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Abstract— : In this paper we present conditions under which
an equilibrium set of a multi-degree-of-freedom nonlinear
mechanical system, with set-valued friction and an arbitrary
number of frictional bilateral constraints, is attractive. These
systems form an important class of hybrid engineering systems.
The attractivity results are obtained using the framework of
differential inclusions together with a Lyapunov-type stability
analysis and LaSalle’s invariance principle. The special struc-
ture of mechanical systems allows for a natural Lyapunov
function candidate and a generic result for a large class
of systems. Moreover, an instability theorem for assessing
the instability of equilibrium sets of differential inclusions is
presented. These results are illustrated by means of an example
of a nonlinear mechanical system exhibiting both attractive and
unstable equilibrium sets.

I. INTRODUCTION

Most stability studies of discontinuous (hybrid) systems
have focussed on isolated equilibrium points (or periodic or-
bits). However, in many systems discontinuities may induce
the existence of entire connected sets of equilibria (called
stationary sets or equilibrium sets), which can dramatically
influence the dynamics. For a wide range of both controlled
and uncontrolled (electro-mechanical) systems, dry friction
can seriously affect the performance through the presence
of such equilibrium sets. More specifically, the stiction phe-
nomenon in friction can induce the presence of equilibrium
sets, see for example [1]. The stability properties of such
equilibrium sets is of major interest when analysing the
global dynamic behaviour of these systems.

The aim of the paper is to present theoretical results which
can be used to rigourously prove the conditional attractivity
or instability of the equilibrium sets of nonlinear mechanical
systems with frictional bilateral constraints.

The dynamics of mechanical systems with set-valued fric-
tion laws are described by differential inclusions of Filippov-
type, see [2], [3] and references therein. Filippov systems,
describing systems with friction, can exhibit equilibrium sets,
which correspond to the stiction behaviour of those systems.
Many publications deal with stability and attractivity prop-
erties of (sets of) equilibria in differential inclusions [4],
[5], [6], [7], [8]. For example, in [4], [5] the attractivity of
the equilibrium set of a dissipative one-degree-of-freedom
friction oscillator with one switching boundary (i.e. one dry
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friction element) is discussed. Moreover, in [5], [6], [7] the
Lyapunov stability of an equilibrium point in the equilibrium
set is shown. Most papers are limited to either one-degree-of-
freedom systems or to systems exhibiting only one switching
boundary. Very often, the stability properties of an equilib-
rium point in the equilibrium set is investigated and not the
stability properties of the set itself. In this context, it is worth
mentioning that in the more general scope of discontinuous
systems, a range of results regarding stability conditions
for isolated equilibria are available, see for example [9] in
which conditions for stability are formulated in terms of
the existence of common quadratic or piece-wise quadratic
Lyapunov functions. In [10], extensions are given of the
absolute stability problem and the Lagrange-Dirichlet theo-
rem for systems with monotone multi-valued mappings (such
as for example Coulomb friction). In the absolute stability
framework, strict passivity properties of a linear part of the
system are required for proving the asymptotic stability of
an isolated equilibrium point, which may be rather restrictive
for mechanical systems in general. Moreover, certain stability
properties of equilibria in discontinuous systems of Lur’e
type are studied in [11]. In a previous publication [12], we
provided conditions under which the equilibrium set of a
multi-degree-of-freedom linear mechanical system with an
arbitrary number of Coulomb friction elements is attrac-
tive using Lyapunov-type stability analysis and LaSalle’s
invariance principle. Moreover, dissipative as well as non-
dissipative linear systems have been considered.

In this paper we will give conditions under which an equi-
librium set of a multi-degree-of-freedom nonlinear mechan-
ical system with an arbitrary number of frictional bilateral
constraints is attractive. The theorem for attractivity is proved
using the framework of differential inclusions together with
a Lyapunov-type stability analysis and LaSalle’s invariance
principle. The special structure of mechanical multi-body
systems allows for a natural choice of the Lyapunov function
and a systematic derivation of the proof for this large class
of systems.

The modelling of nonlinear mechanical systems with set-
valued dry friction laws by differential inclusions is discussed
in Section II. Subsequently, the attractivity properties of
an equilibrium set of a system with friction are studied in
Section III-A. Moreover, the attractivity analysis provides
an estimate for the region of attraction of the equilibrium
set. In Section III-B, an instability theorem for differential
inclusions is presented. These results are illustrated by an
example in Section IV. Finally, concluding remarks are given
in Section V.
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II. MECHANICAL SYSTEMS WITH SET-VALUED FRICTION

LAWS

We consider nonlinear mechanical systems with n degrees
of freedom and m bilateral constraints with set-valued dry
friction (frictional sliders). These kind of systems are very
common in engineering practice (think for example of indus-
trial robots, automotive drivelines and many others) and form
an important class of hybrid engineering systems. We assume
that a set of independent generalised coordinates q ∈ R

n is
known, for which the m bilateral constraints are eliminated
from the formulation of the dynamics of the system. We
formulate the dynamics of the system using a Lagrangian
approach, resulting in(

d

dt
(T,q̇) − T,q + U,q

)T

= f nc(q, q̇)+W T (q)λT , (1)

or, alternatively,

M(q)q̈ − h(q, q̇) = W T (q)λT . (2)

Herein, M(q) = MT(q) > 0 is the mass-matrix and T =
1
2 q̇TM(q)q̇ represents kinetic energy. Moreover, U denotes
the potential energy. The column-vector f nc in (1) represents
all smooth generalised non-conservative forces. The state-
dependent column-vector h(q, q̇) in (2) contains all dif-
ferentiable forces (both conservative and non-conservative),
such as spring forces, gravitation, smooth damper forces
and gyroscopic terms. Moreover, the friction forces λT are
assumed to obey Coulomb’s set-valued force law:

λT ∈

⎧⎪⎨
⎪⎩
−µ|λN |, γT > 0,

[−1, 1]µ|λN |, γT = 0,

µ|λN |, γT < 0.

(3)

Herein, λN is the normal force in the frictional contact,
µ ≥ 0 is the friction coefficient and γT is the relative sliding
velocity between the bodies involved in the frictional contact
(γT = 0 in case of stick). The admissible values of the
friction force λT form a convex set CT which is bounded by
the values of the normal force [13]: CT = {λT | −µ|λN | ≤
λT ≤ +µ|λN |}. Now, the friction force λTi ∈ CTi in each
frictional contact i ∈ {1, . . . , m}, is described by Coulomb’s
set-valued force law (3). Note that the sets CTi generally
depend on the normal contact force λNi ∈ R. The normal
and frictional contact forces of all m contacts are gathered
in columns λN = {λNi} and λT = {λTi}, respectively,
and the relative sliding velocities are gathered in the column
γT = {γTi}, for i = 1, . . . , m. We assume that these relative
sliding velocities are related to the generalised velocities
through:

γT (q, q̇) = W T
T (q)q̇. (4)

It should be noted that W T
T (q) = ∂γT

∂q̇
. This assumption is

very important as it excludes rheonomic contacts.
The equation (1) or (2) together with the set-valued

force law (3) for every frictional contact i ∈ {1, . . . , m}
represent a differential inclusion on force-acceleration level.

This differential inclusion exhibits an equilibrium set given
by

E=

{
(q, q̇) |q̇ = 0 ∧ h(q,0) +

m∑
i=1

W Ti(q)CTi � 0

}
, (5)

with W Ti(q) the i-th column of W T (q). It should be
noted that due to the fact that nonlinear mechanical systems,
without dry friction, can exhibit multiple equilibria, the
system with dry friction may exhibit multiple (disconnected)
equilibrium sets.

Let us now state some consequences of the assumptions
made, which will be used in the next section. Due to the
fact that the kinetic energy can be described by T =
1
2 q̇TM(q)q̇ = 1

2

∑
r

∑
s Mrsq̇

r q̇s, with M(q) = MT(q),
we can write in tensorial language

T,q̇k =
∑

r

Mkr q̇
r, T,qk =

1

2

∑
r

∑
s

(
∂Mrs

∂qk

)
q̇r q̇s,

d

dt

(
T,q̇k

)
=

∑
r

Mkr q̈
r +

∑
r

∑
s

(
∂Mkr

∂qs

)
q̇r q̇s

=
∑

r

Mkr q̈
r + 2T,qk

+
∑

r

∑
s

(
∂Mkr

∂qs
−

∂Mrs

∂qk

)
q̇r q̇s

⇒
d

dt
(T,q̇) = q̈TM(q) + 2T,q − (f gyr)T, (6)

with the gyroscopic forces [14] f gyr =
{
f gyr

k

}
, f gyr

k =

−
∑

r

∑
s

(
∂Mkr

∂qs − ∂Mrs

∂qk

)
q̇r q̇s. Comparison with (1)

and (2) yields

h(q, q̇) = f nc(q, q̇) + f gyr(q, q̇) − (T,q + U,q)
T

. (7)

For the stability analysis pursued in this paper it is important
to note that the gyroscopic forces have zero power [14], i.e.

q̇Tf gyr = −
∑

k

∑
r

∑
s

(
∂Mkr

∂qs
−

∂Mrs

∂qk

)
q̇r q̇sq̇k = 0.

(8)

III. STABILITY PROPERTIES OF EQUILIBRIUM SETS

In Section III-A, we propose sufficient conditions for the
attractivity of the equilibrium set and, in Section III-B, an
instability theorem for differential inclusions is proposed,
which can be used to prove the instability of an equilibrium
set.

A. Attractivity of an Equilibrium Set

In this section, we will investigate the attractivity proper-
ties of the equilibrium sets defined in the previous section.

We define the following nonlinear functionals, R
n → R,

on q̇ ∈ R
n:

• Dnc
q (q̇) := −q̇Tf nc(q, q̇) is the dissipation rate function

of the smooth non-conservative forces f nc.
• DλT

q (q̇) :=
∑m

i=1 −λTiγTi(q, q̇) = −γT
T λT is the

dissipation rate function of the frictional forces λT .
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These dissipation rate functions are functions of (q, q̇), but
we write them as nonlinear functionals on q̇ so that we can
speak of the zero-set of the functional Dq(q̇): D−1

q (0) =
{q̇ ∈ R

n | Dq(q̇) = 0}.
As stated before, the type of systems under investigation

may exhibit multiple equilibrium sets. Here, we will study
the attractivity properties of a specific given equilibrium set
Ẽ . By qe we denote an equilibrium point of the system
dynamics with bilateral frictionless contacts (M(q)q̈ −
h(q, q̇) = 0), from which follows that the equilibrium is
determined by h(qe,0) = 0. We assume the potential energy
U(q) to be a locally positive definite function with respect
to qe with a non-vanishing gradient in a subset U of the
generalised coordinate space, i.e.

U(q) =

{
0 q = qe

> 0 ∀q ∈ U\{qe}
and U,q 	= 0,∀q ∈ U\{qe}. (9)

The subset Q = {(q, q̇) ∈ R
n × R

n | q ∈ U} is assumed
to enclose the equilibrium set Ẽ . Notice that the equilibrium
point qe of the system without friction is also an equilibrium
point of the system with friction: (qe,0) ∈ Ẽ . In case the
system does exhibit multiple equilibrium sets, the attractivity
of Ẽ will be only local for obvious reasons. In the following
we will use the Lyapunov candidate function

V (q, q̇) = T (q, q̇) + U(q), (10)

being the sum of kinetic and potential energy. We now
formulate a technical result which states conditions under
which the equilibrium set can be shown to be (locally)
attractive and provides an estimate for its region of attraction.

Theorem 1 (Attractivity of an Equilibrium Set)
Consider system (2), or alternatively system (1) with friction
law (3). If

1) T = 1
2 q̇TM(q)q̇, with M(q) = MT(q) > 0,

2) the potential energy satisfies (9) and the equilibrium set
Ẽ is the largest stationary set contained in Q; so Ẽ ⊂ Q,

3) Dnc
q (q̇) = −q̇Tf nc ≥ 0, i.e. the smooth non-

conservative forces are dissipative, and f nc = 0 for
q̇ = 0,

4) Dnc
q

−1(0)
⋂

DλT

q

−1
(0) = {0} ∀q,

5) Ẽ ⊂ Ic∗ in which the set Ic∗ , with Ic = {(q, q̇) ∈ R
n×

R
n | V (q, q̇) < c}, is the largest level set of V , given

by (10), that is contained in Q, i.e. c∗ = max{c:Ic⊂Q} c,

then the equilibrium set Ẽ is locally attractive and Ic∗ is a
conservative estimate for its region of attraction.

Proof: Note that V is positive definite around the
equilibrium point (q, q̇) = (qe,0) due to conditions 1 and 2
in the theorem. The time-derivative of V satisfies

V̇ = q̇TM(q)q̈ + (T,q + U,q) q̇

(2)
= q̇T (h(q, q̇) + W T (q)λT ) + (T,q + U,q) q̇

(7)
= q̇T (f nc + f gyr + W T λT )

(4),(8)
= q̇Tf nc + γT

T λT .

(11)

Due to conditions 3 and 4 of the theorem and the fact that
DλT

q (q̇) ≤ 0, given the Coulomb friction law (3), it holds
that V̇ = −Dnc

q (q̇)−DλT

q (q̇) ≤ 0. We now consider V̇ as a
nonlinear functional on q̇ and write

V̇ = 0 for q̇ ∈ V̇ −1
q (0) and V̇ < 0 for q̇ /∈ V̇ −1

q (0), (12)

with V̇ −1
q (0) = Dnc

q
−1(0)∩DλT

q

−1
(0). Using condition 4 of

Theorem 1, it follows that V̇ −1
q (0) = {0} and hence

V̇ = 0, for q̇ = 0 and V̇ < 0, for q̇ 	= 0. (13)

We now apply LaSalle’s invariance principle, which is valid
when every limit set is a positively invariant set (see the
remark below). Let us hereto consider the set Ic∗ where c∗

is chosen as in condition 5 of the theorem. Note that Ic∗ is
a positively invariant set due to the choice of V . Moreover,
the set S is defined as S = {(q, q̇) | V̇ = 0} = {(q, q̇) |
q̇ = 0}. On S, the dynamics (2) of the system is described
by h(q,0) + W T (q)λT = 0 and hence by the following
inclusion:

h(q,0) +

m∑
i=1

W Ti
(q)CTi

� 0. (14)

Consequently, we can conclude that the largest invariant set
in S ∩Q is the equilibrium set Ẽ (see (5) and condition 2 of
the theorem). Therefore, it can be concluded from LaSalle’s
invariance principle that Ẽ is a locally attractive set and Iρ∗

is an estimate for its region of attraction.
Remark 1: LaSalle’s invariance principle is valid when every
limit set is a positively invariant set [15]. A sufficient con-
dition for the latter is continuity of the solution with respect
to initial conditions. The system under consideration is a
differential inclusion of Filippov-type, for which continuity
with respect to the initial condition is guaranteed. Under the
above assumptions, it therefore holds that every limit set is
a positively invariant set and LaSalle’s invariance principle
can be applied.
Remark 2: The attractivity result in this section can be
exploited to design controllers for robotic manipulators with
frictional joints that guarantee attractivity of a target equilib-
rium set (one may have to revert to such a control objective
when exact friction compensation is not possible). The con-
trol law, e.g. a simple PD controller as in [16], should, firstly,
guarantee that in all generalised force directions dissipative
(friction or control) forces are active (condition 3 and 4 of the
theorem) and, secondly, guarantee the existence of a positive
definite ‘effective’ potential energy function that is positive
definite around the equilibrium set (conditions 2 and 5 of the
theorem).

B. Instability of Equilibrium Sets

We aim at proving the instability of equilibrium sets of me-
chanical systems with dry friction, under certain conditions,
by showing that these equilibrium sets do not comply with
the definition of Lyapunov stability, i.e. by showing that we
can not find for every ε-environment of the equilibrium set
a δ-neighbourhood of the equilibrium set such that for every
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initial condition in the δ-neighbourhood the solution will
stay in the ε-environment. We aim to do so by generalising
the instability theorem for equilibrium points of smooth
vectorfields (see e.g. [17]) to an instability theorem for
equilibrium sets of differential inclusions1:

Theorem 2 (Instability Theorem for Equilibrium Sets)
Let Ẽ be a bounded connected equilibrium set of the differen-
tial inclusion

ẋ ∈ f(x), almost everywhere, (15)

with x ∈ R
n, f : R

n → R
n and where f(x) is bounded

and upper semi-continuous with a closed and (minimal) con-
vex image. Let V be a continuously differentiable function
such that V (x0) > VE > 0 for some x0, for which
dist(x0, Ẽ) is arbitrarily small, and where VE = max

x∈Ẽ
V (x).

Define a set W = {x ∈ Dr | V (x) ≥ 0}, where Dr ={
x ∈ R

n | dist(x, Ẽ) ≤ r
}

is an environment of Ẽ and

choose r > 0 such that Ẽ ⊂ Dr is the largest stationary set in
Dr. Now, three statements can be made:

1) If V̇ (x) > 0 in W\Ẽ , then Ẽ is unstable;
2) If V̇ (x) ≥ 0 in W\Ẽ and Ẽ ⊂ int(W), then Ẽ is not

attractive;
3) If V̇ (x) ≥ 0 in W\Ẽ and in a bounded environment

of Ẽ solutions of (15) can not stay in S\Ẽ with S ={
x ∈ R

n | V̇ = 0
}

, then Ẽ is unstable.

Proof: The point x0 is in the interior of W and
V (x0) = VE + δV with δV > 0. The continuity of V (x)
implies that V (x) attains its maximum VE in Ẽ for a point
x∗ ∈ bdryẼ , because V (x0) > VE with x0 arbitrarily close
to Ẽ .

Let us first prove statement 1 (instability) using the fact
that V̇ (x) > 0 in W\Ẽ : The trajectory x(t) starting in
x(t0) = x0 must leave the set W . To prove this, notice that
as long as x(t) is inside W , V (x(t)) > VE + δV ∀t > t0
since V̇ > 0 in W\Ẽ . Note that V̇ = 0 in Ẽ since it is an
equilibrium set. Define

γ = min
x∈W,V (x)≥VE+δV

V̇ (x).

The function V̇ (x) = ∂V
∂x

ẋ ∈ ∂V
∂x

f(x) (a.e.) has a minimum
on the compact set {x ∈ R

n| (x ∈ W) ∧ (V (x) ≥ VE +
δV )} = {x ∈ R

n| (x ∈ Dr) ∧ (V (x) ≥ VE + δV )}. Then,
γ > 0 since V̇ (x) > 0 in W\Ẽ and

V (x(t)) = V (x0) +

∫ t

t0

V̇ (x(s)) ds

≥ VE + δV +

∫ t

t0

γ ds ∀ t > t0,

⇒ V (x(t)) ≥ VE + δV + γ(t − t0) ∀ t > t0,

(16)

because the set of time-instances for which V̇ (t) is not
defined is of Lebesgue measure zero. This inequality shows

1Note that (2) and (3) together constitute a differential inclusion of the
form (15).

that x(t) can not stay forever in W because V (x) is bounded
on W . As a consequence, x(t) must leave W through the
surface {x ∈ R

n| dist(x, Ẽ) = r}. Namely, x(t) can not
leave W through the surface V = 0, since V (x(t)) >
VE + δV > 0, ∀ t > t0. Since this can occur for x0 such
that dist(x0, Ẽ) is arbitrarily small, the equilibrium set Ẽ is
unstable.

Let us now prove statement 2 (exclusion of attractivity)
using the fact that V̇ (x) ≥ 0 in W\Ẽ : repeat the reasoning
above and realise that now γ ≥ 0 and thus V (x(t)) ≥ VE +
δV, ∀ t > t0. This excludes the possibility of x(t) ultimately
converging to Ẽ since, firstly, V ≤ VE∀x ∈ Ẽ and, secondly,
the fact that Ẽ is enclosed in the interior of W . Since this
is true for x0, for which dist(x0, Ẽ) is arbitrarily small, no
neighbourhood of Ẽ exists such that for any initial condition
in this neighbourhood the solution will ultimately converge
to Ẽ as t → ∞, i.e. Ẽ is not attractive.

Finally, let us prove statement 3. Since solutions can not
stay in S\Ẽ , ∃t > t0 such that x(t) 	∈ S. Moreover, every
solution x(t) of (15) is an absolutely continuous function
of time and x(t) /∈ S for some small open time domain
(t0, t1). Therefore, for t ∈ (t0, t1), V̇ > 0. Consequently,∫ t1

t0
V̇ (s) ds > 0. This implies that V (t) is strictly increasing

for (t0, t1). As t → ∞, the positive contributions to V (t)
will ensure that the solution will be bounded away from the
equilibrium set for an initial condition arbitrarily close to the
equilibrium set. As a consequence, Ẽ is unstable.

IV. ILLUSTRATIVE EXAMPLE

We study a nonlinear mechanical system with multiple
bilateral frictional constraints. Consider a rod with mass
m, length 2l and moment of inertia JS around its centre
of mass S, see Figure 1. The gravitational acceleration
is denoted by g. The rod is subject to two holonomic
bilateral constraints: Point 1 of the rod is constrained to the
vertical slider and Point 2 of the rod is constrained to the
horizontal slider. Coulomb friction is present in the contact
between these endpoints of the rod and the grooves (friction
coefficient µ1 in the vertical slider and friction coefficient µ2

in the horizontal slider). It should be noted that the realised
friction forces depend on the constraint (normal) forces in
the grooves, which in turn depend on the realised motion,
i.e. on (q, q̇). The dynamics of the system will be described
in terms of the (independent) coordinate θ, see Figure 1. The
corresponding nonlinear equation of motion is given by(

ml2 + JS

)
θ̈+mgl sin θ = 2l sin θλT1

−2l cos θλT2
, (17)

where λT1
and λT2

are the friction forces in the vertical and
horizontal sliders, respectively. Equation (17) can be written
in the form (2), with

M(q) = ml2 + JS , h(q, q̇) = −mgl sin θ,

W T (q) =
[
2l sin θ −2l cos θ

]
.

(18)

The equilibrium set of (17) is given by (5), with CTi
=

{λTi
| −µi|λNi

| ≤ λTi
≤ +µi|λNi

|}, i = 1, 2. Note that
CTi

, i = 1, 2, depend on the normal forces λNi
, i = 1, 2,
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which in turn may depend on the friction forces. The static
equilibrium equations of the rod yield:

λN1
+ λT2

= 0,

λN2
+ λT1

− mg = 0,

l cos θλN1
− l sin θλN2

+ l sin θλT1
− l cos θλT2

= 0.

(19)

Based on the first two equations in (19) and Coulomb’s
friction law (3) for both frictional sliders, the following
algebraic inclusions for the friction forces in equilibrium can
be derived:

λT1
∈ [−µ1|λT2

|, µ1|λT2
|] ,

λT2
∈ [−µ2|λT1

− mg|, µ2|λT1
− mg|] .

(20)

The resulting set of friction forces in equilibrium is depicted
schematically in Figure 2. The equilibrium set E in terms
of the independent generalised coordinate θ now follows
from the equation of motion (17): mgl sin θ = 2l sin θλT1

−
2l cos θλT2

. For values of θ such that cos θ 	= 0 (we assume
that, for given values for m, g and l, the friction coefficients
µ1 and µ2 are small enough to guarantee that this assumption
is satisfied in equilibrium) we obtain:

θ = arctan

(
λT2

−mg
2 + λT1

)
+ kπ, k = 0, 1, (21)

Figure 1: Rod with two frictional constraints.

Figure 2: Attainable friction forces in equilibrium.

for values of λT1
and λT2

taken from (20). Equation (21)
describes the fact that there exist two isolated equilibrium
sets (an equilibrium set E1 around θ = 0 and E2 around
θ = π) for small values of the friction coefficients. The
equilibrium sets are given by

Ek =
{

(θ, θ̇) | θ̇ = 0,−θ̂ ≤ θ − (k − 1)π ≤ θ̂
}

, (22)

with θ̂ = arctan
(

2µ2

1−µ1µ2

)
and for k = 1, 2 and µ1µ2 < 1.

Note that for µ1µ2 ≥ 1 these isolated equilibrium sets merge
into one large equilibrium set, such that any value of θ can
be attained in this equilibrium set. We will consider the case
of two isolated equilibrium sets here.

Firstly, we will study the stability properties of the equi-
librium set E1 around θ = 0. Let us hereto apply Theorem 1
and check the conditions stated therein. Condition 1 of this
theorem is clearly satisfied since the kinetic energy is given
by: T = 1

2

(
ml2 + JS

)
θ̇2. Condition 2 is also satisfied.

Namely, take the set U = {θ | |θ| < π} and realise that
indeed the potential energy U = mgl(1 − cos θ) is positive
definite in U and ∂U/∂θ = mgl sin θ satisfies the demand
∂U/∂θ 	= 0,∀θ ∈ U\{0}. Since there are no smooth non-
conservative forces Dnc

q (q̇) = 0, condition 3 is satisfied.

Finally, we note that Dnc
q

−1(0) = R and DλT

q

−1
(0) = {0},

which implies that condition 4 of Theorem 1 is satisfied.
Note, however, that the set Q = {(θ, θ̇)| |θ| < π} contains
the equilibrium set E1 and part of the equilibrium set E2 (see
Figure 4). Therefore, we consider the largest level set V < c∗

for which the set E1 is the only equilibrium set within this
level set of V = T + U . This level set is an open set and
the value

c∗ = mgl

(
1 −

1 − µ1µ2√
4µ2

2 + (1 − µ1µ2)2

)
(23)

is chosen such that its closure touches the equilibrium set
E2. Consequently, we can conclude that the equilibrium set

Figure 3: Phase plane and the set Ic
∗ in which V = T + U < c

∗.
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E2

W

θ − π

θ̇

Figure 4: Schematic representation of the set W in which V ≥ 0

(V as in (24)).

E1 is locally attractive. The phase plane of the constrained
rod system is depicted in Figure 3 for the parameter values
m = 1 kg, JS = 1

3 kg m2, l = 1 m, µ1 = µ2 = 0.3,
g = 10 m/s2. The trajectories in Figure 3 have been obtained
numerically using the time-stepping method (see [3] and
references therein). The equilibrium sets E1 and E2 are
indicated by thick lines on the axis θ̇ = 0. It can be seen
in Figure 3 that the level set V < c∗ is a fairly good
(though conservative) estimate for the region of attraction
of the equilibrium set E1.

Secondly, we will study the stability properties of the
equilibrium set E2 around θ = π. We apply Theorem 2 and
check the conditions stated therein. The function V in this
theorem is chosen as follows:

V = −
1

2

(
JS + ml2

)
θ̇2 + mgl (1 + cos θ) , (24)

and the set W = {(θ, θ̇)|V ≥ 0 ∧ |θ| > θ̂} is de-
picted schematically in Figure 4. The time-derivative of
V obeys V̇ = −θ̇W T λT = −γT

T λT , with W T =[
2l sin θ −2l cos θ

]
, λT =

[
λT1

λT2

]
and γT = θ̇W T =[

2lθ̇ sin θ −2lθ̇ cos θ
]

are the sliding velocities in the two

frictional sliders. Note that V̇ ≥ 0 for all
(
θ, θ̇

)
∈ W

and V̇ = 0 if and only if θ̇ = 0. Using the equation of
motion (17), we can easily show that solutions can not stay
in S\E2, with S = {(θ, θ̇) | θ̇ = 0}, since E1 ∩W = ∅. The
conditions of statement 3 of Theorem 2 are satisfied and it
can be concluded that the equilibrium set E2 is unstable.

The equilibrium set E2 becomes a saddle point for µ1,2 =
0. This saddle structure in the phase plane (see Figure 3)
remains for µ1,2 > 0, but E2 is a set instead of a point.
Interestingly, the stable manifold of E2 is ‘thick’, i.e. there
exists a bundle of solutions (depicted in dark grey) which are
attracted to the unstable equilibrium set E2. Put differently:
the equilibrium set E2 has a region of attraction, where the
region is a set with a non-empty interior. The unstable half-
manifolds of E2 originate at the tips of the set E2 and are
heteroclinic orbits to the stable equilibrium set E1.

V. CONCLUSIONS

In this paper, a class of hybrid engineering systems,
namely nonlinear mechanical systems with set-valued fric-
tion, are considered. Conditions are given under which
an equilibrium set of a multi-degree-of-freedom nonlinear
mechanical system, with set-valued friction and an arbitrary
number of frictional bilateral constraints, is attractive. The
attractivity result is obtained by using the framework of dif-
ferential inclusions together with a Lyapunov-type stability

analysis and LaSalle’s invariance principle. Moreover, we
provide a conservative estimate for the region of attraction
of the equilibrium set. Moreover, a result on the instability of
equilibrium sets of differential inclusions is proposed. This
result allows us to investigate the instability of equilibrium
sets of nonlinear mechanical systems with frictional bilateral
constraints. An example concerning a nonlinear system with
two frictional bilateral constraints is studied in Section IV
and the attractivity and instability of its equilibrium sets are
assessed using these results.

The theorems presented in this paper have been proved
for dissipative systems and form the stepping stone to the
analysis of non-dissipative systems for which the equilibrium
set might still be attractive due to the dissipative nature of
the frictional forces (see also [12]). Future work will also
involve systems with impacts (i.e. state jumps) and using the
obtained results in the scope of control design for systems
with set-valued friction and impact.

REFERENCES

[1] N. van de Wouw, M. van den Heuvel, J. van Rooij, and H. Nijmeijer,
“Performance of an automatic ball balancer with dry friction,” Int. Jnl.
Bifurcation and Chaos, vol. 15, no. 1, pp. 65–82, 2005.

[2] R. I. Leine, “Bifurcations in discontinuous mechanical systems of
Filippov-type,” Ph.D. thesis, Eindhoven University of Technology, The
Netherlands, 2000.

[3] R. I. Leine and H. Nijmeijer, Dynamics and Bifurcations of Non-
Smooth Mechanical Systems, ser. Lecture Notes in Applied Mechanics.
Berlin: Springer Verlag, 2004, vol. 18.

[4] J. Alvarez, I. Orlov, and L. Acho, “An invariance principle for
discontinuous dynamic systems with application to a Coulomb friction
oscillator,” Journal of Dynamic Systems, Measurement and Control,
vol. 122, pp. 687–690, 2000.

[5] D. Shevitz and B. Paden, “Lyapunov stability of nonsmooth systems,”
IEEE Transactions on Automatic Control, vol. 39, no. 9, pp. 1910–
1914, 1994.

[6] D. V. Anosov, “Stability of the equilibrium positions in relay systems,”
Automation and Remote Control, vol. 20, pp. 130–143, 1959.

[7] A. Bacciotti and F. Ceragioli, “Stability and stabilization of discontin-
uous systems and nonsmooth Lyapunov functions,” ESIAM: Control,
Optimisation and Calculus of Variations, vol. 4, pp. 361–376, 1999.

[8] M. Kunze, Non-smooth Dynamical Systems, ser. Lecture Notes in
Mathematics Vol. 1744. Berlin: Springer, 2000.

[9] M. Johansson and A. Rantzer, “Computation of piecewise quadratic
Lyapunov functions for hybrid systems,” IEEE Transactions on Auto-
matic Control, vol. 43, no. 4, pp. 555–559, 1998.

[10] B. Brogliato, “Absolute stability and the Lagrange-Dirichlet theorem
with monotone multivalued mappings,” Systems and Control Letters,
vol. 51, no. 5, pp. 343–353, 2001.

[11] V. Yakubovich, G. Leonov, and A. Gelig, Stability of Stationary Sets
in Control Systems with Discontinuous Nonlinearities. New Jersey:
World Scientific Publishing, 2004.

[12] N. van de Wouw and R. I. Leine, “Attractivity of equilibrium sets
of systems with dry friction,” International Journal of Nonlinear
Dynamics and Chaos in Engineering Systems, vol. 35, no. 1, pp. 19–
39, 2004.

[13] F. Pfeiffer and Ch. Glocker, Multibody dynamics with unilateral
contacts. New York: Wiley, 1996.

[14] J. G. Papastavridis, Analytical mechanics: a comprehensive treatise
on the dynamics of constrained systems: for engineers, physicists and
mathematicians. New York: Oxford University Press, 2002.

[15] S. Chareyron and P. Wieber, “Stability and regulation of nonsmooth
dynamical systems,” IEEE Transactions on Automatic Control, 2005,
submitted.

[16] P. Tomei, “A simple PD controller for robots with elastic joints,” IEEE
Transactions on Automatic Control, vol. 36, no. 10, pp. 1208–1213,
1991.

[17] H. Khalil, Nonlinear systems. London: Prentice-Hall, 1996.

45th IEEE CDC, San Diego, USA, Dec. 13-15, 2006 ThIP9.12

4276


	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search
	Next Document
	Next Result
	Previous Result
	Previous Document

	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




