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Abstract. For a given family of planar piecewise linear differential systems, it is a very difficult
problem to determine an upper bound for the number of its limit cycles and its explicit expressions.
In this paper, we give a family of planar discontinuous piecewise linear differential systems formed by
two regions separated by a straight line and having only one focus whose limit cycles can be explicitly
described by using the first integrals. We show that these systems may have at most two explicit
non-algebraic limit cycles.
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1 Introduction

The study of piecewise linear differential systems goes back to Andronov, Vitt and Khaikin [1] and still
continues to receive attention by researchers. Piecewise linear systems often appear in the descriptions
of many real processes such as dry friction in mechanical systems or switches in electronic circuits
(see, e.g., [5,15,18,19]). This kind of systems is generally modeled by ordinary differential equations
with discontinuous right-hand sides which can exhibit very complicated dynamics and rich bifurcation
phenomena.

A limit cycle is a periodic orbit of a differential system in R? isolated in the set of all periodic
orbits of that system. There are two types of limit cycles in the planar discontinuous piecewise linear
differential systems, the crossing and sliding ones. The “sliding limit cycles” contain some arc of the
lines of discontinuity that separate the different linear differential systems (more precise definition can
be found in [17]). The “crossing limit cycles” contain only isolated points of the lines of discontinuity.
In this paper, we consider only the crossing limit cycles of some planar discontinuous piecewise linear
differential systems separated by one straight line.

Limit cycles of discontinuous piecewise linear differential systems separated by a straight line have
been studied by many authors (see, e.g., [2,7,8,10,11,13] and the references therein). There are
examples of such systems exhibiting three limit cycles (see [3,4,9,12,14]), but at present moment we
do not know whether discontinuous piecewise linear differential systems separated by a straight line
may have more than three limit cycles.

On the other hand, it seems intuitively clear that “most” limit cycles of discontinuous piecewise
linear differential systems have to be non-algebraic. Nevertheless, in all these papers devoted to the
study of the crossing limit cycles of piecewise linear differential systems, explicit non-algebraic limit
cycles do not appear, their existence is proved by using different methods as the first integrals, the
averaging theory, the Poincaré map, the Newton—Kantorovich Theorem, the Melnikov function.

The goal of this paper is to give a discontinuous piecewise linear differential systems separated by
a straight line for which we can get two explicit limit cycles which are not algebraic. As far as we
know, there are no examples of this situation in the literature.

We consider planar piecewise linear systems with two linearity regions separated by a straight line
Y = {(z,y) € R?: 2 =0}, where we assume that the two linearity regions in the phase plane are the
left and right half-planes

E,:{(x,y)GRQ: x<0}, E+:{(x,y)€R2: x>0}.

We suppose that one of the two linear differential systems has no equilibria, neither real nor virtual,
and the other one has a focus at the origin. We prove that these two systems are integrable. Moreover,
we determine sufficient conditions for a discontinuous piecewise linear differential systems to possess
two or one explicit non-algebraic limit cycles. Concrete examples exhibiting the applicability of our
result are introduced.

2 Preliminaries

The following normal form for the linear differential system in R? and its first integral will help us to
prove our main result.

Lemma 2.1. A linear differential system having a focus at the origin can be written as
= (27— O)x + By, y:—% (A= 6)2 +w?)a + 6y (2.1)
with w > 0. Moreover, this system has the first integral
Hy(x,y) = (((A — 6> +w?)a® +28(\ — d)zy + BQyQ)e_% arctan(x=35a75y)
Proof. Consider a general linear differential system

& =oax+ By, Y=nx+oy. (2.2)
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The eigenvalues of this system are

)\17223(O&+5ﬂ:\/((){—5)2+4ﬁ77>.

We know that system (2.2) has a real focus if 3 (a +6) = A, and (o — 6)% + 48y = —4w?, for some
w >0, fn<0and X\ € R, then

_ !

a=2\A-9, 7 3

(A=6) +w?).
Therefore, we obtain system (2.1).

Since the unique equilibrium is located at the origin O(0,0) and is of focus type, any orbit of
system (2.1) crosses the straight line z = 0 at least at one point, namely, (0,C), C' € R, thus the
general solution of (2.1) is given by

1
z(t) = gC’et’\ sintw, y(t) = - Cev(wcostw + (6 — ) sintw), (2.3)

where C' € R. So, from the first equation of (2.3), we obtain

e sinwt = ﬂ% x.
Substituting this last expression into the second equation, we get
e coswt = = (A= 08)z + By).
cp
Therefore,
tanwt = R
(A =8z + By’
From the last equation, we obtain
' 1 ¢ ( wx )
= — arctan { ——— ).
w A=0)z+ By

Substituting the previous expressions in the first equation of (2.3) and simplifying, we obtain

2

(A= )+ w?)a? + 28 = )y + 22 e~ = enloifizmm) — p,
where h = (3C)? € R. O
It is known that if the vector field has no equilibrium points, it can be written as
t=ar+by+ec, y=pax+ puby+d, (2.4)

where a, b, ¢, p and d are real constants such that d # uc and p # 0.
The following Lemma provides a first integral for an arbitrary linear differential system without
equilibrium points.

Lemma 2.2. For system (2.4), the following statements hold.

(i) If a + bu = 0, then system (2.4) is Hamiltonian and all its solutions are algebraic and given by
parabolas. Moreover, this system has the first integral

Ho(x,y) = bu’x? — 2buzy — 2dx + by? + 2cy.

(ii) If a 4+ bu # 0, the only algebraic invariant curve of (2.4) 4s an invariant line. Moreover, this
system has the first integral

a+bu

Hs(z,y) = ((a+ bp)(az + by) + ac + bd)eaen "4,
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Proof.
(i) Via the change of variables x = v, u = d%cu(y — px), where d — cu # 0, system (2.4) is
transformed into
0= (a+bu)v+bd—cp)ut+c, u=1. (2.5)

If a + b = 0, the last system is Hamiltonian and it has the first integral

b(d —
Hy(v,u) =v — % u? — cu,
and statement (i) follows.

(ii) If @ + bu # 0, the general solution of (2.5) is

1
v(t) = CENTE ((a + bu)?(Cy + e CY) — ac — bd + b(ep — d)(a + bp)t),
0 (2.6)
)= ———— bu)Co + bep — d)t),
where C7 and Cy are real constants. So, from the second equation of (2.6), we obtain
(@ +bu)Cy + bu(d — cp)
B b(d — cp) '
Substituting the expression of ¢ into the first equation of (2.6), we get
2 —(atbp)u 2 Calatbum)?
(b(d —cp)(a+bp)u+ (a+bp) v+ ac+ bd)e e = C(a+ bu)“e va=ven .
Going back through the changes of variables, we obtain
A0 (i —y)
((a + bp)(az + by) + ac + bd)e a==n =h, (2.7)
Ca(a+bp)?
where h = Cy(a + bu)?e vi—ten € R. From (2.7), we define a first integral of (2.4) as follows:
Hj(z,y) = ((a + bu)(az + by) + ac + bd)e%zﬁ(’“*y),
statement (ii) holds. O

Suppose that we have a discontinuous piecewise linear differential system separated by X. We
assume, without loss of generality, that the left half-system has no equilibria, neither real nor virtual,
and the right half-system is of focus type at the origin. By Lemma 2.1, and using the normal form
(2.4), we can write such a discontinuous piecewise linear differential system as

b= @A=da+ By, i=—g

T =azr + by +c, y=pax + pby +d in X_.

(A=08)? +w)z+ 6y in Oy, (2.8)

In order to state precisely our results, we introduce first some notations and definitions. Consider
the piecewise differential system (2.8) defined in ¥1. We use the techniques and approaches presented
by Filippov in [6] and by di Bernardo et al. in [5] to establish these notations. An equilibrium point is
called a real (resp. virtual) singular point of the right system of (2.8) if this point locates in the region
¥+ (resp. ¥_). A similar definition can be done for the left system of (2.8). Otherwise it is called a
virtual equilibrium point. In order to extend the definition of a trajectory to ¥ = {(z,y) € R? : x =
0}, we split ¥ into three parts depending on whether or not the vector field points towards it:

1. Crossing region:
Se={(0,y) €2+ Blby +c)y >0},
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2. Attractive sliding region:

Yas ={(0,y) €X: By <0, by+c>0},

3. Repulsive sliding region:

Ss ={(0,y) €X: By >0, by+c<0}.

These three regions are relatively open in ¥ and may have several connected components. There-
fore, their definitions exclude the so-called tangency points, that is, points where one of the two vector
fields is tangent to 3, which can be characterized by

{(0,y)ex: y=0 or by+c=0}.

These points are on the boundary of the regions ., ¥, and %,..

Periodic orbits that have neither sliding part nor tangent points are called crossing periodic orbits,
otherwise, they are called sliding periodic orbits. We say that an isolated periodic orbit I' is an
algebraic limit cycle if all its points are contained in the level sets of polynomials. Otherwise, they
are called non-algebraic limit cycles.

3 Main result

Our main result is contained in the following

Theorem 3.1. The discontinuous piecewise linear differential system (2.8) may have at most two
non-algebraic crossing limit cycles. Moreover, there are the systems in this class having one or two
non-algebraic crossing limit cycles.

Theorem 3.1 is proved in Section 4.

The next Propositions show that there are discontinuous piecewise linear differential systems of
the form (2.8) (in case the left half-linear system of (2.8) is non-Hamiltonian) with two, or one
(respectively) non-algebraic crossing limit cycles.

Proposition 3.1. Fora=pu+1,c=—-1,d=—p—-3,b=—-1, u#0and A = f%w, the discontinuous
piecewise linear differential system (2.8) defined by

1 5

t=—(w+d0r+8y, y=—(62+0w+>w?)z+dy inXy,
( Jr+ By, Y ﬁ( 1 ) Yy + (3.1)

t=p+r—y-1, yg=pp+lz—py—(u+3) in3X_,

when w > 1.7525, u # 0 and B < 0, has exactly two nested crossing limit cycles. Moreover, these limit
cycles are hyperbolic, non-algebraic and given by

5 _ 2wz
Iy = {(w, y)eT, : ((52 + 0w+ 5 w2)m2 — B(26 + w)ay + fry? e~ MrernmTES=) = 50.97162}

Iy = {(a:,y) S ((52 + dw + Zw2>z2 — B(20 + w)xy + By?

u {(x,y) €Y (1+pz—y+2eivhe= 0.84603},
)67 arctan(wﬁ) _ 1982552}
)

U {(x,y) eX_: (1+pz—y+2eivha= 1.4627}.

This proposition will be proved in Section 5.
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Proposition 3.2. Fora = p—1, ¢ = -3, d = —(3u+10), b = =1, A = —w and u # 0, the
discontinuous piecewise linear differential system (2.8) defined by

1

t=—-Quw+dz+Py, J=—(w+06*+wH)z+dy in X,

( )+ By, ﬂ(( ) ) y + (32)
t=(p—1)r—y—3, y=p(p—1x—py— Bp+10) in X_,

when w > 5.315, p # 0 and B < 0, has exactly one explicit hyperbolic non-algebraic crossing limit
cycle given by

r= {(% y) €3y : ((<w +0)? +w?)2® —28(w + O)zy + 52y2)e‘“m“<i<6+w“3hy> = 32.1/32}
U {(:c,y) €EY_: (z+y—px+13)efo® 1Y = 12.925}.

This proposition will be proved in Section 6.

The next proposition shows that there are discontinuous piecewise linear differential systems of the
form (2.8) (in case the left half-linear system of (2.8) is Hamiltonian) with one crossing non-algebraic
limit cycle.

Proposition 3.3. Fora=pu, \=—-%,c=-3,b=—1,d=—(1+3u) and p # 0, the discontinuous

piecewise linear differential system defined by

1 5
&= —(6 +w)z+ Py, Q:*B <52+5w+1w2)x+5y in Yy,

b=pr—y—3, y=plr—py—(1+3p) in3_,

(3.3)

when w > 0.34337, 1 # 0 and B < 0, has exactly one explicit hyperbolic non-algebraic crossing limit
cycle given by

5 — 1 —
= {(az, pevy: ((2+aw+ - W?)a? = B(26 + w)ay + By? ) ) — 57-375ﬁ2}
U {(Jc,y) €Y —pPr? + 2uzy + 2(1 4 3p)z — y* — 6y = —11.927}.

This proposition will be proved in Section 7.

Remark 3.1. The assumption 8 < 0 in Propositions 3.1, 3.2 and 3.3 is a necessary condition for the
existence of crossing limit cycles of system (3.1) (resp. (3.2) and (3.3)). Effectively, if the crossing
region of (3.1) (resp. (3.2) and (3.3)) exists with S > 0, then the inequality y(—y — 1) > 0 (resp.
y(—y—3) > 0) implies that the crossing region is an open interval (—1,0) (resp. (—3,0)) of the line .
Since the right half-system is of focus type at the origin, any orbit starting at the point (0, yo) with
yo < 0 goes into the left zone ¥ under the flow of the left linear differential systems. If these orbits
can reach ¥ again at some point (0,y;) after some time ¢ > 0, must be y; > 0 and so, the condition
B > 0 precludes the existence of crossing limit cycles.

4 Proof of Theorem 3.1

Suppose that we have a discontinuous piecewise linear differential system (2.8). In order to investigate
the crossing limit cycles of this system, we use the first integrals for the right and the left side systems
of (2.8). Due to Lemmas 2.1 and 2.2, these first integrals are

Hi(2,y) = (A= 0)2 +w?)a? + 28 — O)ay + 2% ) e~ ¥ eten(oiiiem),

((a+ bu)(az + by) + ac + bd)e%(“zfy) if a+bu#0,
bulx? — 2bpxy — 2dz + by? + 2cy if a+bu=0

Hy(z,y) = {
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in X4 and ¥_, respectively. Suppose that this discontinuous piecewise differential system has some
limit cycles intersecting 3 at two points, namely, (0,y) with yo < 0, and (0, y;) with y; > 0. Then
the first integrals H; and Hs must satisfy the following two equations:

Hl(oayo) - Hl(oayl) = Oa

H(0,90) — Ha(0,91) =0, (4.1)

it is easy to see that the implicit form of the orbit arc of (2.8) in ¥ which starting at the point
(0,90), where yo < 0 when t = 0, is given by H;(x,y) — 8?y3 = 0, this last orbit can be given also by
the analytic curves (x4 (t),y+(¢t)), where

xq(t) = " yoe ! sinwt,

1
y4(t) = = yoe (wcoswt + (6 — \) sinwt).

Denote by ¢, the minimum positive time such that z(t,) = 2(0) = 0, then t; = T . Since the orbits
starting at the point (0, yo) go into the left zone ¥_ under the flow of the left linear differential systems
and since these orbits can reach ¥ again at some point (0,y;) after the time t; = T, we have

A

AT
w

y1 =y(ty) = —yoe' ,

which is proves that H7(0,y0) — H1(0,y1) = 0. Now, it is easy to see that the existence of cross-
ing periodic solutions of discontinuous piecewise linear differential system (2.8) is equivalent to the
existence of negative values of yg satisfying

Hy(0,y0) = Ha(0, —yoe= ). (4.2)

Here, we have to separate the proof of Theorem 3.1 in two cases.

Case 1. a+ ub=0.
In this case (4.2) becomes

227

Yo (b(1 — €% )yo + 2¢(1 + %)) = 0. (4.3)

It is easy to see that when b = 0 or ¢ = 0, the unique solution of (4.3) is yo = 0. So, in this case, the
discontinuous piecewise linear differential system (2.8) has no limit cycles.
When b # 0 and ¢ # 0, equation (4.3) has two roots: yo; = 0, which cannot contribute a limit cycle

AT
and yg = % =# 0. Moreover, we can choose the appropriate parameters b, ¢, A and w in such
e w —1
AT
a way that (4.3) has exactly one real negative root yg = %, thus obtaining at most one limit
e w —1

cycle for the discontinuous piecewise linear differential system (2.8). Using the first integrals of both
linear differential systems and knowing that the non-algebraic crossing periodic orbit passes through
A
the point (0, yp) when ¢t = 0 and through the point (0, fyoe%r) when t = T, where yo = % <0,
eTe —1
we get the expression

= {(amy) SN ((()x —6)? +w?)a® +28(A — 0)zy + Bng)e_%ar“an(;ufﬁiﬁwy) = 52y§}
U {(x,y) €X_: bulx? — 2buxy — 2dx + by® + 2cy = (2c + byo)yo}

So, Theorem 3.1 is proved in Case 1.
Case 2. a+ ub # 0.
In this case (4.2) becomes

a+bu AT'" _a+bu

(ac+ bd — b(a + bu)e” %yo)ed*w voe ¥ = (b(a+ bu)yo + ac + bd)e™ a=en¥0, (4.4)
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Then the existence of crossing periodic solutions of discontinuous piecewise linear differential system
(2.8) is equivalent to the existence of zeros for equation (4.4) with respect to the variable yy. On the
other hand, this equation can be rewritten as

A
(atbu)(e @ +1)

(ac+bd — b(a + bu)e%yo)e d=en Y0 —bla+bu)yo — ac — bd = 0.
For convenience, we use the notation

A
(atbu)(e @ +1)

fly) = (ac +bd —b(a + bl‘)e%ﬂy)e d=ch Y —bla+ bu)y — ac — bd. (4.5)

Now, solving (4.4) is equivalent to finding the solutions yg; of the equation f(y) = 0. In order to
investigate a number of solutions of f(y) = 0, and since f is a differentiable function in R, we use the
first two derivatives of the function f. Simple calculations yield

b ™ i T e% 1)(a
Fly) = ;jj; (e (14 ¥)(a+ by — ac — bd — cla+ b)e ¥ ) e
b(a + bp)(d — cp)

d—cp
7 w2 w2 w2 T
f (y):—(be w(l+e"«)a+bu)y—e w(ac—bd+2bc,u)—bd—ac)(e w +1)

)

(a+ bu)? . (e%”jjiLaeru)y
(d—cp)? '

It is easy to see that f’ and f” are continuous functions in R.

It is obvious that f”(y) = 0 has at most one root yo, thus the equation f’(y) = 0 has at most two
zeros Yo;, j = 1,2, and the equation f(y) = 0 has at most three roots yo,, ¢ = 1,2, 3.

Note that the equation f(y) = 0 has the solution yo = 0, which cannot contribute a limit cycle.
So, in this case, the equation f(y) = 0 may have eventually two real solutions, yo; # 0 for j = 1,2
that can provide at most 2 limit cycles for the discontinuous piecewise linear differential system (2.8).
Moreover, we can choose the appropriate parameters a, b, ¢, d, A, §, p and w in such a way that
f(y) = 0 has exactly 2 real negative roots yg;, ¢ = 1,2, that can provide 2 limit cycles for the
discontinuous piecewise linear differential system (2.8).

Using the first integrals of both linear differential systems and knowing that the non-algebraic
crossing periodic orbits pass through the points (0, yo;) when ¢t = 0, and through the point (0, —ine%)
when ¢ = T, where yo;, i = 1,2, are the zeros of f(y) = 0. Thus the expressions for these orbits are:

r;= {(a?,y) €3, (((A —6)* +w’)a® +28(A — 0)zy + 52y2)6_%mcwn(“*m+5y) = /62?/&‘}

atbu

U {(m, y) €S- : ((a+bp)(az + by) + ac + bd)ei=<u “=Y) = (b(a + bu)yo; + ac + bd)e%yo" }

This completes the proof of Theorem 3.1 in Case 2.

Remark 4.1. The orbit arc passing through the crossing point (0, —yge%r) is Hy(z,y)— 3? (yoe%)2 =
0, this orbit, when (A — &)z + By # 0 and (A —6)? +w?)x? +2B(\—§)xy + B2y # 0, can be rewritten

) tan (521 CaT -
TN (=0 w1 28— 0wy + B2) ) (A=) + By
h 1
thus t (21 B2y2 ) B o
U (V02 r et 12808 — dyay + 522)) T (A= 0z + By

this last equation is equivalent to
Hl(zvy) - 52%2) = 07

and shows that H(0,y0) — Hy (0, —yoe™s ) = 0.



22 Aziza Berbache

5 Proof of Proposition 3.1

We prove that the discontinuous piecewise linear differential system (3.1) has exactly two hyperbolic
non-algebraic limit cycles. It is easy to see that the left half-system has no equilibria, neither real nor
virtual, and since —3 + iw, w > 0 are the eigenvalues of the matrices of the right half-system of (3.1),
this system has its equilibria as focus type at the origin.

The two linear differential systems of (3.1) have the following first integrals:

5 _ _ 2wa
Hi(z,y) = (((52 + dw + 1 w?)a? — B(26 + w)zy + 62y2)e arctan( oSy 2y ),
Hy(z,y) = (1+p)z —y +2)es v 5"

in ¥4 and X_, respectively. The parametric solution of the right half-system of (2.8) starting at the
point (0,yp) with yo < 0 when ¢t =0, is

Lt

x4 (t) = —yoe™ 2 'sinwt,
w
1 _wy AN
y+(t) = —yoe 2 (w coswt + (5 + 5) smwt).
w
Let ¢, denote the minimum positive time such that x(¢; ) = 2(0) = 0, then ¢, = T . Since the orbits
starting at the point (0, yo) go into the left zone ¥_ under the flow of the left linear differential systems
and since these orbits can reach 3 again at some point (0,y;) after the time ¢, = Z, we have

w3

y1 =y(ty) = —yoe~
Then, for the discontinuous piecewise linear differential system (3.1), the function (4.5) becomes

-
2

F) = (e +2)e5 7 T gy -,
The graphic of this function is given in Figure 5.1.
2 ——
1 -
I I /I\ I I I
-10 -8 -6 -4 -2 2
X
1T
2+

Figure 5.1. The graphic of the function f(y).
The equation f(y) = 0 has exactly three zeros yoo = 0, yo1 = —4.4522 and ypo = —7.1392. From these
values of yp;, i = 0,1,2, we get the values y190 = 0, y11 = 0.92558 and y1o = 1.4841.

Straightforward computations show that the solution passing through the crossing points (0, yo1)
and (0,y11) corresponds to

5 — « - wxT
Plz{(m)emz (0240w w?)a? = B20+w)ay+5%* ) ‘““‘*"@wawy:19.82552}

U {(m,y) €Yt (1+pa—y+2edv o= 1.4627},
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and the solution passing through the crossing points (0, yo2) and (0, y12) corresponds to

5  arctan 28
Ib-{@my)ez+: (Q¢+&¢+4wﬁx2—505+wﬁw+6%ﬁ)eammnﬁwiwwy—5&9ﬂﬂ2}

U {(x,y) €Y (1+pz—y+2)eivhe= 0.84603}.

Moreover, I'; and I's are non-algebraic and travel in a counterclockwise sense around the sliding
segment X5 = {(0,y) € ¥ : —1 <y < 0}. Clearly, I'y and I'; are nested, and T'; is the inner one and
T'; is the outer one. Now we prove that these non-algebraic crossing periodic orbits are the hyperbolic
limit cycles.
Let T be the period of the periodic solution
L {(x(),y(t)), t € [0,T]}.

To see that I is, in fact, a limit cycle, we recall a classic result characterizing limit cycles among other
periodic orbits for a smooth differential system in the plane (see, e.g., Perko [16] for more details),
which means that I'(¢) is a hyperbolic limit cycle when

T

/ div(D(t) dt £ 0, (5.1)

0

T T
stable if [div(I'(t))dt < 0, and instable if [ div(I'(¢))dt > 0.
0 0

Using the form parametric (x_;(t), y_i(t)) of the curve Hy(x,y) = (—y1; 4+ 2)e3¥" starting at the
point (0,y;) in the half-plane %_

x_i(t) =y, — 3t + (2 — yli)et — 2,
y-i(t) = yri — 2p — Bp + 3)t + (2p — pyui)e’ + pyii,

I
2

where i = 1,2 and y; = —yg;e” 2, it is easy to check that the periodic orbits I'y and I'; have periods
Ty = 1.7926 and Ty = 2.8745, respectively.

Formula (5.1) can be extended to the discontinuous piecewise linear differential systems considered
here, then for the discontinuous piecewise linear differential system, we have

Pu { @@y @), te 0. 2 u{@a®.ya@), te |21] )
L {(esa). 1208, t€ [0, 2]} U {@oa(t) (), te [I.7]},
where
T4i(t) = " yoie "2 ' sinwt,
y+i(t) = %yol-e_%‘”t (w coswt + ((5 + %w) Sinwt).

Thus
1.7926
T
—wdt + / dt =1.7926 — — — 7,
w

T

/ div(Ty (8)) dt =

b/ -
T3 = 2.8745
/diV(Fz(t)) dt = /—w dt + / dt = 2.8745 — g o
0 0 ks

T1 T2
Since w > 1.7525, we have £ < 1.7926, thus [ div(I'y(t))dt # 0 and [ div(T'y(t)) dt # 0, so we obtain
0 0

two hyperbolic non-algebraic crossing limit cycles.
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Example 5.1. When =2, 5 =—1, w =2 and 6 = 1, system (3.1) reads as

T=-3r—y, y=8r+y ind,, (5.2)
t=3x—y—1, y=6x—2y—> in X_. '

This system has exactly two explicit hyperbolic and non-algebraic crossing limit cycles I';, ¢ = 1, 2.
The smallest one I'; intersects the switching line ¥ at two points

yor = —4.4522,  y1; = 0.92558

and is given by

U {(a:,y) eX_: Br—y+ 2)6%3’7%:’3 = 1.4627}.
The biggest limit cycle I'y intersects the switching line ¥ at two points
Yoo = —7.1392, y1o = 1.4841.
and the expression of this limit cycle is given by
Ty = {(x, y) €Dyt (82 + day +y?)e Metn iy = 50.971}
U {(x,y) €Y (1+p)a—y+2edvhe= 0.84603}

(see Figure 5.2).

oL

Figure 5.2. The two crossing non-algebraic limit cycles of the discontinuous piecewise linear differ-
ential systems (5.2).

6 Proof of Proposition 3.2

We consider the planar piecewise linear system (3.2), for this system it is easy to check that the left
linear differential system has neither real nor virtual equilibria and the right linear differential system
is a focus with eigenvalues —1 + wi, w > 0. In order to prove that the discontinuous piecewise linear
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differential system (3.2) has exactly one hyperbolic non-algebraic limit cycle, we use the first integrals
for the right and the left side systems of (3.2).
The first integrals of the two linear differential systems of (3.2) are

Hi(z,) = (@ + (6 +w)?)a® = 28(6 + w)ay + B2 ) wrfims),

Hy(z,y) = (z +y — op+ 13)efi =30 Y
in ¥; and ¥_, respectively. The solution (x4(t),y+(¢)) of right half-system of (3.2) such that
(24(0),9+(0)) = (0,90) with yo <0 is

x4 (t) = gyoe*‘”t sin wt,

1
yi(t) = —yoe “ (wcoswt + (6 — A) sinwt).
w

The time ¢ that the solution (2 (t), y(t)) contained in ¥, needs to reach the point (0,y;) ist = = .

Therefore,

y1=y(ty) = —yoe ™
Then, for the discontinuous piecewise linear differential system (3.2), the function (4.5) becomes
fly) = —(e7 Ty —13)eto TFIY —y 13,

The graphic of this function is given in Figure 6.1.

2+

Figure 6.1. The graphic of the function f(y).

The unique solution yo # 0 of the equation f(y) = 0 is yo = —5.6657. From this value of yy, we get
the value of y; = 0.24484.
Thus, the solution passing through the crossing points (0, yo) and (0,y1) corresponds to

P={@yes: ((w+0)?+w)a? = 28w+ day + B2y? )e M orfiom) = 32,162}
U {(aay) €X_: (z+y—px+13)efioHy = 12.925}.

Moreover, I' is non-algebraic and travels in a counterclockwise sense around the sliding segment
Ys={0,y) eX: -3<y<0}
Using the form parametric (z_(t),y_(t)) of the curve Ha(z,y) = (y1 + 2)eT Y! starting at the
point (0,y) in the half-plane % _
x_(t) =10t —y; + e H(ys +13) — 13,
y—(t) = y1 — 13p +10(p — 1)t — pyr + p(13 + y1)e™",
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where y; = —yge™ ™, it is easy to check that the periodic orbit I' has period T = 0.59108.
Then, for the discontinuous piecewise linear differential system (3.2), we have

™

L {@e@u ) te [0, 2] fu{@-.p-0), te |Z.7]},

and

0.59108

T
/div(F(t))dt - /—Qw dt — / dt = g — 27 — 0.59108.
0

0

T

Since w > 5.315, T < 0.59108 which leads to [ div(I'(t))dt < 0, hence the non-algebraic crossing
0

periodic orbit IT" is a stable and hyperbolic limit cycle. This completes the proof of Proposition 3.2.

Example 6.1. When y=—2, 8= -1, =1 and w = 8, system (3.2) reads as

T=—-17Tx —y, y=145x+y in X,

: . . (6.1)
T=-3r—y—3, y=6r+2y—4 inX_.

Then, this system has exactly one explicit hyperbolic and non-algebraic crossing limit cycle I'. This
limit cycle intersects the switching line ¥ at two points

Yo = —5.6657, y; = 0.24484
and is given by
I'= {(:c,y) €Xy: (14522 + 18y + y?)e 2 ueton(aty) = 32.1}

U {(:c,y) €EX_: (xty+2c+13)eT I HY = 12.925}.

Figure 6.2. The unique crossing non-algebraic limit cycle of system (6.1).

7 Proof of Proposition 3.3

Suppose that we have a discontinuous piecewise linear differential system (3.3). It is easy to see that
the left half-system is Hamiltonian without equilibrium points and, since —% + iw, w > 0 are the
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eigenvalues of the matrices of the right half-system, this system has its equilibria as focus type at
the origin. In order for the piecewise linear differential system (3.3) to have exactly one hyperbolic
non-algebraic limit cycle, it must intersect the discontinuous curve ¥ at two points. Let (0,yo) with
yo < 0, and (0,y1) with y; > 0 be two intersecting points. Then, taking into account that

Hy(z,y) = ((52 + dw + ng)xQ — B(20 + w)xy + 52y2)eama“(<25fw2>+wy),
Hy(z,y) = —p*a® 4 2pay + 2(1 + 3p)x — y* — 6y

are first integrals of the two linear differential systems of (3.3) in X and X_, respectively, these two
points satisfy equations (4.1).
The solution of the right half-system of (3.3) starting at the point (0,4o), yo < 0 when ¢t =0, is

B

T4 (t) = o yoe 2 (sinwt),

1 _wy wy .
y+(t) = o Yoe 2 (wcoswt + (5+ 5) smwt).
The time ¢ that the solution (x4 (¢),y4(t)) contained in ¥, needs to reach the point (0,y1) ist; = = .
Since the orbits starting at the point (0,yo) go into the left zone ¥_ under the flow of the left linear
differential systems and since these orbits can reach X again at some point (0,y1) after the time
ty =7, we have

ks
2

y1 =y(ty) = —yoe

This proves that Hy(0,y9) — H1(0,y1) = 0. Then, for the discontinuous piecewise linear differential
system (3.3), equation (4.2) becomes

((e7™ = 1)yo —6(1 47 ))yo = 0.

The unique solution yg # 0 of this last equation is

From this value of y, we get the value of y; = 1.5746.
Therefore, the solution passing through the crossing points (0,yo) and (0,y;) is written as

5 arctan( ———2%w ___
r= {(ag, y) €3y (((52 + dw + 1 w2>x2 — B(20 + w)xy + 62y2>e tan(mra)so2ey) — 57.375&2}
U {(I,y) €Y —pPa? 4 2ury +2(1 4 3p)x —y? — 6y = 711.927}.
Moreover, I'" is non-algebraic and travels in a counterclockwise sense around the sliding segment
s ={0,y) eX: =3<y<0}.
Now, we prove that this non-algebraic crossing periodic orbit is a hyperbolic limit cycle. From the

analytical form (z_(¢),y—(t)) of the curve Ha(z,y) = —(6 4+ y1)y1 starting at the point (0,y;) in the
half-plane ¥_, we have

1
v (t) = =51 —tn +3),
1
y-(t) = §Mt2 = (Bu+ 1)t + 1,

where y; = —ype™ ", it is easy to check that the periodic orbit I' has period T = 9.1492.
Then, for the discontinuous piecewise linear differential system (3.3), we have

L {@@0), te [0, 2] u{@-@0.y-0) te [Z.7]}
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and

—wdt = -7 <0,

O\E\:

T
/ div(T (1)) dt =
0
hence, the non-algebraic crossing periodic orbit I is a stable and hyperbolic limit cycle. This completes
the proof of Proposition 3.3.

Example 7.1. When 8= -1, u = -2, 6 =1 and w = 1, system (3.3) reads as

. .13 .
T = -2z —y, y:Zx—Fy in ¥4, (7.1)

T=-2x—y—3, y=4r+2y+6 inX_.

Then, this system has exactly one explicit hyperbolic, non-algebraic crossing limit cycle I'. This limit
cycle intersects the switching line 3 at two points

Yo = —7.5746, 1y = 1.5746
and is given by

2x

(1322 + 122y + 4y2)e~ etan(ain) = 57.375}

| =

r= {(x,y) €%,
U {(x,y) eX_: —da? —dxy—y? — 100 — 6y = —11.927}

-10 —

Figure 7.1. The unique crossing non-algebraic limit cycle of system (7.1).
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