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A Long-Stroke Nanopositioning Control System of
the Coplanar Stage

Hung-Yu Wang, Kuang-Chao Fan, Jyun-Kuan Ye, and Chung-Hao Lin

Abstract—With the continuing trend toward device miniatur-
ization in many engineering and scientific fields, the need to ac-
complish highly precise measurements at the micro- or nanoscale
has emerged as a critical concern. This paper presents a high-
precision motion control system for the nanopositioning of a copla-
nar X–Y stage driven by two commercial ultrasonic motors. The
motor drive provides three main driving modes, namely ac, Gate,
and dc, for millimeter, micrometer, and nanometer displacements,
respectively. The displacement of each axis stage is sensed using a
linear diffraction grating interferometer (LDGI) with a nanome-
ter resolution. To compensate for the effects of the variable friction
force during stage motion, the gains of the proportional–integral–
derivative controller used to regulate the stage motion are tuned
adaptively by a back propagation neural network (BPNN) based
on the feedback signals provided by the LDGI. Furthermore, to
obtain a high-accuracy positional motion, the error compensation
strategy is implemented to eliminate the systematic errors of the
stage with error budget. The error budget is obtained by position-
ing error calibration using a laser interferometer, which optical
axis is detected by a quadrant photodetector (QPD) to ensure no
cosine error. The positioning accuracy of the proposed system is
evaluated by performing a series of contouring experiments. The
results demonstrate that the system achieves a nanometer level
of accuracy and resolution and is, therefore, a suitable solution
for micro-coordinate measuring machine, microlithography, and
micromachining applications.

Index Terms—Back propagation neural network (BPNN), con-
touring control, coplanar stage, error compensation, linear diffrac-
tion grating interferometer (LDGI).

I. INTRODUCTION

LONG-STROKE and nanopositioning systems with
nanometer-level resolution and accuracy are critically im-

portant for nanotechnology [1]. Although piezoelectric nanopo-
sitioning systems are designed to provide the greatest possible
positioning accuracy, in practice, they exhibit a number of non-
ideal characteristics. For the high-bandwidth application, lots of
mechanical amplifications and control strategies have been per-
formed in the last decade [2]–[4]. As of today, lots of nanotech-
nologies have been widely implemented by piezoelectric actua-
tors, such as scanning probe microscope [5], nanotechnologies
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TABLE I
COMMERCIAL NANOSCALES

[6], [7], optical alignment [8], [9], and coordinate measuring
machines, etc. [10], [11].

In general, the long-stroke stage for nanopositioning is always
regarded as expensive equipment as it normally requires a high-
precision two-stage assembly for long-and-short motions. Com-
mercial X–Y stages usually comprise two linear stages with one
stacked on top of the other and provide displacements in the X-
and Y -directions, respectively [12]–[15]. However, even though
the two stages may individually possess a nanoscale positioning
accuracy; it is extremely difficult to achieve good positioning
performance due to assembly errors, component misalignment,
control error, and so on. In practice, the performance of high-
precision measurement and fabrication machines is constrained
by the Abbé principle. In [16], the authors compensated for the
effects of the Abbé offset error in coordinate measuring machine
(CMM) systems by means of a new error correction strategy.
By contrast, in this study, the Abbé offset error is eliminated
completely by confining the X- and Y -motions of the stage to
a single common plane.

In implementing a nanopositioning system, highly precise
sensors are required to measure the displacement of the stage
over an extended travel distance. Some commercial linear op-
tical encoders are commonly adopted. Such devices, however,
have a relatively large grating pitch, and thus the resolution is in-
evitably constrained [17]. Although with high interpolation fac-
tors the scale reading can be up to nanometer, but all are with ac-
curacy in micron or submicron level only. Table I lists some com-
mercial nanoscales that can be found from individual website. A
laser interferometer provides a more precise solution for long-
displacement measurement to nanometer resolution and accu-
racy. However, laser interferometer systems not only require a
highly precise alignment and assembly process, but also need
a sophisticated system to accomplish temperature control and
vibration isolation [18]. In recent years, grating interferometry
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has emerged as a means of solving the paradox between the
measuring range and the resolution [19]. For example, in [20],
the present group proposed a linear diffraction grating interfer-
ometer (LDGI) capable of sensing stage displacements with a
resolution of 1 nm over a travel distance of 20 mm.

Ultrasonic motor, which utilizes sliding friction as the driv-
ing force [21], [22], can provide a mechanically straightforward
approach for stage actuation. However, the positioning perfor-
mance of such motors is highly sensitive to variations in the
surface roughness of the driven stage. Accordingly, an effective
control system is required to ensure a precise positioning of the
stage, particularly when performing low-speed and long-stroke
displacements. Conventional proportional–integral–derivative
(PID) controllers are ineffective when the surface roughness
varies so significantly that large variations in the stage veloc-
ity occur [23]. To overcome this problem, various self-tuning
controllers have been proposed. For example, Tanaka et al. [24]
demonstrated the precise positioning of an ultrasonic motor us-
ing a PID controller integrated with a neural network (NN).
Zhao et al. [25] proposed a control scheme comprising a PID
controller and a back propagation fuzzy NN. However, the pro-
posed method was not verified experimentally. Seniyu et al. [26]
developed an ultrasonic motor control system based on a back
propagation neural network (BPNN). The results showed that
the proposed system enabled a precise control of the ultrasonic
motor. However, the experimental results were obtained using
only a simulated load. Lin et al. [27] presented a recurrent fuzzy
NN method for controlling the ultrasonic motor drivers of an
X–Y stage. However, a rapid polling time was required to ac-
quire the feedback signal needed to accomplish the synchronous
nanopositioning of the two axes.

In a previous study [28], the present group developed an
intelligent nanopositioning control system comprising a self-
designed coplanar stage driven by commercial ultrasonic mo-
tors, two LDGI displacement sensors, and a fuzzy cerebella
model articulation controller. However, the performance of the
controller was adversely affected by the fluctuations induced in
the LDGI feedback signal at the excitation frequency of the ul-
trasonic motors. Thus, while the short-stroke control of discrete
steps with a micro- or nanoscale resolution was successfully
achieved, an accurate long-stroke positioning control could not
be obtained.

This study proposes an improved nanopositioning system in
which the displacement of the coplanar stage is controlled by
a BPNN-based self-tuning PID controller. Different from the
previous configuration [29], in this study, the actuator and the
displacement sensor are positioned at opposite ends of the stage,
thereby improving the stability of the LDGI feedback signal.
Furthermore, to construct a coplanar stage for long-stroke and
nanopositioning the effort will be more difficult as all error
sources have to be considered, such as the drive error, guide
error, scale error, geometric error, environment error, control
error, etc. The previous study [30] proposes the nanopositioning
control for 1-D and this study implements error compensation
strategy including “home accuracy,” “position accuracy,” and
“backlash error” in both axes. The positioning performance of
the proposed system is evaluated by means of a series of contour-

ing experiments. The results confirm that the system achieves a
reliable positioning performance in all the three motion modes,
namely ac, Gate, and dc.

From the aforementioned explanation, it is known that in the
field of nanopositioning technology, many efforts are made on
the paradox between resolution and travel range when work-
ing at a multiscaled range. In spite of some achievements, the
studies on the integration of different driving modes into an
all-in-one controller, signal processing for new sensors, fric-
tion disturbance, and closed-loop control for long-time position
locking are still a challenging task. Moreover, the necessity of
perfect optical alignment of the laser beam to the calibrated axis
must be proven for nanometer accuracy. These are the novelty
of the proposed methods in this report. This paper is organized
as follows.

The description of a designed coplanar X–Y stage, which is
based on the Abbé principle and sensed by LDGI.

The driving system, which consists of an ultrasonic motor
and the driver.

The control algorithm, which utilizes BPNN to fine-tune PID
parameters.

The error compensation scheme, which is established by error
mapping to enhance the positioning accuracy.

Experimental verification with positioning control and con-
touring control.

II. STRUCTURE OF THE LONG-STROKE AND NANOPOSITIONING

COPLANAR STAGE

A. Design of a Coplanar X–Y Stage

As described previoulsy, conventional X–Y stages generally
comprise a stacked arrangement of two linear stages. How-
ever, the stacked arrangement results in a position-dependent
cross-talk error between the two axes, and thus the positioning
performance of the stage is seriously degraded. Moreover, the
displacement of the lower stage is subject to a large Abbé error
due to the large vertical Abbé offset.

To resolve these limitations, this study proposes a novel copla-
nar Abbé-free X–Y stage. As shown in Fig. 1, the moving table
slides over a common base plane, which is precisely ground to
a flatness error of less than 1 μm and is isolated from the drive
and sensing blocks. In order to ensure a smooth motion of the
table, concave grooves are formed on the base plane using a
scraping process and are filled with liquid lubricant to minimize
the sliding friction force between the moving table and the base
plane. Fig. 2 presents a photograph of the assembled coplanar
stage. The table is surrounded by four linear slides, each of them
is connected by a linear stage. Two orthogonal stages are driven
by respective ultrasonic motors and drivers. Each axis displace-
ment of the table is detected by a corresponding LDGI sensor,
whose output is used as a feedback signal in achieving a precise
positioning of the stage.

In assembling the stage, the LDGI sensors were carefully
aligned to ensure that the grating axis was parallel to the mov-
ing axis and the LDGI laser beam was normal to the grating
surface. In addition, the straightness of the two moving slides
and the flatness of the moving table were calibrated using a
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Fig. 1. (a) General layout of the coplanar Abbé-free X–Y stage and (b) 3-D
rendered model of the coplanar X–Y stage.

Fig. 2. Photograph of assembled coplanar X–Y stage.

TABLE II
HR4 SPECIFICATIONS

TABLE III
AB2 DRIVER SPECIFICATIONS

laser interferometer prior to attaching the linear guides to the
base plate. The inspection results showed that both the straight-
ness and flatness errors were less than 50 nm. Having attached
the linear guides to the base plate, their orientation was carefully
adjusted using a flexure mechanism.

B. Ultrasonic Motor

As shown in Fig. 2, the X and Y axes are each driven by an
actuator system comprising an ultrasonic motor (Nanomotion
Co., model HR4) and a driver amplifier (model AB2). The tech-
nical specifications of the ultrasonic motor and driver amplifier
are shown in Tables II and III, respectively.

To displace the slide, the driver amplifier applies an excitation
voltage across four piezo ceramic elements mounted on the
ultrasonic motor. Given a precise control of the sequence in
which the voltage is applied, an elliptical motion of the tips
attached to each element is induced. The ultrasonic motors are
positioned such that the tips are in contact with the slide. Thus,
the elliptical tip motion displaces the slide by means of a friction
force. Detailed operation principle has been reported in [30].

C. Principle of Sensors

To achieve the nanopositioning motion, highly precise sen-
sors are required to measure the displacement and compensate
the systematic error of the coplanar stage. This study proposes
LDGI as a displacement sensor, whose output is used as a feed-
back signal. To eliminate the systematic errors of the stage with
error budget, DVD pick up heads [29] are used to set up the
machine origin and compensate the backlash error of the slide
in each axis. Furthermore, this study proposes a perfect align-
ment method, which utilizes a quadrant photodetector (QPD) to
assist the alignment of the beam of a laser interferometer with
respect to the motion axis during the calibration of positional
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Fig. 3. Optical structure of the LDGI displacement sensor.

errors. Detailed information will be introduced in the following
sections.

1) LDGI: Fig. 3 shows the optical system of the LDGI sys-
tem. The laser diode (LS) emits a linearly polarized beam, which
is split by a polarization beam splitter (PBS1) into two beams
with equal intensity. Each beam emits to the grating (G) at the
first-order diffraction angle so that each diffracted beam will
return back along the same path, being a Littrow configuration.
The optical system design adopts polarization technique so that
the returned beams will not enter into the laser diode but travel
to the right-handed side for encoding the interference signals by
one NPBS, two PBS, and four photodetectors. Detailed opera-
tion principle has been reported in [20].

The intensities of the output signals generated by the four
photodetectors can be expressed as follows:

IPD1 = 2A2 [1 + cos(Δωt)]

IPD2 = 2A2 [1 − cos(Δωt)]

IPD3 = 2A2 [1 + sin(Δωt)]

IPD4 = 2A2 [1 − sin(Δωt)]. (1)

The displacement Δx of the grating scale (pitch d) is related
to the phase difference of the first-order diffraction of the grating
surface by means of the following equation:

Δω = 4π
Δx

d
. (2)

When the grating moves a half-pitch, the beat frequency sig-
nal has a phase variation of one period (360◦). With a holo-
graphic grating of 1200 lines/mm, there is a wave cycle of the
orthogonal signals at every 416 nm of the grating movement.

2) Quadrant Photodetector: QPD is composed of four photo
cells of equal quadrant size. As shown in Fig. 4, when the spot
projects at different position, each of photo cells will output
voltage corresponding to the spot projecting area. An analog
electronic circuit can process output signals and convert them to
the corresponding X and Y positions of the beam, expressed by

X =
(VA + VD ) − (VC + VB )

VA + VB + VC + VD
(3)

Fig. 4. Principle of the QPD.

Fig. 5. Schematic diagram of misalignment between the laser beam and the
moving axis.

Fig. 6. Optical axis calibration with QPD.

Y =
(VA + VB ) − (VC + VD )

VA + VB + VC + VD
. (4)

A current positioning error calibration method for any pre-
cision linear stage adopts a laser interferometer as a reference
to compare with the actual positional readings of the stage. As
shown in Fig. 5, any misalignment of the laser beam to the
moving axis will cause cosine errors, especially in the ultra-
high precision long-stroke stage. A current alignment method
based on the light intensity of the reflected beam is too hu-
man dependent that can never assure perfect alignment. In
this study, a QPD is employed to assist the optical align-
ment so that the laser beam can be adjusted to allow project-
ing onto the detector the same position both at near end and
far end of travel. As shown in Fig. 6, the position errors in
forward and backward motions have good performance hav-
ing adjusted by the QPD. This innovative QPD-assisted laser
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Fig. 7. Block diagram of control loop for the coplanar X–Y stage.

Fig. 8. Block diagram of the self-tuning PID controller.

calibration method is called the “perfect alignment method”
in this study.

III. CONTROL MOTION SYSTEM

The motion control system for the coplanar stage comprises
an actuation system (two ultrasonic motors and associated driver
amplifiers), a displacement sensing system (two LDGI sensors),
and a self-tuning PID controller. Fig. 7 presents a block diagram
of the control system. The controller is programmed in Borland
C++ Builder and the control signals are interfaced to the driver
via a NI PCI 6259 DAQ (Data Acquisition) cards (National In-
strument Co.). The waveforms output from LDGI are decoded
by an interpolation card (IK220 of Heindenhain Co.) to nanome-
ter resolution.

A. Self-Tuning PID Control Algorithm

PID controllers have been used in many practical control ap-
plications. In the coplanar stage developed in this study, the
base plane is not perfectly smooth. The friction force acting on
the base plate of the moving table varies during the motion,
causing unstable velocity. Consequently, the gains of the PID
controller must be adjusted in real-time in order to achieve a
smooth motion. As shown in Fig. 8, the gains are tuned adap-
tively by means of a BPNN [31], [32], in accordance with the
difference between the desired speed of the driven slide and the
actual speed. In constructing the BPNN, the total input to each
neuron j is defined as follows:

netnj =
∑

WijY
n−1
i − θj (5)

Fig. 9. Structure of BPNN used to tune gains of the PID controller.

where θj is a predefined threshold value. Meanwhile, the output
of each neuron j is obtained as

Y n
j = f

(
netnj

)
, f (x) =

1
1 + e−x

. (6)

The BPNN-based PID controller is then formulated as

u (k) = KP
e (k) + KI

k∑

j=0

e (j) + KD [e (k) − e (k − 1)]

(7)
where, KP ,KI , and KD are proportional, integral, and deriva-
tive gains, respectively. u(k) is the plant input, and e(k) is the
error between a desired value r(k) and the actual output y(k),
such that

e (k) = r (k) − y (k) . (8)

In the proposed control system, the BPNN comprises three
layers. As shown in Fig. 9, each of the input and output lay-
ers comprises three nodes. The nodes in the input layer receive
e(k–1)–e(k–2), e(k–1), and e(k–1)–2e(k–2) + e(k–3) as in-
puts, while those in the output layer provide KP ,KI , and KD

as outputs. Finally, the hidden layer is configured with four
nodes. In implementing the BPNN, the cost (error) function is
defined as

E =
1
2

∑

j

(r (k) − y (k))2 =
1
2
e2 (k) . (9)

Equation (9) expresses the difference between the desired
output r(k) and the actual output y(k). Thus, the objective of
the BPNN is to determine the PID gains which minimize the
cost function.

In this study, the BPNN was used to learn two parameters,
namely the driving voltage and the slide speed variation. During
the training process, the connection weights were adjusted in
accordance with (9) by means of the steepest descent method
[33].

B. Characteristics of Driving Modes

For a long stroke and nanopositioning of the coplanar stage,
three motion modes are employed by AB2 driver. The AB2
driver provides three main driving modes, namely an ac mode
for millimeter displacement, a Gate mode for micrometer dis-
placement, and a dc mode for nanometer displacement. The
details of three modes’ switching have been reported in [30].
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Fig. 10. AC-mode control by the static (upper) and the self-tuning (lower)
PID controller.

The similar strategy is used in this study, i.e., once the moving
table is close to the target point within 5 μm, the ac mode will
switch to the Gate mode, which will switch to the dc mode if
the target position is within 100 nm. The characteristics of each
mode and its corresponding control strategy will be performed
in the following sequence.

Since the base plane of the coplanar X–Y stage is not per-
fectly smooth, the slide velocity varies during displacement. The
variation in the driving speed is particularly apparent in the ini-
tial phase of the displacement process due to the static friction
effect [34], [35]. The developed X–Y stage has low damp-
ing, and thus an overshoot in the slide velocity occurs when
the stage is first actuated if an adequate control is not applied.
In the ac mode, the input variable is the commanded voltage,
which is proportional to the speed of motion, and the output
variable is the displacement, which will determine the instanta-
neous speed and feedback to the BPNN loop. Fig. 10 shows the
speed control performance obtained in the ac mode when using
a conventional PID controller (upper) and the BPNN-based PID
controller (lower). It is evident that the BPNN-based controller
successfully eliminates the overshoot phenomenon in the initial
displacement period and suppresses the variation in the slide
velocity over the entire displacement process.

In the Gate mode, a stepwise movement of the stage is
achieved by applying a series of periodic ON/OFF∗∗∗ pulses to
the ultrasonic motors. The step size is determined by the mag-
nitude of the applied voltage, while the displacement speed is
determined by the pulse width. As shown its step response in

Fig. 11. Gate-mode step response control. (a) Displacement versus time.
(b) Voltage versus time.

Fig. 12. DC-mode step response control. (a) Displacement versus time.
(b) Voltage versus time.

Fig. 11, the voltage signal used to achieve a displacement of
10 μm in the Gate mode comprises two regions, namely Region
I, corresponding to large steps, and Region II, corresponding to
very small steps, performed under the control of the BPNN PID
controller. Once reached a distance of less than 100 nm from the
final target position the control system switches to the dc mode.

During dc motion, the stage velocity is precisely controlled
using the BPNN-PID controller with a high polling cycle time
in order to achieve a precise nanopositioning performance and
lock at the target position. Fig. 12 shows the step response of
dc mode motion which is conducted at different voltage levels
with the same voltage range of 0.5 V. The displacement which
is not proportional to the voltage due to friction is varying at
every position; a close-loop control scheme is thus necessary in
the dc mode.

C. Error Compensation Scheme on the Coplanar Stage

The contouring error [36], [37] is defined by normal distance
between the actual trajectory and the commanded path, and can
be evaluated as a function of tracking errors to the reference
path. Although a lot of high-resolution drivers and precision
transmission mechanisms have been proposed, however, they
are all difficult to achieve nanoposition accurately due to the
systematic errors in the component assembly. In order to meet
such a requirement, it is necessary to develop the error com-
pensation scheme. This paper presents the error compensation
strategy including “home accuracy,” “position accuracy,” and
“backlash error” in both axes.

To achieve the nanometer accuracy of the coplanar stage,
compensation for the positioning errors is necessary. Based on
this demand, it is necessary to establish the error budget for
compensation. Before creating that, both the X and Y axes
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Fig. 13. Home positioning error.

Fig. 14. Accuracy tests by the laser interferometer: (a) before error compen-
sation and (b) after error compensation.

need a reference point (or called the machine origin) in the
coordinate system. As shown in Fig. 1, part 4 of the DVD pick-
up head is fixed to the baseplate. It uses its focus error signal
(FES) to detect the gap with a reflective mirror mounted on the
stage. The reference point of the moving axis is thus set when
the FES is zero. From this point, the laser interferometer (MI
5000, SIOS) is used to calibrate the positioning error of the
moving axis. This is also called the absolute positioning error
calibration. The homing error is about 5 nm with a standard
deviation around 5 nm, as shown in Fig. 13.

For positioning error compensation, the absolute positions
relative to home are stored in the error budget for feed-forward
error compensation. Each target position has been attained five
times for the travel range up to 20 mm. As shown in Fig. 14,
the positioning error can be controlled to ±20 nm with standard
deviation 12 nm after implementing error compensation.

Another error that would influence the positioning error is the
backlash of the linear slide between the moving table and the
LDGI stage. This is the inherent clearance variation between the
slide and the guide under different loads. As shown in Fig. 15,
a DVD sensor (part 3) is employed to detect this backlash when
the table is changed the motion direction.

Fig. 15. Schematic diagram of backlash compensation.

Fig. 16. Backlash error compensation.

Fig. 17. Evaluation of contouring control.

The amount of backlash can be accurately measured by the
FES signals to nanometer level. As shown in Fig. 16, the original
backlash of about 300–400 nm has been reduced to about 20 nm
with standard deviation 12 nm after error compensation.

IV. EXPERIMENTAL TESTS

A. Contouring Control of the Coplanar Stage

The effectiveness of the BPNN-PID controller was demon-
strated by performing a series of contouring experiments. The
results presented in Fig. 17 confirm the ability of the copla-
nar stage to trace a path comprising both straight and curved
sections. The contouring errors can be controlled to less than
19 nm. Figs. 18 and 19 show that the stage is capable of tracing
paths comprising straight segments and right-angle turns with
contouring errors less than 10 nm.
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Fig. 18. Evaluation of square contouring control.

Fig. 19. Evaluation of the grating contouring control.

Fig. 20. Evaluation of the circular contouring control.

B. Circular Test of the Coplanar X–Y Stage

The ability of the BPNN to simultaneously adjust the gains of
X and Y control loops was demonstrated by tracing a circular
path. Fig. 20 presents the results obtained for a circular path
with a radius of 1 mm. The radial deviations of the actual path
from the specified path are found to be within 25 nm.

V. CONCLUSION

This paper has presented a high-precision motion control sys-
tem for an Abbé-free coplanar X–Y stage comprising two ul-
trasonic motors and associated drivers, two LDGI displacement
sensors, and a BPNN-based self-tuning PID controller. The con-
trol system supports three different driving modes, namely an
ac mode for millimeter displacement, a Gate mode for microm-
eter displacement, and a dc mode for nanometer displacement.
It makes the multiscale displacement driven by a single actua-
tor possible. The employed LDGI is featured with long-stroke
and nanometer resolution/accuracy. The velocity can be con-
trolled in smooth motion after applying the BPNN-PID scheme
to eliminate the friction-induced disturbance at the start-up by
ac mode and at the target approaching by dc mode. The pro-
posed perfect alignment method ensures the calibration result
of positional accuracy without cosine error. Besides, the error
compensation strategy is established by error mapping to en-
hance the positioning accuracy. The experimental results have
shown that the coplanar stage is capable of performing both
straight and curved (or circular) motions with a nanoscale level
of positioning accuracy. These results demonstrate that stage
has significant potential for applications such as micro-CMM,
micromachining, micro-lithography, and so forth.
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