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Abstract—: The dynamics of mechanical systems with dry
friction elements, modeled by set-valued force laws, can be
described by differential inclusions. The switching and set-
valued nature of the friction force law is responsible for
the hybrid character of such models. An equilibrium set of
such a differential inclusion corresponds to a stationary mode
for which the friction elements are sticking. The attractivity
properties of the equilibrium set are of major importance for
the overall dynamic behavior of this type of systems. Conditions
for the attractivity of the equilibrium set of linear multi-degree-
of-freedom (MDOF) mechanical systems with multiple friction
elements are presented. These results are obtained by applica-
tion of LaSalle’s invariance principle for differential inclusions
of Filippov-type. Besides passive systems, also systems with
negative viscous damping are considered. For such systems,
only local attractivity of the equilibrium set can be assured
under certain conditions. Moreover, an estimate for the region
of attraction is given for these cases. The results are illustrated
by means of a 2DOF example. Moreover, the value of the
attractivity results in the context of the control of mechanical
systems with friction is illuminated.

I. INTRODUCTION

The presence of dry friction can influence the behaviour
and performance of mechanical systems as it can induce
several phenomena, such as friction-induced limit-cycling,
damping of vibrations and stiction. Dry friction in mechan-
ical systems is often modelled using set-valued constitutive
models [1], such as the set-valued Coulomb’s law. Set-
valued friction models have the advantage to properly model
stiction, since the friction force is allowed to be non-zero at
zero relative velocity. The dynamics of mechanical systems
with set-valued friction laws are described by differential
inclusions. We limit ourselves to set-valued friction laws
which lead to Filippov-type systems [2]. Filippov systems,
describing systems with friction, can exhibit equilibrium sets,
which correspond to the stiction behaviour of those systems.

The overall dynamics of mechanical systems is largely
affected by the stability and attractivity properties of the
equilibrium sets. For example, the loss of stability of the
equilibrium set can, in certain applications, cause limit-
cycling. Moreover, the stability and attractivity properties of
the equilibrium set can also seriously affect the performance
of control systems. In [3], [4], [5], stability and attractivity
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properties of (sets of) equilibria in differential inclusions are
studied. More specifically, in [3], [4] the attractivity of the
equilibrium set of a passive, one-degree-of-freedom friction
oscillator with one switching boundary (i.e. one dry friction
element) is discussed. Moreover, in [4], [5] the Lyapunov
stability of an equilibrium point in the equilibrium set is
shown. However, most papers are limited to either one-
degree-of-freedom systems or to systems exhibiting only one
switching boundary.

We will provide conditions under which the equilibrium
set is attractive for multi-degree-of-freedom mechanical sys-
tems with an arbitrary number of Coulomb friction elements
using Lyapunov-type stability analysis and LaSalle’s invari-
ance principle for non-smooth systems. Moreover, passive
as well as non-passive systems will be considered. The non-
passive systems that will be studied are linear mechanical
systems with a non-positive definite damping matrix with ad-
ditional dry friction elements. The non-positive-definiteness
of the damping matrix of linearized systems can be caused
by fluid, aeroelastic, control and gyroscopical forces, which
can cause instabilities. It will be demonstrated in this paper
that the presence of dry friction in such an unstable linear
system can (conditionally) ensure the local attractivity of the
equilibrium set of the resulting system with dry friction.
Moreover, an estimate of the region of attraction for the
equilibrium set will be given. A rigid multibody approach is
used for the description of mechanical systems with friction,
which allows for a natural physical interpretation of the
conditions for attractivity. Finally, a preliminary study of the
application of these results in a control context is provided.
It should be noted that the results in this paper build on the
work presented in [6].

In section II, the equations of motion for linear mechanical
systems with frictional elements are formulated and the equi-
librium set is defined. In section III, the attractivity properties
of the equilibrium set are studied by means of LaSalle’s
invariance principle. In section IV, an example is studied
in order to illustrate the theoretical results and to investigate
the correspondence between the estimated and actual region
of attraction. Moreover, in section V we illustrate the way in
which controller design (static state feedback) can be used to
induce attractivity of equilibrium sets in mechanical systems
with friction and the way in which the region of attraction
can be influenced by control parameter tuning. Finally, a
discussion of the obtained results and concluding remarks
are given in section VI.
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II. MODELING OF MECHANICAL SYSTEMS WITH
CoULOMB FRICTION

In this section, we will formulate the equations of motion
for linear mechanical systems with m frictional translational
joints. These translational joints restrict the motion of the
system to a manifold determined by the bilateral holo-
nomic constraint equations imposed by these joints (sliders).
Coulomb’s friction law is assumed to hold in the tangential
direction of the manifold.

Let us formulate the equations of motions for such systems
by:

Mg+ Cq+Kq—WrAr =0, )

in which q is a column of independent generalized coor-
dinates, M, C and K represent the mass-matrix, damping-
matrix and stiffness-matrix, respectively, and A7 is a column
of friction forces in the translational joints. These friction
forces obey the following set-valued force law:

Ar € —ASign(gr), 2

with Sign(g,) the set-valued sign-function, i.e. Sign(0) =
[-1,1] 1, with 1 a m X 1-column with ones, and

A = diag ([pu A, |

Herein, Ay, and p;, ¢ = 1,...,m, are the normal contact
force and the friction coefficient in translational joint i.

/im|)‘NmH)-

Moreover, W 1. = aéq—qT is a matrix reflecting the generalized
force directions of the friction forces. Herein, g, is a column
of relative sliding velocities in the translational joints. Equa-
tion (1) forms, together with a set-valued friction law (2),
a differential inclusion. Differential inclusions of this type
are called Filippov systems which obey Filippov’s solution
concept (Filippov’s convex method). Consequently, the ex-
istence of solutions of system (1) is guaranteed. Moreover,
due to the fact that u; > 0, i = 1,...,m, which excludes
the possibility of repulsive sliding modes along the switching
boundaries, also uniqueness of solutions in forward time is
guaranteed [7].

Due to the set-valued nature of the friction law (2), the
system exhibits an equilibrium set. Since we assume that
gr = qu, g = 0 implies g, = 0. This means that every
equilibrium implies sticking in all contact points and obeys
the equilibrium inclusion: Kq + W ASign(0) > 0. The
equilibrium set is therefore given by

£={(a.q) eR*"| (g=0)A

q € —K'WASign(0)} ©)

and is positively invariant due to the uniqueness of the
solutions in forward time (the set is only weakly invariant
due to non-uniqueness of solutions in backward time).

III. ATTRACTIVITY ANALYSIS OF THE EQUILIBRIUM SET

Let us now study the attractivity properties of this equilib-
rium set £. Hereto, we will use LaSalle’s principle [8], but
applied to Filippov systems with uniqueness of solutions in
forward time [6].

Let us consider the stability of linear systems with friction
and positive definite matrices M, K and a non-positive
damping matrix C'. Note that this implies that the equilibrium
point of the linear system without friction is either stable or
unstable (not asymptotically stable). In the following theorem
we state the conditions under which the equilibrium set of
the system with friction is locally attractive. Before stating
the results we introduce the following definitions. In the
attractivity result, we consider the following energy-based,
positive-definite function V:

1. . 1
V=54"Mq+ 4" Kq. )
Furthermore, we define an open set Z, by

and a number p* by

pr =, min p;
with 62 1 (6)
Pi =

207 [leg, STH1P

where S is the square root of P (P = S*'8) and P is given
by

_ [UTKU. 0

P 0 urMmu. |-

(7
Moreover, in (6), n, is the number of eigenvalues of C'
which lie in the closed left-half complex plane and \; are the
corresponding eigenvalues of C'. Moreover, in (6), (7), U,
is the matrix containing the eigencolumns of C' and, finally,
[ :=1/a is chosen such that

Ng
T, T/ Tr7 = .

> lelnl < ap" WU V. ®)

i=1
Herein, e; is a unit-column with a non-zero element on the -
th position and p = {A;;}, fori = 1,...,m. The following
result will state the conditions under which such constant 3
exists.

Theorem 1
Consider system (1) with friction law (2). If the following
conditions are satisfied:

1) the matrices M, K are positive definite and the matrix
C is symmetric,

2) define by A\;, i = 1,...,ng, the eigenvalues of C for
which \; < 0 and the corresponding eigencolumns U .,
satisfy U, € span{Wr} fori =1,...,ng,

3) ECZ,,

then the equilibrium set (3) is locally attractive.

We present the proof of this theorem here since it unifies
the results presented in [6] and it provides an estimate for
the region of attraction of the equilibrium set, which will be
used in sections IV and V.

Proof: We consider the positive definite function V' as in (4).
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Using friction law (2) and the fact that g; = W14, the
time-derivative of V' is

V=¢"(-Cqg— Kq+WrAr)+q Kq
=—¢"Cq— grASign(gr)
=—q'Cq—p gyl
=—4"'Cq—p"|Widg|,

where the column |g| is defined by |g,| = {|g7,|}, fori =
1,...,m. Equation (9) implies that V is a continuous single-
valued function (of q and ¢). It holds that p > 0 and that if
g =0 then g; = 0.

We now apply a spectral decomposition of C =

U."Q.U_", where Q. is the diagonal matrix containing
all eigenvalues of C, which are real. Note that also U, is a
real matrix. Moreover, we introduce coordinates n such that

g = U_.n. Consequently, V satisfies
V=-4"U"QU ¢ - p" W14l
= =i Qi —p" (WU,
The matrix C' has n, eigenvalues in the closed left-half

complex plane; all other eigenvalues lie in the open right-half
complex plane. Consequently, V' obeys the inequality

)

(10)

Ng
V<= N -p Wil v,
i=1

(1)

where we assumed that the eigenvalues (and eigencolumns)
of C are ordered in such a manner that A\;, 7 = 1,...,n,,
correspond to the eigenvalues of C' in the closed left-half
complex plane. Assume that 3 > 0 such that (8) is satisfied.
Assuming that such an « can be found, (11) results in

V<- kaz 52|m|§0,
=1

with g = é and 7); = el7. Let us now investigate when
da > 0 such that (8) is satisfied. Note, hereto, that if

e; € Span{U;rWT}, Vi ell,

(12)

"7n(]]7

then 3+ such that el = ~TWLU,. It therefore holds
that [el| = [yTWEUA| and [eln| < yE[[WEU 3]
Choose the smallest &; such that [y*| < &;pT, where the
sign < has to be understood component-wise. Then it holds
that |eln| < a;pT|W1U.m| V9, Vic[l,...,n,]. Note
that o in (8) can be taken as a = ¢, &;:. Finally, one
should realize that if and only if

U.e; € span {UCUCTWT}, (13)

or, in other words, if the i-th column U, of U, satisfies
U, € span{Wr} (note in this respect that U, is real
and symmetric), then it holds that e; € span{UfWT}.
Therefore, a sufficient condition for the validity of (12) can
be given by

U, €span{Wr}, Viell, (14)

c Mg

Now, we apply LaSalle’s Invariance Principle. Let us, hereto,
define a set C by
anq} ; (15)

where (U q) denotes the i-th element of the column
U_'q. Moreover, let us use the definition of a set Z, as
in (5) and choose the maximal constant p such that Z, C C:

(16)

c= {<q,q) | 1(U ), < —%,

i=1,...

max

Pmax = (nI, CC}p.

Let us now prove that py.x = p*, with p* defined in (6).
Note that V' can be written as V = %mTPa:, with T =
[nT hT] and P defined in (7). The value pn, is the
lowest value of p for which the set 7, touches one of the
hyperplanes of JC. We define p;, i = 1,...,n4, to be that
value of p for which the set Z, touches the hyperplane

|1:] = =+ Accordingly, pmax is deﬁned by
Pmax = i:rlnlnn Pi- (17
Equating the hyperplane |7;| = —)% with 0Z,, gives the
relation
. B
sup || = W (18)
sllzlH=p: i

where ||z||% = T Pz. A decomposition of P

P=5Ts, P-UTQU, S=U'QIU, (19

where S is the square root of P and a transformation y =
Sa gives the relationship

sup e Syl = ,AQ (20)
lyll=v2pi @
with [|y|| |z|p and 79 = z,4; = e}, @ With a
transformation z = y/+/2p;, (20) transforms to
- p
vV 2pi ”SI‘lp ler ;S 2| =1 (21)
z||=1 7

Using the definition of the norm of a matrix A as | A =
SUp| =1 [ Az|, (21) yields

- B
V2pillen ST =

N (22)
Consequently, p; is given by (6). This concludes the proof
that pmax = p*.

Moreover, we define a set S C Z,- by § =
{(g,q) € Z,« : ¢ = 0}. Furthermore, the largest invariant
set in S is the equilibrium set &, since according to the
third condition in the theorem £ C Z,-. Note that vV =
0 if and only if (q,q) € S and V < 0 otherw1se Applica-
tion of LaSalle’s invariance principle concludes the proof of
the local attractivity of £ under the conditions stated in the
theorem. |
At this point several remarks should be made:

1) It should be noted that the proof of Theorem 1 pro-

vides us with a conservative estimate of the region of
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Figure 1: 2DOF mass-spring-damper system with Coulomb fric-
tion.
20F 5]
I5F
10- D
5 =
~ OF
8
5k
-10 | A D
-15 |
20 & L
20 15 10 5 0 5 10 15 20

Figure 2: Cross-section of the region of attraction A with the plane
defined by 1 = 0 and 22 = 0.

attraction A of the locally attractive equilibrium set
E. The estimate B can be formulated in terms of the
generalized displacements and velocities: B = T+,
where p* satisfies (6);

The proof of Theorem 1 also shows that boundedness
of solutions (starting in ) is ensured and that the
equilibrium point (g, q) = (0,0) is Lyapunov stable.
It can be shown that if 1ITATWIK TWrA1 <
2p*, with 1 a m x 1-column with ones, then £ C Z,-
In that case the entire equilibrium set &£ is locally
attractive.

An important consequence of Theorem 1 is that when
the damping-matrix C' is positive definite, global at-
tractivity of the equilibrium set is assured. Note, hereto,
that in the proof of Theorem 1, (14) is automatically
satisfied and p* can be taken arbitrarily large in that
case.

2)

3)

4)

IV. ILLUSTRATING EXAMPLE

In this section, we will illustrate the results of the previous
section by means of an example concerning a 2DOF mass-
spring-damper system, see Figure 1. The equation of motion
of this system can be written in the form (1), with g% =
[#1 @3] and the generalized friction forces Az given by

the Coulomb friction law (2). Herein the matrices M, C,
K, W and A are given by

- -ml 0 et —Co
M__O 7’)’LQ:|7 _|: —C2 Cl+02:|’
_ (k1 + ko —ko
E=1"k & +k2] : 3)
_[r oo _ [mmg 0
W= 0 1}’ A_[ 0 ,UQng:|7

with mq,mo, k1,k2 > 0 and py,pue > 0. Moreover, the
tangential velocity g, in the frictional contacts is given
by gp = [#1 2| . Let us first compute the spectral
decomposition of the damping-matrix, C' = U;TQCUJI,
with (for non-singular C):

i 1 -1 Q. - (&1 0
\/§ 1 11’ ¢ 0 c¢1+ 2¢

The equilibrium set &, as defined by (3), is given by

U, = } . (24)

E = {(l'l,l'g,jil,"tQ) | i‘l = 0/\1’2 =0A

(k1 + ko) paimag + kopamag
K2 + 2k ks

(k1 4 ko) pameag + k‘2M1m19}
k3 + 2k ko '

Let us now consider two different cases for the damping
parameters c¢; and co:

Firstly, we consider the case that ¢; > 0 and c > —c1/2.
Note that C' > 0 if and only if ¢; > 0 and ¢ > —c;/2.
Consequently, the global attractivity of the equilibrium set £
is assured. It should be noted that this is also the case when
one or both of the friction coefficients 11 and po vanish.

Secondly, we consider the case that cq; >0 and
c2 < —c1/2. Clearly, the damping matrix is not positive
definite in this case. As a consequence, the equilibrium
point of the system without friction is unstable. Still the
equilibrium set of the system with friction can be locally
attractive. Therefore, Theorem 1 can be used to investigate
the attractivity properties of (a subset of) the equilibrium set.
For the friction situation depicted in Figure 1, condition (14)
is satisfied if 1 > 0 and po > 0. Namely, W spans the
two-dimensional space and, consequently, the eigencolumn
of the damping matrix corresponding to the unstable eigen-
value ¢1 + 2c2, namely [—1 1] T, lies in the space spanned
by the columns of W .

Since the attractivity is only local, it is desirable to provide
an estimate B3 of the region of attraction A of (a subset of) the
equilibrium set. Here, we present a comparison between the
actual region of attraction (obtained by numerical simulation)
and the estimate B for the following parameter set: m; =
me = 1kg, k1 = kg = 1N/m, cT = 0.5NS/II1, Cy =
—0.375Ns/m, 11 = p1o = 0.1 and g = 10m/s*. An estimate
for the region of attraction 53 can be provided analytically
as B = I,+, with p* according to (6), which yields for this
example:

o] < (25)

2| <

_ 1 mimgy? ~ gmin(pyma, pomo)

c1 + 202

*

p

, Wherey = . (26)

T 2mq 4+ mo
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The numerical simulations are performed using an event-
driven integration method as described in [9]. The event-
driven integration method is a hybrid integration technique
that uses a standard ODE solver for the integration of
smooth phases of the system dynamics and a LCP (Linear
Complementarity Problem) formulation to determine the next
hybrid mode at the switching boundaries. For these parameter
settings, £ C int(Z,~) and the local attractivity of the entire
equilibrium set £ is ensured. In Figure 2, we show a cross-
section of A with the plane #; = 0 and @2 = 0, denoted
by A, which was obtained numerically. Hereto, a grid of
initial conditions in the plane 1 = 29 = 0 was defined, for
which the solutions were obtained by numerically integrating
the system over a given time span 7'. Subsequently, a check
was performed to inspect whether the state of the system
at time 7" was in the equilibrium set £. Initial conditions
corresponding to attractive solutions are depicted with a light
color (set .A) and initial conditions corresponding to non-
attractive solutions are depicted with a dark grey color (set
D). Moreover, € and B are also shown in the figure, where
the ~ indicates that we are referring to cross-sections of the
sets. It should be noted that £ C B. As expected the set B is
a conservative estimate for the region of attraction 4. In [6],
more examples are discussed in which the crucial condition
for local attractivity (14) is not satisfied.

V. CONTROLLING ATTRACTIVITY

So far we have concentrated on the asymptotic proper-
ties of mechanical systems with friction. In particular, we
presented results on the attractivity of equilibrium sets in
such systems. Let us now present a preliminary study of
the application of these results in a control context. Hereto,
we consider a class of controlled mechanical systems with
Coulomb friction:

Mtj+C(1+Kq—WT)\T:Su, (27)

where M = M"' > 0 and w is a column with con-
trol inputs and S is a matrix concerning the generalized
force directions in which the actuators can influence the
system dynamics. This open-loop system may not exhibit
positive definite damping- and stiffness matrices; think of
linearizations of systems (systems without Coulomb friction)
of which the equilibrium undergoes a Hopf or pitchfork
bifurcation. Consequently, such systems do not satisfy the
conditions of Theorem 1. Now, we propose a PD-type of
feedback law w = —F'1q — F'>q in order to ensure that the
closed-loop dynamics, described by

Mg+ Cuaq+Kqgq—WpAr =0, (28)

with C,; = C + SF3 and K., = K + SF, satisfies the
conditions of Theorem 1. Consequently, the conditions on
the control design can be stated in the following corollary
of Theorem 1:

Corollary 1
Consider system (27), (2) with M = M T~ 0 and a feedback
lawuw = —F1q — F»q. If 3F, F5 such that

1) (K+SFi)=(K+SF.)" >0,

2) U., € span{Wr}, where U.,, i = 1,...,7g, rep-
resent the eigencolumns of C\; corresponding to the
remaining n, closed left-half plane eigenvalues of C',

3) C; is symmetric, and

4) Ecl C I;i 5

then the equilibrium set &) of the closed-loop system can be

rendered attractive by this feedback law and Igi is an estimate
for the region of attraction of £;.

The second condition in Corollary 1 can be formulated as
follows: 3F» such that the pair [—(C + SF3), W] is sta-
bilizable. This stabilizability condition, in turn, is equivalent
to the stabilizability of the pair [-C,[Wr, S]]. The latter
stabilizability condition is intuitive since it expresses the fact
that one should be able to counteract instabilities due to
negative viscous damping either by dry friction effects or by
means of feedback in order to attain attractivity. Moreover,
we can reformulate the first condition in Corollary 1 using
the following result from [10], which claims the equivalence
of the following two statements:

D IP=PrPT>o,

2) A, with A Hurwitz s.t. PA+ ATP < 0.
Now we use this result to reformulate condition 1; the
following two statements are equivalent:

1) 3F; st. (K + SF,) = (K + SF,)T >0,
2) JA,Y with A Hurwitz s.t.
KA+ ATKT+8Y +Y'ST <0 with Y = F, A.

The LMI in the previous statement can be used to construct
the feedback gain-matrix F'; through F; = Y A~'. In such
a way the equilibrium set can be rendered attractive and the
following example will illustrate that the region of attraction
can also be influenced by tuning the control parameters.
Let us now consider the 2DOF mass-spring-damper sys-
tem as depicted in figure 3, in which masses mj; and mo
can be controlled by actuators u; and us, respectively. Here
PD-control of the two masses will be considered: u; =
—p1x1 — d121, Uz = —p2x9 — doZo. The control problem
to be addressed can be formulated as follows: how can we
influence the attractivity properties (and the corresponding
region of attraction) of the equilibrium set by tuning of
the control parameters p;, di, po and ds? For the sake of
simplicity we limit ourselves to the case that the control laws
for the two actuators are identical, i.e. po = p; and dy = d;.
Note that the condition on K ; stated above is guaranteed
if p; > 0. Moreover, the condition U,, € span{Wr} is
satisfied for all values of di. However, p; and d; should
be chosen such that condition 3 in Theorem 1 is satisfied.
The influence of the control design on the attractivity of
the equilibrium set will be investigated along two routes:
firstly, we will investigate the influence of the gain d;
of the derivative action and, secondly, we will investigate
the influence of the proportional action p;. In accordance
with (26) the region of attraction for the controlled system
is given by B = Z,-, with p* given by (26) with ¢; = d;.
This clearly indicates that the region of attraction can be
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Figure 3: Controlled 2DOF mass-spring-damper system with
Coulomb friction.
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Figure 4: Estimated region of attraction 3 for an increasing deriva-
tive control gain d;.

effectively influenced by the control design. In figure 4, the
effect of the derivative gain on the region of attraction is
depicted. Once more, a similar cross-section of state-space
as in figure 2 is considered. Herein, the following system
parameter values are used: m; = mo = 1kg, ko = 1 N/m,
cg = —0.375Ns/m, pg = p2 = 0.1, g = 10m/s2. Moreover,
the proportional gain is p; = 1N/m. Figure 4 clearly
displays the increase of the estimated region of attraction for
increasing derivative control gain. As this gain approaches
the value d; = 0.75, (i.e. di = —2c¢2) the estimated region
increases progressively until at d; = —2c¢y the attractivity
becomes global. Moreover, when the derivative gain drops
below a certain level the attractivity of the equilibrium set
as a whole can not be guaranteed anymore.

The influence of the proportional gain is of an entirely
different nature. Namely, (25) (with p; substituted for ki)
expresses the fact that the equilibrium set decreases when
p1 increases. However, the estimated region of attraction
also decreases. In this respect, it should be noted that for
increasing p; the set C, defined in (15), and consequently p*
remain unchanged; however, since the estimated region of
attraction is now given by

1 . .
B={x cR"| i(mlx? + mads 29)

+(p1 + ko) (23 + x3) — 2kaw122) < p*},

the size of B decreases for increasing proportional gain.

Obviously, a similar analysis can be performed for the case
that different PD-control designs are used for the actuators
Ul and U2.

VI. CONCLUSIONS

Conditions for the (local) attractivity of equilibrium sets
of mechanical systems with friction are derived. The systems
are allowed to have multiple degrees-of-freedom and mul-
tiple switching boundaries (friction elements). It is shown
that the equilibrium set £ of a linear mechanical system,
which without friction exhibits a stable equilibrium point £,
will always be attractive when Coulomb friction elements
are added. Moreover, it has been shown that even if the
system without friction has an unstable equilibrium point
E, then the equilibrium set £ of the system with friction
can under certain conditions be locally attractive and the
equilibrium point £ C & is stable. The crucial condition
can be interpreted as follows: the space spanned by the
eigendirections of the damping matrix, related to negative
eigenvalues, lies in the space spanned by the generalized
force directions of the dry friction elements.

Lyapunov stability of the equilibrium set of non-passive
systems is not addressed, however, the combination of the
attractivity property of the equilibrium set and the bounded-
ness of solutions within B can be a valuable characteristic
when the equilibrium set is a desired steady state of the
system. Moreover, an estimate of the region of attraction of
the equilibrium set is provided.

Finally, the attractivity results are applied to design a
linear state-feedback controller to guarantee attractivity of
an equilibrium set of a controlled system with friction.
Moreover, it is shown that the region of attraction can
effectively be shaped by tuning of the control parameters.

REFERENCES

[1] Ch. Glocker, Set-Valued Force Laws, Dynamics of Non-Smooth Sys-
tems, ser. Lecture Notes in Applied Mechanics.  Berlin: Springer-
Verlag, 2001, vol. 1.

[2] A. E Filippov, Differential equations with discontinuous right-hand
sides. Dordrecht: Kluwer Academic, 1988.

[3] 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.

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

[5] 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.

[6] 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.

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

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

[9]1 F. Pfeiffer and Ch. Glocker, Multibody dynamics with unilateral
contacts. New York: Wiley, 1996.

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

2615



	MAIN MENU
	PREVIOUS MENU
	---------------------------------
	Search CD-ROM
	Search Results
	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




