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a  b  s  t  r  a  c  t

In  this  paper  an innovative  nanopositioning  control  scheme  for  different  travel  lengths  is proposed.  A
commercial  ultrasonic  motor  HR4  and  its driver  AB2  are  employed  to generate  3-mode  motions  (AC,
Gate,  and  DC  modes)  to accommodate  different  travels,  speeds  and  resolutions.  For  precise  displacement
feedback,  a new  displacement  sensor  LDGI  (linear  diffraction  grating  interferometer)  is developed  to
meet  the  requirements  of both  long  range  and  nano  resolution.  A  key technology  in  this  study  is the
proposed  positioning  control  algorithm  for the  linear  stage  driven  by HR4  and  AB2.  A  3-mode  digital  PID
controller  with  a self-tuning  module  by back  propagation  neural  network  (BPNN)  is  developed  for  multi-
scale  and  all-in-one  motion  control  of 3  modes.  Both  experiments  and  software  simulation  show  that  this
software-based  controller  developed  by  LabVIEW  has  good  capability  to  overcome  the  uneven  friction  of
the  sliding  plane  and  to lock  the  final  position  stably.  The  highlight  of  this  3-step  motion  control  system
is  first  to  drive  the  table  by  AC  mode  at a  low  and  stable  speed  in millimeter  per  second  scale,  then to
move  close  to  the target  point  by Gate  mode  with  the  positioning  error less  than  100  nm  in  micrometer
per  second  scaled  speed,  and  finally  to  adjust  and  hold  at the  target  point  by DC mode  in  nanometer  per
second  scaled  speed.  In the experiments  of different  travels  up  to  15  mm,  calibrated  by  a  commercial
laser  interferometer,  the positioning  accuracy  is proved  within  10  nm  with  standard  deviation  less than
5  nm  and  the  final  position  locking  can be  limited  to 3  nm.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

A  general close-loop positioning system needs at least three
components: actuator, displacement feedback and control scheme.
For a positioning system with a scale-to-tolerance ratio larger
than 106, a driving system with acceptable performance in
both macroscale and nanoscale is needed [1].  A conventional
leadscrew–rotary motor system is usually difficult to meet the
requirement of high precision positioning accuracy in long stroke,
because of some inherent problems, such as backlash, inade-
quate resolution, and stick-slip [2–4]. Piezoelectric actuators are
widely used in nanopositioning for its high resolution, but their
travel ranges are limited to several tens of micrometers only. An
inchworm-type linear piezomotor can provide a travel range of
several millimeters, but the output force is very small. Besides, a
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behavior called “glitching” is resulted from the piezomotor design
[5]. In [6] an inchworm type driving system is developed with
piezoelectric elements to realize nanopositioning over millimeter-
scaled traveling length, but only to 5 mm and the resolution cannot
be higher than 5 nm.  Chu [7] developed a long travel piezoelectric-
driven linear positioning stage using the principle of a stick–slip
linear micropositioner, but the longest travel was  only up to 50 �m
and no control scheme was  employed. Another design of long-
stroke positioning is a stacked up type two-stage table comprising
a servo motor stage for long-stroke and a PZT stage for fine motion
[8–11]. Liu et al. [12] adopted traditional PID controller for both
coarse (ball-screw) and fine (PZT) stages. Kawashima et al. [13]
adopted propositional controller for coarse stage (air cylinder) and
PI control for fine stage (voice coil motor, VCM). Liu [14] applied PI
controller for coarse motion (VCM) and P controller for fine motion
(PZT). The mechanical structure and the control loop of this two-
stage type are, however, too complicated. Using a single stage to
achieve both long-stroke and fine motions with a proper controller
is deemed simpler in structure.

The design and control of a single stage for long-stroke nano-
positioning control has received a great attention in recent years
due to the demands of fabricating or measuring micro structures

0141-6359/$ – see front matter ©  2012 Elsevier Inc. All rights reserved.
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on a large surface in the fields of lithography, micromachining,
display technology, and micro/nano-CMM. Making use an ultra-
sonic motor to dive a single stage in friction mode for both the
long-stroke and nanopositioning motion control is one of the selec-
tions. Egashira et al. [15–17] developed a nonresonant ultrasonic
motor (NRUSM) to drive a lithography precision stage fed back by
a Sony BS76 linear scale (resolution to 10 nm). The 300 mm stroke
was driven by AC mode at fast feed velocity to 85 mm/s  only with
open-loop control and the short stroke up to was carried out by DC
mode with PID control to the best positioning accuracy of ±0.69 nm
(measured by HP5529A laser interferometer), being a remark-
able achievement. Since the applied lithography stage required
fast velocity in long-stroke motion, the friction effect, which is
sensitive to low speed motion, was not considered in their AC
mode.

The ultrasonic motor has the advantages of compact structure
and the capability of integrating multi-scale driving modes in an all-
in-one actuator. Its motion control scheme, however, still remains
challenging task because it typically uses the side friction as the
driving force without a speed reduction mechanism, which means
the stability will be very sensitive to the friction change along the
guide way, especially for low-speed and long-stroke control. Con-
ventional PID controller with fixed parameters cannot overcome
the problem when the uneven surface friction generated velocity
variation is large. Some adaptive PID controllers were thus used. For
example, Tanaka adopted neural network (NN)-PID controller to
overcome the time-variant characteristics of the ultrasonic motor
for precision motion control [18]; Zhao used back propagation (BP)
fuzzy NN to control ultrasonic motor’s velocity, but only gave sim-
ulation results [19]; Senjyu [20] investigated the speed control of
ultrasonic motor using BPNN algorithm but no practical applica-
tions; and Lin [21] applied recurrent fuzzy NN control for ultrasonic
motor drive.

The author’s group has previously developed a FCMAC controller
on a self-designed co-planar stage driven by the commercial ultra-
sonic motor (HR4) and its driver (AB2) for more stable velocity
during motion in AC mode [22]. However, the signal fluctuation
on the feedback sensor of a linear diffraction grating interferome-
ter (LDGI) caused by the excited frequency of HR4 still affected the
controller. It did not show the results of long-stroke positioning
accuracy, only the short-stroke control of discrete steps by GATE
and DC modes were given. In another report, the author’s group
has preliminarily studied the performance of an ultrasonic motor
in different scales and proposed a neural network motion controller
for both speed control in coarse motion and position control in
fine motion on a commercial stage [23], but how to hold the final
position was unsolved.

In this report, an improved BPNN-PID controller is proposed for
the long-stroke and nanopositioning control of a new co-planar
linear stage driven by HR4 and AB2. Compared with our previ-
ous system [22,23],  the feedback sensor of LDGI has been modified
to allow easier assembly and the co-planar stage is also modified
to eliminate the high frequency disturbance on the LDGI caused
by the exciting force of HR4. This is a software-based controller
developed around the LabVIEW environment in a PC. As the stage
is used for a micro-CMM [24], the long-stroke motion is at low
speed of 1 mm/s  driven by AC mode with BPNN-PID for stable
velocity to overcome the friction changes due to uneven surface
morphology of the sliding plane, the short step motion is actu-
ated by GATE mode with position feedback control, and the fine
motion is driven by DC mode with BPNN-PID for final position lock-
ing and anti-disturbance. In the experiments of different travels
up to 15 mm,  calibrated by a commercial laser interferometer, the
positioning accuracy is proved within 10 nm with standard devi-
ation less than 5 nm and the final position locking can be limited
to 3 nm.

Fig. 1. The elliptical motion of piezoelectric elements.

2. Integration of three driving modes

2.1. The principle of ultrasonic motor HR4

The ultrasonic motor HR4 has four piezoelectric elements [25].
When the voltage is applied across these elements at a resonate
frequency of 39.6 KHz, the front edge of the motor generates an
elliptical motion, which is the vector sum of the bending mode and
the longitudinal mode, as shown in Fig. 1. This elliptical motion
then drives the stage through a contact tip by friction force to create
linear motion of the stage.

2.2. Three driving modes of AB2

The HR4 is actuated by the AB2 driver developed by the
Nanomotion Co. [25]. The AB2 drive box consists of a single card
(command source) that converts the input command signal into
a corresponding PWM  output signal. In this mode the output
transformer–amplifier circuit converts the PWM  output signal into
a high voltage sine wave that drives the motor. The PWM  con-
troller is power-fed from an internal DC-to-DC converter that is
fed from an external +24 V power supply. Fig. 2 illustrates a typical
application of the AB2 Driver Box.

In this study, the HR4 is associated with AB2 to generate 3-mode
motions of different scales.

In AC mode, the HR4 generates a successive motion in the stroke
length from 0.1 to 20 mm.  The stage is required to control at a low
and stable speed of about 1 mm/s. In practice, non-constant friction
force between the moving table and the guide way will, how-
ever, introduce notable accelerations that will cause unsteady-state
motion resulting in positioning errors. Although the positioning
error of AC mode can be measured and compensated in GATE and
DC modes, to improve the control efficiency, it is necessary to
reduce the positioning error in AC mode because the movement
in GATE mode is very slow. In this mode the speed is calculated at
every millisecond for real-time speed control.

As mentioned in Section 2.1, the friction force of HR4 is directly
applied on the stage, without speed reducing mechanism like a
ball screw, so the motion is very sensitive to disturbances. Besides,
although the successive motion is composed by fine steps of
the piezoelectric elements, the steps may  have random lengths.
Considering HR4 as a black box, a software-based controller is
developed to maintain the speed constant. Details will be described
in Section 4. After the AC-mode, the moving table is close to the
target point within 5 �m.

Then in GATE mode, HR4 drives the table to move in short steps
with random increments of 20–50 nm and the total stroke length
is within several microns. A suitable close-loop control scheme is
also required to move the table until the position to the target is
within 30 nm.

Lastly in DC-mode, the HR4 works like a conventional PZT actu-
ator to adjust the position in several nanometers and finally to lock
at the target position. For a conventional PZT actuator, a character-
istic curve is often used to describe the relationship between the
displacement and the driving voltage. It is based on one hypoth-
esis that the friction is constant at every position, which is not
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Fig. 2. The AB2 block diagram.

possible due to uneven surface finish conditions of the guide way.
A close-loop control scheme is thus necessary in DC mode. It is
to compensate for the positioning error after the GATE mode.
The position of the table, however, cannot be held by static force
because the piezoelectric elements of HR4 and other mechanical
elements will release the stress. Besides, some unpredictable dis-
turbances may  affect the position. The position adjustment in DC
mode will, therefore, be actuated until an external command stops
the positioning control.

The above mentioned control processes are illustrated in Fig. 3.
The details of different-mode controls will be described in following
sections.

3. The displacement sensor LDGI

The position feedback sensor equipped in ordinary precision
stages is the linear scale, which normally provides the resolution
to 1 or 0.1 �m.  Although some commercial linear scales provide
nanometer resolution, but all are with accuracy in micron or submi-
cron levels only. This is not adequate enough for nanopositioners.
Laser interferometer is the current solution for most ultra preci-
sion stages. It is known that laser interferometer is sensitive to the
variation of ambient conditions as its basic scale, the wavelength,
is temperature-dependent. In addition, the laser interferometer is
expensive and its size is normally large in comparison with the
size of all fine motion stages. The holographic grating scale mea-
sures the displacement of the stage based on its scale pitch, which is
immune to atmosphere variations. Although the grid has manufac-
turing imperfections, but they are generally predictable and can be

Fig. 3. The flow chart of 3-mode positioning control.

software compensated. Moreover, the grating scale system is very
low cost. This is why  this system is adopted in this study.

3.1. The principle of LDGI

The structure of the new LDGI is designed in Littrow configura-
tion, as shown in Fig. 4a. Compared to our earlier design of Fig. 4b
[22], although the optical principle is similar but the separation of
two beams at a required distance has been replaced by a rhomboid
prism (RHP) and a right angle prism (RAP). The total number of
optical components can be reduced from 14 to 11 (except grating,
laser diode, and PDs). The main reason is that the physical dimen-
sion of LDGI must be as small as possible in order to mount onto the
integrated co-planar stage, which will be shown in Sections 5 and 6.
Each optical component is selected the smallest size of 5 mm side
length from the market. Bonding optics together into a compact
module is an extremely difficult task, not only each one is difficult
to be grasped by the hand but also the gluing process will cause
a small gap between contact surfaces. Experiments show that the
“ghost spots” caused by the redundant reflection between the con-
tacting surfaces obviously influence the signal quality. Moreover,
because the redundant reflected beams will also interfere with the
normal diffracted beams.

As shown in Fig. 3a, the two  diffraction beams are combined at
PBS1 and converted into left and right circularly polarized beams
by Q3. With the phase shift module composed by NPBS, PBS2 and
PBS3, the interference fringe with 90◦ phase shift can be detected
by photodetectors PD1 to PD4. Because of the Doppler shift caused
by the grating’s lateral motion, the diffraction beams will have a
phase shift proportional to the motion speed of the grating. When
the grating moves half pitch (d/2), the beat frequency signal has a
phase variation of one period (360◦). With a holographic grating of
1200 lines/mm, there is a wave cycle of the orthogonal signals at
every 416 nm of the grating movement.

3.2. Normalization of LDGI signals

Theoretically speaking, LDGI signals are sine and cosine waves
with the phase shift of 90◦, but the geometrical errors of the
mechanical system will cause some signal distortions. There are
three fundamental distortions: (1) DC drift, due to the variation
of background light on the photo detectors, (2) amplitude varia-
tion, due to the angular motions of the linear stage, (3) phase error,
due to the installation of optical components. Suppose that the
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Fig. 4. The optical structure of LDGIs.

original LDGI signals are f(x) and g(x). In every millisecond 1000
data points are sampled and the maximum and minimum val-
ues are calculated. Then the envelope curve of the four output
waveforms u(x), u′(x) and v(x), v′(x) can be worked out with piece-
wise linear interpolation [23], as shown in Fig. 5. New waves f1(x)

and g1(x), without DC drift and amplitude variation are obtained
as:

f1(x) = f  (x) − [u(x) + u′(x)]/2
[u(x) − u′(x)]/2

(1)

Fig. 5. Signal processing on DC drift and amplitude variation: original signal (left) and processed signal (right). For convenience, only one channel of signal is shown.
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Fig. 6. The Lissjous figure of the LDGI signals before (left) and after (right) the process.

g1(x) = g(x) − [v(x) + v′(x)]/2
[v(x) − v′(x)]/2

(2)

After DC drift and amplitude variation are eliminated, the phase
error is corrected by vector summation and subtraction operations:
suppose the two non-orthogonal waveforms are X = f1(x) = sin(x)
and, Y = g1(x) = sin(x + ϕ), where ϕ /= 0, the outputs can be corrected
to:

f2(x) = f1(x) + g1(x) = sin(x) + sin(x + ϕ) = 2 sin
2x + ϕ

2
cos

ϕ

2
(3)

g2(x) = f1(x) − g1(x) = sin(x) − sin(x + ϕ) = 2 cos
2x + ϕ

2
sin

ϕ

2
(4)

The Lissajous figures of the original signals and the processed
signals are shown in Fig. 6.

With pulse count and phase subdivision operations the displace-
ment can be calculated. In every millisecond, the 1000 points of the
signal can also be used for real-time speed calculation.

4. Self-tuning PID control algorithm

4.1. Conventional PID control

Conventional PID controller needs constant gains Kp, Ki and Kd,
which should be determined from experiments. When the situation
such as the friction changes, the parameters Kp, Ki and Kd should be
trained again. In this study, a software-based controller has been
developed in the LabVIEW environment. Simulations can be carried
out to show the performances of various given conditions.

Take AC-mode speed control for instance, the friction and the
PID control system can be simulated by the flow chart in Fig. 7. The
parameters are defined as follow:

Vj: velocity, the absolute value of the speed, �V: the increment
of the speed, Uf(x): friction induced driving voltage function, where
x means position, U0: the minimum driving voltage to overcome the
friction, ı: a constant to describe the increment of driving voltage at
start-up. The maximum static friction, when the speed is 0, is larger
than the dynamic friction while moving. This friction difference,
which will obviously influence the control performance, will cause
the driving voltage difference ı, Uj: the actual driving voltage, �U:
the increment of driving voltage during motion.

Suppose T is the constant interval of the speed sampling, the
acceleration is:

a = �V

T
(5)

The driving force is proportional to the driving voltage (Uj − U0),
which can be expressed as:

F = c(Uj − U0) (6)

where c is a constant of the transform coefficient between the volt-
age and force.

From (5) and (6),  when Uj > U0, with the classic Newton Second
Law F = ma, the following equation can be derived:

�V  = (Uj − U0)
cT

m
(7)

For convenience, a constant K is defined as: K = cT/m,  then
�V = K(Uj − U0), as defined in Fig. 7. Simulation result of an

Fig. 7. Flow chart of convention PID speed control.
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Fig. 8. Performance of conventional PID control.

optimized combination of Kp, Ki and Kd has an acceptable perfor-
mance if the friction is constant, as shown in Fig. 8a. The same set of
Kp, Ki and Kd, however, cannot converge when the friction induced
driving voltage function Uf(x) has a notable change, as shown in
Fig. 8b. It was found from experiments that when the driving volt-
age rose continuously from 0 V, the stage would not start moving
until the driving voltage reaches 4 V. Once the stage was  moved,
however, the driving voltage to maintain the stable movement
should be reduced to around 1.5 V, otherwise the stage would have
a large acceleration which could seriously affect the stability of the
mechanic system. This phenomenon obviously shows the influence
of sudden friction change, which is expressed by ı in Fig. 7.

For the driving system equipped with ultrasonic motor, the driv-
ing force is directly added to the stage without any speed reduction
structure. So the system is very sensitive to the friction change
in low speed control. The simulation result in Fig. 8b shows the
speed curve of the typical discontinuous motion, called low-speed
creeping.

In actual driving tests, the LDGI signals are sampled by the DAQ
board simultaneously to show the controlling performance. When
only the conventional PID controller is employed, this problem can
easily be reflected by the discontinuous LDGI signal, as shown in

Fig. 9. The theoretical structure of BPNN-based PID control loop.

Fig. 8c. A self-tuning module BPNN is therefore introduced to adjust
the value of Kp, Ki and Kd in real time.

4.2. BPNN-based PID control loop

For convenience, the principle of the control scheme is mainly
illustrated with the speed control in AC mode. The control loop of
BPNN-based PID control is shown in Fig. 9. The detailed structure
of BPNN is denoted in [26–28].

The principle of the BPNN-based PID control loop can be sum-
marized as below:

Classical PID control algorithm can be described as:

u(k) = u(k − 1) + Kp[e(k) − e(k − 1)] + Kie(k) + Kd[e(k) − 2e(k − 1)

+ e(k − 2)] (8)

Among it error e(k) = r(k) − y(k) is the difference of given value
and output value in every instant.

There BP neural network, serving as the self-tuning module of
Kp, Ki and Kd, is composed by input layer, hidden layer, and output
layer. Assuming xi and yi are the input and output values of a neural
cell, the activation process in this neural cell describes a non-linear
relationship, typically expressed by the Sigmoid function [29,30]:

yi =
{

tanh(xi) in hidden layer
1
2

[1 + tanh(xi)] in output layer
(9)

The input values of input layer are e(k), �e(k), and e(k) − e(k − 1).
For each neural cell of hidden layer and output layer, the input value
depends on the output values of front layer cells and the connection
weights in between, as shown in Fig. 9b. For example, assuming yi is
the output of the ith cell of a certain layer, andωi,j is the connection
weight, the input of the jth cell in the next layer can be expressed
by:

Xj =
n∑

i=1

ωi,jyi (10)
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Fig. 10. Harmonic disturbance of LDGI signals caused by HR4.

In order to derive the error back-propagation process, the error
energy function is defined as:

J  = 1
2

[r(k + 1) − y(k + 1)]2 (11)

This function, clearly describing the difference between desired
output r(k + 1) and actual output y(k + 1), can be used as the perfor-
mance function. The connection weight can be adjusted by J in the
negative gradient direction (steepest descent method).

In the proposed positioning system, the BPNN-PID controller is
used in AC mode for speed control, where the speed is used as the
controlled parameter; and in DC mode for position locking, where
the displacement is used as the controlled parameter. In GATE mode
the stepping stroke is short at very low speed, only a simple close-
loop proportional control is used to limit the step length to make
sure the last step is within the adjustable range of DC mode.

5. Experimental setup

The developed BPNN-PID controller was integrated into a co-
planar linear stage, which provides the X and Y motions of a
developed Micro-CMM [24]. In our previous design of the co-planar
stage [22], the sensor LDGI and the motor HR4 were mounted on the
same side. The inherent vibration signals at 39.6 KHz generated by
HR4 will inevitably superimpose on the sinusoidal signals of LDGI,
as shown in Fig. 10.  Such a higher order harmonic disturbance will
by all means yield to wrong pulse counting and phase subdivision
processes of LDGI signals. It is why the FCMAC controller employed
to the previous stage could only demonstrate the constant speed
control for long stroke motion by AC mode and very short posi-
tioning control to maximum 10 �m only by GATE and DC modes,
individually.

In this study, an improved positioning system is designed as
schematically shown in Fig. 11.  The central table is moved by an
active linear guide in a push–pull mode, which is actuated by the
ultrasonic motor HR4 through a friction force on the ceramic plate.
The LDGI is moved to the other side of the table and mounted on
the passive linear guide whose displacement is synchronized to the
table. The harmonic excitation caused by HR4 can thus be entirely
removed from the LDGI signals. Since the displacement sensor is
in line with the moving axis, it observes the law of Abbé Principle
[31].

The LDGI signals are amplified by a processing circuit and
sampled by an NI-DAQ card (model PCI-6259). After software pro-
cessing the current displacement and speed can be calculated
and then the optimized driving voltage can be determined by the
software-based controller and sent to the driver AB2 through PCI-
6259. Calibration of LDGI is carried out with a laser interferometer

Fig. 11. Configuration of the improved positioning control system.

(MI-5000 of SIOS Co.), whose readings are included in the DLL file
and output to the PC through the USB interface.

6. Positioning experiments

To testify the above control scheme, two  parts of experiments
are designed.

Firstly, assuming that the precision of LDGI is credible, the per-
formance of speed control in AC mode and positioning control in
DC mode can be testified as follows:

In AC mode, the desired speed is 1 mm/s. The performance of
speed control by BPNN-based PID is shown in Fig. 12.  The speed
curve seems to be not smooth enough because in every “while loop”
during the movement, the time interval to calculate current speed is
very short so that speed variation is inevitable. However, because
the LDGI is in Littrow configuration and its waveform errors are
corrected after normalization, this kind of speed variation will not
affect the precise reading of LDGI.

As illustrated in Sections 2.2 and 4.2, GATE mode is just the
transition between macroscale and nanoscale control. Since this
mode only provides stepwise motions, a normal close-loop control
is adequate.

In DC mode, the performance of displacement control with
BPNN-based PID is shown in Fig. 13.  Fig. 13a shows that the system
is able to converge in 2 s. Fig. 13b shows the system can lock the
position for a long time with the shift less than 3 nm. Fig. 13c shows
when an unpredictable disturbance occurs, such as a knock on table,

Fig. 12. The controlled speed in AC mode.
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Fig. 13. The control performance in DC mode.

the control system can recover to a new steady state in 2 s.Secondly,
to prove the precision of LDGI, a miniature laser interferometer
(SIOS Co., model SP-120) is employed as the displacement calibra-
tor. The readings of the laser interferometer and LDGI are sampled
simultaneously. The whole system is put in a constant temperature
chamber, as shown in Fig. 14.  During experiments the temperature
variation is between 25.2 ◦C and 25.3 ◦C, and the vibration and air-
flow are isolated effectively. In this environment the LDGI and the
SIOS interferometer can have stable readings.

In the primary experiment the data of positioning errors were
calibrated at every 1 mm to the total travel of 15 mm and then fit-
ted by a polynomial curve of the 3rd order, as shown in Fig. 15a.
Figs. 15(b and c) shows that this polynomial error curve can be sep-
arated into two parts: the fundamental linear part due to alignment
error in micron scale and the high-order part due to the nonlinear-
ity of the guide way in nanometer scale. Both types of errors can be
compensated if the repeatability is good.

Then, five different travel lengths of 0.1 mm,  1 mm,  5 mm,
10 mm,  and 15 mm were carried out with the assistance of the
error compensation scheme. For each travel length the posi-
tioning experiment is repeated 5 times and the compensated
errors are listed in Table 1. It is demonstrated that the proposed

Fig. 14. The experimental setup.

long-stroke nanopositioning control system in association with the
new linear stage can achieve the positioning error less than 10 nm
and the standard deviation less than 5 nm within the travel range
of 15 mm.

Fig. 15. Positioning error curves.
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Table 1
Analysis of positioning errors (unit in nm).

Travel 1st 2nd 3rd 4th 5th Mean �

0.1 mm 0 −5 −3 −1 −5 −2.8 2.3
1  mm 7 2  −1 5 6 3.8 3.3
5  mm −8 −2 −1 −8 3 −3.2 4.8
10  mm 7 0 −5 −1 6 1.4 5
15  mm 3 −7 0 2 6 0.8 4.9

7. Conclusions

A  new long travel linear stage and nanopositioning control sys-
tem have been presented. Compared with other control systems,
the proposed positioning system is featured by some innovative
points as below:

1. This system enables a large range-to-resolution ratio and a large
accuracy-to-range ratio. With a software-based controller and a
hardware-based analog signal processor, a programmable posi-
tioning control system has been developed.

2. This control system has good nanopositioning accuracy in vari-
ous steps up to 15 mm.

3. This control system shows enough stability against some
unpredictable disturbance from the environment. The feedback
system of LDGI counted by the grating pitch is more stable
than the laser interferometer that is counted by the wavelength,
which is sensitive to the change of ambient conditions.
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