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CHAPTER 1

Introduction

The class of piecewise-linear differential systems (PWL systems, for short) is
an important class of nonlinear dynamical systems in a twofold sense. First,
they naturally appear in realistic nonlinear engineering models, as certain
devices are accurately modeled by piecewise linear vector fields, see [18]. In
fact, this kind of models are frequent in applications from electronic engineer-
ing and nonlinear control systems, where piecewise linear models cannot be
considered as idealized ones; they are used in mathematical biology as well,
see [16], [84], 85 [86], where they constitute approximate models. Therefore,
they constitute a significant subclass of piecewise-smooth dynamical systems.

Second, since non-smooth piecewise linear characteristics can be consid-
ered as the uniform limit of smooth nonlinearities, the global dynamics of
smooth models has been sometimes approximated by piecewise linear mod-
els and viceversa, as done in [57, [87], obtaining a good qualitative agreement
between the two modelling approaches. Note that, in practice, nonlinear
characteristics use to have a saturated part, which is difficult to be approx-
imated by polynomial models. Therefore, this possibility of what we could
call ‘global linearization’ by linear pieces emphasizes even more the impor-
tance of PWL systems, frequently being the most natural extensions to linear
systems in order to capture nonlinear phenomena.

In fact, it is a widely extended feeling among researchers in the field
that the richness of dynamical behavior found in piecewise linear systems
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covers almost all the instances of dynamics found in general smooth nonlinear
systems: limit cycles, homoclinic and heteroclinic orbits, strange attractors...

The consideration of this class as an alternative to smooth nonlinear
systems is gaining popularity due to the fact that one can write in closed form
the solutions when they are restricted to a region of the phase space where
the system becomes linear. Nevertheless, the analysis of the corresponding
dynamics is far from being trivial since one must match the different solutions
in every linear zone and such matching typically requires the explicit knowing
of flight times, what is true only by exception. On the other hand, standard
families of PWL systems have a non-small number of parameters, so that the
complete analysis of possible dynamical behaviors uses to be a formidable
task. In this sense, the disposal of good canonical forms is a preliminary aim
of great relevance, as it will be patent throughout the thesis.

As far as we know, the pioneering investigation of piecewise-linear systems
in a rigorous way is due to Andronov and coworkers [2]. Their book “Theory
of Oscillations” remains nowadays an obligated reference, still being a source
of ideas. Precisely, from the reading of such book there arose the inspiration
for the first works of our group about PWL systems, see [23] and [26] . The
analysis of piecewise-linear systems also received some growing attention after
the work on PWL chaotic systems [64] and references therein.

This thesis in PWL system dynamics can be seen as a further step in
a series by other members of our Dynamical Systems group in the Applied
Mathematics department of University of Sevilla: after the seed laid in by
Francisco Rodrigo’s thesis (1997), co-directed by professors Emilio Freire and
Francisco Torres, mainly devoted to planar PWL systems (see [80]), some
years later Victoriano Carmona (2002) and Javier Ros (2003) finished their
respective Ph. D. dissertations, where some problems in three dimensional
systems were also addressed, see [0, BI]. Since two more theses have been
recently presented by menbers of our group, namely by Elisabeth Garcia
Medina (2011) and by Soledad Fernandez Garcia (2012) (see [32 22]), this
work constitutes so the sixth ring of an enthusiastic 'research’ chain, always
nourished by the tireless impulse and generous suggestions coming from our
highly regarded professor Emilio Freire.

PWL differential systems: limit cycles and analysis of bifurcations
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1.1 Motivation and objectives

As it has been emphasized in previous works, the lack of differentiability of
PWL systems precludes the standard application of the powerful results com-
ing from the modern geometric theory of dynamical systems and bifurcations
of differentiable dynamics to be found in so celebrated books as [36] or [52].
Simple tasks, as it would be for instance the determination of the topological
type of an equilibrium point, surprisingly become sometimes intricate prob-
lems, see [I1]. This fact makes the endeavor of building a general theory for
PWL systems to be a impressively large puzzle, as you must proceed via a
case-study approach, trying not to neglect any particular case. It is precisely
in this context of contributing to fill in the remaining empty shelves of the
PWL general theory where we encounter the motivation and targets of our
work.

Nowadays, the family of planar, continuous PWL systems (CPWL,, for
short) seems to be well understood, at least for some frequent subfamilies,
as are the systems with only two zones (2CPWL, systems) or with three
zones but having symmetry with respect to the origin (S3CPWL, systems).
Other problems however, as the determination of the maximum number of
limit cycles in planar, simplest discontinuous PWL systems with only two
zones (2DPWL,, for short) still are the subject of intensive, contemporary
research.

However, some results for general 2CPWLy systems were obtained as the
consequence of the cumbersome consideration of all the possible cases, one-
by-one, through the detailed study of properties of different half-return maps.
A paradigmatic case of this, related to the uniqueness of limit cycles, is the
so called Lum-Chua conjecture. In a memorandum by Robert Lum and Leon
O. Chua, see [63], never published as a paper, there appeared the following
conjecture:

Conjecture 0.1. A continuous piecewise linear vector field with
one boundary has at most one limit cycle. The limit cycle, if it
exists, is either attracting or repelling.

The Lum-Chua conjecture was shown true after the long study made in
[23]. A natural question arises: is there a shorter way to arrive at the same
conclusion? As an specific objective, thanks to some recent results that take

Elisabet Vela
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advantage of Massera’s geometric method, we wanted to give an answer to
this question.

In the case of 3CPWL, systems, the situation is acceptable regarding the
subfamily of vector fields with symmetry respect to the origin, to be denoted
S3CPWL, systems, for short. Here, there are obligated references, as the
Ph. D. dissertation of Francisco Rodrigo, see [80], which among other papers
leaded to [24], and the thorough study made in the Ph. D. dissertation of A.
Teruel, see [83], following a different approach. In fact, we know that such
a tesis is the germ of an incoming book to be published in next August. In
this specific PWL family we incidentally contribute by studying the possible
existence of algebraically computable nodal oscillators.

However, for quasi-symmetric 3CPWL;y vector fields (translated of sym-
metric ones) or general non-symmetric systems, there are few results available
related to the existence and uniqueness of limit cycles, a situation we want to
improve in this work, by resorting again to the quoted Massera’s geometric
method and showing also some outstanding applications.

Much has been done in CPWLj3 systems, both in 2CPWL3 and S3CPWL;g
systems in the last decade, thanks to the aforementioned theses by V. Car-
mona and J. Ros first, see [5, 1], and by E. Garcia Medina and S. Fernédndez
Garcia later, see [32] 22], leading to a variety of papers. Without entering into
the intricate world of chaotic dynamics, but looking for new ways to move
ahead towards the chaotic frontier, we want to study partial unfoldings of
the analogous to Hopf-pitchfork bifurcations in PWL systems. A particular
objective here is to determine how many limit cycles can bifurcate from such
a critical situation, where three eigenvalues (a zero and a imaginary pair of
the linear piece containing the involved equilibrium point) are simultaneously
located at the imaginary axis of complex plane.

1.2 Main contributions

The scientific contributions of this thesis appear distributed mainly within
chapters 3 and 4, since previous chapters are devoted to introduce notation,
a review of the terminology and standard techniques to be later needed. As
usual, the development of new results during the preparation of this work has
been the subject of scientific publications, some of them already appeared
but some other still in press. Thus, we can summarize a significant part of
our new results in the following four publications.

PWL differential systems: limit cycles and analysis of bifurcations
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(1) Algebraically computable piecewise linear nodal oscillators. Applied
Mathematics and Computation. See [74].

(2) Unfolding the fold-Hopf bifurcation in piecewise linear continuous dif-
ferential systems with symmetry. Physica D: Nonlinear Phenomena.

See [7T].

(3) A Hopf-zero degenerated case in symmetric piecewise linear systems,
to appear in the Springer book Dynamical systems: 100 years after
Poincaré. See [75].

(4) The focus-center-limit cycle bifurcation in discontinuous planar piece-
wise linear systems without sliding, to appear in the Springer book
Dynamical systems: 100 years after Poincaré. See [76].

Other included achievements deserve to be send for publication and there-
fore we plan to do it in a near future.

For the sake of concision, we want to specifically mention the main math-
ematical contributions included in our thesis.

e A new approach, following Massera’s method, to get a concise proof

for the Lum-Chua Conjecture in planar PWL systems with two zones
(2CPWLy).

e Characterization for a variety of boundary equilibrium bifurcations
(BEB'’s, for short) in 2CPWL, systems.

e Alternative proofs of existence and uniqueness results for limit cy-

cles in an important family of planar PWL systems with three zones
(3CPWLy).

e Characterization for a variety of boundary equilibrium bifurcations
(BEB'’s, for short) in 3CPWL; systems, detecting some situations with
two nested limit cycles surrounding the only equilibrium point.

e Analysis of the focus-center-limit cycle bifurcation in discontinuous pla-
nar PWL systems without sliding set.

e A thorough analysis of electronic Wien bridge oscillators, character-
izing qualitatively (and quantitatively in some cases) the oscillatory
behaviour and determining the parameter regions for oscillations.

Elisabet Vela
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e Analysis of a new family of algebraically computable nodal oscillators,
including real examples of members of the family.

e Analysis of some specific unfolding for the Hopf-zero or Hopf-pitchfork
bifurcation and its main degenerations in symmetric PWL systems in
3D (S3CPWL3), with the detection of the simultaneous bifurcation of
three limit cycles.

e Study of some real electronic devices where the Hopf-zero bifurcation
appears.

1.3 Outline of this thesis

After this introduction, in Chapter 2 we review some terminology and results
related to canonical forms in the study of PWL systems along with certain
techniques that are useful for the bifurcation analysis of their periodic orbits.
First, we develop a unified 27 /37 Liénard canonical form without assuming
the system in Luré form to facilitate the subsequent study on existence and
uniqueness of limit cycles. Next, we work in arbitrary dimension to review
general results even we later deal only with systems in dimension 2 and 3.
The included material is not entirely new but it is needed to make this work
as much self-contained as possible.

Next, Chapter 3 is completely devoted to planar PWL systems. Some
boundary equilibrium bifurcations (BEB, for short) are characterized, putting
emphasis in the ones capable of giving rise to limit cycles. We exploit and
extend some recent results achieved in [59], which allows us to pave the way
for a shorter proof of Lum-Chua conjecture. After other general results for
existence and uniqueness of limit cycles in 3CPWL, systems, we show some
applications of the theory in nonlinear electronics. In a different direction of
research, it is introduced a new family of algebraically computable piecewise
linear nodal oscillators and shown some real electronic devices that belong
to the family. The outstanding feature of this family makes it an exceptional
benchmark for testing approximate methods of analysis of oscillators. Fi-
nally, we include our only contribution in the exciting world of discontinuous
PWL systems: the analysis of the focus-center-limit cycle bifurcation in pla-
nar PWL systems with two zones and without a proper sliding set, which
naturally includes the continuous case.

PWL differential systems: limit cycles and analysis of bifurcations
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Chapter 4 represents our particular incursion in PWL systems in dimen-
sion 3, namely in S3CPWL;3 ones, notwithstanding some results are also
interesting for 2CPWL;3 vector fields. Pursuing the aim of fill in the pending
gaps in the catalog of possible bifurcations, we study some unfoldings of the
analogous to Hopf-pitchfork bifurcations in PWL systems. Our theorems
predict the simultaneous bifurcation of 3 limit cycles but we also formulate
a natural, strongly numerically based conjecture on the simultaneous bifur-
cation of 5 limit cycles.

Finally, in Chapter 5 some conclusions and recommendations for future
work are offered for consideration of interested readers.

Elisabet Vela
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CHAPTER 2

Canonical forms and analysis of
periodic orbits

In this chapter we review some terminology and results related to canonical
forms in the study of PWL systems an certain techniques that are useful for
the bifurcation analysis of their periodic orbits. As main references for the
material here included, we must quote [8] and chapters 2 and 3 of [81].

Attempting to do a systematic study of piecewise linear systems, some
canonical forms are tackled with in several works, see [41], [42] [43] 46}, 55], [50]
and [66]. On the other hand, most of nonlinear models needed in practice do
not require such rather general canonical forms, since they can be adequately
modeled with only two or three linear regions separated by parallel bound-
aries hyperplanes, see [34]. Moreover, for elementary models, the number of
state variables is typically two or three.

As the second main ingredient of this chapter, we introduce some tech-
niques for the study of limit cycle bifurcations in PWL systems. Such prob-
lem is, after the analysis of equilibrium solutions of a differential system,
one of the most important issues in the qualitative analysis of dynamical
systems. Several tools from bifurcation theory are available in the case of
smooth systems in order to guarantee the bifurcation and existence of limit
cycles, see [33, B0, [52]. The situation is not so good in the case of piece-
wise smooth systems, see [I§], so that new results concerning this class of

9
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differential non-smooth systems are needed.

By considering for instance the situation associated to the classical Hopf
bifurcation for smooth systems, in [26] authors obtained bifurcation results
for limit cycles in planar non-smooth systems, see also [50]. For discontinuous
cases, we refer to [15] (19, 51l O1]. Later, several results were extended to 3D
continuous piecewise linear systems, see [7] and [27]. Other results for these
systems appeared in [9] 10, IT], 50} [73]. More recently, as mentioned in the
introduction, another bifurcation problems related with limit cycles have
been addressed in [74] and [77], to be later reported.

We start by considering the case of planar systems, where it is not difficult
to deal simultaneously with the two zone and three zone cases, under general
mild assumptions. For higher dimension however, we prefer to study sepa-
rately such two basic situations and to start from the so called Luré form,
that is, the case of vector fields obtained by adding a linear term with a
nonlinear one; this nonlinear term is just the result of multiplying a constant
vector by one piecewise scalar nonlinearity.

2.1 A unified Liénard form for 2Z/3Z planar
systems

As mentioned before, in most interesting applications, continuous piecewise
linear differential systems only have two or three different linearity regions
separated by one straight line or two parallel straight lines, respectively, see
[8]. Therefore, and trying to minimize efforts, we adopt a general point of
view by assuming that we have three linearity zones, so that our results for
such cases can be translated to the two-zone case by extending the central
vector field to one of the external zones.

For such three-zone systems we assume without loss of generality that
the lines separating the regions are x+ = —1 and = = 1. Typically, it is
rather usual for these systems to exhibit only one anti-saddle singular point,
that is, one equilibrium point of focus or node type. Such a point is normally
supposed to be in the central linearity region when the system has three linear
zones, to be denoted in the sequel as L (left), C' (central), and R (right). We
use these three letters to denote the zone by using them as subscripts or
superscripts, whatever be more convenient in each case. If the system has
only two zones, we assume for instance that the left and the central zones

PWL differential systems: limit cycles and analysis of bifurcations
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have equal parameters and so they are in fact only one. Thus we have a
system defined as follows

(z):AL<z)—|—bL, 1f£l§'<—]_,
(g)zAc(";)wc, i o] <1, 2.1)
T T
.| =A +bg, ifz>1,
(y) R<y) o B

requiring that the full vector field be continuous. This condition leads to

impose
—1 —1
A +b,=A + be,
() ) emmae( ) ) v

1 1
A Thr=A L b,

for all y € R. Obviously, taking y = 0, we deduce

(2.2)

R R__ C c
apy + by =ap + by,
R R_ C C

L _ c
a11 b}; = a11 blc’
a21 by = a21 by,

and

and canceling these terms in (2:2)) we have the condition

AL(2)2A0<2):AR(2)mumy¢a (2.3)

which implies that the last columns of A;, Ac and Ar must be equal. This
elementary reasoning makes only 10 the number of parameters needed to
define this family, instead of the 18 matrix entries initially assumed.

Thus, from (23] we can write

L C R
A, — ayy aig Ay — ayy  aig Ap — a7 a2
L — L ) C — C ; R — R )
ay, a9 ay; Q22 sy a2

by — by + af, —af b — b1 b — by —af +a§;
o\ bptal—af )0 797 Uy )7 "B by —all +a5, )

(2.4)

Elisabet Vela
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but anyway, there are still a large number of parameters to consider all
possible cases.

We emphasize that the phase plane is divided into three zones with dif-
ferent linear dynamics: namely the central band or zone C, given by the
set

So={(z,y) eR*: -1 <z < 1},

and the external zones L and R, to be denoted also as

S, ={(z,y) eR?*:x>1}, S ={(z,y) eR*:x< 1},
separated by the two straight lines

Y ={(z,y) eR*:x =1}, Y ={(z,y) eR?:2x=—1}.

Notice that the vector field of the family of system (2.1))-(24) is of class C*
in each linear region, but it is only of class C° on R?. Nevertheless, they
satisfy a Lipschitz condition on the whole R2?. Thus, the classical theorems
on existence, uniqueness and continuity of solutions with respect to initial
conditions and parameters apply to these systems. Their solution curves are
in general C!, but not C?.

The following result can be proved easily; its proof is included in order
that the theoretical development be as self-contained as possible.

In what follows, when we discuss about periodic solutions, we discard the
trivial case of constant solutions, that is, equilibrium points.

Lemma 2.1 [f system (21)-(2.4) has periodic solutions, then ayy # 0.

Proof If we assume a5 = 0, then the dynamics in x would be decoupled
from the dynamic in y, since we would have

b = b g 4 pEOR,
that does not depend on y. Obviously this autonomous, one-dimensional
equation cannot have non-constant periodic solutions. Hence, as any periodic
solution of the complete system gives rise to a periodic function x(t), the
proof is completed. [ ]

Next, we see that the previous necessary condition for existence of pe-
riodic orbits is also a sufficient condition to achieve a celebrated canonical
form.

PWL differential systems: limit cycles and analysis of bifurcations
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Proposition 2.1 (Liénard form) The condition ayo # 0 is sufficient to
write system (2.11)-(24) in Liénard form

. 2.5
where
tL(SL’—i-l)—tc if v < —1,
F(z) =< tex if |z] <1, (2.6)
tr(r —1)+tc  ifx>1,
and

dp(x+1)—de ifx < -1,
g9(x) = § dox if [z <1, (2.7)
dr(z —1)+de  ifz > 1.

Proof First, we make the change of variables X = x, Y = agsr — ajsy, to
obtain

X = aff X gy B (BOM 4 0) Xy 4 O
=tionX —Y + biL’C’R},

Y = a99 <CLH/’C7R}X + a2y + biL’aR}) — a12 (agf’C’R}X + a2l + bgL’C’R}) =

=dirormX + aggb{L’C’R} — Ay béL,C,R}

Y

where we introduce the traces

L,C,R
tir,c,Ry = a‘{l b 22

in each zone, and the respective determinants

{L,C,R} {L,C,R}
— Qg

d{L,C,R} = Qqq 22 a12.

Now, a translation in the second variable y =Y — b, =Y — ¢, leads to the
required canonical form, since from (2.4]) we have

b= =0 = (b — to)

Elisabet Vela
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and
dir.ry — 6 = £(dqz,ry — dc)
where
0= ambzc - amblc.

]

The above canonical form will be profusely used along the whole work.

We note that without other additional assumptions this form is not a Luré
form, having two different nonlinearities.

Remark 2.1 The above formulation includes as particular cases the follow-
ing ones. If to = tr, and dc = dp then we have a system with only two
different linearity zones, thoroughly analyzed in [23]. If tr = t;, dgp = d,
and 6 = 0, then we have a symmetric system with three different linear-
ity zones, first considered in [62] and thoroughly analyzed in [24)]. The case
tp = tr, dg = dg and 6 # 0 has been considered in [58]. Some relevant
applications of this last situation have appeared in [16].

As mentioned before, we assume for the equilibrium point to be an anti-
saddle in the band —1 < x < 1. This requires for the determinant in the
central region to be positive, that is, do > 0, and also —d¢ < d < d¢. The
uniqueness of this equilibrium point also requires dy,dr > 0. Thus, the only
equilibrium point is located at the line x == = §/dc € (—1,1).

The different traces t;,tc,tg could be arbitrary, but we know from the
Bendixson theorem, see for instance Theorem 7.10 in [21], that they cannot
have the same sign for the existence of limit cycles. In fact, if we suppose the
existence of a simple invariant close curve I' and define int (I') = int(I") () Sg,
inte(I") = int(I") (N Se, and intg(I") = int(I") () Sk, the following result can
be stated. For a proof, it suffices to use Green’s formula, see for instance
Proposition 3 in [62].

Proposition 2.2 If system (Z3)-@1) has a simple invariant closed curve
I', then

// tdedy+// tcdl’d’y—l—// thxdy = tLSL+tcsc+tRSR = 0,
intL(F) intc(F) intR(F)

where
Sy = area(inty(I)),
Se area (into (1)),
Sr = area(intgr()).

PWL differential systems: limit cycles and analysis of bifurcations
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Our next result is just a preparation lemma, putting the equilibrium
point at the origin (we speak of unbiased form), reducing by one the num-
ber of parameters (unitary central determinant) and obtaining an equivalent
expression for system (ZH)-([271) to be used later. The location of the equi-
librium point at the origin will be a crucial fact for the analysis of Chapter
3.

Note that if we make in system (2.I)) the change X = —z,Y = —y (we
will give a more detailed explanation about this, later), we get the system

X = F(X)-Y,

Y = G(X)+3, (2:8)

where the new functions F' and § are obtained from that given in (Z8)- (1)
by interchanging the subscripts L and R, so that, the sign of ¢ is not relevant.

Lemma 2.2 (Unbiased normalized Liénard form)
System (Z0)-Z1) with —de < § < dgo is topologically equivalent to the
system

i o= F(r) -y,

y = gn(:L'), (2'9)
where
ar(x — xg) + acxrr if x> xp,
F.(xr) =< acx if vy <o < g, (2.10)
ap(r —zp) +acxy,  ifr < xp,
and
br(x —xgr)+xr if x > xg,
gn(z) =< 2 if vy <z < g, (2.11)
bp(r —xp)+xp  ifx<uzyp,
withxy, = —1—%, xgp = 1—2, for =1 < T = 0/dc < 1, and the new piecewise

slopes satisfy az\/do = tz,bzde = dz, for each Z € {L,C, R}.

Proof First, we put the equilibrium point at the origin by the translation
T=x—1,y=1y— tcx. This makes that the new vertical lines separating
the zones are © = x; and ¥ = zi and the J-term in the second equation
disappears. Next, we make the change of variables and time defined by
X =7, wY =7, and 7 = wt, with w? = d. We obtain

dX FX +2) Y  g(X +72)
dr w Todr w?
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16 Chapter 2. Canonical forms and analysis of periodic orbits

so that the conclusion follows from the two obvious equalities FI(X + &) =
wF,(X) and g(X + Z) = w?g,(X). ]

We finish this section with a remark that will be later useful to split the
analysis of planar systems with three zones into two different subcases with
only two zones.

Remark 2.2 System (29)-(21I1)) is invariant under the transformation

(QU, Y, t? ac,ar, ar, bL,bR7 XL, ,’L’R) - (—CC, -Y, t7 ac,ar,ar, bR7 bL7 —XR, —.CL’L).

2.2 Observable 2CPWL, and S3CPWL, Luré
systems

As a natural previous step to facilitate their mathematical analysis, we review
here the more important canonical forms for n-dimensional piecewise-linear
models from our point of view, starting for a general formulation but having
in mind the case of Luré systems, that is, those with basically one nonlinearity
given by a scalar piecewise-linear function with up to three linear pieces. The
two-zone case is obviously included by assuming that two of the three pieces
glue not only continuously but also with continuous derivative.

To begin with, we formally introduce a rather general family of systems
as our starting point in looking for canonical forms.

Definition 2.1 A differential equation
x = F(x)

with X = (1, T2, ...2,)7 is said to be a 3PWL, system if there exist three

vectors By, By, By and one vector v # 0 in R"™, two scalars ; < d9 and three
matrices Ay, A1, Ay in M,(R) so that

Aox + By, if vix <6,
X = F(X) = A1X + Bl, Zf 51 S VTX S 52, (212)
AQX + BQ, Zf 52 < v'x.

If F' is continuous, we have a 3CPWL, system, that is, for all x such that
vix =6,
AiX + BZ = Ai_lx + Bi_l,i = 1, 2.

If F' is discontinuous, we have a SDPWL, system.

PWL differential systems: limit cycles and analysis of bifurcations



2.2. Canonical forms for Luré systems in higher dimension 17

A relevant subclass of 3PWL,, systems can also be distinguished, namely
the case when the linear part of the outer regions coincide.

Definition 2.2 A 3PWL,, system with Ay = A is called a quasi-symmetrical
3PWL, system.

Of course, in the case of continuous systems, if the linear part of two
adjacent regions are equal, then the continuity assumption enforces that the
corresponding nonhomogeneous terms B; are also equal, so that the hyper-
plane involved should be a false boundary, since it really does not separate
different zones. In this case, we say that the system is a 2CPWL,, system.

It is important to remark that the hyperplanes vIx = §;, i = 1,2, can be
transformed, by means of a linear change of variables, into the hyperplanes
r1 = %1, i.e., without loss of generality, one can assume in what follows that
v =-e, 0, = —1 and d = 1 in (ZI2)). We rewrite so system (Z12)) as

A()X + BQ, if e{x < —]_,
x=F(x)= Aix+ By, if —1<elx<1, (2.13)
Ayx + By, if 1 <elx.

In applications, there is frequently just one basic nonlinearity appearing
in the different components of the vector field. This is the case of the so-
called Luré systems in control theory. A sufficient condition to have a Luré
system is given in the following result, which is a slightly improved version
of another appeared in [g].

Lemma 2.3 The matrices A;, i = 0,1, 2, in system [21I3]) share the last n—1
columns. Furthermore, if we assume that there exists a linear dependence
between the first columns of matrices A1 — Ay and Ay — Ay, then system
2I3) can be written in Lur form, that is, in the form

%x = Ax + Bpwl(elx) + C, (2.14)

where x = (11, y,...2,)T, A € M,(R), B,C € R", and pwl(.) is a piecewise-
linear function. In particular, the following statements are true.

(a) If either Ay = Ay or Ay = Ay then the function pwl can be taken equal
to the function
0, ifv<0,

ramp(v) = { v, v >0 (2.15)
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18 Chapter 2. Canonical forms and analysis of periodic orbits

(b) If Ay = As, then the condition on linear dependence between the first
columns of matrices A1 — Ag and Ay — Ay is automatically fulfilled, and
the function pwl can be taken equal to the function

sat(v) = { sén(v), ZZ m ; 1’ (2.16)

Proof We start like in the previous section by noting that the continuity of
the vector field assures that

Ao(—eq + pey) + By = Ai(—eq + pey) + By, (2.17)
Ai(er +peg) + B = Ai(e; + pey) + Bs, ‘
for all 4 € R and 2 < k < n. Thus, taking = 0, we deduce

By =By+ (A — Ap)eq,
By =D, — (Az - A1)el7

and then from (ZI7) we have for 2 < k < n the equalities
Aoek = Alek = Agek.

Thus, the three matrices have in common the last n — 1 columns.
As a consequence, we see that

A=A+ (4 — Ao)ele{,
Ay =A+ (A — Al)ele{a

and then, by substituting el x = z1, we conclude that

A1X + Bl = A()X + (Al — Ao)ell’l + (Al — Ao)e1 + BO =
= A()X + (Al — Ao)el(ilfl -+ 1) —+ Bo,

and similarly,

AQX + BQ = AQX + (Al — Ao)ell’l -+ (A2 — Al)elzcl—
—(A2 — Ay)ey + (A1 — Ag)er + By =,
= A()X + (Al - Ao)el(iﬁl + 1) + (AQ - Al)el(xl - 1) + Bo.

Introducing now the 'ramp’ function

0, r <0,
ps(w) = r—0, x>0

PWL differential systems: limit cycles and analysis of bifurcations



2.2. Canonical forms for Luré systems in higher dimension 19

we get for the system the compact form
X = A()X + (Al — Ao)elgo_l(xl) + (Ag — Al)elgol(xl) + B(]. (218)

Under the hypothesis concerning the existence of a vanishing non-trivial lin-
ear combination of the first columns of matrices A; — Ay and Ay — Ay, namely

(A — Ao)er + pa(Az — Ar)er =0,
there exist a vector B and constants by, by, such that
(A1 — Aog)er = 1B, (A — Ay)e; = by B,
and then (2.I8)) becomes
x = Aox + Bbip_1(x1) + bapr(x1)] + Bo.
Hence, system (2.I4]) comes from the identification A = Ay, C' = By, and
pwl(z) = bip_1(z) + boipr ().

Once arrived at (2.I4]), the particular case of statement (a) is a direct
consequence after observing that at least one of the b; must vanish and doing
next an adequate translation in the variable x; to get as the only nonlinearity
©wo(z). The case of statement (b) comes from the fact that then g = —py =
1, we also have trivially by = —b, = 1 and we take advantage of the equality

sat(x) = =14 p_1(z) — p1(x),
that is (ZI8) simplifies to

X = A()X + (Al — Ao)el[@_l(l’l) — 61@1(1’1)] + BO =

= A()X + (Al — Ao)el[—]_ + (p_l(llfl) — 81@1(1’1)] + BQ + (Al — Ao)el.

It suffices now to identify A = Ay, B = (A1—Ap)e1, and C = By+(A;—Ap)e;.

m

Of course, the configuration obtained from statement (a) of Lemma

is in fact a 2CPWL,, system. In the case of statement (b) of Lemma 23] one
gets in (ZI4)) the vector field as the sum of the function

H(x) = Ax + Bsat(elx)
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20 Chapter 2. Canonical forms and analysis of periodic orbits

plus a vector C, where the symmetry relation H(x) = H(—x) = 0 holds
for all x, leading to a quasi-symmetrical (just symmetrical, when C' = 0)
3CPWL,, system.

A key observation is that systems (2.14]) for C' = 0 are particular instances
of the control systems

. (2.19)

x = Ax+ Bu,
Yy= €Xx

where u = pwl(y) is the input or control signal and y is the output. Then,
some concepts of classical linear time invariant control systems are useful in
obtaining reduced canonical forms for CPWL,, systems with parallel bound-
aries. We recall them following [I] and [3].

Proposition 2.3 System (219) is observable if and only if the observability
matriz

O = (er| ATes [ (AT)2ey | --- | (A7) ley)"

has rank n.

As is well known, the rank of observability matrix is invariant under linear
changes of variables. Now, we give a canonical form for observable systems
(ZT19), which is slightly different from that of [3] but totally equivalent.

Proposition 2.4 If system (2I9) is observable then it can be transformed
by a linear change of variables into the canonical form

R (2.20)

{)'c: Mx + Nu,

where N € R™, and

dy
M = “in—-1
dn—l
d, | 0

Proof To begin with, let us assume for the matrix A in (ZI9) that its
characteristic polynomial is

pa\) = (—1)PA" 4+ (—1)" LA 4 (— 1) 2o\ 4 -t (—1)dpi A+ d.
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By the observability assumption, there exists a unique vector z € R™ such
that

2" ((~AT)" ey | (~AT)" ey |- | —ATei[e) el  (221)
Now, the following column-partitioned matrix is regular,
P=((-A)""2z|(-A)"?z| .- | - Az|z)

and we will use this matrix for the change of variables x = Px in (2.19).
First we see that our choice of z produces

T Tpg _ <TpT <7 T
y=e;x=e, Px=x"P e =X e =¢€X,

where we have used that condition (2.21]) is equivalent, by transposition, to
PTe, = e;. Now, we note that by Cayley-Hamilton theorem,

—(—1)"A" = (1) AT 4 (1) A AR (<) d A d
so that
—(—A) =dy (—A)" Fdy (A" dy 1 (—A) +

and therefore

AP = (—(=A)"z| = (=A)"'z| -+ | = (=A4)’z| - (~A)z),
that is
dy
ap=p| = |7
dn—l
d, | O
Hence, after substituting the change in (2.I9), we see that M = P71AP,
N = P7'B, and we have discarded the tildes in achieving ([2.20). u

Remark 2.3 From the proof of Proposition [22 it follows that el P = el
and so, the linear change does not modify the first state variable.

Now, we resort to the control system properties previously established
in order to obtain canonical forms for 2CPWL,, and symmetrical 3CPWL,,
systems, also trying to deduce dynamical consequences in some cases. Due to
the connection between (2.I4]) and (2.19)), it is natural to state the following
definition.
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22 Chapter 2. Canonical forms and analysis of periodic orbits

Definition 2.3 The CPWL, system (2I4) is said to be observable if the
control system (2.19) is observable.

Under the assumption of observability, one can obtain a canonical form
with both a simpler leading matrix and a simpler last constant vector. The
next result constitutes a generalization of what have been made for particular
systems, see for instance the elementary canonical models in [78] and [79)].

Proposition 2.5 (Generalized Liénard’s Form): If system (ZI4) is
observable then it can be transformed by a linear change of variables into the
canonical form

x = Mx+ N pwl(xy) + ae,, (2.22)
where a € R, N € R", and
d -1 0 --- 0
d 0 -1 0
M= ;
dpy 0 0 —1
d, 0 0 0

Moreover, if C' =0 in (ZI4), then a = 0.
Proof From hypothesis we can apply Proposition 2.4 The change of vari-
ables used there, given by the matrix P, transforms (2.22)) into

X = Mpx + Npwl(z;) + N,

where M; is as indicated above, and N = P~'C. Now, to obtain ([Z22) it
suffices to do a translation in the variables z, ..., z, to annihilate the first
n — 1 components of vector N, namely

and then a = e’ N. ]
In the case of 2CPWL,, systems, (2.22]) can be written as follows

. _{ Mpx +ae,, ifx; <0,

| Mgx+ae,, ifxz; >0, (2.23)

where M; = M, Mp = M + N elT and both matrices only differ in their first
columns.

PWL differential systems: limit cycles and analysis of bifurcations



2.3. Some generic results about equilibria 23

2.3 Some generic results about equilibria

The knowledge of the structure of equilibria is an obligated previous step for
the subsequent analysis of periodic orbits; equilibria and periodic orbits to-
gether, they provide a skeleton of the dynamical system, giving us important
information. Next in Section 2.3.1] we review some dynamical properties of
observable 2CPWL,, systems ([2.I4]) dealing with (2.23), where the number
and location of equilibrium points can be easily deduced. After that, the
analysis of equilibria in observable symmetric 3CPWL,, systems is tackled in
Section

2.3.1 Observable 2CPWL,, systems

If system (2.23]) has an equilibrium point at the hyperplane z; = 0, where
the system is not differentiable, we cannot determine its topological type
by linearization and some counter-intuitive phenomena can appear, see [I1].
However, equilibria at the hyperplane z; = 0 only can be located at the
origin, as we state below.

Proposition 2.6 If system ([Z23) has one equilibrium with x; = 0, then
such equilibrium is at the origin and a = 0.

Proof If z; = 0, from the ith equation of ([Z23) we have z;,; = 0 for
1 < i < n—1, and from the nth equation we get a = 0. [ ]

Corollary 2.1 FEquilibria of ([Z23)) different to the origin are not in the
hyperplane x1 = 0, so that corresponding linearizations are enough to analyze
their topological type.

Next result deals with the absence of equilibria, emphasizing that in such
a case we cannot have periodic orbits.

Proposition 2.7 If a 2CPWL, system (2.14) is observable and it has no
equilibrium points, then it has no pertodic orbits.

Proof By Proposition 2.5 system (2.I4]) can be transformed in (Z23). De-
noting di = egM{L rye1, we must have, by the absence of equilibria,
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24 Chapter 2. Canonical forms and analysis of periodic orbits

a-d?>0anda-d: <0 and so

L 2 :
L {L,R} _ a-dnx1+a > 0, if xq < 0,
ALy a(dn T+ a) { a- df% 4 a2 > O, if T > 0.
Then, the variable x,, is strictly monotone, and therefore neither ([2.23]) nor
(ZTI4) can have periodic orbits. [
Starting from system (Z.23)), we can write the system as follows,

x = Mpx + Nramp(z,) + aey, (2.24)

where

N = (MR — ML)el
and

a1 0 ... 0

a0 -1 0

My ry = : : I
adbBoo 0 o -1
a0 0 0

We study briefly the possible equilibria configurations for such 2CPWL,,
systems.

Proposition 2.8 For system (224)) the following statements holds.

(a) IfdLd® > 0, then the system has one equilibrium point for all values of
a.

(b) If d2d% < 0, then the system can have none, one or two equilibrium
points depending on the sign of a.

(c) If d¥ = 0 or df = 0, then degenerate situations appear for a = 0;
leading to a half straight line of equilibrium points. For a # 0, there
can be one or none equilibrium points.

Proof All the assertions come from the analysis of last components of the
vector field, namely by considering the equations dz; +a = 0, d%z; +a = 0,
and studying the sign of products diMa, [ ]
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2.3.2 Observable S3CPWL,, systems

If we consider now an observable symmetric 3CPWL,, system, we can write
it in Liénard form, see Proposition 2.19] as follows,

x = Mx + N sat(x),

where
d -1 0 --- 0
ds 0O —1 --- 0
M= z
dpy 0 0 -1
d, 0 0 0
Thus, we can write
Mx — N, if r; < —1,
x=1< (M+ Nel)x, if|z] <1,
Mx + N, if x> 1.

If we define D; = N; + d;, we can express N as

Dy —dy
Dy — ds
D, —d,

Then, we can write the above system as follows

Mgx — N, if r1 < -1,
x =< Mex, if || <1, (2.25)
Mgx+ N, ifx; > 1,

where Mg = M,
D, -1 0 0
Dy 0 -1 0
Mg = :
D,, 0 0 —1
D, 0 0 0
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26 Chapter 2. Canonical forms and analysis of periodic orbits

and the subscript E means external zones, while the subscript C' stands for
central zone. For the above system, we have the following result, whose
proof appears in [81], showing that these systems can undergo a degenerate
pitchfork bifurcation at the origin.

Proposition 2.9 For system ([220) the following statements holds.
(a) If D, # 0, and d,,D,, > 0, then the origin is the only equilibrium point.

(b) If d,D, < 0, then the system has three equilibrium points, the origin,

the point
D, —d,
_ 1 Dndl - anl
X, = — ,
td, :
Dndn—l - ann—l
in the left zone, and its symmetric Xgp = —X, in the right zone.

(c) If D, = 0, then the segment points Xc(u) = p(1, Dy, Do, ..., Dy_1)7T
with |p] < 1 are equilibrium points of system (Z28) and we have the
following cases.

(i) Ifd, =0, the points of the ray

1 0
d1 Dl - dl
xp(p)=p| +ﬁ D —d;
dn—l Dn—l - dn—l

for all p with |p| > 1, are also equilibrium points of the system.

(ii) Ifd, # 0, the system has no equilibrium points in the outer zones.

2.4 Analysis of periodic orbits through their
closing equations

With the name closing equations method, we mean a method for determin-
ing periodic orbits in piecewise linear dynamical systems, to be used in the
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analysis of 2CPWL,, and S3CPWL,, along the manuscript. The main idea
of the method is to integrate the corresponding system in each linear zone
and obtain a system of equations, called closing equations, whose solutions
correspond to the periodic orbits of the initial dynamical system. This idea
already appears for the first time in [2], and revisited later by other authors,
see [48] and [69]. In [49], appropriate series expansions were used in the clos-
ing equations to approximate the amplitude and period of periodic orbits of
piecewise linear systems successfully.

In the Section .41 we explain the approach of the method of closing
equations for 2CPWL,,, while in the Section we apply the method to
symmetric 3CPWL,,.

2.4.1 Closing equations for 2CPWL,

Let us consider the method for 2CPWL,, systems and denote by X, the
hiperplane x;1 = 0. Our interest is to analyze the properties of periodic
orbits that use both zones of R"; on the contrary there should be periodic
orbits totally contained in one of the half-spaces 1 > 0 or x; < 0, thereby
being purely linear periodic orbits belonging to a linear center. Assume the
existence of one periodic orbit intersecting ¥, at the two points

0 0

-0 ~1

je g

<0 7 1 7
= :,U3 y = 3
~0 ~1

xTL xTL

See figure 2Z.J1 We write the flight time in the left zone (x; < 0) as 77, being
Tr the corresponding flight time in the right zone (z; > 0).

Assume that the point Xq is mapped into X; by the flow on the left zone.
Since system (2.23)) is linear in each zone, we can write the solution starting
at Xg as

x(1) = Mm% +/ M=) e, ds.
0

Consequently, we must have

TL
%, = My +/ M=) e, ds. (2.26)
0
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=0

Figure 2.1: Bizonal periodic orbit of system ([223)) and the relevant points
necessary to build the closing equations.

Doing the same procedure in the right zone, we conclude that
TR
%o = eMrTRY +/ eMrR=9) e, ds. (2.27)
0

Note that (Z20) and (Z21) form a nonlinear system with 2n equations and 2n
unknowns. From these unknowns, (2n —2) correspond to the ¥g-coordinates
of the periodic orbit intersections and the other two are the flight times 7,
Tr. For the analysis of the closing equations, typically we start from a known
solution coming from a degenerate situation, see Chapter [4]

We summarize the above ideas in the following result.

Proposition 2.10 Assume that the system ([223)) has a bizonal periodic or-
bit that transversely intersecting the hyperplane Yo in the points X° and X'
respectively, with flight times 77, > 0 and 7gr > 0 in the zones L and R. Then,
the values 71, Tr, X° and X* satisfy closing equations [226) and (2.27).
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Alternatively, whenever the system M{; mx + ae, = 0 is compatible
and Xyz gy is a equilibrium solution, we can transform system (2.23]) by a
translation in a homogeneous one to solve it, and next undo the translation.
Thus, the solution can be written

x(1) = X(z,ry + "M (X(0) = X(Lry) -

Thus, in this cases, the expression (Z20]) can be replaced by

MpTr (A

X1:XL+6 XQ—}_(L),

while the equality (2.27) can be replaced by

MRgTR

Xg=Xp+e (f(l—fCR).

2.4.2 Closing equations for SSCPWL,

System (Z20) can have different kinds of periodic orbits, regarding their
intersections of these orbits with separating hyperplanes. First, there could
be periodic orbits completely contained in each linearity zone, but then, due
to the linear dynamics of the system in each zone, these orbits can only occur
as members of a linear center, which leads to a simple, almost trivial case.

More interestingly, there can appear periodic orbits that intersect at only
one of the hyperplanes 3; or ¥_;. We call them bizonal periodic orbits. Each
of these orbits has its corresponding symmetrical due to the symmetry of the
system, and so they come in pairs. We consider only such bizonal orbits
when they have just two intersection points with one of the hyperplanes.
These bizonal periodic orbits in SSCPWL,, can be analyzed using a similar
approach of the Section 22411

Finally, there could exist orbits transversely intersecting the two hyper-
planes 1 and ¥_;. These orbits use the three zones and are called tri-zonal
periodic orbits; they can be symmetrical with respect to the origin or not.
Even the method is also applicable to such last case, it will not be the studied
in this thesis, due to the higher number of unknowns to consider. We will
limit our attention to tri-zonal symmetric periodic orbits with two intersec-
tion points in each hyperplane, and here we are going to explain the closing
equations method only for such closed orbits.
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Figure 2.2: Symmetric tri-zonal periodic orbit of system (2.25]) and the rele-
vant points necessary to build the closing equations.

We assume the existence of one of these orbits. Their intersections with
¥, are XU, %3, and their intersections with ¥_; are %2, X!, where

1 -1 -1 1

~0 51 ~2 ~3

T :)3% 5 xg
0= | 73 [, X'=| T3 |, =] 73 | ,*=| 73 [,

~0 ~1 -2 -3

see Figure 221 The symmetry of the periodic orbit of the system (22
implies X2 = —%Y and %* = —%!, then the study of the trajectory between
%Y and %x? is sufficient to completely determine the orbit.

We define the flight time 7o of the central zone C, as the time taken by
an orbit of (Z225) to move from x° to x!. Similarly, we denote the flight time
of the zone L with 7, which is the time taken by the trajectory to move
from x! to x%.

Since system (2.25)) is linear in each zone, we can write explicitly their
solutions as follows. In the central zone C, we have x = Mgx, with the
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initial condition
oNT
),

x(0) =x" = (1,29, 2%,..., 20

so that the corresponding solution of (2.25]) in the zone C is
x(1) = eMeex?,
Now, let x! € ¥_;, the point of the trajectory where 7 = 7, thus satisfies
eMerext _xt =0, (2.28)

and this equation is the first closing equation of system (Z23]).
In the left zone L, the system is not homogeneous, and taking as initial

condition x(0) = x' = (1,2}, #L, ..., 21)", we obtain that the solution is

x(1) = eMETx! +/ eMe(T=9) (_N)ds.
0

If we denote x2 € Y_; the point the trajectory reaches for 7 = 77, we
have

TL
eMerix! 4 / eMelrL=)(_N)ds — x* = 0. (2.29)
0

Due to the symmetry of the periodic orbit, we have x> = —x" and equa-

tion (2.29) becomes
TL
eMeToyl 4 / eMe(L=3)(_N)ds + x° = 0. (2.30)
0

Equation (Z30) is the second closing equation of system (2.20]). Equations

(228) and (230) form a nonlinear system with 2n equations and 2n un-
0 .0 0 1 1 1

knowns, 71, 7o, x5, T3, ..., T, Ty, Ty, ..., T

The following result summarizes the above ideas.

Proposition 2.11 Assume that the system (2.25) has a tri-zonal symmetric
periodic orbit that transversely intersecting the hyperplanes 1 and ¥_1 in
the points X° and X' respectively, with flight times 77, > 0 and 7¢ > 0 in the
zones L and C. Then, the values 71, 7c, X° and X' satisfy closing equations

R.28) and @2.30).
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2.5 Poincaré maps of CPWL,, systems

In this section we remind basic ideas about Poincaré maps and some specific
related results of 2CPWL,, and S3CPWL,, systems, that we apply to the
analysis of several bifurcation problems in chapters 3 and 4 of this document.

2.5.1 Poincaré maps in 2CPWL,

We begin by considering a bizonal periodic orbit 'y of system (2.23)), inter-
secting transversally Yo hyperplane at points X° and x*.

The transversality condition of I'y; with respect to 3y at X° can be written

as
(e], M X% = —39 £ 0.

Denote by @7 the vector field of system ([Z23) and assume ®yz (79, %x%) =
x! for 7y > 0.

Under the previous transversality hypothesis, we can assure the existence
of an open neighborhood of x° named Uy, another neighborhood U; of %!, and
an application 77, : Uy — R such that 77(X°) = 79, ®oz(72(x%),x°) € U;N%,
for all x° € Uy N Y.

We denote by II; the Poincaré map in the zone L associated to the
periodic orbit I'sz, that is,

HLZ Uoﬁz(] — U1ﬁ20

x0 o Dyy(1p(x0),xY).

Analogously, in the zone R, we can assure the existence of an open neigh-
borhood of %! named V;, an open neighborhood V; of %? and an application
Tr : Vo — R such that 7r(X') = 71, ®oy(tp(x!),x!) € V1 N Yy for all
x e Vp N

We denote by IIg the Poincaré map in the zone R associated to the
periodic orbit I'yz, that is

HRI %mZQ — WHZO

x! — Doy (Tr(xh), x1).

Each point x° in ¥j has a unique pg € R"! associated. In the same way, x!
in Yy has associated a unique p; € R"~!. The points py and p; are called
reduced coordinates of x and x! respectively, and verify

on( 0 ),Xlz( 0 )620.
Po P1
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Suppose that x° and x! are in ¥y, so that x! = II;(x"), and py and p;

are the reduced coordinates of x° and x! respectively, then we can define the
function 77, that provides the reduced coordinates of the Poincaré map II;,
associated with 'y in the zone L, as follows

Ty, . Pn—l(UO N 20) e ]Pn_l(Ul N 20)
Po — 7TL(Po) = P1,

where P,,_; represents the canonical projection associated with the n —1 last
coordinates. We define the flight time 7, in the zone L as 7r(po) = 77.(x).
Suppose x!,x? € Y, so that x? = IIg(x'), and py, ps are the reduced
coordinates of x! and x? respectively. We define the function mp that gives
the reduced coordinates of the Poincaré map Il associated with I'y5 in the
zone R, as
TR - ]P)n—l(‘/() N 20) — ]P)n—l(‘/l N 20)
P1 — 7r(P1) = Pe,

and we define the flight time 7x in the zone R as 7g(p1) = Tr(x").
Under the above conditions and choosing Vj such that U; C V{, we define
the complete Poincaré map II as follows

II: U0ﬂ20 I ‘/IQEO
x? — TI(x%) = (Il o I1}) (x°).

It is easy to see that I1(x°) = gz (7, (x°) + 7r(IL(x°)), x").
Also, we define the function that gives the reduced coordinates of the
complete Poincaré map 7 as

[ ]P)n—l(UO N ZQ) S ]P)n—l(‘/l N 20)
Po — m(po) = (7R 0 7L)(Po) = X°.

The following proposition, see Proposition 3 of [7] for the proof, is useful
to study the stability of periodic orbits in 2CPWL,, systems.

Proposition 2.12 LetT'sy be a bizonal periodic orbit of system (Z23), trans-
versely intersecting boundary o at the points X° and X, and let p°, p* in
R™! be theirs respective reduced coordinates. Denote by 71, > 0 and 75 > 0
the flight times of I'sz in the zone L and R respectively. If we define the
matrices Qr, and Qg as

%= (0 preion) )@= (0 Do) )
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then the product of matrices et eMrTR s similar to the matrix

o 1 VT’L + v7_'RD7TL
QLQR - ( 0 Dnr )F2Z .

The following corollary relates the characteristic multipliers of periodic
orbits in 2CPWL,, with the product of matrices of the previous lemma.

Corollary 2.2 Under the conditions of Proposition[2.13, an eigenvalue of

6MLTL6MRTR

is 1 and the other n — 1 eigenvalues are the characteristic multipliers of a
periodic orbit Tay of system (2.23)).

2.5.2 Poincaré maps in S3SCPWL,,

Let '3z be a tri-zonal periodic orbit of system (2.23]) symmetric respect to
the origin, intersecting transversally ¥; hyperplane at points X° and %3, and
Y, in x' and %2
The transversality condition of I's; with respect to 3; at X" can be written
as
(el , Mcx") = Dy — 39 # 0.

Similarly for ¥_;, we have
(el , Mox') = =Dy — &3 # 0.

We denote by @3 the vector field of system (2.25]) and assume ®35 (7, x°) =
x! for 7y > 0.

Under the previous transversality hypothesis, we can assure the existence
of an open neighborhood Uy of XY, another neighborhood U; of %!, and an
application 7¢ : Uy — R such that 7¢(x%) = 19, ®37(7¢(x°),x%) € Uy NE ;4
for all xX° € Uy N Y.

We denote by Ilo the Poincaré map in the zone C' associated to the
periodic orbit I'sz, that is,

Mg Upn¥y — UiNX,

x0 — D35(10(xY),x).
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Analogously in the zone L, if we assure the existence of an open neigh-
borhood V; of X!, an open neighborhood V; of %2, and an application
7+ Vo — R such that 77(x!) = 7, ®3z(rp(x!),x') € VN for all
x' e VpNnX_;.

We denote by II; the Poincaré map in the zone L associated to the
periodic orbit '3z, that is

HLZ VbﬁE_l — V1ﬁ2_1
1

x — Paz(Tp(xh), x).
Associated with every point x° € ¥} and x! € ¥_;, unique pg, p1 € R*™!
points exist. They are called reduced coordinates of x° and x! respectively,

and verify
X0:<1>621,X1:<_1)62_1.
Po P1

Suppose x° € 3; and x!' € ¥4, so that x! = Il(x"), and py and p;
are the reduced coordinates of x° and x! respectively, then we can define
the function 7 which gives reduced coordinates of the Poincaré map Ilo
associated with I'sz in the central zone C', as follows

TC - ]P)n_l(UO N 21) — Pn—l(Ul N 2_1)
Po —  7c(Po) = Pu,

where P,,_; represents the canonical projection associated with the n — 1 last
coordinates. We define the flight time 7¢ in the zone C as 7¢(po) = 7o (x°).

Suppose x',x? € ¥_, so that x> = I (x!), and p;, p2 are the reduced
coordinates of x! and x? respectively, then we define the function 7; which
gives the reduced coordinates of the Poincaré map II; associated with I'3;
in the left zone L, as

m: Poay(VoNEs) — Poq(Vinky)
P1 — 7TL(p1) = P2,

and we define the flight time 77 in the zone L as 7r(p1) = 77(x').

Under the above conditions and choosing V} such that U; C Vj, we define
the Poincaré semi-map II; as follows

Hli Uoﬂzl E— %mz—l
x? — I (x%) = (I o Ilg) (xY).
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It is easy to see that I1;(x°) = @3, (10 (x°) + 77 (e (xY)), x°).
Also, we define the function that gives the reduced coordinates of the
Poincaré semi-map 7 as

- ]P)n—l(UO N 21) — ]P)n—l(‘/l N 2_1)
Po = mi(po) = (7L © mc) (Po)-

We define the full Poincaré map as follows

II: U(]ﬁzl B— 21

x? o I(x%) =x3,

providing the transformed of a point x° € 3; through the flow of the system
vector field in other point x* € ;.
Due to the symmetry of the system, the equality

) = I (=x2) = —I (<11, (%))

holds and then IT = (—II;) o (—II;). We can define the function 7 which gives
the reduced coordinates of the Poincaré complete map II as

™ ]P)n_l(U()ﬂzl) — Rn—l
Po — m(po) = (—m1) o (=m1)(Po)-
The following proposition will be used to determine the stability of peri-

odic orbits in S3CPWL,, in Chapter 4, see [27] for the proof.

Proposition 2.13 Let I'sy be a tri-zonal symmetrical periodic orbit of sys-
tem ([Z28)), transversely intersecting boundaries X1 at the points X° and X3,
and Y._, at the points X' and X2, and let p°, p>, p', p? € R*"! be theirs
respective reduced coordinates. Denote by 7, > 0 and 7¢ > 0 the flight times
of '3z in the external and central zones respectively. If we define the matrices

Qr and Qc
0, - 1 V7.(p1) Qv = -1 V7a(pPo)
0 Drr(p1) )’ 0 Drc(po) )’
then the product of matrices eMt7teMcic s similar to the matriz

. -1 V7_'C—|—V7_'LD7TC
QLQC - ( O Dﬂ'l )FJZ .
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The following corollary relates the characteristic multipliers of periodic
orbits in S3CPWL,, with the product of matrices of the previous lemma.

Corollary 2.3 Under the conditions of Proposition[2.13, an eigenvalue of

eMLTL eMcTc

is —1 and the squares of the other n — 1 eigenvalues are the characteristic
multipliers of the periodic orbit T'sy of system (2.23]).

Once reviewed all these auxiliary results, we can pass to the main part of
our thesis, that is, to the analysis of limit cycles and bifurcations in specific
families of 2PWL and 3PWL differential systems.
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CHAPTER 3

Some contributions to planar
dynamical systems

In this chapter we pay attention to planar piecewise linear systems, including
some new results, but also reviewing others already known. Most of the
new material reported can be also found in [59] [76 [74]; some extensions
of these recent results are also included. In particular, we give a shorter,
alternative approach to the study done in [23] in order to show the Lum-
Chua Conjecture, and new results on existence of limit cycles in 3CPWL,
without symmetry.

3.1 Analysis of 2CPWL, systems

When dealing with planar piecewise linear systems with only two zones,
which we assume to be observable, according to Remark 2.1, we consider
that t¢ = t; and de = dy. Then, the Liénard canonical form (Z.3)-(2.1)

becomes
T = F(x)—vy,

. 3.1
where
. trx if x < 1,
Flz) = { tplx — 1)+t ifz>1, (3:2)
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and

o dLZL' if v < 1,

9(z) = { dp(z —1)+dy ita> 1 (3.3)
Sometimes it is more convenient to displace the boundary z = 1 to z = 0.
If we make X =x —1,Y =y —t;, a =6 — d;, we obtain the alternative
canonical form

X = F(X)-Y,
\ ) 3.4
Y o= (%) —a, (3:4)
where
~ [ tX ifX <0,
F(X) = { tpX if X >0, (3.5)
and
o [ dpX i X <0,
9% = { dpX if X >0. (3:6)

Remark 3.1 In system ([B.4)-B0), only the sign of a is relevant. In fact,
when a # 0, the system can be rewritten with a = 1 by changing r = aX,
y = aY . However, we will not do it in order to capture possible bifurcations
m a = 0.

Remark 3.2 In what follows we use (x,y) for coordinates for both canonical
forms, independently on whether we choose the boundary at x =1 or at x = 0.

Remark 3.3 If we denote by s the time variable of system B.A4)-B10), this
canonical form is invariant under the following transformations:

| I, H I H 1 |
S — =S S — =S S — S
r — - r — x r — -
y Yy y — Y y — Yy
tp, — —lgr tp, — —tg tr, — 1Igr (3.7)
tR — —tL tR I —tR tR — tL
a — —a a — a a — —a
dp — dr d, — dr, dp — dg
dp — dr, drp — dp dp — dj

Note that as the result of transformation 11y, we obtain the symmetrical
version of the system with respect to the Y-axis along with a reversal of time
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to maintain the rotation sense of orbits around the origin. Similarly, the
transformation Iy returns the symmetrical version of the system with respect
to the X-axis, while 113 = II; o [ly = Iy o II; gets the mirror image of the
system respect to the origin of coordinates.

3.1.1 Preliminary results on equilibria

We easily see that in canonical form ([B4]), the parameter a controls the
number and position of the equilibrium points. In fact, we have the following
general results regarding equilibria of system ([B.4])-(B.6]). The proof is direct
and is omitted.

Proposition 3.1 For system [B4)-B0) we have the following
(@) If a =0 and dpdgr # 0, then the origin is the single equilibrium point.

(b) If a = 0 and dp, = 0 (resp. dr = 0), then the system has infinite
equilibrium points constituting the ray given by equation y = trx, with
x <0 (resp. y =tgr, x> 0).

(c) If a # 0, then the following cases arise.

(cl) Ifdpdr > 0, then the system has a single equilibrium point.

(c2) If drdr < 0, and ady, < 0 (or equivalently, adr > 0), then the
system has two equilibrium points, a saddle point and another anti-
saddle point (node or focus).

(c3) Ifdrdr <0, and ad, > 0 (equiv. adr < 0), then the system has
no equilibrium points.

(c4) If d, = 0 (resp. dr = 0), then the system has no equilibrium
points with © < 0 (resp. x > 0). Furthermore, if dg > 0 and
a > 0 (resp. dp > 0 and a < 0) then the system has a single
equilibrium point.

In view of Proposition B.1l, considering other parameters fixed, we can de-
duce the existence of bifurcations of equilibria when the parameter a passes
through the critical value a = 0, that is, when a changes its sign. More-
over, in an analogous way to boundary equilibrium bifurcations in discontin-
uous Filippov systems, see for example [20], the phenomena of persistence or
creation-annihilation of equilibria can appear, as we see below.
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Yy
y=trx+ (tg — ty) ramp(z)
yr(ar)
i‘R(ag)

N L gy =15

yr(as)

yr(as)
T

— = 4=-05

zr(az) .
— _________alz—
/f,;(al

Figure 3.1: Boundary equilibrium bifurcation in system (B.4))-(3.6)) for d;, > 0,
dr > 0, t;, < 0, tg > 0, with persistence of the equilibrium point under
variation of parameter a. The vertical nulcline y = F'(z) appears in red, and
the graph of y = g(z) is drawn in blue.

Without trying to cover all possible cases we consider as a first typical
case the configuration

dr, >0, dr>0, tp, <0, tgr>0.

Then for a # 0, we are in the situation of paragraph (cl) of the Proposi-
tion B.I] and furthermore the coordinates x of the equilibria governing the
dynamics of each zone are

" dr

that is, both coordinates have the same sign. This tells us that one equilib-
rium is virtual and other is real. In particular, if a < 0 the equilibrium X;,
is real and Xp is virtual, while for a > 0 the equilibrium X is virtual and
X is real. For a = 0 we have, by the statement (a) of the same proposition,
one equilibrium at the origin, which requires a particular analysis in order
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to determine its topological type. Summarizing, when both determinants
are positive the sign change of the parameter a leads to the persistence of a
single equilibrium, but with possible topological change. This situation can
be visualized in the Figure 3l Moreover, as it will be seen, under certain as-
sumptions, this transition entails the appearance of a limit cycle, surrounding
the equilibrium point. Let us consider now the situation

Y
gu(ar) y =tLx + (tg — ty) ramp(z)
J— —_—————— — — _a3:1.5
L(a2
yr|(as)% Yr(ar)
— Xz
- TR\%2) g, = 05
7 (as) B
— —_—— — — — —_—— — — 1 _
T (ar) Tr(a1)

Figure 3.2: Boundary equilibrium bifurcation in system (B.4))-(3.6)) for d;, > 0,
dr < 0,t;, <0, tg >0, with creation-annihilation of two equilibrium points
under variation of parameter a.

drp, >0, dr<0, tp <0, tgr>0.

For a # 0, we are in the situation of statements (c2) and (c3) of Proposition
B depending on the sign of a. That is, if a < 0, then statement (c2)
assumptions are fulfilled, and the system has two equilibrium points, one
saddle point and another anti-saddle one (focus or node). Regarding Figure
which shows an example of the situation at hand, we observe that for
a = —1, we have an anti-saddle in (zp(a;),yr(a1)), and a saddle point in
(Zgr(a1),yr(a1)). Analogously, if a = —0.5, we have an anti-saddle point in
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(Zr(az2),yr(as)) and a saddle point in (Zgr(az), yr(az)). It is clearly observed
that when a approaches the zero value taking negative values, equilibrium
points are coming closer to the origin of coordinates. However, when a > 0,
we have in the situation of statement (c3), which says us that the system has
no equilibrium points. For a = 0, as in the previous case, by statement (a),
we have one equilibrium point in the origin. In short, the sign change of the
parameter a leads to the creation-annihilation of two equilibria.
If we now analyze the situation with

dr, <0, dr>0, tp <0, tgr>0,

a phenomenon contrary to the previous situation happens. That is, for a < 0
there not exist equilibria, for a = 0 we have an equilibrium point in the
origin, and for a > 0 we have two equilibrium points, one saddle point and
another anti-saddle one. So, by changing the sign of the parameter a, a
different creation-annihilation situation of new equilibrium points occurs. In
Figure an example of this situation can be observed.

Remark 3.4 [t should be emphasized that the possibility of having a saddle-
focus bifurcation appears, which can never occur in planar smooth systems.

3.1.2 Preliminary results on limit cycles

We include here for sake of completeness some results already appeared in

[23].

Proposition 3.2 System B.4)-B.6) has only one equilibrium inside each
periodic orbit and it is a topological center or a topological focus.

Proof As it is well known [37], any periodic orbit in a planar continuous
vector field must contain at least an equilibrium point inside.

If we assume that system (3.4))-(3.6) has periodic orbits, then some equi-
librium points must appear. In fact, the system may have one or two equi-
libria (this case only if drdr < 0). In the case of two equilibria, one is a
saddle and the other should be an anti-saddle. Clearly, a saddle or a node
cannot be in the interior of the periodic orbit, because the existence of such
equilibria involves invariant straight lines precluding any periodic orbit. The
conclusion follows. ]

From Proposition we also have the following result.
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Y
y=trx + (tg — ty) ramp(x)
yr(as)
i (a _
TS gular) ﬁ%(ag)————agzw
Trrlas _
— LIC VA A Y
zr(ay) ~ Yr(as
yR(a2> €T
S S |

Figure 3.3: Boundary equilibrium bifurcation in system (B.4))-(3.6)) for d;, < 0,
dr >0, t;, <0, tg > 0, with creation-annihilation of two equilibrium points.
Here the two equilibria exist for a > 0.

Proposition 3.3 If I' is a limit cycle or a homoclinic orbit of the system
BA)-[B6) then the intersection of ' with the two zones is not empty, and
tritr < 0orty =tgr =0. Furthermore, when I' is a limit cycle then tptr < 0.

Proof System (B.4)-(3.6]) is linear within each zone, and since linear systems
have neither limit cycles nor homoclinic orbits, the curve I lives in the two
zones.

If tptr > 0, we know from Proposition 2.2 that system (B.4))-(3.6) cannot
have periodic orbits or homoclinic orbits, so we have t;tz < 0.

Finally, if I is a limit cycle with ¢tz = 0, by Proposition 2.2, we must
have t;, = tg = 0, which leads to a conservative system that cannot have
limit cycles, getting a contradiction. The proposition follows. ]

These preliminary results help to understand the hypotheses that becomes
natural in order to look for results concerning the existence and uniqueness
of limit cycles, as we are going to see in next sections.
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3.1.3 The Massera’s method for uniqueness of limit
cycles

We review in this section, following [59], a geometrical argument which is
usually known as Massera’s method; it will allow us, after adequate adapta-
tions, to show the uniqueness of limit cycles in the CPWL differential systems
considered in this chapter, when they satisfy certain hypotheses. Uniqueness
results for limit cycles are typically rather involved; see [89] [90], for a review
on the subject. Here we reformulate in a specific way the simple and elegant
idea proposed by J.L. Massera in his brief note extending a previous result of
G. Sansone, see [65] and the recent study on the legacy of the latter author
in [82].

First, we recall some notions and introduce some definitions. A period an-
nulus is a region in the plane completely filled by non-isolated periodic orbits.
Following [82], we say that a vector field has the radial angular monotonicity
property (RAM property, for short) when the vector field rotates monotoni-
cally along rays as the radius increases. For instance, if along any ray starting
from the origin the angle of the vector field measured with respect the posi-
tive direction of the z-axis does not decrease as one moves far from the origin
on the ray, then the vector field is radially angular monotonically increasing
on rays and we say that it has the RAM increasing property. For a closed
orbit surrounding the origin, we say that it is star-like with respect to the
origin when any segment joining the origin and a point of the closed orbit
has no other points in common with the closed orbit, and consequently such
segments are in the interior of the closed orbit. The following result can be
stated.

Lemma 3.1 (Massera’s method) Consider a Liénard system with a con-
tinuous wvector field given by © = F(x) —y,y = g(x), and assume that
xg(x) > 0 for x # 0, and that F(0) = 0, so that the only equilibrium point is
at the origin. Assume that the system has the RAM increasing property and
that period annuli are not possible. If the system has a closed orbit then it is
star-like with respect to the origin and it is a limit cycle which is unique and
stable.

Proof First, we show that if the system has a closed orbit then it is star-like
with respect to the origin. Obviously, since the vector field is continuous the
periodic orbit must surround the origin, see Theorem 3.1 in [37]. Suppose
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Y

/)

Figure 3.4: (Left) Closed orbits that are not star-like with respect to the
origin cannot appear in systems with the RAM increasing property. (Right)
If " is a star-like closed orbit, one can build a geodesic system of closed
curves by homothetical transformations. Then, the RAM increasing property
assures the stability of the closed orbit I" and hence its uniqueness.

0

(]

that such an orbit is not star-like with respect to the origin. Then there must
be a ray that starting from the origin intersects the closed orbit in more than
one point; in fact such a ray can be chosen such that it will have at least
three points in common with the closed orbit, see Figure B4l (left). It is easy
to conclude that, going far away from the origin on this ray, the angle of
the vector field measured with respect to the positive direction of the x-axis
cannot be monotone, that is, it first decreases to increase later or vice versa.
This is not compatible with the RAM increasing property, getting the desired
contradiction.

We now assume that there exists a closed orbit I' that surrounds the
origin, which must be star-like with respect to it by the above argument, see
Figure 34l (right). Then, using I" as a starting point, one can build a geodesic
system of closed curves by homothetical transformations, foliating the entire
plane by the curves kI" for all £ > 0. Consider now a half-ray starting from
the origin and take into account the RAM increasing property. Of course
the vector field is tangent to I' at the point where the half-ray intersects I,
see Figure B4 (right). Now the RAM increasing property assures that in the
points where the half-ray intersects the closed curves of the geodesic system
near I' the vector field points in such a direction that it is guaranteed the
stability of the periodic orbit, even in the case the periodic orbit considered
is not isolated. Since we exclude the possibility of any period annulus and
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there cannot be consecutive nested stable periodic orbits, if there exists such
an orbit then it must be isolated and stable, that is, it should be the unique
stable limit cycle. The conclusion follows. ]

In order to be able of applying the Massera’s method to 2CPWL, systems,
we must investigate whether these systems have the RAM property. We
recall that, from Lemma 2.1 and Proposition 2.1 we can start from the
unbiased normalized Liénard form given in Lemma 2.2 that is from (2.9])-
(210 (neglecting the left zone and extending the central zone to the left, that
is, assuming a;, = ac and taking b, = 1). Furthermore, it is not restrictive
to assume there ac > 0, ag < 0 and g > 0. Thus, we now extend a result
recently appeared in [59], by including the case when there exists a second
equilibrium of saddle type.

Proposition 3.4 Consider the two-zone continuous piecewise linear differ-
ential system

= gl), (3.8)
where ;
_ T iy xr < ITpg,
9(x) = { br(x —xg)+zr if x > zg, (39)
and s
- acT 1y r < IR,
F(ZL’) o { aR(x — ZL’R) + acTr fo Z TR, (310)

with ac > 0, ag < 0, bg > 0 and v > 0. Then the following statements
hold.

(a) If bgp = 1 then the system has the RAM increasing property.

< bp en the system can be transformed in an equivalen
b) If0 < b 1 then th t be transf d walent
system with the RAM increasing property.

(c) If we consider the case br < 0, keeping the remaining hypotheses, then
the system has, apart from the equilibrium point at the origin, a saddle
equilibrium point at (Trs,Yrs), where

_ 1 _ ar
Tps=ar|(1l—+—) >2xg, Yrs=2ap|0c— 7).
bR bR

Nevertheless, the restriction of the system to the open half-plane x < Tgs
can still be transformed in an equivalent system having the RAM in-
creasing property.
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Proof To show the RAM increasing property we will compute the slope of the
vector field along half-rays of the form y = Az. In the following computations
there naturally appears the expression F'(z) — Az in some denominators;
obviously, we can disregard the points of vertical slope in which such an
expression vanishes.

If bp = 1 then g(z) = z for all x € R. In this case, the slope of the vector
field along the half-rays y = Ax is given by

_dy v

() = dx - F(z) — \x’

y=Ar
which is constant for x < xg. For x > xg, it has the derivative
dmy(z)  F(r) =M —x(ar —A)  xr(ac —ag)
dr [F(x) — \z]? ~[F(z) — )2’
which is always positive. The RAM increasing property is concluded for this
simple case and statement (a) is shown.

Assume now that we are under hypotheses of statement (b). If 0 < bg # 1,
the numerator in the computation of the derivative of my(x) turns out to
be dependent on A\ and the sign of the numerator could change. However,
we can transform the system by introducing a new first variable u = u(x) so
that the new second equation become y = u for all u. For that, it suffices to
write u = sgn(z)/2G(x), where G(x) = [ g(s)ds, so that G(z) > 0 for all
x # 0. Note that v = z if 2+ < zr and then the slope of the vector field in
this case is not altered. Now, we study its slope for u > xg. Clearly, from

u?(z) = 2G(z) we have u(z)u'(z) = g(x) for all z, and so
du _ g(x)
_— =, 3.11
dx u ( )
Therefore y dud ()
u udr  g(x
T Y R —
i awa - w @l
and in the new variables the system is equivalent to the equation
dy dy/dt u

du  du/dt  F(x(u)) —y’

that is, to the system @ = F(x(u)) — y,y = u. As in the previous case
g(x) = z, and we can write

dy U
mu) = 3, e Fla(w) =’
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and consequently

dmy(u)  F(o(u)) — A —u[F'(z(u)z' (u) = A  F(2(u)) — aguz’(u)

du [F(2(u) = huf? [F(2(u) = huf?

)

finally arriving at

dmy(u) _ zr(ac — ag) + aglr(u) — wa'(u))
du [F((u)) — A’

(3.12)

We will study the sign of z(u) — uz'(u) for x > xx. From [BII) and the
equality u? = 2G(z) = br(x — xg)? + 2zpxr — 2% for x > xR, we have

—uz(u) = xg(x) —u? _
o) - ua'(u) = LS

zbr(r — xRr) + xg] — [br(z — TR)? + 22w — 2%
g9(z)

Y

and after obvious simplifications, we get

= wal(y) = = DTR(@ — 2R)
x(u) (u) o) : (3.13)

Now, if bg < 1 the above expression is non-positive for x > xg, and then
the expression in ([BI2) is obviously positive. The RAM increasing property
follows.

Still being under the hypotheses of statement (b), the remaining case
br > 1 can be also managed by noticing that, when x > xr, we have

(bR— 1)1’R($—1’R) o (bR— 1)1’R($—1’R) < (bR— 1)1’R

0< = ,
g(l‘) bR((L’ — (L’R) -+ TR bR

so that
zr(ac — ag) + aglz(u) — ua'(u)] >

br —1
> JIR(CLC - CLR) —|—CLRM =

br
:xR<ac—Z—z) > 0,
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and since ([3.12) is again positive, the conclusion follows.

Finally, assume we are under the hypotheses of statement (c). Clearly,
we see that g(Zrs) = 0 and the existence of the saddle point is obvious. Note
that the previous transformation u = sgn(z)+/2G(x), is still valid for = > 0
as long as ¢’(x) > 0, that is, when = < Zgg. For points in such a half-plane,
we can repeat the computations to get ([BI3]) (clearly non-positive) and to
conclude that ([B.12) is obviously positive. The proof is complete. [ ]

From the above result it should be noticed that some systems originally
not having the RAM increasing property can be transformed in equivalent
systems satisfying such a property. Possible periodic orbits can be deformed
in shape by the transformation given in the above proof, but stability and
uniqueness results for periodic orbits can be translated between such equiv-
alent systems.

More precisely, the following remark can be stated.

Remark 3.5 From Lemmal3d), we can conclude for the systems (3.8))-(B.10)
with two linearity zones, under hypotheses of Proposition that if there
15 a closed orbit then it surrounds the origin and it is a limit cycle which is
unique and stable.

It should be noticed that every 2CPWL, system susceptible of having
limit cycles, that is, isolated periodic orbits, must have a focus and possibly
another equilibrium, which from Proposition B.Ilc2 must be a saddle. Once
translated the focus to the origin and using the change of variables given in
the proof of Lemma [2.2] the system can be recast, by means of the transfor-
mations given in Remark if needed, in the form of system (B.8)-(BI10).
As a consequence, by resorting to Lemma [B.I we obtain in a very elegant
way a new shortcut to achieve the following result.

Corollary 3.1 FEvery 2CPWLsy system has at most one limit cycle. In such
a case, the limit cycle is stable or unstable but not semistable. In other words,
the Lum-Chua conjecture is true.

Endowed with these uniqueness results, we analyze the problem of exis-
tence of limit cycles. In fact, we can now state an important result which
includes a necessary and sufficient condition for limit cycles in 2CPWL, sys-
tems.
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Theorem 3.1 Consider the differential system

T = F(z)—uy,

gy = g(x) -3, (3.14)
where
ro- (i e b an
and
9(v) = { EZZ;:(Cx 1) +dy chi ; i (3.16)

with only one equilibrium point in the left zone, i.e. 0 < dr, and d; > 0,
dr > 0 so that T = §/dy, < 1. Assume also that the left trace satisfy t; > 0,
while the right trace is negative, that istr < 0. Then the following statements
hold.

(a) A necessary condition for the existence of periodic orbits is that the
equilibrium point be a topological focus, that is t2 — 4dy, < 0.

(b) Ift2 —4dy < 0 then the system has periodic orbits if and only if the
following condition holds

tr, tr

NPT

In such case, the equilibrium point is surrounded by a limit cycle which
18 unique and stable.

<0. (3.17)

Proof The equilibrium point cannot be a node since its invariant manifolds
are straight lines that should extend to infinity, precluding so the existence of
periodic orbits. Thus, the equilibrium point must be a focus and statement
(a) follows.

From Lemma we can pass to the corresponding system in the form
m—m, now with dL = dc, ap — ac = tL/\/a, ar — tR/\/@, bL = 1,
br = dg/dy. We study now the existence of periodic orbits for such equivalent
system, which has the advantage of having the equilibrium at the origin.
To do this, we consider the right half-return map Pg defined in the whole
negative y-axis, by taking the orbit starting at the point (0, —y), with y > 0,
and coming back to the positive y-axis at the point (0, Pr(y)). Similarly,
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Figure 3.5: Scheme of the different possibilities for the proof of Theorem [B.11
If the left dynamics is a stable node the graph of Pg is bounded (left panel),
and we have a limit cycle. This is not the case for left stable focus dynamics,
and we can have intersection (central panel) or not (right panel) depending
on the asymptotic slope of Pz. The graph of P; ' is the symmetrical of Py,
with respect to the diagonal of the first quadrant.

we introduce a left half-return map P; as follows. The orbits starting at
the point (0,y), with y > 0, enter the half-plane x < 0 and go around the
origin in a counterclockwise path, coming back to the y-axis at the point
(0, —Pr(y)), where Pr(y)) > 0.

The unstable focus condition in the left zone is equivalent to

t
O<—L:CLL<2,

vy,
and now the system becomes purely linear for x < g = 1 — z with the
unstable focus at the origin. Then it is easy to check, see for instance [30],
that the left half-return map Py, is a linear function given by Py (y) = ™ty

where
ap ty/Vdg -0

\/4—a% \/4—t%/dL

Regarding the right left-return map Pg, we know that its graph coincides
for small values of y with the graph of P (while the orbits do not enter the
zone x > xp they only use the left focus dynamics), but it is no longer linear
since for greater values of y the orbits use the right dynamics. We distinguish
two possible cases.

If the dynamics on the right zone is of node type, then we know that Pg is
bounded by the invariant manifolds of the virtual node, so that its graph has
a horizontal asymptote. The existence of periodic orbits is clearly equivalent

YL
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to the existence of a positive value y such that Pr(y) = P;'(y) = e ™*y.
Since the graph of P, ! (y) is linear with positive slope but less than 1, and the
graph of Py is bounded, the intersection is assured and we have one periodic
orbit. Note that in this case we have in terms of original parameters

t_R<_2’

NP

so that the condition (BI7) in the theorem always holds.
If the dynamics on the right zone is of focus type and we define

B aR B iR -
- \/4()3—&% - \/4dR_t%z

it is easy to deduce that

TR

P
lim r(y)

Y—00 €7T7Ry

=1,

so that P
lim r(y) ="k
y—oo Y
which means that the effect of the band 0 < = < xg, which also uses the left
focus dynamics, is negligible when y — oc.
Therefore the slope of the graph of Pr tends to €™% as y — oo, and now

we can assure the existence of intersection between the graphs of Pr(y) and
Ppl(y) if

Y

e > MR & ") < ] ey + g < 0.

This last condition reads, in terms of the original parameters, as

t tr
t g = + <0.
R i, 2 A - &

We claim that such sufficient condition for existence of periodic orbits is

equivalent to

t, tn
L4 B <o,
Vdr Vg

as stated in the theorem. To show this claim, take the auxiliary function

£
h = i
(€) e
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which is odd and monotone increasing in (—2,2). Defining

since —2 < & < 0 <& < 2, we have

§L+Er <06 & < —&r & ML) < h(—Er) = —h(§r) & h(SL) + h(ER) <O,

and the claim follows.

When the sufficient condition for existence of periodic orbits (3.17) holds,
the uniqueness of periodic orbits and its stability come directly from Remark
and the conclusion follows. To see that such condition is also necessary,
suppose that there are periodic orbits and the condition does not hold. Then
eventually the slope of Pg is greater that the one of P!, so that as both
graphs intersect, they must do it in two or more points. Thus, we get a
contradiction with the uniqueness and stability predicted by Remark [B.5]
and condition ([BI7) is also a necessary condition. u

The statements of Theorem Bl are not new, see [29]. In the quoted paper
such a theorem appeared but only indicating how several existing results
could be concatenated to get it, really without an explicit proof. It can also
be considered as a byproduct of the case-by-case study made in [23]. The
proof given here is somehow shorter and more direct than the one recently

appeared in [59].

3.1.4 Boundary equilibrium bifurcations (BEB’s)

We revisit in this section the possible bifurcations in systems with two zones
when we move the parameter a, see Section[B.I.T] but now taking into account
the above results on existence and uniqueness of limit cycles. Thus, we come
back to the situation of system (B.4])-(3.0), which is rewritten here for sake
of convenience, namely

. 3.18
Yy = g(flf —a, ( )
where ;
_J tpx itz <0,
F(z) = { thr if x>0, (3.19)
and p .
- rr itz <O,
9(x) = { dpr if 2 >0. (3.20)
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Let us consider for instance the case of persistence of one equilibrium
of anti-saddle type, that is, d;, > 0 and dr > 0, with a change of stability
associated to the change of sign of a, that is for ¢tz < 0, see Figure Bl A
direct consequence of our analysis is the following result, corresponding to
some representative cases; other analogous results could be easily written in
the same spirit.

Proposition 3.5 Consider system [BI8)-B20) withd;, > 0, dr > 0, t, <0
andtr > 0. Selecting a as the bifurcation parameter, the following statements
hold. When there exists a limit cycle, its size grows linearly with |al.

(a) (Supercritical node-focus transition with one limit cycle)
Ift2 —4dy, > 0 and t3 — 4dr < O then for a < 0 the equilibrium
point is a global attractive node while for a > 0 the equilibrium becomes
an unstable focus surrounded by one stable limit cycle. For a = 0 the
equilibrium point is a global attractive node-focus.

(b) (Subcritical node-focus transition with one limit cycle)
Ift2 — 4dp, < 0 and t% — 4dg > 0 then for a < 0 the equilibrium
point is a stable focus surrounded by one ustable limit cycle, while for
a > 0 the equilibrium becomes an unstable node, which is the a-limit
set for the whole plane. For a = 0 the equilibrium point is a repulsive
node-focus.

(c) (Supercritical focus-focus transition with one limit cycle)
Ift3 —4d;, <0, t% — 4dr < 0 and furthermore

b In (3.21)

Vi, Vi
then for a < 0 the equilibrium point is a global attractive focus while
for a > 0 the equilibrium becomes an unstable focus surrounded by one
stable limat cycle.

(d) (Subcritical focus-focus transition with one limit cycle)
Ift3 — 4d;, < 0, t% —4dg < 0 and furthermore

I S (3.22)

V& Vi
then for a < 0 the equilibrium point is an attractive focus surrounded
by one unstable limit cycle while for a > 0 the equilibrium becomes an
unstable focus, which is the a-limit set for the whole plane.
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(e) (Degenerate focus-focus transition or ‘center’ BEB)
Ift2 — 4d;, < 0, t% —4dg < 0 and furthermore

o tn
Vdp  dg
then for a < 0 the equilibrium point is a global attractive focus, a global

center for a =0, and an unstable focus for a > 0; in this last case, the
point is the a-limit set for the whole plane.

0, (3.23)

Proof The assertions about stability of the equilibrium point are a direct
consequence of the comments given in Section BTl Therefore, we restrict
our attention to the existence of limit cycles. The linear growth of the limit
cycle with the bifurcation parameter a comes easily reasoning as in Remark
B.1

The appearance of the limit cycle in the situation of statement (a) can
be deduced from Theorem [B.1] (b), taking into account that here we have the
focus for a > 0, that is, in the right zone. Effectively, from our hypotheses,
we see that

t t
_L<_27 0< 2

Vi~ Vg
so that the condition (B.I7) holds and we are done. Roughly speaking, we
can say that the left stable node dynamics always wins to the unstable focus
one, bounding the stable limit cycle. Statement (b) is its dual result, which
can be deduced by using the transformation II; in Remark B3]

The statement (c) also comes from Theorem Bl (b), while statement
(d) is the corresponding dual result, which can be deduced by using the
transformation II; in Remark [3.3]

Statement (e) corresponds to the case when, following the ideas appearing
in the proof of Theorem Bl the graphs of P and P; * become asymptotically
parallel. For a < 0 it is easy to see that, since the slope of Py is decreasing,
there are no intersections between the quoted graphs. For a = 0 both graphs
are straight lines and coincident and therefore we have a center. For a > 0
we have the dual case of a < 0 and we are done. [

We illustrate the node-focus transition of the above proposition in Figure
B8l We notice that the above bifurcation at a = 0, where the equilibrium
point changes its stability and one stable limit cycle emerges, can be named
Hopf-like bifurcation (due to its similarities with the smooth Hopf bifurca-
tion) as done in [29]. However, we prefer to speak of boundary equilibrium

< 2,
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Figure 3.6: Persistence of the equilibrium point plus a limit cycle bifurcation
in the transition node-focus of Proposition[3.5(a). Chosen values are t;, = —3,
dp =2,tp = 0.5, dg =1 and a = —1 (left panel), a = 0 (central), a = 1
(right).

bifurcation (sometimes named BEB, for short) to emphasize that the bifur-
cation is associated to the transition of the equilibrium point through the
boundary, a typical phenomenon in more general piecewise-smooth systems,
see [20].

As mentioned before, it is clear that, by changing the hypotheses related
to the traces, other similar results can be stated with one unstable limit cycle
existing for a < 0, for instance. Our intention is not to write all the possible
cases but just to show a few significant ones.

Another different, interesting situation appears when the determinants
have different sign. Thus we can write the following result, which emphasizes
the possibility of having a saddle-focus bifurcation, see Figure[3.3] something
not possible in smooth systems. As indicated in the statement (b), three
different situations can appear for the saddle-focus bifurcation.

Proposition 3.6 (Saddle-focus bifurcation) For system ([BI)-(3.20)
with d;, < 0, dg > 0, t;, < 0 and 0 < tg < 2v/dg, the following statements
hold.

(a) The system has no equilibria for a < 0 while for a > 0 there are two
equilibria: a saddle point in the left zone and an unstable focus in the
right zone. For a = 0 the origin is a saddle-focus point.

(b) Depending on the parameter values the bifurcating focus appears sur-
rounded by one stable limit cycle, by a homoclinic loop, or by nothing.
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(¢) In particular, once fized dp, dr and t; according to the hypotheses,
there exist a critical value t5° > 0 that discriminates the three possible
situations. Namely, if 0 < tgr < t2C then the stable limit cycle appears,
while when tg > t1¢ no limit cycle appears. The homoclinic loop exists
ezactly for tp = t2°. In the three cases, the phase planes for different
values of a > 0 are homothetic.

Proof Again, statement (a) is a direct consequence of the comments given
in Section .11l

To show statements (b) and (c), we first observe that the unstable right
focus could be surrounded by one stable limit cycle (the uniqueness coming
from CorollaryB]) or by a homoclinic loop, but not for both (on the contrary,
through an adequate perturbation we should have two limit cycles, getting
a contradiction with the uniqueness property). Now, using the homothety
that comes from the reasoning done in Remark 3.1l we can assume a = 1 to
study the different possibilities for the configuration in the phase plane when
a > 0.

Taking so a = 1 and without going into detail, the linear invariant man-
ifolds of the left saddle at (1/dp,t;/dy) intersect the y-axis in two points,
namely (—y1,0) with 3; > 0 (the unstable manifold) and (ys,0) with yo > 0
(the stable manifold). Now, it suffices to study the orbit starting at (—y,0),
which entering the right zone, surrounds counter-clockwise the unstable focus
at (1/dg,tr/dgr) and eventually intersects again the y-axis in a point (ys3,0),
with y3 > 0.

Easy computations show that if we assume for the saddle the eigenvalues
configuration —\y < 0 < Ay, we have

1 1
=1 <1 =Y

A2 N
since t;, = Ay — Ay < 0 implies A\ < \s.

When y3 < y, it is easy to conclude the existence of a positive invariant
set and consequently the existence of a w-limit set within it, which cannot
be the unstable focus and so we must have one limit cycle. If y3 = y, then
we have the situation giving rise to the homoclinic loop, while if y3 > y»
then the orbit cannot returns and escapes to infinity. This last case is clearly
not compatible with a stable limit cycle in between. Thus, by considering
the continuous dependence of solutions with respect to parameters, that the
system has a tangency to the y-axis at the origin and that the expansion of

Elisabet Vela



60 Chapter 3. Planar PWL dynamical systems
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Figure 3.7: Creation of two equilibrium points, a saddle and a focus without
limit cycle bifurcation. Chosen values are t;, = —1, d, = =2, tg = 0.5,
dr =1 and a = —1 (left panel), a = 0 (central), a = 1 (right).
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Figure 3.8: Creation of two equilibrium points, a saddle and a focus with
limit cycle bifurcation. Chosen values are t; = —1, d, = —2, tg = 0.02,
dr =1 and a = —1 (left panel), a = 0 (central), a =1 (right).
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the focus is controlled by the parameter ¢z, then we have that for sufficiently
small tg > 0 we have at the first case, that is y3 < ys. The other situations
can be achieved by incrementing the parameter tg, since for tz tending to
2y/dR the expansion of the focus tends to infinity. n
In next figures we illustrate the different possibilities by considering the
two generic cases: saddle-focus bifurcation with a single focus or with the
focus surrounded by a limit cycle. Thus, in Figure B.7 we are in the case
without limit cycle; after a significative reduction in the value of tg, we see
in Figure the case of the simultaneous appearance of a stable limit cycle.
Of course, there exist also the dual case corresponding to the appearance
of an unstable limit cycle surrounding a stable focus, which can be easily
deduced from Proposition by taking the dual of the considered case.
These boundary equilibrium bifurcations are building blocks for other
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possible situations appearing in systems with a greater number of zones; for
instance, in the case of 3CPWL, systems is not difficult to reproduce all the
above cases. Furthermore, as we see below, these systems with three zones
can undergo unexpected bifurcations associated to boundary equilibrium bi-
furcations, namely explosive limit cycle bifurcations associated to node-node
transitions, which from the point of view of 2CPWL, systems are not inter-
esting at all, because they cannot have periodic orbit.

3.2 3CPWL, systems with one equilibrium

Here we come back to the systems with three linearity zones given in (2.5])-
(270), assuming that the anti-saddle equilibrium is in the central zone and
adopt for them the normalized form given in ([2.9)-(2TT), that is, with the
equilibrium at the origin, unitary central determinant and displaced bound-
aries. We rewrite them here for the sake of convenience, namely

. 3.24
Yy = gn(x>7 ( )
where
ar(r —xg) + acxr if x> xp,
F,(z) =X acx if v; <z < xp, (3.25)
aL(I—SL’L)+CLc£L’L ifLL’<£L’L,
and

br(x —zg) +zr if x> xp,
gn(x) = @ if z;, < < g, (3.26)
bL(fL’—SL’L)—FSL’L if v <xp,

with x; < 0 < xpg.

To study the existence of limit cycles, we start by studying, in the general
context of Liénard systems, the qualitative properties of the right half-return
map Ppr defined in the whole negative y-axis, by taking the orbit starting
at the point (0, —y), with y > 0, and coming back to the positive y-axis
at the point (0, Pr(y)). The following lemma, proved here for the sake of
completeness, is a modification of a classical result, see for instance [62] or
the proof of Theorem 11.4 given in [40]. It assures, under certain hypotheses,
the existence of such a map for all ¥y > 0 and gives information about its
asymptotic behavior as y — oc.
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Lemma 3.2 Consider a Liénard system with a continuous vector field given
by i = F(z)—vy,y=g(x). Assume that F(z) is positive and increasing for
small positive values of x, it has a positive zero only at x = x1 > 0, and it is
decreasing to —oo as x — oo monotonically for x > xy. Assuming also that
g(0) =0, and g(z) > 0 for all x > 0, the following statements hold.

The orbits starting at the point (0, —y), with y > 0, enter the half-plane
x > 0 and go around the origin in a counterclockwise path, coming back to
the y-axis at the point (0, Pr(y)), with Pr(y) > 0. The difference Pr(y) — vy
is positive for small values of y, but eventually becomes negative, tending to
—00 as Yy — 00.

Proof Clearly, the unique equilibrium of the system in the half-plane z > 0
is the origin. From the hypotheses, any orbit starting at the point (0, —y),
with y > 0, enters the half-plane x > 0 with null slope, to have positive slope
while y < F(x). The slope of the orbit becomes infinite when y = F'(z) and
eventually becomes negative, finally arriving again to the y-axis with zero
slope, at the point (0, Pr(y)) after making a half turn around the origin. We
study how much changes along such a half-turn the function

Vi) = Gla) + £

where

Note that V(z,y) = g(z)[F(z) —y] +y g(z) = F(z) g(x) and that G(0) = 0.
Assume three nested arcs ACB, A'/C'B" and A"C"B", see Figure B9 cor-
responding to orbits of the system. Suppose that the first orbit AC'B is
contained in the strip 0 < = < xy, where F(z) > 0 and dy > 0. Thus
F(x)dy > 0 along such arc, and consequently

V(B) - V(A) = /AB v = /yB Fx)dy > 0.

ya
Therefore, since 2(V(B) — V(A)) = y% — 4, we have
ys = yal = Pr(lyal) — [yal > 0.

Consider now the arcs of orbits A'C’'B" and A”C” B” not completely contained
in the strip 0 < = < z1, see Fig. .9 Considering the parts of the arcs in
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Figure 3.9: Three typical orbits of a Liénard system with a continuous piece-
wise linear function F'(z) satisfying hypotheses of Lemma B2

such a strip where F'(z) > 0, and since F'(z) —y along the arc A”G is greater
than along the arc A'E, where G and E are the points of the arcs which
r = x1, we have

wo_ [ O Fa)g(x)
V(G) — V(A" —/”dV—/”F(idx<

T)—y

PE(@)g(x) (P o
</, mdw-//dV—V(E) V(A).

Let H and I the points where the parallel lines to the z-axis passing through
E and F' intersect the arc A"C”B”. Since F(x) < 0 along the arc GH and
dy > 0 for x > 0, we obtain

(3.27)

V(H) - V(G) = / v — /G Fa)y <0, (3.29)

Now, since F'(x) along the arc HI is negative and exceeds in absolute value
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F(z) along the arc EF' for the same value of y, it follows that

V(I) - V(H) :/HIdV:/HIF(x)dy<
(3.29)

< /EFF(:B)dy - /F dV = V(F) - V(B).

E
Along the arc I.J, as in the study made along the arc GH, it holds that

V(J)=V(I)<0 (3.30)
As in (B27), we obtain
V(B") -V (J)<V(B)—-V(F) (3.31)
Adding inequalities ([B27)-(B31]), we obtain
V(B") = V(A") <V(B') = V(A),
that is, ¥4, — ¥4, < y% — Y4/, or equivalently,

Pr(lyar]) — lyar| < Pr(lyal) — |yal-

We conclude that for the orbits starting at (0, —y) and crossing the graph
y = F(z) for x > z; the difference Pr(y) — y is monotonically decreasing.
It remains to show that it tends to —oo when y — oo. Of course, if Pr(y)
turns to be bounded then the conclusion is trivial. In any case, it suffices to
observe that from the first part of (327) we have that V(G) — V(A”) > 0
but decreasing to 0 as the point C” goes far from the origin; the same is true
for V(B") — V(J). However the contribution of the difference V(J) — V(G)
is negative and unbounded as the point C” goes far from the origin. The
conclusion follows. ]

As is well known, under hypotheses of Lemma B.2] it is easy to show
the existence and uniqueness of limit cycles for Liénard vector fields that are
symmetric with respect to the origin, since then it suffices to look for possible
zeros of Pr(y) —y. As we see below, the situation is more involved when
there are no symmetries.

Coming back to our 3CPWL, systems, we can easily extend Lemma [3.2]
as follows. For the right part, that is for Pr the lemma applies directly. By
using Remark 2.2] see Figure 3.10, we can conclude the same for the left
part, an so the following result is straightforward.
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Figure 3.10: The splitting of the system into its right and left part, using
Remark 2.2 for the latter, allows to apply twice Lemma[3.2] obtaining Lemma
5.0l

Lemma 3.3 Consider systems with three linearity zones given in (3.24)-
B208) with x;, < 0 < zgr and satisfying the conditions ar,ar < 0, ac > 0
and by, bg > 0. The following statements hold.

(a) The orbits starting at the point (0, —y), with y > 0, enter the half-plane
x > 0 and go around the origin in a counterclockwise path, coming back
to the y-axis at the point (0, Pg(y)), with Pr(y) > 0. The difference
Pr(y) —y is positive for small values of y, but eventually becomes neg-
ative, tending to —oo as y — 00.

(b) The orbits starting at the point (0,y), with y > 0, enter the half-plane
x < 0 and go around the origin in a counterclockwise path, coming
back to the y-azis at the point (0, —Pr(y)), with Pr(y) > 0. The differ-
ence Pp(y) —y is positive for small values of y, but eventually becomes
negative, tending to —oo as y — 00.

We could try to study the graphical intersections of Pr and P, L under the
hypotheses of Lemma [3.3] but it is not easy to deduce any direct conclusions.
We proceed as follows. Clearly, the existence of periodic orbits is equivalent
to the existence of two positive values y;, and yg such that the orbit starting
at (0,—yg) enters the half-plane x > 0 and goes around the origin in a
counterclockwise path, coming back to the y-axis at the point (0, Pr(y)) =
(0,yr), while the orbit starting at (0,y,) enters the half-plane x < 0 and
goes around the origin in a counterclockwise path, coming back to the y-axis
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at the point (0, —Pr(y)) = (0, —yg). In other words, we need

Pr(yr) = i,
yr = Pr(yr).

Adding and subtracting the above equations we get an equivalent system
of sufficient and necessary conditions for existence of periodic orbits, namely

Pr(yr) +yr = Prlyr)+ s,

Pr(yr) —yr = —[Pr(ye) —yz]. (3:32)

Since by standard results on uniqueness of solutions we know that Py
and P, are monotone increasing functions, see Proposition 1.21 in [2], we
can define two new functions as follows.

Definition 3.1 (A smart parameterization of half-return maps)
For each Z € {L, R}, take instead of y > 0 a new variable Y = Pz(y)+y > 0
and define Pz(Y') = Pz(y) — y.

Denoting with I the identity function, we see that these new functions
represent a different parameterization of the graphs of Pr — Iy and P, — I
and have, under hypotheses of Lemma B3] the same qualitative behavior,
that is, both are positive for sufficiently small Y > 0 and eventually become
negative, tending to —oo as Y — oo. Furthermore, the conditions (8.32)) for
existence of periodic orbits translate now to

YR - YL>
_PL(YL)v

~

Pr(YR)

that is, to the existence of a value Y > 0 being solution of the single equation
PR(Y) = —PL(Y), that is of

Pr(Y) + P(Y) = 0. (3.33)

We note that the left hand side of above equation is positive for sufficiently
small Y > 0 and eventually becomes negative for sufficiently big Y. It suffices
now to apply the intermediate value theorem for continuous functions to
conclude the existence of at least a solution, and so the existence of a periodic
orbit for the system. We summarize this conclusion in the following result.
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Pr(Y)

Pr(Y)

—PL(Y)

Figure 3.11: The qualitative behavior of half-Poincaré maps assures always
a solution of ([3:33]) but could give rise to more than one periodic orbit: we
see three intersection points between the graphs of Pr(Y") and —P(Y).

Corollary 3.2 Systems with three linearity zones given in (3.24))-([B3.26) with
rr < 0 < xg and satisfying the conditions ay,ar <0, ac > 0 and by, bg > 0
always have at least one periodic orbit.

Thus, it is immediate to conclude the existence of periodic orbits, but it is
not guaranteed the uniqueness, see Figure 311l It is now very easy however
to extend the uniqueness result for limit cycles of previous section, thanks
again to Massera’s method.

Proposition 3.7 Systems [B.24)-B.20) with v, < 0 < xg and satisfying
the conditions ar,ar < 0, ac > 0 and b, bg > 0 can be transformed in
equivalent systems having the RAM increasing property in the whole plane.
Consequently, if there is a closed orbit, then it surrounds the origin and it is
a limit cycle which is unique and stable.

Proof From Proposition 3.4l we can deduce that such systems can be trans-
formed in equivalent systems having the RAM increasing property for all the
rays contained in the half-plane x > 0. By using the symmetry given in
Remark 2.2, and applying again Proposition 3.4, we can deduce that such
systems can also be transformed in equivalent systems having the RAM in-
creasing property for all the rays contained in the half-plane z < 0, and the
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first assertion follows. Hence, the second assertion comes from Lemma [3.1]
and the proposition follows. [
Once having assured the uniqueness, we finally arrive to the first main
result of this section. Note that we do not impose any strict symmetry, but
only some symmetry in the signs of the traces (—,+,—) and determinants
(4,4,+). We rewrite explicitly system (2.35])-(271) again for ease of reading.

Theorem 3.2 Consider the differential system

i = F(z)—y
. ’ 3.34
where
tr(z+1) —te  ifr < —1,
F(z) =« tox if |z] <1, (3.35)
tr(zr —1)+tc  ifx>1,
and

dL(ZL'+1) —dc ZfZL' < —1,
g(x) =< dex if |z] <1, (3.36)
dr(z —1)+de  ifz>1,

with only one equilibrium point in the central zone, i.e. dg > 0, —dc < § <
dc, and dy,,dr > 0. If the external traces satisfy tr,tg < 0, while the central
trace 1s positive, that is tc > 0, then the equilibrium point is surrounded by
a limit cycle which is unique and stable.

Proof From Lemma we can pass to an equivalent system in the form
29)-2I0), or equivalently to (B24)-(B26). The existence of limit cycles
comes from Corollary and its uniqueness and stability from Proposition
B7 The conclusion follows. n

Of course, by using the opposite sign distribution for the traces, we could
state a similar theorem on existence and uniqueness of an unstable limit
cycle.

We finish this section with other main results, gaining under strengthened
hypotheses interesting information on the limit cycle predicted by Theorem
and showing that these systems with only one equilibrium can have two
limit cycles. In fact, we try to answer a natural question: what happens with
the limit cycle when we move ¢ out of the interval [—d¢, do]?

In the following proofs, we use the fact that under our hypotheses the
system is dissipative in the sense that all the solutions are bounded. In fact,
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by an adequate application of the ideas needed to prove Dragilev’s theorem,
see [89, [90], it can be shown that these systems possess a family of nested
compact positive invariant sets for the flow, covering the whole phase plane,
as follows.

Proposition 3.8 Consider the differential system B.34)-B30) with only
one equilibrium point in the central zone, i.e. do > 0, —do < § < d¢, and
dr,dr > 0. If the external traces satisfy tp,tg < 0 then there exist a compact
positive invariant set containing the origin, so that orbits enter the set and
no orbit escapes from it.

Proof We start by obtaining the unbiased form of the system, by translating
the equilibrium point to the origin. In doing so, we get the classical require-
ment zg(z) > 0 for all x # 0. Then, from the hypothesis t;,tr < 0, there
exist a constant M > 0 and other two constants Kg < K, such that

F(x) > Ky for x < —M, and F(z) < Kg for x > M,

see Figure B.12

As a second step in building a compact positive invariant set, it is clear
that we can choose a sufficiently big value of y, namely y,p > 0 such that
(i) yop > Kp, (ii) —yLp < Kg, and (iii) for the orbits starting at the points
belonging to the two pieces of the band —M < x < M with y > yrp and
y < —yrp the inequality

dx g(SL’ K R — K L
d—y—m>sN—W (337)
be satisfied, where it can be also assumed that F(z) —y < 0 for y > yrp,
and F(x) —y > 0 for y < —yrp. Note that, since the right hand side is
negative, the inequality is trivially true for instance when —M <z < 0 and
y > F(z), for then g(x) < 0 and the left hand side is positive. If we consider
the case 0 <z < M and y > F(z) then g(x) < 0 and the left hand side is
negative; to fulfill the inequality we now must take y big enough, so that its
absolute value be less than the absolute value of the negative right hand side.
A similar argument can be done for the band —M <z < M and y < F(x),
so that the choice of y; 5 with the above requirements is always possible.
We next consider the definite positive function G(x) with G(0) = 0 and
G'(z) = g(x) for all . This function allows to build a family of ovals of
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Figure 3.12: The polygonal ABCDEFA defines a compact positive invariant
set for system (3.34)-(3.30]) under the conditions of Proposition

variable size r > 0, surrounding a point of the form (0, K'), namely 'k (x, y) =
r, with

Tx(z,y) = w + G(x).

Observe that at the points of these ovals the derivative of r along the orbits
(sometimes called orbital derivative) is

dr d

d d
— =_—T S P+ —T | =
o = K (x,y) o K(fc,y)erdy x(z,9)y

= (y = K)g(x) + g(2)(F(x) —y) = g(x)(F(z) - K),

(3.38)

and therefore the orbits enter in (or escape from) the oval depending of the
sign of the above expression.
After computing the quantity

o —K 2 —K 2
H:max{( yL32 L)’(yLB2 R)}’
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we choose the arc ABC with © > M of the oval 'k, (z,y) = H + G(M),
and the arc DEF with z < —M of the oval 'k, (z,y) = H + G(—M), and
close the circuit by considering the straight line segments CD and FA, see
again Figure B.121 We easily deduce that for the coordinates of the point A,
namely (z4,y4), we have x4 = M and

ya=Kr—V2H = Kp — (yrp+ Kr) < —yB
when V2H = yrp + K, while
ya=Kr—V2H < K — (yrp + K1) < —yrp

when v2H = yrp — Kr > yrp + K, so that in both cases we obtain
ya < —yrp. For the coordinates of the point C, namely (xz¢,yc), we have
rc = M and

yo =Kr+V2H > Kr +yrp — Kr = yrB.

Similarly,for the coordinates of the point D, namely (xp,yp), we have zp =
—M and
yp = Kp+V2H > K +yrp — Kr > yrs,

while for the coordinates of the point C, namely (zg,yr), we have xp = —M
and
yr =Ky —V2H = K, — (yup + K1) = —yrs-

if V2H = yrp + Ky, while
yrp =K —V2H = K — (yrp — Kr) < K1 — (yos + K1) = —yLB-

when vV2H = YLB — KR > YLB +KL
At the two arcs ABC and DEF, from (3.38]), we can guarantee that the
orbits cross the arcs entering to the region bounded by the closed curve. The

slopes of the segments CD and FA are
ye—yp Kr—Kp ya—yr

Kr— K,
2M

2M 2M 2M

that is, equal to sy in both cases, and from the condition ([B31) we also

conclude that the orbits cross these segments in such a way that they enter the

closed curve, see the arrows drawn in Figure [3.12l The proposition follows.
]
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Note that the compact set build in the proof of B.8lis also called a trapping
region and that we do not require any condition for t». The procedure can
be clearly extended to the case § € (—d¢,dc) but then, we must impose
dr,dr > 0 in order to maintain the uniqueness of the equilibrium and the
condition xg(x) > 0 for all z # 0 in the associated unbiased system. As
we can repeat the algorithm by increasing the value of M, we can define
an increasing family of nested compact positive invariant sets, covering the
whole phase plane, so that all the orbits eventually are trapped into the
intersection of all the members of the family, that is, the first one. Thus, the
system is dissipative in the sense that all the orbits are bounded forward in
time.

To organize all the consequences of our previous analysis, we consider
separately the cases of central node dynamics and central focus dynamics.
We emphasize the situations leading to two limit cycles.

Theorem 3.3 (Central node dynamics) Consider system (3.34))-([3.30)
under the hypotheses of Theorem [3.4 but assuming dp,dr > 0 and central
node dynamics, that is, t2 — 4dc > 0. The following statements hold.

(a) The stable limit cycle has always points in the three linearity zones.

(b) Assuming that the right (left) dynamics is of node type, that is t% —
4dr > 0 (12 — 4dy, > 0), the stable limit cycle disappears for § > d¢
(5 < —dc).

In passing through the values 6 = do (0 = —d¢) we have an explosive
appearance/disappearance of the stable limit cycle through a configura-
tion determined by a bounded continuum of homoclinic connections to
the equilibrium point, which is located at the corner (1,tc) (respectively,
at (=1, —t¢)).

(c) (A BEB adding a new limit cycle)

If the right (left) dynamics is of focus type, that is t% — 4dp < 0 (13 —
4d;, < 0), then there exists € > 0 such that for d¢ < 0 < dc + €
(respectively, —6c —e < 0 < —d¢ ) there exists a stable focus surrounded
by two limit cycles, the smaller unstable and the bigger stable. The
smaller cycle is born through a BEB bifurcation at 6 = 6c (0 = —d¢),
where the equilibrium at the corner is a repulsive node-focus while the
big limit cycle persists.
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Proof Statement (a) comes from the fact that the limit cycle predicted by
Theorem 3.2 must surround the segments corresponding to the linear portions
of the invariant manifolds of the node.

We only consider the assertions related to the right corner. To show first
assertion of statement (b), recalling the arguments about the linear invariant
manifolds of nodes used in the proof of Proposition 3.2 when § > do we
conclude that there cannot be periodic orbits.

The explosive transition of second assertion of statement (b) comes di-
rectly from statement (a). The bounded continuum of homoclinic connec-
tions to the equilibrium point when it is located at a corner of the vertical
nullcline can be deduced from the node-node configuration (central unstable,
external stable) and the dissipative character of the system.

Regarding statement (c), for 6 = d¢ we have a two-zone BEB correspond-
ing to the transition unstable-node — stable-focus. Swapping the two zones
involved in the transition of Proposition B5(b), we conclude that we must
have an unstable limit cycle surrounding the focus as long as this new, ini-
tially small cycle only uses such two zones. Recall that the size of this cycle
depends linearly on the difference 6 — do > 0. Again using the dissipative
character of the system, we must have a bigger stable limit cycle surround-
ing the unstable one whenever the latter exists; the same must occur for the
repulsive equilibrium at the corner for the transition value of §. Statement
(c) is shown. [

Statement (b) of Theorem generalizes a recent result appeared in
[T7]. Regarding statement (c) we conjecture that for some ¢ sufficiently big
in absolute value both limit cycles collapse to disappear.

We finally analyze the case of central focus dynamics.

Theorem 3.4 (Central focus dynamics) Consider system (3.34))-(3.30)
under the hypotheses of Theorem [3.4 but assuming dp,dr > 0 and central
focus dynamics, that is, t2 — 4dc < 0. The following statements hold.

(a) If the right (left) dynamics is of node type, that is t% — 4dr > 0 (13 —
4dy, > 0), then the stable limit cycle disappears ford > de (0 < —d¢) in
a focus-node BEB, so that the size of the limit cycle eventually decreases
linearly to zero.

(b) If the right (left) dynamics is also of focus type, that is t% — 4dr < 0
(t2 —4dy, < 0), then three cases arise.
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(b1) If we also have the condition

to tr ( tr lo )
—+ —=<0 — +—==<0],
Vde  Vdg Vd,  Vde

the stable limit cycle disappears for § = deo (0 = —d¢) in a focus-
focus BEB, so that the size of the limit cycle eventually decreases
linearly to zero.

(b2) If we also have the condition

te Lt (t_L L te O)
Vdo  Vdg Vdr  Vde ’
the stable limit cycle disappears for § = do (0 = —d¢ ) in a ‘center’

BEB, so that the size of the limit cycle decreases abruptly to zero
f07’ 0> dgo ((5 < —dc).

(b3) (A BEB adding a new limit cycle)
If we also have the condition

to tr ( tr, lo )
to y IR oo (L TSy,
Vdc  Vdg Vdr  Vde

then there exists € > 0 such that for do < § < dc+ € (respectively,
—do — € < 0 < —d¢) there exists a stable focus surrounded by
two limit cycles, the smaller unstable and the bigger stable. The
smaller cycle is born through a BEB bifurcation at 6 = d¢ (6 =
—dc), where the equilibrium at the corner is an unstable focus
while the big limit cycle persists.

Proof We only consider the assertions related to the right corner. In the
situation of statement (a), we have for 6 = d¢ a focus-node BEB, and we
know that for small de — 0 > 0 the equilibrium is surrounded by one stable
limit cycle that only uses the zones C' and R, whose size decreases linearly
as long as the equilibrium in the central zone approaches the right corner.
From Theorem [B.2] this limit cycle is the unique cycle.

Regarding statement (b), for 6 = dx we have a BEB corresponding to the

transition unstable-focus — stable-focus. Swapping the two zones involved in

the transition, in the case (bl) we are in the situation of Proposition B.5](c),

and we conclude that we must have a stable limit cycle surrounding the focus
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and that for small do — 0 > 0 this cycle only uses such the zones C' and R.
Recall that the size of this cycle depends linearly on the difference de—¢§ > 0.
From Theorem B.2] this limit cycle is the unique cycle shrinking to a point
when 6 = d¢

In the case (b2), for 6 = d¢ we have a two-zone center BEB, but here
bounded by the closed orbit of the center that is tangent to the vertical
x = —1. Such configuration is attractive and not compatible with another
stable limit cycle surrounding it; we conclude that the stable limit cycle that
exists for small do —¢d > 0 collides with the closed orbit bounding the center.
For 6 > d¢c the center collapses to the stable focus and no periodic orbits
remain.

The case (b3) is totally similar to the case (c¢) of Theorem B3] but now
we must resort by swapping the two zones involved in the transition to the
statement (d) of Proposition B.0, where we have a subcritical focus-focus
transition leading to a new, small unstable limit cycle for 6 > do to be
surrounded by another stable limit cycle. ]

3.2.1 Application to Wien bridge oscillators

One of the most common electronic oscillators, useful for a wide range of
frequencies is the Wien bridge oscillator. Its name is due to the German
physicist M. Wien who invented it in 1891. In 1939, Bill Hewlett and Dave
Packard (HP founders) implemented it successfully, from the viewpoint of
oscillation, and it was the first product marketed by the multinational HP,
called HP200A. Originally, it is a system that has symmetry when its state
variables change sign. Here, we consider a variant without symmetry by
including an additional battery Eg, see Figure

Applying the Kirchhoff’s laws to the circuit that appears in Figure
we obtain the following equations

Ve, — E

RIC\Wo, = Ve, = Vo, + Vo,  CiVe, — CoVg, = I
2

(3.39)

where the variables Vi, and Vi, are the voltages on the capacitors C y Cy,
whilst Vo = f (Ve,) is the output voltage of the operational amplifier and V'
denotes the derivative with respect to the time variable 7.

Several proposals for modeling non-linearity of the operational amplifier
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Figure 3.13: Diagram of the Wien Bridge asymmetrical electronic circuit.

have been formulated. In [67] authors consider the differentiable function

jye’

2F
Vo=FfVe,) = — arctan (QEV@) :
where F is saturation voltage of the operational amplifier and

Ry
a=1+—
R,
is the circuit gain equivalent to the operational amplifier. As shown in [20]
the piecewise model proposed by Kriegsmann in [49], based on the following
formulation

B [ Esgn(aVg,), if |[aVe,| > E,
‘/0 - f (VC2) - { OéVCQ, if ‘OzV02| S E,
is a rather accurate model, to be adopted in the sequel, see Figure [3.14
Using in (3.39) the dimensionless voltages
B v Y B )y B B )
and taking into account that

F (Vo) = f (gx) _ Esat(),

we get the nonsymmetric 3CPWL, system

B 1 N 1 1 asat(z) + zp
RlC2 RQCQ RlC2 R102
X = x + . (3.40)
1 1 asat(z)
R101 R1C1 Rlol
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10V Py .
Positive saturation

Vo = 8.1772V

Voov

Vo = —8.1757V

Negative saturation

—10V

—8V oV 8V

Figure 3.14: Output voltage V| versus input voltage Vi, of LF411 operational
amplifier.

Clearly, our system is observable since the entry ais in the first matrix
does not vanish. Changing now the variables by putting

Y €z B

Rlcg B Rlcl a RIC2’

we transform (B.40) in the Liénard form

() (Y (3o (T3 Yo (L0 ) o

where in terms of the notation of Theorem 3.2, we have

1 1 1
tr =tp =t =— <0
L= tn (Rlol T RG T 3202) ’

X=z Y=

to=T = SRR S .
CT 5T \RC, TR, T RCy) T RO
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Aoz

NNN | NNN

=aFN

Eg

Figure 3.15: Bifurcation set of the Wien Bridge asymmetrical electronic cir-
cuit. The letters in different regions indicate the types of dynamics used by
the limit cycle (N stands for node, F for focus). The curve where the oscil-
lation passes from being bizonal to tri-zonal (or vice versa) is only sketched,
and not really computed.

and
1

RiRaCiCy

Note that to satisfy all the hypotheses of the theorem, we just need the
condition |zg| < 1, that is |aEp| < E, along with 7" > 0. This last condition
is equivalent to a > ., where the critical value of the operational amplifier
gain is

dL:dC:dR:d: O, 5:dl’3

Qerit = 14+ =4 —=. (342)

After this analysis, we can state the following result, which is a direct
consequence of Theorem [B.2] see figure 317

Proposition 3.9 Consider the differential system [BA4I). The following
statements hold.

(a) If Eg =0 and the operational amplifier gain satisfies

02 Rl
> Qlepit = 1 -~ )
> Qlepit + C, + R
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then the system exhibits a symmetric oscillation corresponding to a
limat cycle surrounding the equilibrium at the origin. The limit cycle s
unique and stable.

(b) If Ep #0 and aeriy < Qeng, where

FE
|Epl|’

Qend =

then we have oscillations whenever qery < o < Qeng. Lhe oscillations
are not symmetric and correspond to a limit cycle surrounding the bi-
ased equilibrium. The limit cycle is unique and stable.

We try now to apply Theorem B3] To do this, we study the kind of dynamics
to be found in each linear region looking for a simpler form of the system. In
fact, it is usual for the analysis of electronic models, and also very convenient,
to scale the time by using a natural frequency of the circuit.

In an analogous way to what we made in Lemma[2.2] we use a normalized
time 7, = w7t and scale again the second variable by writing wy = Y to
preserve the Liénard form, where w? = d. We obtain a system with unitary
determinants in all the zones, namely

d - -
% = tox+ (T —t)sat(z) — v,
; (3.43)
where
~ RgCl ~ Rgol
L = =1\ 5= Qerits T= — erit ) -
Ry Gy G, o)
Thus, by introducing the auxiliary constants
_ B G
PR = R2> pPc = Cl )
we see, recalling ([3.42), that
i = 1+ ph + 92 _9.4 1+ ph + P& — 2prpC 9y 1+ (pr — pc)? > 9
PRPC PRPC PRPC 7
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so that, the dynamic in both external zones is of node type for all the choices
of pr and pe. For a &~ agy , that is T & 0, We~have that the central dynamics
is of focus type. By imposing the condition T" > 2, that is, for

O > it + 2prpe = 1+ ph + p + 2prpc = 1+ (pr + pc)?

we also have a central node dynamics. Thus, the transition between the two
regimes occurs for

RQCl — e + R2C1
RlCQ — Lerit RIC2-

C; R
QFN:1+€2+R—1+2
1 2

In typical designs, which use equal resistors and capacitors, that is pg = 1,
pc = 1, we have aqy = 3 and apy = 5, so that the oscillations with central
focus dynamics appear for 3 < a < 5 being of node type for o > 5.

We can now conclude our analysis by giving the consequences of theorems

and [3.4], see figure 315

Proposition 3.10 Consider the differential system ([B.41]) under the hypothe-
ses Eg # 0 and qerip < Qeng, and assume a initial value of o satisfying
Qerit < O < Qepg. The following statements hold.

(a) If the condition ceng < apy holds, and we increase « to the value
Q= Quepq then the non-symmetric oscillation corresponding to a stable
limit cycle decreases in a eventually linear process with constant period,
up to become an equilibrium state with zero amplitude for a > cuepg.

(b) If the condition aeng > apy holds, then the non-symmetric oscillation
corresponding to a stable limit cycle uses the three linear zones for
apn < a < Qepg. If we increase a to the value o = ang then the non-
symmetric oscillation corresponding to a stable limit cycle approaches
a significant size with a period tending to infinity, to disappear for
QO > Qepg 0 an abrupt way, leading to an equilibrium state with zero
amplitude.

Proof Statement (a) corresponds to the case of central focus dynamics and

external node dynamics, that is, to statement (a) of Theorem [B.4]
Statement (b) corresponds to the case of central node dynamics plus

external node dynamics, that is, to statement (a) and (b) of Theorem 3.3 m

PWL differential systems: limit cycles and analysis of bifurcations



3.2. 3CPWIL, systems with one equilibrium 81

Summarizing all our results, we obtain in Figure an unbounded re-
gion in the parameter plane (Ep,«) where oscillations exist. The points of
the horizontal segment o = a,.;; represent focus-center-limit cycle bifurca-
tion points (see Section B3] later), while the two arcs of hyperbola lead
to boundary equilibrium bifurcations, and in both cases the oscillation is
created or annihilated but with different qualitative behavior (explosive or
not).

3.2.2 Algebraically Computable PWL Nodal Oscilla-
tors

Here we study some symmetric piecewise linear oscillators whose involved lin-
ear parts are of node type. Typically, in explaining the origin of oscillations,
it is required to have eigenvalues near the imaginary axis of the complex
plane. As it has been shown above, this is not needed when dealing with
piecewise linear systems. In fact, we introduce a family of PWL oscillators
with all dynamics of node type, to be called nodal oscillators, having the
outstanding characteristic of being algebraically determinable, that is, all
the magnitudes related with the oscillation can be algebraically computed.
The content of this section appeared very recently in [74].

We consider general planar piecewise linear systems with symmetry re-
spect to the origin and three linearity regions separated by parallel straight
lines, under the generic condition of observability. The key hypothesis to
get an algebraically computable piecewise linear oscillation is to impose that
the involved spectra have the same proportion between eigenvalues. Here,
for sake of simplicity, we will choose the ratio 1 : 2. Thus, as it will be
seen, it is possible to convert the transcendental equations that characterize
oscillations into algebraic equations.

Of course, from Bendixson-Dulac’s Theorem, see also the previous section,
we also need for periodic oscillations that the divergence of the vector field,
which is the trace of the matrix ruling the dynamics in each linearity region,
have no global constant sign; otherwise self-sustained oscillations are not
possible. Thus, we assume that for the external zones we have a dissipative
spectrum of the form {—p,—2u}, with g > 0, whilst in the central zone
we have a region with the spectrum {7n,2n}, obeying the same proportion
1 : 2. This idea has been also exploited in higher dimensions, by using the
proportion 1 : 2 : 3, see [60] and [61].
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Our first result says that one needs only to study a one-parameter family
to cope with all possible systems with the above characteristics.

Proposition 3.11 Consider the family of piecewise linear differential sys-
tems

% = Ax + ¢o(c'x)b, (3.44)

where x = (z,y)T € R%, A is a 2 x 2 matriz, b, ¢ € R? and the nonlinearity
© 1s a symmetric piecewise linear continuous function

mao — (Mmp —my) 0, o < —0,
p(o) = muo, lo| <, (3.45)
mao + (my —my) 9, o >0,

with mg # my, 6 > 0, see Figure [310. Assume that there exist > 0 and
1n € R, such that the different linear parts satisfy

Spec (A +mgbc”) = {—p,—2u},

Spec (A +mb CT) = {n,2n}, (3.46)

and that the system is observable, that is

T
det(CTA)#O.

Then the system (B3.44)) is topologically equivalent to the Liénard system

( ZJJ ) N ( _g _(1) ) ( z ) + ( Qg(fztll)) )Sat(:r:), (3.47)

where o = 1 and “sat” stands for the normalized saturation function.
]

Proof First, we will show that we can pass easily from the given piecewise
linear characteristics to the normalized saturation. Effectively, by defining
x = X, we have from the equality

ox = Ad% + ¢(6 cTx)b,
by adding and substracting m,bc? %, that
X = (A+ mgbc") x + %b (p(0c™%) — medc’x) =
= (A + mabcT) x + b (my —m,) sat (CT)E) )
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Figure 3.16: Two typical cases for the symmetric piecewise linear function
©; in one of them the slopes m, and m;, are indicated.

Defining 4, = A + mybc”, A, = A+ mybe” and b = b (my, — my,), the
system becomes ' R
X = A,x + bsat (ch() .

Now, we do a new linear change of variables given by X = MX, where
M=(-Av | v)

and the vector v is chosen such that ¢’v = 0, and ¢/ Av = —1. This vector
v is always uniquely determined due to the hypothesis of observability, and
it is easy to show that

(e )e= (e )v= (&0 )v=(5)

Now by using the Cayley-Hamilton Theorem, it can be concluded that

Y B trace(4,) —1 ) —3p —1
AM = ( —A2v | Aav)—M( det(A,) 0 =M ot 0 )

and analogously,

B —-3n -1
AbM—M< a0 )
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Clearly, M is invertible. Effectively, otherwise Av = Av, and v would be
an A -eigenvector; then from c¢’v = 0 we would obtain the contradiction
c’Av = 0. With the change given by the matrix M we get that ¢’ M =
el = (1,0) arriving to the system

X = A% + bsat(%),
where X = (Z,¢) and

_ B —3u —1 _ .
_ 1 _ _ 1
A=M AaM_<2M2 0 ), b=M""b.
Note that for |Z| < 1 the linear part of the system satisfy
A4 hel — A1 _( 3n -1
A+be =M AbM_<2772 E

Thus, we conclude that

5= (st h )

and that system (B.44]) is topologically equivalent to the system

()= ) ()= (i o

Finally, to show the topological equivalence of above system with system
(B417) it suffices to rescale the variables and the time. Effectively if we
denote by t the original time, we define a new time 7 = put and new variables
(x,y) such that (z,puy) = (Z,7), then we arrive at the system ([B.4T). The
proposition follows. [ ]

From now on we focus our attention to the analysis of the dynamics of
system (3.47), which permits to represent all the members of the original
family ([3.44). Recall the notation

So={(z,y) eR*: ~1 <z <1}
for the zone C,

S, ={(z,y) eR?:x>1}, S ={(z,y)eR?:x< 1}
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for the symmetrical external zones L and R, and separated by the two straight
lines

Yi={(z,y) eR*: =1}, ¥, ={(z,y) eR?:x=—-1}

for the two separation straight lines. We also note that system (344) is a
particular instance of single-input single-output Luré systems, formed by the
linear plant X = Ax + b¢, subject to the nonlinear feedback £ = (o), with
o = c'x. In the case of system (B.47), we have

=3 0) et ) e (o),

and the nonlinearity ¢ is the normalized saturation, i.e., p(o) = sat(o).
Note that system (B.47) is equivalent for |z| < 1 to the homogeneous system

X = Bx, where
3a —1
B = ( 22 0 ) , (3.49)

with eigenvalues o and 2ae. Thus the origin is an equilibrium which is a linear
node for all o # 0. On the other hand, the eigenvalues of A are —1 and —2,
so that they are stepped in the same proportion 1 : 2 as the eigenvalues of B,
as a consequence of assumptions on the spectra of system (3.44]). This fact
will be crucial for determining algebraically the periodic orbits that appear
for a > 0, as it has been already mentioned.

Very few non-smooth oscillators can be analyzed in an exact way and
typically one must resort to approximate or asymptotic methods, see [40].
Within a more general context, in [39] a piecewise quadratic oscillator was
considered, getting information only for several values of the parameter. On
the contrary, we will obtain here the exact magnitudes of the oscillation for
all values of the bifurcation parameter. Thus, the family (B4T) is suitable
for serving as a benchmark of different existing approximate methods for de-
tecting periodic orbits by comparing their predictions with our exact results.

We must recall once more that the analytic determination of orbits in
piecewise linear systems is by no means a trivial task: even each linear system
can be easily integrated, one has to match different solutions of each linear
piece, which requires the exact computation of flight times in each zone. In
fact, we will not be able here to exactly compute all the orbits of system
([B:47)) but only its periodic orbits. Then, before tackling the main result of
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this section, we present several auxiliary results that will be useful in the
proof of the main result.
System (B.4T), considered as a Liénard system, can be written in the form

i=F(z) -y,

J = (), (3.50)

where
F(z) = =3z + 3(a + 1) sat(x),
g(z) =2z 4+ 2(a® — 1) sat(z).

We start with the following auxiliary result.

Lemma 3.4 Regarding the equilibrium points of differential system (B.47T),
the following statements hold.

(a) Fora < 0 the origin is the only equilibrium point and it is a stable node,
which becomes the global attractor for the system.

(b) For a =0 there exists a continuous of equilibrium points, namely all the
points of the segment ¥ = {(z,y) € R? : —1 <z < 1,y = 0}. This
segment is then a global attractor for the system.

(c) For a > 0 the only equilibrium point is the origin, which is an unstable
node.

Proof We will use the system written in its Liénard form (B350). First we
note that function ¢ is always monotone increasing, independently on the
value of parameter «, see Figure B.17]

The equilibrium points are obviously given by the points in the set
{(z,y) € R?: g(x) = 0,y = F(x)}. When « # 0 the only equilibrium point
is the origin. However, for = 0 we get the segment given in statement (b).
Hence all the assertions about the existence of equilibrium points are shown.
It remains to verify the stability properties of these points.

Regarding statement (a), we build the Lyapunov function

Vi) = L+ 6(a) (351)

z 2?2+ (1422)(1 —a?), ifz< -1,
G(x) = / g(s)ds = { a’x? if -1 <z<1,
: 224+ (1 -22)(1 —a?), ifz>1.
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Y Y

a ==40.5

a=+0.3 «=0 a=0.3

Figure 3.17: Graphs of g(z) (left) and F'(x) (right) depending on the param-
eter a.

Then, the function V(z,y) is continuously differentiable and satisfies
V(0,0) = 0, V(x,y) > 0 for all (x,y) # (0,0), it is radially unbounded
and its orbital derivative is strictly negative, namely

Viz,y) = Val(z,y)i + Vy(z,y)9 = g(x)(F(z) —y) + yg(r) = g(z)F(x) <0,

for all x # 0. Then V is a global Lyapunov function for the origin and
statement (a) follows, see for more details Theorem 4.2 of [47].

When «a = 0, the function V' (z,y) becomes degenerate along the segment
of equilibrium. In fact, we see that

(x+1)% ifz<—1,
G(z) =< 0, if —1 <z <1,
(@ —1) ife> 1.

Thus V(SL’, y) = 0 in all the points of segment X. Nevertheless, we can apply
the Invariance Principle of LaSalle, see Theorem 4.4 of [47], to obtain the
assertion of statement (b).

Finally, the assertion on instability of the origin in the case o > 0 follows
directly from local linear analysis. ]

Now, we present an auxiliary result which is useful to justify the existence
of periodic orbits. Although it is not strictly needed and its proof can be
deduced from a similar result in [62], it is included as a beautiful alternative.
In fact, since the matrix A has negative eigenvalues, we easily obtain the
following result.
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Lemma 3.5 Ifx = (z(t),y(t)) is a solution of system (B.41) then
t
x(t) = ex(0) —i—/ eA=9psat(x(s))ds. (3.52)
0

As a consequence, the system is ‘dissipative’, in the sense that all the solutions
forward in time are bounded.

Proof The equality ([B.52) is standard, coming from the variation of con-
stants formula. Now, as the eigenvalues of A are —1 and —2, there exists a
constant L such that

led]| < Le™.

If we define another constant K = ||b|| then |[bsat(x(¢))]| < [|b]| = K.
Therefore from ([B52), we can write

Ix(®) < Le (Ix(0)] + K / e*ds) =
= Le  [Ix(0)] + K(e' = 1)] = Le*(|x(0)]| - K) + LK,

and the conclusion follows. ]

From ([B.49) the origin is unstable for & > 0 and by considering the
boundedness of solutions coming from Lemma 3.5 we conclude that another
attractive invariant set appears for such positive values of a. In fact, we know
from Poincaré-Bendixson theorem that the w-limit sets should be periodic
orbits. The existence of periodic orbits is clearly guaranteed. To conclude
the uniqueness of periodic orbits, we could apply the non-smooth version of
Liénard’s Theorem appearing in [74]. Clearly, it is more direct to resort to
Theorem for obtaining both existence and uniqueness of periodic orbits
when a > 0. The main result of this section is the following.

Theorem 3.5 For the piecewise linear differential system (34T, the follow-
ing statements hold.

(a) If a < 0 then the origin is the only equilibrium point, in particular it is
a stable node, being the global attractor for all the orbits of the system.

(b) For o =0 there exists a continuum of equilibrium points, namely all the
points of the segment ¥ = {(x,y) € R? : —1 <z < 1,y = 0}. This
segment 1s the global attractor for the system. It is formed by unstable
points, but the endpoints of the segment are the w-limit set for R*\ 3.
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(c) For a > 0 the only equilibrium point is the origin, which is an unstable
node. Furthermore there exists one periodic orbit which is a stable limit
cycle, being symmetric with respect to the origin and the w-limit set for
all orbits except the origin.

All the points of this limit cycle can be described in an algebraic way in
terms of the parameter «. In particular, the limit cycle intersections
(1,y0) and (1,Yy) with the line x = 1 can be algebraically determined
as follows, see Figure[3.19. For each o > 0 there exists only a value
v E (\/i — 1, 1) such that

(14 2v—v?)(v? 4+ 20 — 1)

— = 3.53
=) = A A s ol (3:53)
" (1—v+202) (2—v+0?)
a(l —v+2v a2 —v+wv
v(l —v) 1—v
Furthermore, the period of the limit cycle is
'U2 ‘I‘ 2U - ]_ a+1
P=—2log| ————0v"a .
Og<1+2v—vzv )’ (3:55)

and its characteristic multiplier v satisfies

v24+20—1 6<1
v=-——#+4
1+ 20 — v? '
for all v € (\/5—1,1).

Proof Statement (a) and the first part of statement (b) come from Lemma
B4l The instability of the points belonging to the segment Y is due to the
horizontal flow, both from above and from below such segment. Thus, in
any neighborhood of each equilibrium point there are points with y > 0,
whose orbits go to the left tending to the point (—1,0), and points with
y < 0, whose orbits go to the right tending to the point (1,0). These two
endpoints are nodes from the outside (for z < —1 and x > 1, respectively)
and have their stable linear invariant manifolds, which are half straight lines
that eventually capture all the orbits.

The rest of the proof is devoted to show statement (c). Since the existence
and uniqueness of the limit cycle is assured by Theorem [B.2], we describe now
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=T

- T

(-1, —yo),/"‘_\ (1, YO)

Figure 3.18: Sketch of the process to determine the periodic orbit, showing
the intersection points with the lines x =1 and x = —1.

in detail how to determine completely and algebraically the limit cycle in
terms of the parameter «, using the closing equations method reviewed in
Chapter 2. In fact, the computations that follow also lead to the existence
and uniqueness of periodic orbits.

See Figure [3.I8§] for a geometrical sketch of the next computations. The
solution (x(t),y(t)) of system (B.47) in the region S, U ¥, starting at the
point (1,yo) when ¢t = 0 is

( 58 ) - ( 3;(If2a) ) et K ylo ) - ( ;@f{;) )} . (3.56)

where

A [ 2 —et e —et\ 2u—1 u—1
T\ 2et—e) 2 t—e ) T\ 20 —w) 2—u )
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after introducing the auxiliary variable v = e¢~*. Then (3.56]) becomes

z(t) '\ 1—a? 2u—1 wu-—1 a?
( y(t) ) - < 3a(1+ ) ) +“< 2(1 — u) 2—u) (yo—Ba(l—l—a) )
(3.57)
Of course, for all values of t > 0 we will have 0 < u < 1.

Regarding the solution (X (7'),Y (7)) of the system (3.47) in the region
Y1 U SpU ¥ starting at the point (1,Yy) when T' = 0, it satisfies

(vin )= ()

The way for computing the symmetric periodic orbits of system (B.47)
by having two points in the line ¥, is as follows, see Figure Assuming
that there exists one of these periodic orbits, let (1,y9) € ¥; be the point
where this periodic orbit enters into the zone S, U X¥; and let (1,Y)) € ¥
be the point where this periodic orbit exits such zone to enter Sy. Since this
periodic orbit is symmetric it will enter into the zone S_ U ¥ _; through the
point (—1, —yp) € X_1. Let t be the elapsed time for this periodic orbit going
from the point (1, y) to the point (1,Y)), and let 7" be the time needed for
this periodic orbit to go from the point (1,Yp) to the point (—1, —yy). Then
we have the closing equations

x(t) 1 X(T) —1
- , - . 3.58
()= ) (Vi) - (5 (359
Equivalently, see again Figure [3.18, we can integrate backwards in time
the solution from (—1, —yo) to (1, Yy) within Sy, by defining (X (7'), Y (T))T =
e PT(—1, —yo)T. Then the exponential e~P7 is the matrix

—2aT —aT 1/,-2aT —aT
BT _ 2e —e ~(e —e )
2a(e—aT _ 6—20¢T) 26_aT _ 6—2OcT

Again, if we introduce the auxiliary variable v = e~°T then we can write
the above matrix exponential as a polynomial matrix, namely

( )3:58)) ) - < —_ylo ) N ( 20%?5:;)2) %(32—_“;}) ) ( —_ylo ) .
Then we must now have (X(T), V(T)) = (1, ;). Note that for a >(§;5v22

have 0 < v < 1.
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If we take Yy = y(¢), then the three unknowns (y,¢,7) associated to this
symmetric periodic orbit must satisfy the three equations

(t

~—
—_

(T
(T

8

N
|
o o o

1—
y(t) —

t —aT

It should be noticed how the use of variables u = e™" and v = e
instead of ¢ and T allows to write algebraic equations for the determination
of periodic orbits. Effectively, from (3.57) and (3.59)), and taking gy = yo— 3«
to simplify the equations a bit, we obtain three conditions eq; = 0,7 =1, 2, 3,
where

eq; = (1-— u)2a2 + u(1 — w)go,
ey = (1+4+2v—vHa+ (1 —v)vi, (3.60)

eqs = (B—4dutuP)a?+ (3+4v—vHa+ (2u —u? + 2v —v?)g.

Since & = 3o — y when x = 1, we must have 3o — yo > 0 or, equivalently,
Yo = Yo — 3a < 0. Note that to every symmetric periodic orbit having two
points in the line ¥, we can associate one solution (g, u,v) of equations
B80) with 5o < 0, 0 < u < 1 and 0 < v < 1. Reciprocally, it is clear
that any solution satisfying these inequalities will correspond to a symmetric
periodic orbit.

We can eliminate the factor (1 — u) in the expression of eqy, so that we
can solve the first two resulting equations and write

1—u , 1+ 20 —v?
=
u v(l —v)

Yo = —

This expression will have sense only if 75 < 0. Then we must have 1+2v—0v? >
0, which is true for all 0 < v < 1.
Finally, using the third equation we obtain the v-parametrizations

vi+ 20 —1 (14 2v—v?)(v? 420 — 1)

RS T—— “ (1-0v)*(1+4v+0?) (3:61)

u

_ _(1+2@—v2)2(02+2v— 1)
o= v(l—0v)3(1+4v+02) 7’
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and note that v> 4+ 2v — 1 > 0 for positive values of v requires v > /2 — 1.
Thus, the range of admissible values of v is shorter than expected. It is
not difficult to show that the expression in ([B.GI]) for o defines an invertible
function of v in the interval (\/i -1, 1) by computing its derivative. We
omit these standard computations.

Retrieving yo by writing yo = 9o + 3, we obtain the expression given in
(354). From the second coordinate of equality ([8.59), we can also derive the
expression for Yy by computing

Yy =Y(T) = 2av(l —v) + yov(2 —v) = = (1_—(1@;32)1 )—l—]fvz—i];; : )’

and so we have shown (8.53)) and (3.54)).

Furthermore, the period of limit cycle is given by
2
P = —-2logu — —logw,
!

which after substituting the expression for v in (B.61]) leads to (B53).

To study the stability of the limit cycle we will use a Poincaré map.
Selecting as a transversal section the straight line »; and assuming that the
periodic orbit passes though the point (1, %), we can assure that there exists
a neighborhood E in ¥ of the value yo so that for (1,y) with y € E, we can
define the Poincaré return map I, that relates the initial point (1,y) with
the return point of the orbit to ¥; after a complete turn around the origin,
namely (1,1I(y)).

By the continuous dependence of solutions, it is clear that we can ensure
II(y) € E and II(yy) = yo, i.e., II has a fixed point corresponding to the
periodic orbit. If this fixed point is attractive for II, then the periodic orbit
is stable. This condition is fulfilled if the characteristic multiplier v satisfies

dll
O<V:d—y(y0><1.

Therefore, we need to calculate the value of v. By the Implicit Function
Theorem, using the vector field with = > 1 we can affirm that for y # 3«
there exist two functions t(y) and Y (y) such that

LAL) [( ; ) - ( 3;(If2a) )} B ( Y%y) ) - ( 3;(If2a) ) |
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for all y € E. In the same way, if starting from the point (1,Y) we arrive
following the orbit in the zone with |z| < 1 to the point (—1,Y), then two
function T(Y) and h(Y') exist so that for a neighborhood E" of Yy = Y (yo)

we can write
ey (LY
Y hY) )’

where Y = h(Y). As the vector field is symmetrical, it is clear that in a
complete return, we have II(y) = [~hoY]o[-ho Y] = —h(Y(=h(Y(vy)))),
and so, by using the chain rule and that hoY (yy) = —vo, we assure that the
characteristic multiplier v satisfies

d 2
= ) = [d—ymon(yo)] . (3.62)

Applying now Lemma 2.12] we conclude that the product of exponential

matrices
eAt(yo) eBT(Yo)

is similar to the matrix

d_drdy
dy dY dy

0 %(hm(yo)

Thus, t is now direct to characterize the stability of the limit cycle. Ef-
fectively, as a consequence, we have

d
d—y(h o Y)(yo) = — det [eM0)BT0)] = 5 (3.63)

It is easy to see from (B.61)) that

u (v+1)2—2

— = < 1.

v (v+1)2—202
From (3.62)) and (B.63]) we can assure that the characteristic multiplier v of
the periodic orbit is the one shown in the final statement of Theorem [B.5
The proof is complete. [
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Theorem can be applied to predict accurately the oscillations of real
nonlinear devices, see Section B.2.3] It also shows a dramatic change in the
qualitative behavior of system (B3:47)) when we vary the parameter «, passing
through the critical value o = 0. In fact, for &« > 0 we deduce that the limit
cycle is born with infinite period from the segment of equilibrium points, see
Fig.

Although we have the exact value of the period, it can be useful to note
that from 0 < @ < 1 we can give an asymptotic estimate for it. Effectively,

from (B.6I)) we have

. u . u(v) vl —v)2 (1 +4v+0?) 2-V2
lim— = lim —< = lim = .
a=0 @ yovoo1 (V) w1 (1 4+ 2v — v?2)? 4

Then, for 0 < a < 1 we have

so that,

DO

t ~ —log (2 _4\/_oz> = logw

On the other hand, linév = /2 —1, so for @ > 0 small we can write

1 /o) 1 1/a
T=——logv=logv'" " =~ lo .
o & & g(ﬂ—l)

Thus,
2(2+v2)

o(va-1)""

and after some standard manipulations, we arrive at

(4+2v2) (1+v2)"

P=2(t+1T)=~2log

P =~ 2log

(3.64)

This asymptotic expression avoids to invert «(v) in computing the value of
v to get the period for small values of «.

The bifurcation leading to the appearance of stable periodic orbits in
Theorem is very different from the standard bifurcations giving rise to
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Figure 3.19: The segment of equilibrium points for a = 0 and the limit cycle
for several values of & > 0 (left). The waveforms for x(t) when o ~ 0.2526
(v =0.46, two cycles), and « ~ 0.5384 (v = 0.5, three cycles) (right).

oscillations in smooth differential systems. For instance, in the case of super-
critical Hopf bifurcations, one has that a stable focus becomes an unstable
focus surrounded by a stable limit cycle. In the case of Theorem [3.5], however,
the stable limit cycle that appear for a > 0 always surrounds an unstable
node. Thus, Theorem describes completely, for the first time up to the
best of our knowledge, a planar non-smooth bifurcation leading to a limit
cycle without involving equilibria of focus type.

3.2.3 Application to a PWL Van der Pol oscillator

In this section, we show that system (B.47)) is realized in a family of electronic
circuits after certain adequate choice of parameters. We consider the elec-
tronic circuit proposed in [44], to simulate the FitzHugh-Nagumo equations,
introduced as a simplification of the Hodgkin-Huxley model describing the
neuronal electrical activity, see [38, [0]. More precisely, we will deal with
the circuit shown in Figure 3.20) which is the symmetrical case of the circuit
introduced by Keener, and was analyzed in [25]. In the quoted paper, it is
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T E

Figure 3.20: Circuit realization of a Van der Pol electronic oscillator, com-
pletely analyzed in [25].

also shown that the model is a piecewise linear version of the classical Van
der Pol oscillator. The dynamical equations of the circuit are

d
R — LV (Ry— Ry) T —i(V)Rs,

dt . (3.65)
CgRQR;),% =V — Rol,

where Ry, Ry, Rz, C and (5 stand for the resistors and capacitors values for
the circuit. The current-voltage characteristics i(V') of the biased operational
amplifier OA2 is described very accurately by the piecewise linear function

_ \% Vi 2V
Z(V)—R—l—ﬁlsat<‘/;),

where Vi is the saturation voltage of the operational amplifier, see Figure

B.211
Doing in ([3.65]) the change of variables

we obtain the system

dz R3\ . Ry—Rs. 2R3 .
ar _ (438 t
C’ledt ( +R1)x+ s Y+ R sat ,

dj . Ry
CQR2$—$ R3y7
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Figure 3.21: The current-voltage characteristics (V') of the biased OA2 is
described accurately by a piecewise linear function.

and introducing the dimensionless time and parameters

ot G B B
we finally obtain the differential equations

dz 1

—=—1+r)z+|——1) 79+ 2r;sat(z),
e (1) st

(3.66)

dy 4 .

—= = pr - .

a pT2 PY

System (3.60]) is in the canonical form [B44) with ¢(o) = sat(o), that is

mg=0,m,=10=1, and
, b:<261), < = (1,0).

The observability condition becomes ry # 1, to be assumed in the sequel.
In order to apply Proposition B0l we must also check the assumption on
the spectra of matrices A and B = A + be’. Thus, in terms of the traces
and determinants, we must have

1
PR R

pr2 —-p

—r—p—1
p(r1+r2)
Tl—p—l
p(ra—r1)

_32/J’7

2p7,

35; ? 304 (3.67)
29 = 20217,
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where we have substituted n = apu. Solving ([B.67) for ry, o, p and u, we

obtain that whenever

C9a+1 9 a?+1 4 6 1
B 5

—gl_avr2 5(1_a>27p:gaﬂz

(A1

(3.68)

1—a’

and provided that ro # 1,i.e. o &€ {2, —%}, all the hypothesis of Proposition
[B.I1] are fulfilled. Of course, since r; and r5 represent ratios of resistors, they
must have positive values, what also requires a € (—1,1).

As explained in the proof of Proposition B.ITl with a new change of vari-
ables given by (z,9)T = M(&,9)", where the matrix M satisfies

1 0
M = Pr2 72 ,
7’2—1 7"2—1

we can put the system in the form ([B4])), provided that all the matrix entries
satisfy ([3.68). Finally, using a new time given by 7 = ut and the rescaling of
variables (z, uy) = (Z,9), we arrive at the system (3.47)).

Summarising, if the adimensional parameters fulfill ([3.68) and we select
new time and variables given by

. ,ut x_g . 9 ﬂ+2R3[
- CRy’ v y_,u(rg—l) 5V, v, )’

then we pass for all @ € (=1, —3) U (—3,1) from system [B.65) to system
B41), according to Proposition BITl Note that to each dimensionless repre-
sentative of the set of parameters 11, r9, p and p satisfying (B.68) corresponds
an infinite number of physical values for the circuit. Therefore, for such phys-
ical values the dynamics of the circuit and in particular the oscillations that
appear for 0 < a < 1 are algebraically determined by Theorem [3.5.

T

3.3 A limit cycle bifurcation in 2DPWL, sys-
tems

In this section we enter for the only time within this thesis in the discon-
tinuous world. The analysis of discontinuous piecewise-linear systems is an
emergent field of research since most of modern devices are well-modelled
by this class of systems, see [18]. Recently, in [30] it has been proposed a
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canonical form for the case of planar discontinuous systems with two zones
of linearity. In the quoted paper, there are shown some bifurcation results
for the case when both linear dynamics are of focus type without visible tan-
gencies, that is, there are no real equilibrium points in the interior of each
half-plane.

Here, by resorting to the canonical form given in [30], we consider a
different situation when we have an equilibrium point of focus type in the
interior of a halfplane without fixing the dynamics in the other halfplane. Our
target is to describe qualitatively and quantitatively the possible bifurcation
of limit cycles through the change of stability of such an equilibrium point.

A similar bifurcation was studied in [26] for the continuous case, so that
this work is a relevant generalization not only to the discontinuous case but
also by including all the different generic cases in the complementary dynam-
ics to the focus zone, that is, both saddle and anti-saddle cases.

To begin with, we assume without loss of generality that the linearity
regions in the phase plane are the left and right half-planes,

S™={(z,y):x <0}, ST={(z,y):2>0},

separated by the straight line ¥ = {(z,y) : * = 0}. The systems to be
studied become

=) = § T = (T (), (%) = ATx+ b, ifw e 5,
F_(X> = (FT(X),F;(X))T214_X—|—b_7 ifl’ES—UE’

(3.69)
where x = (z,y)" € R? AT = (a}) and A~ = (a;;) are 2 x 2 constant
matrices and b™ = (bf,b5)7, b~ = (b7, b; )T are constant vectors of R?.

Under the generic condition afya;, > 0, which means that orbits can
cross the discontinuity line in opposite directions allowing the existence of
period orbits, by using Proposition 3.1 of [30] the following canonical form is

obtained
. (T -1 0 ) _
X_<D_ 0)x—<a_)1f}<€5,

. ( Ty -1 AW n
X—(D+ O)X (a+)1fX€S,
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where
—anb; —apb, b= M2 ) T S
A— = Q1909 — G990y, =0 15 Ay = —(A109 — G901 ),
aq9 Q19

and Ty = tr(AF), Dy = det(A¥) are the linear invariants of each zone.

The canonical form (B.70) has seven parameters; apart from the men-
tioned linear invariants, we find two parameter a, related to the position
of equilibria and a parameter b which is responsible for the existence of a
sliding set. In fact, there exists a sliding set which is a segment joining the
origin and the point (0, b), see [30] for more details. These two endpoints are
tangency points, the origin for the left region and the point (0, b) for the right
one. Furthermore, the sliding set becomes attractive for b < 0 and repulsive
for b > 0, shrinking to the origin when b = 0. By computing the sign of & at
the tangency points, we obtain

Elep=00) = A= El@y=0p) = @+,

so that the left (right) tangency is called visible for a_ < 0 (ay > 0), being
invisible for a_ > 0 (a4 < 0), see [30]. Thus the ay parameters are related
to the visibility of the tangencies, and when they vanish we have boundary
equilibrium points, see [53] and also [72].

Note that the possible equilibria (real or virtual) are located at the
points (a—/D_,a_T_/D_) and (ay/D4,b+ (a;Ty/D.)) where it is assumed
D,.D_ # 0. Without of loss of generality, we assume that there exists an
equilibrium of focus type in the left zone, that is

— <0, T2 —4D_ <0,

and this last inequality implies that D_ > 0 and so a_ < 0.

Our interest is to study what happens when the trace T passes through
the critical value zero, that is when the focus passes from stable to unstable
or viceversa. Note that for 7 = 0 we have a center configuration in the
left half-plane which terminates in a visible tangency at the origin. To avoid
other non-local phenomena it is then natural to impose that in the right zone
we have also a tangency at the origin of invisible character, which amounts to
require b = 0. In fact, we allow to move this parameter b in a neighborhood
of zero, then we should have the possibility of new bifurcations, namely the
collision of tangencies, which has been reported in [53]. Thus, our study can

Elisabet Vela



102 Chapter 3. Planar PWL dynamical systems

be seen as a first step in the analysis of the codimension-two bifurcation that
appears when the parameter b is allowed to be moved. Such codimension-
two bifurcation should be the aim of future work, since it turns out to be a
situation not well explained in the analysis done in [35].

Thus, we will not have a proper sliding set nor jumps in the right dynamics
with respect to the critical center. Under these assumptions our first result
is the following.

Proposition 3.12 Under the hypotheses T? —4D_ < 0, a_ < 0 (left focus
dynamics with visible tangency at the origin) and assuming that in the right
zone we have an invisible tangency at the origin (b = 0, ay < 0), system
(5-70) is topologically equivalent to the system

r=Txr—y .
{y:Dz+a, if >0
(3.71)
T =2y —y .
. <
{y=(1+72)(x+1), fr=o
T T
whereT:T+,D:D+,a:7,7:g,a:7, and w > 0 is such that
w
T_)? D_
w2:D__( ), anda:—a—+ 0
4 w a_

Proof Clearly, the assumption on right tangency at the origin, that is
(Thx —y+b) |@y=00= 0 reduces to b = 0. Now the tangency will be
invisible for a, < 0.

Under the hypotheses, if we define w > 0 such that w? = D_ — (T?/4)
and o =T /2, the eigenvalues of the linear part at S~ in ([3.70) are o & iw.
We make first the change X = wz, Y = y, 7 = wt for the variables in the
half plane S—, without altering variables and time in S*. Note that we do
not change the coordinate y, so that periodic orbits using both half planes
are preserved. Then,

dX 1dX dx X

[ — _—— = — = —T_ —Y

dr wdt dt w ’

dy 1dYy 1dy 1 X D_ a_
JR— — _— Y= —— = — D_— — Qa._ — —X _—
dr wdt wdt w ( o ) w? w
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T D_
Introducing the parameter v = g we see that — = 2y and — = 2 + 1.
w?

w
Making a homothety of factor k to the whole plane and removing the factor
k in the equations, we have for z < 0,

d_z dX ( x
dr dr

dy dy x _
L~ (o e B O N
ar A (O + Dz = k2
While for z > 0,
z = Tx—uy,
= Dz —ka,.
By imposing that - 72+ 1, we get
w
2
1
[ L}
a_
and the expressions given in the statement. [ ]

With this result, we manage to describe the left dynamics with only one
parameter, needing other three parameters to deal with the right region. The
following remark should be taken into account.

Remark 3.6 System B.71l) generically represents a discontinuous vector
field since for x = 0 we will have a # 1+ ~%. The original system (B.70)
1s continuous only in the case ay = a_ and b = 0, but even in such non-
generic case, the new system provided by Proposition [3.12 will be discontin-
uous. Thus, the analysis of system B is useful also for some continuous
cases that could be studied by other specific methods in a continuous vector
field context. This fact will be illustrated later in Section [T.31.

Regarding equilibrium points, in the zone with x < 0, there exists a focus
at (z,9)T = (=1, —2v)7, to be stable for v < 0 and unstable for v > 0. When
v = 0, we have a linear center. In the zone with x > 0 since a > 0 there
are no equilibrium points if D = 0, while the possible equilibrium point for
D # 0 is located at (—a/D,—aT/D)*.

We take « in ([B.71]) as the bifurcation parameter, having its critical value
at v = 0, where the center configuration takes place, see Figure
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A A

Y Y

Figure 3.22: (Left) The critical situation for v = 0. (Right) The bifurcating
limit cycle for vT" < 0 and || small.

Before entering in the main results, we need first some technical results.
The first one is a rather general result on local derivatives of half-return
maps. Dealing with a discontinuous vector field, we cannot resort to Propo-
sition to determine the stability character of periodic orbits using the
two zones. We acknowledge E. Freire and F. Torres for their permission to
reproduce it, since it appears in [31], not yet published. At the end of the
day, we will realize that the conclusion of Proposition is still true, due
to the fact that our discontinuity is not severe, affecting only to the second
component of the vector field. Anyway, such possibility cannot a priori be
considered without an additional justification.

Lemma 3.6 Let us consider system ([3.69). Assume that the orbit of vector
field F* starting from an initial point xo = (0,1o) lies in ST and eventually
comes back to the discontinuity line, arriving transversally at the point X; =
(0,91) which is its common point with the line x = 0, that is Fy (%) < 0. If
we denote as ot (t) = (z(t,%0), y(t, %)) the solution of x = Ft(z) satisfying
01(0) = %X, then a value 77 > 0 exists such that x(t,Xg) >0 for 0 <t <7+
and x(77,%9) =0, y(77,%X0) = 1. Then we can define a right Poincaré map
Pr in a neighborhood of the point xo such that Pr(yo) = 91 and the first
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derivative of map Pr at 1y is given by
FiF(%0)
Pr(1y) = —=——=exp /
W00 = T P Uy

Proof Let us consider the differential system x = F'*(x) defined in R?, and
let us denote as v (t) = (x(t,%0), y(t, X)), the solution satisfying v*(0) = x
where xg = (%0, 0). Then we introduce the system of equations Z(t, xg, y1) =

0, where
Z’(t,XQ)
Z(t = )
( 7X07y1) ( y(t,Xo) — )

T+

div (F+)> .

From our hypothesis we have Z(7T, %o, 9;) = 0 and F;"(0,¢;) # 0. Then
the Jacobian matrix

0 L 0 .
_x(T+7X07y1) & (T+7X07y1)
(71, 75) ot 01
Sha (,7_+’}A(0’g1): -
a(t, y1) Ay o

A Y A o~
E(TJ’,Xo,yl) a—w(TJr,Xo,yl)

F2+ (07 :&1) —1
is nonsingular.

Then, we conclude from the implicit function theorem the existence of
two functions ¢(xg), 1¥(xg) defined in a neighborhood of x, such that

z(p(X0),X0) = 0, (3.72)

with ¢(xo) = 77, ¥(x0) = 1.

Here, we define the right Poincaré map Py in a neighborhood of the point
X0 as Y1 = Pr(yo) = ¥(0, yo), which verifies §1 = Pr(f0) = (o).

To compute the first derivative of Poincaré map we will take derivatives
with respect to (g, o) in equations (B.72) to get

0Z
ot

(ol 30, 00) - Duplo) + Bo) — O ) =0 @37
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where

ox
a7 a(@(xo)a XO)
g(@(xo%Xo,?ﬂ(Xo)) = = F(x)
dy
E(@(Xo% XO)
and
(o) x0) 5 (ploxa), )
B(xo) = DxZ(p(x0), X0,V (X0)) = 9 9
G (P 00).30) - 55 (x0). )
satisfies the equality
B(xo)FT(x9) = F*(xy), (3.74)

due to the elementary properties of variational equations.
By right-multiplying ([B.73)) by the vector (0,1)7, we get

e o)+ 50w () = (0 ) =0

0\ FiF(x1)y(x0)
s (1)) = (i) ) 67
Taking into account ([B.74) and (B.75) we can write

(b S (6w ) =moa (G &)

and taking determinants we arrive at the relation

and so

¢(x0)
FiF(x1)1,(x0) = FiF(x0) exp (/0 div(F+)dt> , (3.76)

where we have used Liouville’s formula in computing det B(xg). If we takes

X = Xo in [B.70), then x; = X3 = (0, Pr(7o)). Since Pp(yo) = 1¥y(x¢), the

proof is finished. [ ]
The second auxiliary result is given without proof; it appeared in [26].
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Lemma 3.7 Let n = £"0(&) with n odd, where o is a real analytic function
in a neighborhood of the origin and such that o(0) # 0. Then there exists a
real analytic function x in a neighborhood of the origin with x(0) # 0 such

that & = n/"x(n'/).

The first of our main results is the following.

Theorem 3.6 Consider system [B.11) with a > 0 and under the assumption
T # 0. The linear center configuration restricted to the zone x < 0, that
exists for v = 0 gives place to a unique periodic oscillation for vI' < 0 and
|v| sufficiently small.

More precisely, for T < 0 the limit cycle bifurcates for v > 0 and it is
stable, while for T > 0 the limit cycle bifurcates for v < 0 and it is unsta-
ble. If we denote with %o = (0,90)T a representative point of the bifurcating
limit cycle, then the peak-to-peak amplitude A,, in x, the period P of the
periodic oscillation, the characteristic multiplier p of the periodic orbit and
the coordinate iy are analytic functions at 0 in the variable v'/3. Namely, we
have

(3m)23 1+a

_ 2/3
App 2+ 5 (T2a)1/37
/3 (120a* + 75a® — 21D — 2T? + 4a(6D + 7T?)) ,
/3 5/3
0. 323 a5/3T4/3 7Y+ O0),
—1 o (15a% — 12D + T? — a(3D + T?))

P— opio3ms t— - s 2T

T+ 26 Y T 15 2T rr

4r'/3 a3 (a — 1)
32/3  T4/3

Y2+ 00,

T 2/3 T 4/3

+27T 15a% + 12D — 3172
15 a?

Y+

2713 20a® — 30mwa?T — 247 DT + 177713

1/3 5/3
TE 303 B3T3 Y+ O,
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and

X <37m)1/371/3+<7r2_T)1/3fy2/3+7r(15a2—|—3D—|—T2)
3a

T 15aT

+7r1/3(30a2(a +7T) — 7T(3D + T?))

4/3 5/3
15(32a5T4)1/3 /7 / + O(fy / )7

for |y| sufficiently small.

Proof If v = 0, it is easy to see that system (B.7I]) has a linear center for
x < 0, because the eigenvalues of the linearization matrix are 4.

For v # 0 in the zone with = < 0, the linearization matrix has complex
eigenvalues v = i, that is, the equilibrium point at (—1, —2v)7 is a focus.

We want to analyze the possible bifurcation of a limit cycle from the
linear center existing in the zone x < 0 for v = 0. Obviously, it should be
born from the most external periodic orbit of the center, that is tangent to
the frontier x = 0 at the origin.

We assume the existence of a limit cycle living in the two zones of linearity,
with intersections %o = (0, 7o)” and %X; = (0, ;)T with # = 0 as it is show in
Figure B.22

Let consider an orbit of system (B.7I]) that starts from the point %o =
(0,90)" and it enters in the zone x > 0. The points of that orbit are given
by the expression

( Zﬁi@ ) = €7 (R0 = Xeqy) + Xeap,

where the subindices R stand for the right zone, that is, x > 0. Being

T -1
=5 o)

the linearization matrix of the right zone and x.,, = (—a/D, —aT /D).
In the zone with x < 0, if we integrate backwards starting from point X
we obtain the orbit given by

( Trp(T)

_ o ALT (&
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where the subindices L stand for the left zone, that is, x < 0. Being

B 2y -1
A= ( ¥+1 0 )
the linearization matrix of the left zone and x.,, = (—1, —27)".

The existence of the above mentioned limit cycle implies that exist two
positive values 7 and 7, such that

(o )=x=(5)- (o)

This expression is equivalent to the following system
zr(Tr) =0, (3.77)
)

where g; has been removed from the computation. System (B.77) has three
unknowns: 7., Tg, Yo, the bifurcation parameter v, and it is the closing
equations system. The use of these equations goes back to Andronov and
coworkers [2].

The sorted set formed by ([B.77) will be denoted by

H(z) = 0, (3.78)

where z = (77, Tr, Yo, 7Y)-

The outermost periodic orbit of the linear center that exist in zone x <0
for v = 0 must satisfy ([B.78), with corresponding values 7, = 27, 7 = 0,
Jo = 0, v =0, that we write in the more compact form z = (2,0, 0,0).

Obviously, we are interested in a branch of solutions of (B.78) passing
through z, and leading to positive values of 7, and 7. It turns out that
system (B.78) has a trivial branch of solutions that passes through z and can
be parameterized as z(u) = (27,0, i, 0) for every real p. This trivial branch
will be called the spurious branch because, for u # 0, these solutions do not
correspond to periodic orbits of the system ([B.78). The Jacobian matrix of
H evaluated at z is the following

000 —27
%—H —[oo0oo0o o :
Z o=z 1 a0 0
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and it has not full rank.

In order to apply the Implicit Function Theorem we must to remove this
spurious branch. The second equation of (B.78), namely Hs(z) = 0 is satisfied
for every z with 77 = 0. The function Hy(z) such that Hy(z) = trHa(z) is
an analytic function in a neighborhood of z. If we define the modified closing
equations

G(z) =0, (3.79)

where Gy = Hy and G; = H; for i # 2, then the solution set of (B79) in a
neighborhood of z is the solution set of (B.78)) excepting the spurious branch
solution.

The Jacobian matrix of system (B.79]) is the following

0 0 0 —27
J=10 —a/2 -1 0
1 a 0 0

If we remove the second column (corresponding to 7g), the determinant of
the resulting matrix is —27 # 0 and hence the matrix has full rank. From the
Implicit Function Theorem for analytic functions (see [12]) we obtain that
in a neighborhood of z exist three unique analytic functions 7, = ¢1(7g),
Jo = ¢2(7r) and v = @3(7r), such that H(p1(7r), ¢2(Tr), p3(Tr), Tr) = 0.
Thus, we can assume the existence of series expansions in 7z, for the three
functions. The procedure for the computation of these series is the following.
First, we write series with undetermined coefficients for ¢, ¢ and @3, and
second, we introduce these series in (8.78) and solve the system at order 1 in
Tr, Obtaining the coefficients of 1, ¢ and @3 of order 1. The computation
is straight forward increasing the order of 75 by one and solving a new linear
system in each step. The results have been computed using for safety two
different symbolic manipulators (Mathematica [88] and Maple [4]) and they
are the following.

2
— D
TL(TR): 27T—CLTR+%T%+O<T}53),
. a aT aD aT(7D —T?)
Yo(Tr) = —§TR+§T%—QT§+TT§+O(T§),
T ,  a*T(15a* —12D+1T?%) . o°T

- -2 o).

7(7r) YA 14407 Tk~ oggpz Tk T OTR)

(3.80)
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Since a > 0, we can invert the series v(7g) applying Lemma B.7 taking n = 3,
¢ = 1r and 1 = 7, so that we obtain

3r \'? | 2r(15a* —12D4+T?)  dan'? <3
(3.81)

Since 7 provides the time spent by the orbit in the zone x > 0, this
implies that 7z must be positive for |vy| sufficiently small, then 7" must
be negative. Replacing 7g(y) in (B:80) we obtain the expressions of P =
7(7v) + Tr(7y) and yo(7y) that appear in the statement of Theorem 3.6

The peak-to-peak amplitude in x is measured as the maximum distance
of z-coordinates between any two points of the periodic orbit. Let us denote
by Tr,,.. the time for which z(7) reaches its maximum value z(7g, . ) in the
zone with = > 0. In the same way, let us denote by 7. the time for which
x(7) reaches its minimum value x (7, . ) in the zone x < 0.

In a similar way to what happens for the variables 7, ¢y and ~, the time
TRm.. Das a series expansion with respect to the variable 7z. The variable x
reaches its maximum value for 7 = 75 ___, hence the following equality must
hold

& =T2r(TRpes) = YR(TRas) = 0, (3.82)

where

ZZ'R('TR ] ) ART (TR) 0
mazx =X, _'_ e RTRmaxz \TR N — Xe . 383
(e ) = o) ) " Xean| 38
From equalities (3.80), (3:82]) and (3.83)) it is easy to compute the series

expansion for 7, namely
w T, 2DT—T°
T = =4+ —TE+ —
flmaz = "9 T 24 BT 0880
Using (B.80) and (3:84)) in ([B:83]) we obtain the following expansion

a a(15D — 2T?)
xR(TRmM) = gT}% -+ Tﬂ% -+ O(Tg) (385)

5+ O(18). (3.84)

The time 77, . has a series expansion with respect to the variable 75.
The variable z reaches its minimum value for 7 = 7, , , hence the following
equality must hold

j: = 27$LB (TLmzn) - yLB (TLmzn) - O (386)
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where

'ILB (TLmzn) _ —-ApTr . (TR) |: ( 0 ) :|
= X, —+ min R — Xe, . 3.87
() ) = x e do(r) ) " Xew] o B8D

From equalities ([B.80), (886) and ([B.87) it is easy to compute the series
expansion for 7, namely

a al' 5, a(a®*—D) , N aT(7TD — T? — 15a?)

min =TT GTRY TR T T TR 720

Using (3.80) and (3.88)) in ([B.87) we obtain

a? a*(9a* — 24D — 4T?)
rr,(1,.,) = —2— §T]2% + 1159 T+ O(73). (3.89)

- 7% + O(T3).

(3.88)

Computing A,, = vr(Tr,...) — 15 (7L,,,,) We obtain the expression that
appears in Theorem [3.0

In order to determine the stability of the limit cycle, first we apply Lemma
to system (B.71]), obtaining

4 R ”
Pr(90) = _g? exp (/0 TdT) = %eT”".

For the part of the limit cycle with z < 0 we can formulated a result analogous
to Lemma providing the derivative of the left Poincaré map

R Fr(xy) T _ —U1 = 1
P! =1 / div(F = / 2vdr | = Ze2E,

Taking into account that we can write the complete Poincaré map as P(g,) =
PL (PR(:IQQ)), we have

P'(o) = P}, (Pr(ii0)) Ph(d0) = Pp(i1) Ph(do).

Therefore, the characteristic multiplier of the periodic orbit is the following
p = P'(§p) = e"™= L Substituting the series 77 (7z) from ([B.30) in the
above expression of p, then using the series 7g(7y) from ([B.8I]) and finally,
computing the series expansion of p with respect to 7, we obtain the expres-
sion given for p in Theorem [ ]
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Yy
A
X1 = (anl)T
¢
TL TR
XLp XR
Xy = (07 yO)T
x <0 x>0

Figure 3.23: A typical orbit with the notation used in the proof of Theorem
5.0l

It should be noted that the sign of the parameter D is not relevant for the
bifurcation. Thus, our result covers not only the focus-focus case but also
the case of D = 0 (parabolic case) and the saddle case (D < 0). Of course,
the uniqueness of the bifurcating limit cycle is referred to a neighborhood of
the most external periodic orbit of the linear center existing for v = 0, and so
it is a local uniqueness. The case T' = 0 is explicitly excluded from our result
because then we should have a global center for the critical value v = 0; the
possible bifurcation of limit cycles for such non-generic case requires different
techniques, as considered in [6].

Undoing the changes of variables introduced in the proof of Proposition
B.12] it is easy now to obtain a similar result for system (B.70) with b = 0
and under adequate hypotheses.

Theorem 3.7 Consider system [B1Q) under the hypotheses T? —4D_ < 0,
a_ <0, ay <0, T, # 0 and assuming that in the zone x > 0 we have an
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wnwvisible tangency at the origin, that is b= 0. The linear center configuration
restricted to the zone x < 0, that exists for T_ = 0 gives place to a unique
periodic oscillation for T_T, < 0 and |T_| sufficiently small.

More precisely, for Ty < 0 the limit cycle bifurcates for T_ > 0 and it is
stable, while for T’y > 0 the limit cycle bifurcates for' T < 0 and it is unstable.
If we denote by %o = (0,90)% a representative point of the bifurcating limit
cycle, the peak-to-peak amplitude A,, in x, the period P, the characteristic
multiplier p and yo are analytic functions at 0 in the variable T, Namely,
we have

a_ 1 /37m\"? ar +a_ [a_ Vs rp \*?
Ap=—-2———-| — — — T )43 .
" D2 ( 2 ) D_ (a+) (T+) TOM)™, (&40)

P= 2T (gnys o0 (T‘)1/3+
= —_ 7r _— S
VD_ al_/gai/gx/D_ Ty

7 [15a2D_ — 3D (4a® +a_ay) + T?a_(a_ — ay)| T- N (3.91)

15 a%rD?i/ ? Ty

+O(T-)"7?,

12 1/3 B 2/3 T 1/3 T2 B 4/3 T 2/3
) () e () )
D_ a4 T+ D_ a4 T+

w4503 + a2 (12D, — 31T%)
15 a2 D*”

o 37'(' 1/3 ai/3a2_/3 T 1/3 7T2 1/3 ali/3T+ T 2/3
o=\ Do T, 12)  oPp \Ty
7w 15a3D_+a (3D +T3) T
30 a+Di/2 T+

T +O(T-)"?,

+ O(T-)*3,

(3.92)
for |T_| sufficiently small.

Proof To prove this theorem it suffices to consider the statements in The-
orem for the system (B.71]), to substitute the parameters 7', a and v by
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their expressions provided in Proposition B.I12], and undo the changes that
convert the system ([B.70) in (B3.71)).

In particular, to get the new expression in the period P, we start from
(B81) and the first expression in ([380). This last expression is rescaled
by 1/w and added to (B81]), which after written in terms of the original
parameters in ([B.70) leads to the expression given in ([B.91]).

Similarly, to get the expression in ([3.90) we must start from (3.85) and
(B3:89). This last expression should be affect by a factor 1/(wk) while (B.85])
must be multiplied by 1/k. After substituting in such expressions the value
of 7x given in ([B:&1]), and resorting to the original parameters we arrive at
B.a0).

To get the new expression for the characteristic multiplier, it suffices to
use the original parameters, while to get the expression (3.92) we only must
divide by k the expression for 7, in Theorem [B.6l [

This theorem is an extension of the results obtained in [26], where only
the continuous case with symmetry respect to the origin was analyzed. Note
that, if we put in the above expressions at = a~ the focus-center-limit cy-
cle bifurcation in the continuous case without symmetry is included. In
other words, Theorem [B.7] covers the focus-center-limit cycle bifurcation for
2CPWL, systems. The expressions (3.90)-(B.92) have been computed with
the help of a symbolic computation systems (Mathematica [88] and Maple
[4]) and only the first coefficients of the series are explicitly shown. More
terms can be computed with the same techniques, if required.

3.3.1 Discontinuous models of Wien bridge oscillators

Ry Cy
-]
AYAVAY | |
R
AvAvAY +
I VO
Eg —= C, ::+
) Rs Rf
VWV VY

Figure 3.24: Diagram of the Wien Bridge asymmetrical electronic circuit.
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We come back to the electronic circuit analyzed in Section [3.2.1], this time
following the discontinuous formulation proposed in [49]. We start from the
normalized differential system (B.43)), which is here rewritten for convenience,

j—; = {z+ (T —)sat(z) —y,

(3.93)
Yoo gy
dr, B

and we recall that we use the dimensionless voltages

pooVe Yoo o Es
an EaB E.a

and the parameters

~ RQCl -~ R2CI
t = —\ 5= Qi 5 T = — erit )
\ Ry V gy @~ e

Rf 02 Rl
a=14+—, augix=1+—+—.
Rs ) crit Cl R2
We can now write a discontinuous, second order differential equation in x
from (B.93)) by taking time derivatives in the first equation and substituting

the second one. This requires to accept the discontinuous pulse function

and

0, |x|>1,
H(l_‘x|):{1 Ix{<1

as the derivative of sat(x). Thus, we arrive at the equation
i—ti— (T —DHH(1 —|z|)i+z —ap = 0.

Now, following [49], we introduce two new parameters I', ¢ instead of traces,
such that

t=2I, e=-—
so that the differential equation becomes

#—2Ta+20(1 + e)H(1 — |z|)i + 2 — x5 = 0.
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Working with the symmetric case, that is, for xz = 0, an analysis of the
bifurcation at € = 0, that is a = ., giving rise to the jump appearance of
oscillations for € > 0 can be found in [49]. Note that the same analysis can
be done in a continuous context, see the analysis for the focus-center-limit
cycle bifurcation done in [26], but we want to deal with these discontinuous
models in order to show how our previous results apply.

Here, we will assume the more general situation xp # 0, so that the
nonlinear characteristic of the electronic device has some lack of symmetry
as viewed from the equilibrium point, and we want to gain quantitative
information about the focus-center-limit cycle bifurcation that occurs at € =
0. To fix ideas, suppose

O<zp<l.

Then, for ¢ = 0 we have a bounded center configuration, a period annulus in
other words, which is tangent to the vertical line x = 1 and totally contained
in the region z > —1 + xp > —1; it is precisely the most external periodic
orbit of the annulus where the non-symmetric limit cycle will bifurcate from.
Thus, for small € > 0 the resulting limit cycle only uses the zones C' and R;
therefore, in the bifurcation analysis we can discard the zone L. Thus we
assume that the circuit model is given by

T+2lc+r—25=0, x>1,
r—2lecc+xr—a2p=0, <1
To put the equilibrium at the origin keeping at the same time the disconti-
nuity line at the unitary value of the variable, we adopt the change

r —IpB

V=
1—LL’B7

so that, after substituting and removing the scale factor (1 — zg), we arrive
at the discontinuous differential equation

v4+2[4+v =0, v>1,
=20 +v=0, v<1

Using now the notation z = v — 1, y = v, the above equations can be written
in the form

T=1 .

) if x >0,

z:—x—2Fy—1, (3.94)
— Y if 2 < 0.

y=—x+2lcy —1,
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System (3.94)) is discontinuous but is in the formulation (1.1) given in [30], so
that we can apply the Proposition 3.1 of that paper in order to put system
(394) in Liénard form. The homeomorphism

- 1 0 :
X_<—2F _1)x, if x >0,

N 1 0 .
X_(QFE _1)){, if x <0,

transform system (3.94)) in

{?f;fy_y if 2> 0,

y= ’ (3.95)
©=2ler—y ifx <0
j=a+1, |

where the tildes have been dropped for the sake of simplicity. Although it is
not really important for our purposes, note that, starting from a discontinu-
ous system, we have at the end a continuous system, that is, we are in the
case a4y = a._.

We could now apply Proposition and next Theorem to system
B38). Clearly, it is more direct to resort to Theorem 31 by taking 7', =
=2, T = 2l'e, Dy, = D_ =1, ay = a_ = —1, concluding that the
bifurcation takes place for ¢ = 0, the limit cycle exists for sufficiently small
e > 0 and it is stable.

Therefore, the peak-to-peak amplitude in x, the period and the charac-
teristic multiplier of the limit cycle are

3m\%/? 74/3(99 4 52I'?)
A= 2+ (7) £2/3 _ 20 155 S48 4 0(55/3)7

4(187°)1/3

P= 21+ 3 £ 0(£?),

and

2
p= 1—ﬂmmﬂﬁéﬂ+qw#ﬂBW§B+I%Xm—1mﬂk+

4 (4x\'?
+g<§) ['(347T3 — 277 — 5)e¥/3 + O(5/3).
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The order £%/? term in the last expression of the period P was not explicitly
given by Theorem B.6} of course, it has been computed with the same pro-
cedure given in the proof of Theorem [B.6, increasing the number of terms in
lix:)

We finish this section (and the chapter) by remarking the importance of
the study of the bi-parametric unfolding of this bifurcation when the param-
eter b is allowed to be moved from zero. We suspect the possible appearance
of two limit cycles in certain cases; anyway, this is left as the subject for
future work.
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CHAPTER 4

Some contributions to the dynamics
of three-dimensional systems

In this chapter, we focus our attention to S3CPWL;3 systems. We start by
recalling the bifurcation results for this family when considering the analo-
gous situation to the Hopf bifurcation in smooth systems, leading to a focus-
center-limit cycle bifurcation in 3D. Afterwards, we advance in the analysis
by studying a more complicated situation, as is the piecewise linear analogous
of the Hopf-pitchfork bifurcation, which is the main subject of the chapter.
In the last section, we consider some examples taken from nonlinear electron-
ics where the previous theoretical analysis allows to obtain relevant practical
consequences.

Along the chapter, we consider the following family of piecewise linear
differential systems written in the Luré form,

x = F(x) = Agx + bsat(z), (4.1)
where x = (x,v, 2)T € R3, the saturation function is given by

1 ifu>1,
sat(u) = w if Jul <1,
-1 ifu< -1,
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122 Chapter 4. Three-dimensional PWL dynamical systems

the dot represents derivative with respect to the time 7,

t —1 0 T—t
Ap=| m 0 -1 and b=| M—-m |, (4.2)
d 0 0 D—d

where ¢, m, d, T, M and D are certain coefficients. System ({.1])-([@.2), as a
menber of S3CPWLj3 family, has the following properties:

(a) It is symmetric with respect to the origin, i.e. F(x) = —F(—x).

(b) In the region with |z| < 1 it becomes the homogeneous system

T -1 0
x(r) = Aex(r) = | M 0 -1 | x(r). (4.3)
D 0 0

(¢) The coefficients t, m, d and T', M, D are the linear invariants (trace,
sum of principal minors and determinant) of the matrices Az and Ac,
respectively.

Note that Ac = Ap+bel where e; = (1,0,0)7, and that the considered
family of systems is in the generalized Liénard form, see Chapter 2. Thus,
under generic conditions for every system of the form (Z1]) after some change
of variables, we can get the matrices in the form given in (£2) and ([@3).

In next section, we recall the known results about the PWL analogous of
the Hopf bifurcation for these systems.

4.1 A short review of the PWL analogous of
Hopf bifurcation

Regarding system (4.]), the transition of an eigenvalue pair of the matrix
A¢ through the imaginary axis of the complex plane constitutes an analo-
gous situation to the smooth Hopf bifurcation. Here, at the critical value
of parameters, the system has a linear center configuration, to be restricted
to the zone C'. If we choosing T" as the bifurcation parameter, this happens
for the critical value T, = D/M provided that M > 0. Then system (4.1
has a linear center in the zone C, see Fig. [A1], that is, the matrix Ag has
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<§><\i>< A
>x >\

Figure 4.1: The focus-center-limit cycle bifurcation in the case D > 0, 6 > 0.
The focal plane and the complementary one-dimensional invariant manifold
at the origin are shown, along with the two parallel planes which separate
the three linear regions. In the situation sketched, as deduced from Theorem
(4.1l the bifurcating limit cycle is of saddle type.

a pair of pure imaginary eigenvalues. If we want to analyze whether a limit
cycle bifurcates from this configuration as the bifurcation parameter 71" varies
around the critical value Ty, the key result is the following, see [27] for the
proof.

Theorem 4.1 Considering system ([LIl) with M >0, T. = D/M and
§ =DM — Dm +dM — tM?* # 0,

the following statements hold. For T = T, the system undergoes a focus-
center-limit cycle bifurcation, that is, from the lineal center configuration
in the central zone, which exists for T = T,., one limit cycle appears for
T —1T,) >0 and T — T, sufficiently small.

The amplitude A (measured as the mazximum of |x1|), the period P.,. and
the logarithms of characteristic multipliers p, and u, of the periodic orbit are
analytic functions at 0, in the variable (T — Tc)l/?’, namely

(67)2/3M4/3 2/3 (67?4)1/3a4 4/3 5/3
A:1+7852/3 (T -T,) +—960M1/357/3(T_TC> +0(T-1T,)"",
2 w(M —m)vVM 62/375/3 \15/6 P 5/3
P, = — + 5 (T -1T,) — 505573 (T =T, + h.o.t.
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and
(487T)1/3 MT/05%/3 1/3 2/3
r= T - Tc T — TC ,
27D (48m)'° (Mt—D = M6 13 2/3
Mo = M3/2 + M5/6 61/3 + D2 + M3 (T — TC) -+ O (T — TC) ,
where

ay = —120tM° + (120D + 2t* + 21mt + 72d) M+
+ [ (93m + 27¢%) D + (27m — 2¢%) d] M? + (2t*m + 25d¢t — 27m®) DM?
+ [25D% + 23 (mt — d) D*] M — 25mD?,

Ps = [M (M —m)* + (Mt — d)*] (Mt — D).

In particular, if 6 > 0 and D < 0, then the limit cycle bifurcates forT' > T,
and is orbitally asymptotically stable.

When the coefficient § is not equal to zero, Theorem E.1] gives a com-
plete characterization of the bifurcation criticality. Such coefficient ¢ plays a
similar role to the coefficient of cubic term in the Poincaré-Andronov-Hopf
normal form. When d = 0 the bifurcation is of higher codimension, requiring
a specific treatment, see [28§].

Theorem [T describes a codimension one bifurcation, similar to the Hopf
bifurcation of differentiable dynamics, see [12], but it should be remarked
the differences that introduces the PWL case. In particular, the expressions
characterizing the bifurcation are in terms of the parameter to the power one
third instead of the power one half, and, what is more important, the limit
cycle amplitude’s leading order is O(1). Thus, the stability change of the
origin is accompanied by the abrupt appearance of a limit cycle of significant
size, as we have also seen in the planar case, see Chapter 3.

As a final remark for this section, we want to emphasize that a similar
phenomenon without symmetry can appear in 2CPWL;3 systems, see [7].

In the next section, we advance in the theory by considering the case
where not only we have an eigenvalue pair of the matrix As crossing the
imaginary axis of the complex plane but also a real zero eigenvalue.
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4.2 The PWL analogous of Hopf-pitchfork bi-
furcation

A specific bifurcation in 3D vector fields is the Hopf-pitchfork bifurcation,
also called Hopf-zero or fold-Hopf bifurcation. This bifurcation is character-
ized by the simultaneous appearance of three eigenvalues at the imaginary
axis of the complex plane, see Section 7.4 of [36]. In a recent paper [61], as
a first step to study the possible occurrence of an analogous to the Hopf-
pitchfork bifurcation in continuous piecewise linear systems with symmetry,
authors assumed a linear part controlling the dynamics at the origin near
a critical situation with a pure imaginary pair and a single zero eigenvalue.
However, strong assumptions on the spectra for the external linear parts in-
volved were required in the quoted paper. Here, we suppress such restrictive
assumptions and consider much more general linear parts, maintaining the
eigenvalue structure leading to the analogous of a Hopf-pitchfork bifurcation.
Thus, we give information about the general unfolding of such bifurcation in
the framework of piecewise linear systems.

Our goal is to study the phenomena associated to the fold-Hopf bifurca-
tion at the origin. To do this, we introduce ¢ as the bifurcation parameter
and impose that the three eigenvalues of matrix Ax be

—&  pe wi,
where p € R and w € RT are auxiliary fixed parameters. Thus for ¢ = 0 the

three eigenvalues are 0 and 4+wi, which are located on the imaginary axis of
the complex plane. Accordingly we choose

T(e) =(2p—1)e,
M(e) =w?+p(p—2), (4.4)
D(e) = —e(pe® +w?),

to be assumed hereafter.

We emphasize in the next result an invariant property of systems (4.1])-
([42), whose proof is direct and will be omitted.
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Proposition 4.1 System ([@1))-[@.2) is invariant under the following trans-
formation

(ZIZ’, Yy,z,T, t> m, d7 8) B ([L’, —Y,z, =T, _ta m, _da _5)-

This symmetry property is useful for simplifying the analysis of the family
under consideration. Next, we summarize the main assertions about possible
equilibrium of the family.

Proposition 4.2 For system (41))-([2]) with p # 0 and w > 0 the following
statements hold.

(a) If de < 0 the unique equilibrium point is the origin.

(b) If de > 0 then the equilibria are the origin and the two points

v (D6 D(e) DE) Yy
x€—<1— y ,T(e)—t 7 , M(e) —m p )7 e = X

(c) If e =0 then all the points of the segment
{(z,9,2)" €R”: (z,y,2)" = p(1,0,0°)7, |u] <1}

are equilibria for the system. If furthermore d # 0, the above segment
captures all the equilibrium points.

(d) The origin is stable when € > 0 and p < 0. The stability of equilibrium
points x= that appear for de > 0 requirest < 0, d < 0 and mt —d < 0.

Proof From the definition of system (4.1])-(4.2)) under conditions (£4)) in the
central zone, it is direct to assure that the unique equilibrium point for € # 0
and |z| < 1 is the origin.

From the third component of equations of system (£1)-([2]), in the zone
x > 1, the z-coordinate of the equilibrium point for € # 0 is equal to

rh =1+ E(p2»52 + w?).

‘ d

If de < 0 then 2 < 1 and the equilibrium point is not a real equilibrium but
it is a virtual one. The same is true for the zone r < —1 and z_. If de > 0
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T

1/

Figure 4.2: The bifurcation diagram for equilibria of system (d1])-(Z2) when
d > 0. We draw only the z-coordinate of equilibrium points.

then real symmetrical equilibrium points x and x_ are obtained, and the
statements (a) and (b) hold.

For e = 0 the computation of the segment of equilibrium points in state-
ment (c) is straightforward.

Statement (d) comes from the classical Hurwitz conditions. u

From statement (c) of Proposition .2l we see that at ¢ = 0 system (ZI))-
(@2) has a degenerate pitchfork bifurcation, see Figure Note that for
de < 0 the points x= are vanishing points for the vector field corresponding to
|z| > 1 but they are out of their corresponding zones. They do not constitute
real equilibria, although they still organize the dynamics of external regions.
This type of equilibrium is usually called virtual equilibrium point.

In order to study the existence of periodic orbits in system (ZI])-(42]),
we start by considering the central zone of system (L3)) with ¢ = 0. In this
case a direct computation shows that the solution of ([A3]) starting from an
arbitrary point (g, 3o, 20) for 7 = 0 is given by

o 1 w?coswr —wsinwr 1 —cosT T

x(t)=edT [ 4o | = — wisinwr  w?coswr —wsinwr Yo
w

20 0 0 w? 20
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e —

vl ox=-1 nox=1

Figure 4.3: Structure of periodic orbits for ¢ = 0 in the central zone. The
two solid cones are completely foliated by periodic orbits surrounding the
segment of equilibrium points {(z, 0, zw?)” : |z| < 1}.

If |zo| < 1 then the corresponding orbit is an arc of the ellipse

2z 2
(:c——‘;) y?
e RS w +

20\ 2 y§ 2( _ﬁ)z 2
(0=Z5) +35 o) +4b s
4.6

passing through the initial point. For some initial points we get complete
ellipses in the region |z| < 1 and then we will have that —w? < 29 < w?.

Therefore, the orbits corresponding to solutions (L) of system (L3)) that
are contained for all 7 in the central zone are periodic orbits of system (4.1l)-
([Z2), and define a bounded set completely foliated by periodic orbits. This
periodic bounded set has the shape of two solid cones sharing the elliptic disc
w?z? + y?> < w? in the plane z = 0 as their common basis, see Figure 3,
each one being tangent to one of the planes r =1 and x = —1.

The structure of periodic orbits of Figure [£.3is independent on the values
of t, m and d. For € # 0 and small, most of these periodic orbits will disappear
but some of them could give rise to limit cycles. In this chapter, we analyze

=1, 2=z p,
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the possible appearance of limit cycles from the above set of periodic orbits
for € # 0 and small.

As it is well known, a linear system cannot have limit cycles. So that,
limit cycles must cross the planar frontiers z = 1 or x = —1. If for some
values of parameters there exits a limit cycle living in two zones it will be
called bizonal limit cycle. Analogously, we speak of tri-zonal limit cycles
when they cross the two separation planes. It should be noticed that, due to
the symmetry of the vector field with respect to the origin, non-symmetric
limit cycles should come in pairs, that is, when a non-symmetric limit cycle
exists then there must be its symmetrical one. This is always the case for
bizonal limit cycles.

We use in the sequel the ideas of Chapter 2. Let us consider a tri-zonal
periodic orbit I', symmetric with respect the origin and living in the three
zones of linearity. Therefore, there exists a point Py = (1,40, 20)T = (1,Py)T
in I" located in the plane # = 1, such that when time increases, the orbit will
evolve in the zone x > 1, until it transversely crosses the plane z = 1 at the
point P, = (1,41, 21)7 = (1,p,)7 after time 7. Next the orbit goes through
the central zone until it hits the plane z = —1 after a time 7 at a point P,
which due to the symmetry is —F). Then I' goes through the zone z < —1
from the point P, to the point P; = —P; during a time 75 and finally, after
a time 7¢ it comes back to the point P,, see Figure .4l

Note that at the plane x = 1, the contact line y = T'(e) splits the plane
in two open half-planes, namely the regions where & > 0 (y < T'(¢)) and the
one where © < 0 (y < T'(¢)). Consequently, we must have yo < T'(¢) and
y1 > T'(¢). The symmetry of the system (LI)-([Z2) allows us to determine
the periodic orbit I' by using the half-orbit from P, to P, passing through
Pl-

By the continuity of the flow, it is possible to define in an adequate open
set within the plane x = 1 the functions 7z and 7¢, such that 7z(p,) = P,
and mc(p,) = —P, so that their composition 7y = 7¢ o 7 is the half return
map. We denote by 7g(p,) the time spent by the orbit from Py to P, being
Py = (1,p,) and P, = (1, p,) points with x = 1 in a neighborhood of Py and
Py respectively. Let us call 7¢(p,) the time employed from P to P. See
Figure L5 We denote derivatives with respect to the restricted coordinates
on the plane z =1 as Dpy(+).

Then, if we denote by 7(p,) the total time spent by the orbit to pass from
Py to Py, we conclude that D,7(py) = DpTr(Py) + Dp7c(P1)DpTr(Py)-

The eigenvalues of the derivative D7 at the point p, can be computed
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Figure 4.4: Tri-zonal periodic orbit of system (EI)-(2) and the relevant
points necessary to build the closing equations.

by using the next result which is a particularization of Proposition for
the 3D case and appeared in Proposition 3.2 of [27]. As usual, if a matrix
@ is nonsingular, we say that the matrix QM Q™! is similar to matrix M.
Note that the complete return map II can be obtained by composing m with
another half-return map which, due to the symmetry, is identical to 7, and
so the eigenvalues of I are the squares of the eigenvalues of .

Proposition 4.3 Consider a symmetrical tri-zonal periodic orbit of system

@ED)-E2) starting from (1,D,) and passing through (1, p,) with p,, p, € R
Then the product of the two matrices

(o o Y (§F prted ) - () pr) )

1s similar to the matriz

M = 6ACTC(@1)6ARTR@O) = eACFCeART—R. (47)
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Figure 4.5: Half-return map of system (@I))-([@2) from section z = 1 to
section x = —1.

Before the main results, we rewrite Lemma [3.7] that will be useful for the
proofs.

Lemma 4.1 Let n = £"o(§) with n odd, where ¢ is a real analytic function
in a neighborhood of the origin and such that o(0) # 0. Then there exists a
real analytic function x in a neighborhood of the origin with x(0) # 0 such
that & = n"/"x(n"/").

The next elementary result, which appeared in [73] as Lemma 5, is a
straightforward criterion to assure that the two roots of a quadratic equation
have modulus less than one.

Lemma 4.2 The two solutions of the quadratic equation x* —px+q = 0 are
inside the unit circle if and only if |q| <1 and |p| < 1+ q.

Using the above lemma, the following remark will be used to determine
the stability of periodic orbits of system (Z.1I)-(4.2]).
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Remark 4.1 We note that the matriz M in (A7) has one eigenvalue equal to
—1. We will denote by Ay and Ay the other two eigenvalues of M. Therefore,
if we take p = A\ + Ay and ¢ = M)y, we have trace(M) = —1 + p and
det(M) = —q, and thus the characteristic equation of matriz M is (A +
1)(A2 —pA+q) = 0. Then A\ and Xy are the eigenvalues of the derivative
Dyr, and from Lemma [{.3 both eigenvalues Ay and Xy are inside the unit
circle if and only if

| det(M)| <1 and |trace(M) + 1| < 1 — det(M). (4.8)

Finally, the conditions [A8) are fulfilled if and only if the eigenvalues of the
derivative of the complete Poincaré map 11, \¥ and N3, are inside the unit
circle.

Our first result concerns the possible bifurcation of symmetrical periodic
orbits using the three zones. We introduce a new parameter 6 = d — tw?,
which characterizes the criticality of the bifurcation, in a similar way to what
happens in the cases considered in [7] and [27].

Theorem 4.2 Let us consider system (A1))-([A2]) under conditions ([L4]) where
it is assumed p # 0 and § = d — tw? # 0 and fized. For e = 0 the system
(@) -2 undergoes a tri-zonal limit cycle bifurcation, that is, from the con-
figuration of periodic orbits that exists in the central zone for e = 0, one
limit cycle appears for poe > 0 and || sufficiently small. It is symmetric
with respect to the origin and bifurcates from the ellipse {(x,y,2)T € R3 :
w?z? +y* = w?, 2 = 0}. This limit cycle has period

21 2mp(w? —m)  (14475) P 4653 (62 + w? (m — w?)?]
w * wd et 5w5/358/3

its amplitude in x measured as max{x} — min{z} is

2\ 2/3

P = e840 (¢%),

20

B (2 p%w) 3 [6(21m + 2t% — T2w?) + 48(tw? — dm)]54/3 L0
40 - 181/357/3 ’
and it passes through the point Py = (1,0, 20)T, where

3 5\ 1/3 " o\ 2/3
Yo= — < 7;'?) ) et/? + 3 <—7Tgi; ) e¥3 + 0(e),
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and

 mdpw 3mpwd\ 43 5/3
20 = % a+< % ) Y2+ 0(e?).

Furthermore, the bifurcating limit cycle is stable if and only if t <0, 6 > 0
and d < 0.

Proof In order to determine symmetric tri-zonal limit cycles of system (Z.1])-
([@2), our strategy will be the following. First, we integrate an orbit that
starting from the point Py = (1,0, 20)? stays in the zone z > 1, arriving
to the point P, = (1,91, 21)7, after a time 7. If from P, we integrate the
orbit backwards arriving at —P; after a time —7¢, then due to symmetry of
the problem, we have completed the half of a periodic orbit. This approach
allows the elimination of the coordinates y; and z; from the computation of
the periodic orbit.

The solution of system (A.I])-([4.2) in the zone x > 1 passing through the
point P is determined by

x(T) 1
y(r) | = eART vo | —xF| +xt, (4.9)
2(7) 20

where xI was defined in Proposition Analogously, in the central zone,
integrating backwards system (4.I))-(L2) from P, one obtains the solution

[L’b(T) 1
w(r) | =e | w | (4.10)
2(7) 20

Obviously expressions (4.9) and (ZI0) correspond with orbits of system
(@T)-(E2) only if z(7) > 1 for all 0 < 7 < 75 and |zp(7)| < L forall 0 < 7 <
Tc. By defining the variable w = (7¢, £, yo, 20, 7Tr) and from equations (£9)
and (EI0) we obtain the closing equations G(w) = 0, where

Gh(w) = x(rr) -1,

GQ(W) = ZL’b(’Tc) + 1,

Galw) = ylrw) + w(ro), )
Gyw) = z(1r) + 2(10)-

The system a(w) = 0 constitutes a nonlinear system with four equations
and five unknowns, and its solutions with 7 > 0,7z > 0 and yo < T'(¢)
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for |e| sufficiently small, correspond with periodic orbits symmetrical with
respect to the origin. Of course, it has the solution w = (7/w,0,0,0,0)
which corresponds to the ellipse with 2z = 0, yo = 0 and z¢y = 1 given in
(L8), namely w?z? + y? = w? and z = 0.

The closing equations defined by (@IT]) have the spurious solution branch
ws = (m/w, 0, 1, 0,0) for all u # 0, that does not correspond to periodic orbits
of system (A.I)-([42) because taking yo = p # 0, it is easy to show that

max |z,(7)] = max |cos(wT) — psin(wr)
0<7T<m/w 0<T<m/w w

This spurious solution branch can be removed by just dividing @1 by a hidden
factor 7z and using modified closing equations, defined through the functions

Gi(w) = —Gi(w), Gi(w)=Gi(w), =234 (4.12)

TR

The modified closing equations G(w) = 0, have the same solution set
of ([@II)) without the spurious solution branch. Choosing 7 as bifurca-
tion parameter, we can write the closing equations as G(v,7g) = 0, where
w = (v,7g) and v = (7¢, €, Yo, 20), and we will parameterize their solutions
for v in terms of 7z. The corresponding Jacobian matrix is

0 2—1 -1 0
_ 0 mp/w 0 2/w?
J=DG(v,0)=| - 'OO/ 0 /o , (4.13)
o 0 0 2

where v = (7/w,0,0,0). Since the determinant of (£13) is equal to 2mpw #
0, the matrix J has full rank and we can apply the Implicit Function Theorem
for analytic functions [12], deducing the existence of a function

v(Tr) = (7¢(7r), €(TR), Yo(TR), 20(TR))

in a neighborhood of 7z = 0. The corresponding series expansions, were
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computed using Mathematica [88], as follows

2

7 w?=—m ,
T = ;—TRﬂL 1 Trt
2(15m + 5t* — 9w?) — 6(m* + dt ¢
+w( m+ w?) —6(m?* +dt) +m 5O,
720
w(d—tw?) 5 wld(9w? 4t — 6m) + t(12mw? — tPw? — 15w")]
T T, RT 7207 p i
+0 (7g)
w? tw? 5 w[2(2p—1)(tw? — d) + Tmpw]
Yo = _7TR+ETR+ 247Tp TR+
w?(Tmt — 6d — t3)
+ =0 h+ O (15),
dw? w3 (tw? — d)
20 = —247',?}+ ey T +O(13) .

(4.14)

Defining the parameter § = d — tw?, and assuming in what follows that

d # 0, we can invert the series (7g) applying Lemma [] and taking n = 3,
¢ = Tr, n =¢c. We obtain,

e+0 (54/3).

(4.15)

The variable 7z provides the time spent by the limit cycle in the zone
x > 1. Since this time 7z must be positive for |¢| sufficiently small then the
condition pde > 0 must hold.

Replacing 7z(¢) in ({I4) we obtain the expressions of P = 2 (1¢(¢) + 7r(¢)),
yo(e) and zo(e) given in the statement of Theorem (A2l

The peak-to-peak amplitude of the limit cycle is measured by the dif-
ference between the maximum value reached by the x-coordinate along the
periodic orbit and the minimum one. Let us denote by 7Tgy..: the time for
which z(7) reaches its maximum value x(Trmq.) in the zone with x > 1.
Due to the symmetry of the system (AI))-([42) the minimum value of = in

127p\ /? 7p(0(9w? — 6m + %) + 6tw?(m — w?
() (—w - ) RV H5) 1 6um — o)
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the periodic orbit is —#(7Tgmaz ). Therefore, the needed amplitude is equal to
2x(TRmam>-

In a similar way to what happens for the variables 7, €, yo and zo,
the time T has a series expansion with respect to the variable 7z. The
variable x reaches its maximum value for 7 = Tz, hence the following
equality must hold

T =tx(Trmaz) — Y(TRmae) + T'(e) =t =0 (4.16)
where
x(TRmax) 1
y(TRmax) = X: + eTRmaxAR y()('TR) - X;— . (417)
2(TRmaz) 20(Tr)

From equalities (L14), ([AI6) and (AIT), it is easy to compute the series
expansion of Tgy,qa., namely

TRt o —27d+4mt — 23 , wd s 6
mar — o = e O . 4.18
TR 2 Tor T 5760 "t Sggr, w T OUR) (418)

Using (£I4)) and (£I8) in ([LI7) we obtain the following expansion,

w? w?(15m — 2t?)

A T2+ 1159 T+ O(T),

x(TRmam) =1+

where substituting 7z by 7g(¢) from ([@IH]), and multiplying by 2 due to the
symmetry we obtain the expression of Theorem for the amplitude.

In order to determine the stability of the periodic orbit, we follow Remark
LI We compute the determinant and trace of matrix M using (471, to
obtain

2d dt 2
trace(M) = -1+ (E — t) TR + (E — 5) 7'}2%—‘—
2dp(w? + 2t° — 2m) + W (2tp(w® — 1) = 0) 4
" 12pw? Th+ O (Th) .
and

12 20(t2 = 6) — &
det(M) :1+tTR+—T}%+%
P

5 Tg+0(7'j‘§).
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For |e| sufficiently small, we have 7g(e) also small and positive, so that
|det(M)| < 1 if and only if t < 0, and |trace(M) + 1| < 1 — det(M) if
and only if d < 0 and § > 0. Therefore, using Remark [ ] the eigenvalues
of the derivative of the complete Poincaré map II are inside the unit circle
and then, the bifurcating limit cycle is stable if and only if £ < 0, d < 0 and
0 > 0, and the theorem follows. [

By using Proposition 4.1l we could add a new assertion saying that the bi-
furcating limit cycle is completely unstable (the two characteristic exponents
have positive real part) if and only if ¢ > 0, 6 < 0 and d > 0.

The case § = 0, that is, d = tw?, when d # 0 can be shown with the same
techniques but requires a special treatment.

Theorem 4.3 Assume for system @I)-[@2) under conditions (44) that
p#0, m#w? and d=tw? #0, and fived. For ¢ =0 the system ([AI))-(E2)
undergoes a tri-zonal limit cycle bifurcation. For |e| sufficiently small and
pet(w? —m) > 0 one limit cycle bifurcates from the ellipse {(z,y,z)T € R3:
wiz? +y? = w?, 2z = 0}.

This limit cycle s symmetric with respect to the origin and has period

_ 2m N (2000W3p3(m — w?)?

P
9¢t3w9

1/5
) 35 1 0(e49),
w

its amplitude in x measured as max{x} — min{x}, is

15rpwt \*°
A= 24+ (——5— 2/5
i <4d(w2 — m)) o

(m2p?w3)?/°(39m — 2% 4+ 168w?)
56 - 1201/5 [d(w? — m)]*/*

5+ 0(e),

and it passes through the point Py = (1,0, 20)T, where

1/5 1/5
Yo= — _15mpwT el/s 4 2Bt £2/5 1 O(£3/5)
4(w? —m)t 432(w? — m)?
and
L 125m3t2 pdwtt 1/ 35, TpwW(=9m +t* + 63w?) L O(e)
0 32 -18(w? — m)3 84(m — w?) .

Furthermore, the bifurcating limit cycle is stable if and only if t < 0 and
pe > 0.
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Proof Since the bifurcation studied involves again the three linear zones,
the procedure to detect and analyze these periodic orbits is the same as be-
fore and we can follow step by step the proof of Theorem 2l We arrive
at the closing equations (£I2) for the case § = 0, with the same Jacobian
matrix (LI3]). After applying the Implicit Function Theorem for analytic
functions [12], we can assure again the existence of a function v(7g) =
(1c(Tr),€(TR), Yo(TR), 20(TR)) in the neighborhood of 7z = 0 with the fol-
lowing series expansions

7 w? —m m(t? + 15w? — 6m) — t?w? — Jw!
T = ;—TR—G— 3 T+ . T+ O (18),
tw3(m — w?)
€ = _TWT%_I_O(T}%)’
w? tw? mw? tw?(Tm — t* — 6w?)
o = TRt TR o TRt 720 T+ O (k).

twt 5 tw(t* —6m)

2y = —QTR—F 410 ™+ O0(18).

(4.19)

Since m # w?, we can invert the series £(75) applying again Lemma F.T]
taking now n = 5, £ = 7z and 7 = ¢, so that we obtain

1207 1/5 70)3/5(=51m + 82 + 63w?
Tr(e) = (ﬁ) 51/5+( p)*°( )53/5+O (54/5) .

(W2 —m 21 - 4501/5 [twd(w? — m)]*/*

(4.20)
Since the time 7 must be always positive, the condition pet(w? —m) > 0
must hold.

We obtain 7¢(g), yo(e) and zo(e) replacing 7g(e) in their respective ex-
pressions of (LI9]). Using that the period of the orbit is P = 2(7¢ + 75) we
get the corresponding series given in the Theorem (4.3

Following the same reasoning and procedure employed in Theorem [4.2]
we obtain the expression of the time Tg,q.., Where x reaches its maximum
value (Trmaz ),

t 5 t(4m — 2Tw? — 2t?)

TRmaz = =TR T =~ TR 5760

5 54 7‘% + O(Tg).

PWL differential systems: limit cycles and analysis of bifurcations



4.2. The PWL analogous of Hopf-pitchfork bifurcation 139

The computed expression of (Trmae) is the same obtained in Theorem
up to fifth order in 75, where substituting 7z by 7g(e) from (A20), and
multiplying by 2 due to the symmetry of the periodic orbit, we get the
expression given for the amplitude.

In order to determine the stability of the periodic orbit, we follow Remark
11l again, now obtaining

t2 t(2w? 4+ t* —2m)

trace(M) = —1l+4irp+ 57'}23 + G TH+
t2(4w? + t2 — 4m)
+ 2 Tr+ O (Th),
and
o, ottt s
det(M) =1+trp + 57 + §Trt o+ O (T3) -

For |e| sufficiently small, we have 7g(e) also small and positive, so that
|det(M)| < 1 if and only if ¢ < 0, and we claim that |trace(M) + 1| <
1 — det(M) if and only if m > w?. To show the claim, we write

t2 t(t? + 2(w? —m))

trace(M) = —1 +trg + 57‘}22 + 5 5+ O(1h),

so that

t° t(t? + 2(w? —
trace(M)—Fl:tTR_'__TIz%_'_ ( + (g} m))

5 5 4+ O(73).

If 7 is small enough the above expression is negative provided that t < 0,
and the inequality |trace(M) + 1| < 1 — det(M) is equivalent to

t? t(t* 4 2(w® — t? t°
—tTp — 57'}23 — (# + (;J m))T}% +O(1R) < —tTp — 57'}22 — ET}% + O(1),
that is
t(w? —m)

S v ok <o,
and the claim is shown. Combining the conditions ¢t < 0 and m > w? with
pet(w? —m) > 0, we obtain the stability conditions given in Theorem
and the conclusions follows. ]
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We note that in the degenerate case of Theorem the achieved expan-
sions are analytical functions in the variable £'/°, while in the generic case
of Theorem 2 the expansions were in the variable /3,

In order to analyze possible bizonal limit cycles of system (d1])-(Z2),the
present symmetry imposes that such bizonal limit cycles exist always in pairs,
crossing each one the boundaries x = 1, and © = —1, respectively. So, in
what follow, we are going to study the limit cycle which appears crossing the
plane x = 1, by defining the auxiliary system,

. {ARx+b, if x> 1,
X =

Acx, if v <1, (4.21)

with only two zones of linearity. Of course, only the limit cycles of system
(427)) that are contained in the region = € [—1,00) are also limit cycles of
system (1)-(Z2), representing one of the two members of the pair.

The equilibria of system ([A.21) are the origin in the zone with z < 1 and
x7 in the zone with > 1 (see Proposition .2)). In an analogous way to the
analysis done for the tri-zonal periodic orbits, we consider system (A.21]) with
¢ = 0. Then each solution in the zone with x < 1 starting from an arbitrary
point (zg, Yo, 20)7 for 7 = 0 is given by (&3H), and the corresponding orbit
is an arc of a ellipse with the same expression given in ([A0l). Now, if this
ellipse is completely contained in the region x < 1 then we have 2z < w?.
This family of ellipses completely contained in the region = < 1 generates an
unbounded solid cone C' foliated by periodic orbits.

Note that, this unbounded solid cone can be obtained by extending down
to infinity the upper cone of Figure 4.3 In this case, only the periodic orbits
of system (@2I]) verifying |z| < 1 correspond to periodic orbits of system
D-@2).

As we are going to see, a limit cycle of system ({L.21]) can appear for & # 0
from a periodic orbit of the boundary of the cone C) that is from a horizontal
ellipse with center at (z/w?,0,2)" and z-semiaxis 1 — z/w? So when |¢| is
sufficiently small and 0 < z < w?, we can assure that the first coordinate
of the points of the bifurcated limit cycle is in the range x € (—1,00) and
consequently such limit cycle of system (.21]) is also a limit cycle for system
(@I)-(#2). Furthermore, the symmetry of system (£I)-(2) enforces the
presence of a symmetrical limit cycle, now in the region = € (—o0,1). Thus
the bifurcation to be shown involves the appearance of a couple of twin limit
cycles for system (4.1))-(4.2), each one bifurcating from the boundary of one
of the two cones of Figure 4.3
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First, we provide the auxiliary results which are related to periodic orbits
that live in two linearity zones. In order to detect such orbits, we work with
system (2]]), since every bizonal periodic orbit of system (@T])-(2) not
using the left zone, is also a periodic orbit of system (Z21).

Let us assume for system (£.21]) that a periodic orbit 2 starts from a point
Py = (1,90, 20)7 = (1,py)" at the plane x = 1, going into zone z > 1 and
reaching a point P, = (1,y1,21)7 = (1,p,)7 after a time 7z. The periodic
orbit © continues from P, and returns to the plane # = 1 at Py employing a
time To. See Figure

By the continuity of the flow, it is possible to define in an adequate open
set within the plane x = 1 the functions 7z and 7¢, such that 7z(p,) = P,
and mo(p;) = Py and their composition 7 = 7o o wg is the complete return
map. We denote by 7r(p,) the time spent by the orbit from Fy to Py, being
Py = (1,py) and P, = (1, p,) points with 2 = 1 in a neighborhood of P, and
Py respectively. Let us call 7¢(p,) the time employed from P; to P,. We de-
note derivatives with respect to the restricted coordinates on the plane z = 1
as Dp(+). Then, if we denote by 7(p,) the total time spent by the orbit to pass
from Py to P,, we conclude that D,7(py) = Dp7r(Py) + Dp7e(P1) Dpmr(Py)-

The eigenvalues of the derivative D, at the point p, can be computed
by using the next result, which is a particularization of Proposition for
the 3D case and appeared in Proposition 3 of [7].

Proposition 4.4 Assume that system ([A21)) has a periodic orbit transversal
to the plane x = 1 through the points (1,py)" and (1, ;). Then the product
of the matrices

(o o Y (5 g )= (4 ) )

1s similar to the matriz

M = eAcTe(P1) o ARTR(P0) — AcTC ARTR (4.22)

The following remark, analogous to Remark [4.] is used to determine the
stability of periodic orbits.

Remark 4.2 We note that the matriz M in [L22) has one eigenvalue equal
to 1. We call A\ and X\ the other two eigenvalues. Writing p = A\ + Ay and
q = M2 we see that trace(M) = 1+ p, det(M) = q and the characteristic
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r=1

Figure 4.6: Bizonal periodic orbit of system ([£2I]) and the relevant points
necessary to build the closing equations.

equation of matriz M is (A — 1)(A\? — pA + q) = 0. Thus A\; and Xy are the
eigenvalues of the derivative Dpm and from Lemma[4.9 both eigenvalues A\
and Xy are inside the unit circle if and only if

|det(M)| <1 and |trace(M) — 1] <1+ det(M). (4.23)
We summarize our results in the following theorem.

Theorem 4.4 Assuming conditions [@4) with p # 0, 6 = d — tw? # 0,
dp+0 #0 and
d 2
P o W2,
dp+ 96

and fized, system (A21)) undergoes a bizonal limit cycle bifurcation for the
critical value € = 0. Thus, a limit cycle exists when pée > 0 and |e| is
sufficiently small.

z =
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The limit cycle bifurcates from the ellipse

A 2
)
Zl’f——2 2
d Y —1 (4.24)

its period is

ooy (5767%) 2% 62 + w? (m — w?)’
P:2_7T_27Tp(m w)€+ [ }

5340 (7/3
o S0 5(5% pud)1/3 elP+0 (%),

its amplitude in x measured as max{x} — min{z} is

20 2dp°3 (37w?)¥3 [2(d — mt) — 56]

A= e 10 ('),
dp 49 562/ (dp + ) (=)

and it passes through the point Py = (1,0, 20)T, where
1/3 1/3
o — _(3%52pw5) / s (m25p°wt) 3y

2/3 4/3
dp+ 46 31/3(d,0+5)€ +O(E),

and

(92 p°w N 3d[36 + 2t(m — w?)]
562/3(dp + 0)?

The limit cycle is stable if and only if t <0 and p >0, ort =0, p > 0 and

d(2p—1) <0.

2= 2+ e¥3+0(e).

Proof In order to determine limit cycles of system (4.21]) that live in two lin-
earity zones, we integrate the orbit that starts from a point Py = (1, o, 20)%,
staying in the zone x > 1 arriving to the point P, = (1,y, 21)7 after a time
Tr. If starting from Py, we integrate backwards in the zone z < 1 arriving at
P, after a time —7¢ then we have completed a periodic orbit. The solution
(2(7),y(7), 2(1))T of system ([@ZI)) in the zone x > 1 passing through the
point Fy is again determined by (4.9).

In the same way, the backward solution (x4(7),4s(7), 25(7))T of system
([Z21]) starting from Py is given again by (4.10). By defining the variable w =
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(1c, €, Yo, 20, TR), We obtain the corresponding closing equations ﬁ(w) =0,
where

Hy(w) w(Tr) = 1,

Hy(w) = ay(1c) — 1,

Hy(w) = y(7r) — w(70),
a(w) = 2(mr) = 2(70)

System ﬁ(w) = 0 constitutes a nonlinear system with four equations and
five unknowns, and its solutions with 7¢ > 0,7 > 0 and yy < T'(¢) for e
sufficiently small, correspond with periodic orbits of system (£21]), whenever
z(r) = 1forall 0 <7 <7 and x(7) < 1 for 0 < 7 < 7.

The above system has the solutions w = (27 /w, 0,0, z,0) for all z < w?,
which correspond to ellipses with the same expressions (L0l with zp = z,
Yo = 0 and g = 1. From all this ellipses, which are tangent to the plane x =
1, we are going to study the possible bifurcation leading to the existence of
limit cycles when € # 0 and small. As we are going to show, such bifurcation
appears from specific ellipse for a certain value z = 2, to be later determined.

Apart from the above solutions, for all z < w? the closing equations have
the spurious solutions branch w, = (27/w,0,v, z,0) for all z < w? and for
any v # 0, that does not correspond with periodic orbits of system (421l in
a similar way to what happens in the proof of Theorem [£.2l This spurious
solutions branch can be removed dividing H; by 7z and defining the modified
closing equations, through the functions

Hy(w) = aHl(w), Hi(w) = Hi(w), i=234.

Choosing 7r as bifurcation parameter, we write the closing equations
as H(v,7r) = 0, where v = (7¢,¢, 90, 20) and we parameterize their solu-
tions for v in terms of 7z. The Jacobian matrix at the point (v,0) with
v =(271/w,0,0, 2), is

0 2p—1 -1 0

2 1
0 —”(’H; z—p) 0 0

L=D,H(v,0) = ) w w

w®—z 0 0 O

2T
0 -z 0

w
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Since the matrix L has not full rank, we can not apply the Implicit Function
Theorem and we will use the Lyapunov Schmidt reduction procedure, see

3]

Assuming z # w? the rank of matrix L is equal to three and the image
(L) of the corresponding linear map is generated by the vectors

T T p+1 g
(1,0,0,0) ,(0,0, 1,0) , 1 0,p— 5 2,0,z ,
w

while, ker(L), the kernel of L, is generated by the vector (0,0,0,1)%. We de-
compose the space R* as a direct sum of the subspace (L) and its orthogonal
complement §(L)*, which is generated by the vector (0,w?z,0, z(p + 1) — pw?

The orthogonal projection matrix onto (L)* is

)T

0 0 0 0
110 22wt 0 20%(z(p+1) — pw?)
CQ%(L)l - ﬁ 0 0 0 0 )

0 2w’(2(p+1) = p?) 0 (2(p+1)— pw?)?

where 0 = \/wz2 + (2(p + 1) — pw?)?, and the orthogonal projection matrix
onto (L) is obviously Qg(zy = I — Qg(r)+-

Note that the vanishing of H(v, 7z) implies the vanishing of its two pro-
jections onto (L) and I(L)*. The condition Qg H(v, 7) = 0 leads to

(0% = 22) H - zg;(z(p SRR LT I
—2w?(z(p+1) — png)Hg + 22wiH,
while the condition Qg )L H(v,7r) = 0 is
0
22wiHy + zw2(zé,0 +1) — pw?)Hy o,

2w (2(p+1) — pw?)Hy + (2(p+ 1) — pw?)?Hy

and taking into account that the second row of this last expression is linearly
dependent on the fourth row, we arrive after reducing non-vanishing factors
at the reduced equation

9(2,7r) = 2w’ Hy + [2(p + 1) — pw?] Hy = 0. (4.26)
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Analogously, the second row of expressions (£.27]) is linearity dependent on
the fourth row, so we can remove the such row and define after removing
non-vanishing factor, the vectorial function ®(v, 7g) such that

(I)l(V, TR) = Hl(V, TR),
Py(v,1r) = (2(p+ 1) — pw?) Hy — 2w? Hy,
@3(V, TR) = Hg(V, TR),

so that system

®(v,7) =0, (4.27)

is equivalent to (A.23]).

The decomposition R* = ker(L) @ ker(L)* leads to v = (7¢, €, y0,0) +
(0,0,0, z5). We define the new variables 7, = 7¢ — 27 /w and z;, = 29 — 2, s0
that v = (27/w, 0,0, 2)+(V, 2;,) where V. = (75, €, o). In the new variables we
can write the system (L27) in the form ®(v, z;, 7z) = 0 with ®(0,0,0) = 0.
The Jacobian matrix of ® evaluated at (v, z,, 7g) = (0,0, 0) is equal to

0 2p-1 -1
D;®(0,0,0) = 0 2ro?/w? 0 |,

w2 —z 0 0

and its determinant is different from zero if z # w?.

Now, the Implicit Function Theorem for analytic functions, see [13], can
be applied if 2 # w?, leading to the existence of the vectorial function
V(zn, Tr) = (Th(2n, TR), €(2h, TR), Yo(2n, TR) ), such that equation
®(v(zn, Tr), 2n, TR) = 0 is fulfilled. Once the existence of analytic function
V(zp, Tr) has been assured we can determine the first terms of its series ex-
pansion.

These series can be computed assuming undetermined coefficients in the
form

Tc = Q10TR + apl1<n -+ A11TRZh + CLQOT}% + CLOQZ}% + -

19 = blOTR -+ b012h -+ bllTth + 6207’}22 + bogz}% + -
_ 2 2

Yo = C10TR + Co12h + C11TRZh + CQ(]TR -+ C(]QZh + -

Substituting these expressions in equation (£.27)) and solving term by term
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for each order in variables 7z and z, we obtain

2 1

Tc(2h, TR) = g —Tr+ ET}% (w2 —m) + h.o.t.,
w3 (W —=2)[t((p+ 1)z — pw?) + dzw?

e(zn,TR) = Y= 75 +hot., (4.28)
z—w? (w2 —2)t 2

Yo(zn, TrR) = 5 TR + B T+ 5 TR + h.o.t.

We substitute these series in the reduced equation ([£.26]), obtaining
1
9(zn, TR) = Ezwz(z — w?)(—dz — dzp + tzw® + dpw?) Ty + h.o.t.

Defining the parameter § = d —tw? and assuming in what follows that & # 0,
the above equation only can have solution for 75 # 0 if we choose as the
initial value for € = 0, the value z = 2, where

dpw? dpuw?

(p+1)d—tw? dp+0

5
which is well defined and different from w?, from the hypotheses. Taking now
z = Z the new expression for g(zy, Tr) is

w26 (t + dw?)(dp + §)?
9(z2n, TR) = Eﬂ%zh - 12(2 + 12) po? Thah—

(4.29)
dpow® [58 + 2(mt — d)]
C 240(dp + )2

7 + h.o.t.,

and for 7 # 0 we can remove the factor 73. Now, since § # 0, a new

application of the Implicit Function Theorem leads to the existence of a
function zj, = ((7r) such that g(¢(7r), 7r) = 0. The series expansion of such
function ((7r) has the form

C(TR) = leR + dg’T}% + O(’T}%)
Introducing this series in (£.29)) and solving for each order in 7, we obtain

dpwt (35 + 2mt — 2tw?)

C(TR) = 20(dp + 5)2 Th + 0(7—}32)
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Given that z = zy — zp,, we substitute z;, = ((7g) in ([@28)) obtaining the
following series expansions,
27 m — w?

- - _ 3
[ T

t2(m — w?) — 6m? — 65 + 15mw? — 9u)47_1Ejz L O(h),

720

. wo LY [6m (0 — tw?) — 2§ — 9dw? + 6tw4)]7_5 oY)

 Ump B 14407p " R

w2 tw? )
Yo dp =) " iy ey n T OR)
_dpwt [30 4 2t(m — w?)]
20 = Z+ 20(dp + %+ O(73).
(4.30)

Since § # 0, we can invert the series (7g) applying Lemma 1] by taking
n =3, & =7 and n = . We obtain,

1/3
ma(e) = 26mY (L) et

(4.31)
+27rp [6(t2 — 6m + 9w?) + 6tw?(m — 1)]
15wd?

Since the variable 7z provides the time spent by the limit cycle in zone
x > 1, this time 75 must be positive and the condition pde > 0 must hold.

By replacing 7r(e) in expressions of (£30) we obtain the expressions
To(€), yo(e) and zo(e).

The peak-to-peak amplitude of the limit cycle is measured as before, but
now we cannot exploit the symmetry. Let us denote by Tgm.. the time for
which z(7) reaches its maximum value z(Tgma,) in the zone with = > 1,
and by Trmin the time for which x(7) reaches its minimum value z(7Tgymi,) in
the zone with x < 1, so that, the amplitude is equal to Z(Trmaz) — T(TRmin)-
Thus, equalities (A.I6]) and (ZIT) apply to this case, and we can also compute
a series expansion in the variable 7z for Trna.. We get

e+ O(g?).

TR t
Thmar = 5 + ﬂﬁé +O(13). (4.32)
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Using (4.30) and (£32) in (£I7) we obtain the expansion

T(TRmaz) = 1 + O(Tg).

Analogously, the time 7Tg,,;, has a series expansion in the variable 7p.
Since the variable x reaches its minimum value for 7z = Tgmin, the following
equality must hold

T = T(‘g)x(TRmin) - y(TRmin) - 07 (433)
where
Z(TRmin) 1
Y(TRmin) = exp (—TrminAc) | voltr) |- (4.34)
2(TRmin) 20(Tr)

From equalities (£30), (£33) and ([@34), the series expansion of Ty, is,

t

127‘,2% + 0(7'1?%). (4.35)

m TR
TRmin = — — — T
w 2

Using ([£30) and (£37) in ([@34) we obtain the expansion,

_dp—0  dpw*[2(d —mt) —59] 5
W Trmin) = 3775 0@ptoE  r T OUR)

Substituting 75 by 7r(g) from ([@31]) and computing A = 2(Trmaz ) —Z(TRmin),
we arrive at the expression of Theorem [4.4] for the amplitude.

Using that the period of the orbit is P = 7¢ + 7 and ([@30)), we easily
get its series.

In order to determine the stability of the periodic orbit, we follow Remark
1.2] and we compute the determinant and trace of matrix M using ([L.22) to
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obtain

t? 6(2p—1)+2t°
trace(M) = 3+tTR+§}2%+ 2 12)+ p7_13;5+
p

+27rd [p(2tw? — &) — 0] + dw3(1 — 2p) ,

24w pw? TR
t(mtp(t? — dw?) + (2p — 1)w?))
+ Samp TH+O(12) (4.36)
t? 5(2p —1) + 23
det(M) = 1+tTR+§T}%+ (2 12)[) Priy
t(t3p + 4pd — 26) + dw(1 — 2p)
+ 24mp T + O(T5).

We analyze first the case t # 0. For e sufficiently small, we have 7x(¢)
also small and positive, so that |det(M)| < 1 if and only if ¢ < 0. Using
(436)) in the additional required condition to get stable limit cycles, that is,
[trace(M) — 1| < 1+ det(M), we need the inequality

d(dp+9)

> 0. 4.37
p (4.37)

The hypothesis 2 < w? implies

dp

1.
P

Now, we distinguish two cases. Assume first that dp+6 < 0. Then dp > dp+0
and so 0 < 0, and then (Z37) is equivalent to p > 0. If now we consider
dp + 6 > 0 then we have dp < dp + ¢ and so § > 0. Again we get as before
the equivalence of (£37) and the condition p > 0.

Now, if we consider t = 0, then § = d and from 2 < w? we obtain

p

— <1,
p+1

that is, we need p > —1. We analyzed first the inequality |[trace(M) — 1| <
1 + det(M) what it is equivalent to p(p 4+ 1) > 0. Since we require p > —1,
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we also need p > 0 for stability. If we consider now the condition for stability
| det(M)| < 1, we will require dp(2p—1) < 0, which gives rise to the inequality
d(2p — 1) < 0 provided that p > 0.

After this reasoning, using Remark [4.2] we can conclude that the eigen-
values of the derivative D,7 of the Poincaré map 7 are inside the unit circle,
that is, the last assertion of this theorem holds. [

As suggested before, this result about system (L.2I) can be transferred
to the original system (EI)-(#2) in the case 0 < 2 < w?, as follows.

Theorem 4.5 Assume for system ([LI)-2) under conditions ([@4) that

dpw? 9

p#0, §=d—tw*#0, dp+6#0 and 0 < 2 = < w?,
dp+ 06

and fized. Under these hypotheses a bizonal limit cycle bifurcation takes place
for the critical value € = 0. Thus, a symmetrical pair of limit cycles appears
when pde > 0 and |e| is sufficiently small. They are stable if and only if
t < 0and p >0, ort =0, p>0and d2p—1) < 0. Their periods
and amplitudes are provided in Theorem[{.4 One limit cycle passes through
(1,v0, 20)T and its symmetrical one passes through (—1, —yo, —20)T with yo,

2o giwen in Theorem[{.4)

Proof Since 0 < 2 < w?), the proof of Theorem follows directly from the
comments before the statement of Theorem [4.4] [

The following result summarizes the information provided in Theorems
and about the existence and stability of limit cycles when both theo-
rems simultaneously apply.

Corollary 4.1 Assume for system (@I)-@2]) under conditions ([@4) that

d
P

§ =d — tw? dp+ 0 d
p # 0, w*#0, dp+9#0 an 0<dp+5 ,

and fized. Then, for pde > 0 and for |e| sufficiently small, there exist one tri-
zonal limit cycle and a symmetrical pair of bizonal limit cycles. Furthermore,

(i) ift=0, p>0 and d(2p — 1) < 0 the tri-zonal limit cycle is unstable
and the bizonal ones are stable.

(ii) ift <0, p<0,d <0 and d > 0 the tri-zonal limit cycle is stable but
the bizonal ones are unstable.
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! -1
0
1
-

Figure 4.7: Limit cycles of system (Z1)-(£2) under conditions (L4 deter-
mined by Theorem and Theorem that exist for p = —1, ¢ = —0.2,
w=1,1t=—-2 m=2and d = —1. The tri-zonal limit cycle which appears
in the center of the figure is stable, and the bizonal symmetrical ones are
unstable. On the double cone, that exists only for ¢ = 0, there appear in
thin line the ellipses where limit cycles have bifurcated from. The equilibria
of external zones are stable.

(iii) ift <0, p>0butd >0 ord <0, the tri-zonal limit cycle is unstable
and the bizonal ones are stable.

(iv) if t > 0 all the limit cycles are unstable.

Just to illustrate the above results, we include some numerical examples.
First, we consider system ({I))-(@2) and @) with p = —1, ¢ = —0.2,
w=1,t= -2 m=2and d = —1. Here note that 6 = d — tw?> = 1 > 0,
and Z = 1/2 < 1. We show in Figure 7] the three different limit cycles
predicted by our results, which have been obtained by direct computation
and the double cone that existed for € = 0. The tri-zonal limit cycle is the
predicted by Theorem [£.2] being stable. As predicted by Theorem [4.5], other
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Figure 4.8: Limit cycles of system (II)-(2]) under conditions (L4 deter-
mined by Theorem and Theorem that exist for p = 1, ¢ = —0.01,
w=1,1t=-2 m=2and d = —3. The tri-zonal limit cycle which appears
in the center of the figure is unstable, and the bizonal symmetrical ones are
stable. On the double cone, there appear in thin line the ellipses where limit
cycles have bifurcated from. The equilibria of external zones are stable.

two limit cycles bifurcated from the marked ellipses on the double cone and
they are unstable. From Proposition [4.2] apart from the origin we have two
equilibrium near the vertices of the cones, which are stable.

Now, if we consider system (ALI)-(Z2) and (@) with p = 1, ¢ = 0.1,
w =11t = -2, m = 2 and d = 1, three different limit cycles are also
detected. Here 6 = 3. The tri-zonal one, predicted by Theorem 2] is
unstable and the two bizonal limit cycles, predicted by Theorem 3] are
stable. From Proposition [£.2] the positive sign of d implies the existence of
two equilibria with |z| > 1, which are unstable.

Finally, as a third example, we consider system (.1)-(£2) and (£4)) with

Elisabet Vela



154 Chapter 4. Three-dimensional PWL dynamical systems

Figure 4.9: The periodic orbits in the vicinity of the upper equilibrium point
forp=1,e=-001,w=1,t=—-2,m=2and d = —3, as in Figure[L.8 We
show a new unstable periodic orbit, numerically detected which is between
the stable equilibrium and the stable periodic orbit predicted by Theorem
4.5

the values p = 1, ¢ = =001, w = 1, t = =2, m = 2 and d = —3. Now,
d=—-1<0and Z=3/4 < 1. From Theorem 2 and L1 for these parameter
values three limit cycles also exist, appearing in Figure [1.8 The stability of
the bifurcating limit cycles is the same that in the previous example, but now
the equilibria of the external zones are stable because the Hurwitz conditions
are fulfilled (t <0, d < 0, mt —d < 0). Since we have that the bizonal limit
cycles are stable and the isolated equilibria are also stable, it is natural to
look for new invariant objects, between each nontrivial equilibrium and the
nearest stable bizonal limit cycle. Thus, the invariant manifolds of these
new objects should allow to organize the different attraction basins. In fact,
after some numerical computations, we have detected a new pair of small
unstable limit cycles, each one very near each nontrivial equilibrium point,
see Figure L9 We conjecture that these new periodic orbits also bifurcate
for ¢ = 0 and thus, the total number of periodic orbits related with the
fold-Hopf bifurcation should be at least five. The analysis of this conjecture
requires specific techniques and will be the aim of a future work.
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4.3 A Hopf-pitchfork degeneration

In this section we tackle the degenerated case of the Hopf-pitchfork bifurca-
tion (see [70]), analyzing what happens near 6 = 0, which requires td > 0.
We use the parameters of the central zone to characterize this bifurcation,
and since § = d — tw? we choose w as the second bifurcation parameter,
working in the parameter plane (¢,w). In this plane, as we already know,
the Hopf-pitchfork bifurcation takes place at the straight line e = 0. On this
line, ¢ vanishes at the point

(60, w.) = (0, \/aT/t> . (4.38)

We introduce the critical parameter deviations ¢ = e—¢, = ¢ and © = w—w,
to place the critical point (e,,w,) at the origin of the new parameter plane
(¢,w). From the proof of Theorem [1.2] we know (see Section 4 of [77]) that
there exists a symmetric periodic orbit using the three zones of linearity and
with a flight time 75 in the external zones, for the values of € satisfying

~ * + 0 d - t * + )2

o @t BP)

127p
N (wi + @) [d(t* — 6m) + (wi + ©)*(9d + 12mt — 3 — 15t (w, + @)?)]
720

7'}53+
+O(78),

which can be seen as the local definition of a surface in the space (&, @, 7g).
In each point of the above surface we can assure the existence of a periodic
orbit near the critical ellipse I' that exists for (¢,0) = (0,0). To analyze the
above expression near the critical point (£,0) = (0,0) we substitute d = tw?
and write

2

. i ~2\\ 3 (w2 — m)tw} -\ .5 6
€= (—%w +O(w )) Th + (Tﬂp + O(u))) Th + O(1R). (4.39)

Disregarding higher order terms, we obtain the equality

tw?

67p

. (m — w?)tw?

e+

To determine the number of positive solutions in 7 of (£40), we enunciate
the following auxiliary result.
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Figure 4.10: The graph of function A for statements (d) and (e) of Proposition
with different values of by.

Proposition 4.5 Consider the function h(z) = by +bsx>+bsx®, and assume
bs # 0. Then, the number of non-negative solutions of equation

h(z) =0, (4.41)
behaves as follows.

(a) For by =0, the equation always has the zero solution, it has no positive

solution if b3bs > 0 and it has the solution x = \/—bs/bs > 0 when
bgb5 < 0.

(b) Forbs =0, the equation has no positive solution if bobs > 0, having one
positive solution for bobs < 0.

(c) If bobs > 0 and bybs > 0, there are no positive solutions.
(d) If bobs < 0, there is only one positive solution.

(e) When bobs > 0 and bybs < 0, the following cases arise after defining in
the parameter plane (by, bs) the expression

2 [ —3bs\*?
hu(bo,bs) = bo + =by [ —22) . 4.42
(bo, b3) 0+53<5b5) (4.42)

(1) If boh.(bo, bs) < 0, then equation (LA has two positive solutions.
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(ii) If hi(bo,b3) = 0, then equation ([AAI]) has only one positive solu-
tion, namely x = \/—3bz/5bs.

(iii) If bohs(bo, bs) > 0, then equation ([LAI)) has no positive solutions.

Proof Statements (a) (b) and (c) are trivial.

Under hypotheses of statement (d), as there is one sign variation in the
coefficients of h(z), there exists only one positive solution from Descartes
Rule of signs.

In statement (e), it is easy to check that b3bs < 0 and function h(z) has
only one local extremum for x, = y/—3b3/5b5 > 0, where h takes the value
given in ([£42). Since h"(x.) = —6bsz,, the extremum is a minimum point
for b3 < 0, and a maximum point for b3 > 0. Furthermore, for b3 < 0, h(x) is
monotonically decreasing in [0, x,) (increasing for b3 > 0) and monotonically
increasing (decreasing for b3 > 0) in (x,, +00) since I/ (z) = x?(3b3 + 5bsz?)
has constant sign in these intervals.

Hereinafter we assume by > 0, being the case by < 0 completely analogous.
Thus, in statement (e)-(i) we have h, (b, b3) < 0, so if b3 < 0 then h(z) has a
global minimum point in [0, +00) for = x,, with h(z,) = h.(by, b3) < 0. It
is easy to deduce that there are exactly two solutions with x > 0 for equation
EA1).
In the case (e)-(ii), the condition h,(by,bs) = 0 implies h(x.) = 0, and
this point is unique due to the monotony of h(x) in [0, z,) and (x, +00).

In statement (e)-(iii), as by > 0, b5 > 0 and by < 0, h(x) has a global
minimum in [0, +00) for x = x,, being h(z.) = h.(bo, b3) > 0, so h(z) has no
zero with z > 0. ]

In Figure we show the graph of function h(z) according to different
situations of statements (d) and (e) of the above proposition by moving the
parameter by. In Figure 11l the number of positive solutions of ([AA4T]) for
different regions of the parameter plane (by, b3) is represented for the case
bs > 0, where the change from two positive roots to none happens at the

curve
b2, (=30
0 — 5 3 5b5 )
with b3 < 0.

The following theorem is the main result of this section.

Elisabet Vela



158 Chapter 4. Three-dimensional PWL dynamical systems

by

Figure 4.11: Number of positive solutions of (£41]) in the parameter plane
(b(), bg) for b5 > 0.

Theorem 4.6 Assume p # 0, td > 0 and m # w? for system (@&I)-[E2)
under conditions ([@4)). Consider in the parameter plane (£,&) a sufficiently
small neighborhood of the origin. This neighborhood is crossed by the straight
line € = 0, where the PWL Hopf-pitchfork bifurcation takes place. For pa-
rameter values in such neighborhood, and regarding the number of periodic
orbits within a tubular neighborhood of the critical ellipse T', the following
statements hold.

(a) In the region of the (£,0) plane where condition pt(m — w?)é < 0 holds,
there exists only one limit cycle born from the PWL Hopf-pitchfork
bifurcation.

(b) In the region of the (£,&) plane where condition pt(m — w?)Eé > 0 and
within the zone where ptéw > 0, there are no periodic solutions.

(c) In the region of the (£,&) plane where condition pt(m — w?)é > 0 and
within the zone where ptéw < 0, there is a curve in the plane (&, )
with local expression

- —1 twio ( 120
ESN
Wi (

3/2
)) + 0(@*), (4.43)

" 157 p w2 —m

so that there are two periodic orbits when € is between gy and zero,
only one if € = Egn, and no periodic orbits otherwise.
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Proof To prove this theorem, we consider equation (£40). We study this

equation in a neighborhood of (£,&,75) = (0,0,0) small enough. We can

assure that the number of solutions of equation (Z40) with 7z > 0 is equal,

when m # w?, to the number of periodic orbits of system ([@I]) that bifurcate
from the critical ellipse I" in a neighborhood of (£,&) = (0, 0), see [77].

If we denote the coefficients of equation (4.40)
2~ 2\4, 13
bo = &, by = %”T*;’ and by = —(mlzg";;t“*,

given that w, > 0, by its definition, we can observe that

sgn(by) = sgn(é),
sgn(bs) = sgn(tpw), (4.44)

sgn(bs) = sgn(tp(m — wi)).

Since from our hypotheses we have b; # 0, we can neglect higher order terms
in determining the local number of solutions of (£40) and apply Proposition
using the above expressions for by, b3 and bs. The statement (d) of this
proposition implies that equation ({40) has only one positive solution when
bsé < 0. Taking into account the equalities (d.44)), this condition is equivalent
to pt(m —w?)é < 0, so that under this hypothesis and for points of the plane
(€, @) sufficiently near the origin, equation (4.39) also has a unique positive
solution. Then the statement (a) of Theorem [0l is proved.

Using equalities (£44]), the conditions bsé > 0 and bgé > 0 are equivalent
to pt(m — w?)é and ptéw > 0, so that from statement (c) of Proposition E5]
equation (£40) has no positive solutions and statement (b) of Theorem
is proved.

If bs¢ > 0 and b3é < 0, statement (e) of Proposition assures the exis-
tence of a curve h*(by, bs) = 0, where the number of solutions changes by two.
From (£42), a first order approximation of such curve, in a neighborhood of

(bo, bg) = (0,0), iS
2/ —3b3\*?
b= —2bs < 5553) . (4.45)

Thus, using [EZ) and assuming pt(m — w?)é > 0 and ptéo < 0, we
can deduce the existence of a curve in the plane (£,&) where the number of
positive solutions of ([A39) is equal to one, establishing the transition from
two solutions to none. Substituting the values of by, b3 and b5 in (d45]), such
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curve is given locally by the expression

—1to [ —120 \*? ;
“on = - ). 44
=g (Goem) OO (448)

The condition byh*(by, b3) < 0 of Proposition 1] (e.i) written in the variables
¢ and @ near the origin translates to

(5 —Egn) < 0.

Then, for £ between zero and the value gy given in (£.40]), in a neighborhood
of (¢,0) = (0,0), equation (A39) has two positive solutions corresponding to
periodic orbits. The remaining cases of statement (c) follow in a analogous
way. Theorem is proved. [ ]

We emphasize that around the origin, in the parameter plane (£,@), the
unfolding is very similar to the one appearing in the generalized Hopf bi-
furcation of differentiable dynamics. The analysis of this section, which will
appear in [75], advances the analysis made in [77]. Future work should be
directed to complete this analysis by considering the excluded case m = w?,
which corresponds to a higher degeneracy.

4.4 Examples for PWL Hopf-pitchfork

In this section we take some electronic oscillator as a benchmark in looking
for practical devices where the PWL Hopf-pitchfork bifurcation can appear.

4.4.1 Realization in a generalized Chua’s circuit

Here, we consider the generalized version of Chua’s circuit that appears in
Figure (a), where a negative resistance device Ry has been introduced
with respect to the standard model (see for example [45]). To obtain more
information about negative resistance devices, see [13].

The state equations of the circuit of Figure are (see [14])

dv 1

o = o lG—u) = fe)]

d 1 ,

% - @[G(Ul — Ug) +Z3],

di 1 :

T = L (vt Riy), (447)
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YV =

Ry

(a)

Figure 4.12: (a) Generalized version of Chua’s circuit, including an extra
negative resistance device Ry apart from the nonlinear resistance device NL.
(b) Detailed circuit of the NL device.

where v; and vy are the voltages across the capacitors C and Cs, i3 is the
current through the inductance L, the main conductance is G = 1/R, and
the function

Fo1) = Gy + % (G — G {|vr + E| — |1 — E|} (4.48)

models the relevant part of the v — ¢ characteristics of the nonlinear resistor
NL. The symbol E stands for the saturation voltage of the operational am-
plifiers in the implementation of the non-linear conductance NL, see Figure
(b). This characteristics is responsible for the appearance of multiple
equilibria. In fact, after some algebraic manipulation, the existence of non-
trivial equilibrium points is equivalent to the existence of solutions for the
equation

G

TTrory W)

The slopes
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AN 1+ GRy

G

Figure 4.13: Current-voltage characteristic of the nonlinear resistance NL
and the graph of the straight line i = —(Gv)/(1 + GRy).

characterize the inner regions where the circuit works, see Figure .13 It
must be emphasized that there exist other two more external passive zones
represented which are not used at all. In fact, it is usual to represent only
the three innermost pieces of the characteristic of Figure

Note that the dynamics in the circuit is governed by three linear systems
which globally define a continuous piecewise linear vector field with three
linear regions.

As suggested in [45], we may write Chua’s circuit equations (£47) in
normalized dimensionless form by making the following change of variables

U1 Vg 13 e
— ==, 2=—==, T=—.
g YT E EG’ s

Tr =
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Thus, we get

du aly—br—(b—a)], z<-—-1,

7= = \ ely—az, 2| <1,

T aly—br+(b—-a), z>1,

dy (4.49)

-V = x_y_l_za

T

z

== —ty-9z
where

Ga Gb Cg 02 RNC2
1 p=14 2 =22 - — .

a +G,b +G,a Cl>0,ﬁ LG2>O,7 TG <0

In this way, each set of circuit parameters has an equivalent set of five nor-
malized dimensionless parameters {a, b, a, 3,v}.
The linear matrix governing the dynamics n the central zone is

—aa o 0
Ac = 1 -1 -1 ,
0 -8 —v

and the coefficients of the characteristic polynomials in each linear zone are
expressed as follows

= —aa—7v-—1,

a(y+1la—a+ G+,

ofy ~ (3-+7)a),

1 (4.50)
ay+Db—a+ G+,

= aly = (B+)0),

where capital letters correspond to the region with |z| < 1.
The observability matrix turns out to be

Sy vz
I

1 0 0
O=1| —ab @ 01,
o’ —a’b—a «

so that for v # 0 the observability condition holds, see Chapter 2. Thus,
there exists a linear change of variables putting the system in the canonical

form (A.1))-(42).
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In looking for the Hopf-pitchfork bifurcation, we need to check, apart
from the hypotheses of different theorems, the feasibility of conditions (£.4]),
or in other words that it is possible to move parameters of the circuit in such
a way that for € in a neighborhood of 0 the desired eigenvalue transition
occurs. Therefore, for all € in a neighborhood of 0 the mentioned conditions
must be satisfied, namely

Ey = (2p—1)e+aa+~v+1=0,
By = W +p(p-2)—aly+1)ata—-pF—7=0, (4.51)
By = e(p’® +w?) +aly— (B+7)a] =0.

In what follows we assume b # a, otherwise the model becomes linear, and
we write a(e), B(e) and 7y(e) for the functions satisfying (A5I)).
To avoid square roots, we introduce a new auxiliary parameter v > 0,
such that
¥ =1-a—adw?=1—a(l +aw?), (4.52)

and taking ¢ = 0 in the three equations of ([£5]]) and looking for positive
values of a, we get

aw=a0) = T,
s=po) = Llzamy) (1.53)
w=nl0) = =L

a

We see that oy > 0 requires v > 1, and from [52) we need a(1 + aw?) < 0,
finally arriving at the condition

1
—— <a<0.
w
Under this condition, we have
l<v=v1-a—-adw?<V1-—a,

along with

l—a—v>1l—a—+vV1—a>0,
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sp that it is easy to see that By > 0 and 7 < 0 always. Using now (£.53) it
is easy to check that the condition

O(Ey, By, E3)
det | ———21—=2""27 a2 2, (1 o
e( d(a, B,7) - %1@( ag + Po + 70) + atag(l + 70) — a’og
_,/7&0

a

is fulfilled, so that the Implicit Function Theorem assures the existence of a
branch of solutions of (£L5]) starting from the point (v, By, 7o), with a(e) >
0, 5(g) > 0 and y(¢) < 0 for |¢| sufficiently small. It is possible therefore to
reproduce the Hopf-pitchfork bifurcation in this circuit, by moving £ in an
neighborhood of 0 and taking such functions as reference for the values of
parameters. We must notice that the linear invariant of the external zones
would be not constant, however, contrarily to what was assumed in the proof
of our previous results. This is not really problematic whenever we are far
from a possible degeneration. In particular, we see that, from the last three
equations of (L50) for e = 0, we obtain

=2v

;o (b—a)(zl—u)’
S (a—b)(u—1)2+a(1—a—1/2):wz_(b—a)(y—l)z
P (b—a)(l—al/z(l—a—l/).

For this set of parameters corresponding to € = 0, it is easy to check that
the non-degeneracy condition

(b—a)v(l—v)

= £0, (4.54)

§=d—tw? = —

holds. Then, the appearance of our non-smooth Hopf-pitchfork bifurcation
in system (4.49) for ¢ = 0 and p # 0 is guaranteed by Theorem

The bifurcating tri-zonal limit cycle is always unstable since Sgn(d) =
Sgn(t) = Sgn(d). If we select p > 0 all the hypotheses of Theorem are
automatically fulfilled and we obtain that two bizonal limit cycles bifurcate
and they are stable when a < b. In such case, the three limit cycles appear
for e < 0. From Proposition [4.2], there also appear two isolated equilibrium
points and they turn out to be unstable, as an easy computation shows.
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L
— 0
C C
r § p— 5 — 1 §
g(v1)
® .

Figure 4.14: The extended BPV oscillator proposed in [71].

On the other hand, note that for the degenerated Hopf-pitchfork bifurca-
tion studied in Section exists in system (A.49), the degeneracy condition
0 = 0 must be fulfilled. Obviously, this condition holds if and only if a = b,
v =0or v =1 The case a = b should be discarded because otherwise
the model becomes linear, and the physical constraint o > 0, which implies
v > 1, excludes the other two possibilities. In conclusion, in this system, we
cannot reproduce such a degenerated case for the Hopf-pitchfork bifurcation.

4.4.2 Realization in a extended BPYV oscillator

Another physically and biologically interesting oscillator system is the Bon-
hoeffer-van der Pol (BVP for short) oscillator, which can be considered as
a generalization of both the Duffing oscillator and the well-known van der
Pol oscillator, see [54]. It is pointed out that apart from the familiar period-
doubling bifurcations leading to chaotic motions, the system also exhibits
resonance or phase-locking phenomena when external constant and periodic
forces are applied. In this section we consider an extended BVP oscillator,
which is consisted of two capacitors, an inductor and a linear resistor as shown
in Figure[I4l To obtain more information about this circuit, see [71], where
a smooth nonlinearity is assumed and a rich variety of dynamical behaviors
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is found. The circuit equation is described as follows:

( d’Ul

CE = —i—g(v),
dvy . Vg
c—2=i-=2
dt ! r’
di
L L% = V1 — V2,

where v; and vy are the voltages across the capacitor C, i is the current
through the inductance L, and the v — ¢ characteristics of the nonlinear
resitor is written as g(v) = —av — bsat(cv). Note that here we adopt a PWL
version of the nonlinearity considered in [71].

The normalized equation of the extended BVP oscillator is described as
follows

T = —z+4 ax+sat(fx),
y= z-7Y,
= x—v,

where the dot represents derivative with respect to the time 7, and

L, L e T 1 /L
T = —— = —_— = —_ —_— — J—
/—LC’ Cu C’ f}/ r Cu
I Y =
TV YTV T

Making the change of variables X = [z, we obtain the following system

T = ax— fz+ [Fsat(z),
Y= ?w+%

z= T —Y,
B

(4.55)

where we have renamed X as x for convenience. This system is in its Luré
form,

a 0 —-p 6]
X = 0 —v 1 |x+ /[ 0 ]sat(efx),
1/8 -1 0 0
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so applying Proposition 23] system (4.355]) is observable if and only if the
observability matrix O has rank 3, where

1 0 0
0= Q@ 0 —p
a?—1 [ —ap

It is immediate to see that O has full rank is equivalent to 5 # 0.

Now, assuming [ # 0, according to Proposition 2.4l there exists a linear
change of variables putting the system (£55) in the canonical form (ZTI)-
([@2). Such linear change is given by the matrix

1 g 00
P==[ -1+~ 1|,
p v 10

which has been built as shown in the proof of Proposition 2.4l Then, we can
write system (£53)) in its Liénard form as

a—y —1 0 I}
x=|2-ay 0 -1 |x+ | —py |sat(z). (4.56)
a—v 0 0 I}

Therefore, the trace, the sum pf second order principal minors and the de-
terminant in the central and external zones respectively, are

- Oé+/5—%

= 04"‘6_%
V- el (4.57)
m= 2-av,

= a—n.

Similarly to what was done for the Chua’s circuit, for the Hopf-pitchfork
bifurcation to appear in this model we need to check, apart from the hy-
potheses of different theorems of this chapter, the feasibility of conditions

([44), that is we need

E, = 2p—1le—a—-pF+7=0,
Ey, = w+p2(p—2)—2+y(a+B) =0, (4.58)
Ey = —¢(p*?+w?)—a—-F+v=0.
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Note that as T = D always, we cannot move at will the position of
eigenvalues. More precisely, from (L58) by subtractiong Es5 from E; we have

e(p’e? +w?) + (2p — 1)e = 0,
leading for € # 0 to the condition
e’ +20+w —1=0. (4.59)

and therefore the value of p cannot be arbitrarily chosen, nor constant (as
we supposed before). Indeed we have

(o) = 1 —w?
SO RN, =y e s
with | )
—w

and consequently we have the condition 2p(0) < 1. We assume in the sequel
the above choice for p(¢) and neglect the third equation, to be automatically
fulfilled. We also rewrite the second equation by using the above relation,

namely
E, = (2p(e)—l)e—a—pF+~v=0,

4.
By = —1-2p(e)(1+€%) +(a+5) =0. (4.60)
In looking for the Hopf-pitchfork bifurcation to take place at € = 0, we need
E? = —a—0F+v=0,
EY = w?—2+~v(a+p)=0. (4.61)

In what follows, we assume that [ is a fixed parameter and we move only «
and 7, and we write a(e) and 7(e) for the functions satisfying (£.60). From
equations (4.GI]) we obtain the following equalities,

ap=a(0) = —F+ V2 —w?,
Yo :’}/(O) = \/2 —wz.

Note that, these equations require w < v/2 and so —1 < 2p(0) < 1.
From ([A.58) and using the equalities of ([A.62), it is easy to check that the
required condition to reproduce the eigenvalues transition is

O(Ey, E)
det < 9(a. )

(4.62)

) =—2(g+ ) =7 #0.
e=0
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Under this last condition, the Implicit Function Theorem assures, for |¢|
sufficiently small, the existence of a branch of solutions (p(¢), a(e),v(¢)) of
(A5]), with § a fixed parameter, which assures the eigenvalue transition
corresponding to the Hopf-pitchfork bifurcation.

From the last three equations of (.57), when ¢ vanishes, we obtain

t= d - _ﬁa
m=w?+ Bv2 — w2
For this set of parameters, it is easy to check for ¢ = 0 that the non-
degeneracy condition
§=d—tw’=—F(1-w?) #0, (4.63)

holds, if and only if w # 1, and then we have necessarily p(0) # 0.

Then, the appearance of our non-smooth Hopf-pitchfork bifurcation in
system (56]) for ¢ = 0 is guaranteed by Theorem in two cases: (a)
0 < w < 1, which leads to p(0) > 0, and (b) 1 < w < /2, with p(0) < 0.

We know that the bifurcating tri-zonal limit cycle appears for pde > 0,
that is, for

22
_ﬁiéil
or equivalently for ¢ < 0. It is stable if and only if t < 0, d < 0 and § > 0,
that is, if # > 0 and w > 1. Thus we have a tri-zonal unstable limit cycle in
case (a) and a stable limit cycle in the case (b), appearing for £ < 0 in both
cases.

We compute now the value of dp(0) + 4, obtaining

e >0,

1 — w? 1 —w?
B - B (- w) = -3,
and the value of
dp(0) 1
dp(0)+0 3

Thus, the hypotheses of Theorem are fulfilled both in case (a) and (b).
We obtain that two bizonal limit cycles bifurcate for pde > 0, that is, for
€ < 0. These bizonal limit cycles are stable for ¢ < 0 and p > 0 so that they
are stable in case (a) and unstable in case (b).
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From Proposition[4.2] if S < 0, there also appear two isolated equilibrium
points and they are stable if ¢,d < 0, that is § > 0, and mt — d < 0, which
leads to m — 1 > 0. This last inequality is equivalent to

1—w?

V2 —w?’

which gives a positive lower bound in the case (a) and a negative lower bound
in the case (b). Thus, this inequality is required for stability in the former
case, being stable the equilibrium points for all 3 > 0 in the latter.

We observe that w = 1 is a critical value that separates two different
types of Hopf-pitchfork bifurcations, so that we must suspect at such a value
a degeneration. In fact, we see that then the condition (L.G3) fails. Unfor-
tunately, in such case we also have p(0) = 0 leading to a more degenerate
situation than the one stated in Section [£.3l. We loose the transversality at
e = 0, since the complex eigenvalues cross the imaginary axis of the complex
plane with zero velocity, and so a new, specific analysis is required to deal
with this situation. Looking for simple, real examples in order to illustrate
our theoretical results, we have found in a serendipitous way an exciting
problem for future work!

6>
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CHAPTER 5

Conclusions

It is time now to add some conclusions and suggestions for future work. As
usual, a research like ours, in a field where there is not at our disposal a
sound general theory, has to be partial and not totally definitive. Evidently,
it remains much to be done, and here we only emphasize the points more
connected with the contributions included in this thesis that deserve to be
investigated further, probably after recruiting other techniques of analysis.

Some advances in the analysis of continuous planar systems have been
achieved. The two zone case has been revisited and simplified proofs have
been proposed. New results have been obtained for the three zone case with
no symmetries. In this last case, a future line of research is the study of
degenerate cases, for instance the situation when the central determinant
vanishes and we move the parameter that determines the equilibrium posi-
tion. This problem is of interest in the context of Petri nets, see [68].

The analysis of electronic Wien bridge oscillators has achieved an excel-
lent degree of maturity and is a good paradigm of the usefulness and power
of piecewise linear models. We propose such analysis as an obligated subject
in any course on PWL systems, gathering richness of behavior and a simple
setting, being also very easy to obtain quantitative predictions to be later
tested in the laboratory, as done in [26].

We are very proud for the discovering of algebraically computable nodal
oscillators. It is also remarkable to have found real devices belonging to
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the studied family of oscillators. It is clear that the idea could be extended
by considering other eigenvalue proportions but we honestly think that it
should be not very productive to follow that way. More interestingly, we
could use such idea of choosing some easy eigenvalue proportions to analyze
other nonlinear phenomena. In fact we know for instance some preliminary
analysis of Teixeira points, where the idea is also useful.

In discontinuous, planar PWL systems with two zones there exists nowa-
days a very intense line of research, mainly oriented to the determination of
the maximum number of limit cycles these systems can exhibit. Examples
with three limit cycles have been recently reported, but it is still an open
question if three is the upper bound looked for. Our interest, more focused to
bifurcations and its quantitative characterization, allowed to obtain informa-
tion about the focus-center-limit cycle bifurcation in the first possible step
to pass from continuous to discontinuous cases. Thus, our contribution here
can be qualified as incidental, but we strongly think that it is a good starting
point for extending the unfolding of such a focus-center-limit cycle bifurca-
tion to co-dimension two cases, in particular by allowing the parameter b to
be different from zero.

After the Hopf bifurcation analysis included in [7, 27], our study of the
Hopf-pitchfork bifurcation in 3D PWL systems with symmetry was a pending
problem now partially solved. Obviously, the dynamics to be found near
such a non-hyperbolic set of periodic orbits is far from being completely
understood. Our next goal in this direction is to get some analytical proof of
our conjecture on the possible simultaneous bifurcation of five limit cycles;
in particular, the bifurcation of small periodic orbits that seem to emerge
along with the near non-trivial equilibrium points.

No doubt, the 3D electronic oscillators partially analyzed will constitute
the subject of future research; the very degenerate situations we have found
ask for new, more powerful techniques of approaching the Hopf-pitchfork
singularity in PWL systems.

MELIOR EST FINIS QVAM PRINCIPIVM
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