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Preface

This book is about dynamics, which is a very old topic with a long history. But
it is very important and necessary for us to further understand and develop dy-
namics theory for describing complexity and variety in nature. Because Newton
presented three motion laws for dynamics in 1686, he systematically developed
Calculus for exploring the implications of three laws. Newton’s Laws success-
fully have provided a tool for us to predict the behavior of mechanical objects and
have led to the unbelievable development and progress in science and technology.
Based on the Newton’s development, Lagrange further developed a variational
principle to reformulate the Newtonian mechanics, and such a variational prin-
ciple is used to analyze the stability of dynamic systems. In addition, Hamilton
used momentum—displacement phase space to describe the Newton’s mechanics
and discuss the motion symmetry in phase space. In 1892, Poincaré demonstrated
that the inherent characteristics of the motion in the vicinity of unstable fixed
points of the nonlinear oscillation systems may be stochastic under the regular
applied forces. Chaos in continuous, nonlinear dynamical systems has been exten-
sively investigated in recent decades. All the aforementioned theories are based
on the Lipschitz condition. However, due to the complexity of described prob-
lems, a global system consists of many uniquely-continuous subsystems. Each
subsystem with a unique continuity possesses its own dynamical properties dif-
ferent from the neighbored subsystems. Further, the motion from a subsystem to
another subsystem requires the passability conditions or transport laws. The di-
versified properties of all the subsystems make the richer dynamical behaviors
than continuous dynamical systems only with the unique continuity. Such dis-
continuous dynamical systems exist everywhere in engineering and science. So
far, many researchers tried to smooth discontinuous systems, and then theory and
techniques in continuous dynamical system were used to solve such discontinu-
ous dynamical systems. Therefore, in this book, a different point of view would
like to be adopted to look into dynamical behaviors in discontinuous dynamical
systems.

This book focuses on dynamics on discontinuous vector fields. To describe the
discontinuous dynamic systems, the novel concepts are presented through Calcu-
lus in the entire book. This book consists of eight chapters. Chapter 1 provides a
brief literature survey for current researches in this area. Chapter 2 introduces the
necessary concepts for discontinuous dynamical systems, and the grazing flows
in the vicinity of the discontinuous boundary will be presented. In Chapter 3,
the sliding flow is discussed and the switching bifurcations between passable and
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viii Preface

nonpassable flows will be discussed. Chapter 4 presents the transversal tangential
flows and bouncing flows in discontinuous dynamic systems. In Chapter 5, the
real and imaginary flows in discontinuous dynamic systems are introduced for
passable and non-passable flows. Chapter 6 presents discontinuous systems with
flow barriers, and the sliding flows and the corresponding switching bifurcations
are discussed. The transport laws and mapping dynamics are discussed in Chap-
ter 7. Finally, flow symmetry and strange attractor fragmentation are presented in
Chapter 8.

I would like to thank my students (Brandon C. Gegg, Lidi Chen and Patrick
Zwiegart Jr., etc.) to apply the new concepts to practical problems in mechanical
systems. This book is dedicated to people who love to generate the original the-
ory. Finally, I also dedicate to my wife (Sherry X. Huang) for support and to my
lovely children (Yanyi, Robin, and Robert) for their happiness to stimulate my
inspiration.

Albert C.J. Luo
Edwardsville, Illinois
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Chapter 1

Introduction

With computer invention and computation speed enhancement, the complicated
scientific computation becomes possible and more efficient. Further, one has tried
to develop accurate models to describe the complex systems in science and en-
gineering. Hence, in recent decades, chaos and fractals were discovered through
nonlinear models even for dynamical systems with a unique continuity. Owing to
the complexity of described problems, a global system consists of many uniquely-
continuous subsystems. Each subsystem with a unique continuity possesses its
own dynamical properties at least different from the neighbored subsystems. Fur-
ther, the motion from a subsystem to another subsystem requires the passability
conditions or transport laws. The diversified properties of all the subsystems make
the richer dynamical behaviors than continuous dynamical systems only with
unique continuity. Such discontinuous dynamical systems exist everywhere in en-
gineering. However, each uniquely-continuous subsystem with unique-continuity
should be investigated by the continuous dynamical system theory. Therefore, the
brief introduction of continuous dynamical systems will be given first, and then
dynamical systems with discontinuity will be presented. The survey for two typi-
cal mechanical problems will be presented herein to demonstrate the importance
and significance of investigations on discontinuous dynamical systems. Finally,
the book layout will be presented. The summarization of all chapters of the main
body of this book will be given.

1.1. Smooth dynamics

It is quite difficult to give analytical solutions of dynamical responses in non-
linear dynamical systems. With computers expansively used in engineering and
science, numerical simulations as a useful tool play a very important role on ob-
taining dynamical responses in nonlinear dynamics, which help one understand
complexity in nature. However, the current digital computation is very passive,
and the approximation-based algorithms cannot provide all possible complicated
responses existing in dynamical systems, such as regular and chaotic motions
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caused by bifurcation and grazing etc. This is also partially because of the singu-
larity of solutions for complicated dynamical responses. Numerical simulations
may find one of all possible solutions, but this solution may not belong to the
same solution branch because the singularity will lead to jumping or catastrophe
phenomena. Those phenomena often confuse people. Thus one has been very in-
terested in digging out the mechanisms of such nonnormal phenomena. To model
complicated dynamical problems in science and engineering, it is necessary and
important to investigate the dynamics of complex dynamical systems. The com-
plex dynamical systems, consisting of many continuous and discrete subdynam-
ical systems, exist almost everywhere in engineering, such as hybrid systems in
automatic control, computer science and chemical process plants; dynamical sys-
tems for large data transmission and management in Internet; piecewise smooth
dynamical systems in electrical and mechanical engineering, etc. Therefore, this
book will plan to present some initial ideas to investigate the global dynamics of
complex dynamical systems with discontinuities.

Before complex systems with multiple discontinuities are discussed, a brief
history of continuous dynamical system is presented. Since Newton in the 17th
century proposed the three motion laws based on the qualitative mechanics
summarized by Kepler and Galileo, etc., the quantitative theory of mechanics
(smooth dynamics) had been systematically developed by Newton, Euler, La-
grange, Laplace and Hamilton. The stability of dynamical systems was one of
the main concerns, which was analyzed through the series expansion techniques.
In the end of the 19th century, Poincaré (1892) developed a qualitative, geo-
metric method to investigate the stability of dynamical systems through modern
differential geometry and topology instead of the traditional calculus, differen-
tial equations and variational theory. The Poincaré method can provide quali-
tative analysis (or global analysis) for stability, bifurcation and chaos. Poincaré
(1892) also introduced the mapping concept for determination of periodic re-
sponses in nonlinear dynamics. Such a mapping is termed the Poincaré map-
ping. The mapping sets accompanying with the Poincaré mapping is termed the
Poincaré mapping section or surface. For an N-dimensional autonomous sys-
tem, the Poincaré mapping section is selected as an (N — 1)-dimensional sur-
face transversal to the closed orbit. When a periodically-driven, N-dimensional
continuous system is investigated, the Poincaré mapping section is often con-
structed by an N-dimensional set of responses in phase space. In beginning of
last century, one used the Poincaré mapping method to periodic motion and
stability (e.g., Birkhoff, 1927; Stoker, 1950; Corddington and Levinson, 1955;
Smale, 1967). Since the middle of last century, the Poincaré mapping has been
used to demonstrate chaotic motions numerically (e.g., Henon and Heiles, 1964;
Ueda, 1980). The mapping has been extensively used for investigation of compli-
cated motions in nonlinear systems. Through numerical simulations, one observed
many motion characteristics which cannot be imagined through traditional, ana-
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lytical tools. To investigate the complex motion of the uniquely-continuous dy-
namical systems, the catastrophe and bifurcation theories have further been devel-
oped to explain strange phenomena in nonlinear dynamic systems (e.g., Arnold,
1989; Guckenheimer and Holmes, 1983). In this book, such existing theories for
bifurcations and chaos in continuous dynamical systems will not be discussed.
Consider a smooth dynamical system in space R"*"™

% = f(x, u, 1) (1.1)

where the vector function f € R", and state and input variable vectors are x € "
and u € N, respectively. In smooth dynamical systems, the sufficient condition
for the existence of a solution for every initial state x(7g) and input vector u(t) is
that the vector function f(x, u, ) is continuous in a given domain 2 C RW". How-
ever, this condition cannot guarantee the uniqueness of solution. Therefore, the
following Lipschitz condition is used for guaranteeing the existence and unique-
ness of the solution for the system in Eq. (1.1):

[fx, w, 1) — £X, w, )| < Klx — X]| (1.2)

for all x and X in the domain  C %" and all time 7 in a certain interval, where
K is a constant and || - || represents a vector norm. Most of the existing the-
ories in dynamics are based on the Lipschitz condition (e.g., Poincaré, 1892;
Birkhoff, 1927). Indeed, those theories are widely used in science and engineer-
ing. However, one wants to develop the expected dynamic behavior to satisfy
specified requirements. Hence discontinuous constraints destroying the Lipschitz
conditions are added to dynamic systems. Because of this reason, the established
dynamical system theories based on the Lipschitz condition are not adequate for
such nonsmooth dynamical systems. Levinson (1949) introduced the simplified,
piecewise linear models to investigate the periodically forced Van der Pol’s equa-
tion. Based on this piecewise linear model, Levinson found inifinitely many peri-
odic solutions which could not be perturbed away. This finding is far earlier than
the Smale’s horseshoe in Smale (1963, 1967) from a topological point of view.
The further results about the piecewise linear model of the periodically forced
Van der Pol oscillator can be referred to Levi (1978, 1981). In Engineering, for
instance, smooth linear dynamical systems with periodic impacting (e.g., Masri
and Caughey, 1966; Luo and Han, 1996) have complicated dynamical behaviors
which are unpredictable from the traditional dynamical theories. The Lipschitz
condition is very strong for practical dynamical problems, and many dynamical
systems cannot satisfy such a condition. To overcome this difficulty, a theory for
discontinuous dynamical systems should be developed further.
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1.2. Nonsmooth dynamics

The early investigation of discontinuous systems in mechanical engineering can
be found in the 30’s of last century (e.g., Den Hartog 1930, 1931; Den Hartog
and Mikina, 1932). Masri and Caughey (1966) investigated the stability of the
symmetrical period-1 motion of a discontinuous oscillator. Masri (1970) gave
the further, analytical and experimental investigations on the general motion of
impact dampers. The unsymmetrical motion was observed, and the rigorous sta-
bility analysis was conducted as well. Since the discontinuity exists widely in
engineering and control systems, Utkin (1978) presented sliding modes and the
corresponding variable structure systems, and the theory of automatic control sys-
tems described with variable structures and sliding motions was also developed in
Utkin (1981). Further, Filippov (1988) developed a geometrical theory of the dif-
ferential equations with discontinuous right-hand sides, and the local singularity
theory of the discontinuous boundary was discussed qualitatively. Ye et al. (1998)
discussed the stability theory for hybrid systems. From geometrical points of view,
Broucke et al. (2001) investigated structural stability of piecewise smooth sys-
tems. So far, an efficient method to model such nonsmooth dynamical systems has
not been developed yet. For instance, the linear impacting oscillators cannot be
fully understood as one of the simplest discontinuous systems (e.g., Senator, 1970;
Bapat et al.,, 1983; Shaw and Holmes, 1983a; Luo, 1995, 2002; Han et al.,
1995). Another typical example in engineering is piecewise smooth linear sys-
tems. Shaw and Holmes (1983b) used mapping techniques to investigate the
chaotic motion of a piecewise linear system with a single discontinuity. Natsiavas
(1989) numerically determined the periodic motion and stability for a system
with a symmetric, tri-linear spring. Nordmark (1991) introduced the grazing
mapping to investigate nonperiodic motion. Kleczka et al. (1992) investigated
the periodic motion and bifurcations of piecewise linear oscillator motion, and
numerically observed the grazing motion. Leine and Van Campen (2002) in-
vestigated the discontinuous bifurcations of periodic solutions through the Flo-
quet multipliers of periodic solutions. The analytical prediction of periodic re-
sponses of piecewise linear systems was presented (e.g., Luo and Menon, 2004;
Menon and Luo, 2005). Normal formal mapping for piecewise smooth dynami-
cal systems with/without sliding were discussed (e.g., di Bernardo et al., 2001,
2002). Kunze (2000) presented a mathematical background of a nonsmooth dy-
namical system with friction. Popp (2000) pointed out that: (i) solution methods
need to be improved, (ii) efficient methods for stability and bifurcation are re-
quired to develop, and (iii) the attractor characteristics need to be reconstructed.
Luo (2005a) developed a local theory for nonsmooth dynamical systems on con-
nected domains. This theory was used to piecewise linear systems (e.g., Luo,
2005b, 2006) and friction-inducted oscillator (e.g., Luo and Gegg, 2006a, 2006b).
Luo and Chen (2005a, 2006) investigated the periodic and chaotic motion of the
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piecewise linear systems with impacting. The concept for the strange attractor
fragmentation in discontinuous systems was proposed in Luo (2005c). Two typi-
cal mechanical discontinuous problems will be discussed as follows.

In mechanical engineering, the friction contact between two surfaces of two
bodies is an important connection in motion transmissions. The material plastic
flows in plastic deformation are a kind of friction behavior. In the material cut-
ting, the frictions both from the plastic deformation and between the tool and
workpiece are an important source to cause the self-excited vibration. Therefore,
the understanding of the friction effects on oscillations is very significant to de-
termine the dynamics of machines in engineering. In existing investigations, the
focuses lied on the responses of dynamical systems with friction. Den Hartog
(1930) investigated the nonstick periodic motion of the forced linear oscillator
with Coulomb and viscous damping. Levitan (1960) investigated the existence of
periodic motions in a friction oscillator with the periodically driven base. Hundal
(1979) investigated the frequency—amplitude response of such an oscillator. Shaw
(1986) investigated the stability for such a nonstick, periodic motion through the
Poincaré mapping and the local stability theory. Feeny (1992) investigated ana-
lytically the nonsmoothness of the Coulomb friction oscillator. Feeny and Moon
(1994) presented chaotic dynamics of a dry-friction oscillator experimentally and
numerically. Further, Feeny (1996) systematically presented the nonlinear dy-
namical mechanism of oscillators with stick-slip friction. Hinrichs et al. (1997)
presented the nonlinear phenomena in an impact and friction oscillator under ex-
ternal excitation (see also Hinrichs et al., 1998). The stick and nonstick motions
were observed, and chaos for a nonlinear friction model was presented. From
the previous investigations, the friction oscillators under periodical excitations
exhibit very rich dynamical characteristics. Natsiavas (1998) developed an algo-
rithm to numerically determine the periodic motion and the corresponding stabil-
ity of piecewise linear oscillators with viscous and dry friction damping (see also
Natsiavas and Verros, 1999). Leine et al. (1998) obtained the limit cycles of the
nonlinear friction model by the shooting method. Virgin and Begley (1999) deter-
mined the grazing bifurcation and attraction basin of an impact-friction oscillator
through the interpolated cell mapping method. Ko et al. (2001) investigated the
friction-induced vibrations with and without external excitations. Andreaus and
Casini (2002) presented the closed form solutions of the Coulomb friction-impact
model without external excitations. Thomsen and Fidlin (2003) gave an approxi-
mate, analytical amplitude for stick-slip vibration with nonlinear friction model.
Kim and Perkins (2003) investigated nonsmooth stick-slip oscillator through the
harmonic balance/Galerkin method. Pilipchuk and Tan (2004) investigated the
friction-induced vibration of a two-degree-of-freedom mass-damper—spring sys-
tem interacting with a decelerating rigid strip. Li and Feng (2004) investigated the
bifurcation and chaos in the friction-induced oscillator with a nonlinear friction
model.



6 Chapter 1. Introduction

Pfeiffer (1994) used an impact and friction model to investigate the unsteady
process in machines. To investigate the contact problem between the two surfaces
of two bodies, Pfeiffer and Glocker (1996) developed the theory for multi-body
dynamics with unilateral contacts by using analytical dynamics. Pfeiffer (2000)
gave a brief introduction of the theory of the unilateral multibody dynamics,
and presented some typical applications (see also Pfeiffer, 2001). From a math-
ematical point of view, Filippov (1964) investigated the motion in the Coulomb
friction oscillator and presented differential equations with discontinuous right-
hand sides. To determine the sliding motion along the discontinuous boundary,
the differential inclusion was introduced via the set-valued analysis, and the exis-
tence and uniqueness of the solution for such a discontinuous differential equation
were discussed. The detailed discussion of such discontinuous differential equa-
tions can be referred to Filippov (1988). However, the Filippov’s theory mainly
focused on the existence and uniqueness of the solutions for nonsmooth dynam-
ical systems. The local singularity caused by the separation boundary was not
discussed. Such a differential equation theory with discontinuity is still difficult
to use for determining the complexity of nonsmooth dynamical systems. In addi-
tion to a general theory for the local singularity of nonsmooth dynamical systems
on connectable domains in Luo (2005a), the imaginary, sink and source flows
were presented in Luo (2005d) to determine the sliding and source motions in
nonsmooth dynamical systems. Luo and Gegg (2006a) used the local singularity
theory to develop the force criteria for the harmonically driven linear oscillator
with dry-friction. For such an oscillator, the periodic motion was predicted ana-
lytically through the mapping structures, and the stick and nonstick motions were
observed in Luo and Gegg (2006b). The methodology for mapping structures for
periodic motion can be systematically presented in Luo (2005¢), and such an idea
was used to determine the periodic and chaotic motions (e.g., Luo and Menon,
2004; Menon and Luo, 2005). Furthermore, Luo and Gegg (2006c, 2006d) used
the nonsmooth theory of Luo (2005a, 2005d) to systematically investigate the
mechanism of grazing and stick motions in such a friction oscillator. The suffi-
cient and necessary conditions were obtained for the existence of the grazing and
stick motions. Through such an investigation, the traditional eigenvalue analysis
in discrete dynamical systems is not useful for the motion switching at the dis-
continuous boundary.

In mechanical engineering, the reduction of the noise and vibration in gear
transmission systems is an unsolved problem. Such noise and vibration cause
the inefficiency of the gear transmission systems. Thus, ones have put more ef-
forts to enhance the efficiency of gear transmission systems and reduced the
vibration and noise. The early investigations of the gear transmission systems
focused on the mesh geometries, kinematics and strength of teeth (e.g., Buck-
ungham, 1931, 1949). For low-speed gear systems, the linear model was devel-
oped, and this linear model gives a reasonable prediction of gear-teeth vibra-
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tions. However, the vibrations and noises in high-speed transmission systems
become serious. The linear vibration model cannot provide the adequate pre-
diction of such vibrations and noises. Therefore, in recent decades, both the
piecewise linear model and the impact model were developed to find the origin
of the vibration and noise (e.g., Ozguven and House, 1988). The impact model
was developed for regular and chaotic motions in gear box (e.g., Pfeiffer, 1984;
Karagiannis and Pfeiffer, 1991). For such a purpose, the gear transmission sys-
tems are also modeled by the piecewise linear system. The early studies of the
piecewise linear systems can be found in 1931. For instance, Den Hartog and
Mikina (1932) gave the closed-form solution of the periodic symmetric motion of
the piecewise linear system without damping. The piecewise linear system was
used to model the gear transmission system (e.g., Comparin and Singh, 1989;
Kahraman and Singh, 1990; Theodossiades and Natsiavas, 2000). The nonlinear
responses based on such a model were presented. To obtain the nonlinear re-
sponses in the piecewise linear system, Wong et al. (1991) used the incremental
harmonic balance method to obtain the periodic motions. Kim and Noah (1991)
gave the stability and bifurcation analysis through the harmonic balance method
(see also Kim, 1998). To model vibrations in gear transmission systems, recently,
Luo and Chen (2005a) investigated the simplest periodic motion of the piecewise
linear, impacting system under a periodical excitation. The corresponding graz-
ing of periodic motions was observed. The chaotic motion for this system was
numerically simulated. The grazing mechanism of the strange fragmentation of
such an oscillator was discussed (Luo and Chen, 2006). For such an oscillator,
not only the simple periodic motion exists, but also many complicated periodic
motions are observed in practice. The switching from the two periodic motions
was observed, and the asymmetric periodic motions exhibit the period-doubling
bifurcation rather than the symmetric one.

1.3. Book layout

This book consists of eight chapters. Chapter 1 provides a brief literature survey
and presents basic contents per each chapter. Chapter 2 will introduce the ba-
sic concepts for discontinuous dynamical systems, and the grazing flows in the
vicinity of the discontinuous boundary will be presented. In Chapter 3, the sliding
flow will be discussed and the switching bifurcations between passable and non-
passable flows will be discussed. Chapter 4 will present the transversal tangential
flows and bouncing flows in discontinuous dynamical systems. In Chapter 5, the
real and imaginary flows will be introduced to describe passable and nonpassable
flows in discontinuous dynamical systems. Chapter 6 will present discontinuous
systems with flow barriers, and the sliding flows and the corresponding switching
bifurcations will be discussed. The transport laws and mapping dynamics will be
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discussed in Chapter 7. Finally, flow symmetry and strange attractor fragmenta-
tion will be presented in Chapter 8. The detailed descriptions of chapters for the
main body of this book are given as follows.

In Chapter 2, the grazing flow in the vicinity of the discontinuous boundary will
be presented for discontinuous dynamic systems. The accessible and inaccessible
subdomains in phase space will be introduced. On the accessible domain, the cor-
responding, uniquely-continuous, dynamic systems will be defined. The oriented
boundary sets and singular sets will be defined from the flow passability on sep-
aration boundaries. The local singularity and tangency of a flow on a specified
separation boundary will be investigated. The necessary and sufficient conditions
for such a local singularity and tangency will be presented. The grazing flows in
piecewise linear systems and friction-induced oscillators will be investigated, and
the grazing conditions of the flows will be determined.

In Chapter 3, based on the flow nonpassability on a specific separation bound-
ary, the sliding dynamics on the separation boundary will be discussed through
the set-valued vector field theory. From the vector fields in the neighborhood of
the separation boundary, the passability of the flow from the one domain into
another one will be further discussed. The switching bifurcations from the pass-
able boundary to the nonpassable boundary will be discussed. The sliding flow
fragmentation mechanism on a specific separation boundary will be presented.
The normal vector product function will be introduced to determine the switch-
ing bifurcation and sliding fragmentation. The separation boundary formation and
properties will also be discussed. The friction-induced oscillator will be presented
as an application example to demonstrate sliding flows on the separation bound-
ary.

In Chapter 4, the transversal tangential singularity and bouncing flows in the
vicinity of the discontinuous boundary will be discussed. The basic concepts for
such transversal tangential singularity will be introduced. The corresponding nec-
essary and sufficient conditions for the transverse, tangential flows on the passable
separation boundaries are discussed. The bouncing flows on the boundary will be
discussed also. A simple discontinuous dynamical system is presented herein for
helping us understand such concepts.

In Chapter 5, the singular sets on the separation boundary will be introduced.
In the vicinity of such singular sets, the hyperbolicity and parabolicity of flows
will be presented. The real and imaginary flows in nonsmooth dynamical system
will be introduced for the onset and vanishing of the sink and source flows. The
imaginary flows are defined on the other domains rather than its original domain.
The new concept of the imaginary flows will help us to understand the mechanism
of sink and source flows in the vicinity of the boundary.

In Chapter 6, discontinuous dynamical systems with flow barriers on the bound-
ary will be discussed for the flow passability from an accessible domain to another
neighbored accessible domain. Because the flow barriers exist on the separation
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boundary, the singularities on the separation boundary will also be influenced by
the flow barriers. Therefore, the corresponding necessary and sufficient conditions
for the switching bifurcation and sliding fragmentation of flows on the separation
will be developed. A periodically forced friction model will be considered for
illustration of a flow into the flow barrier with a force jumping.

In Chapter 7, a suitable transport law will be introduced for the flow continuity
from an accessible domain to another accessible one in discontinuous dynamical
systems. The transport law is as a specific map. Once the specific transport law
between the two accessible domains is determined or enforced, the global flow
in all possible, accessible domains can continue. Because of the flow connectiv-
ity with transport laws, the mapping dynamics of the global flow in all possible,
accessible domains will be discussed. The mapping structure will be introduced
for the complicated periodic flow. A linear dynamical system with impacting will
be presented for demonstrating the methodology to determine the global periodic
flow in discontinuous dynamical systems.

Chapter 8 will focus on the symmetry of global flows in discontinuous dynam-
ical systems through mapping techniques. The grazing mapping clusters will be
introduced first. Based on the grazing mapping clusters, the mapping structures
are used to discuss the flow symmetry of periodic and chaotic motions. The initial
and final, switching manifolds are introduced for the strange attractor fragmen-
tation phenomena of chaotic motion in discontinuous dynamical systems. The
mechanism of such strange attractor fragmentation will be briefly discussed. The
fragmentized strange attractors in discontinuous dynamical systems will be pre-
sented through a piecewise linear system.



Chapter 2

Flow Passability and Tangential Flows

In this chapter, the singularity in the vicinity of the discontinuous boundary will
be presented. The accessible and inaccessible subdomains will be introduced for
development of a theory of nonsmooth dynamic systems on connectable and
accessible subdomains. On the accessible domain, the corresponding dynamic
systems are introduced. The oriented boundary sets and singular sets caused by
the separation boundary will be discussed. The local singularity and tangency of
a flow on the separation boundary will be investigated. The necessary and suffi-
cient conditions for such a local singularity and tangency will be presented. The
grazing flows in piecewise linear systems and friction-induced oscillators will be
investigated, and the grazing conditions of the flows will be determined.

2.1. Domain accessibility

Before development of a general theory for nonsmooth dynamical systems on a
universal domain O C R” in phase space, the subdomains €; (i = 1,2,...) of
the domain U are introduced, and the dynamics on the subdomains are defined
differently.

DEFINITION 2.1. A subdomain in the universal domain U is termed the accessi-
ble subdomain on which a specific, continuous dynamical system can be defined.

DEFINITION 2.2. A subdomain in a universal domain O is termed the inaccessi-
ble subdomain on which no dynamical system can be defined.

Since the dynamical system can be defined differently on each accessible sub-
domain, the dynamical behaviors of the system in those accessible subdomains
2; can be different from each other in the sense of Newton’s mechanics. These
different behaviors cause the complexity of motion in the universal domain O.
Owing to the accessible and inaccessible subdomains, the universal domain U
is classified into the connectable and separable ones. The connectable domain is
defined as:

11
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DEFINITION 2.3. A domain U in phase space is termed the connectable domain
if all the accessible subdomains of the universal domain can be connected without
any inaccessible subdomain.

Similarly, a definition of the separable domain is:

DEFINITION 2.4. A domain is termed the separable domain if the accessible
subdomains in the universal domain are separated by inaccessible domains.

The boundary between two adjacent, accessible subdomains is a bridge of dy-
namical behaviors in two domains for motion continuity. For the connectable
domain, it is bounded by the universal boundary surface S C R (r < n — 1),
and each subdomain is bounded by the subdomain boundary surface S;; C %"
@i,j € {1,2,...}) with or without the partial universal boundary. For instance,
consider an n-D connectable domain in phase space, as shown in Fig. 2.1(a)
through an n;-dimensional, subvector x,, and an (n — n1)-dimensional, subvec-
tor X,,_, . The shaded area ; is a specific subdomain, and other subdomains are
white. The dark, solid curve represents the original boundary of the domain O. In
the separable domain, there is at least an inaccessible subdomain to separate the
accessible subdomains. The union of inaccessible subdomains is also called the
“sea”. The sea is the complement of the accessible subdomains to the universal
(original) domain U. That is determined by Qo = U\ |J; ;. The accessible sub-
domains in the domain U are also called the “islands”. For illustration of such a
definition, an n-D separable domain is shown in Fig. 2.1(b). The dashed surface
is the boundary of the universal domain, and the gray area is the sea. The white
regions are the accessible domains (or islands). The diagonal line shaded region
represents a specific accessible subdomain (island). From one island to another,
the transport is needed for motion continuity. The transport laws will be discussed
in Chapter 7. For an accessible domain, grazing flows in discontinuous systems
will be presented in this chapter.

2.2. Discontinuous dynamic systems

To demonstrate the basic concepts of nonsmooth dynamical system theory, the
development of the theory in this chapter is restricted to an n-dimensional, non-
smooth dynamical system. Consider a dynamic system consisting of N subdy-
namic systems in a universal domain O C N". The universal domain is divided
into N accessible subdomains €2;, and the union of all the accessible subdomains
UN., ©: and the universal domain § = (JY., ©; U &, as shown in Fig. 2.1
through an n-dimensional, subvector X,,, and an (n —n)-dimensional, subvector
X;—n,- 20 is the union of the inaccessible domains. For the connectable domain
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(b) Xny
Figure 2.1. Phase space: (a) connectable and (b) separable domains.

in Fig. 2.1(a), Q¢ = <. In Fig. 2.1(b), the union of the inaccessible subdomains is
the sea, Qo = U\ [J/L, ; is the complement of the union of the accessible sub-
domain. On the ith open subdomain €2;, there is a C”-continuous system (r > 1)
in the form of

x=FOx, 1, 1) eR, x=(x1,x,....%)" € Q. 2.1

The time is # and x = dx/df. In an accessible subdomain €2;, the vector
field F® (x, 1, u;) with parameter vectors p; = (Mlﬂl)’ /Ll@, ...,/Ll@)T e 0
is C"-continuous (r > 1) in x and for all time ¢; and the continuous flow in
Eq. 2.1) xO@) = @DxD(1w0), 1, ;) with xD(1o) = @ xD (1), 10, wy) is
C" 1 _continuous for time 7.

The nonsmooth dynamic theory developed in this paper holds for the following

conditions:

(A1) The switching between two adjacent subsystems possesses time-continuity.
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(A2) For an unbounded, accessible subdomain £2;, there is a bounded domain
D; C 2; and the corresponding vector field and its flow are bounded, i.e.,

HF(")” < K (const) and
(2.2)
H<I>(i) || < K> (const) on D; fort € [0, 00).
(A3) For a bounded, accessible domain £2;, there is a bounded domain D; C 2;

and the corresponding vector field is bounded, but the flow may be un-
bounded, i.e.,

||F(i) | < Ki (const) and ||<I>(i)|| < oo onD;fort € [0, 00).
2.3)

2.3. Oriented boundary and singular sets

Since dynamical systems on the different accessible subdomains are distinguish-
ing, the relation between flows in the two subdomains should be developed herein
for flow continuity. For a subdomain €2;, there are k;-segment boundaries (k; <
N — 1). Consider a boundary set of any two subdomains, formed by the intersec-
tion of the closed subdomains, i.e., 3%2;; = S_Z,-HS_ZJ- i, je{l,2,...,N}, j#Ii),
as shown in Fig. 2.2.

DEFINITION 2.5. The boundary in the n-D phase space is defined as
Sij =08 = Qi ﬂS_Zj
= {x | @ij(x, 1) = 0 where g;; is C"-continuous (r > 1)} c L
2.4)

X I‘I*I’ll

111

Figure 2.2.  Subdomains ; and Q}, the corresponding boundary 9<2;;.
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DEFINITION 2.6. The two subdomains €2; and 2; are disjoint if the boundary
0€2;; is an empty set (i.e., d2;; = ).

The boundary values x® = (xf“), xé‘x), o xNT o e (i, j}, pertain to the
open domains £2; and 2, respectively. Based on the boundary definition, we have
89,']' = ani-

The boundary 0€2;; with ¢;;(x, t) = 0 can be determined by

K0 = FO (xO ) 2.5)

where x© = (xl(o), xéo), el x,i(’))T.

DEFINITION 2.7. If the intersection of the three or more subdomains,
ik
Ciriyoiy = ﬂﬁ,- cR r=0,1,....,N—2) (2.6)
i=iy
where iy € {1,2,...,n2} and k > 3, is nonempty, the subdomain intersection is
termed the singular set.

The boundary functions relative to the singular sets are C°-continuous. For
r = 0, the singular sets will be singular points, which are also termed the corner
points or vertex. For r = 1, the singular sets will be lines, which are termed
the singular edges to the (n — 1)-dimensional discontinuous boundary. For r €
{2,3,...,n — 2}, the singular sets are the r-dimensional surfaces to the (n — 1)-
dimensional discontinuous boundary. In Fig. 2.3, the singular set for three closed
domains {Q;, Q j Q) is sketched. The circular symbols represent intersection
sets.

The largest solid circular symbol stands for the singular set I';jx. The corre-
sponding discontinuous boundaries relative to the singular set are labeled by 9€2;,
02 and 0. The singular set possesses the hyperbolic or parabolic behavior
depending on the properties of the discontinuous boundary set, which can be re-
ferred to Luo (2005a). The detailed discussion is given in Chapter 5.

DEFINITION 2.8. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
X € 9Q;; at t,,. For an arbitrarily small & > 0, there are two time intervals
[tm—e, tm) and (Z, tinye], suppose X(i)(tm—) = Xn = x(/) (tm+)- The nonempty
boundary set 0€2;; to a flow x (1) (a € {i, j}) is semi-passable from the do-
main ; to £; (expressed by Kii ;) if the flow x@ (1) possesses the following
properties:

either ngQij . [x(o) (tm—e) — X(i)(tm—s)] >0 and
g, - XV tnre) =XV nre)] > 0

formyg;; — €2j, (2.7a)
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n~nl

Xn]
Figure 2.3. A singular set for the intersection of three domains {€;, S_Zj, Q). The circular circles

represent intersection sets. The largest solid circular symbol stands for the singular set I';jx. The
corresponding discontinuous boundaries are marked by 9€2;;, 92 j; and 32

or ngg,, . [X(O)(tm_g) — x(i)(tm_s)] <0 and

i

ngﬁij ' [X(j)(tm+8) —x© (tmre)] <0

for nyo,; —> Qi, (2.7b)
where the normal vector of the boundary 9€2;; is
dgij 0¢ij 3¢\ "
nanj = v(pl] = ) PR . (28)
0x1  0xp 0xy, %)

The notation no,; — 2; means that the normal vector of the boundary 0€2;;
points to the domain €, and x,, = x© (tm+). The notations t,,+. = t,, £ €
and t,4+ = t, £ 0 are used. To interpret the geometrical concept of the semi-
passable boundary sets, let us consider a flow in Eq. (2.1) from the domain €2;
into the domain €2; through the boundary 9$2;;. At a time t,,, the flow arrives to
the boundary 0€2;;, and there is a small neighborhood (¢, —¢, t;+¢) of the time 1,
which is arbitrarily selected. Here ,,, 4, £ ¢, £ e. As e — 0, the time increment
At = ¢ — 0. Before the ﬂow reaches to the boundary, the point xD (t,,_¢) lies
in the domain €2;. The point x ) is for the flow on the boundary. After the flow
passes through the boundary, x( )(tmye) is a point in the neighborhood of the
discontinuous boundary on the side of the domain £2;. The input and output flow
vectors are X () — X (t_e) and XV (o) — xU )(tm) respectively. Whether
the flow passed through the boundary or not is dependent on the properties of both
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- —

xl?fﬂl
(a) xﬂl
- RN
xn—n] o o \\\ Q_j
(b) Xn,

Figure 2.4. Semi-passable boundary set ﬁi j for the flow passing boundary from the domain €;

to ©2;: (a) n30,; — 2, and (b) nyg;; — Q. x<i)(tm_5), X(j}(tm+g) and x,, are three points in

the domains €2; and €2; and on the boundary 9<2;;, respectively. Two vectors n0;; and taQij are the
normal and tangential vectors of 92;;.

input and outflow vectors in the neighborhood of the boundary. The process of
the flow passing through the boundaries 9€2;; with nyo,; — Q; and Ny, — Q;
from the domain €2; to 2; is shown in Fig. 2.4. Two vectors nyQ,; and the,;
are the normal and tangential vectors of the boundary curve 9€2;; determined
by ¢ij(x,1) = 0 with Eq. (2.5). When an input flow x®D(¢) in the domain ;
arrives to semi-passable boundary 0€2;;, the flow can be tangential to, bouncing on
semi-passable boundary 86,' » or the flow can be tangential to, or bouncing on, or
passing through the semi-passable boundary ﬁ’zi ;. However, once a flow x (1)
in the domain €2; arrives to the semi-passable boundary 83,- j» the flow cannot
pass through the boundary, and either the tangential or bouncing flow x\) () at
the semi-passable boundary ﬁi ; exists. The tangential (or grazing) flows will
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be discussed in this chapter. In the following discussion, no control and transport
laws are defined on the semi-passable boundary. The direction of tyo;; X myg;; is
the positive direction of the coordinate by the right-hand rule.

THEOREM 2.1. For adiscontinuous dynamical system in Eq. (2.1), X(t;,) = X €
02j at ty. For an arbitrarily small & > 0, there are two time intervals [ty ¢, ty)
and (ty,, ty+el. Suppose X(’)(tm_) =X, = X(])(tm+), both flows xD @) and

xD(t) are C[rzm_g,rm)' and C (’tm’lmﬂ]-continuous (r = 2) for time t, respectively,

and ||d’x(“)/dtr|| < 00 (a € {i, j}). The nonempty boundary set 92i; for the
flows XD (1) and xV(t) is semi-passable from the domain Q; to Q; iff

either ngQij XD(ty_) >0 and ngQij ~5((j)(tm+) >0

fOr nagij — Qj, (29)

or g, XV (n-) <0 and mjg XV (ns) <0

for nyg,; — Q.

PROOF. For a point X, € 09;; with nyg,; — Q;, suppose X (1) = X, =
X (t,,4) and, both x(¢) and x)(r) are c, and C7

n—estm)_ (tmstm+£
(r > 2) for time 1, respectively and [|X® (¢)|| < oo (& € {i, j}) for 0 < ¢ < 1.
Consider a € [ty—¢, tiy—) and b € (ty;—, ty+c]. Application of the Taylor series
expansion of X (t,,1,) with t,,4¢ = 1, £ & (o € {i, j}) to xX*)(a) and x® (b)
gives

]—continuous

X(i)(tm—s) = X(i)(lm— —¢€)
=x(@) + %@ty — & — a) + o((tm— — & — @)),

X (tme) =XV (g + )
=xD ) + %Dty + & — b)e + o((tms + & — b)).

Leta — t,_ and b — t,,, the limits of the foregoing equations lead to

X(i)(tm—s) = X(i)(tm— —&) = X(i)(tm—) - X(i)(tm—)g + o(e),

XD (t4e) = X (s + £) = XV () + 59 (G )e + 0().
Because of 0 < & < 1, the £2 and higher order terms of the foregoing equations
can be ignored. Therefore, with the first part of Eq. (2.9), the following relations
exist,

g, - (X7 ) = xOtn-o)] =njg, XVt )e > 0,

g, - (X7 (tnie) =X ()] = mjg, X (i )e > 0.
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Similarly,

IIEQU . [x(()) (tm—) — x©@ (tm—e)] = nng_j .x® (tw)e =0,

nig, X0 tnie) —xO(tn )] = mig, - X(tmi)e = 0.

Therefore,

ngﬂ,-j ’ [X(O) (tm—e) — X(i)(tm—a)] = ngQij 'X(i)(tm—)e > 0,

njg, - [X (i) = XOltnse)] = i, XV (tny)e > 0.

From Definition 2.8, the boundary 9€2;; with nyg,; — 2; is semi-passable under
the conditions in the first part of Eq. (2.9). In a similar manner, the boundary
0€2;; with ny,; — 2; is semi-passable under the conditions in the second part
of Eq. (2.9). U

THEOREM 2.2. For a discontinuous dynamical system in Eq. (2.1), X(t;;) = X, €
02 for ty,. For an arbitrar;’ly small e > 0, there_are two time intervals [ti—e , tm)
and (ty, tmyel. Suppose XD (t,,_) = x,, = XD (tp4), both FO (1) and FD (1)
are C[rtm_g’tm)- and C(r[m’tmﬂl-continuous (r = 1) for time t, respectively, and
||dr+1x(f")/dt""1 I < oo (a € {i, j}). The nonempty boundary set 3Q; for the
flows X (1) and XV (t) is semi-passable from the domain Q; to Q; iff
i T g T g0)
either N0, FY({t,-) >0 and N0, FYV(t,+) >0
Jormyg,; — 25, (2.10)
or g, FOUn-) <0 and mjg -FYV(1,1) <0
for nyo;,; — Q;

where FO (1, ) = FO X, ty—, 1;) and F9 (t,1.) = FO X, tyn g, 1)).
PROOF. For a point X, € 9€2;; with nyo,; — 2;, the relationship xD(t,_) =
Xy = XY (t,,4) exists. With Eq. (2.1), the first part of Eq. (2.10) gives

ngﬁ,j ~)'((i)(tm,) = “gsz,-j -F(i)(tm,) >0 and

ngﬂ,‘j : X(]) (tm+) = ngﬂij : F(J)(tm+) > 0

From Theorem 2.1 and Definition 2.8, the boundary 0€2;; with nyo,; — Q; is
semi-passable. In a similar fashion, the boundary 9€2;; with ny,; —> Q; is semi-
passable under the condition in the second part of Eq. (2.10). d

DEFINITION 2.9. For a discontinuous dynamical system in Eq. (2.1), x(#,,) =
X € 0%2;; for t,,,. For an arbitrarily small ¢ > 0, there is a time interval [#,, ¢, fn)
and suppose X (1,,_) = X, (¢ € {i, j}). The nonempty boundary set 3 i
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for flows x® (¢) and x(¢) is the nonpassable boundary of the first kind, 5?2,- j
(or termed a sink boundary between the subdomains €2; and ;) if the flows
x () and x/) (1) in the neighborhood of the boundary d2 ij possess the following
properties:

{njg,, - X tn-e) = xVtn-o) [Hnjg,, - [xXOn-c) = xV (tn-o)]} < 0.
(2.11)

DEFINITION 2.10. For a discontinuous dynamical system in Eq. (2.1), x(#,) =
X, € 0824 for t,,. For an arbitrarily small ¢ > 0, there is a time interval (¢,, fy 1]
and suppose X (1,,+) = X, (« € {i, j}). The nonempty boundary set d2;; j for
the flows x) (¢) and x\)(¢) is the nonpassable boundary of the second kind 852, |
(or termed a source boundary between the subdomains €2; and €2;) if the flows
x® (1) and x) (1) in the neighborhood of the boundary 9€2; 7 possess the following
properties:

{nggij : [X(i)(tm+s) —x© (tm+s)]}{n;’£52,-j : [X(j)(tm+s) - X(o)(tm+s)]} <0
(2.12)

The above two concepts for the sink and source boundaries between the two
subdomains €2; and £2; are illustrated in Figs. 2.5(a) and (b). The flows in the
neighborhood of the boundaries are depicted. When a flow x9(1) (« € {i,jb
in the domain €2, arrives to the nonpassable boundary of the first kind 89, j» the
flow can be tangential to or sliding on the nonpassable boundary aQu; . For the
nonpassable boundary of the second kind E)Q,], a flow x@ (1) (a € {i, j}) i in t the
domain €2, can be tangential to or bouncing on the nonpassable boundary IQu; iz
In this chapter, only the tangential flows on the nonpassable boundary will be
discussed, which are similar to the one on the semi-passable boundary.

THEOREM 2.3. For a discontinuous dynamical system in Eq. (2.1), X(t,,) = X, €
0Q2;j for ty,. For an arbitrarily small ¢ > 0, there is a time interval [ty ¢, t,y) and
suppose X (t,,_) = X, (@ € {i, j}). The flow X9 (1) is C[’tmiggtm)—continuous
(r > 2) for time t, and ||d’'x¥) /dt"|| < oo. The nonempty boundary set 0Q2;; for
the flows X (1) and X9 (t) is a nonpassable boundary of the first kind iff

[@‘ XD (1, 0)] [l %ﬂmhﬂ<o. (2.13)

PROOF. The theorem can be proved following the procedure of the proof of The-
orem 2.1. U

THEOREM 2.4. For a discontinuous dynamical system in Eq. (2.1), X(t;y) = X €
0Q;; for ty,. For an arbitrarily small ¢ > 0, there is a time interval [ty _¢, )
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Figure 2.5. Nonpassable boundary set 3% ; = E)QZ U BQ, j: (a) the sink boundary (or the nonpass-
able boundary of the first kind, aQ, ), (b) the source boundary (or the nonpassable boundary of the

second kind, 87). Xim = (Xu (tm), Xn—n (tn )T, X () = K47 (e, X, (me))T and
o € {i, j} where t;;+¢ = t;, £ ¢ for an arbitrary small ¢ > 0.

and suppose X (t,,_) = X, (o € {i, j}). The vector field F'® (t) is C[rtm,g )

continuous (r = 1), and ||dr+lx(“)/dt’+l|| < 00. The nonempty boundary set
0S2;; for the flows xD (1) and x (1) is a nonpassable boundary of the first kind
iff

[n5g, - FO @n)][njg,, - FV (tn)] < 0 (2.14)

where F@ (t,, ) £ F (X, 1y, pg) (a € {i, j}).

PROOF. The theorem can be proved following the procedure of the proof of The-
orem 2.2. O
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THEOREM 2.5. For a discontinuous dynamical system in Eq. (2.1), X(t;,) = X €
0Q;j for ty,. For an arbitrarily small ¢ > 0, there is a time interval (ty,, ty1¢] and
suppose X (1) = X (@ € {i, j}). X (1) is C(’tm lmﬁ]—continuous (r = 2) for
time t, and ||d"’x®) /dt"|| < oo. The nonempty boundary set 0Q2;; for the flows

xO (1) and X9 (t) is a nonpassable boundary of the second kind iff
[nggij ~)'((i)(tm+)][nggl_j XDt )] <. (2.15)

PROOF. The theorem can be proved following the procedure of the proof of The-
orem 2.1. O

THEOREM 2.6. For a discontinuous dynamical system in Eq. (2.1), X(t,,) = X, €
0Q2;; for ty,. For an arbitrarily small ¢ > 0, there is a time interval (i, tymye]
and suppose X9 (t,4) = X, (o € {i, j}). The vector field F®(t) is C[rz,,,,e,z,,l)'
continuous (r > 1), and ||d"T'x@ /d¢" || < oo. The nonempty boundary set
082;; for the flows xO(t) and x9)(t) is a nonpassable boundary of the second

kind iff
[05q,, - F (tm)|[mjg,, - FY ()] < 0 (2.16)

where F@ (1,1) £ FO X, by, 1) (@ € {i, j}).

PROOF. The theorem can be proved following the procedure of the proof of The-
orem 2.2. (]

DEFINITION 2.11. The nonempty boundary set 3$;; for the flows x¥)(¢) and
X_(J; )(t) is passable (ﬁii j) only if it (;Essesses not only semi-passable boundary
0€2;; from the domain €; to 2; but 0€2;; from the domain 2; to ;.

This definition indicates that the C°-flow on the boundary set is invertible. The
gradients of the flow on both sides of the separation boundary are different in
the nonsmooth dynamical systems. If the flow is C'-continuous on the boundary
without effects of sliding motion, the boundary set becomes a trivial boundary
set, and the two subdynamical systems become a smooth dynamical system. For
illustration of the passable boundary set, the flows passing through the boundary
0€;; from ; to ©; and from ; to §2; are presented in Fig. 2.6. The dashed
curves are other boundaries for the domains €2; and €2;. The thicker solid curve
represents the boundary d€2;;. The thinner solid curves with arrows are the flow
of Eq. (2.1) in the two domains.
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Figure 2.6.  Flow passing through the boundary 9€2;;: (a) from €2; to €2, and (b) from Q; to ;.

2.4. Local singularity and tangential flows

In this section, a local singularity of flow and tangential flows will be discussed.
The corresponding necessary and sufficient conditions will be presented.

DEFINITION 2.12. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
X € 082 for t,,. For an arbitrarily small & > 0, there are two time intervals
(i.e., [tm—s, tm) and (t,, t,y+¢]1) and suppose x(@ (tm—) =X = X(ﬂ)(t,,H_) (a, B €
{i, j}). The two flows x® (¢) and x#)(r) are C[’t and Cft -continuous

m—Sstm)- ;71,tm+s]

(r > 2), respectively. A point x,, is critical on the nonempty boundary set 9€2;; if

njo, X (tn-) =0 andlor mjq %P (t,4) =0. (2.17)
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THEOREM 2.7. For a discontinuous dynamical system in Eq. (2.1), X(t;y) = X, €
0Q;; for ty. For an arbitrarily small ¢ > 0, there are two time intervals (i.e.,
[tm—e» tm) and (tm, tm]) and suppose X® (tn-) = Xm = X (ty) (@, B €
{i, j}). The two vector fields F@ (1) and P (t) are C! and C’,

[tm—é‘3tm) (tm tm+5]
continuous (r > 1) for time t, respectively, and ||d"t'x@ /dt" 1| < 0o (a €
{i, j}- The point x,, € 0Q;; is critical on the nonempty boundary 92;; iff

nggﬁ F®t,_) =0 and/or n} F<ﬁ) (tms) =0 (2.18)
where F® (1,,_) = F® (X, ty,—, u,) and F<ﬂ>(rm+> =FP (X, tyn, up).
PROOF. Using Eq. (2.1) and Definition 2.12, the Theorem 2.7 can be proved. [

Since the tangential vector of the input and output flows x®(z,,_) and
x(@) (tm4) on the side of the domain Q, (a € {i, j}) at the boundary 9€2;; is
normal to the normal vector of the boundary, it implies that the input flow is tan-
gential to the boundary. The mathematical description is given as follows.

DEFINITION 2.13. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
X, € 082 for t,,. For an arbitrarily small &€ > 0, there are two time intervals (i.e.,
[tyi—e t) and (tu, fyre]) and suppose X (1) = X (@ € {i, j}). The flow

x@ (1) is Clyoy-and C(, . -continuous (r > 1) for time ¢. The flow x@ (1)

in 4 is tangentlal to the boundary 9€2;; if the following two conditions hold:
ngg[j X@(1,1) =0 and (2.19)
either
g, - [XOUn-e) =x@ (-] > 0,

ngQij ’ [X(a)(tm+a) —x© (tm"rt“)] <0
fOI' naQij — Qﬁ (220)

where B € {i, j} buta # B, or
nng‘j ’ [X(O)(tm—s) - X(a)(tm—s)] <0,
njg, - (X9 (nie) =XV (tn1)] > 0
for nyg,; — Qg 2.21)
Since nggij tyg,; = 0 and tyo,; = X, on the boundary 9€2;;, with Eq. (2.19),

we have

ngQii X (1) =0 = ngsz,-, X or X (ty_) = Xy = X (1)
' ' (2.22)
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n-n J

o0y

X
"

Figure 2.7. A flow in the domain £; tan ential to the boundary 9€2;; with n3Q;; Q;. The
gray-filled symbols represent two points (x o and x Je) on the flow before and after the tangency
The tangential point x,,; on the boundary 0% 1s deplcted by a large circular symbol.

The above equation implies that the flow x® on the boundary is at least C!-
continuous. To demonstrate the above definition, consider a flow in the domain
€2; tangential to the boundary 9€2;; with nyg,; — $2;, as shown in Fig. 2.7. The
gray-filled symbols represent two points (xmig = x®(1,, = &)) on the flow before
and after the tangency. The tangential point X, on the boundary 9€2;; is depicted
by a large circular symbol. This tangential flow is also termed the grazing flow.

THEOREM 2.8. For a discontinuous dynamical system in Eq. (2.1), x(t;)

X € 0%y for ty,. For an arbitrarily small ¢ > 0, there are two time inter-
vals (i.e., [tm—g, tm) and (ty, tm+e]) and suppose X (te) = x, (@ € {i, jH.
The flow X (1) is C[rth,tm)_ and C(’tm)tmﬂ]—continuous (r = 2) for time t and
[d"x@ /dt" || < co. The flow x®)(t) in Qq is tangential to the boundary 38 iff

njg,, X (tns) = 0, (223)
{ng§2~ : [X(O)(tm—s) - X(a)(tm—s)]}

ij
x njg,, - [X@ (tnse) = X (o) ]} < 0. (2.24)
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PROOF. Since Eq. (2.23) is identical to Eq. (2.19), the first condition in Eq. (2.19)
is satisfied:

X (1) = X (e £ F &) =xD(ta £ ) F X (tys £ 6) +0(e)
= X (tyte) F X (tyse) + 0(e).

For 0 < ¢ « 1, the higher order terms in the above equation can be ignored.
Therefore,

ngﬁij ' [X(a)(thr) B X(a)(tm,g)] = Sngﬁij X (tm—e)»

ngﬂi/ X o) —x )] = gngm X (tge).

Similarly,

ngﬂﬁ [x Q) = X (tn—e)] = gnggij xOw ),

ngQi.f ' [X(O) (tme) — x® (tm)] = Engﬂij -x© (tm+te)-

From Eq. (2.24), the first case is:

ngQ,‘j : [X(O) (tm—s) - X(O() (tm—g)] > O and
n’gQU : [)'((Ol) (tm-l-s) - X(O) (tm-‘rS)] <0

with which Eq. (2.20) holds for 9€2;; with nyo,; — Qp (B # a). However, the

second case is:

ngszij . [i(o)(fm—e) — X(a)(tmfg)] <0 and
n’fl;Q[j : [)'((Ot) (tm+£) - X(O) (tm-l,-g)] > O

from which Eq. (2.21) holds for 9€2;; with nyo;; — Q. Therefore, from Defini-
tion 2.13, the flow x@ () for t € T}, in Qg is tangential to the boundary 9€2;;. U

THEOREM 2.9. For a discontinuous dynamical system in Eq. (2.1), X(t;y) = X, €
0Q;; for ty,. For an arbitrarily small ¢ > 0, there are two time intervals (i.e.,
[ti—sc, tm) and (ty, tm+e]) and suppose X (t1) = X (¢ € {i, j}). The vec-

tor field F (1) is C[rtm_; )" and C(’tm tmw]—continuous (r = 1) for time t and

[dHx@ /A"t < oo. The flow X9 (1) in Qg is tangential to the boundary
92 iff

njo, - F@ (ns) = 0, (225)
{ngﬁu ' [F(Dl) (tm—a) - F(O) (tm—s)]}
x {njg,, - [F@ (tnre) = FO(tnr)]} < 0. (2.26)
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PROOF. Using Eq. (2.1) and the Theorem 2.8, the Theorem 2.9 can be proved. []

THEOREM 2.10. For a discontinuous dynamical system in Eq. (2.1), x(t,,) =
Xm € 0K2;j for ty. For an arbitrarily small ¢ > 0, there are two time inter-
vals (i.e., [tm—e, tm) and (tm, tn+¢1) and suppose X (tn1) = Xm (@ € {i, j}).

The flow X® (1) is C[’lm_g’tm)- and C(r[m’[mﬂl-continuous (r = 3) for time t and

[ d"x@ /dt" || < oo. The flow X9 (1) in Qg is tangential to the boundary 0% iff

nggij X (t,a) =0 and (2.27)

either ngﬂi,- . [ﬁ(“)(tmi) - i(o)(tm)] <0 formyg,; — Qg

Beli.jh,B#a), (2.28)

or nggzij . [ﬁ(a)(l‘mi) - ﬁ(o)(l‘m)] >0 for o, — Qq.

PROOF. Equation (2.27) is identical to Eq. (2.19), thus the first condition in
Eq. (2.19) is satisfied. From Definition 2.13, consider the boundary 9€2;; with
nyo, — Qp (B # a) first. Suppose X@ (1,+) = X (o € {i, j}) and x@) (1) are
C[rzm,g,zm)' and C(’tm’tmﬂ]-continuous (r > 3) for time ¢ and ||d"x® /dt"|| < oo
(¢ € {i, j}). Fora € [ty,—s, ty) and a € (t,, ty+¢], the Taylor series expansion
of X (ty1e) to X@ (a) up to the third-order term gives

X(a)(tm:t - 8)
=x* (@) + X (@) (tys £ & — a) + X9 (@) (tn+ £ & — a)*
+0((tn & —a)?),

X (tyy4e)

As a — ty4+, the limit of the foregoing equation leads to
S N E))
=X (1) X ()6 + X (tns)e” + 0(e?).

The ignorance of the £* and high order terms, the deformation of the above equa-
tion and left multiplication of nygq;; gives

ngszij . [x(a)(tm+g) - x(a)(tm+)] = ngﬂu XD (t0)e + ngﬁij K@ (1,062,

l‘lggij . [x(a)([m_) — x@ (tm—s)] = ngQij . X(a)(tm_)g _ nggij . ﬁ(a)(lm_)82.
With Eq. (2.27), we have

ngﬂij ’ [X(a)(tm+£) - X(a)(tm+)] = nggzij : i(a)(tm+)82’

nggij . [x(a)([m_) —x@® (tm—a)] — —nggij _i(a)(tm_)él_
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Because of ngg XD (t,1) =0
ij

n’gQU : [X(O) (thrS) - X(O) (tm-',-)] = nggl] . X(O) (tm+)82,

g, - X @) = xOn-)] = njg, - X (tn)e?.

For the boundary 9€2;; with nyg;; — 2, using the first inequality of Eq. (2.28),
the foregoing two equations lead to

nggij : [X(O) (tm—e) — X(a)(tm—a)]
= —njg,, - [XV ) —XO ) ]e? > 0,
g, - (X Unse) = X0 (tnse)] = g, - K ns) =X ) ] < 0.

Similarly, using the second inequality of Eq. (2.28), the foregoing two equations
for the boundary 9€2;; with ny,; — Q4 lead to

gy, - (X ) =x@ (tn—e)] = —njg, - [X@ (1) = %O (1,-)]6* < 0,
g, - (X Unte) = XV tn)] = g, - [K ) = X0 ) |67 > 0.

Therefore under condition in Eq. (2.28), the flow x\")(¢) in €, is tangential to the
boundary 9€2;;. O

THEOREM 2.11. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
Xy € 0%;j for ty,. For an arbitrarily small ¢ > 0, there are two time intervals
(i.e., [tu_e, tm) and (ty, tmse]) and suppose X (t,+) = X, (@ € {i, j}). The

vector field F (t) is C [’tm_g )" and C (lm tm+€]—continuous (r = 2) for time t and

[dHx@ /A"t < oo. The flow x9(t) in Qq is tangential to the boundary
92 iff

ngg_j Fe) =0 and (2.29)

i

either ngQ[_j - [DF® (t,1) = DFQ (1,£)] < 0 formgq,, — Qp

B eli,jhB#a), (2.30)
or ngQij ' [DF(a)(tmi) — DF® (tmi)] >0 formyg,; — Qq

where the total differentiation (p,q € {1,2,...,n}) and A € {0, o}

IF S (tee)
8xq

IF® (1)

DF? (1,,1) = [ o

]F(A) (tm:t) +
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PRrROOF. Using Eqgs. (2.1) and (2.29), the first condition in Eq. (2.19) is satisfied.
The derivative of Egs. (2.1) and (2.5) with respect to time gives

()
oF, (x,1, .0
K= [ p ( ”A):|X+

= —FM(x,t, 1) = DFP(t,,4).
qu a1 ( ”A) (m:l:)

For t = t,,+ and x = x,;,, the left multiplication of nyg, ; to the foregoing equation
gives

N, - X(ms) = Mg - DF (1)

where F© (X,,,, ty, 1y) 2 F@(1,,4). Using Eq. (2.30), the above equation leads
to Eq. (2.28). From Theorem 2.10, the flow x@ (1) in Qq is tangential to the
boundary 9€2;;. O

DEFINITION 2.14. For a discontinuous dynamical system in Eq. (2.1), x(#,,) =
X, € 082 for t,. For an arbitrarily small & > 0, there are two time intervals
@(.e., [ty_e, tm) and (t, twse]) and suppose X (f,+) = x,, (o € {i, j}). The

flow X (¢) is C[’tm% ) and C(’tm tm+g]-continuous (r = 21) for time ¢. The flow
x@(¢) in Q is the (21 — 1)th-order tangential to the boundary 9<2; ; if the three

conditions hold:

dk
ngQU . @[X(O‘)(tmi) —xP@, )] =0 fork=1,2,....,21—1, (231

42
Mg, g X ns) =XV (tn)] #£0, and 232)

either
nr‘({ﬂ,‘j : [X(O) (tm—a) - X(a)(tm—g)] > 0,
“gsz,-j X (tnge) = X (tnge)] <0
for nyq,; — Qp 2.33)
where B € {i, j} but # B, or

ﬂggij : [X(O) (tm—e) — X(a)(tm—s)] <0,

ngQi_i ’ [X(a)(tfrl+8) - X(O)(tm+8)] >0
for nyQ; — Q. (2.34)

THEOREM 2.12. For a discontinuous dynamical system in Eq. (2.1), x(t,,) =
Xm € 08 for ty,. For an arbitrarily small ¢ > 0, there are two time intervals
(i.e., [tm—se, tm) and (ty, ty+e]) and suppose X("‘>(tmi) = Xy (@ € {i, j}). The

flow x@ (1) is C[rtm_; )" and Cam th]—continuous (r = 2l + 1) for time t and
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[d"x@ /de" || < oo. The flow X (t) in Qq is the (21 — 1)th-order tangential to
the boundary 0Q;; iff

dk
ngﬂij.dk[@‘)(z ) -xPt,0] =0 fork=1,2,...,21—1, (235

d21
Moy g X ns) =xOtn0)] # 0, and (2.36)

. d2l
either nggij 5 — (X (tmz) = xOtn2)] <0 formpg,; — Q.
(2.37)

d21
or no, - @[x("‘)(tmi) — X(O)(tmi)] >0 fornyg, — Qq

where B € {i, j} but o # B.

PRrROOF. For Egs. (2.35) and (2.36), the first two conditions in Definition 2.14 are
satisfied. Consider the boundary 9€2;; with nyQ; — Qg (B # ) first. Choose
a € [ty—e, ty) or a € (ty, ty—s], and application of the Taylor series expansion
of X (£,5+¢) to X¥)(a) and up to the 2/-order term gives for A € {0, o'}
A-1 gk
XD (tne) = XD (tns £ ) =xP @ + Y pxP@tns £6 —a)f
k=1

d21
+ X XM (@) (twe £ & — ) + o((tws £ 6 — a)?).
As a — t,4, we have

A-1 4k

XV (tpae) = xP (s + 8) = XD (1) + Z XD (ty) (e)*

d2
+ X ) (Re)" + o(e™).

With Egs. (2.35) and (2.36), the deformation of the above equation and left mul-
tiplication of nyg,; produces

2l

d2]

nggij X nge) = xO tnge)] = mjg,. - i

nggij : [X(O) (tm—e) — X(a)(tmfs)]
21

[x () = xO )]

T

- nanj dt2l [

Under Eq. (2.37), the condition in Eq. (2.33) is satisfied. Therefore, the flow
x@(7) in , is the (21 — 1)th-order tangential to the boundary 92, with

@ (1) — xO (1) ]e?.
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nyq,, — . Similarly, under the condition in Eq. (2.37), the flow x®(z) in
Qq is the (21 — 1)th-order tangential to the boundary 9€2;; with N0, — Qg
The theorem is proved. g

THEOREM 2.13. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
X € 082 for ty. For an arbitrarily small ¢ > 0, there are two time intervals
(i.e., [tm—se,tm) and (ty, ty+c]) and suppose X (tye) = X (@ € {i, Jjh. The
vector field F® (t) is C{tm_g,lm) and C(t i ]-continuous (r = 2I) for time t and

|d"Hx@ /A" 1| < oo. The flow X (1) in Qa is the (21 — 1)th-order tangential
to the boundary 9$2;; iff
g, - DX [F@Un) —FOne)] =0 fork=1,2,...,20 -1, 238)

naQ D F@ (t4) — FO(t,,1)] # 0, (2.39)

T ; DI F® () — FO(tn2)] <0 formyq, — Qp.  or
(2.40)
ngﬂu 'D2l_l[F(a)([mi) —F© (tms)] >0 for nye,; — S«

where the total differentiation for A € {0, o}
) *)
aF, (¢ oF™ (1
DFIFG) (1 ) — DkZ{ [M]Fm@mi) N ﬂ} 2.41)
0xg ot
p.qe{l,2,...,n},ke{2,3,...,2l}and B € {i, j} but o # B.

PROOF. The kth-order derivative of Eq. (2.1) with respect to time gives

de()»)(tm) dk-1 ()»)(t - gk—1
drk T dek-1 m drk—1

= Dk lF(A)(va tmv uo{)

)

_ Fp (X tins My)

=D' 2{[ o a} aF(k)(X’"’tm’”“)}
q

F® (X, s )

Using the foregoing equation to the conditions in Eqgs. (2.38)—(2.41), the flow
x@(t) in Q is the (2 — 1)th-order tangential to the boundary 9<2;; from Theo-
rem 2.12. Therefore, the theorem is proved. O

DEFINITION 2.15. A flow x%)(7) tangential to 9€2;; (& € {i, j}) in 2y is termed

the local grazing flow if x(®(¢) starting from 3;; in Q4 is not intersected with

another boundary before grazing. Suppose x® (¢) has x“ )1 and x' +1 on the

nyq,;-line relative to x,, € 9€2;;, then the three grazing ﬂows exist. The tangential
flow x@)(7) is termed:
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-1 /) xﬂ—nl

tt'ﬁ_.j

Q5

(a) (b)

H*ﬂl

(©

Figure 2.8. A classification of local grazing flows in Q; to 9€2;; with nyg;; — Qj: (a) the first
kind of grazing flow, (b) the second kind of grazmg ﬂow and (c) the third k1nd of grazing flow. The

gray-filled symbols represent two points (x _; and x( le) on the normal line relative to tangential
point x;;, on the boundary ?JQ, j depicted by a large circular symbol.

(a) the grazing flow of the first kind if
(@)

s =] < x5 = (2.42)
(b) the grazing flow of the second kind if
[l = x| > x5 (2.43)
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(c) the grazing flow of the third kind if

(Ot) ()

[ = x| = 1 = ] (244)

From the above definition, the local grazing flows in the domain €2; to the bound-
ary 0€2;; with nyq,; — €2; are sketched in Fig. 2.8 for interpretation of the local
grazing flows. The first, second and third kinds of grazing flow are arranged in
Figs. 2.8(a), (b) and (c), respectively. The gray-filled symbols represent two points
(x(l) , and xm) 1) on the normal line relative to tangential point x;, on the bound-

ary d$2;; depicted by a large circular symbol.

In this section, the sufficient and necessary conditions presented for graz-
ing, passable and nonpassable flows are based on the function ¢;;(x(¢)) = 0.
If the normal direction of the boundary 0€2;; is invariant with time ¢, then we

have ngQU . %X(O) (tme) = 0 for k = 1,2,.... If the separation boundary

is controlled by ¢;;j(x,t) = 0, all the conditions ngQi_; Cx@ (1) = 0 (or

ngﬂw . F@ (tm+) = 0) for the separation boundary @ij(x(t)) = 0 are replaced

by na X (1) + 3%’ =0and na O (tyt) + aw” = 0, respectively. The
rest condltlons can be kept as in the present form. In an alternative way, a new

function G(x,1) = Mg % (ns) + i (or G(x.1) = mjg - Fltns) + 1)

is introduced. We have DkG(x, 1) = D1 (DG (x, 1)) and DG(X, 1) =VG(X,1) -
X (ty1) + % (orDG(x,1) = VG (X, 1) - FO (t,,4) + %). The necessary
and sufficient conditions for grazing require G(x, ) = 0 and DG(x, #) # 0. The
other conditions for higher-order grazing and transversality will use D1 G(x, 1)
to replace % x@ (1) —xO (1)) or gtkk—ill(F(“) (1) — FO(t)). We will use the sepa-
ration boundary condition ¢;; (x(t)) = 0 to develop the theory.

2.5. A piecewise linear system

To demonstrate the local singularity and grazing in nonsmooth dynamical sys-
tems, two common examples in mechanical engineering are considered herein.
Consider a periodically excited, piecewise linear system as the first application in
this section with

X +2dx + k(x) = acos Qt, (2.45)

where X = dx/d¢. The parameters (2 and a) are excitation frequency and ampli-
tude, respectively. The restoring force is

forx € [-E, E], (2.46)

cx —e, forx elE, o0),
k(x) I
cx +e, forx e (—oo0,—E]
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with E = ¢/c. To describe the motion of the foregoing system, there are three
linear regions of the restoring force (region I: x > E, region II: —F < x < E
and region III: x < —E). The solution for each region can be easily obtained
in Appendix A. From Egs. (2.45) and (2.46), the dynamical systems in regions |
and III do not have any singularity. Once all the parameters are finite, the solutions
of these motions in regions I and III are finite. In region II, the solution of the
motion continuous to time ¢ is unbounded, but the displacement boundary of the
domain on which the dynamical system is defined is finite. Since the velocity is
the derivative of displacement with respect to time, the flows of the system in
the displacement-bounded, region II is bounded. The phase space in Eq. (2.45) is
divided into three subdomains, and the three subdomains are defined by

Ql = {(X, )’) | X € [Ea OO)»)’ € (_ooﬂ OO)},
Q ={(x,y) |x €[—E, E],y € (—00, 00)}, (2.47)
Q3 ={(x,y) | x € (o0, —E], y € (—00, 00)}.

The entire phase space is given by

3
Q= U Q. (2.48)
a=1

The corresponding separation boundaries are

Q1= N2 ={x,y) | gnkx y)=x—E=0}
(2.49)
Q3 =0 N Q3 = {(x,y) | p23(x,y) =x+ E =0}

Such domains and the boundary are sketched in Fig. 2.9. From the above defini-
tions, Egs. (2.45) and (2.46) give

x=F%x 1y, m) foraef{l,2, 3} (2.50)
where

F(l)(x, t,my, ) = (y, —2dy — cx +acos a)t)T, inx € Q;
FOx, 1, 1y, ) = (y, —2dy + acoswr)”, inx e Q, (2.51)
F(3)(x, t, U3, ) = (y, —2dy — cx +acos wt)T, inx € Q3.

Note that u; = u3 = (¢, d)T, u, = (0,d)T and # = (2, a)". To understand
the local dynamics of Eq. (2.45), it is very important to investigate the sliding
dynamics along the separation boundary. In Eq. (2.49), using nyq;; = Vg;; gives

nyo, =Mhoy, = (1,0)". (2.52)
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Qs y 0,
e z
—e—-- —:--
Q] : QZ : Ql
= a
& 4,
2= | TS
: y (E0)
(B0 | :
n-—:— ......:_
= s
0Q,, oQ,,

Figure 2.9. Subdomains, boundaries and equilibriums (£E, 0).

Therefore, Egs. (2.51) and (2.52) give

ngﬂlz : F(l)(xv Z, My, n:) = ngglz : F(Z)(X’ t, W, ]t) =),

(2.53)
T

o, 13'(2)()(7 t, Wy, T) = ngQB . F(3)(X, U3, ) = y.

From Eqs. (2.52) and (2.53) with Theorem 2.11, the equilibrium points (£E, 0)
are common tangential points for flows in both subdomains of the two separa-
trices. Furthermore, the grazing bifurcation conditions on the separatrices for the
flows of this discontinuous system in the three subdomains are

y>0 forx=EinQandx = —F in Qy,

y <0 forx=FEin)andx = —F in 3. (2.54)

y=0 and {

Therefore, in the neighborhoods of the two equilibrium points, the local topo-
logical structures of the hyperbolic flow for system in Eq. (2.45) are sketched in
Fig. 2.10. The detailed discussion can be refereed to Luo (2006). For description
of motion in Eq. (2.45), two switching sections (or sets) are:

=t ={@. xi,y) | xi = E, i = yi},
(2.55)
2T = {0, xi, y) | xi = —E, % = yi}.

The two sets are decomposed as

2t =2fUzfU{4 E, 00 and X7 =X, UX”U{y, —E, 0} (2.56)
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0€2; €,

Figure 2.10. Phase portraits near equilibriums (&£, 0) on the boundaries.

where four subsets are defined as

E-T— = {(ti,.Xi, yl) |xi = E,)E?i =y > 0},

(2.57)
2 ={. xi.y) | xi = E. % = y; <0},
27 = {0 xi, y) | xi = —E, % = yi > 0},
(2.58)
Y- = {(ti,xi,y,') |xi=—E,x; =y < O}.
From four subsets, six basic mappings are:
P —>3f, Pt 3T, P3iTo X2
(2.59)

Py -2, Ps:t > 3f Pz T

The switching planes and basic mappings are sketched in Fig. 2.11. Consider the
initial and final states of (¢, x, x) to be (¢;, x;, y;) and (¢;+1, Xi+1, yi+1) in the sub-
domain ©, (¢ = 1,2, 3), respectively. The local mappings are { P;, P3, Ps, Ps}
and the global mappings are { P>, P4}. The displacement and velocity equations
in Appendix A with initial conditions give the governing equations for mapping
Py (k=1,2,...,6),ie.

k
1( )(xi7 Vi, 1, Xi+1s Yi+1, ti+1) = 09

Py: «
fz( DXty Vi iy Xit 1y Vit fie1) = 0.

(2.60)
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2 xr Ql

Figure 2.11.  Switching sections and basic mappings in phase plane.

Initial Phase, mod (Q,, 27)

0 5 10 15 20 25 30 35

Excitation Frequency Q

Figure 2.12. The grazing bifurcation conditions for mappings P; (y; > O, solid lines) and P3
(y; <0, dashed lines). (n = 1,a =20,¢ =100, E = 1,d =0.5.)

The necessary and sufficient conditions for the grazing of all the six generic map-
pings are:
yi+1 =0,
Yig1 =acosQtiy1 >0 for P; (j =1,2,6), (2.61)
Vi1 =acosQtiy; <0 for P; (j =3,4,5).
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~ ~ -~
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Figure 2.13. The grazing bifurcation conditions for: (a) mappings P, (y; < 0, solid lines) and Py
(y; = 0, dashed lines), and (b) mappings Ps (y; < 0, solid lines) and Pg (y; = 0, dashed lines).
(n=1,a=20,c=100,E =1,d =0.5))

From the foregoing equation, once one of the initial time or velocity is selected,
the grazing bifurcation can be determined through the Newton—Raphson method.
In computation, the condition #;4; > t; should be inserted for fast obtaining solu-
tions. Consider the parameters a = 20, ¢ = 100, E = 1,d = 0.5 for illustration
of the grazing bifurcation. For given initial velocity y;, the grazing bifurcations
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are computed. In Fig. 2.12, the grazing bifurcation conditions of mapping P,
(yi 2 0) and P3 (y; < 0) are illustrated for y; = £{1,2,3,4} and n = 1.
The grazing bifurcations for both mappings P> (y; < 0) and P4 (y; = 0), and
mappings P (y; < 0) and P4 (y; = 0) are presented in Figs. 2.13(a) and (b).
The mappings {P», Ps} and {P3, Pe} are represented by the solid and dashed
curves, respectively. The initial conditions varying with excitation frequency are
presented. Similarly, the initial condition varying with excitation amplitude can
be determined. From these initial conditions, based on the six mappings, the final
states will be tangential to the corresponding boundaries. From the predictions of
grazing bifurcation, the grazing flows are demonstrated for a better understanding
of the grazing bifurcation. The same parameters are used as before. The grazing
flows for mapping P; (x; = 1, (y;i, Q1) ~ (1,3.592), (2, 3.256) and (3, 3.125))
in Q1 and mapping P3 (x; = —1, (y;, QL) ~ (—1,0.449), (—2,0.114) and
(—3,6.267)) in Q3 are illustrated in Figs. 2.14(a) and (b) for = 10. The
grazing flows in Q; are illustrated in Figs. 2.14(c) and (d) for mapping P,
xi =1, (v, Q) ~(0,2.71), (-2, 3.20), (—4, 3.63) and (—6, 4.07)) and map-
ping P4 (x; = —1, (yi, ) = (0,5.85), (2,0.06), (—4, 0.47) and (—6, 0.93)).
The grazing flow for y; = 0 seems the half generic separatrix of the pendulum.
Finally, the local grazing flows in domain €2, are illustrated in Fig. 2.14(e) and
(f) for mappings Ps (x; = 1, y; = —2, Qf; = {5.90,4.11}) and mapping Ps
xi = —1, yi =2, Qt; =~ {2.76,0.97}). The two local, grazing flows are of
the first kind in domain €25. It is observed that the grazing flows at the tangential
points satisfy the conditions in Theorem 2.11. The detailed results can be referred
to Luo (2005b) The fragmentation of strange attractors of chaotic motions in this
system can be seen in Luo (2005¢). The grazing in piecewise linear systems with
impacting can be found in Luo and Chen (2006).

2.6. A friction-induced oscillator

For the second example, consider a periodically forced oscillator consisting of a
mass (m), a spring of stiffness (k) and a damper of viscous damping coefficient
(r), as shown in Fig. 2.15(a). The grazing flow for this problem was discussed
in Luo and Gegg (2006¢). This oscillator also rests on the horizontal belt sur-
face traveling with a constant speed (V). The absolute coordinate system (x, ¢) is
for the mass. Consider a periodical force Q¢ cos 2f exerting on the mass, where
Qo and 2 are the excitation strength and frequency, respectively. Since the mass
contacts the moving belt with friction, the mass can move along or rest on the
belt surface. Once the nonstick motion exists, a Kinetic friction force shown in
Fig. 2.15(b) is described as

_ = ukFn, x €[V, 00),
Fy(x) { €[~ Fn, uFyl, =V, (2.62)
= —urFn, x € (—oo, V]
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Figure 2.15. (a) Schematic of mechanical model, and (b) friction force.

where ¥ £ dx /dt, ug and Fy are friction coefficient and a normal force to the
contact surface, respectively. For the model in Fig. 2.15, the friction force is Fy =
mg where g is the gravitational acceleration.

For the mass moving with the same speed of the belt surface, the nonfriction
force per unit mass acting on the mass in the x-direction during this motion is
defined as

Fy = AgcosQt —2dV —cx, forx =V (2.63)

where Ag = Qo/m,d = r/2m and ¢ = k/m. This force cannot overcome the
friction force during the stick motion (i.e. | Fs| < Fy and Fy = puy Fyn/m). There-
fore, the mass does not have any relative motion to the belt. No acceleration exists,
i.e.,

Xx=0, forx=1V. (2.64)
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Figure 2.16. Domain partitions in phase plane.

If |Fy| > Fy, the nonfriction force will overcome the static friction force on the
mass and the nonstick motion will appear. For the nonstick motion, the total force
acting on the mass is

F =AgcosQt — Fysgn(x — V) —2dx —cx, forx #V; (2.65)

sgn(-) is the sign function. Therefore, the equation of the nonstick motion for this
oscillator with friction is

X +2dx +cx = Agcos Qt — Fysgn(x — V), forx #V. (2.66)

Since the friction force is dependent on the direction of the relative velocity,
the phase plane is partitioned into two regions in which the motion is described
through the continuous dynamical systems, as shown in Fig. 2.16. The two re-
gions are expressed by Q4 (o € {1, 2}). In phase plane, the following vectors are
introduced as

x2x, 0 =@,y and F2(y, F)T. (2.67)
The mathematical description of the regions and boundary

Ql:{(xvy)|ye(vsoo)}v 92:{(x7y)|y€(_007 V)}a

0 = {(x, ) | ga(x, ) =y — V =0}, (2.68)

01 = {(x,») le21(x,») =y -V =0}.

The subscript (-)qp denotes the boundary from €2, to Qg (@, 8 € {1,2} and
a # B). The equations of motion in Egs. (2.64) and (2.66) can be described as

x=F®x,1) inQ, (€ (1,2}, (2.69)
where

FOX, 1) = (v, Fax, 1), (2.70)
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Fy(x, Q2t) = Agcos Qt — by — 2dyy — coxX. (2.71)

Note that by = ug, by = —ug,dy = d and ¢, = c for the model in Fig. 2.15.
From Theorem 2.11, with nggij -DF® = 0 the grazing motion is guaranteed by

Mo, - F@(ne) =0, a e (1.2},

(2.72)
g, - DFV(ns) >0, njg - DF?(1,1) <0,
where
A, (x, 1)\ "
DF@ (1) = <2Fa(x, 1), VFEy(x,1) - FO@1) + %) (2.73)

with V = 9/0xi + 9/0yj being the Hamilton operator. The time #,, represents
the time for the motion on the velocity boundary. t,,+ = f,, & O reflects the re-
sponses on the regions rather than boundary. Using the third and fourth equations
of Eq. (2.68), the normal vector of the boundary are

Ny, = Maay, = (0, 1) (2.74)

Therefore, we have

nlg,, - F@ @) = Fu(x, Q)
(2.75)
F, (x, Qt)
ot '
From Egs. (2.74) and (2.75), the necessary and sufficient conditions for grazing
motions are from Theorem 2.10:

Njq,, - DF () = VF(x, @) - F90) +

Fo (X, Q1) =0, Fo (X, Qty—e) Fo (X, Qtypge) <0 (2.76)

or precisely,

Fo X, Q) =0,
Fl (Xm’ QIM78) < Ov Fl (va th+8) > O’ (277)
Fy (X, Qty—e) > 0, Fy (X, QUpmye) < 0.
However, from Theorem 2.11, the necessary and sufficient conditions for grazing
is given by
Fo (X, Qtis) =0,
(2.78)

0Fy (X, Q) [ >0, fora=1,
<0

. F@
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(b)

Figure 2.17.  Vector fields for grazing motion in Q4 (o = 1, 2).

A sketch of grazing motions in domain 4 (o = 1, 2) is illustrated in Figs. 2.17(a)
and (b). The grazing conditions are also presented, and the vector fields in €2
and 2, are expressed by the dashed and solid arrow-lines, respectively. The
condition in Eq. (2.76) for the grazing motion in €2, is presented through the
vector fields of F@(¢). In addition to Fy (X, tm+) = 0, the sufficient condi-
tion requires Fi(X,,, Qt,y—c) < 0 and Fi (X, Qfy+e) > 0 in domain ©21; and
F>(Xpm, Qty—e) > 0 and F2 (X, Qpre) < 01in domain ;. The detailed discus-
sion can be refereed to Luo and Gegg (2006c¢).

After grazing motion, the sliding motion will appear. Direct integration of
Eq. (2.64) with initial condition (#;, x;, V) gives the sliding motion, i.e.,

x=V(E—1)+x. (2.79)

Substitution of Eq. (2.79) into (2.71) gives the forces for the very small §-
neighborhood of the stick motion (§ — 0) in the two domains 2, (¢ € {1, 2}),
ie.,

Fo(Xm, Qm—) = =2dV — co[V (tm — 1;) + xi | + Ag cos Qtyy — bg.
(2.80)
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Figure 2.18. Regular mappings (P and P,) and stick mapping Py.

For the nonstick motion, select the initial condition on the velocity bound-
ary (i.e., x; = V), and then the coefficients of the solution in Appendix A,
C ,Ea)(x,-, X, ) & C ,Ea)(x,-, t;) for k = 1, 2. The basic solutions in Appendix A
will be used for construction of mappings.

In phase plane, the trajectories in €2, starting and ending at the velocity bound-
ary (i.e., from 0Qg, to d$24p) are illustrated in Fig. 2.18. The starting and ending
points for mappings P, in Q2 are (x;, V, t;) and (x;4+1, V, ti4+1), respectively. The
stick mapping is Py. Define the switching planes as

[

0= {(xi. Qn) | (1) =V},
b= {0 an) | xi@) = VT, 2.81)
2= {(. Qn) | 5i@) = V™)

[
Il

]
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where V™ = limg_.o(V — 8) and V™ = lims_,o(V + §) for arbitrarily small
8 > 0. Therefore,

p:E' - &, P:E’—>E? P:E"—> =2 (2.82)
From the foregoing two equations, we have

Py:(x;, V., 1) = (xig1, V. tiv1),
Pri(xi, VI 1) = (i1, VT tig), (2.83)
P2 : (xl" V_a tl) - (xi+17 V_7 ti+1)'

The governing equations for Py and « € {1, 2} are

—Xit1+ V(i1 —t) +x =0,
(2.84)
2do V + o[V (tig1 — 1;) + xi | — Ag cos Qtiq + by = 0.

The mapping Py described the starting and ending of the stick motion, the
disappearance of stick motion requires Fy (X;+1, Q2fi+1) = 0. This chapter will
not use this mapping to discuss the grazing flow, which is presented herein as a
generic mapping. For sliding motions, this mapping will be used, and such a dis-
cussion is arranged in Luo and Gegg (2006a, 2006b). From this problem, the two
domains Q4 (¢ = 1 or 2) are unbounded. The flows of the dynamical systems
on the corresponding domains should be bounded from Assumptions (A1)—(A3)
in nonsmooth dynamical systems. Therefore, for nonstick motion, there are three
possible stable motions in the two domains 4 (« € {1, 2}), the governing equa-
tions of mapping P, (« € {1, 2}) are obtained from the displacement and velocity
responses for the three cases of motions in the Appendix A. Therefore, the gov-
erning equations of mapping Py (@ € {0, 1, 2}) can be expressed by

I (i, Qi xig1, Qipr) =0,
(2.85)

O (xi, Qi xig1, Qizr) = 0.

If the grazing for the two nonstick mappings occurs at the final state (x;41, V,
ti+1), from Eq. (2.78), the grazing conditions based on mappings are obtained,
ie.,

Fa(xi+1: Vv Qti+1) = O’
V Fo(Xit1, Qis1) - FO (ti41) (2.86)

n 0Fy(Xit1, Qti11) { >0 fora=1,
ot <0 fora=2.
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With Eq. (2.71), the grazing condition becomes

Agcos Qip1 — by —2dyV — coyxiy1 =0,

(2.87)
>0 fora=1,
<0 fora=2.
The grazing conditions for the two nonstick mappings can be illustrated with
varying parameters. The grazing conditions in Eq. (2.87) are given through the
forces. Hence, both the initial and final switching sets of the two nonstick map-
pings will vary with system parameters. Because the grazing characteristics of the
two nonstick mappings are different, illustrations of grazing conditions for the
two mappings will be separated. The grazing conditions are computed through
Egs. (2.85) and (2.87). Three equations plus an inequality with four unknowns
require to fix one unknown. In illustrations, the initial displacement of mapping
P, (¢ € {1,2}) will be fixed to specific values. Therefore, three equations with
three unknowns will give the grazing conditions. Namely, the initial switching
phase, the final switching phase and displacement of mapping Py (o = 1, 2) will
be determined by Eqs. (2.85) and (2.87). To ensure the initial switching sets to be
passable, from Luo (2005a, 2005b, 2006), the initial switching sets of mapping Py
(o € {1, 2}) should satisfy the following condition as in Luo and Gegg (2006a):

Fi(xi, VT, Q) <0 and Fo(x;, V=, Q1) <0 for Q; — Qo,

—caV — AgSsin Qi1 {

(2.88)
Fi(xij, VT, Q) >0 and Fo(x;, V™, Q) >0 for Q) — Q.

To make sure motions relative to mappings P, (¢ = 1,2) exist, the initial
switching force product F; x F; at the boundary should be nonnegative. The
comprehensive discussion of the foregoing condition can be referred to Luo and
Gegg (2006b). The condition of Eq. (2.88) guarantees the flow relative to the ini-
tial switching sets of mapping P, (o € {1, 2}) is passable on the discontinuous
boundary (i.e., y; = V). The force product for the initial switching sets is also il-
lustrated to ensure the nonstick mapping exists. The force conditions for the final
switching sets of mapping P, (o € {1, 2}) is presented in Eq. (2.76). However,
the equivalent grazing conditions based on Eq. (2.78) give the inequality condi-
tion in Eq. (2.87), which is already embedded in the program for computation
of the grazing. Therefore, such a force product of the final switching sets of the
two mappings will not be presented. From the inequality of Eq. (2.87), the critical
value for mod (2#; 41, 27) is introduced through

. caV

O = arcsin| ——— (2.89)
Ao

where the superscript “cr” represents a critical value relative to grazing and

o € {1, 2}. From the second equation of Eq. (2.87), the final switching phase
for mapping Pj has the following six cases:
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mod(Q;41,2m) € (7 + |Of
for V> 0and AgQ2 > 1 V;

mod (2t 11, 27) € (n - oy, 271] U [O, @?) (2.90)
for V. < 0and AgQ2 > ¢1|V|;

mod (241, 27) € (7w, 2w), forV =0;

2w — ]@ﬂ) C (m,27m),

and

mod (2t 41,27) € &, for V> 0and AgQ2 < 1V}
mod (2t 41, 2m) € [0, 2], for V< 0and ApQ2 < ¢1|V]; (2.91)
mod (241, 2m) € [0,27]/{x/2}, forV <Oand AgQ2 = c1|V].

From the first equation of Eq. (2.87), the final displacement is bounded by
—Ag < by +2dyV + caxiy1 < Ao. (2.92)

The spring and damper parameters (d; = 1,dy = 0,c; = ¢ = 30) are fixed
as constants and the external parameters will vary. Consider the grazing variation
of mapping P; with the belt speed V for the specified parameters (2 = 1, Ag =
20,b1 = —by = 3). When the initial displacements x; = {—1,—-2,..., -9}
are specified, the initial switching phase and force products, and the final switch
phase and displacement versus the belt speed are illustrated in Fig. 2.19. The
initial switching phase modulus (i.e., mod(2t;, 2m)) is distributed in the inter-
val [0, 27r]. With increasing both negative, initial switching displacements and
negative belt speeds, the initial switching phase will drop in the interval [, 27 ].
The initial switching force product on the discontinuous boundary in Fig. 2.19(b)
is always positive, which is required in Eq. (2.88). For x; = —1, the minimum
value of the initial switching force product is close to zero. In an alike way, with
increasing both negative, initial displacements and negative belt speeds, the ini-
tial force product becomes larger and larger. Such a result of the final switching
phase in Eqgs. (2.90) and (2.91) is confirmed by the illustration in Fig. 2.19(c).
For c1V > A€, the grazing will always occur as long as the solutions given by
Egs. (2.90) and (2.91) exist in the domain €2;. The final switching displacement
becomes positive and large with increasing the initial switching displacement,
as shown in Fig. 2.19(d). The final displacement is bounded through Eq. (2.92),
which is depicted through the dark, dashed lines. Most of the grazing of map-
ping P; appears for negative belt speed. The final displacement is tangential to

the upper bounded line.

Consider the grazing varying with the friction force b for mapping P; with
Q =10,V = 1,A9 = 20,by = —by = b. The grazing condition is illus-
trated in Fig. 2.20 for x; = {—1, —2,..., =5} and b € [0, 100]. The sufficient

condition for grazing in the second equation of Eq. (2.90) is independent of the
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Figure 2.19. Grazing variation of mapping P; with belt speed V: (a) initial switching phase, (b) ini-

tial force product, (c) final switching phase, and (d) final switching displacement for x; =

Q=1,A0=20,d1 =1,dpy =0,by = —=bp =3,c1 =cp =30,

—-1,...,-9.

friction force. The boundary for the initial switching phase for the friction force
must be two horizontal straight lines, which are observed in Fig. 2.20(a). The ini-
tial switching force product is presented in Fig. 2.20(b), and the appearance and
disappearance boundaries of the grazing are two straight lines. Because the other
parameters are given, the final switching phase should lie in mod(2¢#41, 27) €
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Figure 2.19. (continued)

[3.29, 6.13]. When the final switching phase for the grazing disappearance in
Fig. 2.20(c) reaches the upper critical boundary (i.e., mod(€2¢; 41, 27w) ~ 6.13),
at this time, the initial force product is not zero. In Fig. 2.20(c), the lower bound-
ary of the final switching phase does not reach the critical boundary because there
is no solution for Egs. (2.90) and (2.91) in domain €21. The final switching dis-
placement is bounded in two parallel straight lines in Fig. 2.20(d). The grazing
appearance and disappearance of mapping P; for the final switching displace-
ment are linear to the friction force, which is given by Eq. (2.92). The dashed
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Figure 2.20. Grazing variation of mapping P; with friction force b: (a) initial switching phase,
(b) initial force product, (c) final switching phase, and (d) final switching displacement for
xi=-1,-2,...,-5.(Q2=10,A0=20,V=1,d1 =1,dy =0,by = —by = b,c] = cp =30.)

dark lines give the boundary. The final displacement arrives to the upper bound-
ary before the force product becomes zero. The lower boundary is controlled by
the sufficient conditions.

Consider the grazing variation of mapping P; with excitation amplitude Ag
as the parameters Q2 = 8,V = 1,b; = —by = 3 are used. Illustrations of the
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Figure 2.20. (continued)
grazing condition is presented in Fig. 2.21 for x; = —1,-2,..., —6. Owing
to V. = 1 > 0, the sufficient condition for grazing requires Ag > 3.75, and

the final switching phase will be in the interval (, 27) in Eq. (2.91). The cor-
responding initial force product is positive. The grazing band of the excitation
amplitude becomes large with increasing initial switching displacements. The up-
per bounded line in the final displacement is to control the grazing existence.
In Fig. 2.22, the grazing varying with excitation frequency 2 for mapping Pj is
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Figure 2.21. Grazing variation of mapping P; with excitation amplitude Ag: (a) initial switching
phase, (b) initial force product, (c) final switching phase, and (d) final switching displacement for
xi=—-1,-2,...,-6.(2=8,V=1,di=1,d)y =0,by = —bp =3,c1 =cp =30.)

shown for Ag = 20,V = 1,by = —b, = 3 withx; = -0.9,—-1.0,..., 2.
From Fig. 2.22(b), the minimum of the initial force product approaches zero for
x;i = —0.9. For x; > —0.9, it is very difficult to find the wide spectrum of exci-
tation frequency for grazing solutions obtained from Eqs. (2.90) and (2.91). The
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Figure 2.21.  (continued)

initial switching phase for x; € [—1.1, —0.9] takes the entire range of [0, 27 ].
However, the final switching phase and displacement are in the narrow band for
large excitation frequency. For x; < —1.25, the grazing for mapping P; exists
only in the small range of excitation frequency because the grazing conditions
catch the upper bounded lines. However, for x; € [—1.1, —0.9], the grazing for
mapping P; exists almost in the large range of excitation frequency. It implies that
the grazing exists in a wide spectrum of excitation for such initial displacements.
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Figure 2.22. Grazing variation of mapping P; with excitation frequency 2: (a) initial switching
phase, (b) initial force product, (c) final switching phase, and (d) final switching displacement for
xi =—-09,-10,...,-2.(Ag=20,V=1,d1 =1,dy =0,b) = —by =3,c; = cp =30.)

From the parameter characteristics of grazing for mapping Pj, it is observed
that the grazing is affected by many parameters. In the two domains, the sys-
tem parameters are different. Therefore, the parameter characteristics of grazing
for mapping P, will be presented as follows. Similarly, from the second equation
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of Eq. (2.87), the six cases of the final switching phase for mapping P are:

mod(Q;41,2m) € [0, + |©5]) U (27 — ||, 27 ],
for V> 0and AgQ2 > V)

mod (2t 41,2m) € (@‘f, T — @g) C (0, ), (2.93)
for V. < 0and AgQ2 > | V|;

mod (Rt +1,27) € (0,7), forV =0;
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Figure 2.23. Grazing variation of mapping P, with belt speed V for x; = 3,4, ..., 8: (a) initial
switching phase, (b) initial force product, (c) final switching phase, and (d) final switching displace-
ment. (Ag =90, Q2=1,d; =1,dp) =0,b; = —by =30,c1 =cp =30.)

and

mod (2t 41, 2m) € [0, 2], for V> 0and AgQ2 < 3 V;
mod (241, 2m) € [0, 2n]/{37/2}, forV > 0and AgRR =c2V; (2.94)
mod (241, 27) € T, for V < 0and ApQ2 < c2|V].
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Figure 2.23. (continued)

Consider the same system parameters (d; = 1,d> = 0,c; = ¢a = 30). The
grazing varying with the belt speed V for mapping P, are presented in Fig. 2.23
for x; = 3,4, ..., 8under the other parameters Ag = 90, 2 = 1, by = —br = 30.
From the aforementioned parameters, the final switching phase for V > 3 will be
in the entire interval of [0, 277] as long as the grazing solution of Egs. (2.85) and
(2.87) exists for the domain €2;. In Fig. 2.23(a), the initial switching phase lies
in (0, /2) U (3w /2, 2m). With increasing the initial switching phase, the belt
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Figure 2.24. Grazing varying with friction force b for mapping P, with x; = 2,4, ..., 6: (a) initial
switching phase, (b) initial force product, (c) final switching phase, and (d) final switching displace-
ment. (Ag=90,2=1.1,V=1,dy =1,dp =0,by = —bp =30,c1 = ¢ =30.)

speeds for grazing of mapping P> will become large. For higher belt speeds, the
positive, initial force product will be obtained, as shown in Fig. 2.23(b). The fi-
nal switching phase lies in the interval (0, ) in Fig. 2.23(c). The final switching
displacement in Fig. 2.23(d) is much smaller than the initial switching displace-
ment (i.e., x;4+1 < x;). The final displacement is in the region bounded by the
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Figure 2.24. (continued)
upper and lower boundaries by Eq. (2.92) (i.e., xi+1 = —2 and x;4; = 4).

Without damping, the upper and lower boundaries for the final displacement are
independent of the velocity. The upper and lower bounded boundaries were not
presented. For this case of mapping P, the boundaries of grazing are determined
by the sufficient conditions. The grazing of mapping P, mostly occurs in the
positive range of the belt speed. However, the grazing of mapping P; mostly
exists in the negative range of the belt speed. In Fig. 2.24, the grazing vary-
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(d) final switching displacement. (2 = 1.1,V =1,d; = 1,d» =0,b1 = —by = 30,c1 = ¢p = 30.)

ing with friction force for mapping P, is illustrated for x; = 2,4,...,6 with
Agp =90,Q2 = 1.1,V = 1,by = —by = b. The final switching phase should be
in the interval (0, 3.44946) U (5.96731, 27). However, compared to the grazing
of mapping Pj, the initial switching force product becomes zero before the final
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Figure 2.25. (continued)

switching phase reaches the critical values, as illustrated in Fig. 2.24(b). Again,
the two switching phases for appearance and disappearance of grazing mappings
are independent of the frictional force, as observed in Figs. 2.24(a) and (c). Such
a characteristic is determined by the grazing sufficient condition. The appearance
and disappearance for the final switching displacement are linear to the frictional
force, as shown in Fig. 2.24(d). The final displacement lies in the region between
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Figure 2.26. Grazing varying with excitation frequency € for mapping P, with

x; = 1.5,2,...,8.25: (a) initial switching phase, (b) initial force product, (c) final switching
phase, and (d) final switching displacement. (Ag = 90,V = 1,d; = 1,d, = 0,b; = —bp = 30,
c1 =cp =30)

the upper and lower bounded boundary of necessary conditions. The grazing vary-
ing with excitation amplitude for mapping P» is also illustrated in Fig. 2.25 for
xi =11,1.5,...,8and Q = 1.1,V = 1, by = —by = 30. The upper boundary
for grazing disappearance is generated by the zero of the initial force product.
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Figure 2.26. (continued)

The final switching displacement is in the region between the upper and lower
boundaries of the necessary grazing conditions. It seems that the grazing is de-
termined by its sufficient condition and solution existence. Finally, the grazing
varying with excitation frequency €2 for mapping P is presented in Fig. 2.26 for
x; =1.5,2,...,825and A9 =90,V =1, by = —by = 30. The closed dashed
line is the boundary for the grazing of mapping P,. No more grazing of mapping
P, will exist for x; > 8.25. The initial switching phase and force product are pre-
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Figure 2.27. Grazing motion of mapping P; for Ag = 15, 18, 21: (a) phase trajectory, (b) forces

distribution along displacement, (c) velocity—time history, and (d) forces distribution on velocity.

( =8,V =1,d = 1l,dp =0,bf = —by = 3,c; = ¢p = 30.) The initial conditions are
(xi, yi) = (—1.0, 1.0) and Q1; ~ 1.3617, 1.6958, 1.4830, respectively.

sented in Figs. 2.26(a) and (b), respectively. For small excitation frequencies, the
disappearance for grazing mapping P, is caused by the zero of the initial force
product. For large excitation frequencies, the grazing disappearance is because
the sufficient condition in Eq. (2.87) cannot be satisfied.
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Figure 2.27. (continued)

To verify the analytical prediction of the grazing motions, the motion responses
of the oscillator will be demonstrated through time-history responses and trajec-
tories in phase plane. The grazing strongly depends on the force responses in this
discontinuous dynamical system. The force responses will be presented to illus-
trate the force criteria for the grazing motions in such a friction-induced oscillator.
The starting and grazing points of mapping P, (« € {1, 2}) are represented by the
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Figure 2.28. Grazing phase trajectories of mapping P (Ag = 20,2 = 8,d; = 1,dp = 0,
by = —=by = b,cy = ¢ = 30 (@ x; = —1.0,Q4 = {0.3970,0.9060, 1.6092} for

yi =V ={-1,0, 1} with b = 3, respectively. (b) (x;, y;) = (—3.0, 1.0) with Q#; ~ {0.3285, 0.4405,
0.7065} for b = 40, 50, 60 and V = 1, respectively.

large, hollow and dark-solid circular symbols, respectively. The switching points
from domain « to 8 (o, B € {1,2},a # PB) are depicted by smaller circular
symbols. In Fig. 2.27, phase trajectories, forces distribution along displacement,
velocity time-history and forces distribution on velocity are presented for the graz-
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Figure 2.29.  Grazing phase trajectories of mapping P (Ag =90,d; = 1,dr» = 0,b1 = —by = 30):

(a) x; = 3.0, Qf; = {0.9297,0.9551,0.9653} for y; = V = {-2,0,2} and Q = 1, respectively;

(b) (xj, yi) = (4.0, 1.0), Qt; ~ {0.4459, 0.6495, 0.6700} for 2 = {0.5,1, 1.5} and V = 1, respec-
tively.

ing motion of mapping P;. The parameters @ = 8,V = 1,b; = —by = 3 plus
the initial conditions (x;, y;) = (—1.0, 1.0) and Qf; ~ 1.3617, 1.6958, 1.4830
corresponding to Ag = 15, 18,21 are used. In phase plane, the three grazing
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trajectories are tangential to the discontinuous boundary (i.e., y = V), which
are seen in Fig. 2.27(a). In Fig. 2.27(b), the thick and thin solid curves repre-
sent the forces Fy(¢) and F(t), respectively. From the force distribution along
displacement, the force Fj(¢) has a sign change from negative to positive. This
indicates that the grazing conditions in Eq. (2.76) are satisfied. The forces Fi(z)
and F,(¢) at the switching points from domain 21 to €, have a jump with the
same sign, which satisfies Eq. (2.77). In the velocity time-history plot, the ve-
locity curves are tangential to the discontinuous boundary (see Fig. 2.27(c)).
Finally, the forces distributions along velocity are presented in Fig. 2.27(d). The
force F1(t) at the grazing points is zero. The force jump from domain 2] to
2, is observed as well. The phase trajectories for mapping P; are presented in
Figs. 2.28(a) and (b). The parameters Ao = 20, Q = 8, by = —by = b are used.
The initial conditions x; = —1.0, y; = —1,0, 1 are adopted in Fig. 2.28(a) for
Qt; ~ 0.3970, 0.9060 and 1.6092. The initial conditions (x;, y;) = (=3.0, 1.0)
with Qf; ~ 0.3285, 0.4405, 0.7065 are used for b = 40,50,60 and V = 1, re-
spectively. Similarly, the phase trajectories of grazing motions for mapping P>
are illustrated in Figs. 2.29(a) and (b). The two sets of initial conditions and

parameters are x; = 3.0, Qf; ~ 0.9297,0.9551, 0.9652 for y; = —2,0,2 and
Q = 1, respectively, and (x;, y;) = (4.0, 1.0), Qf; ~ 0.4459, 0.6495, 0.6700
for @ = 0.5,1.0,1.5 and V = 1, respectively, and the other parameters

(Ag =90, by = —by = 30) are employed as well. The periodic motion with stick
and nonstick of this oscillator can be found in Luo and Gegg (2006a, 2006b). The
methodology can be applied to the other discontinuous systems for grazing flows.



Chapter 3

Flow Switching Bifurcations

In the previous chapter, the passability of flows between two adjacent accessible
domains was discussed. The tangency of flows to the separation boundary was
discussed. The sliding flows on the nonpassable boundary are important to un-
derstand the global flows in discontinuous dynamical systems. In this chapter, the
sliding dynamics on the separation boundary will be discussed based on the set-
valued vector field theory. From vector fields in the neighborhood of a specific
separation boundary, the passability of the flow from the one domain into another
one will be further discussed. The switching bifurcation conditions from the pass-
able boundary to the nonpassable boundary will be developed. The sliding flow
fragmentation on the separation boundary surface will be presented. The normal
vector product function will be introduced to determine the switching bifurcation
and sliding fragmentation.

3.1. Set-valued vector fields

Consider a flow x®(¢) (@ € {i, j}) in the vicinity of the boundary 9€2; with
nyo,; —> Qp, with ngﬂt_j -X@ () > 0 in the domain Qq for ¢ € [ty—g, tm), as

shown in Fig. 2.5. In the domain 24 (« # B), the flow x'#)(¢) in the vicinity of the
boundary 9€2;; possesses the condition ngﬂu -xP) (1) < 0 at the same time inter-
val. Therefore, the normal component product of the vector fields of the two flows
satisfies the condition in Eq. (2.13), i.e., {nggij x@ (tm_)}{nggij B (t,,2)) < 0.
From Theorem 2.3, such a condition implies that the boundary 0€2;; is nonpass-
able. It means that no motion exists in the normal direction of the boundary
0€2;;. Further, only the sliding motion exists on the portion of the boundary. If
no sliding motion exists on the boundary, the portion of the boundary 92;; is
termed the static discontinuous boundary. For instance, an oscillator moves on
the stationary surface with dry friction, and its discontinuous boundary is static.
In mechanical systems, the discontinuous displacement boundary is also static. If
the sliding motion exists, until one of the two flows (i.e., xM(1), y € {a, B}) has

71
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nggl_j X7 (ty4) = 0 with {nggl_j .;'((“)(zm,s)}{nggij XPB) (t,,16)) = 0, the sliding
motion will vanish.

To investigate the sliding motion along the nonpassable separation surface, the
sliding dynamics is very important. Even for the passable boundary, the sliding
dynamics will also affect the dynamic characteristics of the output flow from the
boundary. As in Fillippov (1988), consider a differential inclusion of Eq. (2.1) on
the closed interval [0, 1] as

xeF(x,1,1), X=(X1,%,...,%) € UQ;US; (3.1)

where a set-valued vector field F(x, ¢, 1) is convex and continuous with respect to
the parameter A on the closed interval [0, 1]. The following property holds for the
convex set of the vector field:

= F("‘)(x, t, u,), forinput vector filed in Q,, L =0,
Fx,1,3) ] € F)(x. 1), on the boundary 02,5, A € (0,1),  (3.2)

=F®(x,1t, ug), for output vector in Qg, A =1

where F@ and F®) (a, B € {i, j}, a # B) represent the input and output vec-

tor fields, respectively. Fgg (x, t) is a vector field along the separation boundary
0Qyp. From the convexity of the set-valued vector field, we have

fo%)(x, D =B (x, 1, 1) + (1 — WFO(x, 1, ). (3.3)

The sliding motion is along the separation boundary, it indicates that the vector
field is along the boundary. So ngﬂaﬁ . Fgg = 0 from which we have

T (@)
n -FY2%, ¢, nuy)
A= O5%up - : (3.4)
no. . FOX 1 1) —FOX 1, pp)]
For the traveling separation boundary controlled by ¢;; (X, t), the total derivative
and convexity of ¢;;(x, t) gives

A= %(paﬂ + ngﬂaﬁ : F(a) (X, t, u(x) (3 5)
njo,,  [FO (.1 1,) —FO(x, 1, pp)l '

The sliding motion along the separated boundary can be investigated as a contin-
uous dynamical system through

%up = FL) (Xep. 1). (3.6)

The foregoing equation tells us flows on the tangential directions of the separation
boundary surface. However, the boundary dynamical properties can be given or
enforced in some discontinuous dynamical systems. Such given dynamical prop-
erties may not have the convexity (i.e., the nonconvex case), which can be referred
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to Aubin and Cellina (1984). For the given sliding dynamics on the boundary, the
corresponding sliding flow is uniquely determined. From Theorems 2.1 and 2.3,
the onset of sliding motions requires {nggij . i(<°‘)(tm_)}{nggij xBt,)) = 0.
However, whether the flow passes through from the domain €2, to €4 or not is
also dependent on the dynamics of the discontinuous dynamical system in the
neighborhood of the boundary. The onset of the sliding motion from the passable
boundary is discussed first. Notice that the dynamics on the boundary surface can
be given through a certain dynamic system.

3.2. Switching bifurcations

In this section, the switching bifurcation between the passable and nonpassable
flows will be discussed. In addition, the switching bifurcation between the sink
and source flows on the separation boundary will be discussed. The switching
bifurcations are defined first, and then the sufficient and necessary conditions for
such switching bifurcations will be developed. The product function of normal
vector fields will be introduced to develop criteria for such switching bifurcations
through the sufficient and necessary conditions.

DEFINITION 3.1. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(tn) = X € [Xp,» Xmy] C 38 for 1, For an arbitrarily small & > 0,
there are two time intervals (i.e., [fj—¢, ) and (¢, e ]), and xD(ty_) =% =
X (tns). The flows x@ (7) and x\/)(¢) are Clivooy-and Cp, | -continuous

[[I‘VI*E! 71
(r = 1) for time ¢, respectively. The tangential bifurcation of the flow x (1)
at x,, on the boundary 8_S>2i ; is termed the switching bifurcation of the first kind
of nonpassable boundary (or called the sliding bifurcation) if the following two
conditions hold:

g, X (tns) =0 and mjg XV (1,-) #0, and (3.7)
either
nggij : [X(O) (tm—e) — X(j)(tmfs)] <0
ngﬂ,;,' XD nge) = xO(tnge)] > 0 formyg,, — Q; (3.8)
nggij : [X(O) (tm—e) — X(l)(tmfe)] >0
or
ngﬂij : [X(O) (tm—e) — X(j)(tm—a)] >0

nggij . [x(j)(th) —x© (tm+g)] <0 formyg,; — . (3.9)
ngﬂij : [X(O) (tm—e) — x® ([m—s)] <0
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DEFINITION 3.2. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(t,) = X € [Xpm,, Xm,] C ﬁ’zi j for t,,. For an arbitrarily small ¢ > 0,
there are two time intervals (i.e., [f,,—¢, t) and (Z,, t+e]), and D (tye) =X =

XD (t4). The flows x© (1) and x1) (r) are Clootmsn-and Cf,  -continuous

(r > 1) for time ¢, respectively. The tangential bifurcation of the flow x®(r) with
the flow x/)(¢) at x,, on the boundary aﬁ,- j is termed the switching bifurcation of
the second kind of nonpassable boundary (or called the source bifurcation) if the
following two conditions hold:

nggij %D (ty1) =0 and ngQij %Y (t,y) #£0, and (3.10)
either
nggij : [X(O)(tmfs) - X(i)(tmfe)] >0
nggij (xOtmre) = xPtnse)] <0 formyg,; - Q; (3.11)
nggij : [X(j) (tmte) — x© (tm+e)] >0
or
nggij : [X(O) (tm—e) — X(i)(tmfe)] <0
nggij . [X(i)(thre) _ X(O)(thre)] >0 for no,; — Q;. (3.12)

nggij : [X(j)(thre) - X(O)(thre)] <0

From the above two definitions, the geometric illustrations for the switching bi-
furcation from the semi-passable to the nonpassable boundary of the first and
second kinds are presented in Fig. 3.1. Before the sliding bifurcation occurs, the
flow x) (¢) for ¢ € [ty—e, ty—) cannot exist on the semi-passable boundary B_S)Zi -
However, the flow x(i)(t) for t € (tyy+, tm+e] cannot appear before the switch-
ing bifurcation. From the foregoing two definitions, the source or sink bifurcation
on the semi-passable boundary requires the tangential bifurcation of the input or
output flow. The switching bifurcation from of 33; j to Qi j can be defined as
follows:

DEFINITION 3.3. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(#,) = Xy € [Xpy, Xy ] C aﬁi j for t,,. For an arbitrarily small ¢ > 0,
there are two time intervals (i.e., [ty —s, ) and (ty, ty+e]), and xD(te) =
X = x(j)(tij). The flows x)(¢) and x)(¢) are C[’tmis’tmﬂ]—continuous r=z11
for time 7. The tangential bifurcation of the flow x)(¢) and x/)(¢) at x,, on the
boundary R’z,-‘, is termed the switching bifurcation of mi j to m,;, if the follow-
ing two conditions hold:
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(a)

)l*ﬂ'l

(1)
x(")(r

m+e }

iy

(b)

Figure 3.1.

(a) The sliding bifurcation, and (b) the source bifurcation on the semi-passable bound-

ary @i j- Four points x("‘)(tmig) (o € {i, j}) and x;, lie in the corresponding domains and on the

T

either

g, X9 (1,4) =0 fora € {i,j}, and

boundary 9€2;;, respectively.

(3.13)

: [X(O) (tm—e) — X(i)(tm—s)] >0
[xO(tte) — xO(tnge)] <0
nggij : [X(O) (tm—e) — X(j)(tm—s)] <0
. [X(j)(tm+£) —x©@ (tm+a)] =0

for l’laQU — Qj (314)
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or
: [X(O)(tmfs) - X(i)(tmfe)] <0

g, [XO o) = X0 (tnse)] > 0
i [X(O)(tmfs) - X(/)(tmfe)] >0
naﬂij : [X(])(tm—i-s) - X(O)(tm-i-s)] <0
The above definitions give all the possible switching bifurcations of the semi-
passable motion on 8_{2,- j- The corresponding theorems can be stated as follows
to determine the switching bifurcations. The proofs can be completed in a similar

manner to Theorems 2.8-2.10. The necessary and sufficient conditions for the
switching bifurcations will be provided.

T
Q2

for nyg,; — Q. (3.15)

THEOREM 3.1. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(ty,) = X € [Xpy, Xmy| C 86,']- for ty,. For an arbitrarily small ¢ > 0,
there are two time intervals (i.e., [ty—g, ty) and (ty, tmyel), and xD(t,_) =
Xy = XD (ty,2). The flows XD (t) and x9)(t) are Crm ) and C[t,,, el
continuous (r = 2) for time t, respectively. The sliding blfurcatlon of the Sflow
xD @)y UxD (@) on the boundary ﬁij exists iff

njo, - FV(tne) =0 and njg - FO(1,-) #0; (3.16)

either ndQ FOU,_) >0 formyq,;, — Qj,

(3.17)
or ngQij .F(i)(tm—) <0 for 1'1352,-]- g Qi;
{naQ [F(])(t ) — F(O)(Im—s)]}
xAmjo,,  [FV (o) =FOln-o)]} <0, or (3.18)

either nasz [DF(])(I +) — DF(O)(tmi)] >0 formpg,; — Q;

or nBQ,»j . [DF(j)(tm:t) — DF© (tmzl:)] <0 formyg,; — ;.

PROOF. Following the proof procedures in Theorems 2.9-2.11, the above theo-
rem can be easily proved. O

THEOREM 3.2. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(ty) = Xm € [Xm, Xm,] C 0% for ty,. For an arbitrarily small ¢ >
0, there are two time intervals (i.e., [ty—¢, tm) and (ty, ty+e]), and xD(tye) =
Xy = XD (tpy). The flows X(’)(t) and xY9)(t) are C[z,,, el and C[thrS )
continuous (r = 2) for time t, respectively. The source blfurcatlon of the flow
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xD @) UxD (@) on the boundary aﬁi,» exists iff

ngQ’,j FD () =0 and ngQU FD(t,1) #0; (3.19)
either nggij FDty) >0 formg, — Q;
(3.20)
or ngﬂi,‘ FD (1) <0 for ny,; — 2
{njq,, - [FOn-c) = FO (tn-0)]}
x njg,, - [F (nte) = FOtnro)]} <0, or G21)

either nggij - [DFO (ty+) = DFO(1,)] <0 formyg,; - Q;

or ngﬁi/ . [DF(i)(tmi) — DF© (tmi)] >0 formyg,; — ;.

PROOF. Following the proof procedures in Theorems 2.9-2.11, the above theo-
rem can be easily proved. O

THEOREM 3.3. For a discontinuous_dynamical system in Eq. (2.1), there is a
point X(ty) = Xm € [Xmy, Xm,] C 02 for ty,. For an arbitrarily small ¢ >
0, there are two time interval; (i.e., [tm,_s, tw) and (ty, tuie)), and XD (t,,+) =
Xm = X (tyx). The flows xD (1) and xV(t) are Cli st ye1-CONLINUOUS (1 = 2)
for time t. The switching bifurcation of the flow x® () U x) (1) at x,, on the
boundary mi ; exists iff

g, - FOUnt) =0 and mjg -FYV(1,1) =0, (3.22)

{ngQij . [F(a) (tm—s) — F(O) (tmfg)]}

x Anjg,, - [F (o) = DF P (tni)]} <O fore e fi, j}, or
(3.23)

DF® (t,,+) — DFO(#,,1)] < 0 o
DFU (1) — DFO(,2)] > 0 17 ™% —
>0

(3.24)

T
n,, -
either %Q’-’ [
naQi/‘ : [
DF? (1,+) — DF® (1,1

T
M0 [
or { T, - [DFY(t,4) — DFO(1,,1)] < 0

for nggz[j — Ql’.
M50,

PROOF. Following the proof procedures in Theorems 2.9-2.11, the above theo-
rem can be easily proved. g
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DEFINITION 3.4. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(f) = Xm € [Xm,» Xmy] C 3K; for t, and X (f4) = X, @ € {i, j}.
The product of the normal vector fields on the boundary 9€2;; is defined as

Log (K, tms b 1g) = [, - F@ ()] [mig,, - FP s, (325
where B € {i, j}.

From the foregoing definitions, the passable, sink and source boundaries 9$24g,
respectively, require the normal vector field products as

Laﬂ(xm, Im, Wy » Hﬁ) >0 on @aﬂ,
(3.26)
LogXm, tns Ua’uﬂ) <0 ondQys = 0Rus U 03Qs.

It is obviously observed that the switching bifurcation of the flow at (x,, #,,) on
the boundary €244 requires the normal vector product function

LO{ﬂ (XWH tm’ ua’ Hﬁ) = O (327)

If the product of the normal vector field is defined on one side of the neighborhood
of the boundary d€2,4, we have

Lao(Smeze: tmke. o) = (Mg, [F(tn—c) = FO(tn—0)]}
X {ngﬂaﬁ : [F(a) (tm-i-a) - F(O) (tm+,s)]}- (328)

If Lo (Xm-te, tmtes My) < O0and nggaﬂ FO(t,,_) = 0, the flow X (1) at (X, 1)
is tangential to the boundary 02,4.

Consider the normal vector field product varying with the parameters vector
Pij € {Mylaeyi,j for the switching motion of the semi-passable boundary maﬁ
to the nonpassable boundary. The normal vector field products for the different
location of the boundary are different. The normal vector field products between
two points X,;, and x,,, on the boundary 0Q2,g are depicted in Fig. 3.2 for the
parameter vector pyg between pfxg and pfxzﬁ) For a specific values pffg) between

pfxlg and pgﬁ), there is a point X, on the boundary for the switching bifurcation

from the semi-passable to nonpassable motion on the separation boundary. Two
points X;, and Xi, are the onset and vanishing of the nonpassable boundary for
parameter on the boundary 9€2,4. The dashed and solid curves represent Lyg < 0
and Lypg > 0, respectively. For pyg varying from pfxlﬂ) — pgg) , the normal vector
field product at X € (X, , X;n,) on the boundary is positive (i.e., Lyg > 0). There-
fore, the boundary 92,4 is semi-passable. For pyg varying from pgg) — p;?,
there are two values Log > 0 for x € {[Xp,, Xk;), (Xky, X, 1} and Log < 0
for x € (X, Xx,). From Eq. (3.25), the portion of x € (X,, Xk,) on the bound-
ary 0Qqp is nonpassable. The portion of the boundary, relative to Lyg > 0, is



3.2. Switching bifurcations 79

Pus

(er
P ag)

)

Pep

(b) Xy

Figure 3.2.  (a) The normal vector field product, and (b) the vector fields between two points X, and
Xm, on the boundary d€2,g. The point X, for p((fr) is the critical point for the switching bifurcation.
Two points Xg, and Xy, are the onset and vanishing of the nonpassable boundary for parameter on the

boundary 330,‘3. The dashed and solid curves represent Lyg < 0 and Lyg > 0, respectively.

semi-passable. For parameter p,g varying from p((xlg — pfg, the point (x,, p((fg))

on the boundary 9$2,p is the onset of the nonpassable boundary. However, for

parameter pyg varying from pffﬁ) — pgg, there is a point for the vanishing of

the nonpassable boundary. For three critical points {X,, X, , X, }, the correspond-
ing normal vector field product is zero (i.e., Log = 0). For Lyg in Fig. 3.2(a),
the corresponding vector fields varying with the system parameter on the bound-
ary 024 are illustrated in Fig. 3.2(b). F©@ (tm—) and F® (tm+) are the limits
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of the vector fields in the domains €2, and Qg to the boundary 9€2,g, respec-
tively. This nonpassable boundary pertaining to Lyg < 0 is the sink boundary.
The critical points {x,, X, } have the same properties as the point x,, for para-
meter py, (.., Lap(Xn) = 0. Laa(Xne) < 0 0F Lgg(Xmse) > 0). If the two
critical points have the different properties, the sliding motion between the two
different critical points will be discussed later. For instance, the normal vector
field product functions are Lyg(Xk,) = 0, Lyq(Xk,+e) < O for the point x; but
Log(Xk,) = 0, Lgg(Xp,+¢) < O for the point xg, .

From the above theorems, the corresponding theorems are stated by using the
normal vector field product function.

THEOREM 3.4. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(ty) = Xy € [Xm,,Xm,] C 02 for ty. For an arbitrarily small ¢ >
0, there are two time intervals (i.e., [ty—g, tn) and (ty, tu+cl), and xD(t,_) =
Xn = XD (ty1). The flows XD (t) and xV (1) are Cloeimy~ and Cpp (-
continuous (r = 2) for time t, respectively. The sliding bifurcation of the flow
xD @y UxD (@) on the boundary ﬁij exists iff

Lij(xmvtmv M, ”1)205 (329)
g, FOUn) #0 and  Ljj(te, ke, 1)) < 0. (3.30)

PROOF. Applying the normal vector field product in Definition 3.4 to Theo-
rem 3.1, the foregoing theorem can be easily proved. (]

THEOREM 3.5. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(ty,) = Xy € [Xu, Xm,] C 082 for ty,. For an arbitrarily small ¢ >
0, there are two time intervals (i.e., [ty—¢, tn) and (ty, tntel), and xD(tye) =
X = XD (t4). The flows XD (t) and X9 (t) are C[rrm_g,tm+g]' and C[’tmﬂ’tm)—
continuous (r > 2) for time t, r%ectively. The source bifurcation of the flow

xD @y UxD (@) on the boundary 0€2;; exists iff

LijXm, tm, i, 1) =0, (3.31)
ngszij F(tny) #0 and  Lij (e, tmse, 1) < 0. (3.32)

PROOF. Applying the normal vector field product in Definition 3.4 to Theo-
rem 3.2, the theorem can be easily proved. O

THEOREM 3.6. For a discontinuous-flynamical system in Eq. (2.1), there is a
point X(tn) = Xy € [Xpmy, Xmy] C 0K for ty,. For an arbitrarily small & > 0,
there are two time intervals (i.e., [ty—e, ty) and (ty, tmrel), and X(i)(lmi) =
X, = x(j)(t,,@). The flows X(i)(t) and xV (1) are C[’[mia’tmﬂ]-continuous r=2
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for time t. The switching bifurcation of the flow x® () U xU)(t) at x,, on the
boundary 8—{21- j exists iff

L[j(XM1tms ui9 uj):()’ (333)
nggij FO(,4) =0 and  Loo(Xpmte, e, Uy) <0 fora € {i, j}.
(3.34)

PROOF. Applying the normal vector field product in Definition 3.4 to Theo-
rem 3.3, the theorem can be easily proved. 0

For the passable flow at x(t,,) = X € [Xp,, Xm,] C ﬁ, ij on the boundary
89, 7, consider the time interval [t , tn,] for [X;,, Xp,] on the boundary, and
the normal vector field product for t,, € [ty,, tm,] and X, € [Xy,, Xy, ] 1S also
positive, i.e., Ljj (Xp, ti, 1, 1 j) > (. To determine the switching bifurcation, we
define the local minimum of L;; (X, tm, 1, 1t j). Because x,, is a vector function
of time #,,, the two total derivatives of L;; (X, tm, W;, 1t j) are introduced:

DL;j(Xm, tm, Wi, 1)

OLij(Xm, tm, Wiy 1)
At

D*Lij X, tm 1y, 1) = D* DL Xt 1y, 1)} fork = ]’2,6“3‘6)

Therefore, from Calculus, the local minimum of L;; (X, ty, 1;, 1 ) is determined
by

0
- VLZ](XWU tm’ uza H]) F( )(Xma tm) +

, (3.3%)

DLy (m tm  1j) =0 (k=1,2,...,21— 1), (3.37)
DY Lij (Xm. tm 3, 1) > 0. (3.38)

DEFINITION 3.5. For a discontinuous dynamical system in Eq. (2.1), there is
a point X(,) = Xp € [Xiny, Xy ] C aﬁ,-,- for t,,. For an arbitrarily small ¢ > 0,
there are two time intervals (i.e., [f;,—, ) and (¢, tyy+¢]), and XD (tyt) =X =
x) (ty+). The flows x)(7) and x\/)(¢) are Clir_ o imyo-coNtinuous (r > 1) for
time ¢. The local minimum set of the product of the normal vector fields (i.e.,
Lij X, ts 1, uj)) is defined by

minLij(tm) = {Lij(xma I, Wi, Hj) | Yt € [tmys tmy ], IXm € Xy Xy s
so that DkLl'J‘(Xm, Iy Wi, pj) =0
fork=1,2,...,21 — 1, and D* L;j X, tm, 1;, u;) > 0}.

(3.39)

From the local minimum set of L;; (X, tm, 1, 1 j), the global minimum of
Lij (X, tm, 1, ;) can be defined as follows.



82 Chapter 3. Flow Switching Bifurcations

DEFINITION 3.6. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(f,) = X € [Xpm,, Xm,] C m, j for t,,. For an arbitrarily small ¢ > 0,
there are two time intervals (i.e., [#;;,—¢, t) and (¢, tm+e]), and xD(te) = X
x(j)(tij). The flows x?(¢) and xV)(r) are C[VIWH tmﬂ]-continuous r > 1) for
time ¢. The global minimum set of the product of the normal vector fields (i.e.,
Lij X, tns 14 pj)) is defined by

GminLij(tn) =  min {minLij(tm), LijXmy s tmy» Wy, Hj),
tme[llﬂl 7t”12]

Lij(xmzvtmzs K, pj)} (340)

From the foregoing definition, Theorems 3.4-3.6 can be expressed through the
global minimum of L;; (X, ti, K;, 1 j). So we have the following corollaries.
These corollaries will give the sufficient and necessary conditions for switching
bifurcation onsets.

COROLLARY 3.1. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(t,) = X € [Xpmy, Xm,] C E)_S)Zij for ty,. For an arbitrarily small ¢ > 0,
there are two time intervals (i.e., [ty—g, tm) and (ty, tmte]), and x(i)(tm_) =
xn = X (t,1). The flows xD() and xV (1) are C’ ) and C[zm etmre]”
continuous (r > 2) for time t, respectively. The necessary and sufficient condl-
tions for the sliding bifurcation of the flow XV (t) UxY)(t) on the boundary 89,]
are:

GminLij (tm) = 0, (341
ngQ,, 'F(i)(tm—) #0 and LjjXmte, tnze, Hj) < 0. (3.42)

COROLLARY 3.2. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(ty) = Xm € [Xm,, Xm,] C m,-j for ty,. For an arbitrarily small ¢ > 0,
there are two time intervals (i.e., [tym—e, ty) and (ty, tmrel), and x(i)(tmi) =
X = XD (ty,4). The flows XD (t) and xP)(t) are Cltm - - and C[rz,,,ﬂ )
continuous (r > 2) for time t, respectively. The necessary and sufficient condi-
tions for the source bifurcation of the flow x® (1) U xY) (¢) on the boundary Eﬁu

are:

GminLij (tm) = 0, (3-43)
g, Fn) 0 and  Lij(mee, tmse, 1) < 0. (3.44)

COROLLARY 3.3. Fora dzscontznuous dynamical system in Eq. (2.1), there is a
point X(ty) = X, € [Xm,, Xm,] C 89,, for ty,. For an arbitrarily small ¢ > 0,

there are two time intervals (i.e., [tym—g, ty) and (ty, tmyel), and xD(tye) =
X = x(f)(tij) The flows XV (t) and xV (t) are C[t,,, ootme |-continuous r=2
for time t. The necessary and sufficient conditions for the switching bifurcation of
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the flow xD @)y UxD @) ar x,, on the boundary 3_§)2ijare:

GminLij (tm) =0, (3.45)
g, F@(ns) =0 and  Log(mte, tnse, He) <0 fora € (i, j).
‘ (3.46)

REMARK. The above corollaries are proved by replacing L;; (X, tm, H;, 1;)
through the global minimum values of L;; (X, tm, M;, 1;) in the corresponding
theorems.

3.3. Sliding fragmentation

The onset and vanishing of the sliding and source flows on the semi-passable
boundary were discussed. The fragmentations of the sliding and source flows on
the boundary are of great interest in this section. This kind of bifurcation is still
a switching bifurcation. The definitions for such fragmentation bifurcations of
flows on the nonpassable boundary are similar to the switching bifurcations from
the semi-passable to nonpassable motion on the separation boundary. From a logic
point of view, the necessary and sufficient conditions for the fragmentation bifur-
cation from the nonpassable to passable flow on the boundary are quite similar to
the sliding and source bifurcations from the passable to nonpassable flow. How-
ever, the statements for the corresponding definitions and theorems have some
modification. For clear description of the fragmentation bifurcation phenomena,
the corresponding definitions and theorems are given as follows.

DEFINITION 3.7. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(t,) = Xy € [Xp,, Xm,] C 0€2;; for t,,. For an arbitrarily small & > 0,
there are two time intervals (i.e., [fy—g, tm) and (fy, tmael), and X (1,_) =
X, = x(ﬂ)(tmi), o, B8 € {i,j} and @ # B. The flows x® (1) and xP (¢) are

. i . . .
lesto)” and C[Zmig’thrg]—contlnuous (r > 1) for time t, respectively. The tan-

gential bifurcation of the flow x® (1) at x,, on the boundary 5?21' j is termed the
fragmentation bifurcation of the first kind of nonpassable boundary (or called the
sliding fragmentation bifurcation) if the following two conditions hold:

ngQ’,j %P (1,,4) =0 and ngQU x9(t,_) #£0, and (3.47)
either
nggij : [X(O) (tm—e) — X(’B)(tm—a)] <0
g, * (X (tnse) = xO(tnie)] > 0 formag,; — Qp (3.48)

nggij : [X(O) (tm—g) — X (tm—s)] >0
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or
nggij : [X(O)(tm—s) - X(ﬂ)(tm—s)] >0
g, - [XP (tnre) = xOtnie)] <0 formpe; — Qa. (3.49)
ngQ : [X(O)(tm—s) —x@ (tm—s)] <0
ij

DEFINITION 3.8. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(#,) = X € [Xpy, X, ] C 8/8\2,7 for t,,. For an arbitrarily small ¢ > 0,
there are two time intervals (i.e., [ty —s, ty) and (¢, ty+e]), and x(@ (twx) =
Xm = xXB (), o, B € {i,j} and @ # B. The flows x¥(¢) and xP) () are

" N . . )
C[t771—svtm+£]_ and C[tm%tm)—contmuous (r > 1) for time #, respectively. The tan-

gential bifurcation of the flow x@ (1) with the flow x® () at x,,, on the boundary
X’zi ; is termed the fragmentation bifurcation of the second kind of nonpassable
boundary (or called the source fragmentation bifurcation) if the following two
conditions hold:

N, x“(t,+) =0 and g, xPB(t,0) #£0, and (3.50)
either
nggij [xOn—e) = x@D(t_e)] > 0
n"anij [x(tmge) = xO(mie)] <0 formyg, — Qp (3.51)
g, (X (tnte) = xO(tnse)] > 0
or
ng% [xOn—e) = x@(t_e)] <0
ngQij [x@ tnse) = xO(t4e)] > 0 for n0; = Q. (3.52)

nggij : [X(ﬁ)(tm+8) - X(O)(tm+e)] <0

For a geometrical explanation of the concept of the fragmentation bifurcation of
the nonpassable motion on the separation boundary, the vector fields near the
sink and source boundaries are sketched in Figs. 3.3 and 3.4, respectively. The
switching from the sink or source boundary to the semi-passable boundary has
two possibilities for each of them. Therefore, the corresponding conditions given
in Definitions 3.5 and 3.6 have been changed accordingly. Before the fragmen-
tation bifurcation of the nonpassable motion occurs on the separation boundary,
the flows x("‘)(t), o € {i, j}, exist for t € [ty—g, tiu—) Or t € (ty+, tymte] ON the
sink or source boundary. Only the sliding motion exists on such a boundary. After
the fragmentation bifurcation occurs, the sliding motion on the separation bound-
ary will split into at least two portions of the sliding and semi-passable motions.
This phenomenon is called the fragmentation of the sliding flow on the separation
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x.'i'*ﬂl
X
(a) i
X ”—Hl Q’,
(b) X

Figure 3.3. (a), (b) The sliding fragmentation bifurcation to the semi-passable boundary aﬁaﬁ,
o, B € {i,j} and @ # B. Four points X(a)(tmig), x(ﬂ)(tmi,;) and x;, lie in the corresponding do-
mains and on the boundary 9€2;;, respectively.

boundary, which can help one easily understand the sliding dynamics on the sep-
aration boundary. In addition, for the nonpassable boundary, if the flows on both
sides of the nonpassable boundary possess the local singularity at the boundary,
the nonpassable boundary of the first kind switches into the nonpassable bound-
ary of the second kind and vice versa. The local singularity of such a switching is
similar to the one for the semi-passable motion on the separation boundary. The
corresponding definition of the switching bifurcation is given as follows:

DEFINITION 3.9. For a discontinuous dynamical system in Eq. (2.1), there is

a point X(t,) = Xm € [Xpm,, Xmy] C 5?2,:/ (or 02;;) for 5. For an arbitrar-
ily small ¢ > O, there are two time intervals (i.e., [ty—¢, ) and (¢, tptel),

and XV (t,4) = X = X (t,2). The flows xV (1) and x) (1) are €}, -
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(a)

X
n—nm

(b) n

Figure 3.4. (a), (b) The source fragmentation bifurcation to the semi-passable boundary 330”3,
a,B € {i,j} and @ # B. Four points x(@ (tm+e), X(’B)(trnj:g) and x,, lie in the corresponding do-
mains and on the boundary 9€2;;, respectively.

continuous (r > 1) for time . The tangentlal bifurcation of the flow x® (¢) and
xU )(t) at X, on the boundary 8Ql j (or BQ, ) is termed the switching bifurcation
of 89” to BQU (or BQU to 89”) if the following two conditions hold:

nggij x9,4) =0 fora € {i,j}, and (3.53)

either

) . [X(O)(tmfs) - X(i)(tmfe)] >0
g, - [xD (o) — xO(te)] <
[xXO(tn—e) = XD () G54

[

XD te) = xO(te)

T
naQ,'j

]<0,
]

M0,
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formyq;; — 2 or

njg,, - [XO tn-e) =X (tn-e)] < 0

mg,, (X0 Cnie) =XV tn10)] > 0 (3.55)
nlo, X tne) = XD (tn—)] > 0 .
nlo, (X9 (o) = xOltnse)] < 0

for nagi/. — Q,‘.

The corresponding theorems for the fragmentation bifurcation of nonpassable
motion on the boundary are given in a similar manner to Theorems 3.1-3.3.

THEOREM 3.7. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(tn) = Xm € [Xm,, Xm,] C 8?2,~j for t,,. For an arbitrarily small ¢ > 0,
there are two time intervals (i.e., [ty—c, ty) and (ty, tytel), and x@ (t,_) =
X, = X(ﬁ)(l‘m:t) o, B € {i,j} and a« # B. The flows x@(¢) and X<B)(I) are
C[’tm i) and C[t,,, el -continuous (r > 1) for time t, respectively. The sliding

[fragmentation bifurcation of the flow x@)yUxP (1) on the boundary 89,] exists

iff
nag2 FPt,0) =0 and ngg F@(1,,_) #0; (3.56)

either nasz FO%t,_) >0 formyg,;, — Qp

(3.57)
or ngﬂij FD,_) <0 Jormyg, — Qq;
{njg,, - [FP (tn—e) = FOltn-0)]}
T (B) ©0)
X ingq.. - [FY (4 —FY(t >0, or
{ 0% [ (m-‘rs) (m+s)]} (3.58)

either ng [ DF® (t,,1) — F(O)(tmi)] <0 formyg,; — Q2
or nggij - [DF® (ty1) — DF? (1,,1)] <0 for myq,, — Q.

PROOF. Following the proof procedures in Theorems 2.9-2.11, the above theo-
rem can be easily proved. ]

THEOREM 3.8. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(ty) = X € [Xpm,, Xm,] C B/EZU for ty,. For an arbitrarily small ¢ > 0,
there are two time intervals (i.e., [ty—¢, ty) and (ty, tyte]), and D (t,4) =
Xn = XB(tpy), a, B € {i, j} and o # B. The flows X (t) and xP) (1) are

I and C/, |-continuous (r = 1) for time t, respectively. The source

r
[Tm—g’thr (tm s tm +e
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fragmentation bifurcation of the flow x® () U x®)(t) on the boundary 5?2,-]-
occurs iff

njg, F ) =0 and mio, FPny) #0; (3.59)

either nggij FP(tyy) >0 formyg, - Qp

(3.60)
or ngQi,’ .F(ﬁ)(tm_,_) <0 for nye,; —> Qu;
{n:’gﬁij : [F(a)(tm—g) — F(O) (tm—e)]}
x i [F® (tnre) = FO ()]} <0, or (3.61)

cither Mg - [DF® (1) = DF?(1,0)] <0 formsq,; — Q4

or ngQU . [DF("‘)(tmi) — DF® (tmi)] >0 formyg; — Q-

PROOF. Following the proof procedures in Theorems 2.9-2.11, the above theo-
rem can be easily proved. O

THEOREM 3.9. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(ty) = Xy € [Xpy, Xpm,] C 9955 (or 3/5\2”) for ty,. For an arbitrar-
ily small ¢ > 0, there are two time intervals (i.e., [ty—s, ty) and (ty, tntel),
and X (ty+) = X = X9 (tt). The flows XD (1) and x' (1) are Clo el
continuous (r = 1) for time t. The switching bifurcation of the flow from 5?2,' j to
B/K\Zij (or 8/5\2,-]- to 092} ) exists iff

njgo, - F@tne) =0 fora e (i, j}, (3.62)

[,  [Ftn-0) = FO 0]}
X {HEQU - [F(Ol)(tm-i-s) - F(O)(tn1+€)]} <0 for(x = {l, J}’ or (363)

" n"anij - [DF®(t,,+) — DFO(#,,1)] < 0 264
euner nlo, - [DFY (1) = DFO (1,4)] > 0 (3.642)
formyg, — Q;
. ngﬂu - [DF®(t+) — DFO(1,,1)] > 0 (3.640)
n'afgij - [DFY (1) — DF O (1,1)] < 0 '

for nagij — Qi.
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PrROOF. Following the proof procedures in Theorems 2.9-2.11, the above theo-
rem can be easily proved. O

In the similar manner, the normal vector field product varying with the parame-
ters vector p;; € {My}acyi,j) i used to discuss the switching of the nonpassable
boundary 8_Qa,g to the semi-passable boundary maﬁ. The normal vector prod-
ucts of the nonpassable boundary are Ly < 0 with varying with the location
of the boundary. The normal vector field products between two points Xy, and
X, on the sink boundary BQa,g are sketched in Fig. 3.5 for the parameter vector

Pop between p(l) and p(z) For Lgg in Fig. 3.5(a), the corresponding vector fields
varying with system parameter on the boundary 92,g are illustrated in Fig. 3.5(b).
F@ (z,,_) and F® (1,,+) are the limits of the vector fields in the domains €, and
Qg to the boundary d$2.g, respectively. This nonpassable boundary pertaining to

Lug < 0 is the sink boundary. There is a specific value p(") between p(l) and

pa) Under this particular value, a point X, on the sink boundary can be found
for the sliding fragmentation bifurcation on the separation boundary. Two points
Xi, and X, are the onset and vanishing of the passable boundary for parameter on

the boundary 92, - The dashed and solid curves represent Log > O and Lyg < 0,
respectively. For pyg varying from pfxl/; — pécg), the normal vector field product
at X € (X, Xm,) on the boundary is negative (i.e., Lyg < 0). Therefore, the
boundary 92,4 is nonpassable. For pyg varying from p(”) — p' ﬂ) there are two
values Lyg < O for x € {[Xp,, Xk;), (Xky, X, 1} and Log > 0 for x € (X, Xg, ).
From Eq. (3.25), the portion of X € (X, Xx,) on the boundary 92, is semi-
passable. The portion of the boundary, relative to Lyg > 0, is semi-passable. For
Pop varying from p ﬂ — p ﬂ, the point (x;,, p((ff;)) on the boundary 9244 is the
onset of the semi-passable boundary. It implies that the sliding motion on the sep-
aration boundary will be fragmentized. However, for parameter pyg varying from
pffﬂ) = Pyp (D the sliding fragmentation will disappear at some parameter value.
For three crltlcal points (X, Xk, , Xk, ), the corresponding normal vector field prod-
uct is zero (i.e., Lyg = 0). The critical points {Xy,, Xk, } have the same properties
as the critical point x,,. If the two critical points have the different properties, the
passable motion between the two different critical points will be discussed.

From the normal vector field product function, the criteria for the sliding frag-
mentation bifurcation can be given as similar to the ones in Theorems 3.4-3.6.
Thus, the corresponding bifurcation conditions based on the normal vector field
product function are stated as follows.

THEOREM 3.10. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(ty) = Xy € [Xpny» Xmy] C 3824 for t,,. For an arbitrarily small ¢ > 0,
there are two time intervals (i.e., [ty—e, tm) and (ty, tm+el), and x("‘>(tm_) =
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Lo pf} —

X, X S X un:
|
/ . 0Q,p

Pes

(b) X,

Figure 3.5.  (a) The normal vector field product, and (b) the vector fields between two points X, and
Xm, on the boundary a”fzaﬁ. The point x,;, for pf;r) is the critical point for the switching bifurcation.
Two points X, and X, are the onset and vanishing of the passable boundary for parameter on the

boundary 5?20[5. The dashed and solid curves represent Log > 0 and Lyg < 0, respectively.

Xp = XP (1), a, B € {i,j} and a # B. The flows X (t) and xP) (1) are
C[rzm,g,tm)' and C[’tm_g’lmﬂ]—continuous (r = 1) for time t, respectively. YZl,e sliding
fragmentation bifurcation of the flow x@)UxP (1) on the boundary 3%2;; exists

ir
L(Xﬂ (Xm, tms ua’ uﬁ) = O, (365)
n’gQ[j : F(Ol) (tm+) 7é 0 and Lﬁﬁ (Xm:té" tm:l:s’ ll/) < O (366)
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PROOF. Applying the normal vector field product in Definition 3.4 to Theo-
rem 3.7, the foregoing theorem can be easily proved. (|

THEOREM 3.11. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(ty) = X € [Xpm,, Xm,] C 5?2,7 for t,,. For an arbitrarily small ¢ > 0,
there are two time intervals (i.e., [ty—g, tm) and (ty, tm+el), and XD (t,1) =
Xn = xB (), a, B € {i,j} and a # B. The flows X (t) and xP) (1) are

[’tm_&thr I and C/, (tmstse] -continuous (r > 1) for time t, respectively. The source
fragmentation bifurcation of the flow x® (¢) U x®)(t) on the boundary B/EZU
occurs iff

Laﬂ Xy tn My uﬂ) =0, (3.67)
g, - FO(ns) #0 and  Log(mte, tmse, 1)) < 0. (3.68)

PROOF. Applying the normal vector field product in Definition 3.4 to Theo-
rem 3.8, the foregoing theorem can be easily proved. g

THEOREM 3.12. For a discontinuous dynamical system in Eq. (2.1), there is
a point X(ty) = Xm € [Xpm;, Xm,] C BQ,] (or BQlj)for tm. For an arbitrar-
ily small ¢ > 0, there are two time intervals (i.e., [ty—¢, tn) and (ty, tytel),
and XD (t+) = X = X9 (t1). The flows XD () and XV (t) are Clonimsl”
continuous (r = 1) for time t. The switching bifurcation of the flow from BAS/ZZ- j to
B/S\Zij (or B/S\Zij to 5?2ij) exists iff

Lij(XVnatMa W, ”‘])20’ (369)
nggzij SF@ (tmx) =0 and Loo(Xmte, tmte, By) <0 fora €{i, j}.
(3.70)

PROOF. Applying the normal vector field product in Definition 3.4 to Theo-
rem 3.9, the foregoing theorem can be easily proved. ]

For a nonpassable flow at X(#;,) = X € [Xp, Xi,] C Bf?Zij (or 5S\Zij) con-
sider a time interval [t,,,, tn,] for [X;;,, X,,] on the boundary, and the normal
vector field product for #,, € [t,,, tm,] and X, € [Xp, Xi, ] is also negative, i.e.,
Lij X, ts 1, 1 j) < 0. To determine the switching bifurcation, we define the lo-
cal maximum of L;j (Xpm, tm, W;, p;). With Egs. (3.35) and (3.36) from Calculus,
the local maximum of L;; (Xp, t, 1;, 1 j) is determined by

DX Lij X tms Wi u)=0 (k=12,....20 -1, 3.71)
D Lij (%, tm 1> 1) < 0. (3.72)
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DEFINITION 3.10. For a discontinuous dynamical system in Eq. (2.1), there is
a point X(tn) = X € [Xmy, Xm,] C 9824 (or B/S\Zij) for t,,. For an arbitrar-
ily small ¢ > O, there are two time intervals (i.e., [fj—¢, tn) and (4, tntel),
and X (ty1) = X = XY (ty5). The flows x(r) and xV) () are Clon il
continuous (» > 1) for time ¢. The local maximum set of the normal vector field

product L;; (X, tm, W, uj) is defined by

maxLij(tm) = {Lij(Xm’ tms Wi, H'j) | Vi, € [tmp [mz]a Ix, € [Xm]a sz]’
so that DkLij(xm, tms Wi, ”,i) =0
fork=1,2,....20 — 1, and D L;; Xy, t. 13, 11;) > 0}.

(3.73)
From the local maximum set of L;;j(Xy, ty, K;, 1 j), the global maximum of
Lij (X, tms 1y, uj) can be defined as follows.

DEFINITION 3.11. For a discontinuous dynamical system in Eq. (2.1), there is
a point X(t;,) = X € [Xp, Xpm,] C 082 (or 55\2,-]-) for t,,. For an arbitrarily
small ¢ > 0, there are two time intervals (i.e., [, t;y) and (¢, tm+el), and
XD (tya) = X = xY) (7). The global maximum set of the normal vector field
product L;; (X, tm, Wi, uj) is defined by

GmaxLij (tm) = max {maxLij (tm), Lij (Xm1 s tmys Wis ’Jj)»
t777€[tm] ’tm2]

Lij (Kmy» iy 75 1))} (3.74)

From the foregoing definition, Theorems 3.10-3.12 can be expressed through the
global maximum of L;;j (X, tn, W;, 1 j). So we have the following corollaries.
The corollaries will give the sufficient and necessary conditions for sliding frag-
mentation bifurcations.

COROLLARY 3.4. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(ty) = Xm € [Xm,, Xm,] C 5?2,-]' for t,,. For an arbitrarily small ¢ > 0,
there are two time intervals (i.e., [ty—¢, ty) and (ty, tm+el), and X("‘)(tm_) =
Xp = XP (1), a, B € {i,j} and a # B. The flows X9 (t) and xP) (t) are
C [’tm_m )" and C [rzm,g, tmﬂ]—continuous (r = 1) for time t, respectively. The neces-
sary and sufficient conditions for the sliding fragmentation bifurcation of the flow
x@ (1) UxB)(t) on the boundary 0R2;; are:

GmaxLa;‘} (tm) =0, (3.75)
g, - F@(ns) #0 and  LggKne, e, 1)) < 0. (3.76)

COROLLARY 3.5. For a discontinuous dynamical system in Eq. (2.1), there is a
point X(tym) = X € [Xpmy» Xmy] C 3824 for ty,. For an arbitrarily small ¢ > 0,
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there are two time intervals (i.e., [ty—g, tm) and (ty, tm+el), and XD (t,1) =
Xn = xXB (), a, B € {i,j} and a # B. The flows X (t) and xP) (1) are
C[rtm etmrel” and C7 (o otse] -continuous (r = 1) for time t, respectively. The neces-
sary and sufficient conditions for the source fragmentation bifurcation of the flow
x@ (1) UxB)(t) on the boundary 891/ are:

GmaxLoz/S (tm) =0, (3.77)
HEQ,J : F(ﬁ) (tmy) #0 and  Loo(Xm+e, tnts, llj) < 0. (3.78)

COROLLARY 3.6. For a discontinuous dynamical system in Eq. (2.1), there is
a point X(tm) = Xy € [Xpmy, Xm,] C 5?2,-]- (or B/S\Zij) for t,,. For an arbitrarily
small ¢ > 0, there are two time intervals (i.e., [ty—c, tm) and (ty, tn+e]), and
x(i)(tmi) = X, = X(j)(tmi) The flows xD @) and xV (1) are Ctm el

continuous (r > 1) for time 1. The necessary and sufficient conditions for the
switching bifurcation ofaQ,/ to 89,, (or BQU to BQ,,) are:

GmaxLij(tm) =0, (3.79)
g,  F@(ns) =0 and  Loa(mte, tnse, He) <0 fora € (i, j).
(3.80)

REMARK. The proof of the above corollaries can be completed by replacing
Lij(Xm, tm, 1, u;) through its global maximum values in the corresponding the-
orems.

3.4. Sliding conditions in a friction oscillator

The friction-induced oscillator in Egs. (2.62)—(2.66) is considered herein as an ex-
ample to demonstrate how to develop the analytical conditions for sliding motion.
The vectors in Eq. (2.67) are adopted. The corresponding subdomains and bound-
aries in Eq. (2.68) are used. The singular points are at (o0, V). The equations of
motion in Egs. (2.64) and (2.66) can be described as

x=FMYx, 1), 1e{0,a) (3.81)

where
F@(x,1) = (y, Fa(x, Qt))T in Qy (o € {1,2));
F(O)(x N =(V,07 ondQuy (o, B} €{1,2},a #B), (3.82)

FOx 1) € [FOx 1), FPx,1)] ondap
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Notice that F,(x, 2f) is given in Eq. (2.71). For a boundary 8?2,15 possess-
ing nonzero measure, the critical initial and final states of the sliding motion
are (21, x¢, V) and (Qty, x ¢, V), respectively. Consider a sliding motion start-
ing for (24, x;, V) and ending at (Q2t;41, Xi+1, V), where (Q2t;11, xj+1, V) =
(Qty,xy, V). From Theorem 2.4, the sliding motion (or called the stick motion
in physics) through the real flow is guaranteed for #,, € [#;, ;1) C [tc, tf) by

[ngw F@(x, tm_)][nggmﬁ FP (x, 1,,-)] <0. (3.83)

For a boundary aﬁaﬁ with nonzero measure, the starting and ending states of
the passable motion are (21, x5, V) and (R2f,, x., V) accordingly. From Theo-
rem 2.2, the nonsliding motion (or called passable motion to the boundary in Luo
(20054, 20054d) is guaranteed for t,, C (fs, t.) by

[nggaﬁ FOx, 1,-)][mfg, . FP(x,1,4)] > 0. (3.84)

For the boundary switching from ﬁalg to Efﬁalg, we have f, = 1., otherwise,
tf = t;. Suppose the starting state is a switching state of the shdlng motion. From
Theorem 2.4, the switching condition of the sliding motion from 89 ap 10 BQaﬂ
att, =t.1s

either [nggaﬂ CFO(x, tmf)] <0, formyq,, — 2,
or [nggaﬂ CF@(x, tm,)] >0, formyg,, — Qq; (3.85)

[, F . 1,)] = 0

Furthermore, for the sliding motion on 5?20[,3, the sliding motion vanishing from
0Qqp and going into the domain 2, (y = « or B) at t,, = ty requires:

either [ngg CF@(x, tm_)] <0, formyg,, — Qg,
or [nm .F© )(x t— )] >0, formyg,, — Qa; (3.86)

[nggzaﬁ : (X’ tm+)] =0.

From Egs. (3.85) and (3.86), the switching conditions for the sliding motions are
summarized as

[ngw FOx, )] [n)q, .- FOx, t,)] = 0. (3.87)

The normal vector of the boundary 021, and 9€2»; is given in Eq. (2.74). There-
fore, we have

N, F@ &0 =njq, - F@x 1) = Fox, Q). (3.88)

The normal projection of the vector flow is the force for the oscillator in
Eq. (3.81). For a better understanding of the force characteristic of the sliding mo-
tion, the conditions for sliding and nonsliding motions in Egs. (3.83) and (3.84)
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can be re-written by

Fi(x,, Qty,-) <0 and F (X, Q,-) >0 for 8’?212; (3.89)

and

F1(Xm, Qty—) <0 and  Fr (X, Qty4) <0 for 0€217,

(3.90)
(X, Q=) >0 and  F1 (X, Qty4) > 0 for 0€2,.

Equations (3.85) and (3.86), respectively, give the switching conditions for the
sliding motion in Eq. (2.83), i.e.,

Fi (X, Qm_) <0 and  Fr(Xp, Qpm_) =0 for 9212 — 9212,

(3.91)
Fy(Xm, Qpm_) >0 and  Fy (X, Qm_) =0 for 9801 — 9%,
att,, = t., and
Fi (X, Q) <0 and  Fy(Xp, Qp_) =0 for §Qs — 0,
(3.92)

Fy(Xm, Qp—) >0 and  Fi(Xp, Qp_) =0 for §Qs — 2

at t,; = ty. A sketch of the vector field and classification of the sliding motion is
illustrated in Fig. 3.6. In Fig. 3.6(a), the switching condition for the sliding motion
is presented through the vector fields of F(V (x, ) and F® (x, t). The ending con-
dition for sliding (or stick) motion along the velocity boundary is illustrated by
F>(t,,—) = 0. However, the starting point of the sliding motion may not be switch-
ing points from the possible boundary to the sliding motion boundary. When the
flow arrives to the discontinuous boundary, once Eq. (3.89) holds, the sliding mo-
tion along the corresponding discontinuous boundary will be formed. From the
switching conditions in Egs. (3.91) and (3.92), there are four possible sliding mo-
tions (I)—(IV), as shown in Fig. 3.6(b). The switching condition in Eq. (3.91) is
the critical condition for formation of the sliding motion. The above switching
conditions for onset, forming and vanishing of the sliding motions along the dis-
continuous friction boundary at a certain velocity are strongly dependent on the
total force acting on the oscillator. Because the total force can be contributed from
the linear or nonlinear continuous forces from spring or dampers, it implies that
such switching conditions can be applied to dynamical systems possessing non-
linear, continuous spring and viscous damping forces with a nonlinear friction
with a CO-discontinuity.

3.5. Sliding criteria for a friction oscillator

The three generic mappings in Eq. (2.83) are governed by the algebraic equations
in Eq. (2.85). For nonsliding mapping, two equations are given. Two equations
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I

(b)

Figure 3.6. (a) The vector field, and (b) classification of sliding motions for belt speed V > 0.

with four unknowns in Eq. (2.85) cannot give the unique solutions for the sliding
motion. Once the initial state is given, the final state of the sliding motion is
uniquely determined. Consider the switching states (£2¢¢, x¢, V) and (Q1 ¢, x7, V)
as the critical-initial and final conditions of the sliding motion, respectively. For
the time interval [#;, t;11] € [f, ty] of any sliding motion, the sliding motion
requires (Qi 41, Xi11, V) 2 (Rty,xy, V). From Egs. (3.89) and (3.91), the initial
condition of the sliding motion for all #; € [z, ) and on the boundary 8?20”3
satisfies the following force relation:

Lia(t) = Fi(xi, V, Q1) Fa(x;, V, Q1;) < 0. (3.93)

The foregoing equation is the normal vector product of Eq. (3.81). The switching
condition in Eq. (3.86) or (3.91) for the sliding motion at the critical time #; also
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L, (x)

i+]
)
\J

max Ll2 (tk)

V>0

Figure 3.7. A sketch of a force product for sliding motion under given parameters for belt speed

V > 0. maxL12(fx) and Lo(#;) represent the local maximum and initial force products, respectively.

x; and x; 4| represent the switching displacements of the stating and vanishing points of the sliding
motion, respectively.

gives the initial force product condition, i.e.,
Lis(te) = Fi(xe, V, Q) Fa(xe, V, Q) = 0. (3.94)

If the initial condition satisfies Eq. (3.94), the sliding motion is called the critical
sliding motion. The condition in Eq. (3.86) or (3.92) for the sliding motion at the
time #; 11 = ty gives the final force product condition, i.e.,

Lip(tiv1) = Fi(xip1, V, Qi) Fa(xig1, V, Qt;11) = 0. (3.95)

From Eq. (3.95), it is observed that the force product on the discontinuous bound-
ary is also very significant. Once the force product of the sliding motion for
tm € (t;, t;+1) changes its sign, the sliding motion for the friction induced oscil-
lator will vanish. So the characteristic of the force product for the sliding motion
should be further discussed. To explain the force mechanism of the sliding mo-
tion, the force product for sliding motion starting at (2f;, x;, V) and ending at
(Rti4+1, xi+1, V) is sketched in Fig. 3.7 for given parameters with the belt speed
V > 0. x; and x;41 represent the switching displacements of the stating and end-
ing points of the sliding motion, respectively.

From the local normal vector product, the local peak force product relative to
the domains €2 and 5, is defined as

maxL12(0) = {L12(@) | Vix € (83, tig1), Ixe € (X, Xig1),
DL12(t)|= = 0and D*L12(1)]i—;, < 0}, (3.96)

and from the global normal vector field product, the maximum force product for
the computational convenience is defined as

GmaxL12(t) =  max  {L1a(t), maxL12(10)}- (3.97)
t€(titigr)
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By using the chain rule and dx/d¢ = V for the sliding motion, the above defini-
tions are described as

maxL12(00) = {L1a(x) | Voo € (x, xig1), e = 2525 €[4, i1,

2
Ly =0and L@y <0}, (3.98)
GmaxL12(xk) =  max {le(xi)v maXLIZ(xk)}- (3.99)
Xk €(Xi,Xi41)

Once one of the global maximum force products is greater than zero, the slid-
ing motion will disappear. Further, the sliding motion will be fragmentized. The
corresponding critical condition is

GmaxL12(%x) =0 or GmaxL12(xx) =0, for# € (&, ti41). (3.100)

The foregoing condition is termed the global maximum force product condition
of the sliding fragmentation. For simplicity, it is also called the sliding fragmen-
tation condition. After fragmentation, consider the starting to ending points of the
two sliding motions to be (2t;, x;, V) to (41, xi+1, V) and (42, xj42, V)
to (2t4+3, xi+3, V), respectively. It is assumed that #; < fi+1 < tiz2 < tiy3.
The nonsliding motion between the two fragmentized motions requires from
Eq. (3.84)

L) >0 for e € (fiy1, ti+2). (3.101)

The inverse process of the sliding motion fragmentation is the merging of the two
adjacent sliding motions. If the two sliding motions merge together, the global
maximum force product condition in Eq. (3.100) will be satisfied at the gluing
point of the two sliding motions. Once the force products of the two sliding mo-
tions are monitored, the peak force product condition similar to Eq. (3.100) can
be observed. Before the merging of the two sliding motions, we consider them
as in fragmentized sliding motions. That is, (2t; 41, Xi+1, V) # (Qti12, Xi+2, V).
Extending definitions of Eqgs. (3.97) and (3.99) to the starting and ending points of
the sliding motions. The merging condition for the two adjacent sliding motions
is

GmaxL12(tx) =0 or GmaxLi12(xx) =0 forke{i+1,i+2},
(3.102)
(i1, xig1, V) = (Qti42, Xi12, V).

To explain the above condition of the fragmentation and merging of the sliding
motions, the corresponding force product characteristics and phase plane of the
sliding motion are sketched in Fig. 3.8. The sliding, critical sliding and sliding
fragmentation motions are depicted for given parameters with belt speed V > 0
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Figure 3.8. A sketch of (a) force product and (b) phase plane for sliding, critical sliding and sliding
fragmentation motions under given parameters for belt speed V > 0 and A(()]) < A(()z) < Aéa). The
ending point of the sliding motion vanishes on the boundary and goes to the domain ;.

and excitation amplitude A(()l) < A(()z) < A(()3). The sliding motion vanishes from
the boundary and goes into the domain €2;. The displacements x; and x; | repre-
sent the starting and vanishing switching ones of the sliding motion, respectively.
The point x; € (x;, xj4+1) represents the critical point for the fragmentation or
merging of the sliding motion. After the fragmentation (or before the merging),
the critical point x; is split into two new points x;4+1 and x; ;2. However, after
fragmentation (or merging), the index of x; 41 (or x,4+3) will be shifted as x,43
(or x;4+1). Suppose the peak force product increases with increasing excitation am-

plitude. The motions from the sliding to the sliding fragmentation are given for

A(()l) e A(()3). The dashed and thin solid curves represent nonsliding motion. It

is clear that the nonsliding portion of the sliding fragmentation needs L12(¢) > 0
as in Eq. (3.103) forr € U, = (t;l, t;-’H) C (4, ti+1) where Li»(tx) = 0 for
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|
(ti7xi’V) =(ti+l’xi+l’V) : (f,-,x,-,V) (ti+1,xl.+],V)

Figure 3.9. The four onsets of the sliding motion and the corresponding sliding motion in phase
plane for belt speed V > 0.

t = {t;?, t;? 1)- However, for the sliding portion, the force products keep the re-
lation L12(t) < 0 for t € (#;, ;+1)\ U, Ua. Otherwise, suppose the peak force
products at the potential merging points of the two sliding motion decrease with

decreasing excitation. The merging of the two sliding motion can be observed for

ds . . .1 .
AES) e Aél). Whatever the merging or fragmentation of the sliding motion

occur, the old sliding motion will be destroyed. Therefore, the conditions for the
fragmentation and merging of the sliding motion are called the vanishing condi-
tions for the sliding motion. _

Consider the sliding motion with the nonzero measure of 92, with starting

and ending points (2f;, x;, V) and (2f;+1, xj+1, V). Define § =, /8)%_ + 5,%_ with
8y, = Xi+1—x; and §; = Qt;41 —Q¢t; > 0. Suppose the starting and ending points
satisfy the initial and final force product conditions, as § — 0, the following force
product condition is termed the onset condition for the sliding motion:

Lia() =0 fork e {i,i+ 1},
(3.103)
(Qtiy1, xi41, V) = Slin%(Qt,' + 8, X + 6, V).

The foregoing condition is also called the onset force product condition.

The onset condition has four possible cases from Egs. (3.91) and (3.92), as
sketched in Fig. 3.9. The four cases are: Fa(t;) = Fa(ti+1) = 0 (case I), Fa(t;) =
Fi(tit1) = 0 (case 1), Fi(#;) = Fa2(ti+1) = 0 (case IlI) and F1(5;) = Fi(tiy1) =
0 (case IV). For § # 0, the four sliding motions exist. The onset conditions of the
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sliding motion for cases I and IV is the same as for the grazing motion. The details
can be referred to Luo and Gegg (2006d). The two onsets of the sliding motions
can be called the grazing onsets. The other onset conditions based on the cases II
and III are the inflexed onsets for the sliding motions. In this subsection, the force
product criteria for onset, forming and vanishing of the sliding motions along
the discontinuous friction boundary at a certain velocity have been developed.
From the expressions of such criteria, the achieved criteria can be applied for a
nonlinear, continuous spring and viscous damper oscillator including a nonlinear
friction with a C-discontinuity.

For the sliding motion vanishing on the boundary and going into the domain
21, due to the trigonometric constraint | cos 2¢;+1| < 1, the second equation of
Eq. (2.84) gives

2d1V + c1xi41 + b1l < Ap or
(3.104)
|2d1V + Cl[V(t,'_H —t) +xl~] + b1| < Ayp.

Therefore, the final and initial switching displacements should be bounded by the
foregoing equation. The criteria for the sliding motion are illustrated first through
effects of excitation amplitude. Consider a set of system parameters {V =1, Q =
1,d1 = l,dz = 0, b1 = —b2 = 30, Cl = ¢ = 30, mOd(Qt,',QJT) = 7T}. The
final state responses, initial and maximum force products for specified initial dis-
placements (i.e., x; = —2, =3, ..., —7) are illustrated by the dark solid curves in
Fig. 3.10. The onset and vanishing boundaries of the sliding motion are presented
by the thin dashed curves. The boundaries of the sliding motion in the parameter
space may be determined by the force product conditions. With varying the ex-
citation amplitude, the final switching displacement and phases are presented in
Figs. 3.10(a) and (b) for the sliding motion. The lower boundary is determined
by the initial force product condition in Eq. (3.94), and the upper right-hand-
side boundary is controlled by the sliding fragmentation condition in Eq. (3.100).
The upper left-hand-side boundary is controlled by the merging force product
conditions in Eq. (3.102). In Fig. 3.10(a), the dark, dashed lines are given by
Eq. (3.104). The final switching displacement should lies in the right-hand-side
area of the two dark dashed lines. The narrow strip for sliding motion varying
with excitation amplitude is observed. With increasing excitation amplitude, the
bandwidths of the final displacements and phases for the sliding motion do not
change too much. The initial and maximum force products versus the excitation
amplitude are shown in Figs. 3.10(c) and (d). The gray and hollow symbols rep-
resent the zero values for the initial and maximum force products, respectively.
The force product plots (or the normal vector product) give the implications of
the onset and vanishing of the sliding motion. For the shaded area, such a sliding
motion does not exist any more. The analytical prediction from the theory gives
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Figure 3.10. Effects of excitation amplitude for sliding motion vanishing on the boundary and going

into the domain €21: (a) final switching displacement, (b) final switching phase, (c) initial force prod-

uct, and (d) maximum force product. (V = 1,Q2 = 1,d; = 1,dr, =0,b; = —bp =30,c1 = ¢p = 30,
mod(Q2t;,2w) =m.)

the region for the sliding motion on the discontinuous boundary. Once the ini-
tial conditions of the motion get into such a domain, the sliding motion will be
observed. Numerical illustrations of sliding motions will be presented.
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Figure 3.10. (continued)

Due to discontinuity, the system possessing different parameters in the two do-
mains will cause the different sliding characteristics. The constraint in Eq. (3.104)
for the sliding motion going to the domain €2, becomes

2doV + coxijp1 + b2| < Ap or
(3.105)
22V + o[V (tie1 — 1) +xi] + ba| < Ao.
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Figure 3.11. Effects of excitation amplitude for sliding motion vanishing on the boundary and going

into the domain €2;: (a) final switching displacement, (b) final switching phase, (c) initial force prod-

uct, and (d) maximum force product. (V =1,Q = 1,d; = 1,dp) =0,b1 = —by =30,¢1 = ¢ = 30,
mod (2t;, 2r) ~ 0.8729.)

Consider the basic system parameters dy = 1,dp = 0,b; = —by = b,c] =
¢ = 30 for the sliding motion vanishing on the boundary and going to the
domain €2,. The effects of the excitation amplitude and frequency to the final
switching displacements and phases are presented in Fig. 3.11 for V = 1,b =
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Figure 3.11. (continued)

105

30, mod(2¢;, 2mr) =~ 0.8729, Q2 = 1. The final switching displacement versus
the excitation amplitude are shown in Figs. 3.11(a) and (b). the final switching dis-
placement versus the excitation amplitude is bounded in the right-hand-side area
of the dark, dashed lines computed by Eq. (3.105). The thin, straight, dashed line
boundary is the onset boundary determined by Eq. (3.102), and the curved bound-
ary is determined by the initial force product condition in Eq. (3.92). Compared
with the sliding motion relative to the domain €21, no fragmentation and merging
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Figure 3.12. Sliding motion vanishing on the boundary and going into the domain €21 for

Ag = 58.0, 85.0, 116.1: (a) phase plane, (b) force product versus displacement, (c) velocity time his-

tory, (d) force product time history. (V = 1,2 =1,d; =1,dy =0,b1 = —by =30,c; = ¢ = 30,
xj=-3,Q =m.)

boundaries exists for this case. In an alike manner, the initial and maximum force
products varying with excitation amplitude are presented in Figs. 3.11(c) and (d).
The initial and maximum force products are identical. It indicates that no local
maximum force product exists or the local maximum force product is smaller
than the initial force product in the specific parameter range of excitation ampli-
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Figure 3.12. (continued)

tude. In the domain €21, for a given initial displacement, it is observed that the
initial and maximum force products are identical. However, for larger excitation
amplitude, the local maximum force product is greater than the initial force prod-
uct. For the sliding motion, the effects of other parameters and initial conditions
can be referred to Luo and Gegg (2006d).

Consider the parameters (i.e., V = 1,Q = 1,d; = 1,dp = 0,b1 = —bp =
30,c; = ¢ = 30) with initial condition x; = 3,y; = 1 and Qf = = for
demonstration. For specific excitation amplitudes A9 = 58.0, 85.0, 116.1, the
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Figure 3.13. Phase planes of sliding motion disappearing on the boundary and going to the domain

Qr:@=1,V=1Q4 =xb=205080(0b)2=1>b=230w ==V =-101
C©V=1,b=30,2 =7,2=0.81,1.0,1.25(d) Q =1,V =1,b =30, Qt; =3n/4, 7,57 /4.
(Ag=90,x; = -3.0,d;y =1,dr =0,b; = —bp =30,c; =cp =30.)

phase trajectories of corresponding sliding motions are plotted in Fig. 3.12(a).
The force product versus displacement for the sliding motion are presented in
Fig. 3.12(b), and it is observed that the sliding motions satisfy F; x Fp < 0.
For Ag = 58.0, the initial force product is zero, it implies that Agmpin ~ 58.0.
If Ag < AQmin, such a sliding motion cannot be observed. For Ag ~ 116.1, the
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Figure 3.13. (continued)

maximum force product is tangential zero. This value will be the maximum value
for this sliding motion Agmax ~ 116.1. If A9 > Agmax, the sliding motion will
be fragmentized into two parts, as discussed in Fig. 3.7. Thus, under the above
parameters, the sliding motion starting at (x;, y;, 2t;) = (—3.0, 1.0, ) will exist
for Aomin < Ao < Agmax. Further, the velocity and force product time-histories
are also presented in Figs. 3.12(c) and (d). It is interesting that the force product
time history is similar to the force product versus the displacement. The equiva-
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Figure 3.14. Phase planes of sliding motion disappearing on the boundary and going to the do-
main 2: (@) V = 1,x; = —1,Q1 =~ 0.8729,b = 50,60,70; (b) b = 15, x; = —1, Qt; = «,
V =050751; )b =15V = 1,x; =3, Q4 = n/2,7,3x/2; (d) b =15V =1,
Q = w,x; = —1.0,-0.75,-05. (2 = 1, Ag = 20,d; = 1,dy = 0,b) = —by = b,
c1 =cp =30)

lency of definitions in Egs. (3.96) and (3.98) is verified numerically for nonzero
constant belt speed. The phase trajectories of the sliding motions disappearing on
the boundary and going to the domain €2; are presented in Fig. 3.13 for para-
meters Ag = 90,x; = —3,d; = 1,do = 0,b1 = —by = b,c1 = 2 = 30.
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Figure 3.14. (continued)

In Fig. 3.12(a), the parameters @ = 1,V = 1,Qr = x,b = 20,50, 80
are used. The parameters (2 = 1,b = 30,Q = n,V = —1,0,1), (V =
1,b = 30,2 = #n,Q = 0.81,1.0,1.25) and (2 = 1,b = 30,V =
1, Qt; = 3m /4, m, S /4) are also used in Figs. 3.13(b), (c) and (d), respectively. In
Fig. 3.14, the phase trajectories of the sliding motion disappearing on the bound-
ary and going to the domain €2, are plotted through the parameters Q2 = 1, Ag =
20,d; = 1,dr, =0,b) = —by = b, c; = ¢ = 30. The four sets of the other pa-
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rameters and initial conditions (V = 1, x; = —1, Qt; ~ 0.8729, b = 50, 60, 70),
b=15xi =—-1,Qt =,V =0.5,0751),b =15V =1,x;, =3, =
/2,7, 37/2)and (b =15,V =1, Qt; = w, x; = —1.0, —0.75, —0.5) are used
in Figs. 3.14(a), (b), (c) and (d), respectively. From the above demonstrations of
the phase trajectories, the analytical prediction and numerical simulations are in a
very good agreement.



Chapter 4

Transversal Singularity and Bouncing Flows

The flow tangential to the separation boundary in an accessible domain was dis-
cussed in Chapter 2. The sliding flows on the boundary and the switching bifurca-
tion between the passable and nonpassable flows on the boundary were discussed.
In this chapter, the transversal tangential singularity and bouncing flows in the
vicinity of the discontinuous boundary will be discussed. The basic concepts for
such transversal tangential singularity will be introduced. The corresponding nec-
essary and sufficient conditions for the transversal tangential flows on the passable
separation boundaries are developed. The bouncing flows on the boundary will be
discussed also. This phenomenon can be observed in dynamical systems with
discontinuity from certain controls. A simple discontinuous dynamical system is
presented herein for helping us understand such concepts.

4.1. Transversal tangential flows

Consider a flow x(#) (@ € {i, j}) in the vicinity of the boundary 9€;; with
ngﬂi,‘ -x@ (1) > 0 in the domain €, for nyo,;, — SQpfort € [ty—g, tm), as
shown in Fig. 2.4. In the domain Qg (a # B), the flow xP) (¢) in the vicinity
of the boundary 9€2;; possesses the condition “gsz,-,- -xB (1) > 0 at the same
time interval. Therefore, the product of the normal components of the two flows
satisfies the condition in Eq. (2.9), i.e., {ngﬂw_ -X(“)(tm_)}{nggi/_ B (1,1} > 0.
From Theorem 2.1, such a condition implies that the flow for the boundary 92;; is
passable. Therefore, the flow can pass through the boundary into another domain.
The tangential bifurcation for a flow tangential to the separatrix was discussed
without transversality in Chapter 2. The sliding dynamics along the discontinuous
boundary and the switching bifurcation of flows on the boundary were discussed
in Chapter 3. The tangency of the flow occurs just after the flow passes through
the separation boundary. This tangential flow is termed the transversal tangential
flow, and the mathematical definition is given as

113
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DEFINITION 4.1. For a discontinuous dynamical system in Eq. (2.1), x(#,,) =
Xy, € 08 for t,,. For an arbitrarily small ¢ > 0, there are two time in-

tervals [ty . tn) and (. el Suppose X@(ty_) = X3)(tn) = X (1)

with a, B € {i, j} (@ # B) for X(O)(tm) = X;,. Both x("‘)(t) and xP (1) are
1

Cr gy and €O

X = x(“)(t <tw)U xgg (tm) UxPB)(t > 1,,) on the semi-passable boundary maﬁ

is termed a transversal tangential flow of the first kind if the following conditions
are satisfied:

el -continuous (r > 2), respectively. The transverse flow

" T e [X(O)(tmfg) —x@ 6)] >0 ; o
t (7
erther llT Qup ' [X(ﬂ)(tm+e) - X(O)(tm+8)] >0 " naQ“ﬁ o (4 1)
nmﬁ [X )(tm a)_x(a)(tm 5)] f Q
or ornygQ,c — ;
o, - (X Gnte) = xOmye)] < P T
nggaﬁ . X(ﬂ)(tm.:,.) =0; 4.2)
either  t) » [P (tmye) = xP (tn1)] > 0 for tg, op t(x(/)S) >0
(4.3)

0
or Doy - [P (e = xPl1n)] <0 fortly -9 <o.

From the above definition, the first two condition gives a necessary condition of
a flow tangential to the semi-passable boundary just after the flow passes through
the boundary. The third condition determines the direction of a flow after the flow
passes over the boundary, which is very strongly influenced by the sliding flow
along the separation boundary. The direction of the component of the transversal
tangential flow on the tangential vector of the separatrix d€2;; has the same direc-
tion of the sliding motion along the separatrix. Therefore, the third condition can
be re-written as

[X(ﬂ) (tm+e) — X(ﬁ)(tm+)] ng > 0. (4.4)

However, the computation of Eq. (4.3) is much easier and more intuitive than

Eq. (4.4) because the flow X((E is determined by X(O) Fgg (x, t) for sliding
dynamics in Chapter 3.

To illustrate the above concept, the geometrical description of flows passing
through a boundary 9€2;; with nyq;; — 2 are presented in Figs. 4.1 and 4.2.
A pre-transversal tangential flow and a transversal tangential flow are sketched
in Fig. 4.1. The tangency of the transverse flow occurs at the portion of the
outflow. Consider a sliding motion along the positive direction of tyg,; (i.e.,
tTQ__ i)

1

X, > 0). The pre-transversal tangential flow is a regular transverse flow
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Figure 4.1. The flows of the pre-transversal tangential bifurcation to a boundary 9€2;; with
n30,; — Q;: (a) a pre-transversal tangential flow, and (b) a transversal tangential flow. The slid-

ing motion is along the positive t‘éﬂij (ie., tgg . xl(;)) > 0).
ij

from the domain €2; to ;. The transversal tangential flow is a flow tangential
to the separation boundary just after the flow passes over the boundary. After the
transversal tangential bifurcation, a post-transversal tangential flow exists. For a
post-transversal tangential flow, there are two intersected points on the separa-
tion boundary locally and the bouncing motion at the first intersected point will
appear, as shown in Fig. 4.2(a). Because this tangential bifurcation may cause
the bouncing motion, such a bifurcation can also termed “the bouncing bifurca-
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Figure 4.2. The flows of the post-transversal tangential bifurcation to a boundary 9€2;; with
nyo; — Q;: (a) a bouncing flow, and (b) sliding flow. The sliding motion is along the positive

. .0
tBQij (i.e., thij 'Xz('j) > 0).

tion”. The post-transversal tangential bifurcation may cause the sliding motion
in Fig. 4.2(b). Thus, this bifurcation can be termed “the sliding bifurcation”, as
discussed in Chapter 3.

THEOREM 4.1. For a discontinuous dynamical system in Eq. (2.1), X(t;,) = X, €
0Q2;j for ty,. For an arbitrarily small ¢ > 0, there are two time intervals [ty ¢, )

and (in, te]. Suppose X (1) = Xg(tn) = xP (1) with . B € {i. )
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(o # B) for X5 (tn) = Xp. Bothx ) (t) and xP (1) are €[, -and C], | -
continuous (r > 2) respectively with ||d"x") /dt" || < oo (y € {«, B}). The flow
x=x9( <t,)U Xg/)s) (tn) UxB (¢ > 1,,) on the semi-passable boundary @aﬁ
is a transversal tangential flow of the first kind iff

T (@)
n xY(t,—) >0,
either { %Q“ﬂ " formyq,, — Qg,

M5 [X(ﬁ)(tm-ﬁ-??) - X(O)(tm+8)] >0 4.5)
T (@)
nge s’ X (ty-) <0,
or » ' ) Sfornyg, , — Qq;
{ ngQaﬂ ’ [X(ﬁ)(tm+s) —x© (tm+5)] <0 ’ ‘
nlg,, %P (1) = 0; (4.6)
either tgﬂaﬁ P (tyie) >0 fortig, op gg >0
“@.7
0
or tgﬂaﬂ )(tm+e) <0 fortBQ op (()(/3) <0.

PROOF For a point X( ) ¢ 0Qqp with nyQ,, — Qg, suppose X (t,_) = x(?;

and xa =xB (1,,4) w1th @ B € i, j} (a # B) for x¥ (rm) = X,,. Both x (1)

and xP (¢) are C[rz,,:g,zm) and C(t "

|d"x¥) /de" || < oo (¥ € {a, B forO < & « 1. Similarly to the proof of Theo-
rem 2.1, application of the Taylor series expansion of x® (t,,_) and x(ﬂ)(tm+€)
with t,4. = t,, £ ¢ (@ € {i, j}) to x@ (t,,+) and up to the second order term with
a € [ty—g, tm—) gives

o -continuous (r > 2), respectively with

X (ty—s) = X (tyy— — &)
=xYa) + XY (ty— —a — &) + 0o(ty— —a —¢),
XP (1) = xXP (tyge — &) = xP (tyye) — X (tm40)e + 0(e).

Leta — t,_. Because of 0 < ¢ <« 1, the second and higher order terms of the
Taylor series expansion can be ignored in the foregoing equations. Therefore, we
have

ngﬂaﬂ . [x(ot) (tm—) — x(@ (tm—e)] = nEQij ')'((a)(l‘m_)e -~ 0 and

nggaﬂ . [X(ﬁ)(tin+£) - X(ﬂ)(lm+)] = ngﬂ;j X (tyye)e > 0;
Similarly,

nggaﬁ . [x(o) (tm—) — x©@ (fm—s)] = gnggaﬂ .x© (tm—) = 0,

“gszmﬁ [xPtmye) = x V)] = sngguﬁ X Ot 10).
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Therefore,
nggaﬁ : [X(O)(tmfe) - X(a)(tmfs)] = €ngsza,3 'X(a)(tmf) >0,

D50y - (X7 i) =X (tnie)] = enjg, - [XP (nie) = XOmie)] > 0.

tigy, - (X7 tnte) —xP ()]

T - (0)
>0 for tmaﬁ “Xpp > 0,

= t};gz : X(B)(tm—&-s)g
af T b (0)
<0 for tmaﬁ Xpp < 0.

From Definitions 2.8 and 4.1, the transverse flow x = x@ (¢ < 1,,) U Xfx?g) (tw) U
xB) (¢t > 1,,) on the semi-passable boundary ﬁaﬁ is a transverse, tangential flow
of the first kind for the boundary d€24p with nyq,, — 2. In a similar fashion,
for the boundary 92,4 with N0, —> Qq, it can be proved that the transverse
flow x = x9(r < t,,) U ng (tw) UXxB)(t > 1,,) on the semi-passable boundary
aﬁaﬂ is a transversal tangential flow of the first kind. O

THEOREM 4.2. For a discontinuous dynamical system in Eq. (2.1), X(t;y) = X, €
02;; for ty,. For an arbitrarily small ¢ > 0, there are two time intervals [ty ¢, )
and (ty, tmye). Suppose X (t,_) = ng(tm) = xB (t,4) with a, B € {i, j}
(o # P) for Xy (tm) = Xn. Both B (1) and FP) (1) are [ | and C], | -
continuous (r > 1) respectively with ||d"T1x¥) /de" 1| < oo (y € {a, BY). The
flow x = Xt < 1)U ng (tn) UXP (¢ > 1,,) on the semi-passable boundary
ﬁ’zaﬂ is a transversal tangential flow of the first kind iff

T (o)
n, -FYq,-) >0,
either { 9% "

ornyq,, — £2
0o, - [FP(t0) = FO (000 > 0 0 0% = %

(4.8)
n’(%‘Q,‘j ' F(Dl) (tm—) < Oa f Q
or ornyQ.gz — 5
g, [FP (nre) = FOnie)] <0 o
n5q,, - FP () = 0; 4.9)
either tgﬁaﬁ -F(ﬂ)(thra) >0 for thaﬂ Fgg >0
(4.10)

0
or t};Qaﬁ FP(t,00) <0 for tha,s F((w) < 0.

PROOF. With Eq. (2.1) and X)) = F(})(x, 1), the inequalities of Eqgs. (4.5)~(4.7)
gives Eqs. (4.8)—(4.10). So, the theorem is proved. (]
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THEOREM 4.3. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
X € 0%y for ty,. For an arbitrarily small ¢ > 0, there are two time inter-

vals [tym—g, tm) and (ty, tyiel. Suppose X9 (t,,_) = X(O)(tm) = xB(t,,4) with
a, B e i, j} (a # B) for X(O)(tm) = X,,. Both X (¢) and xP) (¢) are Cr !

[tm—etm)”

and C/, -continuous (r > 3), respectively, with ||d"~'x® /d" || < oo and

(tmath»s]
|d"x®) /de" || < oo. The transverseﬂowx =x@ ¢ < tm)UX(O) (t)UXxB (t > 1,)
on the semi-passable boundary BQalg is a transversal tangentlal flow of the first
kind iff

ngg X9 (t,_) > 0,
either

. . formyq,, — Qp
ngg,.j [EP (1) = %Ot )] > 0 ’

.11
nlg, X (tn-) <0, . 0
or . “ OrMyQup — Sia;
njg,, - (X (tnr) = KO (tn1)] < 0 o
njo,, X (tny) =0; (4.12)
either th P (tmy) >0 fortlg (()3‘3) >0
o s (4.13)
or tgﬂa P (tmy) <0 fortlg o (()3‘3) < 0.

PROOF. For an arbitrarily small ¢ > 0, the procedure of Theorem 2.1 is used.
The application of the Taylor series expansion of X (t,,_,) to x*)(,,_) up to
the second term with a € [t,,_¢, t,,—) and x(ﬁ)(tm+s) to x(ﬂ)(tn1+) up to the third
term with b € (¢, tinte] gives

X (ty—e) =Xty —¢)
=xYa) + Xty — & —a) + o(ty— — € — a),
P (tie) = xP (g + &) = xP(B) + %P D)ty + 2 — D)
+XP b)Yty — & = b)* + 0((tms + & — b)?).

Leta — t,— and b — t,,4+. Since 0 < ¢ < 1, the higher order terms can be
ignored. The deformation of the above equations and multiplication by nyg,, and
92 leads to

ngﬂaﬁ X ) =X n0)] = ngﬁaﬁ X (e,
[ ) — X 000] = kg, 5700

+njg,, - X0 ()6,
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tggaﬂ : [X(ﬂ)(thre) —x#P (tm+)] = tgﬁaﬂ . X(ﬂ)(l‘m+)8,

Similarly, we have the same expressions for % = FO (x, r). With Eq. (4.12), we
have

D50, - (XD i) =X tnie)] = mjg - [KP (tny) — KO 1) ]e?
For the boundary d€2,p with nyq,, — €2, using the first inequality equation of
Eq. (4.11), the foregoing two equations lead to

ngQaﬂ ) [X(O) (tn—e) — x@ (tm—s)] = ngQaﬂ x@ (tm—)e > 0,

Mgy - X7 e =XV (tnie)] = mig, - [KP (1) = XOns)]e® > 0.

Similarly, for the boundary 92,4 with nyq,, — 24, using the second inequality
equation of Eq. (4.11), the foregoing two equations lead to

ngQaﬁ : [X(O)([m—S) - X(a)(tm—a)] = nggaﬁ . X(a)([m_){;‘ < O,

50,, - (X (tnre) =XV tnre)] = mig, - [FP () — %O (00 )]e* < 0.

From Eq. (4.13), we have

tigu (X7 ) =X (tnp)]
tgg xP(t,,1)e >0 for tT Sg > 0,

0
tgg x(ﬁ)(thr)s <0 for tasz s fyﬂ) < 0.

Therefore from Definition 4.1, the flow x = x@ (t <ty) Ux(ﬁ)(tm) Ux(ﬁ)(t > ty)
on the semi-passable boundary 0 ﬁaﬁ is a transversal tangential flow of the first
kind. (]

THEOREM 4.4. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
Xm € 0K for ty. For an arbitrarily small ¢ > 0, there are two time inter-

vals [tm—e, tw) and (tm,tm+g] Suppose X (1) = X, (1) = x(ﬂ>(tm+) with
a, B eli,j} (@ #p) forx ) (tn) = Xm. Both F (1) and F B (t) are CI~
and C([ i
||dr+lx(ﬁ)/dt”rl | < oo. If the following conditions are satisfied:

ith ngQ'j .F(“)(tm,) >0, fe Q
either ' OrMyQup —
njg,, - [DF® () — DFO (1,1)] > 0 "

ngQ’_j F@,_) <0,
or nlo, - [DF® () — DFO(1,,1)] < 0

[tm £ t)?l)
o] -continuous (r 2), respectively, with ||d"x® /dt"|| < oo and

formyq,, — Qq;
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njo,,  FP(tns) =0; 4.15)

either  tl, F(ﬁ)(tm+) >0 fortjg » FSE >0,
(4.16)

or tT (t ) < O fort F(O) < O

9%0s + 0p " Tap =V

then the transverse flow x = x@( < t,) U ng (tw) UXP (¢t > 1) on the semi-
passable boundary 86&/3 is a transversal tangential flow of the first kind.

PrROOF. Using Eq. (2.1) and equation of motion for sliding dynamics (i.e., xgg =

F(O) (x, 1)), from Theorem 4.3, the above theorem is proved. ]

DEFINITION 4.2. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
X € 082 for #,,. For an arbitrarily small ¢ > 0, there are two time intervals

[t—e+ tm) and (t, rm+g] Suppose X (t,-) = X (tm) = xP) (t4) witha Be
{i, j} (@ # B) for x (tm) = X,,. Both x® (7) and x#) () are Cr —2+ ) and

(tm lm+£]—cont1nuous (r > 2I), respectively. The transverse flow x = x("‘)(t <

tm) U xgg (tn) U xB (¢ > 1,) on the semi-passable boundary maﬂ is termed
a transversal, (21 — 1)th-order tangential flow of the first kind if the following
conditions are satisfied:

n8 5 X(O)(fm—s) _ X(a)(tm—g)]
either e for nyg,, — Qp
gy [ ) =Xt T
o " X m—e) = x(tm—e)] < 0
fornyq,, = Qu;
[xP (tnre) — XO (tye)] 8 «
dk
nggaﬂ ﬁ[ X (tyy) —xQ(ty)] =0 fork=1,2,....20 - 1;
(4.18)
T d” e (0)
M5Q0 - ﬁ[ (tms) =XV tmy)] #0
either tggaﬁ [ B (tge) — xP (lm+)] -0 for t8§2 - ,()23) -0
(4.19)
o tgg“ﬂ [x? tnse) =xPen)] <0 fortig ap 523) <0.

THEOREM 4.5. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
Xy € 0Rjj for ty,. For an arbitrarily small ¢ > 0, there are two time inter-

vals [tym—g, tm) and (ty, tuie]. Suppose X9 (t,,_) = xgg (tw) = xP)(t,,4) with
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r—2042
[tm—estm)
el -continuous (r > 21), respectively, with |d"x®) /dt"|| < oo and

o, B € i, j} (o # B) for Xy (tn) = Xp. Both X (1) and xP)(z) are C
and C([ i
[|dr—2I+2 (“)/dtr 242 < oo. The transverseﬂow x=xY( < 1,)U x(o) (t) U

X(ﬁ)(t > t,,) on the semi-passable boundary 8Qa,3 a transversal, (2] — l)th order
tangential flow of the first kind iff

h ngﬁaﬁ 'X(a)(tmf) >0, f Q
eliner . ornyQ,, —
D0 X7 (tmre) > 0 ’ ! (4.20)

ngg X9 (,-) <0,
ap .
or Jformyg,, — Qq;

nggaﬂ 'X(ﬂ)(tm+£) <0

nggaﬂ dtk[ X (tni) = xOt)] =0 fork=1,2,...,21 - 1;

421)
T _d(zl) ()] ©)
D305 " 3D [xP (tns) — x Pty #0

either tggaﬂ B (tyy) >0 for tdQ o g})g) >0
(4.22)

0
or tgg (ﬂ)(thr) <0 for tBQ o glg < 0.

PROOF. Following the proof procedure of Theorem 2.8, and using the Taylor
series expansion, the above theorem can be proved. U

THEOREM 4.6. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
Xyu € 0RQjj for ty,. For an arbitrarily small ¢ > 0, there are two time in-

tervals [tm—c.tm) and (tn. el Suppose X (1) = X2 (tn) = xB)(t3)
with a, 8 € {i, j} (¢ # B) for x(o)(tm) = X;;. Both x("‘)(t) and xP) (t) are

r—2l+2
C[tm —&» lm) and C(t Im+e

ﬂow X = Xt < 1)U X(ﬁ)(tm) UxB( > 1,) on the semi-passable boundary
asza,g BQalg is a transversal, (21 — 1)th-order tangential flow of the first kind iff
T (@)
n,, -F%,)>0,
either T 0 formyq,, — Qp,
{nagaﬂ : [F(ﬂ)(tm+8) — F¢ )(tm-i-a)] >0 ’ (4.23)
[ nggaﬁ F9(,_) <0,
or

ngﬂmﬁ : [F(ﬁ)(trn-i-s) - F(O)(Im+s)] <0

. -continuous (r > 21 — 1), respectively. The transverse

Jormyg,, — Qq;

nggaﬂ DFIFP (1) —FO>t)] =0 fork=1,2,...,20 1,
(4.24)
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N0y - DY [FP (tns) = FO ()] # 0;

either tgga Ptwy) >0 fortig » Fg/)s) >0
(4.25)
or tgg » F(ﬂ)(lm-s-) <0 for tasz p Ft(x(/)S) <0.

PROOF. Following the proof procedure of Theorem 2.9 and using of the Taylor
series expansion, the above theorem can be proved. ]

THEOREM 4.7. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
Xm € 0j for ty. For an arbitrarily small ¢ > 0, there are two time inter-

vals [tm—e, tw) and (ty, tm+5] Suppose X (1) = X\ (tn) = xP)(t) with
a, B € i, j} (@ #p) forx ) (tm) = Xm. Both X (1) and xP)(t) are c? —2+ tm)
a}’ld C(tm & m+e ]
|d" 2 1x @) /dr =2+ < oo, The transverse flow X = X9 (t < t,,) U X(O) (t) U

xB(t > t,,) on the semi-passable boundary ﬁaﬁ a transversal, (21 — l)th order
tangential flow of the first kind iff

T
naﬂaﬁ
either 2 Jormyq,, — Q2
{ nggaﬁ . %[X(ﬁ)(lmﬂ) —xO®ty4e)] >0 ’ (4.26)
{ nggaﬂ x9(1,_) <0,
or

2
ngszl,ﬁ ) %[X(ﬂ)(tmﬁ;) —x© (tm+g)] <0

-continuous (r 21), respectively, with ||d"x®) /dt"|| < oo and

. X(a)(tm—) >0,
for nyQ,; — Qo

L It 0‘“(; D=0 (k=12,...,21-1) 4.27)

either t:’l;ﬂa P (tyy) >0 for taQ o (()23) >0
(4.28)

. 0
or oy X P (i) <0 fortig %) <0.

PrOOF. Following the proof procedure of Theorem 2.10 and using the Taylor
series expansion, the above theorem can be proved. U

THEOREM 4.8. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
Xy € 0Ryj for ty,. For an arbitrarily small ¢ > 0, there are two time inter-

vals [ty—e, tm) and (tn, rm+e] Suppose X () = X33 (tm) = XP (1) with
a, B eli,j} (@B forx ) (tn) = Xm. Both FO (1) and F B (¢) are cp 22

tm —&> lm)
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and C, ,  \-continuous (r > 21 —1), respectively, with |d"Hx®B /de 1| < oo
and ||d’_21+3x(“)/dtr_21+3|| < o0. The transverse flow x = X9t < t,) U

ng(z‘m) Ux® ¢ > t,) on the semi-passable boundary maﬂ a transversal,
(21 — 1)th-order tangential flow of the first kind iff

T (o)
n -FY9(,-) >0,
either { 98k "

— fornyg,, — Q
nlg., DY FO (t,4) = FO(1,,)] > 0 s = 2

(4.29)
nl, -F®, ) <0,
or { 08 ° formgq,, — Qu:

., - D FP(tns) = FO@1,1)] <0
“gﬂaﬂ DFIFP (1,4) = FO>t )] =0 (k=1,2,...,21—1); (4.30)

. 0
cither  tho K (4u1) >0 fortig Fo) >0 )

or oy, FO(tny) <0 fortig, F) <0.

PROOF. Following the proof procedure of Theorem 2.11 and using the Taylor
series expansion, the above theorem can be proved. O

DEFINITION 4.3. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
Xm € 082 for t,. For an arbitrarily small ¢ > 0, there are two time intervals

[tm—e. tm) and (it y¢]. Suppose X(@ (6, ) = X4 (1) = xP) (1) with v, B €
{i’ J} (Ol ?é ﬂ) Both X(a)([) and X('ﬁ)(t) are C[rt,,_l and CT

o) (lm’tmﬂ]-continuous
(r > 2), respectively. The transverse flow x = x®(t < 1,,) U xgg(tm) Ux®@ >
t,n) on the semi-passable boundary ﬁaﬁ is termed a transversal tangential flow

of the second kind if the following conditions are satisfied:

T ) )
. no - [xXOUn—) = x®t,_e)] >0
either op forngg . — Q
{ Mg,y - (X7 nre) =xOltnie)] > 0 o (4.32)
ngQ g [X(O) (tm—e) — X(a)(tmfg)] <0 ; o
or o o My, — Qu
ngQaﬂ : [X(ﬁ) (tmte) — x© (fm+€)] <0 B o
njo X (t,_) =0. 433)

ap
If the conditions in relative to the B-term in Eq. (4.32) is replaced by

either ngguﬁ . [x(“) (tmte) — x© (tm+5)] >0 formyq,, — Qp
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Figure 4.3. The flows passing through a boundary 9€2;; with nyq;; — €2j: (a) a transversal tangen-
tial flow of the second kind, and (b) a post-transversal tangential flow for tgﬂ_ K Xl(j)) > 0.
ij
T 0
or N0, - [x(“)(tm+g) —x¢ )(tm+£)] >0 formyg,, - Qu.
(4.34)

The foregoing definition gives the grazing bifurcation, which was discussed in
Chapter 2. If those conditions are replaced by

either ngﬂaﬁ . [X('B) (tmte) — X(O) (tm+e)] <0 for Qs — Qﬁ
or 050, - (X Gnie) =xV(tni0)] > 0 formg,, - Q.

(4.35)
the sliding bifurcation will be defined. Similarly, a transversal, (2] — 1)th-order
tangential flow of the second kind will be introduced as follows.
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Figure 4.4.  The flows passing through a boundary 9€2;; with nyQ;; — 2 (a) a transversal tangen-

tial flow of the second kind, and (b) a post-transversal tangential flow for tgn_ - XI((/)) < 0.
ij 4

DEFINITION 4.4. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
X € 99 for t,. For an arbitrarily small ¢ > 0, there are two time intervals

[tm—c. tm) and (i f-46]. Suppose X (6 ) = X3 (1) = xP) (6 ) with v, B €

{i, j} (@ # B) for xgg (tm) = Xm. Both x®(¢) and x® (¢) are C[Frﬁiﬁi)' and

ftm tmﬂ]—continuous (r = 2I), respectively. The transverse flow x = xX( <
tym) U X(()SS) (tw) UxB (¢t > t,,) on the semi-passable boundary ﬁaﬁ is termed a
transversal, (21 — 1)th-order tangential flow of the second kind if the following

conditions are satisfied:
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either nggaﬁ ' [X(O) (tn—e) =X (tm_‘S)] >0 fornyo,, — Q
Mg, - [XP ) =X (t)] > 0 " 46
or ngﬁ s [X(O)(tm_g) —x@ (t’”_‘g)] <0 fornyq,, = Qq;
ntgﬁ ' [X(ﬂ) (tm+€) - X(O) ([m+€)] < 0 af o>
dk
“gszaﬂ : ﬁ[x(a)(l‘mf) —x9@, )] =0 fork=1,2,....,2n—1,
(4.37)
d2n
Mgy gz X (m) =X )] #0.

The theorems for the transversal tangential flows of the second kind on the semi-
passable boundary B_K)Z,' j can be similar to Theorems 4.1-4.8 for the transversal
tangential flow of the first kind. The transversal tangential flows of the second
kind on the semi-passable boundary 83,- ; are illustrated in Figs. 4.3 and 4.4. The
flows crossing over the boundary for two cases (t; Qi) xl(;)) > 0 and tho,; Xz((/)) < 0)
are demonstrated. The transversality of flow on the boundary should be used.
Compared to the transversal tangential flow of the first kind, the input tangential
flow is independent of the sliding flow. After the transversal tangential bifurcation
of the second kind occurs, the bouncing motion appears in the post-transversal
tangential flow. The outflow of the bouncing motion is strongly dependent upon
the sliding motion.

4.2. Cusped and inflexed tangential flows

The tangency of a flow occurs just before and after the flow passes through the
separation boundary. This tangential flow includes cusped and inflexed tangential
flows. The definitions are given as follows.

DEFINITION 4.5. For a discontinuous dynamical system in Eq. (2.1), x(¢,,) =
Xu € 0%2;; for t,,. For an arbitrarily small ¢ > 0, there are two time intervals
[tm—c. tm) and (. ty-ye]. Suppose X (1) = X3 (tm) = XP) (tn4) with . B €
{i.j} (@ # B) for X\)(tn) = Xpu. Both X (1) and xP (1) are €[, ' -

-continuous (r > 2), respectively. The transverse flow x = x@( <

and

Cr

(tmvthrs]
ty) U xgg (tw) UxPB(t > t,) passing through B_S)Zag is termed a transversal,
cusped tangential flow if the following conditions are satisfied:

T 0) _ x(@)
. 056w [X (tm—e) — X (tm—“?)] >0
either T 0 formyg,, — 25

nlg., XD nre) = xO(tn10)] > 0 ’ (4.38)
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ngﬂaﬁ ’ [X(O) (tm—e) — x(@) (tm—s)] <0
or for N0, — Qu;

ngﬂaﬁ [x P tmge) = xO(tmre)] <0
o, X (tn-) = mjg - XP (t4) = 0; (4.39)

ith Q0 [X( )(tm 8)_X( )(tm e)| <
either
tggaﬂ : [X(ﬁ) (tm+e) — x©@ (Tm+e)

gy, " (X (tn—e) =X (tn_)
or T
taQaﬂ

XD (1) =X (1m0 ] <
DEFINITION 4.6. For a discontinuous dynamical system in Eq. (2.1), x(#,) =
Xy € 9 for t,,. For an arbitrarily small ¢ > 0, there are two time intervals
(tm—s, tm) and (t, tute]. Suppose X (1,,_) = X(O) (tw) = xPB (1,1) with o, B e
{i, j} (@ # B) for X(O) (tw) = Xp. Both x¥) (1) and xB) (1) are C - and
Clipr i,j-CONtINUOUS (r > 2), respectively. The transverse flow x = x("‘)(t <

fortaQﬂ 5245) >0

>0 (4.40)

>0

— e

fortm s (()23) < 0.

ty) U xgg (tm) UXB (1t > 1) passing through Wzaﬂ is termed the transversal,
inflexed tangential flow if the following conditions are satisfied:

T ) — x(@®
n . (tn—e) = XY(ty—e)| >0
either { 082ap (X - n=e)] fornyq,, — €2

[X(ﬁ)(tm+£) —x©@ (tm+5)] >0 @41

ngQ op [X(O) (tm—e) — X(a)(tm,g)] ; o

or ornyQ.gz — ;
ngﬂm«g [X(ﬂ) (tm+e) — x©@ (lm+5)] <0 B o

nggaﬂ X (1, ) = “gauﬂ KB (1,1) = 0 “442)
tT . X(O)([ _ )_X(Ot)(t _ )
taszaﬂ ) [X (tmye) — X (tm.,_g)] >0 4.43)
tig,, - (X (o) =X ()] fortT %9 0.

or or -
tgﬂalg [x(ﬂ) (tm-‘ré‘) - X(O) (tm—‘,-s)] 992, ﬁ Olﬁ

DEFINITION 4.7. For a discontinuous dynamical system in Eq. (2.1), x(t,,) =
Xm € 082 for t,. For an arbitrarily small ¢ > 0, there are two time intervals

[ty—e. tm) and (. rm+g] Suppose x( () = X (tm) = xP) (t,4) with o, B €

(0.7} (e # B) for X (1) = X Both X () and xP)(1) are €7, 1%~ and

Cft,,,, tm+g]—contlnuous (r > 2q), respectively. The transverse flow x = x@(r <
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tm) U xsg ) UXP (1t > 1,) passing through a_sia,g is termed the transversal,
cusped, 2p — 1 : 2g — 1)-order tangential flow if the following conditions are
satisfied:

T
n
) 19
either T w
Qs

[xOn—e) = x @ ()]
XP (tge) — X O (o) ]
[xOtm—e) =xtm—o)] <
[xP tnge) = xO (o)

for nagaﬁ — Qﬂ
(4.44)

for N0, — Qo

Q
=
e,
5, B
Q
R
=

XDty ) —xO@, )] =0 ki=1,2,....2p— D),
)

2p
M0 a2 X (tn=) = xO(tn )] # 0, (4.45)
o, - L EO () %Ot )] =0 kr=1.2,....2g — 1),

2p
ngﬂaﬁ :ji_[x(ﬁ) (tm +) - X(O) (tm+):| 75 0;

X - = X (tn-o)] <

for tI % >0
AxB) (tpge) — xP (1 D] > 0Q0p " Xap 4.46)
X(a)(tm )_X(a)(tm s)]

for t], 9 <o.
X (tpge) — x P (14)] < 020p " Xap

o5

Q

= =
ronlsonlsvnisvnl

taQ 5

DEFINITION 4.8. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
X, € 082 for t,,. For an arbitrarily small ¢ > 0, there are two time intervals

[tm—c. tm) and (.t ye]. Suppose X (1) = X3 (tm) = XP) (tn4) with e, B €

{i, j} (o ) for X(O) (tn) = Xpm. Both x@)(r) and xP) (1) are C,~ 202P_ and
—&> "l)

Cc? (it +8]-cont1nu0us (r 24), respectively. The transverse flow x = x®(r <

tm) U xsg (tw) U x# (t > t,,) passing through ﬁaﬁ is termed the transversal,
inflexed, 2p — 1 : 2¢ — 1)-order tangential flow if the following conditions are
satisfied:

T (0 _ x(@)
n AxW(t—e) — XY (t—e)
either ! %Q""S e e

[ ] formyq,, — 2
Ny (X7 lnre) =XV (tnie)] > 0 T
nggaﬁ : [X(O) (tm—e) — x@ (tm—s)] f Q
or ornyQ,, —
ngguﬁ . [X(ﬂ) (tm—i-s) — X(O) (tm—i-s)] B a
and
g, 51[11 [xX@tn) = xOty )] =0 (k1 =1,2,....2p— 1),

nlo, S X = xO )] #0, (4.48)
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-

xn—nl
(a)
n-m
(b) X,
Figure 4.5.  The flows passing through a boundary 9€2;; with nyo;; — Q; for: (a) the cusped
tangential flow (ttgQ xl(Q) > 0), and (b) the inflexed tangentlal ﬂowt x(;)) < 0.
1]
T 0
M50 [xP ) —xOUnp)] =0 (ka=1.2,....2g - 1),

d2
drk
LT ;— [XP) (tm4) — xO (1 4)] # 0;

th L [X@ (1) = XD (1,_)
either iga's ] B " B n=o)] for t1, o (()23) >0
IQup [X (tmte) — X (tm+)] >0 (4.49)
thon, * [X (tn=) =X (tn—c)] e 3O o,
or or
tggaﬂ [X(ﬁ) (tmte) — X(ﬁ)(fer)] 30 " Xap
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Figure 4.6.  The post cusped tangential flows passing through a boundary 9€2;; with n3Q;; = Q;

for €], X{ > 0: (a) first kind, and (b) second Kind.
ij

The theorems for such cusped and inflexed tangential flows can be developed that
are similar to the ones for the transversal tangential flows of the first and sec-
ond kinds. The corresponding conditions in the transverse tangential flows can be
used for the tangential, input and output flows of the cusped and inflexed flows.
Therefore, no further theorems are presented herein. To help understand the above
definitions, the cusped and inflexed tangential flow are sketched in Figs. 4.5(a)
and (b). The post cusped tangential flows of the first and second kind are pre-
sented in Figs. 4.6(a) and (b). The post inflexed tangential flows of the first and
second kind are presented in Figs. 4.7(a) and (b) as well. Such tangential flows can
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————

n=n

(a)

n-ny

(b) 5

Figure 4.7.  The post inflexed tangential flows passing through a boundary 92;; with nyg;; = Q;
.;)) < 0: (a) first kind, and (b) second kind.

T o
for taQi/ - X;

easily be found in discontinuous dynamical systems with higher-order, nonlinear
polynomial vector fields. This section will help ones investigate the singularity
in nonlinear, discontinuous dynamical systems. In this book, only linear discon-
tinuous dynamical systems are presented as sampled problems in order to verify
the currently developed theory. This is because the closed form solutions for lin-
ear, discontinuous dynamical systems can be obtained easily in the accessible
domains.
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n=ny

(a)
h—n)
(b) xnl
Figure 4.8. Semi-tangential nonpassable boundary set B_Q,-j = 8?2,-1- u 3/(\2,-]-: (a) the semi-

tangential sink boundary, and (b) the semi-tangential source boundary.

4.3. Nonpassable tangential flows

The properties of a flow in the semi-passable boundary are discussed. In this sec-
tion, the local characteristics of flows around the nonpassable boundary will be
discussed.

DEFINITION 4.9. For a discontinuous dynamical system in Eq. (2.1), x(¢,,) =
X, € 082 for t,,,. For an arbitrarily small ¢ > 0, there is a time interval [, ¢, f).
Suppose X (t,,_) = X,, (& € {i, j}), X (¢) is C[’ -continuous (r > 2) for

tm—e stm)
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Figure 4.9. Tangential nonpassable boundary set 32; ji= ﬁ?i j UB?Z,‘ j: (a) the tangential sink bound-
ary, and (b) the tangential source boundary.
time ¢ and [|d"x@ /d¢" || < oo with

{ngﬂalg : [X(O) (tm—e) — X(a) (tm—s)]}

x {nfg,, - X tn—o) —xP(t,-)]} < 0. (4.50)

(i) The flow to the nonempty boundary 5?2,- j 18 the semi-tangential nonpassable
flow of the first kind if x® (¢) and x# (¢) also satisfies

either njg, -X“(1,-) =0 or mjg X () =0. (4.51)
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(i) The flow to the nonempty boundary 8?2,- j 1s the tangential nonpassable flow
of the first kind, if x® (¢) and x® (¢) also satisfies

njg, X (tn-) =0 and njg %P (1, ) =0. (4.52)

DEFINITION 4.10. For a discontinuous dynamical system in Eq. (2.1), x(¢,,) =
X, € 082;; for t,,,. For an arbitrarily small ¢ > 0, there is a time interval (¢, f;—¢].
Suppose X (t,,_) = X,, (& € {i, j}), X (¢) is C[’tmisytm)—continuous (r = 2) for
time ¢ and ||d"x® /d¢"|| < oo with

{ngﬂaﬁ . [X(i) (tm+s) - X(O) (tm—i-s)]}

x {njq, . [xD(tme) — X (tnge)]} < 0. (4.53)

(i) The flow to the nonempty boundary I 18 the semi-tangential nonpassable
flow of the second kind if x® (¢) and x'#)(¢) also satisfies

g, X ) =0 or mjg - XP(tny) =0. (4.54)
(i) The flow to the nonempty boundary I ; is the tangential nonpassable flow

of the second kind if x@ (r) and x'#) (¢) also satisfies
njo, X (tn) =0 and njo X (4uy) = 0. (4.55)

1

The theorems for the semi-tangential and tangential nonpassable boundaries
can be developed as before. The corresponding conditions in the tangential flows
in the corresponding domains can be used for the tangential input or output flows
on the semi-tangential and tangential nonpassable boundaries. Therefore, no fur-
ther theorems are presented herein. The tangential sink and source boundaries are
shown in Figs. 4.8 and 4.9 from the above definitions. The nonpassable flows oc-
curs at the sink and source boundary bifurcations, which were also discussed in
Chapter 3.

4.4. Bouncing flows

For discontinuous dynamical systems, after the semi-tangential bifurcation in €2
occurs at the semi-passable boundary aﬁi j» the transversal flow may become
the sliding flow on the nonpassable boundary 0€2;; or the a bouncing flow in
2; at both the semi-passable boundary 8(‘91' 7. When a flow x®(¢) arrives to the
boundary %,- j or I j» the flow will bounce at such a boundary. To describe the
bouncing flow, the following mathematical description is given as follows.

DEFINITION 4.11. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
X € 082 for t,,. For an arbitrarily small ¢ > 0, there are two time intervals
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[tm—es tm) and (ty, tmte]. Suppose X () = X (@ € {i, j}) and x@(7) is

C[’tnH ) and C(’tm tmﬂ]-continuous (r > 1) for time ¢. The flow x(“)(t) in Q4 is
a bouncing flow to the boundary 9€2;; if
. .(0
Njg, - X (ns) # Mig, - Xy (tn) = 0; (4.56)
ith ngQij : [X(O) (tm—s) - X(a) (tm—a‘)] >0 f Q
either ornyQ.z —
nlo - [XO(nre) — xO(tnse)] < 0 p P
K 4.57)
nggij . [X(O) (tm—s) - X(a) (tm—a‘)] <0 f Q
or ornyQ.z — .
nggij [x@ tnse) = xO(te)] > 0 p “

DEFINITION 4.12. For a discontinuous dynamical system in Eq. (2.1), x(#,,) =
Xy € 9 for t,,. For an arbitrarily small ¢ > 0, there are two time intervals
[tm—es tm) and (4, tin+e]. Suppose X(a)(tmi) = Xy (@ € {i, j}) and X(a)(t) is

C[’t o) and C(’t . H]-continuous (r > 1) for time ¢. The bouncing flow x*(r)

in Qq (@ € {i, j}) at X, € 0Q;; is of
(i) the first kind for X (1,,,4) = X, if
(o, - [¥ ) =X n-0)))
x g, - [X (tnre) = x@ (10 )]} < 0; (4.58)
(ii) the second kind if
{thij ’ [X(a) (tm—) — x@ (tm—s)]}
x (g, - [XO tnye) = x(tn)]} > 0; (4.59)
(iii) the third kind if
{t:ng_/ ’ [X(a)(lm—) —x@ (tm—e)]}
x {tggij X (o) = x @ (10o)]} = 0. (4.60)
DEFINITION 4.13. For a discontinuous dynamical system in Eq. (2.1), x(#,,) =
Xy € 9 for t,. For an arbitrarily small ¢ > 0, there are two time intervals

[tm—e, tm) and (Z, tyte]. Suppose X(a)(tmi) = Xp (¢ € {i, j}) and X(a)(t) is

C[’t o) and C(’t ; H]—continuous (r > 1) for time ¢. A bouncing flow of the

third kind x(© () in Qq (@ € {i, j}) atx,, € 0€;; for x(@ (tm+) = Xy is:
(i) a normal-input bouncing flow if

tig, - (X (n-) =X (tn—e)] = 0; 4.61)
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Figure 4.10. A flow in €; bouncing on 92;; with n5Q;; — Q;: (a)=(c) the first- and second-kind
bouncing flows, and (d)—(f) the normal-input, normal-output and complete bouncing flows. The
lightly-shaded symbols represent two points (xf,’l), o and xf,l,)ﬂ) on the flow before and after the bounc-
ing. The bouncing point X;; on 9€2;; is represented by a large circular symbol.

(i) a normal-output bouncing flow if

Gy, (X tnse) =X ()] = 0; (4.62)
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(iii) a complete bouncing flow if

=t - [x(bnte) =X (tny)] = 0. (4.63)

From the three definitions of bouncing bifurcations, the geometrical illustrations
are sketched in Figs. 4.10(a)—(f). nyQ;; and tyq,; are the normal and tangential
direction of the boundary 9€2;;. The direction of tio,; X Mg, is the positive
direction of the coordinate by the right-hand rule. The classification of bounc-
ing bifurcations is based on the components of the flow x(*)(r) on the normal
and tangential direction of the boundary 9€2;;. In Figs. 4.10(a)—(c), the first- and
second-kind bouncing bifurcations are depicted. The bouncing bifurcation of the
third kind is shown in Figs. 4.10(d)—(f). The lightly-shaded symbols represent two
points (xf,'l)_,s and X,(,;LS) on the flow before and after the bouncing. The bouncing
point x,,, on the boundary 9€2;; is represented by a large circular symbol. This
bifurcation exists only in nonsmooth dynamical systems.

THEOREM 4.9. For a discontinuous dynamical system in Eq. (2.1), X(t;,) = X €
02;; for ty,. For an arbitrarily small ¢ > 0, there are two time intervals [ty —¢, )
and (ty, tme). Suppose X' () = X (& € {i, j}) and x@ (1) is C], and

—eutm)

Cftm tm+€]-c0ntinu0us (r > 1) for time t and ||dx" /dt"|| < oo. The flow X® (¢) in

Qg is a bouncing flow to the boundary 0Q2;; iff

nggij . X((x) (tmi) ;ﬁ nggij . X(a) (tm) = 0’ (464)
{ngﬂi_,' ’ [X(O) (tm—e) — X(a) ([m—a)]}
x {njg,, - [K tnse) = %O tnso)]} < 0. (4.65)

PROOF. This theorem can be proved following the proof procedure in Theo-
rem 2.8. .

THEOREM 4.10. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
Xm € 082 for ty. For an arbitrarily small ¢ > 0, there are two time intervals
[tm—e» tm) and (i, t+1. Suppose X (1) = Xu (@ € {i, j}) and F® (1) is

r _ r _ : . r+1 r+1
C[tmfg,tm) and C(tm,thrE] continuous (r > 1) for time t and ||dx" 7" /dt" 7| < oc.

The flow X% (t) in Qq is a bouncing flow to the boundary 3S;; iff
ngQij . F(“)(l‘mi) * ngﬂij .F@ (tw) =0, (4.66)
{ngﬁij ’ [F(a) (tm—e) — F© (tm—e)]}
X {ngﬂi.f : [F(a) (tmte) — F(O)(tm+g)]} < 0. (4.67)
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PROOF. This theorem can be proved following the proof procedure in Theo-
rem 2.9. O

THEOREM 4.11. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
Xy € 0% for ty,. For an arbitrarily small ¢ > 0, there are two time intervals
(tm—s, tm) and (ty, tmys]. Suppose X (t,+) = X, (o € {i, j}) and xO(t) is
C[rzm,g,z,,,)' and C(tm,tm“]-continuous (r = 2) for time t and ||dx" /dt"|| < oo. The

bouncing flow X (t) in Qg is:

e of the first kind for X (tyy+) = X iff

[thij : X(a) (tm—s)] [tgﬂi.i : X(a) (tm+8)] < 0; (4.68)
e of the second kind iff

[tggi.i X ()] [tggﬁ X (tyge)] > 0; (4.69)
e of the third kind iff

[tiq,, - X (tn-)][thg,, - X (tne)] = 0. (4.70)

PROOF. This theorem can be proved following the proof procedure in Theo-
rem 2.8 and using the Taylor series. (]

THEOREM 4.12. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
X € 082 for . For an arbitrarily small ¢ > 0, there are two time intervals
[tm—e, tm) and (ty, tyr¢]. Suppose X(a)(tm:t) =X (@ € {i, j}) and F(a)(t) is

r r : ; r+1 r+1
Cltm—g,tm)- and C(tmytmﬂ]-contmuous (r = 1) fortimet and ||dx" ™" /dt" || < oo.

The bouncing flow X () in Qq for X (ty+) = X, is:
o of the first kind iff

[the, - F @ -0 ][t3q, - F@ (tnre)] < 0; “.71)
e of the second kind iff

[t},fgl,j . F<“>(zm,g)][t39ij FO(ty10)] > 0; 4.72)
o is of the third kind iff

[tggij -F<“>(rm,g)][t59,_j F(ty10)] = 0. (4.73)
PROOF. This theorem can be proved using Eq. (2.1) and Theorem 4.3. |

THEOREM 4.13. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
Xm € 082 for ty,. For an arbitrarily small ¢ > 0, there are two time intervals
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[tm—es tm) and (tw, tme]. Suppose X (tys) = Xm (@ € {i, j}) and X9 (1) is

C[rzm,g,tm)' and C(’tm’tmﬁ]—continuous (r = 2) for time t and ||dx" /dt"|| < oco. The

bouncing flow of the third kind x\® (t) in Qq for X (t,+) = X, is:
(i) a normal-input bouncing flow iff
tig, - X (tn—e) = 0; (4.74)
(ii) a normal-output bouncing flow iff
A e (4.75)
(iii) a complete bouncing flow iff

tio, X (tns) = tig, - X (tnye) = 0. (4.76)

PROOF. This theorem can be proved following the proof procedure in Theo-
rem 2.8 and using the Taylor series. U

THEOREM 4.14. For a discontinuous dynamical system in Eq. (2.1), x(t,) =
Xm € 082 for ty. For an arbitrarily small ¢ > 0, there are two time intervals
[(tm—e, tm) and (ty, tymye]. Suppose x(@ (tmt) = X (@ € {i, j}) and F(a)(t) is

r _ r _ . > ; r—+1 r+1
C[tmfﬁvtm) and C(t»za[erE] continuous (r = 1) for time t and ||dx" ™" /dt" ™ || < oo.

The bouncing flow of the third kind X (1) in Qq for X® (ty+) = X, is:

(i) a normal-input bouncing flow iff
Gy, - F (tns) = 0; @77)
(i1) a normal-output bouncing flow iff
oy, - F (tnye) = 0; (4.78)
(iii) a complete bouncing flow iff
thij ’ F(a)(tm—s) = thij ’ F(a)(fm+e) =0. 4.79)
PROOF. The theorem can be proved using Eq. (2.1) and Theorem 4.13. (]

REMARK. The theories for tangential and bouncing motions are suitable for the
motion in nonsmooth dynamical systems with nonpassable boundaries.
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4.5. A controlled piecewise linear system

Consider a following piecewise linear dynamical system with a control law in two
domains as

X 4 2dyx + cqx = by + Qq cos Q (4.80)
where o € {1, 2} and the two domains are partitioned by the following equation:
aix +axx = e. (4.81)

Once the flow leaves from a point of the boundary 02,4 (o, B € {1,2}, a #
B) at moment #,, into the domain €2, the control force will be exerted in the
corresponding domain €2, . The controlling force on the boundary is given through
the constant force varying with the location of boundary (i.e., by = cux(t),
a € {1,2}). The domains partitioned by the boundary are sketched in Fig. 4.11.
The boundary is represented by the dashed line. The domains are shaded. £ =
e/ay. The circular symbol represents an equilibrium point. Let y = x, the two
subdomains are expressed by

Q1 = {(x.y) | aix + azy > e} C W,

(4.82)
Q ={(x,y) laix+ay<e} C R2.
The entire phase space is a union of the two domains,
Q=QUQ. (4.83)

The corresponding oriented separation boundaries for «, 8 € {1, 2} are

3Qup = QN = {6, ) | @ap(x,y) =arx +azy —e =0}.  (4.84)
From the above definitions, Eq. (4.80) gives

x=F9%x, t,u,, n) forx=(x,y €Q (@e{l,2}), (4.85)
where
FO, 1, uy, ) = (v, by — 2dyy — cax + Qocos Q)T (4.86)

The normal and tangential vectors of the boundary 92,4 are
nyo,s = (a1,a)" and tyo,, = (—az.ap’, (4.87)

and F© = (—ay, a;)T. The corresponding normal vector fields to the boundary
0Qqp are determined by

FN) =nlg - F® = a1y +ax(be — 2dyy — cax + Qocos Q1).  (4.88)
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Figure 4.11. Phase plane partition for (a) ajap > 0, and (b) ajapy < 0.

For each domain Q4 (¢ € {1, 2}), consider the initial conditions on the bound-
ary, the closed-form solutions are given in Appendix A. Through the closed
form solutions for discontinuous dynamical systems in Eq. (4.80), the bounc-
ing, transversal-tangential, and post-transversal-tangential flows to the separation
boundary will be presented. The parameters a; = a; = 1l,¢c1 = 2,¢3 =
6,d, = dy = 0.01, Qo9 = 40 are used for illustrations of bouncing and transver-
sal tangential flows. Select an initial condition on the boundary (24, x;, y;) =
(4.8520, —0.2150, 1.2150) with 2 = 1.6. The phase trajectory and the corre-
sponding normal components of vector fields for the bouncing flow in the domain
2 are illustrated in Fig. 4.12. In Fig. 4.12(a), the arrow direction is the direc-
tion of the flow. The bouncing phenomenon of the flow in domain the domain
2 is observed, which is labeled “Bouncing”. In Fig. 4.12(b), the normal com-
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o

Figure 4.12. The flow bouncing on the boundary in the lower domain (2 = 1.60): (a) phase

trajectory, and (b) the normal vector field to the boundary 9€2j;. The initial condition is

(1, x;, yi) = (4.8520, —0.2150, 1.2150). (@y = ap = 1, ¢c; = 2,¢p = 6,d; = dp = 0.01,
Qo = 40.)
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30
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(b) Displacement, x

Figure 4.13. The transversal tangential flow tangential to the upper domain (2 = 1.49):

(a) phase trajectory, and (b) the normal vector field to the boundary 9€21,. The initial condition is

(Qt;, xi, y;) = (4.6458, —1.8672,2.8672). (a;y = ap = 1l,¢c1 = 2,¢p = 6,d; = dp = 0.01,
Qo = 40.) The acronym “TT” represents transversal tangential point.
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Figure 4.14. The post-transversal tangential flow (2 = 1.37): (a) phase trajectory, and (b) the normal

vector field to the boundary 0€215. The initial condition is (2t;, x;, y;) = (4.3675, —2.0605, 3.0605).

(ag =ap =1,c1 =2,cp =6,d; =dy =0.01, Qg = 40.) The acronym “B” represents transversal
tangential point.
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ponent of vector fields to the discontinuous boundary is presented. The normal
vector fields on the boundary are of the same for the flow passing over the bound-
ary. However, for the flow bouncing on the boundary, it is observed that the
normal components of the vector field before and after bouncing in the domain
2, have the opposite sign. The circular symbols represent the flow switching on
the boundary. In Fig. 4.13, the transversal tangential flow tangential to the up-
per domain with = 1.49 is presented. The initial condition is (2t;, x;, yi) =
(4.6458, —1.8672,2.8672). The acronym “TT” represents transversal tangential
point. Through the zoomed window, it is clearly observed that the flow tangential
to the boundary just after the flow passes over the boundary. The normal com-
ponent of the field for the tangential flow is zero in Fig. 4.13(b), which verify
the theory developed in previous sections. For the bouncing and passability of
the flow, the normal vector fields are the same as in Fig. 4.12. Finally, the post-
transversal tangential flow is presented in Fig. 4.14 for Q = 1.37. The initial
condition is (21;, x;, y;) = (4.3675, —2.0605, 3.0605). The acronym “B” repre-
sents bouncing point.



Chapter 5

Real and Imaginary Flows

The local theory for discontinuous dynamical systems on the connectable do-
mains was presented in Chapters 2—4. The onset, existence and disappearance of
the passable, nonpassable (or sink and source) flows on the boundary were investi-
gated. In this chapter, the singularity on the separation boundary will be discussed.
The singular sets of the separation boundary will be introduced. In the vicinity of
such singular sets, flows hyperbolicity and parabolicity will be discussed. The real
and imaginary flows in nonsmooth dynamical system will be introduced for the
onset and vanishing of the sink and source flows. The imaginary flows are defined
on the other domains rather than the original domain. This concept of the imagi-
nary flows will help us understand the mechanism of sink and source flows in the
vicinity of the boundary.

5.1. Singularity on boundary

In Chapter 2, the passability of flows to the separation boundary was discussed.
Several separation boundaries with different passabilities will be connected to-
gether to form a complicated separation boundary. The gluing singular sets to
connect all the single separation boundaries will be introduced herein. A gluing
set on the boundary connects two portions of separatrix on which the flows pos-
sess two different flow directions. Therefore, this zero-dimensional gluing set has
special properties, similar to the traditional singular points in dynamical systems.
To make a difference between the singular points in smooth dynamical system and
the singular points on the discontinuous boundary. The gluing sets are adopted
herein. The definitions of passable and nonpassable boundaries are based on the
flow component on the normal direction of the boundary. Therefore, the gluing
sets (or surfaces) are defined as

DEFINITION 5.1. A singular set on the boundary 02;; C Rl

o N N . T N ..
My ={x” eoe; | xeq, W, lim (g, %) =0, < ()
k

keN} cw (5.1)

is termed the r-dimensional, gluing singular set (r € {0, 1,2,...,n —2}).

147
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Notice that N is the natural number set. The gluing singular set is a special case
of the corner point sets. This gluing surface can be either static or dynamic. The
static gluing sets can be determined from the equilibrium points for equations

. q. . . . T . .
of the sliding dynamics (i.e., hmx%x,((o) (taQU_ -X) = 0). If the equation of mo-
tion for sliding dynamics in friction-induced vibration did not have equilibrium,
the dynamical gluing sets also exist (i.e., lim___«) (tgﬂ, -X) # 0). For 2-D dis-
& i
continuous systems, the gluing singular surfaces will shrink into points. For 3-D
discontinuous, the gluing singular surfaces will be lines or points.

DEFINITION 5.2. A singular set on the boundary 0€2;; C Dl

0 . . . .
Ff;.") = {x,(() € 0Q;j | x € Qy SN, hn(lo)(nggij %) =0, = {i or j},
Xﬁxk

k N} W (5.2)

is termed the r-dimensional, input or output, semi-gluing, singular set on the
boundary (r € {0, 1,2, ...,n —2}).

The above definition Fi(;.x) indicates the switching of the flow direction at the
singular sets on the side of €2,

DEFINITION 5.3. A countable set on the boundary 9Q;; C R"~!

Y =ix" e o | xe Q €', lim
ij k J )
X—)Xk

(nggij x) =0, = {i and j},

ke N} (5.3)

is termed the r-dimensional, full-gluing, singular point set (r € {0,1,2,...,
n—2}.

The foregoing definition Fl.(](.)) indicates the switching of the flow direction at
the singular point on both sides of €,. The singular, gluing set is I';; = 1"1.(]’:) U
) ()
rur;

5.2. Hyperbolicity and parabolicity
To investigate the dynamical behaviors in the neighborhood of the r-dimensional,

gluing singular sets, the §-subdomains and boundaries relative to the gluing sets
are defined as
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xn—m

X

ny

Figure 5.1. The é-subdomains and sub-boundary in the neighborhood of the gluing sets XIEO) eTyj.

DEFINITION 5.4. The §-subdomains and boundaries are

Qé‘s):{xeﬁ x—xk)||<6 x,io)eF,/,ae{l Jjl
fork € N}, (5.4)
89(6) {xm € 0925 —xk)” <4, x,(co) € I'j,
aefi,j)forke N}, (5.5)
oY =oPuePuae?. (5.6)

From the above definition, the §-subdomains and boundary in the neighborhood
of XIEO) € I';; are presented in Fig. 5.1. The §-boundary BQg) is represented by the
dark curve. The gluing set is expressed by the circular symbol. The §-subdomains

Ql@) and Q;fg) are expressed by the shaded and white areas, respectively. Through
the flow possibility, a 3-D sketch for the §-subdomains and singular sets with
several separation surfaces are arranged in Fig. 5.2.

DEFINITION 5.5. For a discontinuous dynamical system in Eq. (2.1), there is a
gluing point X(O) € I';j on 9€2;;. For an arbitrarily small § > 0, there are two
points X, , X, € 8&25?) and x("‘)(tm1+), x("‘)(tmz_) € Q((;S) (¢ € {i, j}). Suppose
XD (1) = Xpy and X (t, ) = Xy, XD (1) s Clirs ny-cONLINUOUS (7 > 2)
and ||d"x@ /dt"|| < oo in 4. For an arbitrarily small ¢ > 0, there are two time
intervals (fy,,+, tm;+el and [f,—¢, tny—). For x@ >(lm1+s) x(@ )(tmz ¢) € Q(‘S) and
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o0,

Q,

: i

Figure 5.2. A 3-D illustration of the §-subdomains and sub-boundary and singular points with several
separation surfaces.

o # B, the following conditions hold:

(nglflzij)T ' [X(a)(lml-i-é‘) - X(a)(tml_l,_)] >0

either T
(ngléij) ' [X(a) (tm2—g) - X(a) (th_)] < O
for nyo,; — Qo 57
T
or ()" [X@ ) =Xt )] < 0

(nglle,’j)T . [X(a)(tmz—s) - X(a)(tmz_)] > 0

fornyq,, — 2.

The gluing singular point x,(co) € I';; is parabolic on the side of € if

(tgns]zi_,)T Xty 46) = Xt 1] > 0

either T
(tg/lé”) : [X(a)(tmzfe) - X(a)(tmzf)] > 0
for nye,, — Qo 58
T
(tg?zlj) ’ [X(a) (tml-‘rs) - X(a) (tm]-l,-)] <0
or

(tg’é”)T . [X(a)(fmz—s) _ X(Ot)(tm27)] <0

1

for myq,, — 2.
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The gluing singular point x,({o) € I';; is hyperbolic on the side of 2 if

either (tg?zij)T ' [X(a) (tmy ) — X (tm1+)] <0

(tglsgz,j)T ' [X(a) (tmz—g) - X(a) (tmz_)] < O

fornyq,, — Q0 5.9)
o ()" [y ) = X1, )] > 0

(tg?lij)T ' [X(a) (tmz—a) —x@ (tmz—)] >0

for nagaﬂ — Qﬂ.
Note that tglslz,-j and ng?zii are the tangential and normal vectors relative to the
point X,,, € 3, but x,,, ¢ Tyj. tglslz,-j . ngnslz,-j > 0. From the above definition,
the hyperbolicity and parabolicity of the gluing point x,(co) € Iy are illustrated
respectively in Figs. 5.3 and 5.4 as § — 0 and ¢ — 0. The domain in the dashed
boundary is Ql(f) The flow x@ (1) in QY for ¢ € (1, 1+ tmy—) Will not have any
other sets intersected with the boundary 9€2;;. The hyperbolicity and parabolic-
ity of the gluing singular sets on both sides of the boundary are different from

the ones in continuous dynamical systems. Such properties generate the motion
complexity in nonsmooth dynamical systems. If all X]((O) € I';j are parabolic, the

singular gluing surface I';; is parabolic. However, if all x,(co) € I';; are hyperbolic,
the singular gluing surface I';; is hyperbolic.

THEOREM 5.1. For a discontinuous dynamical system in Eq. (2.1), there is a
gluing point x,((O) € I'yj on 0Q;;. For an arbitrarily small 5 > 0, there are two
Dpoints Xp, , Xm, € 895?) and x@ (tmy+), X("‘)(tmz_) € fo) (x € {i, j}). Suppose
X(“)(tml+) = Xy, and X("‘)(tmz,) = Xy, x® (1) is C(rt,,,+,zn,)'conti"”0”s (r 22),
|d"x@ /dt"|| < oo in Qq and a # B. For an arbitrarily small ¢ > 0, there
are two time intervals (ty, +, tm,+¢] and [typ,—¢, tm,—), and the following relation
holds:
cither (s )" X (tny4) > 0 and  (nj3 )" X (1n,-) <0
fOl" nagaﬂ — Qa (510)
or  (nh ) K (tny) <0 and (nj3 )" XD (tny-) > 0

fOV nagaﬂ — Qﬁ.
The gluing singular point x,(CO) € I';j is parabolic on the side of Q2 iff

cither  (nf )" X (1) > 0 and  (nj3 )" X9 (tny-) > 0
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xn—tr,

(a)

xif—.‘l]

X

(b) ny

Figure 5.3. Parabolic flows in the §-domain 91(}8) of XIEO) € I';; on the side of (a) £2; and (b) €;.
The boundary 9€2;; possesses a normal vector nyo;; pointing to the domain 2 ;. The domain in the

dashed boundary is Q;?).

formyq,, — Qq (5.11)
or (i )Xt <0 and (nh3 )T X, ) <0

for naguﬂ —> Qﬁ.
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xu—nl
5 )
Qr OQ:} 1 X (‘rmz—s)
8Qy;
X
(&) "
Qt
h=m -
o
m,
i
X
(b) ny

Figure 5.4. Hyperbolic flows in the §-domain Ql(? of Xl(c()) € TI'j; on the side of (a) Q; and (b) ©2;.
The boundary 9€2;; possesses a normal vector ny0;; pointing to the domain €2 ;. The domain in the

dashed boundary is Qg).

The gluing singular point X,(CO) € I'jj is hyperbolic on the side of Qg iff

T . T .
(n'g?zij) X (ty,4) <0 and (ng’éij) X (t,—) < 0

formyg,, — Qq (5.12)

either
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or (ngnslzl_j)T X (ty,4) >0 and (ng"éij)T X (tyy,—) > 0

for nagaﬁ — Qﬂ.

PROOF. Following the proof procedure of Theorem 2.1, the theorem can be
proved. O

THEOREM 5.2. For a discontinuous dynamical system in Eq. (2.1), there is a
gluing point X]((O) € T'yj on 0. For an arbitrarily small § > 0, there are two
points Xy, X, € aszﬁf) and X@ (1, 1), X (1, ) € QP (@ € {i, j}). Sup-
pose X(a)(tn1]+) = X, and X(“)(tmz_) = Xm,, F@ (1) is C(rt . )—continuous
my+stmy—
(r > 1), |[dHx@ /dr Y| < 00 in Qy, o # B and the following relation holds:
cither ()" F@(t,1) >0 and (03 ) F(t,,-) <0
fOr nggaﬁ d QO( (513)
or  (h ) F () <0 and (033 )" F(ty,) > 0
fornagaﬁ — Qﬂ.

The gluing point X]EO) € I'yj is parabolic on the side of Qq iff

either (nglslzij)T . F(a)(tm1+) >0 and (ng?zij)T .F@ (tm,—) >0

formyq,, — Qq (5.14)
T T
or (ng?Z,-j) FD4,, 1) <0 and (ng’éij) F(t,-) <0

for naguﬁ —> Qﬂ.

The gluing point X,({O) € I'jj is hyperbolic on the side of Q iff

either (ng}‘z”)T FD4,, 1) <0 and (ng’éij)T FO(f,-) <0
fOr nagaﬁ — QD{ (515)
or (ng?zij)T FD4,, 1) >0 and (nglszz,-_,-)T Fty, ) >0
fOrnagaﬁ — Qﬂ.

PROOF. Following the proof procedure of Theorem 2.2, the theorem can be
proved. O

If the gluing singular point x,((o) € Fl.(J(.)) on both sides of boundary possesses the
hyperbolicity in the corresponding §-domain, the hyperbolic motion will appear.
If the gluing singular point x,(CO) € Fl.(o) on both sides of boundary experiences par-
abolicity in the corresponding §-domain, the parabolic motion will be observed.
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However, due to the discontinuity, the parabolicity and hyperbolicity of the gluing
singular point X(O) Fl.((.)) on both sides of the boundary cannot occur at the same
time always. Therefore, the C-motion will appear. The mathematical definition is

given as follows.

DEFINITION 5.6. In szfj) for x,({o) € Iy, there is x¥(¢) in QY (a € {i, j}) and
xB) (1) in Q/(S’S) (B € {i, j}, a # B). Three possible motions exist:

(i) The flow in Q(a) is termed a C-flow around the gluing point x,((o) if x@(7)

(0)

and x# () possess the hyperbolicity and parabolicity to X, respectively.

(i) The flow in Ql@) is termed a hyperbolic flow around the gluing point X(O) if

x@ (1) and xP) (1) possess the hyperbolicity to X O

(iii) The flow in Q( ) is termed a parabolic flow around the gluing point x( ) if

x@(¢) and X(/S)(t) possess the parabolicity to x( )

5.3. Boundary formation

In the nonsmooth dynamic system, the separation boundary often consists of
several semi-passable boundaries, nonpassable boundaries and gluing singular
points. Consider two semi-passable boundary sets mi j and mi ; with a gluing
point, i.e.,

07 = 9% U UL, (5.16)

Based on the above boundary, the hyperbolic, parabolic and C-shape motions in
the 5-domain of the gluing point x( ) can exist. The corresponding phase portraits
in the §-domain of the gluing pomt are sketched in Figs. 5.5 and 5.6, respectively.
The largest, solid circular circle is the singular gluing point x,(co) € I';;. The bold-
est solid curve with circular symbols is the discontinuous boundary set. On the
semi-passable boundary ﬁ’z, ; (or BT9) Q;;), the flow depicted by the smaller solid
curves passes through the boundary from the domain §2; into ; (or ©; into £2;).
Generally, an open chain boundary consisting of zﬁi(’”) and ? 2) with F(O)(m)
possesses the following structures as

ki+kr—1
mij — U @("I) U U Y(’Q) U U F(O)(n3) (517)

n11
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n—n

(a)

n—n

(b)

Figure 5.5. Phase portraits for (a) hyperbolic, (b) parabolic flows in the §-domain near the discontin-
<
uous boundary set 9€2;; = 9€2;; Ud€;; UT; e The largest, solid circular circles denote the gluing
sets F;;) and l"i(j’). The boldest solid curve with circular symbols is the entire discontinuous boundary
set.

where two integers satisfy |k; — k2| < 1. A closed passable boundary is formed
as
k k 2n
;= J g u [ derPu | . (5.18)
np=1

ni=1 n3=1
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n—ny

(a)

-y

(b) f?]
Figure 5.6. Phase portraits for two C-motions in the §-domain near the discontinuous boundary set

0Q;; = @i U 8(_9,' Y F;Q). The largest, solid circular circles denote the gluing sets Fi(]':) and Fl(]/ ).
The boldest solid curve with circular symbols is the entire discontinuous boundary set.

Consider a nonpassable boundary formed by two nonpassable sub-boundaries and
a gluing point, expressed by

3_Q,'j =29A§2,'jUFl.(Q)U§§\2i,~. (5.19)
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xtr—m

(a)

li*ﬂl

(b) J}I
Figure 5.7. Phase portraits for (a) parabolic, (b) hyperbolic flows near the nonpassable boundary

aQ; = 8?2,- U Fl.(;.)) u ETQ,- j- The largest, solid circular circles denote the gluing sets Fl.(]l:) and FI(J/ ),
The dashed curve is the nonpassable boundary.

For a passable boundary involving the nonpassable sub-boundary of the first and
second kinds, the boundaries are formed as

38 UTY Uda: UT® UTa.
0%i; = 9% U UL, UL UDR,

sliding
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xu—tq

(a)

n-n

x”]
(b)
Figure 5.8. Phase portraits for (a), (b) inversed C-flows near the nonpassable boundary

9Q; i = 5?2,- ;U Fi(?) U 551‘ j- The largest, solid circular circles denote the gluing sets Fi(;) and Fl(j/ )‘
The dashed curve is the nonpassable boundary.

0 5s urd LTS
8% = a%k; UT U Ry UTY UL, (5.20)

outflow
<>

082; = a.le-j U F;}) U 3_Q,'j U Fi(/j) U%ﬁij.

slinding and outflow

As in Eq. (5.18), the generalized boundary with nonpassable sub-boundaries can
be developed. To demonstrate the discontinuous boundary including the nonpass-
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xn—nl

(a) ny

xu—!q

(b)

Figure 5.9. Phase portraits near the passable boundary with a sliding nonpassable sub-boundary:

(a) semi-hyperbolic flows, and (b) semi-parabolic flows. The largest, solid circular circles denote the

gluing sets F;]O and Fi('./ ). The boldest solid curve with circular symbols plus the dashed bold curve is
the entire discontinuous boundary set. The dashed curve is the nonpassable boundary.

able boundary, the phase portraits near the nonpassable boundary are sketched in

Figs. 5.7(a), (b) and 5.8(a), (b). The nonpassable boundaries of the first and sec-

ond kinds are connected by a gluing point X,({O) € I';j. The largest, solid circular

circle is the gluing set x,(co) € Fi(/('))‘ The dashed curve is the nonpassable boundary.
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xli—Hl

(a)

xnfni

(b) i

Figure 5.10. Phase portraits near the passable boundary with a sliding nonpassable sub-boundary:

(a) and (b) mixed semi-parabolic and semi-hyperbolic flows. The largest, solid circular circles denote

the gluing sets l"i(jl.) and l"lw ) The boldest solid curve with circular symbols plus the dashed bold curve
is the entire discontinuous boundary set. The dashed curve is the nonpassable boundary.
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The parabolic, hyperbolic and inversed C-motions exist in the neighborhood of
the gluing point x,(co). Similarly, the phase portraits near the passable discontinu-
ous boundary sets with the nonpassable boundary of the first kind are depicted in
Figs. 5.9(a), (b) and 5.10(a), (b). Two semi-gluing points are used to connect the
nonpassable boundary and semi-passable boundaries. In the neighborhood of the
semi-gluing points, the hyperbolicity of the flows to the semi-gluing point is sim-
ilar to the one for the gluing points, and either semi-hyperbolic or semi-parabolic
behaviors of flows in such a neighborhood exist as well. Such phenomena exist
in the vicinity of the passable boundary with the nonpassable boundary of the
second kind.

5.4. Real flows

Consider a dynamic system consisting of n subdynamic systems in a universal
domain  C NR". The universal domain is divided into m accessible subdomains
Q;, and the union of all the accessible subdomains  J;_, €2; and the universal do-
main Q = J/_, €; UQo, as shown in Fig. 2.1. Q is the union of the inaccessible
domains. For an accessible domain €2;, the vector field F(i)(XEi), t, u;) is defined
on such a domain. The dynamical system in Eq. (2.1) just satisfies the aforemen-
tioned condition. The corresponding flow given by such a dynamical system is
called a real flow. The more strictly mathematical definition is given as follows.

DEFINITION 5.7. The C’*!-continuous flow xgi)(t) = <I>(i)(xfi)(to), t,y)isa
real flow in the ith open subdomain €2;, which is determined by a C"-continuous
system (r > 1) on €2; in a form of

KO = FORD, 1) e, xO = (60D )T eq.  s21)

with the initial condition
x{ (1) = O (x{" (10), 10, 1;)- (5.22)

Notice that time is # and X"’ = dx'"’ /dt. The vector field FO x"), 7, ;) = F® (1)
in the domain €2; has system parameter vectors p; = (/,LEI), ,ul@, e ,ul(I))T e
is C"-continuous (» > 1) in x and for all time ¢. <I>(i)(x§i)(t), fo, W) = <I>fi)(t).
xl(t) (#) denotes the flow in the ith subdomain €2;, governed by a dynamical system
defined on the ith subdomain €2;. As in Luo (2005a), the hypotheses for the theory
of nonsmooth dynamical systems in Eq. (5.21) become as follows:

Al. The switching between two adjacent subsystems possesses time-continuity.
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Q
Q,=0,N%Q,
2 Q
xl
X3

Figure 5.11. A 3-D subdomains €2; and €2; with the boundary 9<2;;.

A2. For an unbounded, accessible subdomain €2;, there is an open domain
D; C ;. The vector field and flow on D; are bounded, i.c.,

HFI(’)H < K (const) and
(5.23)

I <I)§i) | < K> (const) on D; for ¢ € [0, 00).

A3. For abounded, accessible domain €2;, there is an open domain D; C ;. The
vector field on D; is bounded but the corresponding flow may be unbounded,
i.e.,

||Fl(’)H < K (const) and
(5.24)

|| <I>§i) || < oo on D;fort € [0, 00).

Consider a boundary set of any two accessible subdomains, formed by the in-
tersection of the closed subdomains, i.e., 3Q; = 4 N Q; (1, j € {1,2,...,n},
Jj # i). A 3-D sketch for two adjacent subdomains with the corresponding bound-
ary is shown in Fig. 5.11. In Section 5.2, the §-domain of singular points on the
separation boundary was introduced to investigate the dynamics of the singular
points. To describe the dynamical characteristics of flows near the separation
boundary in nonsmooth dynamical systems, the §-layer of the boundary 9€2;;
is introduced that is the neighborhood of 92;; in phase plane. Such §-sublayers
in the neighborhood of 9€2;; are illustrated in Fig. 5.12. The §-sublayers 6€2,
(o € {i, j}) are expressed by the shaded areas. The following mathematical de-
scription of the §-layer of the boundary 0<2;; is given by the following definition.
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n—m

(a)

X3
(b)

Figure 5.12. The §-sublayers of boundary 9€2;;: (a) simplified n-D boundary layer, and (b) a 3-D
view of boundary layer.
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DEFINITION 5.8. The 8-layer of the boundary 9€2;; is defined as
882 = 8Q; UsQ; Ua;;, (5.25)
while the §-sublayer in Qq, o € {i, j}, is defined as

§Qq = {x{ @ e Q, | for given 8o > 0, ||X(°‘) (?3)” < 5a,X ,3 € 05}
(5.26)

For forming a separation boundary, except for the semi-passable and nonpass-
able boundaries, the gluing point connecting two portions of separatrix on the
boundary is very important, and on the new boundary the flows possess two dif-
ferent vector characteristics. As in Section 5.1, the gluing points are re-defined
through real flows to develop the imaginary flows of such dynamical systems
later.

DEFINITION 5.9. A singular set on the boundary 9€2;;

0 : T
i = { X € 09 | X € Qa, a}1m(0)(nmu @) =0,
x —Xg)

aeli,j), ke N} (5.27)

is termed the gluing point set, and N is the natural number set.
DEFINITION 5.10. A singular set on the boundary 9€2;;

@ _ [4© . T @\
L) = {x) € 02 [ X € 2. lim (nfg, %) = 0.
o *)X(k)
a=fiorj} ke N] c Ty (5.28)
is termed the input or output, semi-gluing, singular set on the boundary on the
side of .

The above definition of Fl.(‘.x) indicates the switching of the flow direction at the
singular point on the side of Q.

DEFINITION 5.11. A singular set on the boundary 9€2;;

O _ [xO @ T @
L = €0Q;j | x € Qa,x( hm((»(nm’j @) =0,
«={iandj}, k N} cry (5.29)

is termed the full-gluing, singular set.
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The foregoing definition of I‘f](.)) indicates the switching of the flow di-
rection at the singular point on both sides of €,. The gluing point set is
I = Fl.(;) U Fl.(f U 1"[(?). The gluing sets connecting the semi-passable and non-
passable boundaries will form a new separation boundary. The definitions and
theorems for semi-passable and nonpassable boundaries were presented in Luo
(2005a), which are used in the further discussion. Therefore, to compare with

imagery flows in next section, they are briefly stated through the real flow.

DEFINITION 5.12. For a discontinuous dynamical system in Eq. (5.21), x(¢,,) =
Xy € 0% at t,. For an arbitrarily small ¢ > 0, there are two time intervals

[tm—e, tm) and (f,, ty4e]. Suppose xf)(tm_) =X, = x(/.j)(tm+). The real flow
xgx) (t) (o € {i, j}) from the domain £2; to €2; is semi-passable to the nonempty
boundary set 9€2;; if the flow x((fl) (t) possesses the following properties:

either ngﬂi,- ’ [X(é) () = ngi)(tm*s)] >0
L R TR () B
for nyg,; — Q; (5.30)
g, - [XOln—s) - X (tm—e)] < 0
* nlo, [ (o) =Xt ie)] < 0

for nyg,; — Q;.

THEOREM 5.3. For a discontinuous dynamical system in Eq. (5.21), x(t,) =

Xy € 09j at ty,. For an arbitrarily small ¢ > 0, there are two time intervals

(e tm) and (i, tmye]. Suppose X (1) = X = xj/)(zm+). Both x"(t) and
)

xj@are Cpy L yand Co

and |[d'x¥ /dt" || < oo (e € {i, j}). The real flow x(t) (« € {i, j}) from the

domain Q; to Q; is semi-passable to the nonempty boundary set 0$2;; iff

-continuous (r = 2) for time t, respectively,

T for nagij — Qj

nlo, X (tn-) >0
either Y .(j)
N0, X (tnt) >0 (5.31)

T for nyo; — Q;.

ngﬂi/‘ 'Xz('l)(tm*) <0
or . (/)
Mo, X; (tm+) <0

THEOREM 5.4. For a discontinuous dynamical system in Eq. (5.21), x(t,) =
Xy € 09;j at ty,. For an arbitrarily small ¢ > 0, there are two time intervals

[tm—c. tm) and (tm. tm s, Suppose X{ (tm—) = Xp =X (1 ). Both ¥} (1) and
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)
F] (t) are C{tm—st)- and C(rtmathrs]
and ||dr+lxt(f)/dt’+l|| < oo (a € {i, j}). The real flow X((xa)(t) (a € {i, j}) from

the domain Q; to Qj is semi-passable to the nonempty boundary set 0$2;; iff

th {ngﬂf F ) > 0 fi - Q
either ! . orNyQ. . .
T ) i J

Nyg,; - Fj (tns) > 0 : (5.32)

-continuous (r > 1) for time t, respectively,

ngQif 'Fz@([m—) <0
or : for nyQ,; —> Q;

nlo, -F§.1>(tm+) <0
where B (6,2 = FOXD  t,_, ;) and FY (ty) = FO Y, 1 )
i Um—) = i o Im—s Wy j Um+) = joo Imts H;)-

DEFINITION 5.13. For a discontinuous dynamical system in Eq. (5.21), x(t,,,) =
X, € 082;; at t,. For an arbitrarily small ¢ > 0, there is a time interval [, ¢, f;).
Suppose xfx“) (tm—) = Xim (a € {i, j}). The nonempty boundary 9€2;; is the non-
passable boundary of the first kind to the real flow xgx) (o € {i, j}) if the following
condition is satisfied:

{njg,, - [XOtn—o) = X tn-o)]Hnig,, - [x” (tn-e) = x5 (tn-0)]} < 0.
(5.33)

DEFINITION 5.14. For a discontinuous dynamical system in Eq. (5.21), x(t,,) =
X € 082;; at t,,,. For an arbitrarily small ¢ > 0, there is a time interval (¢, fy ¢ ].
Suppose x((f)(thr) = X,y (a € {i, j}). The nonempty boundary 9€2;; is the non-
passable boundary of the second kind to the real flow xfxa) (¢ € {i, j}) if the
following condition is satisfied:

{njo, - X tnse) = xOtnso) [ g, - [X (tnre) = xOttnr)]} < 0.
(5.34)

THEOREM 5.5. For a discontinuous dynamical system in Eq. (5.21), x(t,) =
Xy, € 0Rjj at ty. For an arbitrarily small ¢ > O, there is a time interval
[tyi—c, tm). Suppose xgx)(tm_) = Xy (¢ € {i,j}). The real flow ng)(t) is
C[’tmig’[m)-continuous (r = 2) for time t and ||d’xgx)/dt’|| < 00. The nonempty

boundary 02;; is the nonpassable boundary of the first kind to the real flow X((xa)

(@ efi,j}iff
[0}, ~X§i)(tm_)][nggij -xj.”(rm_)] <0. (5.35)

THEOREM 5.6. For a discontinuous dynamical system in Eq. (5.21), x(t,) =
Xm € 08 at ty. For an arbitrarily small ¢ > 0, there is a time interval
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[tn—sc, tm). Suppose X(a)(tm ) = Xp (¢ € {i, j}). The real vector field F(a)(t)
is C[, . -continuous (r > 1) for time t and [d+1x /de+1|| < co. The non-

[tm—

empty boundary 02;; is the nonpassable boundary of the second kind to the real

flow X( @) iff
[nfq, F (b )][ndq, F;.j)(tm_)] <0 (5.36)

where B () 2 FO Y b, 1y) (@ € {i, j}).

THEOREM 5.7. For a discontinuous dynamical system in Eq. (5.21), x(t,) =

X, € BQ,] at t,,. For an arbitrarily small ¢ > 0, there is a time interval (t,,, ty+e]-
Suppose Xa )(lm+) = Xn (a e {i, j}). The real flow X(a) is C(rt i
(r = 2) for time t and ||d"xy )/dtr || < oo. The nonempty boundary set 92 is a

nonpassable boundary of the second kind to the real flow X(a) (x e {i, j})iff

[, - % @) ][mig,, - X ()] < 0. (5.37)

e -continuous

THEOREM 5.8. For a discontinuous dynamical system in Eq. (5.21), x(t,) =
Xu € 0Ry; at ty. For an arbitrarily small ¢ > 0, there is a time interval
(tm, tm+¢]. Suppose Xy )(tm+) = X, (o € {i, j}). The real vector field F(a)(t)
is Cf, . q-continuous (r > 1) for time t and [d+1x /de+1|| < co. The non-
empty boundary set 082;; is a nonpassable boundary of the second kind to the real

fow xS (o € (i, j)) iff
[nfq, -F! (t,n+)][ndg F ()] <0 (5.38)

where F (1) 2 FO D bt py).

The other definitions and theorems in Chapters 2—4 can be expressed by the
real flows in a similar fashion.

5.5. Imaginary flows

The above definitions and theorems of semi-passable and nonpassable boundaries
are based on the real flows of the nonsmooth dynamical system in Eq. (5.21). The

real flow x(i)(t) in €; is governed by a dynamical system on its own domain.

However, another flow x(j ) in Q; is governed by a dynamical system defined on

the jth subdomain €2, Wthh is of great interest herein. This kind of flow is called
an imaginary flow because the flow is not determined by the dynamical system on
its own domain. To understand further the dynamical behavior of the nonsmooth
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xn—n,

(a)

xnﬂil

(b) "

Figure 5.13. Real and imaginary flows in the neighborhood of (a), (b) the semi-passable boundary.
The boundary point X, is at time f,,. The solid and dashed curves represent the real and imaginary
flows.

dynamical system, it is necessary to introduce the imaginary flows. Let the jth
imaginary flow in the ith domain €2; be a flow in 2; governed by the dynamical
system defined on the jth subdomain €2;. The flow is not a real one governed by
the discontinuous dynamical system, thus this flow is also termed the imaginary
flow in this sense. In additions, the two subdomains can be either adjacent or
separable. The mathematical definition of imaginary flows is as follows.

DEFINITION 5.15. The C"*t! (+ > 1)-continuous flow xl(j)(t) is termed the jth

imaginary flow in the ith open subdomain €2; if the flow xgj >(t) is determined by
application of a C"-continuous system, defined on the jth open subdomain €2, to
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Figure 5.14. Real and imaginary flows in the neighborhood of (a) the sink boundary, and (b) the
and imaginary flows.

source boundary. The boundary point X, is at time f,;,. The solid and dashed curves represent the real

the ith open subdomain €2;, i.e.,

L ) ) \ , ) . AT

x}” = F(J)(x’m,t, uj) € N2, Xf]) = (xgl{),xél{), ...,x,(l{)) € Q;, (5.39)
with the initial conditions

x (1) = @9 (x”(t0), 10, ;).

To demonstrate the above concept, the real and imaginary flows in two adjacent

(5.40)
subdomains are illustrated in Figs. 5.13 and 5.14 for the semi-passable boundary,
the sink boundary and the source boundary. The boundary point x,, is at time #,,,
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and x{ (t) = Xy = x(a)(tm) fora, B € {i, j} and & # B. The real flows x (1)
are represented by solid curves. The imaginary flows x(’8 )(t) in the domain €24

are depicted by dashed curves. xa )(tmig) and xt(f ) (tm+e) in the §-layer are the
values of the real and imaginary flows at t,, 1. = t,,, ¢ for an arbitrary ¢ > 0. As
8 — 0, {x(a)(tmig), x((),'6 )(tmig)} — X;,. From the foregoing definition, the flow

X )(t) U xfga) (¢) gives a continuous flow in the two subdomains €2; and 2; plus
the boundary 0€2;;. Therefore, Definitions 5.12-5.14 for the real flows near the
semi-passable, sink and source boundaries are applicable to the imaginary flows.
Similarly, Theorems 5.3-5.8 are applicable to the imaginary flows.

THEOREM 5.9. For a discontinuous dynamical system in Eq. (5.21), x(t,) =
Xm € 0Rjj for t,. For arbitrarily small ¢ > 0, there are two time intervals

[tm—e, tm) and (t, tsc] in the 8-layer of 82;;. Suppose {X((xa)(tm_), x/(sﬂ)(tm+)} =
X, {x(ﬂ)(tm_) x(a)(t,,H_)} = X (0,8 € {i,j} and ¢ # B) hold, the real
and imaginary flows {X(a)(t) X(a) (1)} and {X(ﬁ)(t), ng)(t)} are C’ i) and
C(thergJ-contlnuous (r = 2) for time t, respectively, and ||d"xy (p ) /dt | < o0

(@, B € {i, j)).

(i) The boundary set 9S2p to the real and imaginary flows is semi-passable
S2ap iff
[nggij ’ X((xa)(tmf)][ngszu : X(()(ﬂ)(tmf)] > O or
(5.41)
[ngQij ' X(a)([m—l—)][ngg.. : Xéﬂ)(lm+)] > 0.

(ii) The boundary set 3S2p to the real and imaginary flows is nonpassable of
the first kind (sink boundary) BQaﬂ iff

[ngﬂu 'Xgla)(t’"*)][ngszij 'Xéﬂ)(fm+)] <0 or
(5.42)
[nggi, . )'((oz) (tn1+)][ngQi~ . X((xlg) (tm+)] <0.

(i) The boundary set 92qp to the real and imaginary flows is nonpassable of
the second kind (source boundary) BQaﬂ iff

[ngQij ’ Xl(xa) (tm+)][ngQ,'j ' X((xﬁ) (tm—)] <0 or
(5.43)

[nggi/‘ ' X%a)(tm*)][ngszij ' Xéﬂ)(tmf)] <0.

PROOF. Consider all points x(#,,) = X, € R’zaﬁ in the §-layer, and application
of Theorem 5.3 to the real and imaginary flows gives the necessary and sufficient
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conditions as

. ngg 'Xt(xa)(tmf) >0
either op for nyq,, — Qp

“gsza,g 'X,(gﬁ) (tm+) > 0

0, %) <0
B
or for N0, — Qs

0l - Xf (i) <0
and

g, X () > 0

T
09 Qs

either fornyq,, — €2

%6 (tny) > 0

o P () <0

T

or
Qs 'X/(Sa)(tm"‘) <0

for nagaﬂ — Qa.

Therefore, no matter how 0,4 is convex to either 2, or Qg, the real flows re-
quire

[nvgﬂi./ : )'(((;1) (tm_)][n’gs—zij ° )’(jgﬁ) (tm_;,_)] > 07
and the imaginary flows require
[nie, 'X/(Sa)(tm+)][“gﬁi_/ %P (two)] > 0.

Because the real and imaginary flows (i.e., xl(i)(t) U Xy)(t) and xl(j)(t) U x;j)(t))

are C, [’tm_g - J-continuous (r = 2) for time ¢, the following relations at t = ;4

show the continuity equations between the real and imaginary flows:

() B) s (B)
dSx@ d*x ds d*x
Xa = i and Xo = p
e’ |, drs P—— (STARN PRV drs t=tms
fors € {0,1,...,r}and o, B € {i, j} with @ # B. From the foregoing equation,

the following relations hold:
[ngﬂij 'X‘(Xa)(tm—)][ngﬂij -xp) (tw=)] > 0,
[ngQi./ ’ Xl(ga) (tm"’_)] [n’gQij : Xfﬁﬁ) (tm+)] > 0

Similarly, from Theorems 5.4 and 5.6, the continuity equations between the real
and imaginary flows imply the following relations:

[nggij .Xgla)(tm—)][ngﬂij 'Xéﬁ) (tm-i-)] <0,
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[ngﬁi/‘ x (tm )][ %P (ty— )] <0,
[nig; &y )(’m—)][nasz,-j 'Xff)(tm—)] <0.
The theorem is proved. 0

THEOREM 5.10. For a discontinuous dynamical system in Eq. (5.21), x(t,;,) =
Xy € 0% for ty,. For an arbitrarily small ¢ > 0, there are two time intervals
[tm—e, tm) and (b, tye] in the 5-layer of $2;;. Suppose {X )(tm ), X(ﬁ)(tm+)} =
X, {x(ﬂ)(tm,),xfga)(thr)} = Xy (@, B € {i, j} and @ # PB) hold, the real and
imaginary vector fields (Fy" (1), ¥ (1)} and (F (1), Y ()} are €], -

C(’tm’tmg]—continuous (r = 1) for time t, respectively, and ||dr+lx(’3)/dt”rl | < oo

(@, B € {i, j)).

6)) T_h)e boundary set 024 to the real and imaginary flows is semi-passable
8901/3 iff

[nggij .F‘(’la)(tm_)][ngﬂij ’ thﬂ)(tm—)] >0,

and

(5.44)
[0, - F§ )] [0, - FY (tn)] > 0.

(ii) The boundary set 3S2p to the real and imaginary flows is nonpassable of
the first kind (sink boundary) SQaﬂ iff

[mq, - F& (n)][miq, - F n)] <0, or
(5.45)
[nie; 'F;a)(thr)][ngsz,«j FP(twy)] < 0.

(iii) The boundary set 3S24g to the real and imaginary flows is nonpassable of
the second kind (source boundary) 0Qyp iff

[ndQ F )(tm+)][naQ F((yﬁ)(fm—)] <0, or
(5.46)
[ngQij 'F%a)(tm—)][nggij : F((xﬂ)(lm_)] < 0.

PROOF. Application of Definitions 5.8 and 5.14 to Egs. (5.41)—(5.43) from The-
orem 5.9. The theorem is proved. g

LEMMA 5.1. For a discontinuous system in Eq. (5.1), a point x0 ¢ 082;; is
() a gluing point x© e Lyj fora € {i, j}, (i) a semi-gluing point x0 ¢ Fi(;.x) for
o = {i or j}, and (iii) a full-gluing point xV e Fl.(?) for o = {i and j} iff in the
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d-layer of 082;;

lim 0 (nggij . F‘(xa) (tmzl:)) = 07 lim 0 (ngﬁij ’ thﬂ) (tm$)) =0.
X6 (b)) > X() X () —>x() (5.47)

PROOF. Application of Definitions 5.8 and 5.14 to Definitions 5.9-5.11 yields
Eq. (5.47). The lemma is proved. (]

In Section 5.3, the formation of the boundary was discussed. However, the
necessary and sufficient conditions need to be developed for four basic forma-
tions of boundaries in nonsmooth, dynamical systems. From the definitions of the
semi-passable, nonpassable boundaries and gluing points, the following theorems
are presented for such necessary and sufficient conditions. Through the real and
imaginary flows, the passable and nonpassable boundaries are described, which
can further be used to discuss the conditions for boundary formation. The critical
conditions for the motion switching on the boundary can be determined.

THEOREM 5.11. For a discontinuous dynamical system in Eq. (5.21), x(t,,) =

Xu € 0Rjj for ty. For arbitrarily small ¢ > 0, there are two time intervals
[tm—e, tm) and (ty, tiye] in the 8-layer of 982;;. Suppose {xgx) (tm—), xéﬁ)(tm+)} =
X (% () X$ (1)) = X (@ B € (i, j} and o # B) hold, the real
and imaginary flows {X((),a) (), nga)(t)} and {ng}) ), ngﬂ)(t)} are C[rtm,g,z,,,)' and

6’11)tm+€]—continuous (r = 2) for time t, respectively, |d” Xt(xﬁ ) /At < oo
(o, B €fi, j}) andm € {m1, ma, mz}.

(1) A passable boundary (0Q2;; = ﬁ,'j ur;; u éTZij) exists iff

[“gszij 'Xgi)(fAﬂF)][“gszij % (h2)] > 0,
[, - % @0)][nfg, - % ()] = 0, (5.48)
[0, %" (s )] [0, - X5 ()] = 0
Jorx,, € 8?5,-,-, Xm, € mlj ande’_LE [;j with )/»\G {my, my}.
(ii) A nonpassable boundary (02;; = 3$2;; U T';; U 082;;) exists iff

[nng—j : igi)(tml—)][ngﬂij : X(/]) (tml_)] < O’
[0, %" (s ) ][, - X ()] <0, (5.49)
[0, %" (s ][, - X5 (s )] = 0

fO}’Xm1 S 39,‘]', Xm, € 3Qij andxm3 € F,’j.
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(iii) A mixed boundary of the first kind (02;; = aﬁaﬁ Ur;; U 5?Zij) exists iff
[, - %& tmi)][Mig,, - X tmy )] > 0,
[n}o, -x?”(zmz_)][ngg,, -x<.f)(tm2_)] <0, (5.50)
[0, + X (tns )] [0, X (tny )] = 0

forxp,, € 8Qaﬁ, X, € BQU and Xp; € Tjj.
(iv) A mixed boundary of the second kind 092;; = B_S)ZO,ﬁ Ul u BQ,] iff

[“gsz,-, ~f(/3a (tm1+)][n39i./_ "kﬁ (th_)] > 0,
[0, - %ty )] [050,, - X ()] <0, (5.51)
[nfg, - X (tny) ][5, - X7 (tny )] = 0
forx,,, € maﬂ, Xm, € B/S\Zij and Xpy € T';.
PROOF. Using Theorem 5.9 and Lemma 5.1, this theorem is directly proved. [J

THEOREM 5.12. For a discontinuous dynamical system in Eq. (5.21), x(t,,) =
Xy € 0 for ty,. For arbitrarily small ¢ > 0, there are two time intervals

[tm—e, tm) and (b, tyye] in the 5-layer of $2;;. Suppose {X )(tm ), X( )(tm+)} =
X, (X2 (1), X (tny)} = X (. B € {i. j} and o« # B) hold, the real and

imaginary vector fields {FS” (1), ¥ (1)} and (F (1), K (1)} are €], and

—estm)”
Cllon o1 -CONtiNUOUS (1 > 1) for time t, respectively, 1% 7der+ < o0
(o, B € i, j}) and m € {my, ma, m3}.

(i) A passable boundary (9; = 9S8 U T U 8;) exists iff
[nje, - F )] [ng, - F ()] > 0,
[0, BV ()] [mlg,, - FY ()] > 0, (5.52)
[n3q,, F) (tmy )| [ M50, Fﬁ-j)(fmﬁ)] =0

forxy,, €0 Tzij,xmz € f,'j andxm’Le [;j with )/L\e {my, my}.
(ii) A nonpassable boundary (092;; = 082;; U I';; U 082;;) exists iff

[n}q, -F(i)(tml,)][ngg. FD (1, )] <0,
[n}q, 1?“(:,7,#)][11aQ ij)(tm2+)] <0, (5.53)
[0, - B (m) ] [dg, - B (s )] = 0

fO}”Xml € aQij,xmz € 3Qij Cdem3 S Fij.
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n—n

Figure 5.15.  The onset, existence and disappearance of the sliding flows in the -sublayer of bound-
ary aﬂij = ﬁ’] UaQ,‘j UR?Z,’/'.
(iii) A mixed boundary of the first kind (082;; = Wzaﬂ ur;;u é??ij) exists iff
[ngﬂ,‘j : F(()[a) (tmlf)] [ngﬂij : F(()(ﬂ) (tm17):| > O’
[nfq, Fl?”(tmz_)][nggij : Fy)(tmz_)] <0, (5.54)
T @) T ()
[naS—Z,’j . Fi (tm3_)][n39ij ' FJ (tm3_)] =0

fO}’Xm1 S ﬁaﬁ,xmz € 5?2,-,- andxm S F,‘j. P
(iv) A mixed boundary of the second kind 3$2;; = 3_{204,3 Uy UoSy; iff

[, - F5 tpo)][nje, - 1)) > 0,
[nfq, ~F§i)(tq+)][nggij -F;j)(tq+)] <0, (5.55)
[“gszi_/ 'ng)(tn+)][“ggi, ~F§~'/)(fn+>] =0

forx, ey, x, € a’s’zaﬂ and x4 € 8?2,-j.

PROOF. Application of Definition 5.8 to Theorem 5.11 yields Eqs. (5.52)-(5.55).
The theorem is proved. O

Using the definitions and theorems of the semi-passable, sink and source
boundaries, the flow characteristics in the vicinity of the mixed boundary can be
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discussed and the corresponding theorem can be developed. Based on the forego-
ing theorem, the local nature of the flow near the mixed boundary can be analyzed
through the investigation of the vector fields of the real and imaginary flows. The
flow switching between the semi-passable flows or between nonpassable flows are
presented. The onset, existence and disappearance of the sink and source flows
can be presented through the real and imaginary flows. The flow switching at
the gluing singular sets is described in the following definition. In addition, the
concept of the normal vector field product in Chapter 3 can be also used in the
real and imaginary flows. To demonstrate the concepts more intuitively, the nor-
mal vector field forms of the real and imaginary flows are still used in the further
development.

DEFINITION 5.16. For a discontinuous dynamical system in Eq. (5.21), x(t,,) =
Xy, € 0% for t,. For arbitrarily small ¢ > 0, there are two time intervals

[tm—e, tm) and (t, tin1¢] in the 5-layer of 3€2;;. Suppose {x((xa)(tm_), xl(gﬁ)(tm+)} =
Xom» {X(ﬂ)(tm_) X(a)(tm—',-)} = X, (0,8 € {i,j} and ¢ # pB) hold, the real
and imaginary flows {x*(¢), x(a)(t)} and {(xP (1), x(ﬁ)(t)} are Cf, - and
C(rz,,, tmse] -continuous (r > 2) for time ¢, respectively, |d" x(ﬂ ) /dt"]| < oo
(, B € {i, j}) andm € {m, mp, m3}.
(i) Two different semi-passable flows in the §-layer of 3$2;; = B_S)Zij UT;; uﬁij
are switched on the boundary if
[ngQij ' Xl(l) (tmlf)][nggij ! Xl(l) (tm2+)] < O’
[n}q, -x;f)(tm,+)][nggij .ng’(rm_)] <0, (5.56)
g, X () =0, mig X (tyy2) = 0

for x,,, € 0 _S)le,xm2 € 0€;j and X,y € 5.
(ii) The source and sink flows in the §-layer of 0€2;; = BSZ,J Ul U BQU are
switched on the boundary if

[ngﬂij ' Xl(l) (tml_)][ngﬁij ! Xl(l) (tm2+)] < O’
[nlo, - )k;j)(tml_)][nggij . x;f)(rmﬁ)] <0, (5.57)
[ngg_, ~f(§i)(tm3i)] = [ngsz ""('j)(’msi)] =0

forx,,, € 8§2U,xm3 € SQU and x,,, € I’,J
(iii) The sliding flow in the d-layer of 9%2;; = maﬂ Ul U BQ,J appears or
disappears if

[ngQ[j ' Xt(xa) (tml_)][n’(:l;ﬁij : X((xa) (tmz—)] - 0’
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[l - %8 (tm, ) ][0k, - %4y )] < 0, (5.58)
g, 'X/(gﬂ)(tnu—) =0, mnyg X (twy-) #0

for x,,, € maﬂ,xm € 8?2,1/ and x,,; € I'j;. e
(iv) The source flow in the §-layer of 0€2;; = maﬁ U T;; U dL;; appears or
disappears if

[ngﬂi/‘ ’ k,(Ba)(tmlJr)] [ngszi,» : Xfxa) (tszr)] <0,
[3a, - X (i) ][, - X5 (s )] > 0, (5.59)
nggij . X‘(XO‘) (tm3+) = 0’ ngQij . X‘(Bﬂ) (tm3+) ;ﬁ 0

for x,;, € maﬂ,xmz € 55\2,'1- and x,,;,; € I'j;.

From the above definition, the onset, existence and disappearance of the slid-
ing flows on the boundary 9%2;; = mij U 8?2,>j U Wzij in the §-sublayer are
intuitively illustrated in Fig. 5.15 through the real and imaginary flows. The solid
and dash-dotted curves are used for xff‘)(t) (¢ € {i, j}) for (t € [tm—sc,tm-))
and (t € (ty+, tm+¢]) accordingly. The dashed curves depict the imaginary flows
ng )(t) (¢ # B € {i, j}) in the two domains. The dark and light curves represent
the flows in €2; and €2, respectively. The points x,, and X, are the appearance
and disappearance of the sliding motions. x, € 9€;; is all the points on the
sliding boundary. Similarly, the onset, existence and disappearance of the source
flows of the boundary 0€2;; can be described. The switching between the two
semi-passable boundaries and between the source and sink boundaries can be il-
lustrated.

THEOREM 5.13. For a discontinuous dynamical system in Eq. (5.21), x(t,) =
Xu € 0Rjj for ty. For arbitrarily small ¢ > 0, there are two time intervals
(tm—e» tm) and (ty, ty ] in the §-layer of 992;;. Suppose {xg,a) (tm—), xfgﬂ)(tm+)} =
X, {X&ﬂ)(tm_),xl(ga)(tm+)} =xp (0, B € {i,j} and a # B) hold, the real and
imaginary vector fields {F((f)(t), F/(Sa)(t)} and {F((f)(t), F/(f)(t)} are C[’ and

Im—e, lm)
r

(o 1] "CONEINUOUS (r > 1) for time t, respectively, 11 xP e+ < o
(a, B €fi, j}) and m € {my, my, m3}.
(1) Two different semi-passable flows in the 5-layer of 082;; = WZU ur;;u 8<_£2,~j
are switched on the boundary if
[nggij 'thl)(tml—)][ngﬂij ~F§l)(tm2+)] <0,

[ndg,; - FY ()] [0, - B ()] <0, (5.60)
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nlo, F(nye) =0, nlo - FY (1,0 =0

forx,, €9 ﬁ,], Xm, € m,] and X, € T'j.
(ii) The source and sink flows in the §-layer of 082;; = BQ,/ ur; U 8&2” are
switched on the boundary if

[nag F(l)(tml )][HGQ F@(tm2+)] <0,
[l F(’ (tm1 )[nlo,, - F tmy1)] < 0. (5.61)

forx,,, € 89,,,)(,,,3 € BQ,, andxmg € Iyj.
(iii) The sliding flow in the §-layer of 0€2;; = aﬁaﬂ ur;; U 3521] appears or
disappears if

[nng_j 'Ft(xa)(t’"l_)] [ngﬂ;_/ 'foa)(tmz—)] >0,
(0o, - F¥) 1, ][0k, - FS (1, 0)] < 0. (5.62)
ngﬂ” ' F(ﬂ)(t’m*) =0, ngQ--Fz(xa)(tm37) #0

forx,,, € 8Qa,3, X, € 891, and Xp, € Tj.
(iv) The source flow in the §-layer of 0Q2;; = maﬂ ur;; U BQ,J appears or
disappears if

[DBQ F(a (tm1+)] [nggij : F&a)(lm2+)] <0,
[ngQ,‘j ﬂ (tm1+)][ng§z,«j . F/(gﬂ)(tmz+)] > 07 (563)
ngﬂij : foa) (tm3+) = 07 ngQij . F/(gﬁ) (tm3+) 75 0

forx,,, € @aﬂ, X, € 5?2”» and Xy, € T'jj.
PROOF. Using Definitions 5.8, 5.10 and 5.16, the theorem is proved directly. [J

The real and imaginary flows for nonsmooth dynamical systems are introduced.
The theory for real flows in Chapters 2—4 can be applied to the imaginary flows.
The §-layer of the separation boundary is also introduced. The onset, existence
and disappearance of the sink and source flows in the §-layer are discussed, and
the switching between the two semi-passable flows and the switching between the
sink and source flows are investigated as well. Finally, the necessary and sufficient
conditions for the onset, disappearance and switching are presented. These condi-
tions can be very easily applied to nonsmooth dynamical systems in engineering,
such as friction-induced vibrations, control systems with periodical excitations.
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5.6. An example

Consider a piecewise linear dynamical system in two domains 2, (o € {1,2}),
given by

X + 2dyx 4 cqx = by + Qo cos Qt (5.64)

where b, is constant rather than the control force in Eq. (4.80). The two domains
are partitioned by the same boundary in Eq. (4.81). The domains partitioned by
the boundary are sketched in Fig. 4.11. The domains and boundary definitions
are given in Egs. (4.82)—(4.84). The corresponding vector equations are given in
Egs. (4.85) and (4.86). The normal and tangential vectors of the boundary 02,4
are

nyo,, = (a.a)" and tyq, = (—az.ap)’. (5.65)

From Chapter 3, through the convexity, a dynamical equation of sliding motion
on the boundary is determined by

Xaﬁ = AXaﬂ on Xy € 8Qaﬂ (5.66)
where
0 1
A:[O _ﬂ}. (5.67)
a

From Eq. (5.66), the equilibrium of the sliding dynamical system on the boundary
is given, i.e., y 5 = 0. From the boundary, the equilibrium is (xgﬂ, ygﬂ) =(0,E)
with E = e/aj. At the equilibrium, the eigenvalue analysis requires

0—2 1
0 —4_

az

A — Al = ‘ ‘ =0 (5.68)
from which the two eigenvalues are A1 = 0, Ay = —aj/az. If ajay > 0, then the
equilibrium is stable with the stable and center invariant eigenvector subspaces
E® = span(1l, —aj/ap), E¢ = span(1, 0). The unstable invariant eigenvector sub-
space is E" = @. However, if ajay < 0, the equilibrium is unstable with invariant
eigenvector subspaces E" = span(l, —aj/az), E¢ = span(1,0) and E® = &. In
addition, the invariant subspaces should be on the boundary. The phase portraits
in the equilibrium are illustrated in Fig. 5.16. In Figs. 5.16(a) and (b), the equilib-
rium possesses the parabolicity for two cases of aja;. However, the hyperbolicity
of the equilibrium for the two cases of aja; is also presented in Figs. 5.16(a)
and (b). From Eq. (5.66), we have

a)n 0 aq 0 aj
Xop = E — a_lyo‘ﬂ exp(—a—2t> and  Yop = Vg exp(—a—zt). (5.69)
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Figure 5.16. Phase portraits for flow parabolicity near equilibrium (E,0): (a) ajap > 0, and

(b)ajap < 0.

Because of the sliding on the boundary, the initial condition should satisfy
alxgﬁ + agygﬁ = e. For the case ajay > 0, as t — 00, the sliding motion will ap-

proach the equilibrium whatever y‘(x)ﬁ is. However, for aja; < 0, the equilibrium

will be a source. The sliding flow for ygﬂ > 0 and ygﬁ < 0 will go to positive
and negative infinities, respectively. For special cases of aj = 0 or ao = 0, the
similar problems has been discussed in Chapter 2, and the detailed analysis can
be referred to Luo and Chen (2006) and Luo and Gegg (2006a, 2006b). Consider
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(a)
(b)
Figure 5.17. Phase portraits for flow hyperbolicity near equilibrium (E, 0): (a) ajap > 0, and
(b)ajap < 0.
the system parameters a; = ap = 1,bp = —by =4,¢c1 =2,¢c =6,d| = dr =

0.01, Qo = 20 for two subdomains. The simply periodic motion generated by the
discontinuous system in Eq. (5.64) is presented for = 1.5 with the correspond-
ing initial condition (24, x;, y;) = (2.3232, —17.4104, 18.4104). The flow in
phase plane shows a simple cycle with discontinuity through the dark solid curve
in Fig. 5.18(a). The arrow direction is the flow direction. From the singular analy-
sis of the separation boundary, the thin line presents the flow on the boundary.

Such a discontinuity is proved through the normal vector fields F' ]i,“) = ngg[j F@
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Figure 5.18. The parabolicity of the real flows in the vicinity of equilibrium on the bound-

ary (2 = 1.50): (a) phase trajectory, and (b) the normal vector field to the boundary 9215.

(1, x;,yi) = (2.3232, —17.4104, 18.4104). (a; = ap = 1, bp = —=b) = 4,¢1 =2, = 6,
dy =dp =0.01, Qg =20.)



184 Chapter 5. Real and Imaginary Flows

20
| sliding
0
=,
=
‘g
L
(]
-
-20
-40 | | l
-20 -10 0 10 20
(a) Displacement, x
100
3
= 50
S
L]
[+3
5 o —-
54
-
£
c -50
Z
-20 -10 0 10 20
(b) Displacement, x

Figure 5.19. The flow with sliding on the boundary (2 = 1.0): (a) phase trajectory, and (b) the
normal vector field to the separation boundary 921;. (1, x;, y;) = (2.8762, —11.8917, 12.8917).
(ay=ar=1,bp =—by =4,c1 =2,c0 =6,d] =dpr =0.01, Q¢ = 20.)

(¢ =1, 2), as shown in Fig. 5.18(b) with solid curves. The dashed curves are the
imaginary normal vector fields corresponding to the trajectory of the real flow.
The hollow symbols are for the flow switching. The filled circular symbol is the
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Figure 5.20. Period-doubling flows with and without sliding on the boundary d215: (a) (2 = 1.24,
(Qt;, xj, y;) = (2.5130, —11.1263, 12.1263)), (b) (2 = 1.2, (1, x;, y;) = (2.5820, —10.1267,
11.1267)). (ay = ap = 1,bp = —b; =4,¢c1 =2,¢p =6,d] =dy =0.01, Q¢ = 20.)

equilibrium point of the separation boundary. The passability of the real flow to
the discontinuous boundary is demonstrated. The phase trajectory in Fig. 5.18(a)
shows the parabolicity of the equilibrium of the separation boundary, which is
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similar to the one in Fig. 5.16(a). To further verify the passability of a real flow
with sliding consider the excitation 2 = 1.0 with initial condition ((2¢;, x;, y;) =
(2.8762, —11.8917, 12.8917)). The phase trajectory and vector field component
are presented in Fig. 5.19. Except for passable portion of the boundary to the real
flow, the sliding flow along the separation boundary is observed, which agrees
with the aforementioned analysis in Eq. (5.69). The sliding motion disappear-
ance satisfies the normal vector field conditions discussed before. In Fig. 5.20, the
period-doubling, real flows without and with the sliding motion on the separation
boundary are shown. The corresponding excitation frequencies are 2 = 1.24
and Q = 1.2. It indicates the sliding bifurcation for the real flow sliding on
the separation boundary will exist. The period-doubling real flows before and
after the sliding bifurcation are generated by using the initial conditions (i.e.,
(2, xi, yi) = (2.5130, —11.1263, 12.1263), (2.5820, —10.1267, 11.1267)).



Chapter 6

Discontinuous Vector Fields with Flow Barriers

In previous chapters, the local singularities in discontinuous dynamical systems
without flow barriers on the separation boundary were discussed and the cor-
responding sufficient and necessary conditions for such singularities were pre-
sented. The sliding flows on the boundary surface were investigated through the
differential inclusion with the convexity, and the sliding fragmentation was also
discussed. In this chapter, the flow passability on the separation boundary will
be investigated in discontinuous dynamic systems with flow barriers. Because
the flow barriers exist on the separation boundary, the singularities on such a
separation boundary with flow barriers will be changed accordingly. Therefore,
the necessary and sufficient conditions for the switching bifurcation and sliding
fragmentation in discontinuous dynamical systems with flow barriers should be
developed herein. A periodically forced friction model will be presented for illus-
tration of a flow into the flow barrier with a force jumping.

6.1. Flow barriers

In Chapter 2, the nonpassable flow on the boundary 92;; of the two domains £;
and €2; is dependent on the normal component product of the vector fields of two

flows in the two domains. Assume a real flow x((f[) (t) (@ € {i, j}) in the domain

Qq fort € [t—¢, ty) possesses ngﬂij ~X((f‘) () > 01in the vicinity of 9€2;;, and the

flow x/(gﬁ) (t) in the domain Qg (« # B) possesses the condition “gsz,-j ~Xl(3ﬂ ) ) <0

in the vicinity of the boundary 9€2;; at the same time interval. Thus, the suffi-
cient and necessary conditions for the nonpassable flow on the boundary 9€2;; are
[ngQij X (tmi)][nggij 'Xff )(tma)] < 0 by Theorem 2.3. Furthermore, in Chap-
ter 3, the sliding dynamics of the flow on the boundary 9€2;; were discussed. The
switching conditions from the passable and nonpassable motions were presented.
The fragmentation of the sliding motion on the boundary was discussed. However,
in many physical systems, the sliding motion is governed by X, = Fgg (X, 1)
on the boundary 9€2;;. To keep the sliding motion on the boundary, there may be

187
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a normal flow barrier. To investigate the flow barrier on the separation boundary
02, as in Egs. (5.21) and (5.22), consider a C"-continuous system (r > 1) on
Qy (@ =1, j) in a form of

) =FO P, tm) e, xP =0 a0 13 e Qo 6.1)

al * X2

(y = «, B) with the initial condition

x(t0) = @ (x(t0). to, 1, ). (6.2)

For y = «, the flow determined by Eqs. (6.1) and (6.2) is the real flow on the
domain €2,. However, for y = B, the flow determined by Egs. (6.1) and (6.2) is
the imaginary flow of the B-vector field on the domain €2,,. Consider a vector field

F(V)(X((XV), t Hy) = f(}’)(x‘g}’)’ ) + g( ) t) (6.3)
Consider a dynamical system on the boundary Qg (8 # ¢ and @, B € {i, j}) in
the following form:

Xop = Fog(Xap, 1),  Xop = (X108, X208 - - - » xnaﬂ)T € 0828 (6.4)

For a sliding flow on the boundary, we have

o ~

Fop (X, 1) = Fo) (Xap. 1. top) 0N 0Q0p. (6.5)
If only the sliding flow on the boundary exists, the normal component of the vector
field nggij - Fop (Xgp, t) will lie in the lower and upper flow barriers. Such flow
barriers will be defined as follows.

DEFINITION 6.1. For a discontinuous dynamical system with subsystems in
Eq. (6.1), there is a nonpassable flow on the boundary 9€2;;. For a flow x45(?) €

0Q;j (@, B € {i,j} and o # B), there are two vector fields F(a)(xaﬂ, t) and
F") (x4p. 1) on the boundary 87, and nj, o [F ) Xap. 1) — Fo (%ap. )] < 0.
If
g, 1 (e, 1, 110) € [mig - Fg (e, 1), M U (%ap, 1),
(6.6)
ngQaﬂ AP (xep, 1, 1p) € (“gsz S )(Xaﬁ 1), naQ F(ﬂ)(xaﬂ’ n]

then the vector fields Ff)z;) (Xg8, 1) and F(ﬁ ) (Xqp, 1) are termed lower and upper
flow barriers on the boundary 0€2;;.

From Definition 6.1, the lower and upper flow barriers on the boundary are
sketched in Fig. 6.1 from the normal components of the vector fields on the bound-

ary. The flow barriers (F(“) and F(’3 )) and the domain vector fields (£ and £#))
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Figure 6.1.  Flow barriers on the boundary 9. The flow barriers (F(a) and Fg?) and the domain
vector fields (F®) and £F)) on the boundary are depicted by dark and thin curves, respectively.

on the boundary are depicted by dark and thin curves, respectively. The flow bar-
riers form a gray-area to govern the flow vector fields on the boundary. If the
following equations hold,

nggaﬁ .f("‘)(xa,g, 1) = nggaﬁ (a) (xaﬂ, t) and
6.7)
ngﬂaﬂ ’ f(ﬂ) (Xaﬁ’ t) = ngQuﬁ : F((yﬂ) (Xaﬂ’ t)v
then the flow barriers disappear. For this case, the passable and nonpassable mo-
tions and the corresponding singularities were discussed in the previous chapters.
The sufficient and necessary conditions for the passable motion are

[nggaﬁ FO(x,,, tn-)] <0 and [nggaﬁ FP (x,, tmy)] <0

for ﬁaﬂ convex to 2, (6.8a)
[nm FP (X, 1y )] >0 and [nggaﬁ F9(x,,, tm)] >0
for 3Qa/3 convex to Qg. (6.8b)

If nggaﬂ F( )(xag, t) —> —oo and nasz ” F( )(Xa/g, t) is finite, then the flow
barrier is the lower semi-permanent barrier. The vector fields on both sides of
0€2;; lie in the following interval, i.e.,

njg,, 19 0p. 1) € (—o0.mjg - Fif) (xap. 1), ]
(6.9)

nlq,, 1 (%ep. 1) € (—00, g, - FE) (xap. 1)].
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If the aforementioned flow barrier exists, the flow on the boundary only exits from
the upper flow barrier. The flow on the boundary cannot exit from the lower per-

manent flow barrier. Similarly, if n};%ﬁ Fg? (Xop. 1) > ccandn), -F y (a)(xaﬁ, 1)
is finite, then the flow barrier is the upper semi-permanent barrier. The vector
fields on both sides of 9€2;; lie in the following interval:

nggaﬂ 9 (xgp, 1) € [nlg » F("‘)(xa,g, 1), 00),
(6.10)

nasz AP (x4, 1) € (nm » F( )(xaﬁ,t) o).

From the foregoing conditions, the flow on the boundary only exits from the lower
flow barrier. If two barrier vector fields are infinite (i.e., ngQ F(a) (Xqp,1) —

—o0 and ngg " F(’3 )(Xa/g, t) — 00), then the flow barrier on the boundary is fully
permanent. We have

g, - £ (Xep, 1) € (=00, 00),
(6.11)
Niq,, - I (Kap, 1) € (—00, 00).

On the flow on the boundary, the flow cannot exit from boundary. Since the flow
barriers exist, the following concept is introduced.

DEFINITION 6.2. For a discontinuous dynamical system with subsystems in
Eq. (6.1), there is a nonpassable flow on the boundary 0€2;; with two flow barri-

ers Fl(;) (x;j, 1) and Fz(,] ) (xij, t). The input and output vector fields of the a-domain
2, on the boundary d€24p for o, 8 € {i, j} and ¢ # B are defined as

Fi) () = £ S, e M) + 8K ),
(6.12)
F(a)(tm ) = F(ﬂ (Xm, I+, Ha) + g(Xm, tm:t)

For passable flows on the boundary, the flow is independent of the flow barriers.
Theorem 2.2 can be applied and the corresponding vector field will be replaced

by F{ (ts),
[nfq, F )][nde, FP (1)) > 0. (6.13)

The necessary and sufficient conditions for the onset of the sink and source flows
on the boundary are given by Theorems 2.4 and 2.6, respectively. Namely, when
the flow arrives to the boundary 9244, once the following conditions hold,

[nfq, F (1 )][ndq, FP1,0)] <0, (6.14)
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the sink flow appears on such a boundary. Once the sink motion on the bound-
ary is formed, the flow must overcome the flow barrier. Without the flow barrier,
the conditions in Eq. (6.14) will govern the sink flow until appearance, and the
corresponding conditions for vanishing of the sink flow on the boundary requires

[ndq, - FL )] [, - Bl (2 )] = 0. (6.15)

Similarly, the conditions for the existence of the source flow on the boundary can
be determined by

[ngQi,’ ’ Fi(:) (tm+)] [nF‘gQ,-_,- : Fl(f) (tm—i-)] <0, (6.16)
and the onset condition for the source motion on the boundary is
[0, Bl ()] [ndg,, - FiY (tns)] = 0. 6.17)

However, for a discontinuous dynamical system with flow barriers on the bound-
ary, when the flow arrives to the boundary, if conditions in Egs. (6.14) or (6.16)
hold, a sink or source flow will be formed on the boundary. The existence of the
sink and source flows will be governed by the flow barriers, and the corresponding
conditions, respectively, are

[0, - F& (tn)][ndg,, - FY (tn)] <0 and
(6.18)

[nng_j ~Fg1)(tm+)][nggij 'Ft(,ﬁ)(thr)] < 0.

Once one of the two normal vector field products becomes zero, the sink or source
flow will disappear and become a passable flow on the boundary. Namely, the
conditions for vanishing of the sink or source flow on the boundary are

[ngszfj 'Ff,a)(tm—)][nggij ~F](f)(tm_)] -0 or
(6.19)

[“ag F( )(tm+)][n3§z Ft()ﬂ)(tm+)] =0

for a nonsmooth dynamic system with flow barriers. After the sink or source flow
vanishes from the boundary with flow barriers, the flow on the boundary will be
controlled by Eq. (6.1). For instance, if n! 3% F(’3 )(tm ) = 0O for the sink flow, the

flow on the boundary will be controlled by Eq (6 1) in the domain 5. However,

nggl_j Fif )(tm+) will be an initial normal component of the vector flow for the

motion in the domain 2g.

The concept of Definition 6.1 can be extended, and the flow barriers can exist
on each side of the boundary. Therefore, the «-flow barriers on the boundary of
the domain 2, can be defined. Furthermore, the domain vector fields (f("‘) and
f#)) on the boundary may not satisfy Eq. (6.6). Once the nonpassable flow on
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Figure 6.2. The «- and B-flow barriers on the boundary d€24g. The output flow barriers (F(a) and

F(ﬂ )) input flow barriers (f(ojg) and f(ﬂ ) ), and the domain vector fields (f("‘) and (8 )) on the boundary
are depicted by dark, dashed, and thin curves, respectively.

the boundary appears, the vector field in domain switches to the corresponding
input flow barrier on the boundary. This idea is sketched in Fig. 6.2. The output

flow barriers (F(“) and Fg;)), input flow barriers (fg? and f(’S )) and the domain

vector fields (f(o‘) and f®)) on the boundary are depicted by dark, dashed, and
thin curves, respectively. The «- and B-barriers are depicted through the shaded

areas. ngﬂ ” @ (ngQ ffxﬁ , nasz ” F(“)] on the boundary, but “asz £ ¢
(nyq, ” f;’?, 050, F(’g ) ]. Therefore, the flow barriers can be defined arbitrarily.

In addition, on the boundary, for some x,, € 9824, the domain vector field may
be in the flow barrier or not.

DEFINITION 6.3. For a discontinuous dynamical system with subsystems in
Eq. (6.1), there is a nonpassable flow on the boundary 9€2;;. For a flow x;, € 9€2;;

attime t,, (o, B € {i, j} and o # B), there are two vector fields f(ﬂ (X, tn+) and

F((Zg) (X, tm+) on the a-side of the boundary 9€2;;. For the input flow from the
domain €2, into the boundary with following condition,

[0, - B )] [0, - Y (tns)] < 0, (6.20)
if the corresponding vector field is switched as

£ (%o tr) — £ Ko ), (6.21)
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the vector field f(%) (X, tm+) 1s termed the input flow barrier on the a-side of the
boundary 9€2;;. For the output flow on the boundary into the domain €2, with the
following condition,

o, B (tns) =0 and njo B (1) #0, (6.22)

if the corresponding vector field is switched as
Fg;j) (Xms tnt) — f(a) (Xms ) (6.23)

the vector field F%) X, tm+) 1s termed the output flow barrier on the a-side of
the boundary 92;;.

6.2. Switching bifurcations

From the discussions in Section 6.1, the switching bifurcation conditions can be
summarized in the following theorems, which can be obtained when the vector
field Fl(g ) (tn+) on the boundary is used. The necessary and sufficient conditions
for the switching bifurcation from the passable to the nonpassable boundaries are
presented as follows.

THEOREM 6.1. For a discontinuous dynamical system with subsystems in
Eq. (6.1), a nonpassable flow on the boundary 0Q2;; is governed by two flow bar-
riers F(')(X,j, t) and F(Jj)(x,j, t). For a point X(ty,) = Xy € [Xmy s X, ] C ﬁ,l for
tms there are two time intervals (i.e., [tm —e> tm) and (ty, ty4e]) for an arbitrarily
small ¢ > 0, and X(l>(tm ) =X, = x (tmi) The real flows x(’)(t) and X(j)(t)

are C (e t)” and C[z,,,,g,tmﬂ] contmuous (r = 1) for time t, respectlvely The

sliding bifurcation of the flow Xl@ )y X;j)(t) on the boundary mij exists iff

“aQ F(/)(tm:t) =0 and ngﬁi/ -Fi(ril)(tm_) # 0; (6.24)

cither  mjg, FD (o) >0 formpg, — Q;
(6.25)

. )
or G0, ~Fi(:1)(tm_) <0 formyg,; — i

either ngQij . [DFi(r{)(tmi) - DFEJQ) (tmi)] >0 formyg,; — Q;
(6.26)
or nggij . [DFi(rjl)([m:I:) - DFS-)) (tmj:)] <0 formyg; — ;.
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PROOF. Consider the input flow into the flow barriers without the jumping, and
then input vector fields in the domains €, and g are

FOXD 1, 1,) = £ X9, 1, 1,) + g(x, 1),

mn
FP(x. 1 1) = 19 (7, 1, ug) + g(x. 1)

identical to the vector field in Eq. (6.1). The conditions in Eqgs. (6.24)—(6.26)
can be obtained from the necessary and sufficient conditions in Theorem 3.4 for
the switching bifurcation. If the input, vector fields are different from Eq. (6.1),
from the first equation of Eq. (6.12) in Definition 6.2, two imaginary input vec-
tor fields are constructed through the input vector fields f(a)(xa,g, tm, 1) and

f(ﬁ (Xap, tm, 1p) of the flow barriers as

Fi (0,1, mg) = 15 (X, 1, 1) + 8%, 1),
FO (P, 1p) = 15 (0 1, 1) + gx. 1),

(o)

For a point X, € 024 at time t#,, as time t — f,,_, the flow x4 — X;; and

the corresponding vector field F»(a)(xt(f),t K,) — F( )(Xm, tm—, Wgy). From De-

finition 6.2, Fl(:f ) X tn—s Hy) = F(a)(tm ). Such relations are suitable for the
imaginary vector field in the domain Qg. Further, a new imaginary discontinuous
dynamic system is given by

@ =F9(x@ 1, 1,), «elij)

Using Definition 3.7 for the sliding fragmentation, following the proof procedure
of Theorems 2.10-2.11, Egs. (6.24)—(6.26) can be obtained. O

THEOREM 6.2. For a discontinuous dynamical system with subsystems in
Eq. (6.1), a nonpassable flow on the boundary 0$2;; is governed by two flow bar-
riers F( )(x,,, t) and Ffjj.)(xij, t). For apoint X(t,y) = Xp € [Ximy» Xm,] C @,,for
t, there are two time intervals (i.e., [ty—c, tym) and (ty, tmre]) for an arbitrarily
small ¢ > 0, and x( )(tmi) =X, = x/ (tm+)- The real flows x( )(t) and xy)(t)

are C[z,,, tmrel” and C U t) -continuous (r > 1) for time t, respectlvely The

source bifurcation of the flow xgi)(t) U Xi»j )(t) on the boundary mi j exists iff

nr‘ngj 'Fi(ril)(tmi) =0 and ngQ,-j FI(I{) (tm+) # 0; (6.27)

either ndQ F(’)(thr) >0 formyg, — Q;
(6.28)

or ndQ F(] (tm+) <0 for nyo;; — Qi;
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cither  mjq, - [DFY) (tns) = DF) (tns)] < 0 formag,; — Q;
(6.29)
or ngﬂi_,' . [DFi(rll)(tmi) - DFE(I'))(tm:I:)] >0 formyg,; — Q.

PROOF. Following the procedure of Theorem 6.1, the imaginary vector fields can
be developed. The theorem is proved. g

THEOREM 6.3. For a discontinuous dynamical system with subsystems in
Eq. (6.1), a nonpassable flow on the boundary 0K2;; is governed by two flow bar-
riers Fl(;) (xjj, 1) and Fg)(x,-j, 1). For a point X(ty,) = Xy € [Xiny, Xy | C mijfor
tm, there are two time intervals (i.e., [ty —s, tym) and (ty, ty+e]) for an arbitrarily
small ¢ > 0, and xgi)(tmi) =X, = x;j)(tij). The real flows xfi)(t) and x;j)(t)

are C[’tm_s tmﬂ]—continuous (r = 1) for time t. The switching bifurcation of the

flow xl@(t) U X;j) (t) at x,,, on the boundary mij exists iff

nlo, FW(tne) =0 and nlo - F (tyz) =0, (6.30)
. nlo, - [DF} (tnx) — DF}) (ty2)] < 0
either T Y ) ) (6.31a)
nl,. - [DF{ (tns) = DF{) (ty2)] > 0
for n5Q; — Qj
nlg,, [DF{) (1) — DF})’ (ty2)] > 0
or T ) ) (6.31b)
nlo, - [DF (tns) — DFY (1,1)] < 0
for nyo,; — Q.
PROOF. The proof is the same as in Theorem 6.1. |

As in Definition 3.4, the product of the normal vector fields on the boundary
0Qup can be defined for the input flow and the flow barrier, which is given as
follows:

DEFINITION 6.4. For a discontinuous dynamical system with subsystems in
Eq. (6.1), there is a point X, € 0Qqp at 1, for a, B € {i, j} and @ # B. The
input and barrier (or output), normal vector fields product on the boundary 9€2;;
are defined as

L Gy s Moo 1) = [l - B ()| [Md,, - Bl ()], (632)
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From the foregoing definition, the necessary and sufficient conditions for switch-
ing bifurcations can be given as in Theorems 3.4-3.6.

THEOREM 6.4. For a discontinuous dynamical system with subsystems in
Eq. (6.1), a nonpassable flow on the boundary 0$2;; is governed by two flow bar-
riers Fl(j) (x;j,t) and Ff]/.)(x,-j, t). For apoint X(t,,) = Xp € [Ximy» Xm,] C R’z,-‘, for
tm, there are two time intervals (i.e., [ty—s, tm) and (ty, tyye]) for an arbitrarily
small ¢ > 0, and XE')(tm,) =X, = xy)(tmi). The real flows XEZ)(I) and XE-])(I)
are C[rtm and C[’t |-continuous (r = 1) for time t, respectively. The

—eitm)” ‘m—e>tm+e

sliding bifurcation of the flow Xl(i)(l‘) U Xi.j) (t) on the boundary B—S)Zij exists iff

L;}n) Xom» tms W, Hj) =0 and ngﬂij . F](rll) (tm—) #0, (6.34)

cither  njg. - [DF (tys) — DFY (tys)] > 0 formyg,, —
(6.35)
or nggij - [DFi(I{)(l‘mi) - DFS»))(lmi)] <0 for nyQ; — Q;.

PROOF. Application of Eq. (6.28) to Theorem 6.1 gives the foregoing theorem. [J

Similarly, we have the following theorems for source bifurcation and switch-
ing bifurcations of the discontinuous dynamical system with flow barriers on the
separation boundary.

THEOREM 6.5. For a discontinuous dynamical system with subsystems in
Eq. (6.1), a nonpassable flow on the boundary 0Q2;; is governed by two flow bar-
riers Fl(;) (x5, 1) and Ff;)(xij, 1). For a point X(t;,) = Xy € [Xiny s X, ] C aﬁiij for
tm, there are two time intervals (i.e., [ty—c, tm) and (ty, tmye]) for an arbitrarily
small ¢ > 0, and Xf')(tmi) =X, = XE./)(Z,,H). The real flows Xf’)(t) and X;j)(t)
are C[rtm_g,rm+g]' and Cp,  -continuous (r = 1) for time t, respectively. The

source bifurcation of the flow xfi)(t) U Xi-j )(t) on the boundary aﬁ,- j exists iff

LI Gt i 1)) =0 and mlg F9(1,0) £0, (6.36)

. i 0
either ngQi‘f . [DFi(:l) (tms) — DFl(j)(tmi)] <0 formyg,; — Q;
(6.37)
' 0
or ngQij . [DFi(:l)(tm:I:) - DF;j)(tm:t)] >0 formyg,; — ;.
THEOREM 6.6. For a discontinuous dynamical system with subsystems in
Eq. (6.1), a nonpassable flow on the boundary 0$2;; is governed by two flow bar-

riers Fl(;) (x;j, 1) and FE'/{.)(X,'J-, 1). For apoint X(t,,) = Xp, € [Ximys Xm,] C ﬁij for
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tm, there are two time intervals (i.e., [ty —c, tm) and (ty, tymte]) for an arbitrarily
small & > 0, and X, (ty+) = X = le)(tmq:) The real flows x\"(t) and X(j)(l‘)

are C[IHH tmre] -continuous (r > 1) for time t. The switching bifurcation of the

flow Xl@(t) U XEJ)(I) at X,, on the boundary 9o _§)2ij exists iff for a € {i, j}

Lgn)(xm, tms Wiy 1) =0 and nggij F@(t,1) =0, (6.38)

. nlq,, - [DFf (tns) — D) ()] < 0
either ) ) Jormyg,, — Qj
[DF;; (tm+) — DF;; (tm2)] > 0 (6.39)
. { nlq,, - [DFy (tns) — D) (tn2)] > 0

nlo, - DF} (1) — DF{) (ty2)] < 0

Myq,;

for nggz[_i —> Qi.

PROOF. Application of Eq. (6.29) to Theorem 6.3 proves theorem. |

Similarly t0 GminLij(#n) in Definition 3.6, GminL (tm) can be defined. The

corollaries of previous theorems will be obtained when GmmL (tm) replaces
GminLij(tn) in Corollaries 3.1-3.3. The sufficient and necessary conditions for
the onset of the sliding, source and switching bifurcations on the boundary B-ﬁ
are obtained accordingly. In other words, when the condition GmmL(;n) (tw) = O
replaces the conditions in Egs. (6.34), (6 36) and (6.38) of Theorems 6.4-6.6,
such bifurcation onset on the boundary 9<3;; - will be obtained.

6.3. Sliding fragmentation

As discussed in Section 6.1, once a nonpassable flow on the boundary is formed,
the flow will be controlled by the flow barrier on the separation boundary. There-
fore, the vector fields will be replaced by the lower and upper flow barriers
Fl()“) (tm+) (¢ € {i, j}). Further, the necessary and sufficient conditions for the
sliding and source fragmentations are presented as follows.

THEOREM 6.7. For a discontinuous dynamical system with subsystems in
Eq. (6. 1) a nonpassable flow on the boundary 0$2;; is governed by two flow bar-
riersF (xlj, t) and F(/)(xij, t). For a point X(ty) = Xpm € [Xm,» Xm,]1 C gfzijfor
tim, there are two time mtervals (i.e., [tm—sc, tm) and (tm, tm+e)) for an arbitrar-
ily small ¢ > 0, and X(a)(tm ) = X = X/(S’S)(tmi),a,ﬂ € {i,j} and a # B.

The real flows x(a)(t) and X(ﬂ)(t) are C[t ) and C[rt,,,,g tmﬂ]-continuous

(r = 1) for time t, respecllvely The sliding fragmentation bifurcation of the



198 Chapter 6. Discontinuous Vector Fields with Flow Barriers
Sflow X((xa)(t) U X/(Sﬂ) (t) on the boundary 8?2,~j exists iff

o, F (tns) =0 and njg F (tn) # 0; (6.40)

either ngQij -Fl()a)(tm_) >0 for nyQ; — Q;,

(6.41)
or ngQU ~Fl(]a)(tm_) <0 for nyQ; — Qi
either nggij . [DFl(f () — DF((X%) (tmt)] > 0 formq,;, — Q;

(6.42)
or “ggi, : [DFI()ﬂ)(tm:I:) - DFS}?(tmi)] <0 formyg, — Q.

PROOF. Based on the flow barriers F(%) (X, 1) and Fg%) (Xa8, 1) (@, B € {i, j},

a # ) on the boundary 9€2;;, construct two imaginary vector fields in the domain
Q4 and Qg as

By (), 1, 1) = Fig (X, 1, 1) + 2%, 1),
B (x) 1 1) = ) (x 1, 1) + 8% 1)

For a point X, € 324 at time #,,, as time ¢ — 1,,_, the flow x((f) — X,, and

the corresponding vector field Fé“) 1, ) — Flg“)(xm, tm—, Uy). From De-

finition 6.2, Fl()“) X tn—s My) = F,(Ja)(tm,). Such relations are suitable for the
imaginary vector field in the domain 2. Further, the imaginary discontinuous
dynamic system is given by

X0 =F(x®,1,1,), «eli,j)

Using Definition 3.7 for the sliding fragmentation, following the proof procedure
of Theorems 2.10-2.11, Eqgs. (6.41)—(6.42) can be obtained. (I

THEOREM 6.8. For a discontinuous dynamical system with subsystems in
Eq. (6.1), a nonpassable flow on the boundary 0Q2;; is governed by two flow bar-
riers Fl(;) (x5, 1) and FE;)(Xij, 1). For a point X(t;,) = Xp, € [Xinys X, ] C 5?21-]- for
tm, there are two time intervals (i.e., [ty—g, ty) and (ty, tyye]) for an arbitrar-
ily small & > 0, and X5 (tn-) = % = X (tns), @, B € {i, j} and o« # B.
The real flows x,(f‘)(t) and xfgﬂ )(t) are C[’t”H ) and C[rtm,s tmﬁ]—continuous
(r = 1) for time t, respectively. The source fragmentation bifurcation of the

flow Xfxa)(t) U Xl(gﬂ)(t) on the boundary B/K\Zij occurs iff

o, F(tns) =0 and mlg B (tny) # 0; (6.43)
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either nggij ~F1()ﬁ)(tm+) >0 formyg,; — Qj,

(6.44)
or Mg, B (i) <0 formg, >
either ngQij . [DFE“) (tms) — F(O)(tmi)] <0 formyg, — Q;
(6.45)

or nlq, [DF(® (1) — DFS) (tn)] > 0 for mag,, — .

PROOF. As in Theorem 6.7, the imaginary vector fields and imaginary discontin-
uous dynamic systems can be constructed through the flow barrier vector fields.
Further, this theorem is proved as Theorem 6.7. OJ

THEOREM 6.9. For a discontinuous dynamical system with subsystems in
Eq. (6.1), a nonpassable flow on the boundary 0K2;; is governed by two flow bar-

riers Fg.)(x,'j, t) and Fg)(xij, t). For a point X(t) = X € [Xm, Xm,] C 8’?217
(or 32;j) for t,, there are two time intervals (i.e., [ty—¢, tn) and (tp, tnyel) for
an arbitrarily small ¢ > 0, and x(a)(tm ) =Xy = X(ﬁ)(tmi) o, B e i, j}and
o # B. The real flows X(D‘)(t) and X(’g)(t) are C[z,,,

time t. The switching bifurcation of the real flow from BQ,j to BQ,] (or 89,1 to
BQU) exists iff

el -continuous (r > 1) for

nlo, F (tws) =0 fora € i, j), (6.46)

 * [DF (1) = DF ) (12)] < 0
either T [DF(j)(t - DF( 9 )] ~o for nyo,; — Q;
3%y b Umk ap \'mE (6.47)

{nm - [DFY (1) — DFY) (tm2)] > 0
or
!

. ornyq.. — ;.
DFY () —~ DEQ(r0] <0 77 ™% = &

“39

PROOF. As in Theorem 6.7, the imaginary vector field and imaginary discontin-
uous dynamic systems can be constructed through the flow barrier vector fields.
Further, this theorem is proved as Theorem 6.9. 0

By using Eq. (6.33), the necessary and sufficient conditions for onset of sliding
fragmentation on the boundary in discontinuous dynamical systems with flow
barriers can be given as in Theorems 3.4-3.6.

THEOREM 6.10. For a discontinuous dynamical system with subsystems in
Eq. (6.1), a nonpassable flow on the boundary 32;; is governed by two flow barri-

ers Ff})(xij, t) and FSJJ.)(X,-]-, t). For a point X(ty) = X € [Xim, Xy | C 08245 for
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tm, there are two time intervals (i.e., [ty—g, tm) and (ty, tm+e]) for an arbitrar-

ily small ¢ > 0, and X(O‘)(tm ) =X = X(ﬁ)(tmi) o, B e l{i,jland o # B.

The real flows Xa )(t) and Xff)(t) are Ct o) and C[zm e tse] -continuous

(r > 1) for time t, respectively. The slzdzng fragmentatlon bifurcation of the flow
)(t) U X(ﬁ)(t) on the boundary BQ,] exists iff

L) St g 11p) =0 and njo, F (ty) # 0, (6.48)

either nggl_j . [DFI(f)(tmi) DF® )(tmi)] >0 for nyo,; — Qp
(6.49)
or Mg [DFY (s) — DFtn)] <0 formyg,; — Q.

PROOF. Application of Eq. (6.33) to Theorem 6.7 gives the foregoing theorem. [J

THEOREM 6.11. For a discontinuous dynamical system with subsystems in
Eq. (6.1), a nonpassable flow on the boundary 3$2;; is governed by two flow barri-

ers Fl(j) (x;j,t) and Fg)(xij, 1). For a point X(t,,) = Xp, € [Xpm,, X, ] C B/S\Zij for

tm, there are two time intervals (i.e., [ty—¢, tm) and (ty, tm+e]) for an arbitrar-

ily small ¢ > 0, and X(“)(tm ) = X = X/(Sﬁ)(tmi) o, B e li,jland o # B.

The real flows x(a)(t) and x(ﬂ)(l) are C i) and C[t ertmre] -continuous

(r > 1) for time t, respectlvely The source fragmentatlon blfurcatlon of the flow
Xy )(t) U Xff)(t) on the boundary BQ,] occurs iff

L) Gt g tp) =0 and mlg - F(1,1) #0, (6.50)

cither  mjq,  [DF (t+) — DFY) (tn+)] < 0 for mpg,, — S
6.51)
or nBQ [DF a)(tmi) F(O) (tmj:)] >0 for nagz — Q

PROOF. Application of Eq. (6.33) to Theorem 6.8 gives the foregoing theorem. [J

THEOREM 6.12. For a discontinuous dynamical system with subsystems in
Eq. (6.1), a nonpassable flow on the boundary 3$2;; is governed by two flow bar-

riers F( )(x,], t) and FE;)(xij, 1). For a point X(tn) = Xm € [Xpmy, Xm,] C 5?2,-]-
(or aﬂlj)for tm, there are two time intervals (i.e., [ty—c, tm) and (ty, tmtel) for
an arbitrarily small ¢ > 0, and X(a)(tm ) =X, = ng) (tms), o, B € {i, j} and
o # B. The real flows X(a) (t) and x(ﬂ) (t) are C[z,,, Cetmiel
time t. The switching bifurcation of the real flow from 8&2,] to 89,] (or BQ,] to

-continuous (r > 1) for
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8?21']-) exists iff

Lij X5 tr, Wi, pj) =0, ngQij ’ F(a)(tmi) =0 and (6.52)
[ PR DRG0
either orMyg;; = 34j
nggj [DF (4) — DFO (,1)] > 0 " 653)

nlo, - [DF (tns) — DFO(1,1)] >
or J [ or l’lagij —> Ql‘.

ngQij ) DFI(DJ)(tm:t) - DF(O) (tmi)] <0

PROOF. Application of Eq. (6.29) to Theorem 6.9 proves the theorem. |

As in Definitions 3.10 and 3.11, gmaxL (tm) can be defined. The corollar-

ies of the Theorems 6.10-6.12 will be obtalned when GmaxLi j (tm) replaces
GmaxLij(tm) in Corollaries 3.4-3.6. The sufficient and necessary conditions for
the onset of the sliding, source and fragmentation bifurcations on the boundary
8?21' j (or 55\2,- ;) are obtained accordingly. When the condition GmaxLS?) (tw) =0
replaces the condition in Egs. (6.48), (6.50) and (6.52) of the three theorems, such
bifurcation onset on the boundary 8?2i j (or 55\2,-./) will be obtained.

6.4. A friction oscillator with flow barrier

Consider a dynamic system with a nonlinear friction, but the nonlinear friction
is approximated by a piecewise linear model, as shown in Fig. 6.3. The dynamic
system consists of a mass, m, a spring of stiffness, k, and a damper of viscous
damping coefficient, r. The oscillator mass rests on the horizontal belt surface
traveling with a constant speed, V. The coordinate system (x, t) is absolute with
displacement x and time 7. The periodic excitation force Q¢ cos 2 exerts on the
mass, where Q¢ and 2 are the excitation strength and frequency, respectively. The
piecewise linear friction force is given by

=u1(x = V1) —u2(Vi = V) + Fyug, X €[V, 00),

=G = v+ P, e (V. V).
Ff(x) € [—usFy, usFnl, x=YV, (6.54)

=us(x = Vo) —u3(Vo = V) — Fyug, X € (=00, V3]

where x 2 dx /dt, the parameters (us, ir and Fy) are static and kinetic friction
coefficients and a normal force to the contact surface, respectively. The coeffi-
cients u; (j =1, 2,3,4) are the slopes for friction force with velocity. For this
problem, Fy = mg and g is the gravitational acceleration. In fact, this model can
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Figure 6.3. (a) Schematic mechanical model of the friction-induced oscillator, and (b) piecewise
linear friction force model.

be applied to many mechanical problems, and the normal force can be exerted ex-
ternally. The nonfriction force per unit mass acting on the mass in the x-direction
is determined by

Fy = AgcosQt —2dV —cx, forx =V (6.55)

where Ag = Qo/m,d = r/2m and ¢ = k/m. For a stick motion, the nonfriction
force is less than the static friction force, i.e., |Fs| < Fy, and Fy, = usFy/m.
The mass does not have any relative motion to the belt. Therefore, no acceleration
exists because the belt speed is constant, i.e.,

Xx=0, forx=V. (6.56)

If the nonfriction force is greater than the static friction force on the mass (i.e.,
|Fs| > Fy,), the nonstick motion occurs. For a nonstick motion, the total force
acting on the mass is

F =AgcosQt — Fysgn(x — V) —2dx —cx, forx #V; (6.57)

where Fy = uiFy/m. Therefore, the equation of the nonstick motion for this
dynamical system with a piecewise linear friction is

X +2dx +cx = Agcos @t — Fpsgn(x — V), forx #V. (6.58)
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Figure 6.4. Phase plane partition and oriented boundaries.

The discontinuities of this dynamical system are caused by a jumping from static
to dynamic friction forces and piecewise linear dynamical friction model. So the
phase plane should be partitioned into four domains. The friction force jumping
will be as a main discontinuity.

Therefore the naming of the phase domains starts from the domain near the
main discontinuous boundary x = V. Based on the direction of trajectories of
mass motion, the corresponding boundaries are named, as shown in Fig. 6.4. The
friction force jumping boundary and the rest boundaries are depicted by the dotted
and dashed lines, respectively. The domain naming can be arbitrarily. The four
regions are expressed by Q; (j =1,2,3,4).

In phase plane, the flow and vector field for such a system are introduced as

x2 0, 0=y and F2 (4, F). (6.59)
The named domains and the oriented boundaries are expressed by
={@.»IyeW, v}, L={xylye Vi, 00}

(6.60)
Q={x.»Nlye Vo, N}, Uu={xy]ye (-0, W}

3 = {(x,y) | gij(x,y) =y — V, =0}, (6.61)

where p = 1ifi,j € {1,2},p =0ifi,j € {1,3},and p = 2if i, j € {3,4}.
Vo £ V. The subscripts (-);; define the boundary from €; to ;. The domains
are accessible for a certain vector field. On the boundary 9$213 or €231, the vector
fields are C-discontinuous, but on the boundaries 32;2 and 9234, the vector
fields are C?-continuous.

The equation of motion in Eqgs. (6.56) and (6.58) is described as

x=FIx, 1), je{0,1,2,3,4) (6.62)
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where

FOx, 1) = (V,00T onaQ3or a3,

(6.63)
FOx 0= (y. Fjx,0) inQ (j e (1.2,3,4),
Fj(x, 1) = Agcos Qf — F}kf')(x, 1) —2d;y —cjx. (6.64)
From Eq. (6.54), the dynamical friction forces are defined as
FRx,6) = (k= Vi) = pa(Vi = V) + Fyp, & € [V1,00),
Fi(x,1) = —pa(k = V) + Fy i, Fe(V. V) (665
FR (1) = —p3(k = V) — Fy g, i€ (Va, V),
FRO(, 1) = pa(k = Vo) — u3(Va = V) = Fypu, & € (=00, Val.

The two force boundaries relative to Vi 2 (i.e., X = Vj or V,) are CO-continuous.
However, the boundary relative to the velocity V is a discontinuous force bound-
ary. Because the input flow barrier does not exist, the input flow vector fields on
the boundary 9213 are defined for x;, € 9Qqp (a, B € {1, 3})

T
FO s tm) = (v, F %y 1)) and F® Ry tm) = Foy (%, 1).
(6.66)

The time ¢, represents the moment for the motion just on the separation boundary
and the time #,,4- = t,,, £0 reflects the flows in the regions instead of the separation
boundary. However, the output flow barriers on the boundary 923 are for x,, €
aQaﬁ (CY, ﬂ e {11 3})

T

F(()[D/;)(Xma tm—) = (ym» F(;%)(Xma tm—)) >
(6.67)

Fo%)(xm» Im) = F}ZX) = 2dyym — CaXm-

Again, from Eq. (6.54), the static frictional forces are defined on the boundary
8913 as

Fi) =+Fypx and F) = —Fyu. (6.68)
Furthermore, the output flow vector fields with the output flow barriers on the
boundary the boundary 3213 are for x,,, € 0Q24g (o, B € {1, 3})

T
F G =) = (3, ) (s 1))
Fo® (% tm—) = Ag 08 Qyy + Fg) S, ) (6.69)

= Agcos Qt,, — FJ(Z‘) —2djym — CjXp.
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From the nonsmooth dynamics theory in Luo (2005a), only on the discontinuous
force boundary 9Q.p (o, B € {1, 3}), the stick motion for 02,8 convex to 2 is
guaranteed by

(30, - F@ & tn)] <0 and  [njg - FP &, 1n)] >0  (6.70)
where o, 8 € {1, 3} and o # B with

a‘/’aﬂ a(Pot,B T
ox 3y

00,5 = VPup = < 6.71)

(Xm,ym)
Notice that V. = 9/dxi + 9/9yj is the Hamilton operator. However, the corre-
sponding necessary and sufficient conditions for the nonstick motion (or passable
motion) are for 32,5 convex to Q4
[nggaﬁ F Xy, ty—)] <0 and [nggaﬂ FP X, tmy)] <0
for Qa — Qﬂ, (672)
[nggﬁu FP (x,, tn—)] >0 and [nggﬂa FO Xy, )] > 0
for Qg — Q4.

The second equation gives the necessary and sufficient conditions for the motion
without sliding. Once the sliding motion exists, the flow will overcome the flow
barrier into the domain 2, (o = {1, 3}).
Using Eq. (6.61), Eq. (6.69) gives for i, j € {1, 2, 3, 4}

nyoy; = ae; = (0, DT, (6.73)
The boundaries (0217 and 92,;), (0213 and 0€231) and (9234 and 0$243) are
convex to €2, 21 and 23, respectively. Therefore, we have

nggﬁ FD () = nggi/_ FU1) = Fj(x, 1). (6.74)
With Eq. (6.74), the conditions for stick and nonstick motions in Egs. (6.70) and
(6.72) become:

Fi(xXp, ty—) <0 and F3(Xp,t,—) >0 ondQys;

Fi(xpm,th—) <0 and F3(Xp,tmy) <0 for Q) — Qs, (6.75)

F1Xm, tmy) >0 and F3(Xp, tp—) >0 for Q3 — Q.
Owing to the flow barrier, from Theorem 6.7, the force conditions for vanishing

of the stick motions are

FO &y tm-) <0 and  FP (1) =0 for 9Q13 — Qs;
(6.76)
FO % tn) >0 and  FO Xy, t-) =0 for 8Q3 — Q.
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The onset condition for the stick motion is

Figll)(xma tm-) <0 and Fif)(xm» tm+) =0 forQ — 9€Q3;
(6.77)
FY Gmotn=) >0 and  F)Rp,twy) =0 for Q3 — 83,

From Luo (2005a), with Fgg = (V,0)T the grazing motion in Eq. (6.62) is guar-
anteed by the following conditions:

[03g,, - F@ &, tns)] =0, a, B € (i, j}anda # B;

[nggij -DF? (X, ty1)] > 0, [nggﬁ -DFY (X, ty1)] < 0 (6.78)

for 39,‘1‘ € {8921, 8913, 3934}

where
DFO(x, 1) = (zFi 5.0, VFitx ) KO, 1y 4 200 ”)T. 6.79)
By Eq. (6.73), we have
o, - FOx 1 = Fi(x, Qn),
(6.80)
nggij -DFD(x, 1) = VF;(x, Q1) - FO(x, 1) + w
From Egs. (6.76) and (6.78), the force conditions for grazing motions are:
Fo(Xpm, Q) =0, aefi,j)
VEF; (X, Q) - FO Xy, ts) + W > 0, 6.81)
VF;Xm, Qms) - FD K, tys) + w <0

for 0Q2;; € {0Q021, 38213, 08234}.

To illustrate the motion with flow barriers in nonsmooth dynamic systems, the
basic mappings are introduced. With an initial condition (¢, x;, V), the direct
integration of Eq. (6.56) yields

x =Vt —t;)+x. (6.82)

Substitution of Eq. (6.82) into (6.64) produces the forces for the very small-
neighborhood of the stick motion (§ — 0) in the domains Q; (j € {I,3}).
Because of the static friction jumping, the input and output forces at (X, #;;)
on the boundary 9213 are:

F (s tm=) = 2d,;V + ¢ [V (tm — 1) + x:] — Agcos Qu +a™, (6.83)
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(b)

Figure 6.5. Regular and stick mappings: (a) local and stick mappings, (b) global mappings.

F (S, tm=) = 2d;V + ¢ [V (tw — 1)) + xi] — Ag cos Q +a, (6.84)
where aii“) = —agin) = ui Fy and afb) = —aéb) = usFy.

To develop generic mappings, the boundary should be numbered. The jumping
discontinuous force boundary is represented by X1, the other separation bound-
aries are Xy and X3. The three boundaries are

Y, =2Uzfus; fora=123. (6.85)
The corresponding, switching planes are defined as
20 = {(i, Q) | 1) =V}, BF = {0, Qn) | %) = Vi) (6.86)

where Vf = limg_,0(V, £ §) for an arbitrarily small § > O and p = 0, 1,2
for @ = 1, 2, 3. In phase plane, the trajectories in 2; starting and ending at the
separation boundaries are sketched in Fig. 6.5. The starting and ending points for
mappings Pj,, in Q; are (x;, X;,#;) on Xy and (x;41, Xj41, ti+1) on g, respec-
tively. Notice that the indices j = 1,2, 3,4 and «, 8 = 1, 2, 3 are for domains and
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boundaries. The stick mapping is Pp,,. Therefore, the mappings can be expressed
through the switching sets as

Q Q
JZIED SREEND YR ST T
Q Q
Py, 2 =5 =, P, %, — 3, (6.87)

Sy S o cy+ B+
Payy Xy —> X3, Pyt ¥y —> X5

for the local mappings;

Q _ _ 2
Py T — %5, P,:E) — ),
(6.88)

v Bt Lyt B -
P, E7 =5, Py 2> %

for the global mappings;

Q2
Py, 2 =5 50 (6.89)

for the stick mapping.
The governing equations for Py, and j € {1, 3} are

—Xit1 + V(i1 — ) +x; =0,
(6.90)
2d;V + ¢;[V(tis1 — 1) + x;] — Agcos Q1 + aj.‘” =0.

For the nonstick motion, the governing equations of mapping Pj,, (j = 1,2,3,4
and o, B = 1, 2, 3) are:

(Jpa)
1]ﬁ (xi, Qt;, xi41, Qti11) =0,

(6.91)
(Ja) _
S (i Qi Xy, Q1) = 0.

From the above mappings, the periodic motions for such a periodically forced,
frictional oscillator can be referred to Luo and Zwiegart (2005).

For numerical simulations, the parameters m = 5, dj2» = 0.1, c12 = 30,
V=3Vi=45V, =15 u; =05, ux =04, u13 = 0.1, o4 = 0.5 and
g = 9.8 are used. Consider a nonstick periodic motion relative to P3,; o Py, for
illustration. This periodic motion does not have the intersection with the boundary
9213. The periodic motion switches at the boundary 9€234. Because the friction
is continuous with the piecewise linearity as in Eq. (6.54), the total force on the
boundary 0234 is continuous, but the derivative of the force is discontinuous.
The phase plane, force distributions along the displacement and velocity, and the
responses of displacement, velocity and acceleration for the periodic motion rel-
ative to mapping P4,,3,, are plotted respectively in Figs. 6.6(a)—(f) for 2 = 5 and
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Figure 6.6.  Periodic responses of mapping P4,; o P345: (a) phase plane, (b) force distribution along
displacement, (c) force distribution along velocity, (d) displacement, (e) velocity, and (f) acceleration
for Q@ =5 and Q¢ = 70 with (Q#;, x;, x;) ~ (0.0458, 3.0183, 1.50).
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Qo = 70 with (24, x;, X;) ~ (0.0458, 3.0183, 1.50). The responses in €23 and
24 are represented by the thin and dark curves, accordingly. The circular symbols
are switching points, and the gray filled symbol is the starting point of the peri-
odic motion. The arrow is the direction of the periodic motion. The phase plane
is clearly presented in Fig. 6.6(a). In Figs. 6.6(b) and (c), the force is not smooth
at the boundary 0234, and the corresponding acceleration in Fig. 6.6(f) is not
smooth as well. The displacement and velocity responses in Figs. 6.6(d)—(e) are
very smooth. This motion is not interacted the boundary 9€2;3. In addition, the
corresponding mappings are labeled in all the plots. Once the starting is changed
to the another switching point, the mapping structure of the periodic motion be-
comes P3y.4,; = P3,; 0 P4,,. Therefore, the two mapping structures present the
same periodic motion except for the different initial conditions.

Consider a stick periodic motion relative to mapping P3,,0,,3,345;- The excita-
tion frequency and amplitude 2 = 1 and Qg = 70 with the initial conditions
(1, x;, x;) =~ (0.6672, 6.5814, 1.50) are used, and the other parameters are the
same as in the first example. Again, the phase plane, force distributions along
displacement and velocity, and displacement, velocity and acceleration responses
for the periodic motion of P3,,0,,3,54,, are shown in Figs. 6.7(a)—(f), respectively.
For this periodic motion, the sliding motion along the boundary 923 exists.
Since the friction force discontinuity on 9€213 exists in Eq. (6.54), the discon-
tinuity of the total force can be observed on both sides of the neighborhood of
the boundary. Because the static and kinetic fraction forces are different, the flow
barriers exist. Therefore, the output force relative to the flow barriers are defined
in Eq. (6.84). Féa) £ Féa)(xm, tm_) is depicted to observe the force criteria for
the disappearance of the stick motion. The stick motion is a straight line along the
discontinuous boundary in phase plane in Fig. 6.7(a). The force nonsmoothness
on the boundary 9234 between the two domains €23 and €24 is clearly observed
in Fig. 6.7(b). The input forces are continuous in the corresponding neighbor-
hoods of the two domains, thus, the input force is not presented. In Fig. 6.7(b), the
stick motion disappears at Fé” = 0, which satisfies the conditions in Eq. (6.76),
and it indicates that the nonfriction force overcomes the static friction force (i.e.,
flow barriers). Furthermore, the oscillator will oscillate on the moving belt, and
the kinetic friction force is used for motion in domain 23. So the corresponding
force from zero jumps to the negative one (i.e., F3(X,t) < 0), as illustrated in
Fig. 6.7(b). Since the input force Fif) > ( and the output force Fig) < 0, the
stick motion appears. The nonsmoothness of the forces on the boundary 9€234 is
also observed. Such force characteristics of stick motion and domain switching
are presented in Fig. 6.7(c) as well. From Figs. 6.7(d) and (e), the displacement
and velocity are continuous. However, the acceleration is discontinuous at 9213
and nonsmooth at 9234 because of the force discontinuity, which is observed in
Fig. 6.7(f).
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Figure 6.7.

o P44, (a) phase plane, (b) force

distribution along displacement, (c) force distribution along velocity, (d) displacement, (e) velocity,

and (f) acceleration for Q = 1 and Q¢ = 70 with (Q24;, x;, x;) ~ (0.6672, 6.5814, 1.50).



Chapter 7

Transport Laws and Mapping Dynamics

Once a real flow arrives to the discontinuous boundary, the real flow cannot pass
through the boundary, but the flow may slide on the boundary. In Chapter 6, if
the flow barrier on the separation boundary is permanent or semi-permanent one,
the flow never passes over the barrier into another accessible domain. Therefore,
a suitable transport law is required to overcome the permanent flow barrier. In ad-
dition, if the accessible domain is separated by the nonaccessible domain, a flow
from one accessible domain to another accessible one may require a transport law
to continue the flow in the global system. In this chapter, the transport law will
be introduced as a specific map which transports the flow from an accessible do-
main to another accessible domain. Once a specific transport law between the two
accessible domains is determined, the global flow in all the possible accessible
domains can continue. Further, the mapping dynamics of the global flow will be
discussed. The mapping structure will be introduced for determining complicated
periodic flows. A linear impact dynamical system will be presented for demon-
stration of the methodology to determine the global periodic flow in discontinuous
dynamical systems.

7.1. Classification of discontinuity

Consider a flow ®(x, t) of Eq. (2.1) to be C!-discontinuous (or C%-continuous)
on a boundary curve 9Q2;; (or hyper-surface), as shown in Fig. 7.1. For the C L
discontinuous flow ®(x,7) = P (x, Xo, t, fp), the points x® and x\) relative
respectively to the domains €2; and £2; on the boundary 0€2;; are identical (i.e.,
x® = x(D) for the same time 1,,, but the flow gradients V®© (x® 1, 1) and
Vo) (x(), tmx) on the boundary 0€2;; are different (i.e., v x® 1) #
Vo) (x(), tm=)). In the domain €;, there is a flow & @ (x, 1) from the starting

point p,,_ with coordinates X§271)+ = xD (t(u—1)+) to the ending point p,, with
(i)

X, - In the domain €2, there is a flow @ (x, t) from the starting point p,, with
)
m—

is C!-discontinuous on the boundary 3€2;;. Such a boundary 3<;; is termed the

coordinates x,’” to the ending point p,, 1 with XEz]n) +1)_- Thus, the flow x®yx\)

213
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Figure 7.1. The C L_discontinuous flow ®(x, t) on the boundary 9€2;; (or hyper-surface). The largest
circle symbol is the connecting set.

C!-discontinuous one for such a discontinuous system. The C'-dynamical sys-
tem is also called the nonsmooth dynamical system in mechanical engineering
because the trajectory is continuous. The mathematical definition is given as fol-
lows:

DEFINITION 7.1. For a discontinuous system in Eq. (2.1), once the flow x(®)(f)
(a € {i, j}) arrives to the boundary x,, € 9€2;; at time t,,, the boundary 92;; is
termed the first-order derivative discontinuous (or C!-discontinuous) boundary of
the flow x® (1) Ux® (1) (B € {i, j}, « # B) in Eq. (2.1) if

XD (=) = xm = xP (1,1), (7.1)

Vo (x@ 1, ) £ VeP (xP 1,.). (7.2)
The singularity and dynamics on discontinuous dynamical systems with such a
discontinuous boundary has been discussed in Chapters 2—6. Even if the perma-
nent flow barrier exists, the flow may slide on the boundary, but the flow cannot
pass through the boundary and into the domain with the permanent flow barrier.

For this case, usually, no transport law on the boundary exists. For special pur-
poses, the transport laws can be added on such a discontinuous boundary, which

will be discussed later. From Chapter 6, once the input barrier fgoé) X, L) 18
very large (i.e., f%) (X, Imt) — 00), the vector field £ (x,,, 1) cannot over-
come the input barrier fg/;) (X, tm+) to get on the boundary 92;;. The incoming
flow x@ (¢) of Eq. (2.1) to the boundary 0€2;; can return back into the domain €2,
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until the vector field changes the direction or the incoming flow can be transported
to the different domain by a certain transport law. The mathematical description
is given as follows:

DEFINITION 7.2. For an incoming flow x®(¢) (« € {i, j}) in Eq. (2.1) ap-
proaching to the boundary x,, € 0€2;; at time #,,, there is an input flow barrier

f((x"/‘s) (Xm» tmt) (B € {i, j}, a # B) on the a-side of the boundary 9€2;;. The bound-

ary 0€2;; to the incoming flow x@ (1) is permanently-nonpassable if the vector
field cannot overcome the flow barrier, i.e.,

|F@| < [£5] forall x,, € 3%; and . (7.3)

To extend the Definition 7.2, the definition of the forbidden boundary is presented.
Once the forbidden boundary exists, the transport law must exist for the motion
from one domain to another one.

DEFINITION 7.3. For two incoming flow x)(r) (« € {i, j}) in Eq. (2.1) ap-
proaching to the boundary x,,, € 3$2;; at time £,,, there are two input flow barriers

£ . tms) (B € {i. j}. @ # B) on the both sides of the boundary 9€;;. The

boundary 9€2;; for the flow x@ (1) U xB)(¢) is forbidden if the boundary 9€2;; to
both of the incoming flows x*) (1) (« € {i, j}) is permanently-nonpassable.

Consider a separation boundary 9€2;; to be permanently-nonpassable. In a do-
main 2, (@ € {i, j}), the discontinuous boundary set is defined by 8&2;}7). The
discontinuous boundary set BQE‘?‘)_ represents just before the flow arrives to the
boundary, and BSZ;;‘)JF just after the flow leaves the boundary. The connecting
set for the two discontinuous boundary sets is denoted by Fl.(;‘). Therefore, a
a-side boundary 89}‘;‘) = 89}‘;) U 89;7” u F,.(;.X) exists. For any permanently-
nonpassable boundary, there is at least a transport law to map the flow passing
over the connecting set or to another domain. However, the incoming flow x,, to
the boundary 895?5) will stay on the boundary until the vector field F® (x,,, t,,)
changes its direction with varying #,,. The hyperbolic and parabolic phase por-
traits in vicinity of a forbidden boundary are depicted in Fig. 7.2.

The forbidden boundary is expressed through a forbidden zone. In fact, the
width of the fictional forbidden zone is zero. To cross over the forbidden zone,
a transport law should be exerted. If points x) and x/) on the boundary for the
same time #,, are different (i.e., <I>([)(x£,i), tm) # %Y >(x,S{ ), tm)), the discontinu-
ous system is C?-discontinuous on the boundary. The relationship is determined
through at least a certain transport law, which will be discussed in the next sec-
tion. The mathematical definition for such a discontinuous boundary is given as
follows.
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xn—m
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xnﬂu

n

(b)

Figure 7.2.  (a) Hyperbolic and (b) parabolic phase portraits in vicinity of the forbidden discontinuous
boundary 9€2; j without a discontinuous law. The largest, solid circular circle is the connecting set Fl.(}’)

(o € {i, j}). The largest solid curves with circular symbols are the discontinuous boundary set. The
forbidden zone is fictitious.

DEFINITION 7.4. For a discontinuous system in Eq. (2.1), once the flow x@ (1)
(a € {i, j}) arrives to the boundary x,, € 9€2;; at time t#,,, the boundary 92;; is
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Figure 7.3. (a) Sink and (b) source domains €2;. The white subdomains are accessible. The gray
subdomains are inaccessible domain. The sink and source domain is shaded.

termed the zero-order derivative discontinuous (or C°-discontinuous) boundary
of the flow x® (1) Ux®) (1) (B € {i, j}, & # B) in Eq. (2.1) if for time #,,

xX(t,-) € 9Q; and xP(1,4) € 3, (7.4)
(I,(Ot)(x(a)’ tm—) + B (X(ﬂ), tm+)- (7.5)

To explain the above two concepts geometrically in phase space, the sink and
source domains are sketched through the shaded area in Fig. 7.3. The neigh-
bored subdomains include the accessible and inaccessible subdomains, which
are depicted through the white and gray colors, respectively. The boundaries be-
tween the accessible and inaccessible domain are permanently-nonpassable. For
the sink domain, the flows to its passable boundaries are towards the inside of
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the domain, as shown in Fig. 7.3(a). However, for the source domain, the flows
to its boundaries are towards the outside of domain, as shown in Fig. 7.3(b). If
all the neighbored subdomains of the accessible domain €2; are inaccessible, the
corresponding boundaries of €2; should be permanently-nonpassable. If flows in
domain €2; pass over the boundary and into the other nonadjacent accessible do-
mains, at least one transport law should be exerted.

If all the neighbored subdomains of the accessible domain €2; are accessible
and the corresponding boundaries of 2; are semi-passable only in one direction,
then the accessible domain €2; is sink or source. Consider a closed accessible do-
main €2; as an example for illustration. The sink and source domains are sketched
in Figs. 7.4(a) and (b) for a better understanding of the above definitions. The
solid closed surface is the boundary of the closed domain €2;. The arrows are the
flow going in the sink domain and out the source domain, respectively. This con-
cept already extended the source and sink of equilibrium in continuous dynamical
systems. For the inside of the two domains, there is a continuous dynamic system.
In mechanical systems, there are two kinds of semi-passable boundary at the same
time to make a flow get into and out the domain.

DEFINITION 7.5. The accessible domain €2, C €2 for discontinuous dynam-
ical systems in Eq. (2.1) is termed a sink domain if for all the corresponding
boundaries of €, with all the neighbored domains 24, except for permanently-
1%1passable boundaries, the rest of the boundaries of 2, must be semi-passable
08284.

DEFINITION 7.6. The accessible domain €2, C €2 for discontinuous dynamical
systems in Eq. (2.1) is termed a source domain if for all the corresponding bound-
aries of 2, with all neighbored domains 2, except for permanently-nonpassable
boundaries, the rest of the boundaries of €2, must be semi-passable 8_5)20[,3.

7.2. Transport laws

Before discussing transport laws on the discontinuous boundary 9€2;;, the input
and output boundaries are first introduced herein.

DEFINITION 7.7. For a discontinuous system in Eq. (2.1), the discontinuous
boundary 0€2;; to which only the flow in the subdomain 2, (« € {i, j}) arrives

is termed the «-side input boundary 8Qig (B €{i, j}and o # B).

DEFINITION 7.8. For a discontinuous system in Eq. (2.1), the discontinuous
boundary d€2;; on which only a flow leaves for the subdomain Q (o € {i, j}) is

termed the a-side output boundary 89;2 (B €{i,j}and a # B).
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Figure 7.4. Two closed accessible domains: (a) sink and (b) source. The solid closed curve is the
boundary of the closed accessible domain £2;. The arrows are the flow going into the sink domain and
going out the source domains, respectively.

From the above two concepts, whatever the boundary is semi-passable (i.e.,
3_52[ j) or nonpassable (i.e., 0% ), only if the flow in the corresponding domain can
come to the boundary, this boundary is defined the input boundary. On the other
hand, only if the flow can leave this boundary into the corresponding domain, the
boundary is called the output boundary.

To restrict our discussion, the investigation focuses on making the flow contin-
uous on the C-discontinuous boundaries. Consider a C%-discontinuous boundary
to be the part of the boundary for the unbounded, universal domain first. Since the
universal domain is unbounded, the boundary is located at the infinity. For such a
case, no transport rule or law is required. Hence, a more strict description is given:
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Figure 7.5. (a) Unbounded and (b) bounded domains €2;. The white subdomains are accessible. The
gray subdomains are inaccessible domain. The shaded domain is a specified accessible domain.

DEFINITION 7.9. Under Assumptions (A1)-(A3), if the discontinuous dynamic
system of Eq. (2.1) in an unbounded domain €2; possesses a bounded flow, there
are no any discontinuous laws which can be exerted on the boundary 0Q2;oc =
QN0 # .

To show the above definition intuitively, the boundaries for unbounded and
bounded, universal domains are sketched in Fig. 7.5 through the dotted and
solid curves, respectively. The white subdomains are accessible. The gray sub-
domains are inaccessible. The shaded domain is a specified accessible domain.
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From Assumptions (A2)—-(A3) in Chapter 2, the flow in the unbounded subdo-
main 2; must be bounded because of 0Q;sc = 2; N U # & to make physical
flows in the entire discontinuous system exist. For a bounded, universal domain
O, there is a common boundary 0Q2;oc = 2; N U # & between the domain U
and €2; is nonpassable. If the common boundary 92, possesses at least a pair
of the input and output sub-boundaries on the i-side of 0<2;, (i.e., 89};0 and

89?;0). On the nonpassable boundary, there is at least a transport law to map
the input discontinuous boundary into the output discontinuous boundary. If the
boundary 9€2; is the input or output boundary, a transport law on the boundary
must exist to map 9€2;« as an input boundary into an output boundary or to map
an input boundary into 9€2;, as an output boundary. Otherwise, the input bound-
ary becomes an attractive boundary set (i.e., “blackhole”), or the output boundary
becomes source to repel the flow.

For the boundary 9€2;c, the input and output boundaries of flow are repre-
sented by 89};0 and BQZ.TO’O, respectively. A singular set F[(;)O connects the input
and output boundaries. The transport law between the input and output boundaries
is given through the following definition.

DEFINITION 7.10. For a discontinuous system in Eq. (2.1), under Assumptions
(A1)—(A3), there is a flow x¥) € ©; with a common boundary

Ji . ki ) ni .
30 = | Vo055 U ®aal, U ™o, (7.6)
j=1 k=1 n=1
where {j;, ki, n;} are the maximum numbers of the input and output boundaries
and connecting sets. A map UK T, transporting a point (j)xf,;)_ € <f>as2,.ﬁo to
a point (k)xsll e ©JQ] for time 1, without time consumption is termed the
transport law on the common boundary 9€2;, i.€.,
i o (@) (@)

UOT. o (J)Xm_ — (k)Xer, (7.7)
which is governed by the (n — 1)-dimensional one-to-one vector function g;~, €
R as

o () @) i
gico(Vx,,_, ©x,’, pi) =0 ondQic (7.8)

with a parameter vector p® e %k relative to the boundary 9;xo.

The transport law on the common boundary 9€2;+, can be explained geomet-
rically in Fig. 7.6 through the dashed curve arrow. The white circular points are
for transporting from the input onto output boundaries of the common bound-
ary. The transport law can be given to discontinuous dynamical systems, or can
generically exist in discontinuous dynamical systems. For example, the ball mo-
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xnknl

x”]
Figure 7.6. Transport law on the common boundary 9€2;,,. The white and gray areas are ac-
cessible and inaccessible domains, respectively. The arrows represents the flow input and output
sub-boundaries on 92; . The dark circular symbols are connecting sets, and the white circular points
are for flow transporting.

tion in an impact damper is discontinuous. The boundary of the impact damper is

discontinuous. The impact law is a transport law to map the motion on the input

boundary onto the output boundary. The ball motion in the impact damper can be

referred to Masri and Caughey (1966), Masri (1970) and Han et al. (1995).

:,tl)_ e U )BQI%O C %"~! on the i-side, input boundary, which
(0
m—>

Consider (x
is satisfy g, (Vx " ,t,_) = 0. Because the function for the separation
boundary is unique, one of the n-components in U )X;;)_ can be expressed by
the (n — 1)-components. Similarly, for (k)xf,zr € <’<>an; C %! on the i-

side, output boundary, the boundary function (k)(p,-oo((k)x,(,il, tm+) = 0 should

be satisfied. One of the n-components in <k>xf,’,)+ can also expressed by the other
(n — 1)-components. Therefore, the transport law for mapping point ¢/ )Xf,;)_ to
(k)xi,l,L should be a one-to-one, (n — 1)-dimensional vector function. It indicates
the flow through this transport law is one-to-one. In Definition 7.10, the transport
law is defined on the same domain with the input and output boundaries. The
transport law between the boundaries of two separated, accessible subdomains is

defined in the following way:

DEFINITION 7.11. For a discontinuous system in Eq. (2.1), under Assumptions

(A1)—~(A3), two accessible domains Q, (o € {i, j}) exist. For two flows x* e

Qq, there is a map Tlio transporting a point X%l € 89};0 to the point Xf,ﬁr €

BQ%O for time #,, without time consumption is termed the transport law from
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(7.9)

which is governed by the (n — 1)-dimensional one-to-one vector function g;’f €

R ag
(@)

(0]

(e'e)
gij (Xm—’ Xt

pY) =0 from dQs, to 917,

. N
with a parameter vector piY € %' .

(7.10)
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This transport law is noninvertible. However, the transport law from the output
boundary to the input boundary of two separated, accessible, subdomains is pre-
sented in Fig. 7.7. If the output and input boundaries of two separated domains are
closed surfaces, the transport law will transport the flow from the source domain
into the sink one. The transport law implies that the flows between two accessible,
sub-systems can be exchanged. The above discussion about the transport law is
relative to the common boundary between the subdomain and the universal do-
main. The further discussion is about the transport law on the regular boundary
between two accessible subdomains. The transport law on the boundary between
the two accessible subdomains will be discussed first, and then the generalized
transport law on the boundaries between the accessible and/or inaccessible do-
mains will be discussed.

DEFINITION 7.12. For a discontinuous system in Eq. (2.1), under Assumptions
(A1)-(A3), two adjacent accessible domains Q, (o € {i, j}) exist. A map Tig
transporting x') € BQ# to ng}r € 89;’; (B € (i, j} and @ # B) with X} #
xﬁfl is termed a transport law from 89}; to 8925 ie.,

Tip:x — xP) (7.11)

which is governed by the (n — 1)-dimensional one-to-one vector function g;g €
RN as

gip (xf,;)_, xffl, p;x/ﬂ) =0 on 8&2# and 8925 (7.12)

ap

with a parameter vector pgﬂ ) e ki,

The transport laws for the C%-discontinuous flow @ (x, ) on the boundary 3€2; 5

are sketched in Fig. 7.8 for explaining the above definition. In the domain €2

(¢ € {i, j}), there is a flow @ (x, t) from the starting point x,((a) to the ending

point x,(fi: | where k € {m — 1, m,m + 1}. Note that the superscripts “—” and
“+” represent before and after the transport on the boundary. The dashed curves
represent the transport law on the boundary. The solid thin curves represent the
subdomains. In Fig. 7.8(a), the transport laws are given by the following two
equations,

Tijx — x9, on 955 (7.13)
TixP s x® on 3% (7.14)
Jt - X — (m+1)+ ij- .

The two transport laws transport the flow on the same boundary with differ-

ent domains. For the transport law T;;, BQ};, 8{2?:’ C R’z,;, are for the CY-
discontinuous system on the semi-passable boundary ﬁi ;. However, for the
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xn—u A (2 ,---..7;"
N \ o) (x.1)

o) (x,1)

[f)

[uH—l)

oQj;

(a) xnl

n-n

(b

Figure 7.8. Transport laws for the CO-discontinuous flow ®(x, 1) on the boundary 9€2;;: (a) from
Qq to Qg on asziﬁ (@, B € (i, j} and & # B), and (b) from aQ}j‘ to aQ]Tlf.

transport law T;, BQtj 8QTZ C %, 2;;. To make the express1on different from
nonpassable boundary, the mput and output boundary of 89, j can be expressed

by _5)23' and mi i respectively. The input and output boundaries of 9<2;; j can

also be expressed accordingly, by B_Qiijl and E)_Q?j] . Without the transport law, the
flow passability is the same as in Chapters 2—6. In Fig. 7.8(b), the transport law
maps a point xf,,)_ € 852w C 83 ij to the point x() € BQT’ C 8(.9,']- at time t,,
without time consumpt1on ie.,

Tii:x\ — x%.  on the side of ©; for 3. (7.15)

m_
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After transported, the flow is still on the side of €2;. That is, the motion cannot pass
over the boundary 0€2;; into the domain €2 since the transport law causes the mo-
tion into the returning semi-passable boundary to avoid the flow in the domain £2;.
The discontinuous transport law causes the passable boundary equivalent to the
nonpassable boundary. Once Definition 7.12 is extended, the transport law maps
the one accessible domain boundary to another nonadjacent domain boundary.
A similar definition can be given as follows:

DEFINITION 7.13. For a discontinuous system in Eq. (2.1), under Assumptions
(A1)-(A3), there are two nonadjacent accessible domains €2; and €2; with the

corresponding i-side input and /-side output boundaries BQ# and 852,111 . A map
O ¢ 852w tox?, € a0 withx?)

T;; transporting X, o 7 x(l) for time 1, without

the time consumption is termed a transport law from 89“ to 89,111 ,1.e.,

Ti: x(’) —>x(l)+ (7.16)

which is governed by the (n — 1)-dimensional one-to-one vector function g;; €
R as

gir(xy. . x\) . pi) =0 on 9%} and 0/ (7.17)

kl
kD) o gkl

with a parameter vector p;;
The Definition 7.12 is the special case of Definition 7.13 when k,/ € {i, j} and
k # [. From this definition, it is not necessary to require the domains €2; and
Q2 to be accessible. They can be accessible, or inaccessible or universal domain.
This definition is illustrated in Fig. 7.9. As in Section 7.1, the boundary may be
permanently nonpassable. To continue the flow in the entire discontinuous system,
the transport law should be exerted. In the above transport laws, the mappings
are time-independent. For time-dependent transport laws, they are as similar as
regular dynamical systems. The difference lies in that the flow of the transport
law is given instead of being determined by the differential equations. Therefore,
the time-dependent transport law is introduced as:

DEFINITION 7.14. For a discontinuous system in Eq. (2.1), under Assumptions
(A1)—(A3), there are two nonadjacent accessible domains 2 and €2 with the
corresponding i-side input and /-side output boundaries 89}; and 892{ . A map

'T;; transporting x(l) € BQ“ with time ¢, to x® € BQZZI with #,,,41 is

(m+1)+
termed a transport law from S.Qiij' to BQ,III with a given time difference Ar =
tm+1 — I, i.e.,

Tirt (35 ) = (X1 tt1) (7.18)
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Figure 7.9. A generalized transport laws from 69}; to 692} for the CO-discontinuous flow.

which is governed by a vector function with two components
' I ' k
’g,-l(xf,;l, xfn)w pf-‘;, tmstmg1) =0 on BQ}; and 89,11 (7.19)

. kl) _ gakM
with a parameter vector p; i€ N

7.3. Mapping dynamics

For a discontinuous system, if a flow just in the single subdomain cannot be in-
tersected with any discontinuous boundary, such a case will not be discussed in
this book. This is because the characteristics of such a flow can be determined by
the continuous dynamical system theory. The main focus of this chapter is to de-
termine the dynamical properties of global flows intersected with discontinuous
boundaries in discontinuous dynamical systems. To do so, the naming of subdo-
mains and boundaries in discontinuous dynamic systems is very crucial. Once the
domains and boundaries in discontinuous dynamical systems are named, the map-
pings and mapping structures for the global flow in such discontinuous dynamical
systems can be developed. Therefore, consider a universal domain U with M-
subdomains in phase space, and N-boundaries among the M-subdomains with
the universal domains. In the previous discussion, the boundaries are expressed
by the neighbored domains. For example, €2y is the boundary between the sub-
domains €2; and ;. To define the maps, the switching surfaces relative to the
boundary should be named, and the domain should be named. The naming of
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[

xnﬂ”

X

n

Figure 7.10. Naming subdomains and boundaries: the dotted routine for the order of naming for
subdomains, and the solid routine for switching surfaces.

switching surfaces and subdomains can be independent. In Fig. 7.10, the subdo-
mains are named through a dotted routine, and the switching planes are named by
a solid routine. In fact, the naming of the subdomains and the switching planes
are arbitrary. Consider all the subdomains and the switching surfaces expressed
byQ;(J=12,...,M)and B, (¢ = 1,2, ..., N), respectively. The switching
plane E, (¢ = 1,2, ..., N) defined on the boundary 92;5 (I, J =1,2,..., M)
are given by

By = {(t,',X,') | o1 (Xi, t;) = 0 for time tj} C 082yy. (7.20)

The local mapping relative to the switching sets E,, through the dynamical system
in the subdomain 2 is

Py, 8¢ = Ba. (7.21)

The global mapping starting on the switching sets E, and ending on one of the
rest switching sets Eg (8 # o) relative to the subdomain € is

Pz Bq = Ep. (7.22)
The sliding mapping on the switching sets E, governed by the boundary

@1(X,t) = 01is defined by

Py By — Eo. (7.23)

o *

Notice that no mapping can be defined for the inaccessible domain. For simplicity,
the following notation for mapping is introduced:

Poyoonjengny = Ppp o0 Py, 020 Py, 0 Py, (7.24)
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where all the local and global mappings are

Py, € {Pjaﬂ la, Be{l,2,...,N}, J €{0, 1,2,...,M}} (7.25)
fori € {1,2,...,k}. The rotation of the mapping of periodic motion in order
gives the same motion (i.e., Py ny-ngs Prgengnys « -+ » Pagny--ni_y)> and only the

selected Poincaré mapping section is different. The motion of the m-time repeat-
ing of mapping Py, n,...n, 18 defined as

Pinyny = Plug-ngnyym = Py - -nany) - - (ng - - nany)

m

=(Pyo0---oPyo0P,)o--0(Pyo---0P,,0P,). (7.26)

m sets

To extend this concept to the local mapping, define

pm = Poynjyn = (Pyyo---0oPy)o--o0(Pyo---0Pby) (7.27)

np-n

m sets

where the local mappings are
Py, € {Pro |l €{1,2,...,N},J €{0,1,2,..., M}} (7.28)

for j1 € {j, ..., !}. Notice that the Jth subdomain for the local mappings should
be the neighbored domains of the switching set E,. For a special combination of
global and local mapping, introduce a mapping structure

Pnkm(nlmnj)mmnznl = Pnk ©0:--0 P,Zl...n_/ o---0 Pnz © Pnl
= Pnko~~-o(Pnlo~~~oPn/.)o~-~o(Pn] o~-~oPnj)o~-~oP,120Pnl.
(7.29)
m sets

From the definition, any global flow of the dynamical systems in Eq. (2.1) can be
very easily managed through a certain mapping structures accordingly. Further,
all the periodic flow of such a system in Eq. (2.1) can be investigated.

For a subdomain €2, the flow is given by

x = oW (1,x{", 1) e " (7.30)

Consider an initial condition to be chosen on the discontinuous boundary relative
to the switching plane E, (i.e., (X;, #;)). Once a flow in the subdomain €2 ; for time
ti+1 > t; arrives to the boundary with the switching plane Eg (i.e., (X;+1, fi+1)),
Eq. (7.30) becomes

XD =Y (11, x, 1) e . (7.31)

The foregoing vector equation gives the relationships for mapping Pj,,, which
maps the starting point (X;, #;) to the final point (X;+1, t;+1) in the subdomain



230 Chapter 7. Transport Laws and Mapping Dynamics

;. For an n-dimensional dynamical system, Eq. (7.31) gives n scalar equa-
tions. For one-degree-of-freedom systems, two scalar algebraic equations will be
given. For a sliding flow on the switching plane &, the sliding mapping P,
with starting and ending points (x;, #;) and (Xj+1, ti+1). Consider an (n — 1)-
dimensional boundary 0€2;;, on which the switching set E, is defined. For
the sliding mapping Py, :Ey — &g, the starting and ending points satisfy
01y (Xi, i) = ¢17(Xi+1,ti+1) = 0. The sliding dynamics on the boundary can
be determined by Eq. (3.6), i.e.,

x =F%)x, 1) e "' ondQy. (7.32)
With the starting point (x;, t;), Eq. (7.32) gives
x=G%) ¢ x;. 1) and ¢r5(x,1) = 0. (7.33)

From the vanishing conditions of the sliding motion on the boundary, at the ending
point, Eq. (7.33) should be satisfied and the normal vector field product should be
zero. Therefore the sliding mapping Py, on the boundary with ¢;; (X;+1, ti+1) =
0 will be governed by

Xit1 = GO (141, x;, 1) e R,

(7.34)
njo FOXi,441) =0, oe{l ]}
Equation (7.34) can be rewritten in a general form of
x(0) = @ Qo) (1, x{%) 1) € ", (7.35)

The transport law can be defined as a transport mapping as Pr,,: 8¢ — Eg.
Similarly, using #;+1 — #; = A the transport law gives

Tota oo Taa n
xfa) = @Tao) (1 x{Te) 1) € 91" (7.36)

1

For practical computations, the transport law is not necessary to be treated as
mapping. Once all the single mappings are determined by the corresponding gov-
erning equation. Because of the global flow on the discontinuous boundary in
phase space, a new vector y = (¢, x)! is selected on the boundary. Through the
new vectors and boundaries, the global flow based on the mapping structure is
expressed by

Yi+r = LCnge-(ny--nj)™-non Yi (7.37)

where r is the total number of mapping actions in the mapping structure. For a
global periodic flow, the periodicity conditions are required by

(s Xitr) = (G + NT. ) (7.38)
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where N is positive integer, and T is period of system in Eq. (2.1). For system
without external periodic vector fields, the flow with a certain time difference
returns to the selected reference plane, which will be a periodic motion. The gov-
erning equations for Eq. (7.37) are

X,(i)p = @Y (14, Xgi)p—l’ tivp—1),
(7.39)
01 (X\%),_ . titp-1) =0
foro e {ny,ny,...,nx},pef{l,2,...;r}and I, J =1,2,..., M.

The global periodic flow relative to the mapping structure Py...(n-n ;)" -nyn,
will be determined by Egs. (7.38) and (7.39). The global periodic flow may be sta-
ble and unstable. The corresponding stability analysis can be completed through
the traditional local stability analysis. For the periodic flow with sliding motion,
the local stability analysis may not be useful. The sliding criteria in Chapter 3
should be employed. Although the local stability analysis can be carried out,
it cannot provide enough information to judge the disappearance of the certain
global, periodic flow. For the local stability analysis of the periodic flow, the all
switching points are given by (x(a) 1@ ) and the corresponding perturba-

i+p—1°"i+p—1
tions 53’51),04 = (szgi)p—l , (Sti(i;f] )T are adopted. The perturbed equation for the
stable analysis is
5)’i+r = DPnk~~~(n1~~nj)'"~~n2n13Yi7 (740)
and the Jacobian matrix is
DPpnyenjymengny =D Py =+« (DPyy -+ -+ DPy;)" - -DPy, - DPy,.
(7.41)

For each single mapping,
0T titp) }
O Tttt 2, 1)

foro € {ny,no,....,nx},pe{l,2,...,r}and I, J =1,2,..., M. The follow-
ing determinant gives the all eigenvalues to determine the stability, i.e.,

DP, = [ (7.42)

[T S (X)) (7.43)

If the magnitude of each eigenvalue A; (j = 1,...,s) is less than one (i.e.,
|L;j| < 1), the periodic flow determined by Eqs. (7.38) and (7.39) is stable. If
at least one of the magnitudes of s eigenvalues is greater than one (i.e., [A;] >
1,j e {l,...,s}), the periodic flow is unstable. If all the eigenvalues are on the
unit circle, the periodic flow is spectrally stable.

The mapping dynamics is to develop the mapping structure for aspecific mo-
tions in nonlinear dynamical system. The mapping structure technique is the
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Figure 7.11.  Mechanical model of the piecewise linear impacting oscillator.

extension of the shooting method. For complicated motions, the shooting method
may have difficulties. The details on the shooting approach can be found in
Levinson (1949).

7.4. An impacting piecewise system

Consider a periodically forced piecewise linear oscillator with impacting at two
displacement boundaries in Fig. 7.11. In this system, three masses m; (J =
1,2, 3) are connected with the corresponding dampers with coefficients d; and
springs of stiffness k. The external forcing Q¢ cos 2 acts on the primary mass
mo where Qo and 2 are excitation amplitude and frequency, respectively. The
displacement measured from the equilibrium position is denoted by x. To develop
this model for transmission gear systems, the following hypotheses are used:

(H1) The two second masses my (J = 1, 3) are stationary before impact with
the primary mass m>.

(H2) The impact between the primary mass m, and the second mass m; (J =
1, 3) is perfectly plastic at two displacement boundaries. During impacting
at the separation boundaries, time is invariant.

(H3) Once the primary and second masses return back to the displacement
boundary, the second mass m; (J = 1, 3) is separated with the primary
mass mj.

After and before impacts, the motion of the system has been changed. There-
fore, three equations of motion will be used to describe the entire dynamical
system. The equations of motion for this system are:

X+2djx+cjx =AjycosQ —by, Je{l,2,3} (7.44)
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X
GOl a0,
Figure 7.12. Phase domain partition and boundaries.
where
Qo ko + ks (1= 83)
Ay = 5T, €l = 5T
g Lrdi1=8) 2 —DksE;
J=—————0H, bi=—77"7-—7"7-.
my +my(l—8) my +my(l —8%)

Note that the Kronecker function 8}’ = 0 for I # J and 811 = 1for I = J. The
three subdomains in phase space for the discontinuous system in Eq. (7.44) are
defined as

3
Q= U Q (7.46)
J=1
where
Q] = {(-xa y) |-x [S [Elvoo)vy € (—OO, OO)},

Q ={(x,y) | x €[—E2, E1], y € (=00, 0)}, (7.47)
Q3 ={(x,y) [ x € (00, —E2], y € (—00, 0)}.

The corresponding separation boundaries are defined as
Q2 = 8912 U dQ12 U (E1,0) = 21 N2

={(x,» I p12(x,y) =x — E1 =0}, (7.48)
303 = 3$33 U 9923 U (—Ea, 0) = 20 N Q5
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={(x.y) [ ¢5(x,y) =x+ E; =0}.
For a better illustration of the above definition, the subdomains and boundaries
are shown in Fig. 7.12. From the above definitions, Egs. (7.44) and (7.45) give
x=FYx, 1) forJe{l,2,3} (7.49)
where x = (x, y)T and
FOx, 1) = (v, —2dyy —cjx —by + Qpcos )" inxe Qy.  (7.50)

From three assumptions and momentum conservation, the transport law for this
discontinuous dynamical system is given by

Y(m+) = p1yy(tm-) on a2y (7.51)

where t,,_ and 7,4 are times of before and after impacts, and

mj m3

M3 = ————— (7.52)

K12 = = .
my + m3

my +my’
Using Eq. (7.48), the normal vector of the discontinuous boundary is
n3Q, = NjQ,; = (1 s O)T (753)

The normal vectors of the boundary indicate the separation boundary convex to
the direction of the x-direction in phase space. That is, the boundaries 9€21, and
0S273 are convex to the domain 2| and €25, respectively. Therefore, Eqs. (7.50)
and (7.53) give

ngglz . F(l)(x, t,u, ™ = ngﬂlz . F(2)(X7 t ) =Y,

(7.54)
g, FO & 1y 1) = njg,  FOK 1,13, m) = y.
The total derivative of vector fields is determined by
J) ()
aF, (¢ oFY/ (1
DF(])(tmi) — [M}F(a)(%i) + ﬂ (7.55)
0xg4 ot
Therefore,
ngQ|2 : DF(I)(Xs t, Ul, ]t) = F(l)(X7 f, u]v ]t)’
o, - DFP X, 1,1y, 1) = FO(x, 1, 1y, 7); (7.56)

n’gQZ3 : DF(Z)(X5 t7 l—l2’ 7[) = F(Z)(X7 t5 H27 ]r)’
ng‘QB ’ DF(3)(Xa I, us, )= F(S)(X’ t, us, ).

From Theorem 2.11, Egs. (2.29) and (2.30) give the necessary and sufficient con-
ditions for the tangential (or grazing) bifurcation on the separation boundary, i.e.,
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Figure 7.13. Switching sections and basic mappings in phase plane.

y(t,) =0, ondQyand 923; (7.57)

FO &ttty ) >0, FP Xt iy, 1) <0 0n 912,
(7.58)
F(2)(Xm’tm7 Hz,n) > 0, F(3)(Xm,l‘m,}13,7t) <0 ondo3.

To describe motion in Eq. (7.44), the generic mapping should be defined. Four
switching sections (or sets) are introduced first:

81 ={¢i.xiy) | xi—E1=0,% =y >0} C Q1.
S ={(ti,xi,y) | xi —E; =0,% = y; <0} CaQ, (7.59)
B3 = {(t, xi,y0) | xi + E2 = 0,% = y; <0} C 93,
84 ={, xiy) | xi+ E2=0,% =y >0} C 903

The two unions of the switching planes are:
Ep=EB1UEByU(, E1,0) and Eyp3 = E3U EqU (f;, —E2,0). (7.60)

The points (¢;, E1, 0) and (¢;, — E7, 0) are both equilibriums of the sliding motion
and the tangential points for the flows on the both sides of the separation boundary.
From four subsets, six generic mappings are:

Py 8o = Ep for Jop = 112, 221, 223, 334, 243, 241. (7.61)



236 Chapter 7. Transport Laws and Mapping Dynamics

The switching planes and generic mappings are sketched in Fig. 7.13. Consider
the initial and final states (¢, x, x) = (t;, x;, y;) and (fi+1, Xj+1, Yi+1) in the three
subdomains 27 (J = 1, 2, 3), respectively. The displacement and velocity equa-
tions in Appendix A with the initial conditions give the governing equations for
mapping Py, (Jop = l12, 221, 223, 334, 243, 241), i.€.,
(Jap)
AT Gyt Xign, Yigt, tig) =0

Pt Uap) (7.62)

2 (X Vi tis Xit 1, Yitls tig1) =0
where x;, x;4+1 € {E1, —E2}.
Due to impacts at two boundaries, the transport law relations are

yio = oy, forx; =xi4 = Ei,
(7.63)
yir =y, forxi =xi41 = —E

where y;- = y;y for mappings P,, and P, before impact, and yl.Jr = y; for
mappings Pp,, and P3,, after impact. In addition, from Egs. 7.57 and 7.58, the
necessary and sufficient conditions for all the six generic mappings Pj,, (Jop =
112, 221, 223, 334, 243, 241) in the three domains Q; (J € {1, 2, 3}) are

Yi+1 =0;
Yi+1 = —CyXit1 — by + QocosQti11 >0

for Py, (Jop = 112, 223, 241), (7.64)
Vit1 = —cyxiy1 — by + Qocos Qi <0

for Py, (Jup = 221, 334, 241).

Once the generic mappings are introduced, the mapping structure of periodic
motion in this discontinuous system is discussed. Consider a periodic motion with
the mapping structure described in Fig. 7.14, i.e.,

_ (k2) (ky)
P241(334243)k2334223(112221)k1 lip = Py 0 P334243 © P33y 0 Ppy 0 P112221 o Pry.

For ky = k1 = 0, the foregoing mapping structure becomes the simplest one as
Pay133429311, = Payy 0 P3y 0 Payy 0 Pry,. (7.66)
On the other hand, a generalized mapping structure is

P24| (334243)%21 334203 (112201 )F1n 11241 (334243)%2m 334203 (112201)K1m 115+
241(334243)%21334253(1 12221 )11 1

= P241(334243)k2"334223(112221)k1"112 -0 P241(334243)k2"' 334223(112221)F1m 115

(7.67)

-0 P241(334243)k21334223(112221)"” lip
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Q,

Figure 7.14. A mapping structure for a periodic motion.

From mapping structures of periodic motions, the switching sets for a specific
regular motion can be determined through solving a set of nonlinear equations.
For a periodic motion pertaining to mapping structure in Eq. (7.67)

P 5 11 (334243)20 334203 (11220110 113241 (33424342 33423 (11520 M 13- Y
241(334243)%21 334203 (11222111 145

= Yitdn 2" _ (ki -Hhom) (7.68)

where y = (Q1;, y;)T. A set of vector equations is as

112 (yi 1, y:) = 0,

220 (yi 10, yit1) =0,
. (7.69)

241) (y. ) =
f( (yl+4n+2 ZZ=1(klm+k21n)’ yl+4n+2 an=1(klm+k2m)_1) - O

where f/es) = ( fl(J“ﬂ ), 2( S ))T is relative to governing equations of mapping

P (Jup = 112, 221, 223, 334, 243, 241). The periodicity of the period-1 motion
per N periods requires ¥; 4 4, 125" _ (kytkom) = Yis

)"
(7.70)
Solving Egs. (7.69) and (7.70) generates the switching sets for periodic motions.
Once the switching sets of the periodic motion are obtained, the local stability and

bifurcation should be discussed to determine the property of the periodic motion.
The local stability and bifurcation for period-1 motion can be determined through

T _
(R 40125 (ki tham)? Yiddnt2 X7 (himtho)) . = (82 + 2N, yi
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the corresponding Jacobian matrix of the Poincaré mapping. From Eq. (7.68), the
Jacobian matrix is computed by the chain rule, i.e.,

DP = DP241(334243)k2” 334223 (1122211 112241 (334243)%2m 33423 (112291 )¥1m 11+

241(334243)%21334253 (112221 )11 1,

klm
11222

.DP,). (171

334243

n
ko
=[] ©P,, -DP> -DPs, -DP,y, -DP
m=1
mth set

Two unknowns (2t;11, yi+1) is expressed through the initial conditions, i.e.,
¢iv1 = @ir1(@i, yi) and yiy1 = yiyr1(@i, yi) with ¢; = Qt;. The eigenvalues
of a fixed point for the periodic motion mapping are expressed through the trace
(i.e., Tr(DP)) and determinant (Det(D P)) of the Jacobian matrix DP, i.e.,

Ao = %[Tr(DP) +VA] (7.72)

where A = [Tr(DP)]? — 4Det(DP). If A < 0, Eq. (7.72) is expressed by
A12 =Re(d) £ jIm(r), with j =+ —1. (7.73)

Notice that Re(A) = %Tr(DP) and Im(}) = %\/W . If two eigenvalues lie in-
side the unit circle, then the period-1 motion pertaining to the fixed point of the
Poincaré mapping is stable. If one of them lie outside the unit circle, the periodic
motion is unstable. Namely, the stable periodic motion requires the eigenvalues
be

hil<1 (=1,2). (7.74)

When this condition is not satisfied, the periodic motion is unstable. For complex
eigenvalues A1 2| < 1, the periodic motion is a stable focus, while for [X1 2| > 1,

the periodic motion becomes an unstable focus. If [Aj oy 2| = 1 with complex
numbers, i.e.,
Det(DP) =1, (7.75)

then the Neimark bifurcation occurs. For two eigenvalues being real, the stable-
node periodic motion requires max;—i 2 [A;| < 1 and the unstable node (or saddle)
periodic motion requires max;= 2 |A;| > 1. The periodic motion with the first
kind saddle-node requires Aye(1,2) > 1 and |Ageq1,2)] < 1 (@ # B). The saddle-
node of the second kind needs Aqe1,2) < —1 and |[Ageq12;] < 1 (o # B). If one
of the two eigenvalues is —1 (i.e., Aj(or 2) = —1) and the other one is inside the
unit cycle, the period-doubling bifurcation occurs. Further, the period-doubling
bifurcation condition is

Tr(DP) 4+ Det(DP) + 1 =0. (7.76)
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If one of the two eigenvalues is +1 (i.e., Ajor2) = -+1) and the second one
is inside the unit cycle, the first saddle-node bifurcation occurs. Similarly, the
corresponding bifurcation condition is

Det(DP) + 1 =Tr(DP). (7.77)

Periodic motions for this discontinuous system are illustrated. Consider pa-
rameters m13 = 1, my = 5, E12 = 1, Qo = 500, k13 = 2000, k = 100
and by 2,3 = 0.2. The periodic motions with mapping Py, (3,,2,3)¢334253 (112221 112
(k = 0,1,2) are predicted analytically. From the mapping structure of
P, (334243)5 334223 (11221 ¥ 115> the analytically predicted switching phases and ve-
locities are illustrated in Figs. 7.15-7.17. This analytical prediction gives two
branches of asymmetrical periodic motions instead of one branch of asymmet-
ric periodic motion obtained in numerical simulations. The acronyms “SGB”
and “AGB” represent the symmetric and asymmetric grazing bifurcations, respec-
tively. The acronyms “SNB” and “PDB” are the saddle-node bifurcation of the
first kind and the period-doubling bifurcation, respectively. The chain vertical
lines are the location of grazing bifurcation. The dashed lines are the locations of
the saddle-node bifurcations. The thick solid and dashed curves represent the sta-
ble and unstable, symmetric, periodic motions, respectively. The light solid and
symbol curves are the stable and unstable, asymmetric periodic motions, respec-
tively. The hollow and filled circular symbols are two different branches of the
asymmetric motion.

The symmetric and asymmetric, periodic motion for Py, 3,,2,31,, €Xists in
Q € [3.32,3.64] U [3.64,6.88] U [6.882,15.57], and 2 € [5.72,6.88], re-
spectively. The stable and unstable, symmetric, periodic motions lie in Q2 €
[3.32,3.64] U [6.882, 15.57] and Q2 € [3.64, 6.88], accordingly. Before the two
asymmetric motions become locally unstable, the grazing motion occurs. There-
fore the frequency range Q2 € [5.72,6.88] is only for the stable asymmetric
motion. In Fig. 7.15, the saddle-node of the first kind occurs at the point from
the symmetric to asymmetric motion. Once the grazing occurs, the periodic mo-
tion will vanish. The detailed discussion of the grazing bifurcation can be referred
to Luo and Chen (2005a, 2005b, 2006). But the grazing bifurcations for symmet-
ric and asymmetric periodic motion of mapping P»,,3;,2,;1;, occur at  ~ 3.32
and Q ~ 5.72, respectively. The two asymmetric motions satisfy the symmetric
property in Luo (2005e, 2005f). Such symmetry will be discussed in next chap-
ter. When the grazing of the symmetric and asymmetric periodic motions occurs,
the two periodic motions are still locally stable. This grazing caused the motion
switching from the stable periodic motion into another motion. Two grazing bifur-
cations of the symmetric periodic motion concur at the two boundaries. However,
the grazing for asymmetric motion only occurs at one boundary. The two differ-
ent asymmetric motions have the different boundary locations for grazing, but the
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two grazing bifurcations for the two asymmetric motions also satisfy the skew
symmetry properties as in Luo (2005b, 2005¢).

In Fig. 7.16, the symmetric and asymmetric periodic motions of
P24|(334243)334223(112221)1|2 exist in ranges of Q € [2.15,3.44] U [3.44,3.97]
and Q € [2.92,3.31] U [3.31, 3.44], respectively. The stable periodic mo-
tions lie in € [3.31, 3.44] U [3.44, 3.97], but the unstable motions are in
Q € [2.15,3.44] U [2.92, 3.31]. The grazing of the periodic motion occurs at
the unstable periodic motion. The grazing bifurcation for the symmetric mo-
tion is at 2 = 2.15 and 3.97. However, the grazing frequency for the asym-
metric motion is =& 2.92. For the asymmetric motion, the period-doubling
bifurcation is at & ~ 3.31. In Fig. 7.17, consider more complex periodic mo-
tion with the mapping P, (3,,2,1)2334253(11221)21,,+ L€ corresponding symmetric
and asymmetric, periodic motions exist in 2 € [1.64,2.34] U [2.34,2.49] and
[2.01, 2.29] U [2.29, 2.34], respectively. Grazing and local stability behaviors are
the same as the ones of Py, (3;,243)334203(112221)112- The grazing of the symmetric
periodic motion is at Q2 & {1.64, 2.49}. However, for the asymmetric periodic
motion, the grazing frequency is 2 ~ 2.01 and period-doubling frequency is
Q =~ 2.29. Based on this technique, all possible periodic motions including stable
and stable ones can be obtained.

From the analytical prediction, illustrations of the complicated periodic motion
are very interesting. Consider the same parameters (m;3 = 1,my =5, Ej2 =
1, Qo =500, k1,3 = 2000, ko = 100 and b, 2 3 = 0.2) again. The phase trajecto-
ries and displacement responses of the periodic motions relative to the mapping
structures Poy; (334243)334203(112220) 112 A0 Poy (33,24212334205(110201)21,, &r€ 1llustrated
in Figs. 7.18-7.23. In Figs. 7.18 and 7.19, the symmetric, periodic motions rel-
ative t0 Pay;(334243)334223(11221)1;, and P241(334243)2334223(11222|)2112 are presented,
respectively. The initial condition and excitation frequency for the symmetric pe-
riodic motion of Py, (334243334223 (112221)11, are £ = 3.6, Qf; ~ 6.0850, x; = 1,
yi ~ —06.2583. However, for mapping Py, (3,,2,2123542,3(12251)21,,» the initial con-
dition is = 2.35, Qf; ~ 5.2385, x; = 1, y; ~ 8.2854. The symmetry of
the motion in phase plane is clearly observed. The velocity discontinuity caused
by the impact is clearly observed as well. The two stable, asymmetric, periodic
motions pertaining t0 P, (334243)334223 (11222112 (€2 = 3.35 and x; = 1) are illus-
trated in Figs. 7.20 and 7.21, accordingly. The lower asymmetric motion is based
on the initial condition Q¢ ~ 5.2270, y; ~ 9.6488. However, the upper asym-
metric motion is simulated via the initial condition Qf; ~ 5.5227, y; ~ 10.3250.
Compared to the symmetric motion, the motions relative to P,,, and P,,, are
asymmetric. But the two asymmetric motions are skew symmetric because the
mapping structure is skew symmetric. Two stable asymmetric periodic motions
pertaining t0 Py, (3,,2,2123:42,3(112201)21,, (8 = 3.2 and x; = 1) are illustrated in
Figs. 7.22 and 7.23 as well. The lower asymmetric motion is based on the initial
conditions Q# =~ 5.1670, y; ~ 8.3312, and the initial conditions for the upper
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asymmetric motion are Qf; & 5.3255, y; ~ 9.0293. The solution symmetry of
the periodic motions will satisfy the conditions in Luo (2005e). Once one of the
two asymmetric periodic motions is known, the other asymmetric periodic mo-
tion can be obtained. The detailed discussion can be referred to Luo (2005b). If
readers are more interested in determining the complicated periodic motions in
other discontinuous dynamical systems through the mapping structure technique,
one may refer to Luo and coworkers’ papers (e.g., Han et al., 1995; Luo, 2002;
Luo, 2005e; Luo and Gegg, 2006a, 2006b; Luo and Zwiegart Jr., 2005).

From this section, the switching sets and domains are named separately and
arbitrarily. The domain is used for the primary index for mapping and the switch-
ing sets are used for the second index for mapping. This naming system gives a
very complicated notation. For simple discontinuous systems, such a naming of
the switching sets and domain is not necessarily to be adopted. However, for com-
plicated discontinuous dynamical systems, this naming system should be used to
identify the possible mappings. The mapping dynamics of periodic motion in any
system is to develop the mapping relations from which expected periodic motions
can be analytically predicted. The mapping dynamics provides a possibility to ob-
tain all stable and unstable periodic motions in dynamical system rather than only
one of stable solutions given by numerical simulations.



Chapter 8

Symmetry and Fragmentized Strange Attractor

In Chapter 7, mapping dynamics in discontinuous systems provided an analyt-
ical prediction of all stable and unstable periodic flows rather than only one of
stable solutions given by numerical simulations. The symmetry of periodic flows
in discontinuous systems was observed. This chapter will focus on the symmetry
of steady-state flows in discontinuous dynamical systems. The grazing mapping
clusters will be introduced. Based on the grazing mapping clusters, the map-
ping structures are used to discuss the solution symmetry property of periodic
and chaotic motions in discontinuous dynamical systems. The initial and final
switching manifolds are introduced. The fragmentation phenomena of the strange
attractors of chaotic motion in discontinuous dynamic systems will be described.
The grazing mechanism of the strange attractor fragmentation will be discussed.
The fragmentation of the strange attractors extensively exists in discontinuous
dynamical systems, which will help one better understand chaotic motions in dis-
continuous dynamical systems.

8.1. Symmetric discontinuity

In this chapter, the naming system of Chapter 7 will not be adopted. As in
Chapter 2, discontinuous dynamic systems with symmetry are stated. Consider
an n-dimensional dynamic system consisting of m-subsystems on m-accessible
subdomains 2, (p = 1,2,...,m) in a domain C J". With the inaccessible
domain €29, the universal domain is expressed by U = UZ’:] Q, U Q. The
m-accessible domain and inaccessible domain 2p are separated by boundaries
0Qp,p, C gpn—l (p1,p2 € {0,1,2,...,m}) in phase space determined by
a function ¢p, p, (X, ) = 0. Among all the boundaries, there are some pairs of
boundaries €2, », with symmetry. For the pth accessible domain, there is a con-
tinuous system in the form of

x=fPx 1) +gx e, m), x=@x2,....x%) €Qp (8.1)
where the forcing vector functions g = (g1, g2,...,8,)" are bounded peri-
odic functions with period 7 = 2m /<. The forcing frequency is 2. The phase

251
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00 2 0

@23 mlz

Figure 8.1. Two symmetric domains in phase plane.

variable is ¢ = €t and the parameter vector * = (w,72..., nml)T. The
vector functions f7) = (f, (P) A P PYT with system parameter vector

(/L(p), /L;p), R /L,sz))T are C”"-continuous (r > 2). In all accessible sub-
domams Q, (p =1,2,..., m), the dynamical system in Eq. (8.1) is continuous

and there is a continuous ﬂow expressed by
xP (1) = @ (xP (w0). 1. ). ),
xP () = P (x'P (1), 1o, u,, 7). (8.2)

Consider one of the simplest sub-accessible domains in a two-dimensional
dynamical system in Fig. 8.1. The universal domain is formed by three ac-
cessible subdomains 2, (p = 1, 2,3). With oriented directions, two bound-
aries 02y, p, (P1, P2 € {1 2, 3}) exist. The accessible subdomams (Ql and Q23)
are of the skew-symmetry. The direction-oriented boundaries (8 1, 8912) and
(8923 8932) are of the skew-symmetry, respectively. On the corresponding
symmetric domains, the dynamical systems in Eq. (8.1) are of the skew sym-
metry. On the boundaries (_5)212 and 8@21) the governing equation is defined
through ¢12(x,1) = ¢21(X,¢t) = x1 — E = 0, and on the corresponding sym-
metric boundaries (8623 and 3_5)232), the governing equation is determined by
(X, 1) =X, 1) =x1+ E=0.

From the above discussion, besides the assumptions in Chapter 2, the extra
conditions should be added to restrict our discussion. In this chapter, the following
assumptions will be considered:

(A1) The system in Eq. (8.1) possesses time-continuity.
(A2) For an unbounded domain €2, there is an open domain D, C €2,. On the
domain D, the vector field and the corresponding flow are bounded for
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t € [0, 00),1.e.,

[£7] + llgll < K1 (const) and [|@P| < K (const). (8.3)

(A3) For a bounded domain €2, there is an open domain D, C 2. On the
domain D, the vector field and the corresponding flow are bounded for

t € [0, 00), i.e.,
€7 + ligl < K1 (const) and  ||@P|| < oo. (8.4)

(A4) The dynamical subsystems possess symmetry at least in two corresponding
symmetric domains.

(A5) The flow on the discontinuous boundaries is C!-discontinuous or there is a
transport law to connect two flows in two different domains.

8.2. Switching sets and mappings

For convenience, without loss of generality, the switching sets are from the bound-
ary 9,1, (g =0,1,2,..., M):

Eq = {(mOd(Qtla ij)a Xl) | (pmpz(tla Xl) = 0’ p]v p2 € {Oa 17 27 ] m}}
C 3Ry (8.5)
From the concepts of gluing singular sets, the singular sets on the switching sets
are stated as follows:
DEFINITION 8.1. For a discontinuous dynamical system in Eq. (8.1), a set on the
boundary 92, p, for p1, p2 € {1,2,...,m} is termed as

(1) the singular set if
e = { (0@, 2, 6) | X0 € 92 x € 2

lim (nfg, X =0.aciprp)icNl (36

X— xEO)

(i1) the input/output semi-singular set if

re - [(mod(Qti, 27),x0) | x” € 92, py» X €

lim (nggpw2 X)=0,a={prorpy},ic N]

x—>x§0)

C Upipos (8.7)



254 Chapter 8. Symmetry and Fragmentized Strange Attractor
(iii) the full-singular set if
0 0
T = {(mod(Qti,Zn),xg )) | xl( ) € 2, pys X € Q.

lim (nnglp2 X) =0, ={p1and p2}, i € N]

X—)Xl(.o)
CTpp,- (8.8)
A switching set on the discontinuous boundary 92, 5, is composed of two neigh-
A

bored boundaries E,, € FIo) mip, and By, € 9082, p, connected by a singular point
Cpipys i€,

[1]

q1gp = Bq; U Bg Ul p py €082, p, (8.9)

for g1,92 € {0, 1,2, ..., M}. The local mappings near the switching sets &, 4,
are defined as

Pj 84 — By, Pjp:84h — &y (8.10)

for specified Ji, J, € {1,2,...,N}. If By, € 0R2p,p, and By; & 0R2p, p,, the
global mapping in an accessible domain 2, (o € {p1, p2}) is defined as

P, 8y — By 8.11)

for specified J3 € {1, 2, ..., N}. On the switching sets B4, € 32, p,, the sliding
mapping is defined as

Py i 8qy = 8q (8.12)

for specified J4 € {1,2,..., N}. For a CY-discontinuous switching set By, C
02p, p,, there must be a transport law to maps it to another switching set, E,5 C
082 p, p,- Therefore, the transport mapping is defined as

Py; 1 Bgy — Bys (8.13)

for specified Js € {1,2,..., N}.
The switching sets, the local, global, sliding and transport mappings are de-
picted in Fig. 8.2. The forbidden zone is shown for permanently-nonpassable

boundary. Consider a discontinuous dynamical system with domains given in
Fig. 8.1 to show how to use the above concept. Four switching sets are defined as

81 = {(mod(Q1;, 27), x;) | x2 > 0, 921 (x;, 1) = x; — E =0}
< ﬁm,
Es = {(mod(Q4, 27), x;) | x2 < 0, p12(x;, 1) = x| — E = 0}
< 3%k, (8.14)
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(a)

(b)

Figure 8.2. Switching sets and generic mappings: (a) local and global mappings, (b) sliding mapping
and transport mapping. The shaded domain €2, is accessible, and the inaccessible domain is €2y . The
domain g is accessible and €25 can be accessible or inaccessible.

83 = {(mod(Q1;, 27), x;) | x2 < 0, 23(xj, 1) = x1 + E =0}
- mz&

B4 = {(mod(Qtl-, 2m), X,-) | x2 >0, p3(x;,t) =x1 — E = O}
- @32
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Figure 8.3. Switching sets and generic mappings for x| = +E.

and two singular points are

'z = {(mOd(Qti, 27T),Xi) |x2=0,910=x1 — E = 0} C I'12,
(8.15)
I35 = {(mod (R, 27), x;) | x2 =0, 23 = x; — E =0} C I'z.

The two sets are decomposed as

Ep=E&81UEUTp C9Q12,
(8.16)
B34 = E3U B4 UT 3 C 9Q03.

From four subsets, the local mappings are

Pi:Ei—> &y and Pr:E; — B o0nadQqy,
(8.17)
Py:83—> &84 and Ps:E4 — B3 on i3

and the global mappings from 921, and €23 are
P;:E) —> B3 and Pg:E4 — Ej. (8.18)

In this discontinuous system, no sliding mapping exists on the C!-discontinuous
boundaries. From the definition of mappings, the mappings P; (J = 1,2,4,5)
relative to one switching section are called the local mappings, and the mappings
Py (J = 3, 6) relative to two switching sections are called the global mappings.
The global mapping maps the motion from one switching boundary into another
switching boundary. The local mapping is the self-mapping in the corresponding
switching section. Six generic mappings are illustrated in Fig. 8.3.
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8.3. Grazing and mappings symmetry

The initial and final times (#; and ¢#;4+) are used for all the mappings Py (J =
1,2, ..., N) defined through in Egs. (8.10)—(8.13), and the corresponding phases
are ¢; = Qf; and ;1 = Qt;41. Equation (8.2) gives

xP(ti41) = <I>(P)(t,'+1, xP ), 1, Ky m), or
(8.19)

xP(piy1) = ‘I’ip)(wiﬂ,x(”)((ﬂi), Gis My, T).

In an accessible domain €2, the foregoing equations with boundary constraint
equations give the governing equations for mapping P;. Consider a notationy; =
(¢i,x))T € R"*1, the governing equations for mapping P; (J = 1,2,..., N)
with mapping relation y; 1 = Pjy; are

FY (i, X1, @1, Xit1, By, ) =0 (8.20)

where F) ¢ i+,
For all mappings P; (J = 1,2, ..., N), there are 2n| symmetric mappings Py
(g =1,2,...,2ny). The first n; mappings P, (g1 = 1,2, ...,n1) are symmet-

ric with the last ny mappings Py, (g2 = n1 + 1,n1 + 2, ..., 2n), respectively.
From Assumption (A4), the corresponding subsystems in domain €2, 0 and €2, "
(pgy» Pg € {1,2,...,m}) are symmetric. Therefore, Hpy = Hpg,- For conve-

nience, let us define
g =mod(q +n; — 1,2n1) + 1,
9@ = mod(p\?, 22M; + 1)), 8.21)
0P = mod(p@, 22M; + )r).

DEFINITION 8.2. For a discontinuous dynamical system in Eq. (8.1), under a
transformation Tp : P; — P during (2M) + 1)-periods with

¢ = mod(2M; + D + ¢V, 22M; + Dyr),
(8.22)
Xlﬁq) _ _Xz@
if a relation

q @ @ (@ @
F(q)(‘/’i - X; ’(pi+l’xi+l’upq’n)

— @D (, D @ (@ ()
- _F 1 (gﬁl X ’ (p,'_H’ Xi+1’ upq’ n) (823)

('}
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holds, then the mapping pair (P, P;) is skew-symmetric. If a mapping pair is
relative to the local (or global, or sliding, or transport) mapping, such a map-
ping pair is termed the local (or global, or sliding, or transport) skew-symmetric
mapping pair.

Notice that the integer M1 = 0, 1, 2, ... and mod (-, -) is the modulus function.

THEOREM 8.1. 2ny mappings P, (¢ = 1,2, ..., 2ny) for the dynamical system
in Eq. (8.1) are invariant under the composition of two transformations Tp, i.e.,
TPOTPIPq g Pq.

PROOF. Under the transformation Tp, mappings P, and P, are skew-symmetric,
thus, we have

Tp: Py — P and Tp: PA—>PA.

From the foregoing relations, for <piq € [0, 2M1 + 1)x], Definition 8.2 gives for
a certain given number Ny € {0, 1,2, ...}

0@ =@ £ QN+ DM + D and x@ = <7,

@ (@ (q) (@ (q) _ @ (@ (q) (q) (q)
Fq(‘Pi X O X By T )—_Fq(‘Pi X O X By T )

and

go"” 0P+ 2N, + Y@M, + D and x@ 9,
@ (@ (q) @ (q) _ @ (@ (q) @ (q)
F (wi X Pitys t+l’uP ’ )__Fq ((pl X Pty t+1’up ’ )
Substitution of the first equation into the second one of the foregoing two equa-
tions leads to

@ _ @ @ _ @
0’ =" +22N+ DM + D and xV =x7,

F(q)(%@ @ @ (@

) _ (q) (q
X0 x; ’“pg’”)_F(q)(goi ’

) L@ @

P Xy Bpy T )

It is easily proved that 2} = g from the property of the modulus function. Since
the period for mapping P, is (2M; + 1)-period, the phase satisfies the relation

mod((plq) 22M, + D) = (p(q) Similarly, the case can be proved for go(q)

[QM1+1)m, 2(2M 1 + 1) ]. Therefore, the foregoing equation indicates that Tp o
Tp: P; — P, holds. Namely, the mapping P, (¢ = 1,2, ..., 2n;) for dynamical
systems in Eq. (8.1) is invariant under the composition of two transformations
Tp. O

Consider a post-grazing mapping cluster of a specific local or global mapping
P; (J € {1,2,..., N}). For a local mapping P,, on the boundary 9$2,, p,, the
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(2)

(b)

Figure 8.4.  Local mapping grazing switching Py, (J; € {1,2,..., N}): (a) pre-grazing mapping,
(b) grazing mapping, (c), (d) two possible post-grazing mappings. The black solid circular symbols
are singular points. The rest circular points are switching points.

pre-grazing, grazing and post-grazing flows are illustrated in Figs. 8.4(a)-(d).
There are many clusters of post-grazing mappings, which determines the property
of the post-grazing. Two clusters of the post-grazing mappings for mapping Py,
are sketched. After grazing, the relation between the pre-grazing and post-grazing
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(©)

(d)

Figure 8.4. (continued)

is given by

post-grazing p P P p P 84
N pre-grazing Ji© By @77 0813 0 By = B Uny I3 2) (8.24)

local mapping cluster

for Ji, J2, ..., Jp, € {1,2,..., N}. The index J, can be J; but the index J;
(Ji = J3,J4,...,Jy,) should not be Ji. P;, # P, can be any mappings on
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(a)

(b)

Figure 8.5. Global mapping grazing switching: (a) pre-grazing mapping, (b) grazing mapping,
(c), (d) two possible post grazing mappings. The black solid circular symbols are singular points.
The rest circular points are switching points.

the same boundaries. Similarly, consider a global mapping P,, to map the flow
on the boundary 9€2, p, to another boundary 92, ,, in domain €2,,. The pre-
grazing, grazing and post-grazing flows for the global mapping P, are illustrated
in Figs. 8.5(a)—(d). The relation between the pre-grazing and post-grazing is given
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()

(d)

Figure 8.5. (continued)

by

post-grazing

J1 m P]nz 0---0 PJ3 OP]2 = P(an"'f3)]2 (825)

grazing mapping cluster

for Ji, Jo, ..., Jo, €{1,2, ..., N}. The index J, can be J; but the index J; (J; =
J3, Jay o, Jn,) cannot be Ji. In post-grazing mapping clusters, the mappings
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can be local mappings, sliding and transport mapping on the boundary 92, .
Two clusters of post-mapping structure for such a mapping grazing are sketched
in Figs. 8.5(c) and (d). For the grazing occurrence of the mapping P;, on the
boundary €2, »,, the post-grazing mapping structure is the same as in Eq. (8.24).
However, the mapping Py, is global and the index J, cannot be J; because Py, is
any mapping rather than Pj, or another global mapping. This mapping can be a
local mapping. Without the mapping Py, , this post-grazing mapping structure is a
local mapping grazing structure, which is considered as a case in Eq. (8.24). This
concept is extended to the more generalized case. The post-mapping cluster can
include any possible mappings rather than the local mappings.

Consider the generic mappings in Fig. 8.3. Once the grazing occurs, the flow
of Py (J =1,2,...,6) switches from an old flow to a new one, and the corre-
sponding post-grazing mapping structures are from Luo (2005f, 2005g)

grazing

PJ:‘PJOP/+]OPJ forJ =1,2,4,5,

grazing

grazing

Pj<=———=Pj 0 Pmod 4+1,6) © Pmod (+4,6) forJ =2,5, (8.26)

grazing

grazing
PJ:PJ7]OP‘]720PJ fOI‘J=3,6,

grazing

py . o p P for J = 3,6
—_ or J = 3, 6.
J erazing J © 'mod (J+1,6) © £"mod (J+2,6)
From the above discussion, the invariance of the post-grazing under the transfor-
mation Tp is of great interest. Therefore, we have the following theorem.

THEOREM 8.2. For symmetric mappings Py (g € {1,2,...,2n1}, n < N/2)
from all N mappings of the dynamical system in Eq. (8.1), if the mapping pair
(Pg, Py)is skew-symmetric with a symmetric transformation Tp, the post-grazing
mapping pair is still skew-symmetric with the same transformation.

PROOF. For the dynamical system in Eq. (8.1), there are n] skew-symmetric map-
ping pairs (Py, P;) (¢ € {1,2,...,2n}) from all the N mappings. Therefore,
from Definition 8.2, the skew-symmetry conditions are

g0<(qj) = (pl-(qj) + @2M; + D) and x?qj) = —xgqj)

1

forg; € {q1,q2, ..., qn,} € {1,2,...,2n},and

(q/) (q‘) (gj)  (qj) _(q;)
| (wi ! '/ ’wt—&-jl’ l—l—Jl’qu )

@G @) @) @G @G
=-F" (¢, %", Gig1 X1 Hpy;» )
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fOIQJ € {q19 q2, .. 'aqnz} g {1, 2, e ,2}’1]}.
Consider a post-grazing mapping structure of the skew-symmetry mapping pair

(Pg,» P;,). For alocal mapping P, , the post-grazing mapping structure is

post-grazing
P(}]i.ﬂ},opg O..'OPquOPéz'
pre-grazing n °

The corresponding governing equations are

G (.G ) @G5 @G5 _
F q'/ (Qﬂi_,jj_g, Xl‘_;,_jj_27 (pl'_Q_jj_lv Xl'-ﬁ—/j—l’ Hqu ’ n) - 07

G (,, @) @qn @) @G _
Fi (¢i+n2—l’xi+n2—l’(pi+n2’xi+n2’ upql’n) =0

for j = 2,3, ..., ny. With Assumption (A5), the switching points in phase space
satisfy

@ny) @D

@) _@Gj+D
i+np—1 — Xi+n2—1

itj—1 = Xiyj— and
for j =2,3,...,n2—1.From Assumption (A1), the system in Eq. (8.1) possesses
time-continuity. Therefore the switching phase for j = 2,3,...,n2 — 1 should
be continuous, i.e.,

@ny) @G

@) @+
Pitny—1 = Pitn,—1-

Pivj—1 = Pitj-1 and
Multiplication both sides of the governing equations by —1, the switching point
state-variable vectors, and then simplification with the skew-symmetry conditions
gives
[CHYRC (gj) (g;) (q;) _
F92 (03 10 X0 @1 i 1 ”qu”) =0,

(q1) (,,(q1) (q1) (q1)  (q1) _
F G ((pi+n2—l’ Xi+n2—l’ (pi-‘rnz’ Xi+nz’ upql ’ ]T) =0

for j = 2,3, ..., ny. The switching points and switching phases satisty the fol-
lowing for j = 2,3, ..., n3:

(gj)  _ _(gj+D) (any) (gD
Xijor =Xy and X =X
(@) _  (qj+D (any)  _ (q)
Piyjio1 =iy ad @ =@

The foregoing equations form the post-grazing mapping structure of mapping P, ,
ie.,
post-grazing
Py, quu 0Py, 00 Pp 0P,
Therefore the post-grazing mapping structure (P‘IIQHZ'“QS‘IZ’ P, én2~--éaéz) of the
skew-symmetric mapping pair (Py,, P, ) is skew symmetric. Because the local
mapping P, can be all the local mapping from mapping P, (g € {1,2, ..., 2n1}),
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the post-grazing skew-symmetry for the local skew-symmetric mapping pair is
proved under the symmetric transformation 7p. Similarly, the post-grazing skew-
symmetry of the global skew-symmetric mapping pair (P, P; ) can be proved
with a symmetric transformation 7p. Because the skew-symmetric mapping pair
(Pyg,» P;,) is chosen arbitrarily, the post-grazing mapping structure for a mapping
pair (Py, P;) (g € {1,2,...,2n1}) in the skew-symmetric mapping is also skew-
symmetric. 0

Since the symmetry invariance of the post-grazing of mapping exists, the com-
bination of the symmetric mapping P, (¢ = 1,2,...,2n1) should possess a
symmetry invariance under the transformation Tp. For convenience, the following
notations for mapping clusters are introduced:

13 =P, 7l 7l 7l m g 7 g 1610
(U s12k) qny, "'(I(n(k,l)Jrl)((Iilk,l "‘(I(n(k,z)Jrl))l ‘In(k_z) "'(1(n2+1)(‘1n2 ~q2)'1 gy (827)

Piymy = P .
(U smi) qny, "'q(n(k,l)+l) (an,l "'q(rz(k72)+l))]m qn(kfz) Gy +1) (61»12 "'612)11 q1

Therefore, to determine such a symmetrical invariance of the skew-symmetry
flow, from the above notation, a theorem is presented as follows:

THEOREM 8.3. Formappings P, (¢ = 1,2, ..., 2n1) of the dynamical system in
Eq. (8.1), if the mapping pair ( Py, P;) under (2M+-1)-periods is skew-symmetric
with a transformation Tp, then the following two mappings,

(Pltnyy gy © Pllyy i) ©** © Pl ingy) © Pllyy i)

L-repeating

Plyy, k1) © Plimgy 1igy) © 0 Py k) © Pty i)

L-repeating

are a skew-symmetric mapping pair under the same transformation Tp.
PROOF. Consider a motion relative to a mapping

Py, iy ) © Pl niy) © 0+ © Pl i) © Py, i)

L-repeating

with the initial state y; and the final state y and the mapping equation

l"’er:] (sr+5-)°
18

yi+ZrL=1 sebsy P(l’"ZL’nkzL) © P(l’”lL’nle) e P(IV"21’”’<21) © P(Z'"u*"kn)yi'

L-repeating
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For the mapping clusters Pg,, ) and ﬁ(lmﬂ iy, 10 the rth mapping pair, their
mapping numbers are s, and §, accordingly. Therefore, the governing equations
of the foregoing mapping structures for r € {1, 2, ..., Z,LZ 1 (s + 57)} are:

F(’“) (q1) X(th) (q1) X(ql)
(¢i+2;;‘1 So+8” i sot+is (pi+2;;‘, So+Se 1 TiAY I so 8o 41
upql ) 7[) == 0»
F(an')(QD(anlr) (qnl‘l ) QD(anlr)
Y sptBotsy =1 Y ot —1 P s b
(an )
1r
) =0;
l+z 7150+SJ+5r upan” ’ ) ’
F@v (,@) - ) ’X(fIl) B A ) qn ) A ’
((pi A3 sotSo s iR so oty (pi+2f,:‘1 S0+ +sr+1
G
X ,m)=0
i+Y0 7 sotig s+l Hpj, - ) ’
F(qA"k ) (go(anz’ X(q”kzr ) (p(anz X(anQr )
i+) 1 Sot+So—1" ity ot 1 Se+Se—1" Ti+Y t i So+56’ ity n_y So+Se’
,m)=0.
ul’anzr )

Application of Egs. (8.22) and (8.23) to the foregoing equations, and multiplica-
tion both sides of the foregoing equations by (—1) leads to

F@n (q1) X(Ql) - - Gn) B o X(ql) B o
((pl-‘rz<7 L soSe” i, so s (pH_Z;:ll PRNE S M D S A |
u'pql 5 7[') = 07

F'(qAnk ) ((p(anZr ) (q"kQ (q”kzr) ,

i+ sotie s, 1 I+ZU L So 5o A8 =17 it s oS
(Gny,, )
2r
X T) = ()
i+ :7;11 So+3 +§r’ upanzr ’ ) ’
F(ﬂl)((p((II) (ql) (th)
i+y 1 So+85 45 z+Z sg+§g+§, 1+Z sg+§g+§r+1’
(q1)
X T) = O
i+ so g+ Hpq, - ) =0.
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F(q”kr)(gp(an]’l) X(an”) go(an]’l)
i) 1 Sot+Se—1 Titdt_ so+Se—1" Vi+Y oy so+Ss’
(an )
Ir —
Xl‘-‘rzgzl S(r+§g’ upanlr ? ]T) - 0

being governing equations for

Yok st = P(lmlL’nle) © P(I’"ZL’nkZL) ero P(IMH’”kn) ° P(l,,m yy) i

L-repeating

Therefore, the following mapping pair,

(P(l’”ZL‘nkZL) © P(lmlLJ’lle) ©---0 P(lmzlﬁnkzl) o P(lmll’nkll)’

L-repeating

P([m”snle) ° P(lmzLa”kzL) 00 P([m“ ’”kn) o P(lm21 ’nk2l))

L-repeating

is skew-symmetric under a transformation 7p. g

8.4. Steady-state flow symmetry

The symmetry invariance of combined mapping structures has been discussed.
The flow symmetry in discontinuous dynamical systems will be presented in this
section. Consider a skew-symmetry mapping cluster pair (P, ), Ia(lm, n))- The
number of mappings is s for two mapping clusters in the mapping pair. The cor-
responding flows should be of the skew-symmetry. The theorem is presented as
follows.

THEOREM 8.4. For mappings P, (¢ = 1,2, ..., 2n1) of the dynamical system in
Eq. (8.1), if the mapping pair (Py, P;) under (2M\+1)-periods is skew-symmetric
with a transformation Tp, then the asymmetric flows respectively relative to two
mappings Py, »,)y =y and ﬁ(lm,nk)y =y with the same mapping number s under
Ni-periods with a periodicity

Vies =¥i or (fits Xies)| = (@i + 2N, x)" (8.28)
have the corresponding solutions ((pl.I_H, X;_H.) and ((pgj, Xg_j) for j € {0, 1,

..., 8} on the discontinuous boundaries satisfying the following conditions:

¢ly; = mod(2My + D + @l ;. 2@M) + D),

(8.29)
1 11

Xitvj = Xitj-

Superscripts I and Il denote solutions of P, n,)y =Yy and ﬁ(lm,n DY =Y.
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PROOF. From Definition 8.2, the solutions (gp} 4 x} " j) and (901.15r i X}IJF j) for the
mapping P, )y =Yy and the skew-symmetry mapping IA’(lm) n)Y = Yy must sat-
isfy Eq. (8.29). (]

If the local mappings in the mapping cluster exist only on a special discontinu-
ous boundary, the two skew-symmetric, local flows relative to Py, ,,)y = y and
13(1,”, np)Y = Y are separated. From the above theorem, once the solutions for one
of the two mapping clusters are determined, the solutions for the other mapping
clusters can be obtained right away. If the two mapping clusters are combined
with global mappings, the symmetric flows relative to a global symmetric map-
ping structure ﬁ(lm,nk) o Py, n,) are discussed first, and then the asymmetrical
flows for such a global symmetric mapping structure are presented. The theorem
for the symmetrical flow is stated as follows.

THEOREM 8.5. For mappings Py, (g = 1,2,...,2n1) of the dynamical system
in Eq. (8.1), if the mapping pair (Py, P;) under 2M, + 1)-periods is skew-
symmetric under a transformation Tp, then the symmetric flow relative to a
mapping ﬁ(lm,nk) o Py, n)y =y with the same mapping number s of two mapping
clusters under N1-periods with a periodicity condition

Vitas =¥i or @ity Xir29)" = (@i + 2N, %) (8.30)
has the corresponding solutions (¢;4j,Xi+;) for j € {0,1,...,2s} on the dis-

continuous boundaries satisfying the following conditions:

¢i+j = mod((2M1 + D + Sai-&- mod (s+/,25)» 2(2M1 + 1)7.[)’
(8.31)
Xi+j = —Xi+ mod (s+j,25)-

PROOF. For the symmetrical flow of a mapping Is(lm,,,k) o Py,.nyy =y with
Eqg. (8.30), the governing equations are

G (,.(a) Jq1)  (q1) (q1) _
FUD (g1, x; ’(pi+l’xi+1’ppql’n)_07

( n ) (an) (an) (an) (an) _ .
F (0 X e Xy Mg, 2 ) = 0;

@) (@) @ (@G (G1) _
F (0,5 X 01 X1 Hp,, w) =0,

Gn) _Gn) @) () ) —o.

(Gny)
FEm) (0, 0 1 X501 P Xy Mg, > T
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Substitution of Eq. (8.31) into the foregoing equations and using modulus mod
(s + j, 2s) from (8.30) gives for a given number N, € {0, 1,2, ...}

F (o) + 2N, + DM, + D, —x)

$its i+s°
@0 . 2y ) 0
any) @n)
RO (o) |+ N+ 1My + D, AT
() @ny)
@izs + N2+ DMy + D, =X 50, M pgn, w) = 0;
F@ (00 4 Ny + DOM: + Do, —x)
(015 + QN2 + DMy + D, —x 25
§ 1) 1+ @M+ DMy + D, D), ) =0,
4 (Gny) (Gny)
F(an)( 'i3ks—1 + Q2N+ DM + D, — i{—]+3ks—17
(Gny) @Gny)
@13 + QN2+ DM+ D, =X, 50 1y " ) =0.

Using Egs. (8.22) and (8.23) in Definition 8.2 into the foregoing equations yields:

@ (,,an (11|) (q1) @qn _
Fi ((pl-i-v’ 1+v’¢z+s+l’xl+s+l’uﬁql )_O’

G ) m) ) ) N
B (0 e 1 Xy 3510 P2 iy 25 M pg, > ) =0;

(q1) (,,(q) (m) (q1) ((11) _
F (9,1, x; »Lig1 Xiy1 Mp, o T z) =0,

o @) @) ) ()
F k)((pi+sk—1’ Xito 1o Pivs »Xigy s Mg, ,x) =0.

After exchanging the order of the above two equations, they are identical to the

mapping structure of P(l ) © Piynpy =Y. If (@it g x;+;) T is the solution of

periodic flow, then (@;4 mod (s+,2s)» Xi+ mod (s+j,2s)) is also a skew-symmetry

solution satisfying Eq. (8.31). O

The foregoing theorem discussed the symmetrical solutions of period-1 motion
associated with the mapping ﬁ(lm, ne) © Pa,, ny)- This structure is quite stable. For
instance, one investigated the symmetrical period-1 motion of impacting oscil-
lators (e.g., Luo, 2002; Luo and Chen, 2006; Masri and Caughey, 1966). It was
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thought this motion may have period-doubling bifurcation. In fact, no period-
doubling bifurcation exists (e.g., Masri, 1970; Sentor, 1970). The symmetrical
motion will convert into the asymmetrical period-1 motion with the same mapping
structures through the saddle-node bifurcation of the first kind and an unstable re-
gion. The flow symmetry for such an asymmetric period-2" (L = 0,1,2,...)
motion is presented in the following theorem.

THEOREM 8.6. For mappings P, (9 = 1,2, ..., 2n1) of the dynamical system in
Eq. (8.1), if the mapping pair (Py, P;) under (2M+1)-periods is skew-symmetric
with a transformation Tp, then the two asymmetric flows relative to a mapping

Pl © Plpn) © 0 Pliyng) © Pl Y =¥

2L -repeating

for L = 0,1,2,... with the same mapping number (i.e., s) in the two mapping
clusters under Ni-periods with a periodicity condition

YisoL+ig =Yi or (@ oL+, XH_2L+1S)T = (¢i + 2N 7, X,')T (8.32)

possess the following solution properties,

AT A1
Yit2(r—1)s+j — mOd((2M1 + D7+ @ilo— )5+ mod (s+j,25)°
202M, + ), (8.33)

I I )
Xit2r—Ds+j = “Xi4+2(r—1)s+ mod (s+,25)°

forr =1,2,..., 2L and j =0,1,...,2s. Superscripts I and Il denote the two
asymmetrical solutions.

PROOF. Suppose a mapping relation

Pl © Pllyan) © 0 Pty © Pllpni) ¥ =¥

2L -repeating

20— D)s4) 7 Xi+2(r—l)s+j) forall j € {0, 1,...,2s} with

refl,2,..., 2N}, the governing equations are

has a set of solutions (¢

(q1) (,,1q1) I(q1) I(q1) I(q1) _
F (0,050 15 Xitatr— s Pitatr—Ds+ 1 Xit2tr—Ds+10 Mpg, ) =0,
(qn, ) I(an) I(quk) I(an) I(an) _n.
F% (0 G151 Xit 3r—1)s—10 Pt dr—1ys» Xit Br—1ys” Hpgn, > ) =0;
@n (,1@n 1(d1) 1G1) 1G1) —
F ((pi+(2r71)s’ Xit@r—1)s* Pit@r—Ds+1> Xit@r—Ds+1> Hpy, ) =0,
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i 1(Gny) 1(Gny) I@Gn)  _1Gny)
F k)((pi+2];s71 ) Xi+2l;s71 ) (pi+2];s’ Xi+2];s’ Yo, * ”) =0.
Substitution of Eq. (8.33) into foregoing equation and using modulus mod(s +
J»2s) from Eq. (8.32) gives for a given number N, € {0, 1,2, ...}

1(q1) 1l(g1)
F (0,5 1y + @N2+ DEM+ D —x,0 ()
l(q1)

1I(g1) _
Pitrrnst1 T CN2+ DMy + D, =X 300 )1 oy, w) =0,

(g,
FO (g ) 4 2Ny + 1)@My + D, —

(g,
o) N, + DM, + D, —x

1(gny )

Xi+2rs71 ’

(g )

i+2rs  Bpgy ) =05

FO (o9 1 Ny + DM + D, —xi )

i+2rs’
(g (g
eh L+ @Ny + DMy + D, x0T =0,
IRYRLCI) 0(Gny)
FU ")(‘Pi+(2f+1)s71 + QN2 + DMy + D, =X o) 51

(g )

11(Gny )
Girobans + QN2+ DMy + D, —x,,

i+@r+1)s> Mpg,, ”) =0.

Using Egs. (8.22) and (8.23) in Definition 8.2 into the foregoing equations and
taking modulus of the index yields

q1) (,, @) 11(g1) 11(g1) 11(g1) _
F (¢i+(2r71)s’ Xit@r—1s Pit@r—s+1° Xit@r—1)s+1> Hpg, > m) =0,

G 1(Gn;.) 1(Gn;,) M(Gny) T(Gny)
(Gny) k k k k —_ 0
F% (01 o1 Xigadsm1> Pigars - Xigars » Mpg, - ) =0;

(q1) (,,11q1) 1(g1) (g1) 1(q1) _
F ((pi+2(r—l)s’ Xiv20r—1)s> Pi20r—)s+1° Xig20—1ys+1> Hpg, > m) =0,

(qn;) H(‘]nk) H(‘Ink) H(an) H(an) _
Fn ((pi+(2r71)s71’ Xit@r—1s—1> Civ@r—1s* Xit@r—1s> Hpg,, ) =0.

After exchanging the order of the above two sets of equations, it is clear

that (@} 151> Xiyagr—1yss,) forall j = 0,1,...,2s with specified r =
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1,2,...,2" is another solution for mapping structures

P(iyn) © Pliyng) © - 0 Pltyyng) © Pllyyn) Yy = Y-

]
2L -repeating

The above theorem discussed about the asymmetrical solutions of periodic and

chaotic motions induced by period-doubling bifurcation of the mapping Py, »,) ©

Py, npyY = Y. Similarly, the motions pertaining to the asymmetric mapping

A

P,p.n) © P,y =Y are presented in the following theorem.

THEOREM 8.7. For mappings Py (¢ = 1,2, ..., 2n1) of the dynamical system in
Eq. (8.1), if the mapping pair (Py, P;) under (2M1+1)-periods is skew-symmetric
with a transformation Tp, then the asymmetric flows respectively relative to two
mappings

Pliania) © Pllingn) © *+* © Py i) © Py ) Y =Y and

2L -repeating

Pliyini1) © Pllmanga) © -+ © Pltyy ) © Pllyomi) Y =Y

2L -repeating
for L =0, 1,2, ... with different mapping numbers (i.e., s1 and s2) in two map-
ping clusters under Ni-periods with a periodicity condition

YitoL(si+s) = ¥i OF
(8.34)

T_ T
(Pit2L (51452 Xig2L(s1457) = (@i +2N17, X;)

are

I I
((pi+(r71)(sl+sz)+j’Xi+(r71)(s1+s2)+j) and

11 11
(wi+(r*1)(51+52)+j ’ Xi+(i‘*1)(-8'1+52)+j)

with a solution

Al ~I1
(pi+(r—1)(s1+sz)+j = mOd((ZMl + Dm + (pi+(r—1)(sl+x2)+ mod (s2+j,51+52)°
22M; + D), (8.35)

. | .
i+(r—1D(s1+s2)+j — i+(r—1)(s;+s2)+ mod (s2+j,51+52)°

or

~IL N |
(pi+(r7])(xl+s2)+j = mOd((ZMl + D7 + (pi+(r7])(s'1+sz)+ mod (s1+7,51+52)°
202M; + 1), (8.36)

Xl — 4
i+(r—1D(s1+s2)+j — i+(r—1)(s;+s2)+ mod (s1+j,51+52)
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forr=1,2,...,2  and j = 0,1, ..., (s1 +s2). Superscripts I and Il denote two
asymmetrical flows.

PROOF. Following the same proof procedure of Theorem 8.5, this theorem can
be proved. Suppose

Plinmi2) © Py i) © -+ © Pllyom) © Pl m) Y =Y

2L -repeating
. I I .
has a flow solution (‘pi+(r—1)(s1+s2)+j* Xi+(r*1)(31+52)+j) forall j € {0, 1,...,2s}
withr € {1,2, ..., 2L}, the governing equations are

(q1) (,,1q1) I(q1) I(q1) I(q1)
B (1) 51452 K= s1052)° Pt =D 152417 Kit = D51 +54+17
upql P .71') = 07

(qn;) I(an) l(an) I(an) I(an)
FH ((pi+(r71)sz+r3171 2 Xi b (r—Dsatrs1—1° Citr—Dsp+rs)? Xit(r—sa+rs’

upan ’ ﬂ) = 0’

@G (. 1@Gn 1(q1) 1(q1) 1(q1)
Fi (‘/’i+(r—1)s2+rs1 2 XL~ Dsytrsy? Cidt(r—Dsytrsi+10 Xit (r—Dysatrs;+1°
upql ’ 71:) = 07
o) (NG 1Gny) 1) G _
Fn ((pi+r(s1+sz)—l’ Xibr(s1452) =17 Pitr(si+s2) Xitr(si+s2)’ M m) =0.

Pan ’
Substitution of Eq. (8.35) into the foregoing equations and using modulus
mod(s + j, 2s) from Eq. (8.34) gives for a given number N, € {0, 1,2, ...}

(q1) (1) (g1)
F (§0i+(r71)sl+rx2 + QN2+ DEM; + D, _Xi+(r71)sl+rxz’
1(q1)

1(q1)
(pi+(r—1)sl+rsz+l + (2N2 + l)(le + 1)7(, _Xi+(il‘—l)31+rsz+l’ upq] ’ 7!)
=0,

(Gny) (g, ) (gn,)
F (05—t T QN2+ DEM1+ DI =X 6
()

1(gny )
Pitr(si+s2) + QN2+ DM + D, _Xi+r({;1+S2)’ l—lpan ’ n) =0

§ 11(g G
Fa (g0 |+ @Ny + DMy + D, —x )
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1(q1) 11(41) _
Pitrisisp+1 T QN2+ DMy + D, =X 5 o By, 7) =0,

1(Gn;) 1(Gn;.)

F(é”k) (q)

i+r(sy+s2)+sy—1 + QN2+ DEM; + D, _Xi+r(s1+sz)+52—l’
1(Gn;.) 1(Gn;)
Pitr(sn+smbs, T QN2+ DCMy+ D, =X o Mo, * w) =0.

Inserting Eqgs. (8.22) and (8.23) of Definition 8.2 into the foregoing equations and
taking modulus of the index yields

F(é])( (G 11(g1) 1(g1) 11(g1)

i+rso+(r—Ds1* Xitrso+(r—Ds1* Pitrsy+r—Dsi+10 Xitrsy+r—si+1°
upql ’ 7[) = 0»
(Gny) () 11(Gny ) 1(Gny.) (Gn,) o
F ((pi+r(sl+s2)—l’ Xitrsi+s)—1 Citrsi+s2) Xitr(si+52)° Hpgn, > w) = 0;
(q1) (,,1(q1) 1I(q1) l(q1) 1(q1)
B (00151452 Xt (D 514520 Pirt (15120410 i (1) (51520417
upql s 7[) = 0»
(Gn,) H(an) H(an) H(q,,k) H(an)
L (goi+(r—1)s‘1+rsz—l’ Xi+(r—1)s1+rsz—1’ gOi—&—(r—l)sl—i-rsz’ xi+(r—1)s1+rs2’

upan ’ 7[) = O

After exchanging the order of the above two sets of equations, it is clear
i 1l ; :

that ((pi+(r71)(s1+s2)+j’Xi+(r71)(sl+sz)+j) for all j € {0,1,...,2s} with r €

{1,2,...,2%} is a set of solutions for the mapping structure

Pl,1,n00) © Pllania) © -+ © Pltyingy) © Pllomin) Y = Y-

2N -repeating

The above results can be generalized in the following theorem.

THEOREM 8.8. For mappings Py (¢ = 1,2, ..., 2n1) of the dynamical system in
Eq. (8.1), if the mapping pair (Py, Py) under (2M1+1)-periods is skew-symmetric
with a transformation Tp, then the asymmetric flows respectively relative to two
mappings

Py, nigy) © Pl oniy) © 7+ © Pl i) © Pty i)Y =Y and

L-repeating
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Py, iy © Pllmgy i) © 0 © Py oy ) © Pl iy )Y =¥

L-repeating

for N = 1,2,... with different mapping numbers (i.e., s1, and sz;) of the two
mapping clusters (P([’”lr’n]"lr) and P(lmzw”kzy)’ r € {1,2,...,N}) under Ni-
periods with a periodicity condition

Yie )y sibsy, = Y0 OF

(8.37)
(¢, N X., «N )T = (¢; + 2N Xi)T
l+zr=| Sirt+s2r’ I+Zr=| S1r+s2r ’
are
1 1
e LX e ) and
((pH- ;):l] S1p+s2p+] l+2;=1] s1p+szp+])
11 11
. _ > X, - .
((p"“ ;=11 S1pts2p+J ’+Z;=11 Slﬂ+SZP+1)
with a solution structure
AT
(pi +Z;;{) S1p+s2p+]
~11
=mod(C2M; + )mr +¢. ,_ . . )
(( ! ) (pt+21,:§) S1p+52p+j+ mod (s2r+7,51,+52r) (8.38)
22M; + D),
X — I .
i+Y0 0 s1p+s2p+i i+ 20 s1p+52p+ mod (524,51, +52,)”
or
A1
¢I+Z'p;ll 51p+52p+j
Al
=mod((2M;| + ) + ¢, _ . )
(( 1 ) (p,+z;=11 S1p+s20+ mod (s1,+j,51,452r) (8.39)
22M; + D),
XH — —x
i+ o (s1p+s20)+) 430 S1p+52p+ mod (s1,+J,81,+52-)
for j = 0,1,...,(s1, + s2r). Superscripts I and Il denote two skew-symmetry

solutions of flows.

PROOF. From Theorem 8.3, the two mapping structures are skew-symmetric.
Therefore, the two solutions of the two mapping structures are skew-symmetric,
which implies that Eqgs. (8.37)—(8.39) hold. The alternative proof can be com-
pleted through the procedure used in proof of Theorem 8.7. U

The symmetry of flow in nonsmooth dynamical systems with mapping clusters
on many discontinuous boundaries is discussed. The grazing does not change the
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symmetry invariance of mapping structures in such dynamical systems, and the
periodic and chaotic motions in such a dynamical system possess the symmetry
invariance as same as the basic mappings. Based on this investigation, the group
structure of mapping combination exists. Thus the further investigation on such an
issue should be carried out. The illustrations for the symmetry of periodic motions
in symmetric, nonlinear dynamic systems can be found in Chapter 7. The detailed
presentations can be also seen in Luo (2005e).

8.5. Strange attractor fragmentation

The symmetry of the post-grazing flow has been presented in the previous sec-
tion. In this section, the fragmentation of strange attractors of chaotic motions in
discontinuous dynamic systems will be discussed. Before the discussion of the
fragmentation mechanism, the initial and final set of grazing mapping will be in-
troduced first. Because the grazing is strongly dependent on the singular sets in
Egs. (8.6)—(8.8), the definitions are given as follows.

DEFINITION 8.3. For a discontinuous dynamical system in Eq. (8.1) (or
Eq. (2.1)), if B4, € 0Qp,p, and By, S 0RQp (@ € {p2, p3} and p; €
{1,2,...,m}fori € {1, 2, 3}), the following subset VT for mapping P : E;, —
8y (Je{l,2,...,N}and q1,q2 € {0,1,2, ..., M}) is called the initial set of
grazing mapping,

Or, = {(mod(g;, 27),x;) | Pyyi = yi+1,n§QW “Xit1(fG+1+) =0
and nggpla Xip1 # 0} C By, (8.40)

where y; = (¢;, x;)T. The corresponding grazing set is defined as

DG, = {(mod(¢it1.2m), Xi41) | Pryi = Yit1. Mg - Xi1 (t41)2) = 0

P1a

and ngQ . il‘_;_] (l(i+1):|:) #* O} C qu. (8.41)

1o

DEFINITION 8.4. For a discontinuous dynamical system in Eq. (8.1) (or
Eq. 2.1)), if By, € 0Qp,p, and E,4 S 9RQp¢ (@ € {p2, p3} and p; €
{1,2,...,m}fori € {1, 2, 3}), the following subset (f)FJ formapping P, : 84, —
By (J €{1,2,...,N}and g1,q2 € {0,1,2,..., M}) is called the final set of
grazing post-mapping:

Or, = {(mod(@is1,27), Xi+1) | Pryi = Yit1, Mg - Xi(tix) =0

pP1p2

andmj, - Xi(tix) # 0} C Eq, (8.42)
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(a) Local and (b) global grazing mappings. The filled solid circular symbols are grazing

Figure 8.6.
points. The hollow circular symbols are initial switching points.

where y; = (Q1;,x;)T. The corresponding grazing set of the post-grazing is de-

fined as

DGy = {(mod(Q1;, 27), %) | Pyyi = yis1, n”afgm X (tix) =0

and nggm - (tix) # 0} C Ey,. (8.43)
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Figure 8.7. (a) Local and (b) global grazing post-mappings. The filled solid circular symbols are
grazing points. The hollow circular symbols are initial switching points.

For global and local grazing mappings, the grazing and post-grazing mapping are
sketched in Figs. 8.6 and 8.7 through mapping P; (J € {Ji,..., Jn}) on the
boundary 32, »,. The grazing in the domain €2, occurs at the final points of the
grazing mapping P; on the boundary 02, (o € p1, p3). The above definitions
for both the initial grazing sets of grazing mapping and the final sets of grazing
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post-mapping are illustrated. The hollow symbols are the initial point for grazing
mapping or the final point of grazing post-mapping. The circular symbols are the
grazing point of the grazing and post grazing mappings. The governing equations
of mapping P, with the final point on the boundary 9€2,,, in Q4 (o € {p2, p3})
is expressed by

FO (i, xi, g1, xi41) =0, FY e,
(8.44)
@pipr (xi) =0, Ypra(Xit1) =0.

From Theorem 2.11, the grazing necessary conditions for mapping P; at the sin-

gular set F;,(i)a in the subdomain Q2 (¢, B ¢ {p1, p2}, @ # B) are:

nlg FOg) =0. (8.45)

p1pP2

To guarantee the occurrence of the grazing flow at the singular points, the suffi-
cient conditions should be considered as follows:

either nggm - [DF (g 41) = DF P (g;11)] <0 formyg,; — Qp
(8.46)
or ngﬂmpz . [DF("‘)(goH_l) - DF(O)(goH_l)] >0 formyg,; — Qq-

From Egs. (8.44) and (8.45), the initial set of grazing mapping is on an (n — 1)-
surface because of the (n 4 3) equations with 2(n 4 1) unknowns. Equation (8.46)
is the sufficient condition for the initial set. This (n — 1)-surface in phase space
(mod(g;, 21), X; N 3L2p, p,) is called the initial grazing manifold which will be
used in discussion of the strange attractor fragmentation. Owing to ¢; = Qf;,
in computation, the switching time conditions ;11 > #; should be inserted. The
boundary 0€2, is determined by ¢, 4 (x;) = 0. Similarly, when ¢; and ¢; 1 in
Egs. (8.44)—(8.46) are exchanged, the final grazing manifold can be determined
through the final set of grazing post-mapping.

To investigate the fragmentation of the strange attractors of chaos through the
switching sets, consider each switching set &, consisting of a set of finite, inde-

pendent compact subsets, (i.e., 8; = U,le Sc(,k) and K < oo) and the subsets
have the following properties:

s cey SinsP=w, k#le{l,2,... K} (8.47)

For periodic motions, the fixed points in the compact subset Sl.(].() for each specific
k are countable and finite, and both the measure and Hausdorff dimension of all
the subsets are zero. However, from the definition of strange attractors for chaotic
motions, the fixed points in such compact subsets are infinite and uncountable,
and the corresponding Hausdorff dimension is nonzero. In addition, the compact
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subsets are not hyperbolic. Based on the mapping P; on the compact subsets of
the strange attractor, the corresponding flows in the domains are dense. All the
subsets form a strange attractor of the chaotic motion. The denseness of the flows
on subsets in the strange attractor will cause more possibilities for the strange at-
tractor to access at least one of the initial grazing manifolds. However, the flows
in periodic motions have less possibility to access the initial grazing manifolds.
Without chaotic motions, the transition between the pre- and post-grazing peri-
odic motions can be carried out through a grazing jump. This issue of periodic
motion grazing will be further discussed. To describe the fragmentation of the
strange attractors in chaotic motions of nonsmooth dynamical system, the com-
pact subsets of the strange attractors are used as the initial and final sets of the
local and global mappings, i.e.,

DEFINITION 8.5. For a discontinuous dynamical system in Eq. (8.1), the subsets
SO cog, (k=1,2,...,K) and 8% € By, ( = 1,2,..., L) are termed
the initial and final subsets of the mapping Py (J € {1,2,..., N}) if there is a
mapping P; : Slglf) — S(glz) (91,92 €{0,1,2,..., M}, q1 # q2).

For convenience, after grazing, the post-grazing mapping structure is defined
as

SPy;=Pj. 0 Pjo-—0P,oPy =P;. 0Py,.1. (8.48)

post-grazing mapping cluster

Once the intersection exists between the invariant subsets of the strange at-
tractor and one of the initial grazing manifolds of the generic mappings, the
fragmentation of the strange attractor will occur. For a subset S;’f) and an initial,
grazing manifold VT relative to a mapping Py, if Sc(]]f) NI, # @, then the final
subset of the mapping P; will be fragmentized. If one of the all initial, grazing
manifolds is tangential to one of the strange attractor subsets, the strange attractor
fragmentation may appear or disappear. Therefore, a mathematical definition of
strange attractor fragmentation is given as follows.

DEFINITION 8.6. For a discontinuous dynamical system in Eq. (8.1), there is
mapping cluster P, n,) With s mappings to generate the strange attractor of
chaotic motions on the switching set &, (¢ € {0,1,2,..., M}). For a map-
ping P00 = sU (e (2. Ny, it OnY = SO 0P, 2 o

q1
and S& = FSW U Us® U OnY then VN = S N Or, % @ with

Stglz) = FS((;Z) U US;IZ) u® I"I((]lz) exist to make the following mappings hold:

(9]

. k k
Py: (‘)Hél) — OG,7 for (QG(J) cPay, (8.49)
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(k) O} and GPJ:FS(k) FS(I)

U
Py:Ys, - s, o o (8.50)

For the post-grazing mapping cluster “P; = P; ., o Pj 0---0 Pj, 0 Py, if there
is a mapping chain as
ky Pi k kn_1) Py kn) P !
Fgud Iy Rl Ryl Ty Ey ) it Egl) (8.51)

the union of all the switching sets generated by the mapping cluster © P, A, =
U, Ql(k i) (QI(k ) c By for p; €{0,1,2,..., M}), is termed a fragmentation set
of the invariant set S;If) C &g, under the mapping cluster P, n,).

To demonstrate the concept introduced above, consider the invariant subsets of
a strange attractor on the boundary 3€2,, », for the following mapping structure:

Po"'°J4(J1-/2)mJ1-/30“'0 = 0--+0 PJ4 [e] (le (¢] PJZ)OPJI [¢] P‘]3 O-+-0. (852)
————

m sets
The invariant sets are generated by
O]
Po~~oJ4(1112)m11130~~~o
= Po.osy(J1ym J1Jz0-0 © = © Poro jy(Jy 1) 1y J30-0 (8.53)

[— 00

and the corresponding invariant sets on the boundary 9€2,, ,, are

m+1 m+1
a=JSY and g, = U s, (8.54)

=
=

The foregoing invariant subsets are illustrated in Fig. 8.8(a) through the filled
areas on the switching plane (mod(y;, 27), x;) N 32, p,. The mapping relation
for the mapping structure in Eq. (8.52) is also presented. The initial grazing man-
ifolds Oy (J € {J1, Ja, J3, J4}) are sketched by the dashed lines in Fig. 8.8(b)
in the corresponding switching planes. For this case, 84, N Or; = @ and
g N O ; = @, no fragmentation of the strange attractor occurs for the afore-
mentioned mapping structure. If E,, N Or; # @ and/or 8y N Or; #£ @, the
fragmentation will occur at 9€2,, »,. The fragmentation of strange attractors on

082p, p, is illustrated in Fig. 8.9. Suppose (i)H(K) = S(K) N (i)sz # & be repre-
sented by the solid symbols, S\’ = Fs, ® , UUs, b g H(k) The initial grazing man-
ifold is depicted by the dashed curve. Furthermore after fragmentation, two new

invariant sets Ql(k‘) C By, and Ql(k 2 C By, exist, which are showed by the shaded
areas. The nonfragmentized mapping are: Py, :US (I;) — US;]:H) and the map-

pings relative to the fragmentation are: Py, : l:S(k) ALY py Ak s gk
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Figure 8.8. (a) Invariant subsets, and (b) invariant initial manifolds of grazing mapping on the bound-
ary 0Q2 pipa-

and Py, :ng;l) — FSZH). From the new subsets to the nonfragmentized sub-
sets, the final manifold of the post-grazing OT J»» expressed by the dotted dash
curve, separates the invariant subset into two parts US;IEH) uf SSTH) plus the in-

tersected set (¥ H;]TH) = S,Yfﬂ) N®Or, # 2. Note that if (i)l'lfll? possesses n

values, there are n pieces of nonintersected, invariant subsets in Ql,(ilz) Asn — 0o,
countable infinity pieces of nonintersected invariant subsets are obtained by such
an attractor fragmentation. The initial sets of grazing mapping are presented and



8.6. Fragmentized strange attractors 283

x, NoQ

P1P2

/
000 (k (k+1
b ern . g an “a
./
Ve
.‘ h b .3 \PJ,

//
,\~
/

%)

k
f /

(i]]— FS[k) / USqi) =

% 9

"\

mod (@;,27)
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the corresponding, initial grazing manifolds are presented. Finally, the grazing-
induced fragmentation of strange attractors of chaotic motions in discontinuous
dynamical systems is discussed. The mathematical theory for such a fragmenta-
tion of strange attractors should be further developed.

8.6. Fragmentized strange attractors

To demonstrate a fragmentized strange attractor, consider a periodically excited,
piecewise linear system in Egs. (2.45) and (2.46) again, i.e.,

X +2dx + k(x) = acos Qt, (8.55)

where X = dx/d¢. The parameters (2 and a) are excitation frequency and ampli-
tude, respectively. The restoring force is

forx € [-E, E], (8.56)

cx —e, forxelE, ),
k(x) {
cx +e, forx e (—oo, —E].

For illustration of the fragmentation of strange attractors in chaotic motion, the
Poincaré mapping sections for four subswitching planes are plotted. Herein, nu-
merical simulations are based on the closed-form solution for switching planes.
As in Fig. 8.3, the subsets (i.e., E; and E1) of the switching plane E1; for strange
attractors are on the upper and lower dashed lines. Similarly, the subsets (i.e.,
E3 and Ey4) of the switching plane E34 separated by the dashed line are pre-
sented as well. The dashed curves are the initial grazing, switching manifolds
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Figure 8.10. Chaotic motion associated with mappings Pg45)431, Pe431 and Pgg3(12)1: () sub-
sets of switching plane E1p (21 and Ej), and (b) subsets of switching plane E34 (Z3 and Eg).
(a=20,c=100,E=1,d =0.5,Qt; ~6.1117,x; =1, y; ® 6.5251 and 2 = 2.1.)

computed by Eq. (2.61) for specified parameters in Chapter 2. The hollow circu-
lar symbols are relative to the initial and final points for grazing. The location of
grazing points are marked by solid circular symbols and labeled by “Grazing”.
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The parameters a = 20, ¢ = 100, E = 1,d = 0.5 and x; = 1 are used for numer-
ical simulations. Consider a motion with a single grazing first for 2 = 2.10 and
the initial condition (Q2f;, y;) ~ (6.1117,6.5251) at x; = 1. The Poincaré map-
ping sections through the switching planes are plotted in Fig. 8.10 for a strange
attractor of chaotic motion relative to mapping structures (Pg43(12)1, Ps431 and
Pes(45)431). The initial, grazing switching manifold of P, has three intersected
points with the strange attractor in &1, as labeled by the hollow circular sym-
bols. Based on the three intersection points, the corresponding grazing points are
(R2t;, yi) ~ (2.056,0.0), (2.087,0.0) and (2.094, 0.0), as labeled by the solid
circular symbols and “Grazing”. The new invariant set of the strange attractor
has two branches in both E; and E, compared to the strange attractor relative to
Ps431. Hence, two mappings relative to P, : Eo — E; and one mapping pertain-
ing to P;:E; — Ej exist. Namely, this chaotic motion includes the mapping
structure Pgs3(12)1 and Pey31. However, in the switching section &3, the ini-
tial, grazing switching manifold of the mapping Ps similar to mapping P> has
three intersected points with the strange attractor. The grazing locations are near
(2t;, yi) ~ (5.200, 0.0), (5.229, 0.0) and (5.235, 0.0) accordingly. The initial
grazing manifold of mapping P; is almost tangential to the strange attractor at
point (Q2f;, y;i) ~ (5.24,2.93) in Ej, so, some points in the strange attractor in
both E; and E, are very close to the grazing point (2#;, y;) ~ (0.0193, 0.0), as
shown in Fig. 8.10. Similarly, the initial grazing manifold of mapping P3 almost
tangential to the strange attractor is observed.

To observe the variation of the fragmentized attractor relative to map-
ping Pga31, the fragmentized strange attractor of chaotic motion for Q =
1.98 is presented in Fig. 8.11. The shape of the strange attractor is dif-
ferent from the one in Fig. 8.10. It is observed the grazing locations are
near (2t;,y;) =~ (2.018,0.0),(1.991,0.0), (1.956,0.0) and (1.929,0.0) on
the switching sets Ejp. The grazing locations are in vicinity of (Q2f;,y;) =~
(5.159, 0.0), (5.133, 0.0), (5.098, 0.0) and (5.071, 0.0) on the switching sets E34.
The two fragmentized attractors are totally different. With decreasing excitation
frequency, such fragmentized strange attractors of chaotic motions will disap-
pear. Further, the symmetric and asymmetric periodic motion relative to mapping
Pes(45)43¢12)1 Will appear. Once the grazing of the asymmetric periodic motion
occurs, the fragmentized strange attractor will exist. Consider an excitation fre-
quency 2 = 1.4 with the initial condition (Q27;, y;) &~ (0.1062,2.4511) atx; = E
for illustration. The Poincaré mapping sections of the strange attractor of chaotic
motion are shown in Fig. 8.12. There are three branches of the strange attractor.
The initial grazing manifolds of the mappings P> in E, and Ps in E4 have one
intersected point with one of three branches of the strange attractor, and the corre-
sponding grazing points are (2¢;, y;) =~ (1.876, 0.0) and (5.0375, 0.0) at E1, and
E34, respectively. Because of grazing, one of three branches of the strange attrac-
tor is generated by such a grazing. Therefore, the strange attractor of the chaotic
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Figure 8.11. Fragmented strange attractor for chaotic motion associated with mappings

Pe45)431> Peaz1 and Pegya3(12)1: (a) subsets of switching plane E1p (Eq and Ej), and (b) subsets

of switching plane E34 (E3 and Ey). (a = 20,¢c = 100, E = 1,d = 0.5, Qt; =~ 57257, x; = 1,
yi &~ 6.2363 and Q = 1.89.)

motion includes mapping structures Pe45)43(12)15 Poas)243(12)1 a0d Poasya3(12)21-
Similarly, the other fragmentized strange attractors of the chaotic motion in such
a problem can be illustrated.
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(a=20,c=100,E =1,d =0.5,Qt ~0.1062,x; =1, y; ®2.4511 and @ = 1.4.)

From the foregoing numerical simulations, it is observed that the initial and
final grazing, switching manifolds are invariant for given system parameters. It is
very important to determine the mechanism of the strange attractor fragmentation.
The criteria and topological structure for the fragmentation of the strange attractor
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need to be further developed as in hyperbolic strange attractors. The fragmentation
of the strange attractors extensively exists in discontinuous dynamical systems,
which will help us better understand chaotic motions in discontinuous dynamic
systems.



8.6. Fragmentized strange attractors 289

APPENDIX A

With an initial condition (¢, x, X) = (#;, x;, yi), the general solutions for linear
systems are given as follows.

Case I: djz. —cj>0
NN P ; D s
= e—dj(z—z,-)(cij)exd’ (t=t) 4 Céj)e_)”d/ (z—z,))

+ D%j) cos Qt + Déj) sin Qf + D(()j),

(A1)
= e—dj(t—z,-)[()hfij) _ dj)Cil)eAd(t—t,-) _ ()L;J) +dj)C§])e_)‘d/ (z—t,-)]
- ij)Q sin Q7 + Dé’)Q cos 2t
where
G_ . SO
¢/’ = o {x, + (xi = Dg"”)(dj + w’)
d
— [DV(dj + 0f) + D’ Q] cos Q1
) ) :
+|D""Q— Dy (di +w stt'},
[ 1 2 ( J d)] i (A2)
() 1 : () )
Czj = (.){—xi+(xi—D0] )(—dj—l-wd])
207
d
—[DV@+ DY (—d; + )] sin Q;
- [ij)(—dj + wt(i'j)) — D;”Q] cos Qt,-};
2
B _ _bj 0 _ ac; — Q7)
Dy =—-—  Di'= 32 3
ci (c; — )2 + 2d;Q) (A3)
DY = az(zj ) - D a2 ;.
(cj — Q%)*+ (2d;Q) J
Case II: d]z —cj <0
x =4[V coso (1 — 1) + € sinw{ (1 — 17)]
+ ij) cos Qt + Déj) sin Qf + D(j),
i=e [V —d;cP)cos 0 (1 — 1) (A4)

— (ij)a)flj) + deEj)) sinng)(t — t,-)]
— ij)Q sin Qf + Dé'i)Q cos Qt
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) 1 . ) )
Cé]) = — [dj (xi — Dij) cos Qt; — Déj) sin Qt; — D(()])) (A.5)
1)

+ 3 + DY Qsin @y — DY Q cos Q1]
(U;j) =4/Cj —d]2~.
Case III: djz. —c;j=0

X = e_d-f(t_”)[ij)(t — 1)+ Céj)] + Dij) cos Qf + Déj) sin Qf + ng),
i=e it [cY —cVd;¢ — 1) —d;c’] - DV @sin Qr (A.6)
+ D;”Q cos Qt

c\ = x; — D\ cos Qi — DY sinQt; — DY,
€\ = xi +cos (DY@ — ;DY) = sinui (DY@ + 4;05”) (A7)
—d;D\.
CaselV:d; #0,c; =0

x = ij)e_wf(’_”') + Dij) cos Q1 + D;j) sin Qr + D(()j)t + Céj),

(A8)
i =—2d;CPe 2401 _ pPqsinQr + DY Qcos @t + DY
where
: 1 . . .
cV) = —57 (i + DY @sinQy — DY Qcos Q1 — DY),
j
c = i[zd-x- + % + (DY — 24, DY) sin Qs (A.9)
2 = 2d] J t 1 ]2 t .
— (24;DY + DY) cos Q1; — 2d; DS 1; — D).
CaseV:dj =0,c; =0
1 ; .
X = —é cos Qf — Ebjtz + ij)t + Céj),
(A.10)

'_a nQ b C(j)
x_§sm t— jt—l- 1
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