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Abstract

This paper describes a practical control method for nanometer level point-to-point positioning (PTP) using a conventional ballscrew mechanism.
A nominal characteristic trajectory following controller (NCTF controller) is used for the ultra-precision positioning. The controller design, which
is comprised of a nominal characteristic trajectory (NCT) and a PI compensator, is free from exact modeling and parameter identification. The NCT
is determined from an open-loop experiment and the PI compensator is used to make the mechanism motion to follow the NCT. The compensator
gain values are restricted by the practical stability limit of the control system, which is easy to determine. Using a high integral gain causes excessive
overshoot, so an antiwindup integrator is used to improve the system performance. The NCTF control system achieves a positioning resolution of

5nm and is robust against friction variations.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Precision positioning systems that can achieve an accuracy
on the order of micrometers or nanometers are essential in
the optical, semiconductor, and nanotechnology industry. These
positioning systems usually have one or more elements that
introduce friction, like motors with brushes and/or bearings with
mechanical contact. Friction is well known to cause steady-
state and tracking errors, to limit cycles and to slow the motion
of the mechanism. Thus, it is important to consider friction
compensation in controller design. However, controller design
of mechanisms with friction tends to be difficult because: (1)
characteristics of mechanisms with friction are nonlinear, thus
simple controllers like PID controllers do not offer the best
possible performance and (2) friction compensation usually
requires the identification of friction characteristics, which can
vary.

In order to compensate for friction, efforts have been made
to understand the effects of friction on control performance
[1] and its dynamics [2,3]. Control systems for precision/ultra-
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precision positioning must compensate for friction on the
micro-scale, which requires an understanding of the nonlin-
ear behavior of the mechanism before the breakaway torque is
achieved [4-6]. Nevertheless, friction parameters, especially in
the microdynamic regime, tend to change with time and posi-
tion [7,8] and seem to behave stochastically [S], making them
difficult to predict exactly. Also, a complete model for macro-
microdynamics has to address the transition between the two
dynamics [9]. The inclusion of the friction dynamics as part of
the control law does improve precision positioning [8,10-12],
but the controller design becomes time consuming and diffi-
cult.

In this research, a conventional ballscrew mechanism is used
as the friction mechanism. Although some studies have achieved
nanometric accuracy with a ballscrew system (e.g. [11-14]),
this research differs significantly in the ease of design and con-
trol structure. The controller used, called the NCTF controller
has a simple structure and its design method does not require
exact parameter identification, which makes it easy to design,
understand, and adjust.

The NCTF control system has previously been used for dif-
ferent mechanisms, then evaluated and compared with other
types of practical controllers. The influence of the NCTF con-
troller parameters and actuator saturation were discussed for a
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Fig. 1. Ballscrew mechanism used in this research.

rotary mechanism in [15]. In [16,17], performance improvement
by means of an antiwindup integrator was presented. The per-
formance of the NCTF controller was then compared to those
delivered by conventional PID’s [15,18]. The NCTF controller
performance was also compared to two other practical con-
trollers that address friction compensation: a PD controller with
a nonlinear proportional feedback compensator, and a PD con-
troller with a smooth nonlinear feedback compensator [19,20].
Sato et al. [21] designed and compared the performance of the
NCTF controller with that of a PID controller using a linear
motor mechanism. In this study, the mechanism was driven
by a voice coil motor and had an adjustable-preload linear
ball guide. A positioning accuracy of better than 50 nm was
achieved.

The purpose of this research is to clarify the NCTF con-
trol method for a ballscrew mechanism used in ultra-precision
positioning. Mechanically, the ballscrew mechanism is more
complex than the rotary and the linear motor mechanism men-
tioned above. Regardless of the mechanical complexity, the
control design method should still be easy and straightforward.
The positioning accuracy and resolution are expected to be better
than 10 nm.

This paper is organized as follows. The experimental setup is
introduced in Section 2. In Section 3, the NCTF controller design
is explained, including the derivation of the design parameters
and analyses of the linear and the practical stability limit. Sec-
tion 4 details the performance improvement by means of an
antiwindup integrator. In Section 5, the performance of the con-
trol system is evaluated by experiment and simulation. Finally,
Section 6 discusses the feasibility of NCTF controller design
method for mechanisms with a large range of friction varia-
tion (including a pure inertia mechanism) and different NCT
inclinations.

2. Experimental setup

Fig. 1 shows a picture of the ballscrew mechanism,
which is the controlled mechanism in this study and Fig. 2
details the structure and dynamic model of the mecha-
nism.

The mechanism has several sources of friction: the dc motor,
the preloaded double-nut, the linear ball guides, and the ball
bearings supporting the screw shaft. The overall combination
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Fig. 2. Structure and dynamic model of the mechanism.

of nonlinear friction effects are modeled as the frictional torque
Thic in Fig. 2(b). The stiffness of the connection between the
screw and nut is represented as the spring constant K;. The
vibration between the screw and nut is damped by a damper
having coefficient C,. Table 1 shows the description and val-
ues of the model parameters. Values of Timax and Cgq tend
to vary and depend on the warm-up condition. The simulated
responses in Figs. 13 and 14 are calculated using their adjusted
values.

As additional information of interest, the PWM power ampli-
fier (Copley: 41227) is limited at 45V/6 A and the dc motor
(Yaskawa: UGTMEM-06LB40E) has a back EMF constant of
0.086 Vs/rad. The controller sampling frequency is 5 kHz and
its feedback position is determined by a laser position sensor
with resolution of 1.24 nm (Agilent: 10897B). The lead of the
ballscrew is 2 mm/rev and the maximum travel range of the table
is 55 mm.

Table 1

Model parameters

Symbol Description Value

Kn Torque constant of the motor 0.172Nm/A

M Table mass 3.57kg

J Moment of inertia of the rotary parts 1.81 x 10~* kg m?
Ttric Nonlinear friction -

Tapp Applied torque to the ballscrew -

Ttmax Coulomb friction 0.046 Nm?

Cyd Viscous friction 0.00097 Nms/rad?
Ky Spring constant (screw/nut) 8.3 x 10° N/m

Cn Damping coefficient (screw/nut) 1700 Ns/m

4 May vary according to the warm-up condition.
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3. NCTF control concept and its previous controller
design for mechanisms with friction

3.1. Concept

Fig. 3 shows the structure of the NCTF control system. The
controller is composed of a nominal characteristic trajectory
(NCT) and a PI compensator. The objective of the PI compen-
sator is to make the mechanism motion follow the NCT, finishing
atthe origin of the phase-plane. The output of the NCT is a signal
up, which is the difference between the actual error rate of the
mechanism (—x) and the error rate of the NCT. On the phase-
plane, the table motion is divided into a reaching phase and a
following phase. During the reaching phase, the compensator
controls the table motion to achieve the NCT. The next step is
the following phase, where the PI compensator causes the mech-
anism motion to follow the NCT, leading it back to the origin of
the phase-plane.

The NCT is constructed from the actual response of the mech-
anism influenced by the friction and saturation effects. Thus
the PI compensator tuned necessarily has the ability to make
the mechanism motion follow the NCT macroscopically. The
PI compensator works for reduction of the difference between
the NCT and the actual motion when disturbance forces and
mechanism characteristic changes increase the difference.

In a large working range where the saturation characteristic
influences the mechanism motion, the reduction of the differ-
ence between them is desired so that the mechanism reaches
the reference quickly without significant overshoot. However
in a small working range, the elimination of static deviation is
more important than the reduction of the difference. As shown
in Fig. 4, the NCTF controller can be expressed using a variable
PI element and a PD element. The NCT works as a variable gain
element. The variable PI element has larger gain as the error
decreases. The gain maximizes near the origin on the phase-
plane, that is, near the reference position. This characteristic
is useful to quickly eliminate the static deviation caused by the
friction. The characteristic also tends to reduce the vibration and
the overshoot [21].

NCTF Controller
|

Phase
plane

e |4+

Fig. 4. Expression of the NCTF control system.

3.2. Design procedure

The theoretical discussion and the previous NCTF control
design method is detailed in [15,21]. The design of the NCTF
controller is comprised of three steps:

(i) The mechanism is driven with an open-loop step
input while its displacement and velocity are measured.
Fig. 5(a) shows the open-loop response of the ballscrew
mechanism.

(i) The NCT is constructed on the phase-plane using the
displacement and velocity of the mechanism during the
deceleration. Fig. 5(b) shows the NCT constructed from
the open-loop experiment. In this figure, the trajectory from
the response includes a circling motion caused by a spring-
like behavior. This circling motion has negative effects on
positioning and should be eliminated [21,22]. In order to
do so, the NCT is linearized with a straight line close to the
origin.

(iii) The PI compensator is designed using the open-loop
response and the NCT information. The PI gains are chosen
within the stable operation region which can be previously
calculated independently of the actual mechanism charac-
teristic.

The derivation of the NCTF controller parameters are based
on a linear macrodynamic model expressed as

X o

U~ Ks(s—i—ot) M



312 G.J. Maeda, K. Sato / Precision Engineering 32 (2008) 309-318

-
&

B 120 [~ Displacement ]

£ Velocity

2 <100 | -

S 80

L T

£ 60

ES ol ¢

=2 T

€320 i

g_ B 0 : " 1 " 1 L 1 " 1

g 0.0 0.2 04 0.6 08
Time s

Open-loop response for the NCT construction.

=y
o
-~

1501 L '

20 205

E 100f £

® 50F £00

= | —— 5

& O] Extrapolation u%o =

5 -50F :

£

w100}

A 50; Extrapolation
1 | 1 1 1 | i 1 1 1 1
-30 -20 -10 0 10 20 30

Error ( €) mm

NCT constructed from the open-loop response.

Fig. 5. Open-loop response and construction of the NCT.

When the value of u is constant with amplitude u,, and zero after
t; (see Fig. 4(a)), parameter K becomes

Xt
xf = Kuty > K =

et 2

Fig. 6 shows the block diagram of the continuous closed-loop
NCTF control system with the simplified object model near
the NCT origin (where the NCT is linear and has an inclination
o =—m). The proportional and integral compensator gains are
calculated from

2tw
Kp = aK“ (3a)
2
()
K= L 3b
1= ¥ (3b)

When choosing ¢ and wy,, the designer must consider the stability
of the control system. Regarding the digital system, a linear sta-
bility analysis is carried out with the sampled-data system shown
in Fig. 7 Applying the Jury’s test ([23], p. 35), a numerical plot
of the stability limit is shown in Fig. 8. The linear stability limit
can be calculated independently of the actual mechanism char-
acteristic. The limit also has negligible variations on the 7 axis.
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Fig. 6. NCTF control system with the simplified object model.

1 Gr)igj
Ko
s(s+a)
Tz gl
= Simplified
K z-] ; ohjcctl mode :

Controller delay

T: controller saumpling time

Fig. 7. Sampled-data system used for a linear stability analysis.

However the stability limit is too limited. Coulomb friction
neglected in Fig. 7 is known to increase the stability of the system
[1], allowing for the use of higher gains than those predicted
by a linear analysis. The higher gains are expected to produce
higher positioning performance. Thus the practical stability limit
is necessary for selecting the higher gains in step (iii) of the
design procedure.

4. Practical stability limit and choice of the design
parameters

4.1. Decision of practical stability limit

This section introduces a simple method to find the practical
stability limit of the NCTF control system. From Fig. 8 it is
observed that the integral element has a negligible influence on
the stability of the linear system. For the following analysis, it
will also be assumed that the integral element has a negligible
influence on the stability of the actual system. Experiments and
simulations will show that this assumption is valid.

The practical stability limit is found by driving the mech-
anism with the NCTF controller using only the proportional
element. The value of the proportional gain is increased until
continuous oscillations are generated. The determined propor-
tional gain is called Kpy, (2.4 As/mm in the case of the ballscrew
mechanism), which represents the actual ultimate proportional
gain. Using Eq. (3a), the practical stability limit {prac is given as

aK
é‘prac = Kpy < ) (€]

2wn

Eq. (4) represents the maximum values allowed for a given ¢,
before the control system becomes unstable. In the case of the
ballscrew mechanism, Eq. (4) becomes

505 x 32.3
) &)

2wy

;prac =24 <

In order to prove the suitability of {prac, the NCTF con-
troller (using the proportional and integral elements), is designed
as follows: for a fixed value of w,T} (where k=1,...,7), the
compensator gains are calculated from Egs. (3a) and (3b). The
parameter ¢ is increased until the system achieves instability.
The points defined by ¢ and w, T are plotted in Fig. 9. The pro-
cedure performed both experimentally and by simulations using
the mechanism model in Fig. 2(b). As the results show, {pryc fits
closely to all the points representing the NCTF control stability
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limit. In addition, it is observed that ¢ represented by the linear
stability limit curve is much smaller than the ¢ determined by
the practical stability limit.

4.2. Choice of the design parameters w, and ¢

Fig. 10 depicts three different compensators A, B and C and
their respective gains. The three compensators are chosen to
have 40% of the values of {prac calculated from Eq. (5), so that
the margin of safety of the design is 60%.

Fig. 11 shows that the positioning resolution improves as w, T
increases. Since compensator C produces the best performance,
it is chosen as the final controller for performance evaluation.

During the design parameter selection, the designer may be
tempted to use large values of w,T in order to improve the per-
formance. However, it is observed from Eqgs. (3a) and (3b) that
as wy T increases, K increases exponentially while Kp is kept
constant. Excessively large values of w,T will cause the con-
troller to behave as a pure integral controller, which may lead
to instability. Therefore, the choice of w,T should start with
small values and progress to large ones, but never the opposite.
It should be noted that this procedure can be completed without
any previous information about the model parameters.

The use of high integral gain is a key factor for improving
positioning resolution. However, the integral gain also causes
an undesirable overshoot during step input responses because of
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Fig. 12. NCTF controller structure with the conditionally freeze antiwindup.

the integrator windup effect. Thus, antiwindup integrators are
useful for performance improvement.

Up until now, antiwindup integrators with the NCTF con-
troller have been applied to a rotary positioning system: a
tracking antiwindup [16] and a conditionally freeze integra-
tor [17]. Both methods were shown to improve robustness.
Although the tracking antiwindup method has only one design
parameter, there are no clear rules on how to determine a proper
parameter value, except for rules of thumb. The conditionally
freeze integrator rule requires only a maximum control output
signal as a design parameter, which is easy to determine.

Due to the ease of implementation, this research employs
the conditionally freeze integrator [17]. The antiwindup element
controls the input of the integrator, as shown in Fig. 12, with the
following rule:

0, |uo+ uil >usande-u; >0
Aul — | o .1| N 1 (6)
e, otherwise

where u, is the proportional control signal, u; is the integrated
control signal, Ay; is the change rate of u;, and u is the maximum
value of the control signal.

The maximum output control signal of the ballscrew mech-
anism, which defines the saturation of the actuator, is 6 A. The
effect of the antiwindup on positioning performance is shown in
Fig. 13, where compensator C is used in the NCTF controller.
For a step input of 20 mm, the overshoot was reduced from 9.3%
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Fig. 13. Improvement of the performance with the antiwindup.

to less than 0.01%. Furthermore, the positioning time needed to
reduce the error to less than 10 nm did not change. The control
signal plot shows that the antiwindup better utilizes the driving
force, saturating only during the reaching phase.

5. Performance evaluation

In this section, the PTP positioning performance of the
NCTF controller with the ballscrew mechanism is evaluated.
The parameters of the compensator are given in Fig. 10 using
compensator C. The controller also includes the conditionally
freeze integrator.

Fig. 14 shows the positioning performance for a small step of
10 wm and a large step input of 20 mm. The NCT works as a non-
linear gain element as shown in Fig. 4. Its gain decreases when
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Fig. 14. Response to 10 wm and 20 mm step inputs.
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the error becomes larger. Thus, the higher step input increases the
rise time. However, in spite of the difference in step input heights,
both cases achieve a positioning accuracy of less than 10 nm.
The simulated results agree relatively well with the experimental
ones.

Fig. 15 shows the PTP performance for step inputs of 100 nm,
1 pm, 10 wm, 100 pm, 1 mm, 10 mm, and 20 mm. The figures
at the top show the displacements normalized by their respec-
tive step input heights. The lower figures show their respective
errors (actual values, not normalized), proving that positioning
accuracy is better than 10 nm, independent of the step height.

Fig. 16(a) details the positioning resolution of the control
system. Stepwise inputs of 5 nm are used as reference, and the
experiment is repeated for two different frictional conditions:
before and after warming up. The warm-up condition is achieved
by driving the mechanism with a sinusoidal reference of 20 mm
in amplitude at a frequency of 0.6 Hz over 40 s. After the warm-
up, the Coulomb friction and viscous friction were reduced by
13% and 24%, respectively. In spite of the changes in friction,
a positioning resolution of 5 nm is still maintained, proving that
the designed NCTF controller is robust against friction varia-
tions. Fig. 16(b) shows the sensor output under the open-loop
condition. The input signal to the motor is zero and the amplitude
of the measurement noise is the same as the positioning resolu-
tion achieved by the NCTF control system. Thus, the achieved
positioning performance of the control system is on the limit of
the measurement resolution.

6. Extension of the NCTF controller design method

The purpose of this section is to examine the applicability of
the NCTF controller design method — the procedure for deter-
mining the controller parameters — to cases different from the
ballscrew mechanism case described in Section 4. As a first case,
an approximately pure inertia mechanism, which is a character-
istic of friction free mechanisms, is considered. In the second
case, a mechanism with large variation of Coulomb friction is
evaluated. In the third case, different inclinations of the NCT are
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tudes.

considered, which is useful if the designer wants to modify the
NCT close to the origin.

The controller design procedure is the same as the one used
for the actual ballscrew mechanism for all three cases. The
procedure involves constructing the NCT from an open-loop
experiment and determining parameters « and K. The practical
stability limit is found by driving the mechanism with the pro-
portional controller. The NCTF control stability limit is obtained
by fixing a value of w,T and increasing ¢ until instability is
reached with the compensator using the proportional and inte-
gral elements. The practical stability limit and the NCTF control
stability limit are then compared. A close approximation of both
stability limits proves that the design procedure is applicable.

For the first and second cases, the analyses are based on sim-
ulated results, since they are related to large variations in friction
parameters that are impossible to achieve with a real mechanism.
In the third case, the analysis is based on experimental results.

6.1. Case 1: practical stability limit under different
damping conditions

The system depicted in Fig. 17 is used for the simulations.
This system allows for the investigation of the effects of damp-
ing variations. The object does not include nonlinear friction
and subscripts “c” and “obj” refer to the controller and object
(mechanism) parameters, respectively. Parameters o and K are
the same as those used with the actual ballscrew mechanism
(o =505 s~ ! and K =32.3 mm/As). Four different damping val-
ues (aop;j) are examined:
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Oobj2 = 2505~ !
Oobj3 = 505571
Oobj 4 = 750571

The NCTF control stability limit is evaluated at points
wyT=0.02, 0.1, 0.25, and 0.4 rad.

The results in Fig. 18 show that the practical stability limit for
each damping condition is relatively close to the NCTF control
stability limit. The average error of approximation between the
practical stability limit and the NCTF control stability is 10%.
The difference between these stabilities is caused by the integral
element of the NCTF controller, which reduces the ultimate val-
ues of ¢. Therefore, it is recommended that a margin of safety
(at least 10% in this case) is used so that the NCTF control is
designed under the safety area of the practical stability limit.

Fortunately, the NCTF control achieves good positioning
characteristics at values much lower than {prac. As an exam-
ple, Fig. 19 shows the simulated results of four control systems
designed using the system in Fig. 17. In this figure, an object
with aobj4 was used and the value of w,T was fixed at 0.25 rad.
Step inputs of 1 wm were used. The values of { were varied
by different margins of safety. It is observed that for a good
performance, the margins of safety should be larger than 30%.

In the case of the ballscrew mechanism, Fig. 10 shows that
the optimum curve for the design of the controller is 60% lower
than &prac (smaller values of margin of safety tend to deteriorate
the performance). Therefore, as a practical rule, a margin of
safety for the design should be at least 30%. This value not
only compensates for approximation errors, but also indicates
the region where the control performance is acceptable.

20 -
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r A O obj3 ettt Olgbj3
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Fig. 18. Practical stability limits under different damping conditions.
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Fig. 19. Effects of the margin of safety on relation to the control performance.

The practical stability limit can be used (considering a margin
of safety) for mechanisms with different damping values, even
if its variation is large. The result of the condition represented
by aopj,1 is especially interesting, because it is an indication that
prac can be used for friction free mechanisms.

6.2. Case 2: practical stability limit under different
Coulomb friction values

In the second case, the nonlinear model of the mechanism in
Fig. 2(b) is used for the simulations. The characteristics of the
mechanism model are changed by assigning different Coulomb
friction values. Variations in Coulomb friction occur often, due
to payload variation and lubrication conditions; thus it is impor-
tant to examine the feasibility of the practical stability limit in
such cases. The mechanism model is driven in a closed-loop
with the NCTF controller in order to find the practical stabil-
ity limit and the NCTF control stability limit. Four Coulomb
friction values (Tfmax) are examined:

Ttmax,1 =0Nm

Ttmax,2=0.023 Nm

.Ttmax,3 =0.046 Nm (actual ballscrew mechanism)
Ttmax4=0.138 Nm

The NCTF control stability limit is evaluated at points
wnaT=0.02, 0.05, 0.1, 0.2, 0.3, and 0.4 rad for the mechanism
with Ttmax 3, and at points w,7=0.02, 0.1, 0.25 and 0.4 rad for
the other cases.

The results in Fig. 20 show the practical stability limit for
each friction condition, as well as the markers representing the
NCTF control stability. The average error of approximation in
this case is 16%. The error of approximation shows that the
practical stability limit is useful as an indicator for the choice
of compensator gains. Although it does not exactly predict the
boundary between the unstable and stable regions, it guaran-
tees that the stable gains are below {prac, Which greatly helps
the designer when selecting the compensator gains. Thus, the
practical stability limit is useful as an indicator for the NCTF
controller design for mechanisms subjected to large Coulomb
friction variations.
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Fig. 20. Practical stability limits under different Coulomb friction.

6.3. Case 3: practical stability limit under different NCT
inclinations

In the third case, the inclination of the NCT close to the origin
is changed. Itis important to consider different inclinations of the
NCT because the designer may want to modify the NCT in order
to achieve better performance. The procedure used in Section
4 is repeated using the actual mechanism and different NCT
inclinations. The practical stability limit ({prac) and the NCTF
control stability limit are found experimentally and compared.
Four NCT’s inclinations (¢, ) are examined:

Qe =250

o2 =505 s~! (original inclination)
0c3=750s""

Oecq4=1010s7"

The NCTF control stability limit is evaluated at points
wnT=0.02,0.05,0.1,0.2,0.3, and 0.4 rad for the controller with
a2, and at points w,T=0.02, 0.1, 0.25 and 0.4 rad for the other
cases.

As can be observed from Fig. 21, the practical stability limit
curves fit relatively close to the NCTF control stability limit.
The approximation error in this case is only 6%. These results
prove that a practical stability limit is feasible when the NCTF

controller is used with different NCT inclinations, thus allowing
the designer to modify the NCT, if necessary.

It is important to notice that, for the three cases considered,
the NCTF controller design procedure was the same as the one

250

A
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200 - o NCTF control stability limit Practical stability limit:
L ‘g u O e q
150 ':_ ® o G2
é’ r =’; A %o3 =g
100 -"“»; V ocq G
50+
0
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Fig. 21. Practical stability limits using different inclinations of the NCT.
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used in Section 4. Therefore, the procedure for the controller
parameter determination does not change. The same controller
design procedure can be applied when: (1) the damping values
change dramatically (including the case in which the mecha-
nism is approximately a pure inertia mechanism), (2) Coulomb

friction values vary widely, and (3) different inclinations of the
NCT are used.

7. Conclusion

In this study, the NCTF control method was applied to a
ballscrew mechanism. The controller was designed without any
exact identification of parameters or modeling. The practical
stability limit is used to restrict the choice of design parameters
¢ and w,T within the stable area. The designed control sys-
tem achieves a positioning accuracy on the order of nanometers
by using large integral values, which also causes an excessive
overshoot. This overshoot is reduced by using an antiwindup
integrator that is easy to design. PTP positioning performance
from 100nm to 20 mm was evaluated and accuracies better
than 10 nm were achieved for all cases. The positioning reso-

lution of the control system is 5 nm even when friction changes.
Additional simulations and experiments verified that the NCTF
controller design procedure is feasible for three additional cases:
(1) when the damping of the mechanism changes, (2) when the

Coulomb friction of the mechanism changes, and (3) when the
inclination of the NCT changes.
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