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Summary Modeling sticking, stick-slip and sliding often rises threlplem of an accurate description of the friction effecteasonable
computation times. This is particularly a problem when ¢here many frictional contacts and the configurations chahgehigh rate.
The contribution presents an approach to resolve this enoland illustrates it on two examples.

CONFIGURATIONSAND ELASTO-PLASTIC FRICTION MODEL

Equations (1-3) describe the friction forég for the three different configurations of friction betwee&otcontacting
bodies moving relative to each other in tangential direchiy velocityg; [2].

—Fuptae(lasgn(@e) 1 g £0 (Oscillatory) Sliding (1)
Fr=4q —Fu if ¢ =0,|Fy| < F, Sticking )
—Foppasgn(Fer) if g=0,|Fa| > Fy,, Stick-Slip 3)

During sliding, the friction coefficient,. > 0 is a function of motion velocity and is not defined fgr= 0. An example
for such a function is the Stribeck-like friction curve irgFil (E). Oscillatory sliding is captured by Eq. (1) and ires
reversion of motion. At the instant of motion reversion itd®g; = 0 but no sticking prevails and Eq. (3) applies.
During sticking, friction opposes the external forEg applied to the bodies within the plane of contact. At theansbf
transition from sticking to sliding (stick-slip), frictiois given by the break-away forde, with Fy, = F), tipa, ttba > 0.

Equations (4-7) introduce a force law which is used for raldidy systems [1]. It is capable of modeling the friction
configurations in Eq. (1-3). The absolute value of its sjais the friction coefficient. The switching functiom(y),
Fig. 1 (A), compareg to the threshold valugs,,, 1mq > 0 and determines the rate of change9Eq. (4b). The term
elasto-plasticcomes from modeling the sticking phase by an elastic spglagyent which breaks if a certain elongation
is exceeded, resulting in a hon-elastic, plastic displargm

Fp=—Fuu (4a) f=cg(l—a(n) sgn(ge))  (4b)

frve (19¢)
1 it || > e (Oscillatory) Sliding (5)
a(p) =< 0 it |u| < tpa Sticking (6)
%sin(ﬂ'%) + 3 if e < |p| < pmae  Stick-Slip (7)

Sticking:Equation (4b) degeneratesjio= cg;. Starting from a relaxed state= 0 with no friction it holdsu = cg;. This
results inF'y = —F,cg:, Eq. (4a). Large stiffnessresults in a large forcé’s opposing motion for any small displacement
g:- The force law behaves like a spring element. By the uppentbpy, of |u|,Eq. (6), no distinct dynamics evolves.
This results in a quasi-static elongation of the spring bgxernal forcef,;.

Stick-Slip:For a maximum allowable displacemep}, the break-away friction coefficient is determinedby, = cgpq.
Hence, the break-away displacemept results from the physically motivated choice of, and the numerically- and
performance-orientated choiceoffFor a displacemenf; > gy, @ switching process from 0 to 1 occurs. To avoid a step
in « and in the switching process in casewf, # pvwe(|g:| 4 0), the values can be set @, < pimaz = tve(|gt| 4 0).
Only for this purpose,,.... is introduced; it has no physical meaning likg, .

(Oscillatory Sliding):By Eq. (4b) it followsi = cg. (1 — H—‘;sgn(g't)). This is a control law that adjusts the stat¢éo
the friction coefficieniu,. carrying the sign of the motion direction. The tracking etvecomes zero in steady-state, i.e.
it holds u = p,esgn(ge). Inserting this into Eq. (4a) produces Eq. (1). Increaginidpe convergence to steady-state is
faster. However, settingtoo high, the transient tracking deteriorates due to owertsh

Friction in Multi-Body Systemsthe equations of motion are given by Eq. (8) with state vegitgeneralized mass matrix
M(q) and generalized force vectofq, g, t) comprising the friction forcé”;. With the elasto-plastic model, an additional
statey is introduced for each active contact, i.e. it is an addd#lategree of freedom for friction computation.
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SIMULATIVE EVALUATION OF ELASTO-PLASTIC MODEL

In two examples, the elasto-plastic model (EIPI) is comgaecethe physical model (Phys) Eq. (1-3) and a regularized
approach (Regul). Figure 1 (E) depicts the regularized @y for different regularizationg,. A smallerg,, better
approximates the correct physical curve in Eq. (1) for lovogiies but can reduce the integration times, Egample 2

Example 1:For three seconds, a block, Fig. 1 (B), is exposed to a tinpeuigent force(t), regarding the block’s
displacemeny;. In phase (1), Fig. 1 (C), sticking prevails wiffi(¢) being slightly below the break-away forég,. The
physical and elasto-plastic models represent stickiniikeithe regularized approach. In phase (ll), a stick-stymsition
occurs and siding begins. The elasto-plastic and regeldunzodels follow the physically correct curve by Eq. (1). In
phase (ll1), a slip-stick transition sets in. All modelsgipate the kinetic energy. A look at the integration timeBim 1

(D) for an explicit (ode45) and an implicit integrator (o@s2 reveals that the regularized approach for this reqation

is slightly faster than the elasto-plastic approach, batdlasto-plastic model is more accurate. As the next example
shows, the integration time of the regularized approachitaratcuracy largely depend on the regularization.
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Figure 1. Switching Function (A), Block (B), Friction Configuratioif€), Simulation Times (D), Regularized Friction (E).

Example 2: Considered is an AUDI-V6 timing-drive with 250 frictionabntacts in the chain strands and additional
frictional contacts between chains/sprockets and chguindg#s, Fig. 2 (A). Operating at 5700 RPM, high-frequency
oscillations occur in the strands. Figure 2 (B) comparegther for different regularizations to the elasto-plastiodel.
The reference is a regularized model with high accuracygne= 0.01% which is assumed to precisely represent the
physics for sliding, Eq. (1). Displayed are the computatiomes for a simulated time of 1 second using a Runge-
Kutta-Fehlberg integrator of order 2/3. Since the regakdimodel cannot represent sticking, the comparison isfonly
oscillatory sliding, showing however the accuracy and cotational efficiency of the elasto-plastic model. FigureC2 (
compares the elasto-plastic model to the regularized mfodel;,, = 0.01% for the complete chain frictional power
dissipation rate in bank 1.
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Figure 2. Switching Function (A), Block (B) and Friction Configurati® (C).

CONCLUSIONS

The elasto-plastic model is shown to capture the frictioer@mena of sticking, stick-slip and sliding. Its computa-
tional efficiency, especially for high-frequency osciltetts, is pointed out by comparing its integration times toictibn
approach with different regularizations. It is prededdifar large-scale multi-body systems with many frictionahtacts.
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