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Abstract. In a previous article [1] the time-discretization of those relations mod-
eling a class of dynamical systems with friction was discussed. The main goal of
this article is to address similar problems using a more sophisticated friction model
giving a better description of the system behavior particularly when the velocities
are close to zero. These investigations are motivated by the need for more accu-
rate friction models in the software simulating the motion of mechanical systems,
such as the remote manipulators of the Space Shuttle or of the International Space
Station. In this article, we discuss the methods in the case of higher number of
degrees of freedom elasto-dynamical systems, and the special case of one degree of
freedom. The content can be summarized as follows: We discuss first models of the
constrained motions under consideration, including a rigorous formulation involv-
ing a kind of dynamical multiplier. An iterative method allowing the computation
of this multiplier will be discussed. Next, in order to treat friction, we introduce
an implicit/explicit numerical scheme which is unconditionally stable, and easy to
implement and generalize to more complicated systems. Indeed the above scheme
can be coupled, via operator-splitting, to schemes classically used to solve differen-
tial equations from frictionless elasto-dynamics. The above schemes are validated
through numerical experiments.

1. Introduction. Motivated by the real time simulation of elasto-dynamical sys-
tems with friction we introduced in [1], a family of numerical schemes take advantage
of the existence of a friction multiplier. Discrepancies between simulations and real
life results lead engineers to refine their friction models in order to improve simu-
lation quality, particularly at relatively very low velocities, that is, when friction
forces dominate the dynamics of the system under consideration.
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2. Modeling of friction constrained motions: Splitting of the model. Some
remote manipulator system simulators use finite number of degrees of freedom mod-
els, like the one below to describe friction constrained motions:

{ MX + AX + C(sgn(X) — (X)) = f on (0,T),

X(0) = Xo, X(0) =V, (2.1)

where in equation (2.1): X is a displacement (here X (t) € RY), the mass matriz M
is symmetric and positive definite, the stiffness matriz A is symmetric and positive
semi-definite, the friction matriz C is diagonal, i.e. C = diag(cy,--- ,cq), with
¢ >0,Vi=1,---,dand Zle c; > 0,sgn(V) = {sgn(vi)}d,, VV = {v;}, € RY,
(V) = {vi(w)},, V'V = {v;}4, € R4 ~; being a nondecreasing Lipschitz
continuous function vanishing at 0 and such that limg, .40 75(§) = £6;, with 0 <
B; < 1. Typical functions ~; are provided by

7i(6) = Big/Ve? + €2 (2.2)

or

7€) = B /e if |€] < e, i(§) = Bisgn(§) if ] > e. (2.3)

Operator v has been introduced to take into consideration the following well known
fact: When there is dry friction, the force necessary to put the system into motion,
starting from rest, is higher than the one necessary to maintain the motion. f is
an external force, Xo,Vy € R%. Following [3], A rigorous equivalent formulation
of (2.1) is given by
X=Vv on (0,7),
MV +AX +C\—~(V)) = f on (0,7),
CAt) - V() =X cilvi(®)], A(t) € A ace. on (0,T),
X(0) = Xo, V(0) = Vb,

(2.4)

with A the closed convex non-empty subset of R? defined by
A={ppeR% || <1,Vi=1,-- ,d}

and a-b = Z;i:l aibi,Va = {a;}¢_,,b = {b;}¢_, € R% The vector-valued function
C(XA = ~(V)) models the friction forces present in the system. Suppose that T is
finite and let At = T/N. In order to solve problem (2.4), we advocate the following
Lie’s scheme (where t" = nr):

X0 =X,, V0=V (2.5)
form=1,---,N,X™ and V" being known, solve
MV +CA—y(V))=f on (t", "+,
CAt) - V() = X0 eilvi(t)], At) € A ace. on (7, ¢7+1), (2.6)
X =0 on (tn’tn—&-l)’ .
vigm)y=vr, X(it") = X",
and set
Vn+1/2 — V(tn+1), Xn+1/2 _ Xn) (2.7)
next solve

MV +AX =0 on (t", "),
X=V on (t", "), (2.8)
V(tn) _ ‘/n+1/27 X(tn) — Xn+1/2,
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and set
vl =yt Xt = x (e, (2.9)
Problem (2.8), the elastic step, is equivalent to

MX 4+ AX =0 on (t",t"*1), (2.10)
X(tn) _ Xn+1/27 X(tn) _ Vn+1/2’ .
while (2.9) reads as
xntl — ‘X(thrl)7 Vn+1 — X(thrl)' (2'11)

Problems (2.8), (2.10) is a standard one whose numerical solution is a well docu-
mented topic which is dicussed in section 5. On the other hand, solving problem
(2.6), the friction step, is a more critical issue which is the main study of this article
and is addressed in the following section.

3. Time-discretization of problem (2.6). Problem (2.6) is a special case of

MW +CA=~(W))=f  on (to,t5),
CAt)-W(t) =X cilwi(t)], A(t) € A ae. on (to,t5), (3.12)
W (to) = W.

In order to time-discretize (3.12), we advocate the following implicit-explicit scheme
(with 7 = (t; — t0)/P):

WO = Wo; (3.13)
for p=1,---,P,WP~! being known solve the following system of equations

{ MWIEWIZ 4 06 = Cy(WPL) + f7,

y (3.14)
C X -WP =37 ci|wl], W €A,

where fP = f(to+ p7y). Using compactness arguments we can show that
limo maxlgpngWp — W(to —|-pr)|| =0,
Tf—)
and weak-* convergence to X in L (¢, t; R?), for the sequence {3} }p, where
{W, A} is the unique solution of system (3.12). The iterative solution of system
such as (3.14) will be briefly discussed in the following section. In particular, if
d = 1 computing the closed form solution of problem (3.14) is easy as follows. An
equivalent formulation of (3.14) in one degree of freedom is given by

{ MU e\ = ey(wP ) 4 f7,

(3.15)
APwP = |wP|, |\P| < 1.

Function & — m& + crysgn(§) being strictly monotone with range R, problems
(3.15) have unique solutions, V(< ty — tg); we have

{ wP =0 if |bP| < eTy,

wP = (b — crpsgn(bP))/m if |bP| > cTy, (3.16)

with 07 = mwP~! + crpy(wP™1) + 74 fP. Once w? is known, we obtain AP from the
first equation in (3.15). Indeed, scheme(3.15) is unconditionally stable and using
again compactness arguments, we can easily show that

limO mazi<p<p|lw’ —w(ty + prs)| = 0. (3.17)

Tf—
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Remark 1. Define A\;, by A;, = 25:1 APx, where x,, is the characteristic function
of (to,tf)N(to+7r(p—1/2),to+7r(p+1/2)). We have lim,, .o Ar, = Xin L>(to,ty)
weak-*.

4. Tterative Solution of System (3.14). On the other hand, if d > 2, in multiple
degrees of freedom, then we must rely on iterative techniques. Let b? = MWP~1 4
TrCy(WP~1) 4 74 fP, and drop the superscript p in problem (3.14). It takes then
the following form:

{ éﬂ;/ ;/Tf:CzAf_l i|w| A€ A (4.18)
A solution technique is provided by the following algorithm
MY given in A; (4.19)
for k >0, A being known, solve
MW* =b—1;CN\F (4.20)
and update \F via
ML = PR pO ). (4.21)
In (4.21), the projection operator Py : RY — A is defined by
Pa() = {min(1, max(~1, pi) by, Vo = {m}l, e RY (422

The set A being closed, convex (and non-empty), operator Py is a contraction. Con-
cerning the convergence of algorithm (4.19)-(4.21), we have the following theorem.

Theorem 1. Suppose that

2
0<p<——, 4.23
P 7 Ba (4.23)

where B4 is the largest eigenvalue of matriz M ~*C?; we have then, VA" € A,

lim {W* A} = {W, )}, (4.24)
k— 400
where {W, A} is the solution of system (4.18).

An estimate of the speed of convergence of (4.19)-(4.21) will be given in a forth-
coming publication [6].
Proof: The second relation in (4.18) is equivalent to

A= Pr(A+ pCW), ¥p > 0. (4.25)
Let us denote W* —T and \* — X by Wk and Xk, respectively. Operator Py being a

contraction in RY, by subtracting the first relation in (4.18) from (4.20), and (4.25)
from (4.21), we have

MW" = 703" (4.26)
and
I ra < IR+ pOT" . (4.27)
Combining both relations yields
IR B~ I3 s = 20T X = 2O 20 = 22T T — 2O
! (4.28)
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Since ||Cz||3a < BaMz -z, Vz € R?, with 3, being the largest eigenvalue of matrix
M~1C?, it follows from (4.28) that

~k ~k+1
N IR — X

2 —k ——k
I = o = ) T T (4.20)
The positive definiteness of M and (4.29) imply that if (4.23) holds, then the se-
quence { ||Xk||§d}k is decreasing, and therefore converging. Since bounded from
below by zero. The convergence of the above sequence implies that the right-hand
side in (4.29) converges to zero, implying in turn that W -0 (ie. WF— W).
The convergence of {\*}; to A follows from that of {W*}, and of (4.26).

5. Numerical solution of type (2.8) (that is (2.10)) subproblems. Prob-
lems (2.8),(2.10) are very classical ones. We shall briefly discuss their solution by
(well known) finite difference schemes. Let @ be a positive integer and 7 = At/Q.
With obvious notation (and 0 < o < 1/2), we approximate problem (2.10) by

Xn+1,0 _ X”+1/2, Xn+1,1 _ Xn+1,—1 _ 27’2V"+1/2; (51)

for g =0,---,Q, X" 1% and X"*+1.9~1 bheing known, solve:
Xn+1,q+1 + Xn+1,q—1 _ 2Xn+1,q

2
T3

+  A(aX™HHT 4 (1 - 20) X 4 g X HT) = (5.2)

XL = xnHLQ L (xnLQEL L xntlQ-1) o (5.3)

The schemes, (5.1)-(5.3), are used in both one degree and multiple degrees of free-
dom. It is well known (see, e.g., [1], [2] and the references therein) that scheme
(5.1), (5.2) is unconditionally stable if 1/4 < o < 1/2; if 0 < o < 1/4, one has sta-
bility provided that 7o < 1/4/(1/4 — a)vg, vq being the largest eigenvalue of matrix
M™'A (ie., 2 <2/\/vq if a=0).

6. Numerical experiments. In order to validate the methodology discussed in
the above sections, we consider three test problems with degrees of freedom from
one to three. And, the first two test problems are given with closed form solutions.

6.1. Test problem with one degree of freedom: In (2.1), (due to one degree
of freedom problem, the notations in (2.1) are lower-cased.) we take T = 3, m =
l,a=1,c=0.2,290 = 0,99 = 0 and -y is as in Section 2; the forcing term is given
by
8mm?cosdnt + ksin®2mt + c[l — y(2wsindrt)], ifte (1,5)U(2,9),
f(t) =1 8mmicosdnt + ksin®2rt — c[1 + y(2nsindrt)], ifte (5,3)U(2,2),
—c/2 ifte (3,2)u(5,3).
For the above zg,vp and f, the solution of problem (2.1) is given by z(t) =
(sin2mt) T2Vt € [1,3]. To solve problem (2.1), we have used the splitting scheme
(2.5)—(2.8), the subproblems (2.6) and (2.7) being solved via schemes (3.15) and
(5.1) — (5.3), respectively. The following results have been obtained with 7, =
At/10 and 75 = At/2. On Figs. 1 and 2, we have shown the graphs of the approx-

imation of x and &, respectively, both obtained with At = 1073, Finally, on Figs.
3 and 4, we have visualized again on a log-scale, the variations of the L2-errors for
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Figure 1. Test Problem 1: Figure 2. Test Problem 1:
Graph of the computed =. Graph of the computed v = 7.

0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3

Figure 3. Test Problem 1: Figure 4. Test Problem 1:
L2-error on z: variation versus At L2-error on v = 4: variation versus At

x and & versus At. This figure clearly ”suggests” first order accuracy, for this test
problem at least.

Remark 2. From equation (2.4), it is clear that the accurate evaluation of the
friction force requires the accurate evaluation of A. This issue will be addressed in
[6] as well.

Remark 3. The computational methods discussed in Section 3 can be easily gen-
eralized to the solution of the so-called (by NASA engineers) ”gear box efficiency
problem”, a variant of problem (3.12) defined as follows:

{nm+c@mwo—ww»+mamwo=f<m@mw»

w(te) = wo, (6.4)

where in (6.4): (i) Parameter ¢ is given in R.. (ii) k(+) is an increasing odd function of
d vanishing at 0 and Lipschitz continuous over R.. (iii)Function g is of the following

form:
a+b b-—

9(6) = 5= + =5 [sgn(&) = ()

with 0 < @ < b and function 7y, of the same type than vy (see Section 2 for details).
The monotonicity, V6 € R, of operator w — k(J)sgn(dw), is the property making
the above generalization possible.

6.2. Test problem with two degrees of freedom: We will describe in this sec-
tion the numerical results obtained when applying the methodology of the previous
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sections to a 2-degree of freedom model problem (2.1) (that is (2.4)). We take T = 4
and
2 1

1 2

e the mass matrix M = ( 1 2

), the stiffness matrix A = ( 2 -1 >, the

friction matrix C' = I,
o v={v}?_, with ; = § and &; = 107%,i = 1,2. (see Section 2),
e the external forcing term f = {f;}2_,, where

20t — L) —1— (1 —1) if0<t<i,
() = 14+ (t—2)—(0) if1<t<2,
BT 3t 2362 470t — 28—y (4(t - 3)(t—2)) if2<t<3,

£ 312 4+ 6t — 1T —~,(0) if3<t<4,
and

ﬁ_gt_w(()) if0<t<1,
folt) = L1 —1(0) if1<t<2,

—%3+1&?—%t+%§—7ﬂ1—@—3ﬁ) if2<t<3,
S 612 - 20t + 122 — (1 - (t—3)?)  if3<t <4

For the above data, the solution of problem (2.1) is given by

1—t ifo<t<l,
()= 4 © if1<t<2,
BT 4t -3)(t—2) if2<t<3,
0 if3<t<4,
=1{"0 ifo<t<2,
P11 -3)2 if2<t <y,
and
t— L if0<t<l,
(1) = % if1<t<2,
' Tra[l(d —8) —3(t2—4)+6(t—2)] if2<t<3,
1 if3<t<d,
ooty ={ 0 if0<t<2,
VT t=2)—3((t=3)3+1) if2<t <4,

while the corresponding function A is given by

1 if0<t<l,
t—32 ifl<t<2,
-1 if2<t<3,

S if3<t <4,

Ai(t) =

and 1 fo 2
-t f0<t<?2
A2“):{1 if 2 <t <4
To solve problem (2.1), we have used the splitting scheme (2.5)— (2.9). The sub-
problem (2.6) is solved via scheme (3.13), (3.14), while the subproblem (2.8) is
solved via a classical finite difference centered scheme. The following results have
been obtained with At = 0.003. On Figs. 5-10, we have shown the graphs of the
approximation of X, X, A, respectively. On Figs. 11-13, we have shown, on a
log-scale, the L2-error, on X, X, A, as functions of At. Once again, we observe
first order accuracy. We observe also that the computed discrete multipliers do not
exhibit spurious oscillations, as it is the case with other discretization schemes.
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Fig. 5. The computed v1(t) Fig. 6. The computed vy(t)
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Fig. 7. The computed x1(t) Fig. 8. The computed z5(t)
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Fig. 9. The computed A;(t) Fig. 10. The computed A2 (t)
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Fig. 11. Fig. 12. Fig. 13.

L2-error on X versus T L2-error on X versus 7 L?-error on \ versus T
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Fig. 14. The computed v1(t) Fig. 15. The computed va(t) Fig. 16. The computed v3(t)
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Fig. 17. The computed z1(¢t) Fig. 18. The computed z2(t) Fig. 19. The computed x3(t)

-0.5 -0.5 -0.5)
-0.75)
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Fig. 20. The computed A1(¢t) Fig. 21. The computed A2(t) Fig. 22. The computed A3(t)

6.3. Test problem with three degrees of freedom: We will describe in this
section the numerical results obtained when applying the methodology of the pre-
vious sections to a 3-degree of freedom model problem (2.1) (that is (2.4)). We take
T =4 and

O NN O

1 0
e the massmatrix M = | 0 0 |, the friction matrix C = 10 I, the stiffness
0 3
matrix A =0 and 7 = 0,
e the external forcing term f = {f;}2_,, where f;(t) = —20e~%.
To solve problem (2.1), we have used the same schemes and steps as the second
test problem. The following results have been obtained with At = 0.003. On Figs.
14-22; we have shown the graphs of the approximation of X, X, \, respectively.
Based on the previous two test problems, a first order accuracy is expected for this
test problem as well. We observe also that the computed discrete multipliers do not
exhibit spurious oscillations, as it is the case with other discretization schemes.
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