Nonlinear Friction Behavior of Discontinuity at Stroke End in a Ball Guide Way
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Abgtract: Inthis paper, the non-linear behavior of friction is modeed with a dynamic system. The non-linear behavior model
being proposed here can be usad for modeling Coulomb friction, viscous friction, Sribeck effect and can also be used to study the
non-inear behavior of easgtic deformation. The frictional force does not cause disturbance in the acceerated motion, instead, it
lendsa support. The proposed mode isnot symmetrical about the zero-speed of motion. Thesimulation result demongtratesthat the
proposed modd ismoreaccurate than conventional ones. In order to verify thevalidity of the proposed model, experimental results
areprovided. Alinear dider isused to performthefriction force compensation experiment to compare the proposed modd witha
conventional modd. The tracking error is seen to have reduced by more than 50% compared to the case when friction
compensationisnotused.  Further, the value of the positive error was sufficiently suppressed compared with conventional models

that use compensation.
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1. Introduction

The need for high precison and fast response in NC machines for use in the machine tool industry, especidly in the
manufacturing of semi conductors, is rapidly growing. In order to achieve high levels of performance, frictiond effects have to be
addressed. However, only afew methods that address frictiond effects have been reported thus far. These methods have failed to
congder thedynamicbehavior of friction. Thenon-linear nature of friction givesriseto tracking errorsand causes stick-dip motion
a low speeds. Friction is a natural phenomenon that is quite hard to modd, and it is not yet completely understood. Typica
examples of friction are different combinations of Coulomb friction, viscous friction, and Stribeck effect [1,2]. Inthis paper, the
non-linear behavior of friction is modeed with a dynamic system. The nondinear behavior is sudied using a one-axis sege thet is
driven by an AC linear motor and guided by arolling bal guide[3]. It is shown that Ssmulation results based on the proposed
model agree well with experimentd results.

2. Nonlinear Frictional Behavior
21 Experimental System

The experimentd system shown in Fig.1 conggtsof the following: (i) a one-axis stage mechanism conssting of an AC linesr
cordess motor which has no cogging and no attraction magnet force, (i) a rolling guide mechanism (jii) a position-sensor
(Ipulse=10nm), (iv) two current amplifiers, and (v) a persona computer with the controller, a D/A board and a counter board
Figure2 showsablock diagram of thecontrol system, which consists of a P controller (K), a Pl controller (K, T;), aforce filter (Ts),
acondant gain (K and a mass (M). FF is Vdocity feed-foward gain, CF; is friction compensation force and F; is the actud
frictiona force. The controller is tuned using the norma procedure and the force is cduculated by egn.(1), where V; is velocity
reference, and Vg, isvelocity response FF gainisset tozero.
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Fig.l: Experimentd sydem.



22 BExperimental Resultsand Discussions

In applications requiring high precison positioning and
low velocity tracking, the conventional control methods are
not always satisfactory. In particula; thetracking error islarge
at theend of astroke. The mgjor disturbance sourceisfriction.
Itiscommon to regard the friction force asastatic function of
veocity athough more complex friction phenomena using
complex modds have been proposed and reported.
Experiments have shown that there is a deflection or relative
movement in the pre-slidng region, indicating that the
reldionship between the deflection and the applied force
resemblesanon-linear spring witha hystereticbehavior [4,5].

Thus, the present study focuses on the non-linear behavior
a the stoke end during changesin velocity asshownin Fig.3.
In Figs 3 and 4, the sgnds of V;1, Vi, ad V3 are velocity
references with congtant accel eration-deceleration profiles of
2.5mn/s, 5.0mm's, and 10mmvs, repectivey. Vi, Vo, ad V3
are velocity responses and F1, F, and Fs are output forces.
Theforcesin the actud experiment are calculated vaues and
not the values mechanicaly measured. From Fg. 3, it is ssen
that theoutput forces are different a zero velocity for different
decderation profiles. When the veocities are decressing,
output forces have not decreased and when the velocities are
increasing, output forces have not incressed. Further, t was
found that thedirection of forces changed. Next, theregion of
decreasing velocities and zero vel ocit ies are studied asshown
in Fig. 4. In Fg. 4, the output forces decrease when
decelerating, and the output forces to kegp zero velodities are
about 5.3N.

Next, the output forces areset to zero. This causes Spring-
like behavior in the motion, as shown in Hg. 5. Hg. 5 shows
position responses when the output forces are set to zero and
the command veocities are 25mns, 5.0nmv's, and 10nm's,
respectively. At values of low command veocities, the
soring-like  behaviors  produce large  digplacement
(2000puls==2Qu m). The displacement, which exceeds 15
m can negatively influence precision point to point control.
The frequency of vibration was observed to be 40Hz. The
naturd frequency does not dgpend on the magnitude of the
frictiond forcesat zero v elodity. The springlike characteristic
behavior is thought to be due to the dagtic deformation
between balsand railsintheball guideway [6].

3. Modding of Nonlinear Frictional Behavior
31 Proposed Friction Model
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Fg.2: Block diagram of control system.

K, | 1. K a
— | Kv(:l-"'_)(_p (\/r - Vfb) - Vfb) + FFVr y
1+Tsy Ts s
20 Velocity reference 7] 15
V,,:2.5mm/s
15 V,,:5mm/s 10
10 v, ‘:"{_ Vi v, 10mm/s
F -
5 5
0 0.3 04 \ 0.6 0.7 0
v, Ogj ?" | Fa
-5
-5
-10 o F
. Vi -10
-15 -Velocity response v Output Force -
V,:2.5mm/s 3 F ,:25mm/s
-20 =v,:5mm/s F,:5mm/s = -15
V ;:10mm/s Time 1div=50ms F ;:10mm/s

Fg.3: Experimentd resuitsa srokeend.

-
N

12

Velocity mm/s

Vi Output Force
10 X Fi2smm/s | 4o
Vs 5; F2:5mm/s
8 Fsl0mm/s | g
2 S\
3
560 —rmN 6
S B
% 4 4
e}
2 2
0 0
-2 -2
Time 1div=50ms
Fg4: Experimentd resultsa zero veodity.
3000
2000pulse=20p m
£\
2500 Vo v,
3 JaN b
32000 N\ 5
g ) - t
£ 1500 \7 ,
3 \%
ko] r3
21000
e l V. =2.5mm/s
500 Vr, =5.0mm/s
Vi = 10.0mm/s
0

Time 1div=10ms
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Based on the results of these experiments, a new friction
model is developed. The modd includes alinear term (viscous
friction), anon-inear term (Coulomb friction), which is nearly
congtant but whose sign depends on the direction of velocity,
and an extra component a low veocities (Stribeck dfect).
During deceleration, the magnitude of thefrictiona force at zero
velocity mcreases due to Stribeck effect which means the
influence of fricion increase by direct contact of balls and rails
in the mixed lubrication mode a low velocity. When the
direction changes and the mass acoderates, the frictional force
exhibits goring-like dharacterigtics. The frictiond force does not
hinder the accelerated motion andin fact lendsa support. In this
operating region, the present model differs from conventional
models, as described below. The arve of friction in the
decderation area and in the accdleration areais not symmetrica
about the zero velocity point. It is continuous and is an
exponentid function, as shown in Fig. 6. Equations are as
follows:

Cs(t) =- Cl - Ce eXp((t - tz) /tl) - stfb t £tz
C.t)=C,- (C,+C,+C,)exp(t,- )/t,) + DV, t3t,

Cy, and C, are Coulomb friction, C{t,) is date force a zero
veocity. t; is the time of zero veocity. The property of the
friction mode isdetermined when three parameters, t;, t, and G
(t) aregiven.
32 Conventional Friction Modd

The conventiona description of friction is a sttic relation
between velocity and friction force. Tustin’s modd conggts of
Coulomb and viscous friction. The inclusion of the Stribeck
efect with one or more bresk points gives a better
approximation at low velocities, as shown Fig. 7. Equations for
the conventional modd areasfollons:

Cs(t) =- Cl - Ce e(p((t - tz) /tl) - stfb
Cs(t) = C2 +Ce e(p(( tz - t) /tl) + stfb

tEt,
t3t,

The curve has an exponentid characterigtic and is symmetric
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Fig.7: Conventiond FrictionModd.
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Fig.8: Performance comparison betweeni. red (output) force, ii.
edimated force using proposed modd, andiii. estimated forceusing
convertiond modd a 10mmvs.

about the zero velocity time-axis (t,). However, it isdifficult to define these parametersusing linear estimation techniquesbecause of
thenonlinear behavior of friction. Thethree parameterscited above are estimatedusing GA (Genetic Algorithm) [7]. Theproposed
friction modd’s response, the conventiond friction mode’ s response and the response obtained experimentally are compared to
determine the accuracy of the proposed mode, as shown Fg. 8. When thevelocdity is greaterthan zero, the estimated force usng
proposed modd is the same as that in conventional model and the redl (output) force When the velocity ischanging direction, the
force given by conventional model isfar from the redl force, while the force given by the proposed modd is the same asthered
force. The proposed model is judged to have good acauracy. Figure 9 shows the estimated frictiona force curves as function of
velocity. The estimated frictiond force curves show that the exponentia and continuous curve inproves the accurecy of the
propased modd. The friction curveduring the changein the direction of vel ocity works as an accel exation force.
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A linear dider is used to perform the friction force »s i Eotimated fction forse s ot
compensation experiment using the proposed nodel and the
conventiond model. A mation in which the veocity is
reversed wasused to carry out theexperiment. In Fig.10, V; is —_A_H\
velocity reference, while 4, Vb, and V5 arevel ocity responses. ° _’r““"\_:‘:;‘
To reduce thetracking error, FF gain is assumed to be one. Fdy  Fd,
Pq4 is position error without compensation, Pe is position
eror with compensation using proposed model, and Pg is
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The nonlinear behavior of friction is modded with a Fig.10: Experimental resuits obtained for i. Casewithout friction

dynamic system. Based on smulation and experimental  compensation, ii. Casewith compensation using proposed model, andiii.
) . Casewith compensation using converttional modd at 10mnvs.
results, the followingare theconclusons:

(1) Thenon-linear behavior model being proposed here can be usad for modeing Coulomb friction, viscous friction, Stribeck
effect and can aso be usad to study the non-linear behavior of eadtic deformation. The frictiond force does not cause
disturbancein theaccd erated motion, but lends asasupport.

(2) Thesmulationdemondratesthat the proposed moded ismuch more accurate than conventiona ones.

(3) A linear dider isused to perform thefriction force compensation experiment using the proposed method. Thetracking error
by proposed model was reduced to lessthan ahdf of that when friction compensation isnot used, and the positive error was
sufficiently suppressed compared with conventional model with compensation.
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