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Abstract

Mechanical devices usually come with undesirable
nonlinearities such ax frictions, backlashes and saturation.
Under the assumption of linear systems, the commonly seen
identification schemes utilize sinusoidal excitation signals
Jor parameter identifications. However, the data for
identification are unavoidably distorted by the fore-
mentioned nonlincarities and the identification result is not
satisfactory. In this paper, a method based on binary
excitation signals is proposed. The method does nof suffer
from the problem of nonlinear distortions in signal shape
and is able to determine the bias term for asymmetric
Jrictions such that an accurale model can be derived A
0.01pm high precision ballscrew table with asymmetric
Jrictions is wtilized ax a lest plant for this approach. The

result proves fo be very snccessful.

L Introduction

Proper system identification is usuvally the key to
successful control system désign. More accurate of a plant
model, easier of a controller design can be. A survey of a
number of friction compensation methods has recently
appeared [5]. The friction models are all focus on friction
characteristics. 7

In _ frequency response analysis based system
identification [1], the sinusoidal-based excitation signal is
injected into the plant and the corresponding output is
measured. Under linear system assumption, the frequency
contents for both the excitation signal and the output signal
are equal. Only the magnitudes and the phases of the output

signal are affected. By plotting the frequency in x-axis and

magnifudes (phases) in y-axis, the Bode plot are constrocted.
Using some curve-fitting techniques, the s-domain sysiem
model can then be exfracted.

Unfortunately, the above described system
identification procedures are suitable for only lincar cascs.
The excitation signals are casily distorted when system has
some nonlinearities. Furthermore, the frequency contents
for excitation and measured output are not the same after
the distortion. As a result, the calculated model of the
system is incorrect.

Through the studies of the nounlinearity in the
ballscrew-type table, the paper developed a solution for
system identification under friction nonlinearity commonly
existed in many mechanical systems. Binary-type (i,-1)
excitations are in place of sinusoidal-typc excitations for
excitation signals in system identifications. With some
developed algorithms, the proposed system identification
method is able to find the linear part of the system model

and the asymmetric Conlomb friction.

I1. The Friction Characteristics of
The Ballscrew Table

A. Friction Characteristics

The most significant nonlinearity of the ballscrew
lable system is friction. They are generated from sliding
motion between steel balls and screw lead, and between the
moving plates and its’ guides. While moving at a tiny
distance, e.g. gm level, the moving speed is usually very
slow. The friction forces, at this moment, dominate the
characteristics of the system.

A simple experiment is conducted for showing the
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friction effects. The experiment is taken on the ballscrew
table. With control loop opened, a 1Hz frequency, 1000
D/A-units (with respect to 4.88Volt) magnitude pure
sinnsoidal velocity command signal is injected into the
system, fignre 1. The system output position signals are
then obtained immediately from the laser scale encoder on
every sampled time. The results are shown in figure 1., and

the velocities are in Figure 2.
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Figure 1. Velocity Command and the respective position

output.
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Figure 2. Velocity command Vs, Catculated

Velocity

Notice that in the positive direction the friction is
slight smaller than the negative one. From figure 1, the
measured positions under sinusoidal excitation are tending
to drift im one direction. This is because the friction
inferences are different in directions. For figure 2, around
zero velocity, the static friction dominates and the
controlled object will not move until the outpui force
overgome the friction force.

B. Friction model
The [riction model studied in this paper is focused on

the asymmetric Conlomb friction. The formulation of the

friction can be written in the following,

i ., v>0
Fiction = .
S D v<(

asvit?

Fox 048, > 0(1)

where v is the velocity of the system, £, is the Coulomb
friction and F,,, is (he asymmetric component of the
Coulomb friction. In the case for the ballscrew table under
study. the friction force is smaller in the positive dircction.
The asymmetric component is placed in the negative
dircction for convenience. All the derivations and
formulations below will alse apply when asymmetric

component is in the positive dircction.

III. Moftivations

Because the linear part of the system model is hiding
behind the nonlinearity, The friction nonlinearity increases
the difficulty to identify the system. In this section, the
motivations of this paper are firstly introduced. A good
choice of excitation signal will help to pass through the
nonlinearity and extract the exact linear plant out. Aiso a
closed-loop filter is designed according to the asymmetric
friction. At last, the identification procedures are
reformulated.

The motivations of the prbposed method are depicted
in Figure 3. For traditional sinusoidal-based excitation
signal, the waveform will be distorted when passing

through the nonlinear block. The waveform will be clipped
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around the zero crossing point. Therefore, the frequency
contents enteting into the linear part of the system are quite
different with the original desired one. As a result, the
tinear model calculated from the distorted outpui is not

correct.
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Figure 3. Motivations for choosing binary-type excitations.

If the injected signal is changed to binary-based
excitation, only the magnitude of the binary signal will be
affected after passing through the nonlinear block. Because
of the unchanged waveform shape, the frequency contents
are well reserved. The only difference is the DC part gain
introduced by asymmetric friction characteristics.

The desired binary muiti-frequency signal can be
generated by [3]. The designed binary signal can then pass
through the nonlinear block, and conduct the frequency-

response test faithfully.

IV. Identification Procedures
The poles and zeros of the linear system model can be

evaluated exactly, but the gain of the model is not correct at
this stage. The followings are the solutions for solving the
problem caused by the nonlinear friction.
A. Asymmetric friction determination

As discussed in previous section, The friction
characteristics of ballscrew tqble are asymmetric in nature.
This will cause the table to drift away from the operating

point especially when the testing signal is long. The

difficuities for collecting experimental data are increased.

A method for deciding the asymmetric friction is
developed. From experiences, the system model of the
bailscrew table is in the following form,

Y k
voosls a)(sz +28m, 5+ a)ﬂ ’

@)

v is the system position output and u is the voltage input.
The mechanical induced two slower conjugate poles that

dominate the system behavior accompany with a electrical

-produced faster pole. By ignoring the faster one, the system

can be reduced to

3
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Figure 4. The closed-loop system block for finding the
asymmetric compoenent of the friction.

While applying a 50% duty-cycle-binary (1,-1) signal to the
input, the system output is an oscillatory signal with a
varying bias. Observing from system equation (3), the
system has an integrator at the denominator, When (1,-1)
pulse signat enter the system, it will not gengrate any bias in
normal condition. It is the asymmetric friction block that
generates the bias.

For finding the asymmetric friction, a closed-loop
system is established according to Figure 4a. The basic idea
is to construct an automatic binary pulse generator that will

adjust the magnitude in order to eliminate the bias. When
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the output curve of the linear plant goes to the plus
direction, the force in the minus direction is then too weak
and has to be increased. The output of the lnear plant is
rather osciliatory and it is not proper to feedback the signal

directly, a low-pass filter, bias filter, is added.

max(y_p .. Vo +miny_y;..3q)
Ybias = . 3 - (4)

In the system of Figure 4a, The function of the
closed-loop filter is to adjust the magnitudes of the binary
pulse generator according to the bias of the plant ontput. If
the frequency of the binary pulse generator is high enongh,
and the low-pass frequency of the bias filter is low encugh.
From viewpoint of the closed-loop filter, the system in
Figure 4a is similar to system in Figure 4b. The dc-bias
input represents the effect of the asymmetric friction.

The key point for closed-loop filter design is letting
the transfer fanction from be-bias mput fo input of the

linear plant be zero. That is

2 =0, (5)
H

for this sitnation, the output of the closed-loop filter is equal
fo the asymmetric friction component that need to be found.

If the transfer function of the closed-loop filter is

)

a0 and linear plant is as in (3). The transfer function (3)
5

of Figure 4b is the following
(87 4200, 5 + @2 )d(s)

£ _ (6)
o s+ 2w 5+ a),f YA + K n(&)

According the final value Theorem [1] and considering the
stability of the denominator roots in {6), a KI type filter is
chosen and it is enough for all the requirements. The
closed-loop filter is the case of ballscrew table is

n(s) _ks+b

26) P M

B. Maximum likelihood based system
identification and Generations of the binary
excitation signals
In this paper, the maximum likelihood based system

identification method [3] is utilized. The frequency domain

method is based on band-limited measurements of the input

and the output signals, and can directly identify the s-

domain transfer functions. Furthertmore, it takes into

consideration both input and output observation noise that
present iy mMeASUremEnts.

The input excitation is the key for good modeling
results, For frequency domain analysis, the design goal for
excitation signal is to put as much energy at the interesting
frequencies as possible under the given restrictions. The
generating method for binary excitation signals is discussed
in [2]. A band-limited binary excitation sequence with
designated frequency spectrum can be produced.

C. Identification procedures
The identification procedures for the whole

identification process are the following,

1. Asyminetric friction component identification.

2. Poles and zeros of the lincar model identification.

3. The determinations for both friction magnitude
and gain of the linear model.

The purpose of the first step is to find the asymmetric

component of the friction. Compensating the asymmetric

will balance the input signal entering the linear model, so as
to make accurate identification for exact poles and zeros in
the second step. By applving different excitation
magnitudes, the friction magnitude and system gain can be

evaluated by lnear regression techniques.

V.  Experiment Results
A. Apparatus

The precision table, Figure 1, is made by NSK Inc. It
is driven by DC motors with low noise linear amplifiers.

The specifications of the table are listed in tablel. The high
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precision fable is cquipped with a 10nm laser scale
manufactured by SONY. With the help of these
measurement devices. the resolution of the tables has been
promoted to submicron level. Also, as a protection. two
limit switches are mounted on two extreme points along the
guide. The whole sctup is established on a granite stone

plate with vibration-resistance table.

Figure 5. Precision Ballscrew Table with 10nmlaser scale.

Tible 1. Specifications of the table
Stroke 200
Pifch 2mm
Repeatability 0.00Vmm
Backluash 0.007mm
Laser Seale Resolation Yonm

B. Experimental Results

In this section, the identification procedures arc
demonstrated by an cxample of (hc ballscrew table
experiment, After properly choosing the closed-loop filter
as

closed - loop [ilter = Sl . (8)

p
The closed-loop system in Figure 4a is stabilized. The
asymmetric friction component in the ballscrew table is
found at 26 D/A counts, and that is about 0.127 Voli. In
Figure 6, the input and output for the bias filter is draw at
the upper graph. The lower graph shows the asymmetric
friction component tracked.

A binary scquence is designed according (o |2},
multiplying the (-1.1) sequence with proper excitation
magnitude and compensating for the asymmectric friction
component, the excitation for identification is ready. After

collecting the output data, the identification 10 data is

analyzed by maximum likelihood method [3.4].

Figure 6. Bias filter input/output plot and asymmetric friction
component tracked

The results are in Figure 7. By applving different

excitation magnitudes. actually five magnitudes 380, 590,

600, 610 and 620 D/A counis arc tested in experiments.

And the five identified pole sets are in Figure 8. The five

pole scts are very similar especially at the low-frequency

pole.

it vy e £
. Lo R N T R R R

Frzpeney, K2

Figure 7. The results of the fitted poles by maximum-
likelihood
Because that the input binary sequence are different
only at magnitude, by fixing the input data magnitude for
all five evaluations, the calculated dc-gain will change
proportional to magnitude changes. In Figure 9, by linear

regression, a line can be draw with dc-gain calculated in x-

axis and applied magnitudes in y-axis. From this plot, the
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real dc-gain and the friction magnitudes can be evaluated.

Finally, the system model is,

9.00642%e+015 i
s*+3267.10085" + 4785432.4965" + 7465308990.76055" + S07270627437) 625
+706095388482952

see- ol

with Coulomb friction, 1.27volt in the plus direction and
1.14 in the minms direction. (Notice that the model in (9) is

input voltage to system velocities).
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Figure 8. The poles found by five different excitation

magnitude 580,590,600,610 and 620
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Figure 9. The magnitude of the friction (asymmetric canceled)
can be found at dc-gain zero peint. Itis 234.089 in this case.

Figure 10 is the sinmlated model output and measured
output, the identified model can keep up with the measured
output. There are high frequency dynamics existed in the
real plant, but in general, the dynamics of the ballscrew

table in desired frequency span are faithfully identified.
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Figure 10. The measured output Vs identified model output.

VI. Conclusion
By smartly choosing the excitation signal, the
accuracy of the model can be increased even under friction
nonlinearity. This idea can be extended to similar physical
systems with the same noniinear property. Or with proper
modifications, it can be adapted to more complex situations

in frequency response analysis.
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