PROGRESS IN NATURAL SCIENCE

Vol. 16, No. 2, February 2006

Friction compensation design based on state observer and
adaptive law for high-accuracy positioning system’

WANG Ying, XIONG Zhenhua and DING Han"

*

(School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200030, China)

Received April 18, 2005; revised May 9, 2005

Abstract

Friction is one of the main factors that affect the positioning accuracy of motion system. Friction compensation based on

friction model is usually adopted to eliminate the nonlinear effect of friction. This paper presents a proportional-plus-derivative (PD) feed-
back controller with a friction compensator based on LuGre friction model. We also design a state observer to observe the unknown state
of LuGre friction model, and adopt a parameter adaptive law and off-line approximation to estimate the parameters of LuGre friction mod-

el. Comparative experiments are carried out among our proposed controller, PD controller with friction compensation based on classical
friction model, and PD controller without friction compensation. Experimental results demonstrate that our proposed controller can achieve

better performance, especially higher positioning accuracy.
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Friction almost exists in any mechanical systems
such as gear, valve, clutch, detent, and so on. In
motion control applications, due to its high nonlinear-
ity and complex characteristics, friction can affect the
system’s performance greatly. Friction often causes
problems such as large steady-state error and limit cy-
cle. For a motion system driven by rotary motors,
there are some mechanical transmissions, which can
reduce the effect of uncertainties and disturbances,
like friction. However, for high accuracy positioning
systems driven by linear motors, which are used more

(121 the effect of friction can

and more widely today
be even worse. Therefore, when designing a con-
troller for a directly driven system with the require-
ment of high positioning accuracy, we must reduce

the effect of friction as low as possible.

Usually, friction compensation based on friction
model is the basic method for eliminating friction and
is used most widely. Since the 20th century, with
more comprehension about {riction phenomenon,
many kinds of friction models have been proposed,
such as the classical model, Karnopp model®), Arm-
strong model'*!, Dahl model'®!, Bristle model®} and

171, ete. According to the descriptions of

LuGre mode
the behaviors of friction, these models can be divided
into two kinds: static model and dynamic model. The

former describes mainly the static behaviors of fric-

tion, including static friction, coulomb friction, vis-
cosity friction, Stribeck effects, etc. While the latter
describes not only the static behaviors of friction, but
also the dynamic characteristics of friction, such as
varying break-away force, frictional lag, stick-slip

(81, Among the models mentioned

motion, and so on
above, the first three models belong to the static

model and the other three models are dynamic model.

Although many friction models have been pre-
sented by far, classical model is used most widely,

[9,10]

since it is simple and easy to apply . The classical

model can be expressed as!!,
~/x)’ . .
Fi = [Fc+ (Fy - Fc)e s Jsgn(x) + Fyx,
(1)

where F¢, Fc, Fvy represent static friction, coulomb
friction, and viscosity coefficient, respectively; x,

is the Stribeck velocity; x is the velocity and & is one
experience value.

Although there are many successful applications
of the classical model, the classical model is a static
model. Thus, it cannot describe the dynamic behav-
iors of friction. However, these dynamic characteris-
tics will affect the system’s performance severely, es-
pecially for tracking performance and positioning ac-
curacy. Therefore, when a motion system has higher
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requirements for positioning accuracy, friction com-
pensation based on the classical model is difficult to
satisfy the performance requirements.

Among the dynamic models, LuGre model has
received more and more attentions these years[lz_“],
since it describes the behaviors of friction more com-
pletely and concisely. However, LuGre model has
quite many parameters and an unknown state, which
makes its realization much difficult and complicated.

So, LuGre model is seldom applied.

In this paper, friction compensation is realized
based on LuGre model. We design a state observer to
observe the unknown states and adopt a parameter
adaptive law and off-line approximation to estimate
the parameters of LuGre model. Thus, we give an
easy way to realize the friction compensation based on
LuGre model. In the experiments, we will also com-
pare the controller with the other two controllers.
Experimental results show that our proposed con-
troller can achieve lower tracking error and higher po-
sitioning accuracy.

1 Motion control system

Figure 1 depicts an experimental motion control
system in the Advanced Electronic Manufacturing
Center of SJTU. This system is an X-Y table driven
by permanent-magnet iron-coreless linear motors.
The table has a work area of about 150 mm X
150 mm. The linear encoder resolution is 0.3 pm.
The motors are PLATINUM DDL series motors from
Kollmorgen™. This system is an experimental proto-
type of high-performance positioning systems, which
are used in various phases of microelectronic manufac-
turing such as wire bonding and die mounting.

Fig. 1. The motion control platform.

Fundamentally, a linear motor is a rotary motor
when it is rolled out flat, so the working principle of
the linear motor is nearly the same as the rotary mo-
tor. Hence, the dynamics of one axis of the motor
system can be expressed simply as

u—F f = Mx N (2)
where u denotes control force; Fyis the friction; M
is the inertia of the table and x is the displacement of
the table.

Generally, there are many nonlinear factors and
uncertainties in systems driven by linear motors. A-
mong them, force ripple is one major factor affecting
the system’s performance. Force ripple usually comes
from cogging force and magnetic reluctance force.
Since the linear motors in our control system are iron-
coreless motors, force ripple is small. Therefore, in
this model, we just consider the effect of friction and
ignore the effect of force ripple.

2 Friction compensation
2.1 LuGre model

Canudas et al.!”? thought that two rigid bodies
contacted through elastic bristles. When a tangential
force was applied, the bristles would deflect like
springs, which gave rise to the friction force. They
proposed a new dynamic model for friction as follows:

dz _ 1wl
e~ ¥ g(v )2 (3)
~(v/v)’
gog(v ) = Fc+ (Fs— Fce , (4)
Ff=aoz+ali—i+azv. (5)

where v is the relative velocity between the two sur-
faces; z denotes the average deflection of the bristles;
69, 01, 0 denote stiffness damping coefficient and
viscous coefficient, respectively; Fc is Coulomb fric-
tion; Fs is static friction; and v, is Stribeck velocity.
Furthermore, Canudas et al. suppose that g(v ) is
always strictly positive real and is bounded.

2.2 Controller design

LuGre model has an unknown and immeasurable
state variable z, which makes the realization diffi-
cult. In order to overcome this difficulty, a state ob-
server is designed in this paper to observe z. The ob-
server is

s= ko B(k) 1 k15— R$(X) | X1 r+%r,

(6)
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where ¢ (x) =1/g(x), r=e +le, e=x4— x.
x4 is the desired reference displacement, and A, % are

positive coefficients. Since g (x) is always strictly

positive real and is bounded, we assume ¢ (x) <<p
without loss of generality, where 8 is a positive con-
stant.

We also adopt an adaptive law given below to es-
timate the viscosity coefficient ¢;:

8y = kax r, (7)

where %, denotes a positive adaptive gain.

Then from Eq. (5), friction can be estimated by

Fi =002 + 012+ a2x. (8)

Now a controller with the friction estimation is
u=M§d+KDr+Ff+kal,BlfcIr, (9)

where Ky is positive.

Since r = ¢ + Ae, the right second term of
Eq. (9) actually is a PD controller, whose propor-
tional gain Kpis KpA, and the derivative coefficient
is Kp.

To ensure the stability of the system, we can

choose a function

v =%Mr2 + %(21([, ~ Mh)e?

G175, 1 -2
TRt T 2, (10)

where z =2 — z, 62=0,— 03.
Its derivative is
V= Mri+ A(2Kp — MA)eé + %E z+ kl&zfyz.
2
(11)
Substituting Egs. (2)—(9) into Eq. (11), we have
V =Mrr+ 2(2Kp — MA)eé
-2 1k 22— oy $(E) |k 2
+ GOZr + &25: r
=Mrr+ A(2Kp — MA)eé— Mé r — Kpr?
— ookr? — ko B | x| r? + koid(x) | x| r?
o1, . -
- ;195(.\7) | x| z2. (12)
Since 0< ¢ (x) <8, Eq. (12) can be further simpli-
fied as

V<Mré+ A(2Kp — MA)eé— Kpr?

= MAé® + 2AKpe é — Kpe? — 2Kpieé — KpiZe?)
=— KpAZe? — (Kp — MA)é2. (13)
In Eq. (13), if parameter Kp and A satisfy Kp=

M, then V>0 and V <0. Based on Lyapunov’ s
stability theory, the system is globally stable. Fur-
thermore, by applying LaSalle and Barbalat theorem,
e and e are asymptotically convergent to zero.

2.3 LuGre model parameter estimation

The LuGre model given by Egs. (3), (4) and
(5) is characterized by six parameters, og, 01, 03,
Fc, Fsand v,. Among them, F¢, Fs, o3 and v,
can be determined by measuring the steady-state fric-
tion force when the velocity is held constant. For
steady-state motion, dz/dz =0, from Eq. (3) we
have
2o = To78(v) = g(v)sgn(v).  (14)
Substituting Eq. (14) into Egs. (4) and (5), the
friction force in steady-state motion is given by
Fss(v) =o00g(v )sgn(v) + 0, v

= [Fc + (FS — Fc)e—(V/VS) ]sgn('v )

+o,v. (15)

On the other hand, from Eq. (2), when the ve-
locity is constant, we have
Fss(v) = u. (16)

Note that if the input u is held constant, the ve-
locity reaches the steady state. When this happens,
Eq. (16) must be satisfied. By repeating such exper-
iments for various inputs #, a relation between fric-
tion force and velocity can be obtained. Then, by
Eq. (15), Fc, Fs, 0, and v, can be estimated.

In addition, Eq. (15) shows that for steady-
state motion LuGre model is just the same as the clas-
sical model. However, compared with the classical
model, LuGre model describes friction more com-
pletely, because besides the characteristics considered
by the classical model, LuGre mode! still considers an
important state variable, i.e. tiny displacement.

The other two parameters, o and o;, can be es-
timated by the method described as follows: When
the motion system receives an external force and it
does not move visibly, the following assumptions can
be made: z=~x and dz/dt=~v .

Thus, Eq. (5) can be appropriated by
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Ff%dox+0'1.'t+ 0’2..x, (17)

and the model of the motion system can be represent-
ed by

ME‘F (0’1+0'2).i7+ ooX = U. (18)

By using Laplace transform, Eq. (18) is rewrit-

ten as

x(s) _ 1

u(s) = Ms®+ (o1 + 03)s + ag
Eq. (19) shows that when the motion system re-
ceives an external force and it does not move visibly,
the system behaves like a damped second order sys-
tem. Thus o and g, can be estimated by matching its
step input response.

(19)

3 Experimental results
3.1 Estimate the parameters of friction model

In the first step, we will estimate the parameters
F¢, Fs, o5 and v,. Figure 2 shows the relation be-
tween the input current and the velocity obtained
from experiments. We only give the relation in the
positive direction. The relation in the negative direc-
tion is similar. In addition, since friction force varies
during the motions, the measured data are average

values.
0.12
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Fig. 2. Experimental curve of velocity versus current.

According to Fig. 2, the friction force model can
be obtained by multiplying a proportional factor Kj.
Points A and B correspond to the static friction Fg
and the Coulomb friction Fg, respectively. Line
“BC” approximates the increasing experimental
curve. Its slope corresponds to the viscous coefficient.
The Stribeck velocity v, can be determined by ap-
proximating the decreasing experimental curve “AD”.

All the approximations adopt least squares method,
i.e. the sum of squares of errors between the actual
measurement data and the fitting curve is the least.

In the second step, we will estimate parameters
oo and o;. By using the software for linear motor
from Servostar MotionLink™, we can have an on-
line open-loop test. Figure 3 shows the response of
the motion system to a 0.036 amperes step input. In
Fig. 3, some indexes of step input response can be
calculated, such as overshoot, steady-state error, and
so on. Then according to Eq. (17), o4 and o, can be
obtained.

40.00
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30.00
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20.00;

15.00
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10.0
5.00
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Fig. 3. Position response to 0.036 A step input. (2000 pulses are
equal to 1 millimeter. )

The estimated parameters of the friction model
are shown in Table 1.

Table 1. Estimated parameter values

FC Fs Yy 4] ay 5]
(N) (N) (m/s) (Ns/m)  (Ns/m) (Ns/m)
9.08 11.20 0.0045 19000.0 1663.2 136.8

3.2 Experimental results

Three different controllers were implemented for
one axis motion ( X axis) to compare their perfor-
mance: the first controller is PD controller, the sec-
ond one is PDFC (PD plus friction compensation
based on classical model), and the third one is PDLA
(our proposed controller, i.e. PD plus Friction com-
pensation based on LuGre model with state observer
and parameter adaptive law). The classical model is
shown in Eq. (13), and its parameters are given in
Table 1. In addition, PD controllers’ parameters in
the three controllers are the same for more proper and
convictive comparative results.

It is known that, if a system works at several



Progress in Natural Science

Vol.16 No.2 2006 www.tandf.co.uk/journals 151

different velocity and acceleration levels, its responses
are quite different. Therefore, to better show the ef-
fect of friction compensation, we implement experi-
ments in both cases of low speed low acceleration and
high-speed high acceleration.

3.2.1 Low speed and low acceleration case

The desired trajectory is planned by the S-curve
profile that is the most common motion planning pro-
file. The target displacement is set to be 2 mm; the
velocity is 0.5 mm/s; the acceleration is 0.2 m/s? and
the jerk is 30 m/s’. PD controller parameters are
Kp=20 and Kp = KpA = 3. The experimental re-

sults are shown in Fig. 4 and Fig. 5.
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Fig. 4. Tracking errors of PD controller for low speed and low

acceleration.
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Fig. 5. Tracking errors for low speed and low acceleration ( solid

line: PDLA; dotted line: PDFC).

Figure 4 shows that the tracking error of the PD
controller without any friction compensation is large,
and the steady-state error is about 15 pm. Further-
more, there is limit cycle around the steady-state po-
sition. In Fig. 5, both PDFC and PDLA improve the
dynamic and steady-state performance of PD. Be-
tween them, PDLA performs better than PDLA, as

it not only reduces the steady-state error to about
1 pm, but also eliminates limit cycle.

3.2.2 High-speed and high acceleration case

The desired trajectory is also planned by S-curve
profile. The target displacement is 8 mm; the velocity
is 200 mm/s; the acceleration is 40 m/s? and the jerk
is 3 X 10* m/s®. PD controller parameters are K =
25, and Kp= KpA =0.5. The experimental results
are shown in Fig. 6 and Fig. 7.
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Fig. 6.

acceleration.

Tracking errors of PD controller for high speed and high
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Fig. 7. Tracking errors for high speed and high acceleration (sol-
id line; PDLA; dotted line: PDFC).

Evidently, the dynamic tracking error of the PD
controller is the largest, and that of PDLA is the
least. In order to show the steady-state errors of them
clearly, Fig. 8 redraws the steady-state errors of the
three controllers. It can be seen that the steady-state
error of PD controller varies between 4 ym around
—15pum, while that of PDFC varies between
*2.5um around — 6 pum, and that of PDLA varies
between *1 um around —1 pm.
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Fig. 8. Steady-state errors for high speed and high acceleration
(solid line; PDLA; dotted line; PDFC; dashed line: PD).

3.3 Experimental results analysis

The experimental results show that both PDLA
and PDFC can improve performance to some extent.
However, PDLA can achieve much lower tracking er-
ror and higher positioning accuracy, which can be
owed to two reasons: one is that LuGre model de-
scribes friction more accurately than the classic mod-
el, and especially it considers tiny displacement,
which tends to raise the positioning accuracy. The
other is that PDLA adopts the parameter adaptive
law, which can reduce the errors of model parame-
ters.

Although friction compensation can improve the
system’ s dynamic and steady-state performances,
when the speed and acceleration become higher, the
system’ s dynamic performances get worse. The rea-
son is that when the speed and the acceleration are
low, friction is the main factor to affect the system’s
performance. Hence friction compensation can
achieve good results. When the speed and acceleration
are higher, besides friction, there are many other fac-
tors like the system’s high frequency characteristics,
uncertain nonlinearities and disturbances. Therefore,
under this circumstance, sole friction compensation

may not satisfy the performance requirements.

4 Conclusion

In this paper, a simple realization of friction
compensation based on LuGre model has been pre-
sented by designing state observer and parameter
adaptive law. Furthermore, we have compared the
proposed controller ( PDLA) with other two con-
trollers, namely proportional-plus-derivative ( PD)
and PD plus friction compensation based on classical
model (PDFC). Experimental results have demon-

strated the effectiveness of our proposed controller.

We find that PDLA is simple to design, easy to
realize, and able to achieve smaller tracking error and
higher positioning accuracy. Although when speed
and acceleration become higher, PDLA may not im-
prove the performance as greatly as in the case of low
speed and low acceleration, PDLA does improve the
performance quite a bit. It still achieves high posi-
tioning accuracy of about 2 pm for high speed and
high acceleration case. Therefore, our proposed con-
troller is highly fit for the applications where high ac-
celeration and high positioning accuracy are required,
such as microelectronic packaging systems.
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