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Design and control of dual-stage feed

drive system in ultra-precision machine tools
LI Guo, WANG Bo, DONG Shen, WANG Shi-lei
(Center for Precision Engineering , Harbin Institute of Technology, Harbin 150001, China)

Abstract: The design and control of a Dual-stage Feed Drive (DSFD) system on a ultra-precision ma-
chine is presented. The DSFD system combining coarse (large stroke) and fine (fine resolution) drive
stages in series is designed to provide the desired performance,in which a step motor is used for the
coarse motion to obtain the large stroke and fast response speed, and a piezoelectric micro-actuator for
the fine motion to achieve the high resolution and accuracy. A control system for the mechanism is de-
veloped based on a multiple model-based switching controller,and a movement distribution module is
designed for the motion coordinations of coarse and fine movements. Finally,a experiment is under-
taken by controlling both stages separately for the actual position on the DSFD system and a measure-
ment is carried out by a laser interferometer. The experimental results show that the step motor has a
working stroke of 90 mm with the displacement resolution of 0. 3 pm and the piezoelectric micro-actua-

tor has a working stroke of 40 pym with the positioning accuracy of 0. 9 um. The theoretical and exper-
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imental results show the validity of the control algorithm.

Key words: dual-stage drive micro-displacement system; switching controller; control algorithm

1 Introduction

Nowadays, high-bandwidth motion control sys-
tems are employed as a broad range of applica-
tions such as scanning microscopy, fast steering
mirrors, servo tools and many adaptive struc-
tures®. Especially in ultra-precision machining
field, a precision machine is required to provide
versatility, fast speed and large work space as
well as high-precision positioning. Furthermore,
owing to the development of ultra-precision ma-
chining technology, high-precision positioning o-
ver a large work space has become one of the

U5 The concept of the

most important features
macro/micro dual-drive was first proposed by
Andre Sharon'™ of Massachusetts Institute of
Technology in 1984, which was used for solving
the contradictions between the broad range and
the high precision in robot motion control. Since
then, it has been received wide attention and ap-
plications. For more than twenty years, the
macro/micro dual-drive mechanism has presen-
ted unique advantages in many aspects, not only
theory demonstrations but also actual applica-
tions. It has been proved that it’s an effective
means to realize high-precision positioning in a

broad range.

2 Common micro-displacement

mechanisms in ultra-precision

machine tools

Now, three types of mechanisms are widely em-
ployed for high-precision positioning in ultra-
precision machines.

2.1 Leading screw pair

This is a traditional mechanism, which plays a

leading role especially in early precise machine.

However, there are a series of intermediate links
existing in this structure from motor spindles to
tool bits, such as coupling, screws, nuts, bear-
ings and so on. In the motion process, these me-
chanical components bring the elastic deforma-
tion, friction, reverse gap, etc, which restrict
the improvement of machine accuracy.

2.2 Piezoelectric micro actuator

Compared with leading screw pair, piezoelectric
micro actuator has a much higher accuracy. Mo-
reover, it has many excellent features such as
fast response, large output force and low power
consumption, etc, and thus receives extensive
attention and applications. But owing to its
structural constraints, this kind of actuator is
limited in the workspace, which is usually on the
magnitude from a few microns to several hun-
dred microns.

2.3 Linear motor

Linear motor (LM) makes up the disadvantages
of the above mechanisms., which has both a high
accuracy and a large workspace. Nevertheless,
the last effect and output volatility of linear mo-

tor limit its application range.

3 Macro/micro dual-stage feed drive

mechanism

3.1 Structural design of mechanism

Fig. 1 presents the macro/micro dual-stage feed
drive mechanism developed in this paper. The
mechanism presented here combines the coarse
drive stage with the fine drive stage to provide
precise positioning in a broad range. It consists
of a step motor for coarse motion and a piezoe-
lectric micro actuator for fine motion. The macro
motion component employs a step motor to drive
a screw nut, so that it can provide a broad-long

range positioning. The micro motion component



1428 Optics and Precision Engineering Vol. 17

employs a flexure base to improve the system
positioning accuracy and response frequency,
which is directly driven by a piezoelectric micro

actuator (WTYD type).

Fig.1 Macro/micro dual-stage feed drive mechanism

In order to ensure the linearity in the direction
of movement and avoid the cross coupling dis-
placement in the vertical direction of movement,
a double parallel flexure hinge base is designed
(shown in Fig. 2). Owing to its structural sym-
metry, this mechanism can provide strict linear
motion. It overcomes the shortcoming of single
parallel flexure hinge base from the principle,
which easily introduces cross-coupling displace-
ment, and is preferred structure of precise mi-

cro-displacement mechanism.
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Fig. 2 Simplified model of double parallel flexure
hinge base

3.2 Finite element analysis of mechanism

The stress and stiffness characteristics of the
flexure hinge base are separately analyzed by
static analysis and modal analysis. Fig. 3 and
Fig. 4 show the nephograms of node displace-
ment and average stress of nodes separately. We
can get that the maximum stress appears in the

root of the flexure hinge base. When loaded 200 N,
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the maximum stress value is om, = 29. 5 MPa,
and the displacement value in the working direc-
tion is 16. 3 pm. So we can get that the stiffness
of the mechanism is 12. 2 N/pum.

Fig. 5 shows the first two modal shapes of the
flexure hinge base gained through modal analy-
sis. From the figure, the first two natural fre-

quencies are 847 Hz and 2 261 Hz separately.

4 Control strategy of macro/micro

dual-stage feed drive mechanism

For the dual-drive mechanism, the output trajec-
tory is the result of the two moving components
working together in series. The improvement of
control accuracy is the common results of high
positioning accuracy of each moving component
and the coupling of two moving parts”!. So that
the key of motion control system is the move-
ment coordination of the two parts. Therefore,
in this paper, on the basis of increasing the mov-
ing accuracy of individual component, the move-
ment coordination of the two parts is controlled
to improve the whole system accuracy.

In this paper, a multiple model-based switc-
hing controller (MMBSC) is designed for the co-
ordination of the two parts. The step motor is
controlled by using a feedforward controller
which is connected with a feedback controller in
series to ensure excellent disturbance rejection
and a fast response in a board range, while the

piezoelectric micro actuator is controlled with a
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Fig. 6 Block diagram of the control system

preisach model to reduce its hysteresis. Besides,
a special movement control module is designed
for the movement distribution of the two parts.

The control system block diagram is shown in Fig. 6.

5 Experimental results

In order to measure the availability of the dual-
stage feed drive system, experiments are carried
out, of which the objective is to measure the
moving characteristics of the system. The tes-
ting results will help to evaluate the performance
of the dual-stage feed drive system. From the
actual measuring results gained by a laser inter-
ferometer, the working stroke of the step motor
is 90 mm, with the displacement resolution of
0.3 um. The working stroke of the piezoelectric
micro actuator is 40 ym. The positioning accura-
cy of the piezoelectric micro actuator is 0.9 pm.
Fig. 7 presents the tracking feature of the step
motor system, and Fig. 8 shows the tracking

feature of the piezoelectric micro actuator.
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Fig. 7 Tracking feature of step motor system
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tor



1430 Optics and Precision Engineering

Vol. 17

6 Conclusions

In this paper, we have presented the design and
analysis of a dual-stage feed drive system in ul-
tra-precision machine tools using newly devel-
oped MMBSC approach. The mechanism demon-

strates good stress and stiffness characteristics in
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