
€

n(y (t))D* 5 (v (%))l e=oy+ (%)
n(y (1%)) - y2(1%)
x (B + 1, 0p), (32)

A>T
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where
Dﬁe(y(tu))|e=0
001, (¥ (")) 9p1,(y ("))
. ox oy
002, (Y (")) 0p2,(y(t")) ’
0x dy lezo

DA (v (%))

N1, e(y @) 9n1,e(y (@)

_ ox 0y
02, (Y (%)) 072, (¥ (£%))
ax ay

le=0

are 2 x 2 matrix, and D*pe(y (t*))|e=o and D*ﬁ;l
(y(t*)|e=0 respectively denote the adjoint of
Dpe(y (t*)]e=o and D" (y (%))l e=o-

Proof Fort e (t), 6p) we have

T
gt (t; 60, €) = (ﬁe (g™~ (t!; 6o, €), 6))

t
+ [ (felg" T (@00, €)

u
r€

+egi(g" (1500, €), ))dr. (33)

Differentiating (33) with respect to € and substituting
6p + t* into ¢t and O into €, we obtain

g (00 + 1", 6)

_ (8/36()/0“))' )T
o de =0

+ Dpe(y (t*)le=0q" ™ (6o + 1", 60)

- . . dtt
+ [Dpe(y (") le=o72 (") = (") = le=o-
(34)
Since g" 7 (t¥; 6p, €) € X, we have
h(g"~(z!; 60, €)) = 0. (35)

Differentiating (35) with respect to € and letting € = 0,
we obtain

dr ) g G+ 6
€= - .

de B n(y (t4)) - yL ()

(36)
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Substituting (36) into (34), we can obtain the expres-
sions (27) and (28). Substituting (27) and (29) into (18),
we can obtain the expression (31) as follows:

A" (B + 1, 6p)
= f+(y @) A gt @y + 1, 60)
o 3pe (y (1)) T
=y A <L|e=0>
de
+ 74+ (") A Mg} (B0 + 1, 6o)

3pe(y (1)) )T
R e

=y A < 9

+y4+ () A (Dﬁe(y(t"))le=o

N [+ ") = Dpe(y (")) le=oy ! ()] n(y(r“)))
n(y (1)) - yL@v)
x gy (6o + 1", 60)
3 pe (v (14 T
=P (") A (%ﬁ))lgo)
€
n(y (") D* pe (Y (t"“Dle=oy+ (") .1 4
t
n(y () - () 7=
Agy T (o + 1, 60)

9 ~€ u T
=y ") A <7p e |€:o)
n(y (t") D* pe (v (*)) =4 (1)
n(y (1)) - yLv)
A" (6 + 1", 6p), (37)

where the fourth equality is obtained directly by the
Lemma 2 if we let the column vectors a = ! (%),
b = yi ("), ¢ = q" (6o + t*, 6p), and the matrix
A = Dpe(y (")) |e=0-

The proof about the conclusions (28) and (32) is sim-
ilar with the aforementioned method; hence, we omit it.
Now substituting (23) and (26) into (21) and employing
the equations (31) and (32), we can obtain the first-order
non-smooth Melnikov-type function as follows:

3pe(y (1)) )T
L o
de

95! s T
i) A (—pf ) |€_o>
€

n(y (1) D* pe (y (")) le=o Y (1)
n(y (t4)) - yL(ev)

M(@) = y4.(t") A (

tu
x / @) A gL @), 1+ 6)

tll
X exp (/ traceDf,(yi (s))ds) dr
t

lS
+/ S+(+ (@) A g+ (y+(8), 1 + 6o)
tu

t
X exp (—f traceDf+(y+(M))dM) dr
0

n(y () D*p ' (y (1)) le=o7+ (1)

n(y (t5)) - p2(t5)
+o00
x F-2O) A g (2@, t + 6p)

IS

t_S
X exp (/ traceDf(yz(s))ds) dr.
t

(38)
]
Now, we present the main theorem in this section to

study the global bifurcations and chaotic dynamics for
the non-smooth system (3) and (4).

Theorem 1 Let € be sufficiently small, and all assump-
tions (H1)—(H2) are fulfilled, if there exists a number
6o € S' = [0, T such that

M(6o) =0, DM (6o) # 0,

then for € be sufficiently small, W* (Yr¢) and W" ()
intersect transversely near 6.

We also give a special result of the first-order non-
smooth Melnikov-type function (38).

Proposition 2 Suppose the assumptions (H1)—(H2)
hold and the system (3) and (4) satisfies pc(x,y) =
(P1.e(x, ), p2.e(x,¥)) = (x,y), then the non-smooth
Melnikov-type function defined in (38) becomes

n(y ) y+ ")

MO =5 71w

lll
X / f-L@) A g— (L), t +60)
tu
X exp (/ traceDf,(yi (s))ds) dr
t

lS
+/ J+(+ (@) A g+ (y+(8), 1 + 6o)
tu

t
X exp (—f traceDf+(y+(M))dM) dr
0
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n(y () y4 ()

n(y (t5)) - p2(t5)
+00
x F-2@O) A g— (Y20, t + 6p)

tS
t&
X exp ( / traceDf(yz(s))ds> dr.
t
(39)

Proof Since pc(x,y) = (p1,e(x,y), p2,e(x,y)) =
(x,y), we have
Dpe(y (1) _ 3 (r ()
de de
Dpe(x,y) = Dp; ' (x,y) = D*pe(x, y)

g~ 10
=Dp51(x,y>=<o 1).

Hence, we can complete the proof through simple
calculations. |

=(0,0),

Proposition 3 Suppose the assumptions (H1)-(H2)
hold and the system (3) and (4) satisfies traceD f (x, y)
= 0, then the non-smooth Melnikov-type function
defined in (38) can be simplified to the following form

o€

, 95! s T
—Mrw( pe (a(y(r ))H)
€
n n(y (1)) D* pe (y (")) |le=0 v+ (")
n(y (t4)) - yL(tv)

tu
X / X)) A g— (@), 1 + 6p)dr

t.Y

+ S+ ) A g (v (1), t + 0p)dt

t”
n(y (t))D* 57 (v (t5)) |e=oy+ (1)
n(y (t5)) - y2(t%)
—+00
x Fo 2 A g (Y2, t + 6p)dt.
t.)‘
(40)

3 e (y (1 T
M(B) = 74 (1) A (Mu:o)

Proposition 4 Suppose the assumptions (H1)-(H2)
hold, and the system (3) and (4) satisfies traceD f (x, y)
— 0and fe(x, y) = (pre(x, ¥), p2.e(x, 1) = (x, Y),
then the non-smooth Melnikov-type function defined in
(38) can be further simplified to the following form

@ Springer

Cn( )y ()
MO = @) -y

tu
f @) A g (@), t + 6p)dr

tS
+/ frrae @) A gy (1), t + 0p)dt
l“

n(y ()4 (%)
n(y (%)) - y2(t%)
+o00
F-2@) A g (2 @). t + 6p)dr.

(41)

IS

Next we apply the obtained results to study the bifur-
cations and chaotic dynamics of a concrete piecewise-
smooth linear system under a periodic and a viscous
damping.

3 Application

The equation considered in this example can be written
as

x=y, x| <1
Yy =x +€e(—py + focos Q). ’

X =y,
{y' = —x + €(—py + focos Q). > 1. 62)

where € (0 < € < 1) is a small parameter, u is the
damping and fj is the excitation.
The reset map is given as follows:

<i1, % , ¥y >0
fe(£l,y) = ;W (43)
+1, —— |, y<O.
I —epoy

where pg is a positive parameter. The inverse mapping
of pe(x, y) can be expressed as:

(ﬂ:l, %) .y >0
Pl (L y) = ;poy (44)
I, ———), y<0O.
L +e€poy

The unperturbed system of (42) and (43), which is a
piecewise-defined Hamiltonian system and obtained by
letting € = 0, can be written in the following form:

oH
X = —),
dy
. oH
y=-—= (45)
0x
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Fig. 5 The homoclinic orbit of the system (42) and (44)

where the piecewise-defined Hamiltonian function is

Ho(x,y) =3y =322 +1,

T2, 102

x| <1,
46
Hy(x, y) =5y + 3x%, (46)

H(x’y):{ x| > 1.

The equilibria of the unperturbed system (42) and (43)
can be easily given by (0, 0). For —1 < x < 1, the
eigenvalues of the Jacobian matrix at the equilibria of
the unperturbed system of (42) can be obtained to show
that (0, 0) is a saddle point. Furthermore, there exists
a pair of homoclinic orbits connecting (0, 0) to itself.
The phase structure of the unperturbed system (42) and
(44) is shown in Fig. 5. The right homoclinic orbit can
be divided by the vertical line x = 1 into an ellipti-

949
and
0 0c u
p(?ye(’))u:o = (0, —po),
8 A 5
Mk:o = (0, —po),

de
0. ~— u(s 00
Dpe(y ()| e—o = D7 (y (14O = ( 0 1)

~ ~ 10
D*5e(y (t"D)emo = D*p ( (1) =0 = (0 0)

(50)

Considering the expressions and the non-smooth Mel-
nikov function with g(x, y) = (0, —uy + focos Q2t)
and n(h(x, y)) = grad(h(x, y)) = (1, 0), we obtain
the corresponding Melnikov function for this example
as follows:

3pe (v (=T T
M(60) =4 (=T) A (%u:o)
ANy (T T
— (T A (WH)
-T
+ f @) A g (L@, t + 6p)dr

T
+/Tf+()/+(f))/\g(J/(f),t-i-@o)df

+00
cal segment, marked as y4 (t), and two line segments, + f_(yf ) Ng- (yz (1), t + 6p)dr.
marked as y!(¢) and y2 () which meet at the point T
(0, 0) ast — —oo and t — 400, respectively. The G
analytical expression of the homoclinic orbit is given
by

y_l(t) = (exp(t + T), exp(t + ™)T, fort <-—-T
y() =3 y+() = (ﬁcost, —ﬁsint)T, for =T <t<T a7

y2(t) = (exp(—(t — T)), —exp(—(t — T)", for 1 =T
where Furthermore, we obtain

b4 M(0y) = —2p9 —2uT

r=2. (48) ©0) po ==k (52)

Applying the reset mapping (43) and (44), we have the
conclusion:

y)=y(T) =y (-T) = p1.(-T) = (1, D,
y (@) = y(T) =y2(T) = yp(T) = (1, =)', (49)

+ fo(B1(T) + B2(T)) sin(26p),

where
2(sin(7T) + 2 cos(2T))
B(T) = 3 )
Q-+ 1
—2(sin(2T") + 2 cos(R2T))
By(T) = o7 1 ,
b4
T =—,
4
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Fig. 6 The chaotic thresholds for system (42) and (44) obtained by the Melnikov analysis: a for pg = 0.2, b for © = 0.01

In the Melnikov function obtained above, the corre-
sponding parameter 7 has been given in (48). It can be
seen that

M(6o) = 0, (53)

has a simple zero for 6y if and only if the following
inequality holds:

200 +2uT < fol(B1(T) + B2(T))| (54)

Next, in the following numerical simulations, we
are going to verify the criterion obtained in the above
section. When the impacting coefficient pg of the reset
map pe is given as pg = 0.2, the thresholds of param-
eters for the existence of a transverse homoclinic orbit
of the system (42) and (43) obtained by the Melnikov
function are shown in Fig. 6a with different parame-
ters 1. When the value of the damping u is chosen as
n = 0.01, the thresholds of parameters for the exis-
tence of a transverse homoclinic cycle of the system
(42) and (43) obtained by the Melnikov function are
shown in Fig. 6b with different impacting parameters
po. Above the detected boundaries in Fig. 6a, b, compli-
cated dynamics near the unperturbed homoclinic cycle
will be generated.

When the value of the excitation parameter is
restricted as fo = 0.2, the detected thresholds of
parameters for system (42) and (44) obtained by the
Melnikov function are shown in Fig. 7a with different

@ Springer
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parameters ;. When we restrict the value of the damp-
ing u = 0.2, the detected thresholds of parameters for
system (42) and (44) obtained by the Melnikov function
are shown in Fig. 7b for different excitation parameters
fo- Below the detected boundaries in Fig. 7a, b, compli-
cated dynamics near the unperturbed homoclinic cycle
will be generated.

We have employed the Melnikov function to obtain
the thresholds of parameters for the existence of a
transversal homoclinic orbit of system (42) and (44).
All parameters chosen in the following numerical anal-
ysis guarantee the criterion for the existence of a trans-
verse homoclinic orbit.

For one case, we do not consider the influence of the
reset map (43) and (44) by letting po = 0. Firstly, we
restrict the value of the parameter € and the frequency
Q2 of the external excitation to € = 0.9 and 2 = 1.05.
Chaotic motions are found and shown in Fig. 8a, b.
The parameters are, respectively, chosen as 1 = 0.75,
fo = 1.3 in Fig. 8a and © = 1.08, fo = 1.25 in
Fig. 8b.

Secondly, we restrict the damping p and the per-
turbation parameter €, chaotic motions are found and
shown in Fig. 9a, b. The value of amplitude fp and
the frequency €2 of the external excitation are, respec-
tively, chosen as fy = 1.25, @ = 0.92 in Fig. 9a and
Jfo =1.05, 2 = 0.85 in Fig. 9b.

For another case, we consider the influence of the
reset map (43) and (44) by letting oo = 0.05 and
po = 0.35, respectively. Chaotic motions are found
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Fig. 7 The chaotic thresholds for system (42) and (44) obtained by the Melnikov analysis: a for fo = 0.2, b for © = 0.2

Fig. 8 The phase portraits of the chaotic motions for system (42) and (43): a for u = 0.75, fo = 1.3, b for © = 1.08, fo = 1.3

and shown in Fig. 10a, b. The parameters are chosen as
n=0.38, fo =12and 2 = 1.05.

4 Conclusions

In this paper, we turn our attention from the famous
Melnikov method for smooth systems to a general
planar hybrid piecewise-smooth system under a time-
periodic perturbation. We consider a general system
such that its unperturbed part has a piecewise-smooth
homoclinic orbit transversally crossing a switching

manifold. The switching manifold we considered is a
hypersurface which divides the plane into two zones,
and the dynamics in each zone is governed by a smooth
system. A reset map will be worked and describes the
instantaneous impacting rule when a trajectory arrives
at the switching manifold. Then, we employ some per-
turbation techniques to derive a Melnikov-type func-
tion to measure the separation of the unstable man-
ifold and stable manifold under perturbation, which
extends the classical Melnikov function for smooth sys-
tems. Finally, we apply the obtained results to study
the chaotic dynamics of a concrete piecewise smooth
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Fig. 9 The phase portraits of the chaotic motions for system (42) and (43): a for fy = 1.25 and Q = 0.92, b for fo = 1.05 and

Q =0.85.

Fig. 10 The phase portraits of the chaotic motions for system (42) and (43): a for pp = 0.05, b for pg = 0.35

system. Numerical simulations are also presented to
show that the analytical non-smooth Melnikov method
is an effective tool to study the global bifurcations and
chaotic dynamics for non-smooth systems.

Acknowledgements The authors gratefully acknowledge the
support of the National Natural Science Foundation of China
(NNSFC) through Grant Nos. 11672326, 11472298, 11290152,
11472056, the Funding Project for Academic Human Resources
Development in Institutions of Higher Learning under the Juris-
diction of Beijing Municipality (PHRIHLB), the Fundamental
Research Funds for the Central Universities through Grant No.
ZXH2012K004.

@ Springer

References

1. Brogliato, B.: Nonsmooth Mechanics. Springer, London
(1999)

2. Bernardo, M.D., Kowalczyk, P., Nordmark, A.B.: Sliding
bifurcations: a novel mechanism for the sudden onset of
chaos in dry friction oscillators. Int. J. Bifurc. Chaos Appl.
Sci. Eng. 13, 2935-2948 (2003)

3. Banerjee, S., Verghese, G.: Nonlinear Phenomena in Power
Electronics: Bifurcations, Chaos, Control, and Applications.
Wiley, New York (2001)

4. Garcia, M., Chatterjee, A., Ruina, A., Coleman, M.: The
simplest walking model: stability, complexity and scaling.
ASME J. Biomech. Eng. 120, 281-288 (1998)



The Melnikov method for detecting chaotic dynamics

953

10.

11.

12.

13.

14.

15.

16.

17.

18.

Bernardo, M.D., Garofalo, L., Vasca, E.: Bifurcations in
piecewise-smooth feedback systems. Int. J. Control 75,
1243-1259 (2002)

Melnikov, V.K.: On the stability of the center for time peri-
odic perturbations. Tans. Mosc. Math. Soc. 12, 1-57 (1963)
Guckenheimer, J., Holmes, P.: Nonlinear Oscillations,
Dynamical System and Bifurcations of Vector Fields.
Springer, New York (1983)

Wiggins, S.: Global Bifurcations and Chaos-Analytical
Methods. Springer, New York (1988)

Palmer, K.J.: Exponential dichotomies and transversal
homoclinic points. J. Differ. Equat. 55, 225C256 (1984)
Pascoletti, A., Zanolin, F.: Example of a suspension bridge
ODE model exhibiting chaotic dynamics: a topological
approach. J. Math. Anal. Appl. 339, 1179-1198 (2008)
Du, Z., Zhang, W.: Melnikov method for homoclinic bifur-
cations in nonlinear impact oscillators. Comput. Math. Appl.
50, 445-458 (2005)

Gao, J., Du, Z.: Homoclinic bifurcation in a quasiperiodi-
cally excited impact inverted pendulum. Nonlinear Dyn. 79,
445-458 (2015)

Kunze, M.: Non-smooth Dynamical Systems. Springer,
Berlin (2000)

Shi, L.S., Zou, Y.K., Kiipper, T.: Melnikov method and
detection of chaos for non-smooth systems. Acta Math.
Appl. Sin. Engl. Ser. 29, 881-896 (2013)

Kukucka, P.: Melnikov method for discontinuous planar sys-
tems. Nonlinear Anal. 66, 2698-2719 (2007)

Battelli, F., Feckan, M.: Homoclinic trajectories in discon-
tinuous systems. J. Dyn. Differ. Equat. 20, 337-376 (2008)
Battelli, F., Feckan, M.: On the chaotic behaviour of discon-
tinuous systems. J. Dyn. Differ. Equat. 23, 495-540 (2011)
Battelli, F., Feckan, M.: Bifurcation and chaos near sliding
homoclinics. J. Differ. Equat. 248, 2227-2262 (2010)

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Battelli, F., Feckan, M.: Nonsmooth homoclinic orbits, Mel-
nikov functions and chaos in discontinuous systems. Phys.
D 241, 1962-1975 (2012)

Li, S.B., Zhang, W., Hao, Y.X.: Melnikov-type method for a
class of discontinuous planar systems and applications. Int.
J. Bifurc. Chaos 24(1450022), 1-18 (2014)

Granados, A., Hogan, S.J., Seara, T.M.: The Melnikov
method and subharmonic orbits in a piecewise-smooth sys-
tem. SIAM J. Appl. Dyn. Syst. 11, 801-830 (2012)
Carmona, V., Ferndndez-Garcia, S., Freire, E., Torres, F.:
Melnikov theory for a class of planar hybrid systems. Phys.
D 248, 44-54 (2013)

Li, S.B.,Ma, W.S., Zhang, W., Hao, Y.X.: Melnikov method
for a class of planar hybrid piecewise-smooth systems. Int.
J. Bifurc. Chaos 26(1650030), 1-12 (2016)

Li, S.B., Shen, C., Zhang, W., Hao, Y.X.: The Melnikov
method of heteroclinic orbits for a class of planar hybrid
piecewise-smooth systems and application. Nonlinear Dyn.
85, 1091-1104 (2016)

Calamai, A., Franca, M.: Mel’nikov methods and homo-
clinic orbits in discontinuous systems. J. Dyn. Differ. Equat.
25, 733-764 (2013)

Li, S.B., Shen, C., Zhang, W., Hao, Y.X.: Homoclinic bifur-
cations and chaotic dynamics for a piecewise linear system
under a periodic excitation and a viscous damping. Nonlin-
ear Dyn. 79, 2395-2406 (2015)

Castro, J., Alvarez, J.: Melnikov-type chaos of planar sys-
tems with two discontinuities. Int. J. Bifurc. Chaos 25,
1550027 (2015)

Tian, R.L., Zhou, Y.F., Zhang, B.L., Yang, X.W.: Chaotic
threshold for a class of impulsive differential system. Non-
linear Dyn. 79, 445-458 (2015)

@ Springer



	The Melnikov method for detecting chaotic dynamics  in a planar hybrid piecewise-smooth system with a switching manifold
	Abstract
	1 Introduction
	2 Statement of the problem
	2.1 System description

	3 Application
	4 Conclusions
	Acknowledgements
	References




