ABCs of
nonsmookh svsﬁems



the bouncing ball

if x =0 then v — —pv « & e TN

coefficient of
restitution



A sliding mass with
Coulomb friction
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Formwoalism 1:

kjbrid system

continuous state

T =t fq(xa U)Q-«- EMPM&
"Ndiserete stake” or “v;\ﬂﬁdﬁﬂ
e = T

Wi = Gq then ] - reset map

s Gl

“discontinuity set” or “guard”

the state of the system is (x,q)




| ;,xa\mpiﬁt bou,ma&sf\g ball
as a kjbrid s:jsﬁem

fi(z,v) = ( _Ug )

G =4l ol o =0
if x € Gy then z— z;,v— —pv

notice that the fixed point of il .
the reset map coincides with a™
tangent point of the vector
field



Chattering in a kjbrtd system
(or Zeno effect)

an infinite number of swikches in a finite time



Impact £ >0

Zeno Point

Pre-Zeno

p Release

Unconstrained

Post-Zeno

z

Constrained

Zeno Behavior

T
e

Knee Unlocked

Knee Locked Knee Unlocked Knee Locked

From A, Ames, mu,LF:LF:Le. papers



Formalism 2:
~ilippov s s&em
oy

4“’“ Assmmp&mm
the quards

fo(z,u) PARTITION the

state | E“MFME: fl (Qj u)

if z &Gy et
R dzsaan&;b&u&v sek

f(:z:',u) < COHV{fCh (:E,u), fQQ (:z’;,u), a3 }

skatbe space X

the state of the system is x



Exampie: sliding mass as a
ﬁ&tippov svs&em

" slidihng vector field

&Sin(ﬁ) —Citv>0
Jo sin(f) + C if v < 0
Ja ¢

in(f) + |[—C,C|ifv=0



Sliding, crossing, escaping, equ&tibrm,
and Fseuduequilibrm




Example: compute the sliding vector field of a
Filippov system formed by 2 Linear subsystems




Example: compute the sliding vector field of a
Filippov system formed by 2 Linear subsystems

s A e

A-such thatdXf - — X) f s
tangent to the discontinuity sur-
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Thought experiment

2d Whal kappems to
24 the Lva WAOV
\ exponents of a
e\ A L sliding Erajea&orj?




Other formalisms

o Compt&menﬁo\r&j sjs&em
o 'Diﬂfnferemﬁod. tclusion

o Swikbched svs%em



Common friction
models

V Coulomb model  Stiction (stakic friction)

S%rib@t: aﬁe@& ‘ kjjs teresis



exparimevx&at f o

10-6 MUY

numerical

0
z(m)

£t sgn(v) for f < fy4 and sgn(vt) > 0,

(v,7) = < fys sgn(v) for f; > fy+ and sgn(v?d) > 0,
fa— sgn(v) for sgn(vd) <0,

(from “Hysteretic effects of dry friction: modelling and experimental studies”
J Wojewoda, A, Stefaisii, M. Wiercigroch and T, Kagi&amiak‘, ROO%)



Case study: phase portrait of o
ma standing on an ncreasingly
steep surface

(with a Filippov model and Stribeck friction)

Stribeck friction
characteristic




Case study: phase portrait of o
man walking ol an increasingly
steep surface

(with a Filippov model and Stribeck friction)

A hew, hon smooth
bifurcakion:
the Bouv\c&arv
Eqmiibrmm
(wore to come...)




