SLIDING VECTOR FIELDS FOR NON-SMOOTH
DYNAMICAL SYSTEMS HAVING INTERSECTING
SWITCHING MANIFOLDS
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ABSTRACT. We consider a differential equation p = X(p), p € R?
with discontinuous right-hand side and discontinuities occurring on an
algebraic variety X. We discuss the dynamics of the sliding mode which
occurs when for any initial condition near p € ¥ the corresponding
solution trajectories are attracted to 3. First we suppose that ¥ =
H *1(0) where H is a polynomial function and 0 € R is a regular value.
In this case ¥ is locally diffeomorphic to the set F = {(z,y,2) € R*; 2 =
0} (Filippov). Second we suppose that ¥ is the inverse image of a
non-regular value. We focus our attention to the equations defined
around singularities as described in [8]. More precisely, we restrict the
degeneracy of the singularity so as to admit only those which appear
when the regularity conditions in the definition of smooth surfaces of
R? in terms of implicit functions and immersions are broken in a stable
manner. In this case X is locally diffeomorphic to one of the following
sets D = {(z,y,2) € R zy = 0} (double crossing); T = {(z,y,2) €
R3;2yz = 0} (triple crossing); C = {(z,y,2) € R*; 2% — 22 —¢* = 0}
(cone) or W = {(z,y,2) € R*; za? — y* = 0} (Whitney’s umbrella).

1. INTRODUCTION

Non-smooth differential systems appear in applications of various nature:
control theory ([13]), systems with hysteresis ([14]) and in mechanical sys-
tems with impacts ([3]). In recent papers (see [2, 9, 10, 11]) we have estab-
lished a strong connection between the study of non-smooth systems and
the techniques of singular perturbation (for an introducion to the tools of
singular perturbation we recommend [5, 6]).

In this article we are considering systems presenting discontinuities on
algebraic varieties. More precisely, let pg € U C R3 be an open set and H :
U — R a polynomial function. Suppose pg € ¥ = H~1(0), ¥* = H~1(0, c0)
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FIGURE 1. Regular switching manifold H(z,y, z) = 0.

and ¥~ = H~!(—00,0). Consider the differential system

S _ | Xi(p), if peXy
p=Xp)= { X_(p), if pex_
with p = (2,9,2) € U\ X) C R, and X, X : U — R3 smooth vector
fields. The space state (U \ X) is split into two subsets ¥4 and ¥_ by X.
We refer ¥ as switching manifold and we suppose that there exists C'°°—
diffeomorphism ¥ : S — H~1(0),¥(0,0,0) = pg, where S is one of the
following subsets of R3.
(a) F ={(x,y,2) € R% 2z =0} . In this case we say that pg is a regular
discontinuity and we denote X = (X4, X_) € QU, F).
(b) D = {(z,y,2) € R} xy =0} . In this case we say that pg is a double
discontinuity and we denote X = (X1, X_) € QU, D).
(c) T ={(z,y,2) € R® zyz = 0}. In this case we say that pq is a triple
discontinuity and we denote X = (X4, X_) € QU,T).
(d) € ={(z,y,2) € R% 2% — 2% — y> = 0}. In this case we say that py is
a cone discontinuity and we denote X = (X4, X_) € QU4,C).
(e) W= {(z,9,2) € R} 222 — y? = 0}. In this case we say that pg is a
Whitney discontinuity and we denote X = (X4, X_) € QU,W).
We denote ¢ (t), the trajectory of X, by p € ¥y i.e. :

%‘PZ(Q =X (g (t), @ (0)=pex,.

Analogously, the trajectory of X_ by p € ¥_ is denoted by ¢, (t).

The most important and interesting case is when for any initial condition
near p € H~1(0) the corresponding solution trajectories are attracted to
H~Y(0). In this case, a trajectory which arrives at H~1(0) is forced to remain
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FIGURE 2. Double (left) and triple (right) crossing switching manifolds.
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FIGURE 3. Cone (left) and Whitney’s umbrelas (right) cross-
ing switching manifold.

on H~1(0). Filippov ( see [7]) realized that in this situation the motion
continues on ¥ = H~1(0), for the case (a). Without loss of generality we can
suppose that H(z,y,2) = 2, ¥ = {(z,y,2) €U : z =0}, X4 = {(x,y,2) €
U:z>0}and - = {(z,y,2) €U : z < 0}. Denote Xy = (f1,91,h1) and
X_ = (f2,92,h2). Following the terminology of [15], the following regions
in ¥ are classified as:

e Sliding Region: ¥ = {p € ¥ : hy(p) < 0,ha(p) > 0}. In this case
any orbit which meets % remains tangent to ¥ for positive time.
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FI1cURE 4. Sliding vector field for the regular case.

e FEscaping Region: ¥ = {p € X : h1(p) > 0, ha(p) < 0}. In this case
any orbit which meets 3¢ remains tangent to X for negative time.
e Sewing Region: ¥°* = {p € X : hi(p)h2(p) > 0}.

On X5 J X the flow slides on ¥; it follows a well defined vector field
X called sliding vector field. The sliding vector field associated with X =
(X4, X_) is the vector field X* tangent to ¥ and defined by

1

(1) x> :m(

hif2 — hafi, h1ga — hagi).

Natural questions appear:

Does the motion continue on > = H'(0) for the cases (b), ...,
(e)? Is it possible, inside the Filippov convention, to define a slid-
ing vector field on the intersecting switching manifold?

These questions are considered in [4] where a construction for selecting a
filippov vector field is done. Here, our approach combines e—regularization
process, blowing-up method and singular perturbation theory.
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Let X € Q(U,Y) be a non-smooth vector field where py € U C R3 is
an open set. If ¢ : (U,0) — (U,py) is a smooth map we denote X the
¢-induced vector field which is determined by X, and X_ on ¢~ 1(X) and
on ¢~ 1(X_), respectively. Moreover we denote ¥ = d¢~ (X, ) Udop— ().
Our main result is the following.

Theorem 1.1 (Regular sliding). Suppose that ¥ = F. Then there exists a
singular perturbation problem

(2) j" = ﬁ(x7 y’ 97T)7 y = fY(x7y7 07T)7 /re. = a(x7 y’ 97T)

with x,y € R, 6 € (0,7), r > 0, such that the slow manifold S =
{(z,y,0) € Rx R x (0,7) : a(z,y,0,0) = 0} and 2| JX* are homeo-
morphic and the reduced problem obtained considering r = 0 in (2) and the
dynamical system corresponding to the sliding vector field (1) are topologi-
cally equivalent.

The geometric interpretation of Theorem 1.1 is as follows. By means a
polar blow up we may replace the discontinuity 3 by the cylinder R? x (0, 7).
In this cylinder we draw the phase portrait of the fast-slow system (2), which
is composed by a slow manifold and a horizontal fast flow. On the slow man-
ifold we have the phase portrait of the reduced system. The projection of
the slow manifold on the surface ¥ coincides with the sliding region and
the reduced system has the same phase portrait as the sliding system. In
Section 2 we illustrate this result.

Theorem 1.2 (Double sliding). Suppose that ¥ = D. The map ¢ : (0,27) x
[0,+00) x R — R3 given by ¢(0,r,z) = (rcos,rsind, z) induces a vector
field X satisfying that any discontinuity ¢ € X is regular.

Theorem 1.3 (Triple sliding). Suppose that ¥ = T. The map ¢ : (0,7) X
(0,27) x [0, 4+00) — R3 given by
d(q) = ¢(01,02,7) = (rsin by cos by, rsin by sin by, r cos 61)

induces a non-smooth vector field X satisfying that any discontinuity ¢ € ¥
is either reqular or a double crossing.

Theorem 1.4 (Cone sliding). Suppose that ¥ = C. The map ¢ : (0,7) x
(0,27) x [0,4+00) — R? given in Theorem 1.8 induces a non—smooth vector
field X satisfying that any discontinuity q € ¥ with ¢(q) # 0 is regular.
Moreover the switching manifold on (0,7) x (0,2x) x {0} is homeomorphic
to two non—intersecting circles.

Theorem 1.5 (Whitney sliding). Suppose that ¥ = W. The map ¢ : R\
{0} x R x R — R? given by

Pu, v, w) = (u, uv, w)
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induces a non-smooth vector field X satisfying that any discontinuity q € )
with u # 0 is regular. Moreover, if ¢ € ¥ is a discontinuity with u® +w? = 0
then q is a double crossing.

Note that for each double, triple, cone or Whitney descontinuity, we are
able to, after a finite number of blow ups, reduce the study to the regular
case. Consequently we have a sliding vector field well defined. The basic
objective behind these new coordinates is the ability to perform a systematic
analysis of the phase portrait of a class of non-smooth systems via singular
perturbation tools.

The proofs of our main results are given in Sections 2, 3, 4, 5 and 6 where
we study the sliding motion on F, D, 7, C and W respectively. The sliding
vector field idealized by Filippov can not be uniquely extended for inter-
secting switching discontinuous manifold. However, the blow up method
developed here can be applied for such kind of surface. Since this method
produces a differential system which is equivalent to the sliding vector field
for the regular case, it can be considered as generalization of the Filippov
convention. A sufficient number of blow ups to get a sliding vector field like
the idealized by Filippov is given in Table 1.

# Blow—ups
QU,F) 0
QU, D) 1
QU,C) 1
QU,T) 2
QU,W) 2

TABLE 1. Sufficient number of blow ups to get a sliding vec-
tor field like the idealized by Filippov.

2. PROOF OF THEOREM 1.1 - SLIDING MOTION ON F

In this section we assume that ¥ = {(z,y,0) : z,y € R} and X; =
(f1,91, M), X— = (f2, 92, ha).

First of all we introduce two basic tools which will be used in the proof.
e A smooth function ¢ : R — R is a transition function if liril w(s) =
S—T 00
+1 and ¢'(s) > 0 for any s € R.

e The p-regularization of X = (X4, X_) is the one—parameter family
X, given by

® X =(3+ 24 ) e+ (3- 24 xw.
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for e > 0.

It is easy to see that ¢ : [0, 7] — R given by ¢(0) = ¢(cot #) for 0 < 6 < ,
¥(0) =1 and ¢(7) = —1 is a non increasing smooth function.

Proof of Theorem 1.1. We apply the regularization process and then we
get that the trajectories of the regularized vector field X, are the solutions
of the differential system

(f1 + f2,91 + g2, h1 + ha) + @(2/e)(f1 — f2,91 — g2, h1 — h2)
2

Next we consider the polar blow up coordinates given by z = rcosf and
e =rsind, with r > 0 and 6 € [0, 7]. Using these coordinates the parameter
value € = 0 is represented by r = 0 and the blow up induces the differential
system given by

(j“a v, Z) =

T = B,y b,r)= ﬁ;ﬁ+wmﬁ;ﬁ»
(4) y = "Y(.’L’,y,@,r) = 91 —592 _1_1/)(9)91 ;QQ 7
rd = a(z,y,0,r) = —sind <h1;rh2+¢(6)h12h2>.

It is a typical singular perturbation problem. The fast system is the
system after a time re-scaling (multiply by r the right hand side of the
system) and considering r = 0:

=0, ¢y =0, ¢=az,vy,0,0).

The slow flow is given by the solutions of the reduced problem represented
by

(5) Oza(xvya970)7 jj:ﬁ(xayveaOL y:/}/(mayvevo)
The slow manifold for 6 € (0, ) is implicitly determined by the equation
hi+h hi—h
a:—%fz+¢W)122:0

hi + ha

We have that —1 < — <1, for all (z,y,0) € »sl U X, Since 1! is

— N2
increasing on (—1,1), the equation o = 0 defines a continuous graphic.
According with the definition of X* we have

1

(6) X*¥ = ————(h1fo — hafi,h1g2 — hag1,0)
h1 — ho
The reduced problem is represented by
A+ - gt -
PR ! f2 +¢(9)f1 . f2’ P : 2 4 (o)L . 92
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It follows immediately that

hi+h
with the restriction given by ¥ () = — 1+ h2

1—hy
the flows of X> and the reduced problem are equivalent.

Remark about two-dimensional non-smooth dynamical systems.
Let (0,0) € U C R? be an open set. Consider X = (X, X_) with X, X_:
U — R? smooth vector fields and a switching manifold (0,0) € ¥ = H~1(0)
where H : U — R is smooth. We denote X € Q(U,F;) if ¥ is locally
diffeomorphic to Fo = {(x,0) : x € R}. We also establish a connection
between singular perturbation problems and the sliding vector fields. More
specifically there exists a singular perturbation problem

(7) i =Bz, 0,r), r0=ax0,r)

withz € R, 6 € (0,7), r>0,such that the slow manifold S = {(z,6) €
R x (0,7) : a(z,0,0) = 0} and £ | J X are homeomorphic and the reduced
problem obtained considering » = 0 and the dynamical system correspond-
ing to the sliding vector field (1) are topologically equivalent. This is a

particular case of a general study for n-dimensional non-smooth dynamical
systems and their connection with singular perturbation ( see [10]).

Example. ( T-singularity) We say that ¢ € ¥ is a codimension 0 singular
point of (X4, X_) of the fold—fold kind if

Oh; Oh; Ooh; .
hi(q) =0 ot i + By 0, i=1,2
i(q) =0, <fz ar "9, T (@) #0, i=1,
and the curves hi(z,y,0) = ho(z,y,0) = 0 along which X; and X_ has
quadratic contact with X, are transverse at ¢q. Besides, when

Ohy Ohy Ohy Oho Oho Oho
<f18m +9187y + hlé&) (q) <0, <f23x +9287y + h28z> (@) >0

we say that ¢ is a T-singularity.
Assume X = (k1,a,2) and X_ = (b, ko,y). If k; <0, ks > 0,a+b <0,
a < b and ab < kiko, then (0,0) is a T-singularity.

The regularization X, is given by

X. = <1+ (p(:)>X++ (1— S0(§)>X_ —

2 2 2 2
ki+0b z. k1 —b a+ ko z.a—ky x4y Z. T —Yy
(Bl v o) el 52l T 5220

Performing the blow up z = rcosf,e = rsinf, where r > 0 and 6 € [0, 7]
we get the following singular perturbation problem :

& = (k1+0b)/2+ ¢(cotf)(ky —b)/2,
(8) Yy = (a+k)/2+¢(cotb)(a—k2)/2,
r = —sinf((x+y)/2+ ¢(cotf)(x —y)/2).
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The slow manifold is represented by
{(x,y,@) e R? x (0,7): (x4+y)/24+ p(cot O)(z —y)/2 = 0} .

The graphic of this surface has a helicoidal shape and its intersections with

the planes 6 = constant are straight lines. In fact, for # = 0 the lineis z = 0

and for § = 7 the line is y = 0. Moreover for 6 € (0, 7) the points (0, z,y)
z+y

satisfying ¢(cot 0) = —2—, areona straight line. The slow flow is given by

()= ) ()

Since y — z > 0 in the sliding region ( # < 0 and y > 0) it is enough to
compute the eigenvalues of the above matrix.
Since k1 < 0, k2 >0, a —b <0, and ab < k1ky the eigenvalues
a—b=xt \/(b—i—a)Q — 4k1ko
2
are negative. In fact, —4k1ko > 0 and then (b + a)? — 4k1ky > 0. It implies
that the eigenvalues are real. Besides,
ab < kiky = (b+a)? — 4k1ky < (b — a)®.

Since (@ —b) < 0 and /(b + a)? — 4k1ka < (b — a) = |a — b| the eigenvalues
are negative. The corresponding eigenvectors are

Ay =

B 2k 1
a+b:|:\/(a+b)2—4k1k2’ .
The eigenvector w4 ( resp. are w_) is contained in the sewing (resp. sliding)
region. Since |A\_| > |[A;| we have that all trajectories (except those ones on
the straight line corresponding to w_) tend to the origin tangentially to the
straight line generated by w, .

3. PROOF OF THEOREM 1.2 - SLIDING MOTION ON D

In this section we assume that ¥ = {(z,y,2) € R? : 2y = 0}, X, =
(f1,91,h1) and X_ = (fa, 92, h2), and f;, g; and h; are C" functions, where
i =1,2. Moreover we assume that f;(p) = ¢;(p) = hi(p) =0 for any p € %.
In fact, if it is not true, we then consider the vector field

Y(z,y) = (2° + y°) X (2, ).

instead.

Observe that if p = (z,y, z) € ¥ is such that 22 + 52 # 0 then there exists
an open neighborhood U, C R? of p such that X[y, € QU,, F).

Proof of Theorem 1.2. Consider the map ¢ : (0,27) x [0,4+00) x R — R3
given by ¢(0,r, 2) = (rcos,rsinf, z). Let X be the vector field determined
by X, and X_ on ¢~}(X;) and on ¢~(¥_), respectively, with switching
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F1GURE 5. T-singularity. The brown flow is the projection
of the slow flow on 6 = 0.

manifold ¥ = 9¢~1(34) Udo~1(2).

1) If r > 0 and ¢ = (0,r,2) € ¥ then there exists a neighborhood
Uy C S' % [0, +00) x R such that Xy, € QUy, F). In fact, for r > 0 we have
that ¢/(6,, z) is an isomorphism. It implies that the gradient V(F o ¢) # 0
on (Fo¢)~1(0)Nn{r > 0}.

2) If ¢ = (0,0, 2) € ¥ then there exists a neighborhood U, C S* x R such
that X|y, € Q(Uy, F2). For r = 0 we have
Sn{r=0}=aG6710)
with G(0,r,z) = (6 — w/2)(0 — 7)(0 — 37/2). Besides it is easy to see that
VG(6,0,2) # 0 on G~10). |

Remark. The vector field X determined by X, and X_ and induced by ¢
on (0,7) x [0, +00) x R satisfies

70 = gicos@ — fisinf, 7= f;cosf+ g;sinf, Z=h,.
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FIGURE 6. Non-smooth systems on the cylinder S x R.

Considering r = 0 and eliminating common factors, we get the reduced flow
0=gjcosf — f;sinf, 2Z=h,.

There exists a sliding curve on the cylinder S* x R defined implicitly by the

equations
3

0= g1cosf — fisiné, 06(0,%)U(ﬂ',7),
3
0=gacosf — fasinf, 6¢€ (g,ﬂ')U(g,Qﬂ).

Example . Consider the non-smooth vector field X = (X4, X_) given by
Xi(z,y,2) = (—2,1,1) for zy > 0 and X_(x,y,2) = (1,1, 1) for zy < 0.
If p=(x,y,2) € ¥ is such that y = 0,2 # 0 or x = 0,y # 0 then there
exists an open neighborhood U, C R? of p such that Xy, € Q(Up, F). If
x = y = 0 then there exists an open neighborhood U, C R3 of p such that
Xy, € QUy,, D). Applying Theorem 1.2 the equations of the non-smooth
system on the cylinder [0, 27] x R are

n0 = cosf + zsinfh, z=1
for 0 € (0,7/2) U (m,37/2) and

779 =cosf —sinf, z=-1

for 0 € (n/2,7) U (37/2,2m7).

4. PROOF THEOREM 1.3 - SLIDING MOTION ON 7T~

In this section we assume that ¥ = {(z,y,2) € R® : ayz = 0}, X, =
(f1,91,h1) and X_ = (f2, g2, h2).
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We denote L, = {y =2=0},L, ={xr =2 =0} and L, = {x =y = 0}.
For p = (x,y,2) € ¥ we have
o If pe ¥\ (LyULyUL;) then then there exists an open neighborhood
U, C R? of p such that X[y, € QU,, F).
oIfpe (L, UL,UL;) but p # 0 then then there exists an open
neighborhood U, C R? of p such that X[y, € Q(U,, D).
Proof of Theorem 1.3. Consider the map ¢ : (0,7) x (0,27) x [0, +00) — R?
given by ¢(01,02,r) = (rsin by cos o, rsin 01 sin o, r cos 01 ). Then the vector
field X determined by X; and X_ on ¢~ 1(X}) and on ¢ (3_), respec-
tively, and induced by ¢ satisfies the following.

1) Ifr > 0 and ¢(q) € (X\(LyULyUL;)) then there exists a neighborhood
Uy C S? x RT such that Xy, € QUy, F).

2) There are six “half-spaces” where the discontinuities of X are double
crossing
° {01 = 0} X R+,
° {91 = 7T} X R+,

0{01:gand92:§}><R+,
e {61 =7 and 6 = 37} x RT,
[ {91:%and92=0}xR+,
o {6 =7 and 6 =7} x RT.

3) If ¢ € S%? x {0} and {sinfly = 0} N {sinf; cosf; # 0} U {cosh; =
0} N{sinfz cosfs # 0} U {cosfs = 0} N {sin by cos by # 0} then there exists a
neighborhood U, C 52 x {0} such that X[, € QUy, F2). If ¢ = (61,62,0) €
5% x {0} is such that

(01,692) € {(0,0), (m,0), (7/2,£7/2), (7/2,£m)}
then there exists a neighborhood U, C 5% x {0} such that Xy, € Q(Uy, D). I

The trajectories of X;, i = 1,2, are given by the solutions of the differ-
ential system

x,:fi(xay)z)v y/:gi(may)z)v ZI:hi(x)yaZ)'

The trajectories of the ¢ induced vector field X; on S? x [0, +00) are the
solutions of

o~ f [00801 coséb] . [cos@l sin02] h [—sin@l} 7
r T
—sin 6y cos
0/ = 1 9
2 4 [rsin@l} T rsin@l]

' = fi[sinf; cosbs] + g [sin Oy sin O] + h; [cos b1],
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FIGURE 7. Switching manifold after blow up - case 7.

where the functions f;, g;, hi, i = 1,2, are evaluated at
(rsin 6y cos s, 7 sin 61 sin B, r cos 7).

Since we can assume that X;(p) = 0 for all p € ¥, the system above on
52 x [0, +00) becomes

0] = E [sin 6 cos 6 cos Ba] + F; [sin 6 cos 6 sin B3] + h; [—sin 6],
(9) 05 = fi [~ sin6a] + i [cos O] , B

r'=f; [r sin? 0, cos 02] +G; [r sin2 6, sin 92] + h; [rcosbq],
gi h;

here f; =  li L Gi= i d h; = lim —.
where fi (r,01)1£n>(0,0) rsinf,’ Ji (r,al)lin(o,o) 7 sin 61 and e =18 r

5. SLIDING MOTION ON C

In this section we assume that ¥ = {(x,y,2) € R?: 22 — 22 — 42 = 0},
Xy = (f1,91.7) and X_ = (f2, g2, ho).

If p € £\ {(0,0,0)} then then there exists an open neighborhood U, C R3
of p such that X|,, € QU,, F). In fact, H(z,y,2) = 22 — 22 — y? and
VH(z,y,z) = (—2x,—2y,2z) # (0,0,0) for all (z,y,z) # (0,0,0).

Proof of Theorem 1.4. Consider the map ¢ : (0,7) x (0,27) x [0, +00) — R3
given by ¢(601,02,7) = (rsin by cos s, 7 sin 61 sin Oz, 7 cos 01). Then the vector
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FIGURE 8. Switching manifold after blow up - case C.

field X determined by Xy and X_ on ¢~ (X;) and on ¢~1(X_), respec-
tively, and induced by ¢ satisfies the following.

1) If 7 > 0 then ¢(g) € (¥\ {(0,0,0)} and there exists a neighborhood
Uy C 5% x RT such that Xy, € QUy, F).

3
2) If r = 0 there are two circles 6; = % and 61 = Zﬂ where the disconti-

— 3
nuities of X are regular. More precisely, if ¢ € S? with §; = % or 0 = Zﬂ

then there exists a neighborhood U, C 5% x {0} such that X[y, € Q(Uy, F2).
|
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As in Section 4 the trajectories of the ¢ induced vector field X; on S? x
[0, +00) are the solutions of

o~ f [cos@l cosﬁg] . [cosﬁl sin02] +h [—sin@l} 7
r r r
—sin 6y cos
b5 = fi i ;
2 4 [rsin@l} T {rsin@l]
" = fi[sin6; cos ] + g4 [sin 0y sin O] 4 h; [cos 01],

where the functions are evaluated at (rsin 6 cosfs, 7 sin 6y sin 02, 7 cos 01).
Since we can assume that X;(p) = 0 for all p € X, the system above on
5% x [0, +00) becomes
(10)
0, = P;(01,02) = fi [sin 61 cos 01 cos O] + i [sin 0y cos b sin O] + h; [—sin 61],
9’2 = Q,-(@l, 92) = fz [— Sinez] + E[COS 92] ,
hi

lim fz , g = lim gl and h; = lim —.
(r,01)—(0,0) 7 sin 61 (,01)—(0,0) 7 sin 61 r—0 7

Consider X' = (Y(LYQ) the vector field on S? x {0} induced by ¢ with

where f; =

discontinuities occuring on the circles 6; = Z and 0; = Zﬂ- We denote
3
S5 ={(61,62);0 < 6, < % or f <6 <7}

and

_ 3
EO = {(91,02); E < 91 < Zﬂ-}

The ¢-regularization of X’ = (Y&,Yﬁ) is the one-parameter family X?
given by

01—Z 0,—Z
e (1, 2C) o, (1 2F)) 5o
(11) X st | Xt g —5 | X

where ¢ is a transition function and € > 0.

The trajectories of the regularized vector field YS are the solutions of

-_P1+P2 91*% PP

0, = 5 +<,0( 5 ,

. 9, — T _

92:Q1+Q2+¢( 1 4>Q1 QQ.
2 € 2

Next we consider the polar blow up coordinates given by ¢ — § = pcos§
and ¢ = psing, with p > 0 and £ € [0,7]. Using these coordinates the
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parameter value € = 0 is represented by p = 0 and the blow up induces the
differential system given by

w " 80n.6.0) = (252 4 oteor D52,
p¢ = (02, p) = —sin¢ <P1+P2+s0(cot€)P1gP2>-

We get that the slidding region in the circle §; = 7 is homeomorphic to

the slow manifold

P+ P P - P
2 4 p(cot ) =2 =0
2 2
and the slidding vector field is topologicaly equivalent to the slow flow
R N e |
. P+ P P — P
0 = 2(626,0) = —sm&( T eleoté) = 2) :

6. SLIDING MOTION ON W

In this section we assume that ¥ = {(z,y,2) € R®: 222 —¢? =0}, X, =
(f1,91,h1) and X_ = (f2,92,h2). Moreover we assume that f;(0,y,2) =
gi(oaya Z) = Oai = 15 2.

If p € ¥ with 22 +%2 # 0 then there exists an open neighborhood U, C R3
of p such that X|y, € Q(Up, F).

If p € ¥ with 22 +y? = 0 and z < 0 then we extend smoothly X assuming
that X (p) = X (p).

Proof of Theorem 1.5. Consider the map ¢ : R\ {0} x R x R — R3 given
by ¢(u,v,w) = (u,uv,w). Then the vector field X determined by X, and
X_ on ¢~1(¥,) and on ¢~ 1(X_), respectively, and induced by ¢ satisfies
the following.

a) The discontinuous set is ¥ = {(u,v,w);u =0 or w = v?}.

b) If ¢ € ¥ with u # 0 then ¢ is regular.

¢) If ¢ € ¥ with u = 0 and w = v? then ¢ is a double singular point. In
fact, the surfaces u = 0 and w = v? are in general position because theirs

tangent spaces are transversal [ |

Application. Consider the third order equation
(13) T+ ad 4+ b+ cx = —aKx
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FIGURE 9. Switching manifold after blow up - case W.

with a,b,c € R, K € R" and |a| < 1. The corresponding system is
=y, y=2 ~it=—cx—by—ar—aKz.

In [1] the authors study the law of variation of @ which ensure asymptotic
stability for the zero solution of equation (13). To do this they consider
v(z,y,z) a function of the variables (z,y,z) and choose « satisfying that
the rate of decrease of v along the trajectory is the gratest. The rate is

. Ov v v v
0= %y—l—a—yz—&(cx—i—by—i—az)—af(gx
and it is the greatest by setting
ov
o = sgn —x.

0z

Thus the switching manifold is a double crossing
ov
S={=—z=0
{5,2=0}

The authors consider v = Ca? + Ey? + 22 + 2Dxy + 2Axz + 2Byz and
a = sgn(Az + By + z)x. However if we consider v = % then the switching
manifold is given by xz = 0 which is also a double crossing. Moreover, for
v = % the switching manifold is given by xyz = 0 which is a triple crossing.
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