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Abstract Friction exists in the feed drive servomechanisms
of CNC machine tools and usually affects their motion.
Although many experiments have been performed to
identify the friction characteristics of a feed drive servo-
mechanism, problems such as unmodeled dynamics and
position-dependent perturbations still exist and significantly
affect the friction identification results. In this study, in
order to obtain reliable friction and velocity data values, a
modified velocity control system is developed to reduce the
effects induced by unmodeled dynamics, and a friction
extraction method is developed to remove the adverse
effects of position-dependent perturbations. Furthermore,
several experiments and motion tests are carried out on a
three-axis CNC milling machine to demonstrate the
feasibility of the proposed friction identification method.
The experimental results indicate that the friction-
compensated motion control system with the friction model
obtained in this study reduces the root mean square value of
tracking errors by 44.16%. Moreover, as compared to a
conventional identification method, the root mean square
value of tracking errors is found to further reduce by 9.52%
in the experiments.
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1 Introduction

Friction is a physical phenomenon that occurs in mechan-
ical systems and usually exerts some adverse effects on
their motions, such as steady-state errors, stick-slip oscil-
lations, and poor tracking and contouring performances. In
order to mitigate these adverse effects and achieve high-
precision motions, model-based friction compensators are
usually used in the design of motion control systems for
compensating the friction phenomenon [1-7]. Therefore,
good friction models are required for motion control design,
and the compensation performance heavily depends on the
accuracy of the applied friction models.

A good friction model is usually developed on the basis
of the knowledge of the friction behaviors of a mechanical
system. However, it is difficult to model friction because
there are many factors affecting the friction behavior, such
as the material, lubrication, and surface texture of the
bodies in contact [8—15]. Thus far, many simplified friction
models have been proposed for motion control and
compensation design [3, 4, 8, 15, 16]. An identification
process, usually based on an optimization method, is
applied to identify the parameters of friction models. For
instance, Cheok et al. [17] used the simplex method to
determine the parameters of the Karnopp friction model [18].
Kim et al. [19] proposed an acceleration evolutionary
programming method, which is an experimental identifica-
tion method, to identify the parameters of the seven-
parameter friction model presented by Armstrong-Helouvry
et al. [4]. For the given friction—velocity map obtained
experimentally, Canudas-de-Wit and Lischinsky [20] also
used the simplex method to obtain the optimal parameters of
the LuGre friction model [21].

Conventionally, two experiments, a breakaway experiment
and a constant velocity experiment, are performed to obtain
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friction and velocity data values used by the identification
processes of friction models [15, 20, 22]. The breakaway
experiment involves allowing the moving part of a
mechanical system to come to rest at certain positions,
ramping up the driving torque and measuring the torque
required to initiate the motion of the moving part.
Therefore, the breakaway experiment, which involves
sampling the static friction at a suitable spatial frequency,
can be performed to identify static friction and develop a
friction compensation lookup table for determining
compensation. Furthermore, the constant velocity exper-
iment can be carried out to identify the velocity-
dependent friction in a mechanical system by construct-
ing a friction—velocity map from the measurements
performed during the constant velocity motions of a
moving part. Linear or nonlinear optimization algorithms
are then used to identify the parameters of a friction
model by fitting the data to the friction—velocity map
obtained. Although the current experimental methods can
be employed to obtain data values for friction identifi-
cation processes, some problems still exist, which can
significantly affect the identification results. Since con-
siderable position-dependent perturbations exist in me-
chanical systems, usually caused by the surface
irregularities, assembly errors, and geometric machining
errors of mechanical parts, the velocity responses are
always perturbed and can deteriorate the obtained
friction—velocity map. In addition, unmodeled dynamics,
usually induced by several flexible and inertia elements
in a mechanical system, increase the uncertainties in the
estimated friction characteristics.

The disturbance observer (DOB), introduced by Ohnishi
[23], is usually applied to motion control systems in order to
compensate for the external disturbances and to reduce the
adverse effects induced by system uncertainties and non-
linearities. In this study, considering the merits of DOB
feedback control [23], the DOB structure is integrated into a
velocity control loop to compensate for the speed perturba-
tions induced by external disturbances and system uncertain-
ties. Moreover, since the position-dependent perturbations are
invariant under fixed mechanical conditions, a friction
extraction method is developed to remove position-
dependent perturbations; the method involves the subtraction
of different torque values measured at the same positions of
the moving part. The friction and velocity data values,
obtained by using the modified velocity control loop and
applying the developed friction extraction method, can be
applied to identify the parameters of a given friction model so
that the friction model can thereby reduce the uncertainties in
the estimated friction characteristics. Furthermore, several
experiments and motion tests are carried out on a three-axis
CNC milling machine in order to demonstrate the feasibility
of the approaches proposed in this study.
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This paper is organized as follows. Section 2 describes
the experiment design and measurement method used in
this study in order to obtain data values for identifying the
parameters of a given friction model. Section 3 proposes
identification methods and reports the obtained identifica-
tion results in detail. Section 4 presents the experimental
results of motion tests in order to demonstrate the feasibility
of the friction identification methods proposed in this study.
Finally, Section 5 concludes this study.

2 Experiment design and measurement
2.1 Experimental setup

Experimental studies were made on a three-axis CNC milling
machine comprising an industrial PC, a digital signal
processor (DSP)-based motion control card, and a mechan-
ical system equipped with commercial servomotor packs.
Figures 1 and 2 show a schematic drawing and a photograph
of the experimental setup, respectively. An industrial PC
with a Pentium IV 2.8-GHz CPU is used to provide
functions and includes an interface for human and machine
operations, implementation of identification methods, and
recording data values during experiments. The DSP-based
motion control card with a high-performance TI
TMS320F2812 DSP is used as the interface for sending
motion commands to, and receiving feedback signals from,
the servomotor packs with a sampling period of 1.0 ms. The
mechanical system of the milling machine is mainly
composed of a vertical axis and biaxial moving table. The
vertical axis with a rotary spindle can vertically move a
cutting tool so as to perform machining with different depths.
The biaxial moving table, which is the main object of this
study, is driven by two Panasonic A4-type AC servomotor
packs [24] equipped with built-in velocity and torque control
loops. Here, torque and velocity command signals are sent to
each amplifier of the servomotor packs through a 12-bit D/A
converter installed on the DSP-based motion control card. A
rotary incremental encoder is directly coupled to the motor of
a servomotor pack, and the generated encoder signals, used
to indicate the angular positions of the motor, are received
through a 32-bit decoder implemented on the DSP-based
motion control card. Furthermore, an angular velocity signal
is computed by differentiating the angular position over a
sampling period. A 12-bit A/D converter implemented on the
DSP-based motion control card is used to receive analog
signals from the servomotor packs in order to obtain the
torque values that actuate the biaxial moving table. MAT-
LAB software is used to facilitate the development of
identification and control algorithms.

The biaxial moving table mainly consists of a moving
part and two feed drive servomechanisms, as shown in
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Fig. 1 Schematic drawing

of the experimental setup : DSP-based motiqn control card ::g:l(t]ﬁgeczmg::gg and
Pentium IV | N 12-bit D/A converter hm’
2.8 GHz CPU 1 - 1_si |
| T VST 2812 @ 320t decoder |\SII3I::*T
Industrial PC _:. 4 12-bit A/D converter |M‘
__________________ -—_——— _I
Servomotor pack (X- aX|s)—>| o] — :
Work table Couny 'S ][
Slide way % Payload OUPet '5; D m :
! |
|
I\\\(\\&@\&\\\ o LRSS
/ 7///////////////////////////’ motor |1
-

-

I

X-axis 1| servo- I

1| motor =1, :

Y-axis : Amplifier !

Figs. 1 and 2. The X-axis along with the moving part (it is
also the worktable as shown in Fig. 2) is installed on the ¥-
axis. Here, the moving part, which is placed on a slide way,
is driven by a servomotor pack through a coupler, lead-
screw bar, and nut. The moving part and the support rails of
the slide way are both made of cast iron. Therefore,
lubrication must be guaranteed before performing the
experiments. Grease has been used as a lubricant in the
experimental studies. Table 1 lists some specifications of
the main components used in this study.

Fig. 2 Photograph of the
experimental setup

Lead-screw bar Coupler

Work table

Servomotor pack (Y-axis)-)'

2.2 Measurement and control

Friction and velocity data measurements were performed
during the motions of the moving part placed on each feed
drive servomechanism of the CNC milling machine.
Figure 3 schematically shows the motion of the moving part,
i.e., the worktable, during the experiments in this study. The
moving part starts to move forward from return position A,
sequentially passes through the home position and target
position, and reaches return position B; then, it starts to move

Panasonic A4-type
AC Servomotor pa ks

Slide way
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Table 1 Specifications of main

components in this study Milling machine Worktable area (mm xmm) 240x 145

Size (mm>mmxmm) 500%350%690
X/Y/Z stroke (mm>mm x mm) 130x180%230
Maximum speed (mm/min) 1,200
Screw lead (mm) 1.2

Servomotor pack Rated power (kW) 0.2
Rated torque (Nm) 0.64
Maximum torque (Nm) 1.9
Rated angular velocity (rpm) 3,000
Maximum angular velocity (rpm) 5,000
Inertia of rotor (kg mz) 0.42x107*
Resolution of encoder (encoder increments/revolution) 10,000
Resolution of encoder (radian/encoder increment) 6.2832x10°*

backward from return position B and reaches return position
A. In each experiment, the moving part moved along the
motion path and undertook several forward and backward
motions with different motion velocities. Here, it should be
noted that the motion path between return position A and the
home position and that between return position B and the
target position must be sufficiently long in order to ensure
steady-state and backlash-free motions between the home and
target positions. Therefore, the identification results were
valid when the moving part moved within the path between
the home and target positions. Furthermore, in this study, the
positions of the moving part were represented by the encoder
increments obtained from a rotary encoder coupled to the
motor of the servomotor pack used. The home position was
determined by using a zero encoder increment, and the target
position was located at 150,000 encoder increments. In each
experiment, the cyclic motions between return positions A and
B were performed several times so as to obtain the average
behavior of friction. Furthermore, an infrared thermometer
was employed to measure the temperature around the moving
table, and the temperature was controlled within the range of
28°C to 29°C during all of the experiments. The industrial PC
recorded data values with a period of 10 ms, and the acquired
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Fig. 3 Motion of the moving part (worktable) placed on a feed drive
servomechanism
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data included the motion direction, angular position, velocity,
acceleration of the driving motor, torque value that actuated
the tested feed drive servomechanism, and motion time. The
units of the acquired position, velocity, and acceleration
signals were encoder increments, radian per second, and
radian per square second, respectively; the unit of the acquired
torque value was newton meter. Usually, a large number
of data points are required to obtain good identification
results, and therefore, a long period of experimentation is
mandatory.

Figure 4 shows the modified velocity feedback control
structure composed of a built-in velocity feedback control
loop and a disturbance observer. Each of the applied
servomotor packs provided a built-in velocity control loop,
and the velocity controller generated actuating torque 7,, to
overcome external torque 7., and actuate a feed drive
servomechanism with equivalent inertia J,. @,y and ®
denote the angular velocity command and the corresponding
angular velocity response, respectively. Here, the velocity
controller was tuned using the built-in auto-tuning function

Built-in velocity feedback control loop

7, Feeddrive
servomechanism
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1
1
______________________ |
1 l -:
1 < < I
: - + Gn (S) !
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Fig. 4 Modified velocity feedback control structure used in this study
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[24] in order to enable the feed drive servomechanism to
achieve good velocity tracking results. Moreover, a DOB
was integrated into the built-in velocity control loop in order
to reduce the adverse effects of uncertainties and non-
linearities in the feed drive servomechanism used. Here,
G, (s) represents the nominal plant model of the built-in
velocity control loop, which could be obtained by identifi-
cation methods [25]. O(s) denotes a low-pass filter used in
the DOB feedback loop for disturbance compensation. The
design of O(s) is the most important consideration because it
significantly affects the stability and execution performance
of DOB feedback control systems and has therefore been
discussed in several papers [26-28]. In this study, a simple
first-order low-pass filter was considered because of its
simple implementation. The bandwidth of the filter was
tuned manually so as to mitigate the effects of disturbances
containing high-frequency components and to maintain the
stability of the DOB feedback control system used.

Two experiments, a breakaway experiment [15, 22] and a
constant velocity experiment [15, 20], were performed on the
three-axis CNC milling machine shown in Figs. 1 and 2.

2.3 Breakaway experiment

In this study, breakaway experiments, each with several test
periods, were carried out as follows. First, before conduct-
ing a breakaway experiment, the servomotor pack intended
to be used in the experiment was switched to the velocity
control loop, and then, the tested feed drive servomecha-
nism was “warmed up” by moving the worktable through-
out the workspace for a minute prior to collecting test data
in order to eliminate the influence of the dwell time effect
[15]. After the warm-up procedure, the servomotor pack
was set to the torque control loop such that torque
commands could be directly given to actuate the tested
feed drive servomechanism. Second, the moving part of the
tested feed drive servomechanism was positioned at a
starting point, and then, the torque command was gradually
increased until the motor output torque was sufficient to
overcome the static friction of the tested feed drive
servomechanism. Here, the torque command was increased
from zero by sequentially adding step commands with a
magnitude of 0.002 Nm/s. The motor output torque could
be obtained from the interface signal of the amplifier of the
applied servomotor pack [24]. As soon as the motor output
torque overcame the static friction, the moving part moved;
then, the applied torque command was reduced to zero and
the moving part was allowed to come to rest. The starting
position (the position where the moving part started its
motion) and the breakaway torque (the motor output torque
that overcame the static friction) were recorded during this
test period. After the moving part came to rest, a new test
period was initiated.

In this study, many test periods were used in a
breakaway experiment. Moreover, ten breakaway experi-
ments, each with motions in the positive direction (from the
home position to the target position) and negative direction
(from the target position to the home position), were
conducted to obtain the average friction behavior. In
addition, the method proposed by Karnopp [18] was
employed to obtain the breakaway torque in a test period.

2.4 Constant velocity experiment

A constant velocity experiment was performed to obtain
friction and velocity data values during constant velocity
motions of a tested feed drive servomechanism in order to
construct a friction—velocity map for the estimation of
velocity-dependent frictions. Similar to a breakaway exper-
iment, the servomotor pack used was switched to the
velocity control loop, and then, a warm-up procedure was
performed on the tested feed drive servomechanism before
conducting the constant velocity experiment. Here, the
modified velocity feedback control structure, as shown in
Fig. 4, was used. The bandwidth of the modified velocity
feedback control loop was 14.02 Hz.

In a constant velocity experiment, the moving part of the
tested feed drive servomechanism was positioned at return
position A, and then a positive step velocity command was
given to the modified velocity feedback control loop such
that the moving part moved to return position B at a
constant velocity. Thereafter, a negative velocity step
command with the same magnitude was applied to actuate
the moving part so that it returned to return position A. Ten
test periods were used for a given step velocity command in
order to obtain average data values, and 13 step velocity
commands with different levels ranging from 0.1571 to
104.7198 rad/s were given in order to obtain torque and
velocity data values for constructing a friction—velocity
map. In this study, ten constant velocity experiments were
conducted in order to obtain the average behavior of
friction.

3 Friction identification methods and results
3.1 Identification of static friction

In this study, a breakaway experiment was conducted to
identify the static friction of the X-axis feed drive
servomechanism, and the experimental results are shown
in Fig. 5. Here, the average values of the measured data are
shown and used for analysis because they represent the
repeatable part of the measured data and reduce the adverse
effects of measurement noises. In order to investigate the
positional dependency of the friction, friction-versus-
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position curves were plotted for both the positive and
negative directions, as shown in Fig. 5. These curves were
found to fluctuate significantly depending on the angular
position of the motor shaft, and thus, the identified friction
is clearly position-dependent. Moreover, because the
alignment imperfections in transmission systems generally
induce oscillating frictions, the static friction exhibits
oscillations with different frequencies. Although the
friction-versus-position curves obtained for both positive
and negative directions exhibit similar average friction, the
curve patterns are different because of the asymmetry effect
of friction [15]. In general, standard deviation is used to

Fig. 6 FFT results for the

indicate the repeatability of the identified static friction
[15]. In this study, the average values of the standard
deviation were 0.0055 and 0.0062 Nm for the positive and
negative directions, respectively, which were lower than 5%
of the corresponding average values.

In this study, spectral analysis using a fast Fourier
transformation (FFT) algorithm [29] was applied to analyze
the frequency characteristics of the identified static friction.
Figure 6 shows the FFT results for the identified static
friction shown in Fig. 5. Here, the magnitude of each FFT
component is normalized in order to show the percentage of
the FFT component with respect to the average friction and
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to indicate the significance of the FFT component. A larger
normalized magnitude for an FFT component indicates that
the FFT component is more significant. Here, the basic
positional frequency used in the FFT analysis was 0.01
(encoder increments) '; this value implies that the static
friction was sampled with a sampling period of 100 encoder
increments. More refined FFT results can be obtained as the
basic positional frequency becomes higher, that is, as the
experimentation time becomes longer. However, in this
study, the basic positional frequency was set to 0.01
(encoder increments) ' because the significant FFT compo-
nents were observed identically even though the basic
positional frequency was higher than 0.01 (encoder incre-
ments) . Here, the FFT components with normalized
magnitudes larger than 0.02 (2% of the average value of
the static friction) were considered to be significant FFT
components. Note that the FFT components were functions
of the reciprocal values of the positional increments. For
instance, the FFT component with a positional frequency of
1/(1.0240 x10%) corresponded to a repeatable and periodic
friction with a positional period of 1.0240 x10* encoder
increments; in other words, the friction repeated itself every
1.0240 x10* encoder increments. Table 2 lists the signifi-
cant FFT components shown in Fig. 6. The FFT component
with a positional frequency of 0 (encoder increments) '
represents the average static friction of the tested feed drive
servomechanism. Since one revolution of the motor shaft
generated 10,000 encoder increments, the FFT component
with a positional frequency of approximately 9.7656x 107
(encoder increments) ' can be considered to be the static
friction induced by the interaction among the motor shaft,
coupler, lead-screw bar, and nut in the tested feed drive
servomechanism. The other significant components were
close to the harmonic frequencies of the 9.7656x 107
(encoder increments) ' frequency. Hence, these other signif-

Table 2 Significant components of the FFT analysis

Normalized
magnitude

No. Positional frequency
((encoder increments) ')

Positional period
(encoder increments)

Positive direction
1 0 - 1

2 9.7656x107° 1.0240x 10* 9.6094x 1072
3 2.0508x107* 4.8762x10° 2.9107x1072
4 3.0273x107* 3.3032x10° 2.1176x1072
5 4.0039x107* 2.4976x10° 42183%1072
Negative direction

1 0 - 1

2 9.7656x107° 1.0240x 10* 8.3959x10 2
3 1.9531x107* 5.120x10° 3.5844x1072
4 — _ _

5 4.0039x107* 2.4976x10° 6.4360% 102

icant FFT components can also be considered to arise from
the interaction of the mechanical parts in the transmission
system. The other FFT components could be considered to
be the static friction resulting from the interaction between
the moving part and the support rails of the slide way used in
the tested feed drive servomechanism. Usually, it is difficult
to identify the sources of these other FFT components
because they are significantly affected by the surface textures
of the moving part and the support rails. Moreover, different
manufacturing processes usually generate different surface
textures for machined parts. Mechanical parts with small and
regularly distributed surface structures could cause FFT
components with normalized magnitudes of <0.02. In
addition, the random friction component also exists because
of the establishment and breaking of asperity contacts
between sliding surfaces [22].

The identified static friction, which contains small and
random friction components, as shown in Figs. 5 and 6,
cannot be directly applied to develop a friction compensa-
tion lookup table. Therefore, in this study, a low-pass filter
is applied to filter out the random friction components. In
order to preserve the significant components listed in
Table 2, the low-pass filter was designed to have a
bandwidth of 0.0005 (encoder increments) '. Figure 7
shows the filtered static friction curves for both the positive
and negative directions. This figure also shows the
difference between the filtered and the identified static
friction curves. For the difference in the positive direction,
the calculated average value is 2.1239x 10 *Nm and the
standard deviation is 1.3238x 10 °Nm. For the difference
in the negative direction, the calculated average value is
—1.8010x 10 *Nm and the standard deviation is 1.2479x
10"*Nm. The differences in both cases have average values
almost equal to zero, and the standard deviations in both
cases are lower than 10% of the corresponding average
values. From these results, we can say that it is feasible to
use filtered static friction curves for developing friction
compensation lookup tables.

3.2 Identification of velocity-dependent friction

In this study, a constant velocity experiment was carried out
to obtain friction and velocity data in order to construct a
friction—velocity map for the identification of the velocity-
dependent friction of the X-axis feed drive servomecha-
nism. Consider a feed drive servomechanism actuated by a
motor with the following equation of motion:

T —1r = Ju0 = J, 0 (1)
where J, denotes the equivalent inertia of the feed drive

servomechanism; # and w denote the angular position and
angular velocity of the motor shaft, respectively; @ and 6
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denote the angular acceleration of the motor shaft; z,
represents the motor output torque; and z¢ indicates the friction
torque. The equivalent inertia, J,, is the combination of the
motor inertia (the inertia of the rotor) and the load inertia (the
compound inertia of the coupler, lead-screw bar, and
worktable). The friction torque, 7y includes both the
position-dependent friction, ¢, and the velocity-dependent
friction, ={. Therefore, Eq. 1 can be further rewritten as:

T — (r? + T‘f") =J,0=J,6. (2)

Assume that the velocity response of the tested feed drive
servomechanism is maintained constant at ws during steady
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(b) Negative direction

motions, i.e., w = w, and @ = 0 at the steady state. Then, Eq. 2
can be rewritten as:

Ty — (T? + T?’) =0 (3)
and thus,

Ty =10+ 10 =1/ (4)
Therefore, the friction torque, 7z, can be obtained by

measuring the motor output torque, 7, during steady motions.
By collecting 7z and w, data through constant velocity
experiments, a friction—velocity map is constructed to identify
the velocity-dependent friction, z{. However, the measured
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friction torque, 75 includes the position-dependent friction, T?,
which is mainly induced by position-dependent perturbations.
In addition, the velocity response, w;, is also affected by the
external disturbances and unmodeled dynamics of the tested
feed drive servomechanism. Thus, the friction and velocity
data values obtained by constant velocity experiments can
deteriorate the friction—velocity map and thus affect the
identification results for velocity-dependent friction. There-
fore, a modified velocity feedback control structure was
employed in constant velocity experiments to obtain raw
friction and velocity data values, and a friction extraction
method was newly developed in this study with a view to
obtaining reliable friction and velocity data values for the
identification of velocity-dependent friction.

In this study, the modified velocity feedback control
structure shown in Fig. 4 was employed in constant velocity
experiments to obtain raw friction and velocity data values
during steady motions. Furthermore, the nominal plant of the
built-in velocity control loop is obtained as:

- 16978.09
5%+ 158.9665 + 16978.09

Guls) (5)

Figure 8 shows the step responses of the built-in velocity
control loop and the nominal plant, G(s), with different
velocity command levels. The experimental results show
that the nominal plant in Eq. 5 provides a good approxi-
mation to the built-in velocity control loop. Moreover, the
filter, O(s), in Fig. 4 is designed as a low-pass filter with a
unity gain and a bandwidth of 15.92 Hz. Figure 9 shows the
step responses of the velocity feedback control systems
with and without a DOB. For the system without a DOB,
the average value of the steady response is 5.1451 rad/s,

and the variance value of the steady response is 1.4108 x
10 %rad/s. However, for the system with a DOB, the
average value of the steady response becomes 5.2356 rad/s,
and the variance value of the steady response becomes
1.4750%10 *rad/s. Thus, the modified velocity feedback
control structure can provide more steady motions than that
with the built-in velocity control structure.

Since the modified velocity feedback control structure
provides steady motion with velocity response ws, i.e.,
ws =2 0, the equation of motion in the steady state can be
obtained as:

T — (r? + T?) =J,0s 20 (6)

where 7{* denotes the velocity-dependent friction
corresponding to the angular velocity, w,. In a case where
the tested feed drive servomechanism is actuated by the
motor output torques, 7,,; and 7., the velocity response
approaches wg; and wy, at the position, 6, corresponding to
the motor output torques, z,; and z,,,, respectively. Since
the position-dependent friction, 7¢, is invariant at position
0, Eq. 6 can be used to obtain the equation of motion at
position 6§ with different motor output torques as:

Tmi — T¢™ — >0 (7)
and
Ty — T2 — 78 =0 (8)

where 7¢*' and 7{*? denote the velocity-dependent frictions
at position 6 corresponding to the angular velocities wg; and

Fig. 8 Step responses of the 120
built-in velocity control loop
and the nominal plant
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Fig. 9 Step responses of 6 T

velocity control systems with
and without DOB

Angular velocity (radfsec)

Velocity control with DOB
=+ =« = Velocity control without DOB

wyy, respectively. By subtracting Eq. 7 from Eq. 8, the
torque difference equation can be obtained as:

125

(TmZ - Tml) - (Tf - T?“) ~ (.

©)
Thus, the position-dependent friction, T? , 1s eliminated, and
Eq. 9 is applied to identify the velocity-dependent friction,
7¢. In this study, the static friction model described by
Eq. 10 [21, 30, 31] is applied to describe the characteristics

D52

2
oo + 0!167<w°) sgn(wg) + o | —

(SR OS] —
T¢ e =

Now, we substitute Eq. 11 into the torque difference
equation, namely Eq. 9; then Eq. 9 becomes

2 2
(e _(ea
a|e ("’0) —e ("’0) + oz (wg; — wg1), for wg; > 0 and wg; > 0

2 3 4 5 6 7 8 ] 10

Time (second)

of the velocity-dependent friction of the tested feed drive
servomechanism.

s

2
a0 +are (‘”0) sgn(ws) + oo (10)

D5 __
Ty =

where (g + ) represents the static friction, a, the viscous
friction, and wy the Stribeck velocity. Therefore, the friction

difference, 7¢* — 7{*', can be obtained as:

5]

2
o +ae <w°) sgn(ws1) + 05

(11)

+ or(ws; — wy1), for wg; < 0 and wg < 0

2 2
(o2 _(ea
a|e (“0) —e (“’0) + (0 — wg), for o, > 0 and g > 0

@ Springer
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al—1e (“0) —e (”0) + (W — wq), for wgp < 0and wg < 0

(12)
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In this study, we define data set (7., wyp), composed of

motor output torque 7., and angular velocity wg, as the

base data set, and data set (z,;, w;), composed of motor

2
_) + a2 (0 — wy), for oy < 0 and wg, < 0

output torque 7,; and angular velocity wy;, as the target data
set for j = 1,...,n. Then, the torque difference equation,
Eq. 12, can be rewritten as:

o N
) —e (‘”") + oy (0 — wg), for g > 0 and @y > 0

for j=1,...n

(13)

Here, an optimization algorithm must be applied to
compute the model parameters (v, s, wp) in order to
minimize the estimation error, &, as:

n

e = D0 (o = o) — (7 = 2]

J=1

(14)

In this study, optimization function fminu provided by
the Matlab optimization toolbox [32] is used to obtain the
model parameters (o, o, wp). The velocity response wygy, is
the smallest velocity in the constant velocity experiments.
Since (o + «y) represents static friction 7., parameter oy
can be obtained as:

o)y =T, — O

(15)

where static friction 7. is obtained from the friction
compensation lookup tables as shown in Fig. 7 for a given
angular position, #. Therefore, by considering the asymme-

try effect of friction [15], the velocity-dependent friction
model is obtained as:

neg _ _ _peg _ ,Meg
Oy =7 a,
2
—| —e_
neg neg <“’3°g ) neg neg
oy +a e sgn(w) + o5 f0,0 < -0

P ,—0pf <o<0
f 0o 0 <o<a

Pos __ _pos __ ,pOS
ay =7, aJI’

»
oS
0

et ®) )omrs

where 72 and 72 denote the static friction and w/,* and
@), denote the base velocity responses for motion in the
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Fig. 11 Identification results for

velocity-dependent friction
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negative and positive directions, respectively. Coefficients
(ap %, 0%, a5%, ) represent the model parameters for
motion in the negative direction and are different from
coefficients (4™, 4", 5", wf”), which represent the
model parameters for motion in the positive direction.
Therefore, the procedure for identifying the velocity-
dependent friction of a feed drive servomechanism is
summarized as follows:

(a) Obtain the static friction, 7% and 2%, by performing
the breakaway experiment described in Section 2.3.

(b) Obtain the base data sets, (7, @) and (7,5, @),
and the target data sets, (zp,, @3") and (7,7, @ neg) for
j = 1,..., n, by performing the constant Ve1001ty
experiment described in Section 2.4.

(c) Sort the obtained data by the angular position of the
motor shaft, which ranges from the home position to
the target position, as shown in Fig. 3.

(d) Compute torque difference (e}, — 7o) for j = ,n.

() Compute parameters (4", 5", @}™) by usmg an
optimization algorithm.

(f) Compute torque difference (z,,* — Tfnebg) forj=1,....n

(g) Compute parameters ()%, 5%, wy®) by means of an

optimization algorithm.

(h) Complete the velocity-dependent friction model as
represented by Eq. 16.

Figure 10 shows the average values and standard
deviations of the torque difference for different velocities;
these were estimated using the data obtained from the
constant velocity experiments. The standard deviations for
all of the different velocities are lower than 10% of the
corresponding average values. Figure 11 shows the identi-
fication results, and Table 3 lists the obtained parameters,

(apm apov apm wpov) and (aneg neg neg geg).

, 0,7,

4 Experimental results of sinusoidal motion tests

In this study, sinusoidal motion tests were carried out
using the experimental setup in order to show the
feasibility of the proposed friction identification method.
Sinusoidal velocity command signals with an amplitude
of 52.36 rad/s and frequencies of 0.5 and 1.0 Hz were
used to perform the sinusoidal motion tests. The tracking
errors are considered to evaluate the motion accuracy.
For the evaluation of different identification methods, the
feedforward friction compensation structure [1, 2], as

Table 3 Model parameters
obtained using the approaches

Parameters for motion in the positive direction

Parameters for motion in the negative direction

proposed in this study

ot 008 — o}
% Fig. 7a
o™ 7.1662x 1072
b 1.4802x107*
wg‘“ 7.93

neg neg

0 T -
¢ Fig. 7b
ol 8.5883x 1072
o5 2.1432x107*
,® 7.65
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Fig. 12 Feedforward friction compensation and velocity feedback
control

shown in Fig. 12, was used to control the motions of a feed
drive servomechanism in the experimental setup. Here,
the torque value for friction compensation, 7emp, is
computed by referring to the velocity command, wemp,
and a friction model obtained by using different identifica-
tion methods.

Figure 13 shows the friction—velocity map obtained by
conventional approaches, and Table 4 lists the cor-
responding model parameters. Here, the friction model, as
shown in Eq. 10, is adopted for the sake of comparison
between different identification methods. Parameters "
and & are further modified in order to consider the static
friction, as shown in Figure 7. In Table 4, the values in
brackets are the average values of .

In this study, the sinusoidal motions obtained by
applying different friction models are denoted as follows:

*  UNCOMP: denotes the motion results obtained without
using friction compensation.

* COMP_C: denotes the motion results obtained using
the friction model parameters listed in Table 4.

*  COMP_P: denotes the motion results obtained using the
friction model parameters listed in Table 3.

Here, ten motions were adopted in each motion test to
obtain the average motion performance. Furthermore,
several performance indices were used to evaluate the
steady motions in the motion tests, as follows:

*  RMS: denotes the root mean square value of errors.
«  MAX: denotes the maximum value of absolute errors.
e STD: denotes the standard deviation of data.

Figure 14 shows the experimental results of the
sinusoidal motion tests, and Table 5 lists the statistical
results for the obtained tracking errors. It is quite obvious
that friction significantly deteriorates the motion accuracy
when the velocity of the motion is near zero. Both of the
MAX values exceed 10.0 rad/s for the motion tests.
However, by applying friction compensation, the MAX
values are reduced, with reductions of 24.16% and 34.11%
achieved for the motion tests conducted using velocity
command signals having frequencies of 0.5 and 1.0 Hz,
respectively. In addition, RMS values of 26.97% and
44.16% were achieved for the different motion tests.
Furthermore, the following two findings were made:

e The STD values for the motion test with the frequency
of 0.5 Hz were generally larger than that for the motion
test with the frequency of 1.0 Hz.

* The rate of reduction for the motion test with the
frequency of 0.5 Hz was generally less than that for the
motion test with the frequency of 1.0 Hz.

These observations follow from the fact that the friction
compensation performance is usually limited for low-
velocity motions because of (1) the difficulty in estimating

Fig. 13 The friction—velocity 0.15—
map and friction identification H
results
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Table 4 Friction model param-
eters obtained by conventional

Parameters for motion in the positive direction

Parameters for motion in the negative direction

approaches o (19 %10°2) o e — (63 % 10°7)
A 4.9660%1072 e 7.0987x107*
" 34532107 ay* 51030107
o 52 o 5.1

friction characteristics at a low velocity and (2) the validity
of the selected friction model at a low velocity. In
comparison with a conventional identification method, the
RMS values were further reduced and reductions of 9.52%
and 6.24% were achieved in the experiments. The MAX
value was slightly increased (by 0.99%) for the motion test
with the frequency of 0.5 Hz, with the MAX value
increased by 4.49% for the motion test with the frequency
of 1.0 Hz. Thus, the increases in the MAX values could

60 T

S

-"‘-f‘
.
L

Velocity (rad/sec)
[=]

]
[=]
—

TN

W/ VP gy

COMP_P
10 105 1" 115 12 125 13 135 14 145 15
Time (second)

Tracking error (rad/sec)

mainly be caused by the inertia effect induced by the motor
inertia (the inertia of the rotor) and the load inertia (the
compound inertia of the coupler, lead-screw bar, and
worktable). However, the experimental results show that
friction compensation can significantly improve the accu-
racy of feed drive servomechanism motions. Here, the STD
values for the motion test with the frequency of 0.5 Hz are
<1.5% of the corresponding average values, and the STD
values for the motion test with the frequency of 1.0 Hz are

10 10.5 1 115 12 125 13 13.5 14 14.5 15
Time (second)

(a) Sinusoidal motions with a frequency of 0.5 Hz
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(b) Sinusoidal motions with a frequency of 1.0 Hz

Fig. 14 Experimental results of sinusoidal motion tests
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Table 5 Statistical results for
tracking errors in different 0.5 Hz 1.0 Hz
motion tests
RMS (rad/s) MAX (rad/s) RMS (rad/s) MAX (rad/s)
STD (%) STD (%) STD (%) STD (%)
UNCOMP 3.6264 10.0807 6.3411 12.7780
0.18 0.26 0.21 0.53
COMP_C 2.9273 7.5704 3.7767 8.0580
1.41 1.27 0.12 0.58
COMP_P 2.6485 7.6454 3.5410 8.4200
1.43 1.25 0.16 0.63

<1.0% of the corresponding average values. Thus, the
experimental results demonstrate the feasibility of the
friction modeling method proposed in this study.

5 Conclusions

This study aimed at developing friction identification
methods that consider the unavoidable effects induced by
the position-dependent perturbations and unmodeled dy-
namics of the feed drive servomechanisms of CNC machine
tools. In this study, a modified velocity control structure
consisting of a built-in velocity control loop and a
disturbance observer was developed to compensate for the
speed perturbations induced by external disturbances and
system uncertainties during constant velocity experiments.
The experimental results showed that the modified velocity
control structure could provide steady motions to the tested
feed drive servomechanism in the steady state. The variance
of the steady velocity response significantly reduced from
1.4108x10 2 to 1.4750x 10 >rad/s. Moreover, friction and
velocity data were obtained through constant velocity
experiments, and a friction extraction method was devel-
oped to remove position-dependent perturbations by con-
sidering the subtraction of different torque values. By
applying the modified velocity control structure and the
developed friction extraction method, more reliable friction
and velocity data values could be obtained, which could be
used to construct a friction model to reduce the uncertain-
ties in the estimated friction characteristics. Furthermore,
several experiments and motion tests were carried out on a
three-axis CNC milling machine, and the feedforward
friction compensation structure was applied to control the
motions of a feed drive servomechanism of the CNC
milling machine in order to evaluate different friction
models obtained by different identification methods. The
experimental results of these motion tests indicated that the
friction-compensated motion control system with the
friction model developed in this study reduced the RMS
values of tracking errors by 44.16% (the best case) and
26.97% (the worse case). Moreover, the RMS values of

tracking errors were found to be further reduced by 9.52%
in the experiments, as compared to conventional methods.
The experimental results thus demonstrated the feasibility
of the proposed identification method for application to the
motion control design of CNC machine tools.

In this study, a static friction model was used to describe
the friction characteristics of a feed drive servomechanism.
Many studies [3, 4, 8, 15] have reported that friction can
exhibit characteristics such as the Dahl effect [33], friction
lag [15], pre-sliding displacement [21], and stick-slip
motion [34], which cannot be described by static friction
models because of the internal dynamics of friction.
Therefore, even though the experimental results showed
that an improvement in the tracking accuracy was achieved
by using the identification method proposed in this study,
the motion performance could be further improved by
considering the dynamic properties of friction.
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