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The present paper describes a practical control method for a precision motion system and the performance
thereof. For practical use, high motion control performance and ease of design and controller adjustment
are desired. A nominal characteristic trajectory following control (NCTF control) has been investigated
to realize high performance and ease of application of point-to-point (PTP) positioning. The controller
comprising a nominal characteristic trajectory (NCT) and a PI compensator is free from exact modeling
and parameter identification. In the present paper, the NCTF control is modified in order to improve the
control performance of continuous motions such as tracking and contouring motions. The NCTF controller
for continuous motion (referred to as Continuous Motion NCTF controller) has a structure that is almost
identical to the conventional NCTF controller and is designed using the same design procedure. The Con-
tinuous Motion NCTF controller is applied to ball screw mechanisms, and its motion control performance
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Positioning is evaluated from the experimental tracking, contouring, and positioning control results. The experimen-
Continuous motion tal results prove that the Continuous Motion NCTF controller achieves the same positioning performance
Ball screw as the conventional NCTF controller, and generally achieves better continuous motion control perfor-
NCTF control

mances than PI-D or conventional NCTF controllers. In 0.25Hz and 100-nm radius circular motion, the

experimental tracking errors for Continuous Motion NCTF were smaller than 10 nm.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Precision motion systems are important components of indus-
trial machines such as machine tools, measuring machines, wire
bonders, and semiconductor manufacturing systems. The motion
accuracy and response of these systems have a decisive influence
on the machine performances. Tracking, contouring, and position-
ing motions are important for motion control systems and are often
used to evaluate the performance of such systems. These motions
are also required in industrial machines. General-purpose servo
controllers are desired in order to realize high performance for all
motions, and machining centers require high performance for all
motions.

Several advanced control methods have been proposed, and
these control methods have been applied to precision motion
mechanisms for performance evaluation. However, classical con-
trollers that include PID and/or lead-lag elements are still the most
widely used type of controller [1,2]. Several non-contact ultra-
precision motion systems, such as steppers and ultra-precision
machine tools, also have classical controllers [3,4]. This indicates
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that simplicity based on simple structures, high adoptability, and
ease of understanding, design, and control parameter adjustment
are significant in industrial application. Controllers based on clas-
sical control theory have the advantage of this simplicity. However,
several precision motion mechanisms have nonlinear characteris-
tics, as represented by friction, and their mechanism characteristics
sometimes vary. Thus, high robust characteristics are also required
in practical application.

Although conventional classical controllers are convenient, their
robust characteristics are often insufficient for precision motion.
For the solution of this problem, the use of several model-based
controllers is increasing. Friction compensators are classical ele-
ments for the solution of the friction problem [5-7]. In addition,
disturbance observers with nominal object models [8-10] and
friction models [11-14] have often been used to eliminate the
influence of nonlinear characteristics, including those of friction
and characteristic variation. Friction compensators and disturbance
observers are generally used with PID controllers. Recently, a num-
ber of studies have examined sliding mode controllers for highly
robust precision positioning [11,15-17]. However, exact modeling
of mechanisms, their accurate parameter identification, and suf-
ficient knowledge of their controllers are needed in their design
procedures. This has led to controller designers avoiding the use of
sliding mode controllers.
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In order to improve the reference following performance of
conventional control systems, additional elements have beeninves-
tigated [18]. Feedforward filter elements have been proposed for
the improvement of tracking performance, and the advantages of
these elements have been shown [19-21]. However, these require
exact model and accurate model parameters. Their effects are sen-
sitive to model errors. For high contouring motion performance,
cross-coupled controllers (CCC) have been investigated [22-24]. In
some applications, the effectiveness of the CCC has been reported.
However, its design also requires exact model and accurate model
parameters. Thus, the use of these additional elements leads to
complex controller structures and time-consuming designs. More-
over, in general, only designers with considerable knowledge of
mechanisms and control theory are able to implement such con-
trollers. Consequently, classical controllers are still widely used
in industrial applications due to their simple structure and easy
design.

A nominal characteristic trajectory following (NCTF) control
method has been investigated as the method overcoming these
problems for point-to-point (PTP) positioning [25-29]. The con-
troller comprises a nominal characteristic trajectory (NCT) and a
PI compensator. The controller may look like model-based con-
trollers, such as the siding mode controller or the seeking mode
controller of HDD [31,32]. However, in contrast to the model-based
controllers, the NCTF controller does not require exact modeling or
model parameter identification and is easy to design. NCTF control
systems provide better positioning results than conventional PID
control systems. The purpose of the present study is to improve the
NCTF control method for continuous motion applications such as
tracking and contouring motions. The NCTF controller for continu-
ous motion (referred to as the Continuous Motion NCTF controller)
has almost the same structure as the conventional controller and is
designed using the same design procedure. The Continuous Motion
NCTF controller is applied to ball screw mechanisms, and its motion
control performance is evaluated from the experimental tracking,
contouring, and positioning control results.

In Section 2, the experimental setup is introduced and the char-
acteristics of the mechanism are described. Section 3 explains the
improvement of the NCTF controller for continuous motion (the
Continuous Motion NCTF controller) and the concrete design proce-
dure. In Section 4, motion control performances of the Continuous
Motion NCTF control system, such as tracking, contouring, and posi-
tioning control performances, are evaluated and compared with
those of conventional NCTF and PI-D control systems with ball
screw mechanisms. Finally, Section 5 presents the conclusions of
the present study.

2. Experimental setup

The ball screw mechanisms used herein are shown in Fig. 1.
These mechanisms have similar structures, but their movable mass
conditions differ. The mechanism with the large additional mass
is referred to as the X-axis mechanism, and the other is referred
to as the Y-axis mechanism. The mechanisms are driven as if the
two-axis mechanisms were conceptually stacked as in an XY table
configuration. The Y-axis mechanism is the ball screw mechanism
used in ref. [29]. Its dynamic model is represented by Fig. 2. The
additional mass fixed on the table of the X-axis mechanism is sim-
ilar to the total mass of the Y-axis mechanism. Table 1 shows the
model parameters. In addition to the table mass, the spring con-
stant K, and the damping coefficient C, of the X-axis mechanism
are larger than those of the Y-axis mechanism. For the X-axis mech-
anism, the compliance becomes significant compared to the heavy
mass on the table, which leads to vibration, but not for the Y-axis

Y axis
“mechanism

\

X aXIS
mechamsna

Fig. 1. Two-axis ball screw mechanism.
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Fig. 2. Dynamic model of a ball screw mechanism.

mechanism. The controller sampling frequency is 5kHz, and the
feedback position is determined by a laser position sensor with a
resolution of 1.24 nm (Agilent: 10897B). The lead of the ball screw
is 2 mm/rev, and the maximum travel of the table is 55 mm.

3. Improvement of NCTF controller for continuous motion
control

3.1. Structure

3.1.1. Conventional NCTF control system

Fig. 3 shows the structure of a conventional NCTF control system
designed for PTP positioning. Its controller is composed of a nom-
inal characteristic trajectory element and a PI compensator. The
objective of the PI compensator is to make the mechanism motion
follow the NCT, finishing at the origin of the NCT. The output of the
NCT element is a signal, up, which is the difference between the

Table 1
Model parameters.
Symbol Description (unit) Mechanism

X-axis Y-axis
M Table mass (kg) 17.50 3.57
] Moment of inertia (kg m?) 1.81x 10~*
Km Torque constant of the motor (Nm/A) 0.172
[ Coulomb friction (Nm) 0.090 0.046
Cad Viscous friction (Nms/rad) 0.00100 0.00097
Ky Spring constant (N/m) 4.5 x 107 8.3 x 10°
@ Damping coefficient (Ns/m) 2300 1700
Ttric Nonlinear friction (Nm) - -
Tapp Torque applied to the ball screw (Nm) - -
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Fig. 3. Structure of the conventional NCTF control system.

actual error rate of the mechanism (—x) and the error rate of the
NCT. On the phase-plane, the mechanism motion is divided into a
reaching phase and a following phase. During the reaching phase,
the PI compensator controls the mechanism motion to reach the
NCT as quickly as possible. During the following phase, the PI com-
pensator controls the mechanism motion to follow the NCT, leading
the motion to the origin of the phase-plane. In order to reduce
the overshoot caused by integrator windup, a conditional freeze
integrator is used. The rule is as follows:

~J 0, Juo+ul>us and eu;>=0
Au; = { e, otherwise (1)

where u, is the proportional control signal, u; is the integral con-
trol signal, Au; is the change rate of u;, and ug is the maximum
value of the control signal. The filter in Fig. 3 is a conditional notch
filter for reducing residual vibration and becomes active only in a
microdynamic range.

The NCT is constructed using the velocity of a mechanism hav-
ing damping characteristics because the motion of the mechanism
is essentially influenced by the velocity. The NCT is used for deter-
mining the virtual velocity reference for each deviation and the PI
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Fig. 5. Structure of the Continuous Motion NCTF control system (II).

compensator works for velocity control in the conventional NCTF
controller (see Fig. 3). In PTP positioning, the reference rate (x;) is
not important. The NCT without the information of the reference
rate is suitable for PTP positioning and can be followed by the actual
mechanism. However, this structure tends to produce low reference
following characteristics at high reference rates.

3.1.2. Improvement for continuous motion

Fig. 4 shows the Continuous Motion NCTF controller structure
improved for continuous motion. Based on the conventional NCTF
controller, the Continuous Motion NCTF controller is obtained by
considering the value of ;. The input signal to the PI compensator
includes the reference rate (x;). The reference rate (x;) helps the
mechanism to move rapidly. When the error and the reference rate
are large, the mechanism with the Continuous Motion NCTF con-
troller may not sufficiently follow the NCT. However, in continuous
motion, controllers usually act near the reference, and the action
far from the reference is not important.

Notice that the complexity of the controller does not increase.
At the same time, when X; is zero, the structure in Fig. 4 is iden-
tical to the structure in Fig. 3. Therefore, the Continuous Motion
NCTF controller has the same control law as the conventional NCTF
controller during PTP positioning.

The Continuous Motion NCTF control system can be represented
by Fig. 5. When the simplified dynamic model of the mechanism is
expressed as Eq. (1), the transfer function of the Continuous Motion
NCTF control system Gcy(s) is expressed as Eq. (2).

X o

Tk (1)

@ =1361x10° radfs
20

300 F
0
200 [~ O‘HH '

0.46 0.48

100

Displacement nm

I " 1 L 1

0.0 0.2 0.4 06
Time s

0.35 0.40 0.45 0.50
Time s

Fig. 6. Open-loop step response of the X-axis mechanism.
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X 2¢wns + wE
Gem(s) = 5 = 2SS O @)
Xe ( St )52+2§w s+ w?
s+ Ky n n
where the PI compensator gains are expressed as Eq. (3).
_ 2¢wn
Ko ==K (3)
2
%
Ki=_¢ (3b)

The transfer function of the conventional NCTF control system
Gprp(s) is given as Eq. (4) [29].

Gorp(5) = — 1 Gen(s) = Gre(s) x Gem(s) (4)

T s+ Ko

Radius: 5Smm
Frequency: 0.5Hz

Low stiffness
K mecr‘}zanism only

Fig. 7. PI-D control system for comparison.

In the NCTF controller design, Gev(s) is adjusted so as to
have the higher bandwidth than Giq(s). Therefore, the Con-
tinuous Motion NCTF control system has higher bandwidth
than the conventional NCTF control system. However, when
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Fig. 8. Continuous motion performances with the conventional NCTF controller.
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Fig. 9. Continuous motion performances with the Continuous Motion NCTF controller.

a step reference signal is applied to the Continuous Motion 3.2. Design procedure
NCTF control system, its initial controller output includes an

impulse signal which tends to produce an unexpected vibra- As mentioned in Subsection 3.1, the Continuous Motion NCTF
tion in the table motion. Thus the influence of the impulse controller has almost the same controller structure as the con-
signal on PTP positioning performance is examined in Section ventional controller. As a result, the design procedure of the
4.2. conventional NCTF controller is used for the Continuous Motion
Table 2

Motion control performances of the conventional and the Continuous Motion NCTF controllers.

Controller max |X; — X| max [yr —Y| Maximum radial error

Average (um) Standard deviation (um) Average (um) Standard deviation (um) Average (m) Standard deviation (um)

Conventional NCTF 8.55 x 102 3.08 x 10! 8.53 x 102 8.45 x 102 2.06 x 10? 1.414 x 10!
Continuous Motion NCTF 4.47 2.30x 107! 1.626 1.076 x 10! 3.891 1.914 x 10!
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Fig. 10. Circular motion with reference input A in Table 3 (peripheral velocity: 31.4 mm/s).

NCTF controller without modification. The NCTF control sys-
tem is basically designed according to the following procedure

[29].

(I) NCT construction: From the open-loop response of the mech-

anism, the NCT is constructed on the phase-plane. The NCT is
linearized close to the origin of the phase-plane, with inclina-
tion m. m is equal to —« and K is determined from Eq. (1) and
the open-loop response.

(II) Determination of the practical stability condition: The mech-

anism is driven with the NCTF controller using only the
proportional element. The value of the proportional gain is
increased in order to determine the ultimate proportional
gain (Kpy ). Using Kpy, the practical stability condition is given

Table 3

Reference input (1).

Reference input Wave form Amplitude (pm) Frequency (Hz)
A Sinusoidal 5.00 x 103 1.0

B Sinusoidal 1.00 0.5

as Eq. (5).

¢ < Kpu (21%) (5)

(Il) Adjustment of the PI compensator gains: The PI compensator

gains expressed as Eq. (3) are determined using the practical
stability condition given as Eq. (5).

(IV) Conditional notch filter design: When a mechanism has a mea-

surable vibration characteristic resulting from the low stiffness
of power transmission, the conditional notch filter is designed
and implemented. The conditional notch filter is active only
when the magnitude of the error is equal to or less than the
microdynamic range. The active range of the filter is limited so
that the filter does not deteriorate the response of the control
system in the macrodynamic range. The transfer function of
the notch filter is expressed as:

2

2
s+ wnotch

; (6)

notch

C"notch =
52 + 28notch @notchS + @

The active range of the filter and the parameter wo, are

determined from the open-loop step response. Fig. 6 shows the
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open-loop step response of the X-axis mechanism. In the figure,

Table 4
Contouring performances with the PI-D and the Continuous Motion NCTF controllers
(1).
Reference input  Controller Maximum radial error
Average (pum) Standard
deviation (m)
A PI-D 2.51 x 10! 1.747 x 10!
Continuous Motion NCTF ~ 3.81 2.93 x 107! range.
B PI-D 1.267 x 101 1.6 x 103
Continuous Motion NCTF ~ 4.36 x 102 3.9x%x10°3

dmicro represents the microdynamic range and is used as the active
range of the filter. The angular frequency of the vibration was
taken to be wpech- The frequency tends to change [30]. However,
sufficient large {o¢ch can hide the influence of the change on posi-
tioning accuracy. You should determine the large ,,orc, Which does
not have a bad effect on the step response in the microdynamic

It should be noted that this procedure can be completed without
any previous information about the model parameters. In the next
section, two ball screw mechanisms are used for evaluation of the

Continuous Motion NCTF control performance. Although their table

Table 5
Tracking performances with the PI-D and the Continuous Motion NCTF controllers (1).
Reference input Controller max |X; —X| max [yr —y|
Average (um) Standard deviation (m) Average (pum) Standard deviation (m)

A PI-D 2.51 x 10! 1.746 x 10! 1.995 x 10! 2.90 x 102

Continuous Motion NCTF 424 2.84x 107! 1.765 9.22 x 1072
B PI-D 1.781 x 107! 1.9x 1073 1.209 x 10! 9.6 x 103

Continuous Motion NCTF 4.85 x 102 41x103 3.44x 1072 5.3 x 1073




182 K. Sato, G.J. Maeda / Precision Engineering 33 (2009) 175-186

Displacemen
~- Reference

”
I

Trajectory
overshoot
. 536um

+

Diagonal length: 10mm
Peripheral velocity
1 31.4mm/s

Y displacement mm
o

Y displacement mm

P IR Rl S B

0.0 0.5 1.0
1 X displacement mm

X displacement mm

(a) PI-D controller

| T T T T | T T T T
Displacemen
- Reference

w
T

Trajectory
overshoot
: 548um
+
Diagonal length: 10mm
Peripheral velocity
1 31.4mm/s

Y displacement mm
o
T

Y displacement mm

0.0 0.5 1.0
1 X displacement mm

X displacement mm

(b) Continuous Motion NCTF controller

Fig. 12. Square motion with reference input C in Table 6 (peripheral velocity: 31.4 mm/s).

masses differ, the same controller parameters and the same NCT are
implemented on the mechanisms for examining the robustness to
the change in table mass. The conditional notch filter is not used
for the Y-axis mechanism because the mechanism has sufficient
mechanical stiffness. This procedure is applicable to any positioning
mechanism composed of a damped mass and driven by an AC or DC
motor.

4. Performance evaluation

In this section, three types of motion control performances,
that is, tracking, contouring, and positioning performances, are
experimentally examined and the effectiveness of the Continuous
Motion NCTF controller is evaluated in comparison with a conven-
tional NCTF controller and a PI-D controller. The conventional NCTF

Table 6

Reference input (2).

Reference input Wave form Amplitude (pm) Period (s)
C Triangular 5.00 x 103 0.9

D Triangular 1.00 1.801

controller has the same controller parameters as the Continuous
Motion NCTF controller designed through the procedure shown in
Section 3.2. The NCT and controller parameters designed in ref. [29]
are used. For the X-axis mechanism, d,;cro and wpc, Were deter-
mined from Fig. 6, as the parameters of the conditional notch filter.
In this paper, ¢,otcn Was set at 3. The conditional notch filter for the
X-axis mechanism is active in all the performance evaluation when
the magnitude of the error is equal to or less than the microdynamic
range.

The PI-D controller has an anti-windup integrator and its con-
troller structure is given in Fig. 7. The gains were then fine-tuned,
so that the PI-D controller achieved a performance that was com-
parable to that of the Continuous Motion NCTF controller under
a reference input of a triangular wave, the period and amplitude
of which were 0.9s and 5 mm, respectively. For the fine-tuning,
the X-axis mechanism was used in the experiments. The tuned PI-
D controller gains are Kp =297 A/mm, K;=1.583 x 10* A/mms, and
Kp =1.47 As/mm.

In each of the controllers, the same controller parameters are
used with the X-axis mechanism (heavyweight condition) and
Y-axis mechanism (lightweight condition). For the performance
evaluation of continuous motion, the X- and Y-axis mechanisms
are driven as a stacked type XY mechanism. For circular motions,
sinusoidal reference inputs are applied to the mechanisms and
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Fig. 13. Square motion with reference input D in Table 6 (peripheral velocity:
3.14 pm/s).

triangular reference inputs are used for square motions. Each exper-
iment is repeated 20 times, and the average error and standard
deviation are calculated.

4.1. Tracking and contouring control performances

4.1.1. Comparison of Continuous Motion NCTF controller with
conventional NCTF controller

Fig. 8 shows the experimental continuous motion performances
of the conventional controller. The performance of the Continuous
Motion NCTF controller is shown in Fig. 9. The experiments are
realized as if the two-axis mechanisms were conceptually stacked

Table 7
Contouring performances with the PI-D and the Continuous Motion NCTF controllers

().

Reference input  Controller Trajectory overshoot
Average (um) Standard
deviation (m)
C PI-D 5.40 x 10% 7.55
Continuous Motion NCTF ~ 5.49 x 10? 5.65
D PI-D 2.38 x 107! 44 %103
Continuous Motion NCTF ~ 8.77 x 102 35x103

as in an XY table configuration. Thus, using a sine wave reference
with the X-axis mechanism, and a cosine wave reference with the
Y-axis mechanism, the resulting contour is a circle. In Fig. 9, the
difference between the mechanism characteristics influences the
residual vibration amplitude of tracking error but not the outline of
tracking motion. The Continuous Motion NCTF controller produces
smaller tracking errors than the conventional controller.

Each experiment was repeated 20 times, and the average error
and standard deviation were calculated. The reference used in the
experiments is a circle having a radius of 5mm and a peripheral
velocity of 15.71 mm/s (frequency of 0.5 Hz). The average errors and
standard deviations of 20 similar experiments are shown in Table 2.
The differences in performance between the two controllers are
very large. The radial error with the Continuous Motion NCTF con-
troller is reduced by more than 50 times, proving the suitability of
the proposed controller structure for continuous motion.

4.1.2. Comparison of Continuous Motion NCTF controller with
PI-D controller

Fig. 10 shows the contouring performance comparison between
the PI-D and the Continuous Motion NCTF controllers with the
circular reference. The contouring circular motions are calculated
from the tracking motion of the X- and Y-axis mechanisms with ref-
erence input A shown in Table 3. The contouring circular motions
with reference input B in Table 3 are shown in Fig. 11. The experi-
mental maximum radial errors are summarized in Table 4. In this
table, the averaged radial errors obtained using the PI-D controller
are more than twice those obtained using the Continuous Motion
NCTF controller. The PI-D response in Fig. 11 shows that the max-
imum deviation occurs at protuberances near 30°, 120°, 210°, and
300°. The same tendency is observed for the Continuous Motion
NCTF controller, although the errors for the Continuous Motion
NCTF controller are much smaller than those for the PI-D controller.
This is attributed to the nonlinear friction of the mechanism [33].

The averaged tracking errors of 20 experiments to each reference
input are summarized in Table 5. The averages of the maximum
tracking errors with the PI-D controller are more than 3 times
greater than that obtained using the Continuous Motion NCTF
controller. Table 5 indicates the superior performance of the Con-
tinuous Motion NCTF controller.

Fig. 12 shows the contouring performance comparison between
the controllers for the square reference. The contouring square
motions are calculated from the tracking motion of the X- and Y-axis
mechanisms with reference input C shown in Table 6. As mentioned
in the beginning of this section, the tracking motion of the X-axis
mechanism with reference input C was evaluated for tuning PI-D
control parameters. The contouring square motions with reference
input D in Table 6 are shown in Fig. 13. The experimental maximum
trajectory overshoots are summarized in Table 7. The trajectory
overshoot obtained with the PI-D controller to the reference input C
is 1.6% smaller than that obtained with the Continuous Motion NCTF
controller (Fig. 12). However, the use of reference input D makes
the trajectory overshoot for the PI-D controller approximately 3
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Table 8
Tracking performances with the PI-D and the Continuous Motion NCTF controllers (2).
Reference input Controller max |X; — X| max [yr — Y|
Average (.m) Standard deviation (m) Average (um) Standard deviation (pm)
C PI-D 5.30 x 10? 1.537 x 10! 5.39 x 102 3.51
Continuous Motion NCTF 5.31 x 10? 2.08 x 10! 5.49 x 102 9.41
D PI-D 2.66 x 10! 32x103 2.05 x 10! 3.9%x103
Continuous Motion NCTF 8.87 x 1072 3.6x103 7.95 x 1072 3.9%x103
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Fig. 14. PTP positioning performance comparison between the two NCTF controllers.

times larger than the Continuous Motion
Therefore, from an overall viewpoint, the

NCTF controller (Fig. 13).
Continuous Motion NCTF

controller shows better motion control performance than the PI-D

controller.

The average tracking errors of 20 experiments for reference
inputs in Table 6 are summarized in Table 8. The maximum track-
ing errors for reference input C show that the PI-D has a slightly
better performance than the Continuous Motion NCTF controller.
The errors of the X-axis mechanism motion have a negligible dif-
ference, but for the Y-axis mechanism, the PI-D control system has
1.8% less error. One possible reason for this is the presence of the
derivative element of the PI-D controller, which has the effect of
damping the mechanism motion and thus decreasing overshoot.

-
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Fig. 15. PTP positioning performance comparison between the PI-D and the Continuous Motion NCTF controllers.
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The averaged tracking errors of the Continuous Motion NCTF con-
troller are approximately 2.5 times smaller than those of the PI-D
controller.

4.2. Positioning performance

Displacement mm

Fig. 14 shows the responses of the conventional NCTF controller
and the Continuous Motion NCTF controller to a 100-nm step input.
In both controllers, the NCT and controller parameters designed in
ref. [29] are used. For the X-axis mechanism, dyjco and @y, Were
determined from Fig. 5, as the parameters of the conditional notch
filter. In this paper, {norcn Was set at 3.

(b) Continuous Motion NCTF controller
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Fig. 16. Circular motion (radius: 5 wm, peripheral velocity: 3.14 um/s, motion frequency: 0.1 Hz).

As shown in Fig. 14, the Continuous Motion NCTF controller
applies impulse current to the mechanism immediately after
applying a step reference input, but this is not the case for
the conventional NCTF controller. However, the response for the
Continuous Motion NCTF controller is similar to that for the con-
ventional controller. The impulse current did not deteriorate the
positioning performance. The positioning characteristic of the X-
axis mechanism with the NCTF controllers is similar to that of the
Y-axis mechanism. The result demonstrates the high robustness of
the NCTF controllers to table mass change.

Fig. 15 shows the responses of the PI-D controller and the Con-
tinuous Motion NCTF controller to a 1-mm step input. The response
of the X-axis mechanism obtained with each controller agrees well
with that of the Y-axis mechanism. In contrast to the PI-D con-
troller, the Continuous Motion NCTF controller causes no overshoot
response for either of the mechanisms. This shows that the Contin-
uous Motion NCTF controller has better positioning performance
than the PI-D controller.

4.3. Characteristic of the Continuous Motion NCTF control system

The Continuous Motion NCTF controller can realize higher pre-
cision continuous motion than those shown in Section 4.1. Fig. 16
shows the experimental circular motion of the Continuous Motion
NCTF control system using the X- and Y-axis mechanisms. The ref-
erence motion frequency is 0.1 Hz. The radius of the circular motion
is 5 wm. The maximum radial error of the circular motion is 20 nm.
The accuracy of the circular motion is influenced by the motion fre-
quency. Low reference motion frequency tends to make the motion
accuracy high. Table 9 shows the maximum radius errors with the
Continuous Motion NCTF controller under the three conditions.
The maximum tracking errors in the motions are also listed in the

Table 9
Motion control performances with the Continuous Motion NCTF controllers (1).
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Inner radial
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-100 —
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Fig. 17. Circular motion (radius: 100 nm, peripheral velocity: 0.157 um/s, motion
frequency: 0.25Hz).

table. The reference peripheral velocities in all of the conditions are
3.14 pm/s. In Table 9, the tracking errors decrease as the motion
frequency becomes lower.

The difference between the errors of the Continuous Motion
NCTF control system in Tables 2 and 5 is negligible, although
their reference motion frequencies differ. Their reference periph-
eral velocities are equal to or higher than 15.7 mmy/s. Velocities

Frequency of the sinusoidal reference (radius of motion) max |X; — X| max [yr —y| Maximum radial error
Average (nm) Standard Average (nm) Standard Average (nm) Standard
deviation (nm) deviation (nm) deviation (nm)
0.1Hz (5 pwm) 19.8 1.0 18.7 1.8 20.1 13
0.5Hz (1 pm) 48.5 4.1 344 53 43.6 39
5Hz (100 nm) 107.1 6.4 66.6 18.8 434 8.3




186 K. Sato, G.J. Maeda / Precision Engineering 33 (2009) 175-186

Table 10
Motion control performances with the Continuous Motion NCTF controllers (2).

Radius of circular motion (nm) max |X; — X|

max |yr —y|

Maximum radial error

Average (nm) Standard deviation (nm)

Average (nm)

Standard deviation (nm) Average (nm) Standard deviation (nm)

100 10.5 0.8 Q7

14 10.0 1.0

higher than those listed in Tables 2 and 5 are considered to cover
over the influence of the frequency. Fig. 17 shows the experimen-
tal circular motion for which the reference peripheral velocity is
0.157 wm/s, which is much lower than that in Fig. 16. Table 10 lists
the experimental errors obtained in the experiment. The maximum
radius and the sinusoidal errors in Fig. 17 are approximately half
those shown in Fig. 16.

5. Conclusions

In the present paper, the Continuous Motion NCTF controller was
proposed as a high-performance and simple motion controller. The
proposed controller was then applied to X- and Y-axis mechanisms
for evaluation of its effectiveness. The Continuous Motion NCTF
controller has almost the same structure as the conventional con-
troller and is designed using the same design procedure. As a result,
the controller structure is simple and the controller design is easy. A
common Continuous Motion NCTF controller was implemented for
the X- and Y-axis mechanisms. The motion control performances
with the Continuous Motion NCTF controller were evaluated from
experimental motion control results, including tracking, contour-
ing, and positioning control results. The performances with the
Continuous Motion NCTF controller were compared with those
using the conventional NCTF and the PI-D controllers. The results
prove that, overall, the performances obtained using the Contin-
uous Motion NCTF controller is better than those obtained using
the conventional NCTF and the PI-D controllers. They also indicate
that the Continuous Motion NCTF controller is more suitable than
the conventional NCTF controller in all the motion control including
positioning. The Continuous Motion NCTF controller produced high
precision motion, the accuracy of which was equal to or smaller
than 10 nm.
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