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ABSTRACT INTRODUCTION

Developments in microelectronics, micromechanics and’he need for high speed and high precision positioning
microelectromechanical systems (e.g. micromotorssystems is increasing in many fields of technology, such
microsensors) require significant improvements in manas microelectronics [1], micromechanics and microelec-
ufacturing tools for mass productions. Especially thetromechanical systems. For mass production, the assem-
assembling tools have to become faster and more préding/mounting tools have to achieve high precision and
cise. have to work with high speed or/and highly parallel.

Many assembly devices uXeY stages driven by DC ser- There are many concepts to build high speed or high pre-
vomotors with ball screws or parallel structures; othersision manipulators, but only a few of them can serve to
use linear drives with traditional ball bearings. Only aobtain high speed together with high precision:

few devices use linear drives together with air bearings,
but always together with an angular guide ¥m=andY
direction. The novel approach presented in this paper is
based on linear drives together with a planar air bearing.
In contrast to other stages, it doesn’t need any anguldr Impact drives [2] and inchworms achieve high resolu-
guides. This reduces the moved mass and leads to highertion over a large working area, but only with low
accelerations. It consists of an arrangement of three speed. Their main fields of application are the manipu-
respectively four identical moving-coils attached to a lation of small objects underneath microscopes (e.g.
slide, which is Suspended by a p|anar air bearing_ This the manipulation of cells in science of medicine or
novel configuration allows a large workspace and high biology) and near field microscopy.

accelerations. In the realized experimental setup the past parallel drives, similar to the Delta-Robot [3],
workspace is limited to 60 x 60 mndue to the used  haye the advantage, that their motors are fixed and
sensor system. Furthermore, the maximal possible accel-yon't have to be moved. This reduces the moved mass
eration is limited to 3 g, due to the used power amplifi- - anq allows to achieve high acceleration. They use ball
ers. The attainable performance has been proved in thepearings for the joints, which have radial run-out of
whole workspace by 30 mm translational strokes on seyeral um. The inaccuracy is growing with each joint
sinusoidal trajectories within 0.09 seconds together with of the robot. Other problems are the low stiffness of
a transient overshoot smaller than 900 nm. For slower these structures, the friction in the joints and the diffi-
movements or smaller strokes the transient overshoot ¢yt kinematics and dynamics. All these effects make
reduces down below 100 nm. The stationary positioning it difficult to achieve high precision together with large
noise can be smaller than 30 nm, depending on the stiff- acceleration. This may change with direct visual feed-
ness of the used control structure. back, but the speed of image processing will still be a

This paper gives an overview of the system, focuses on limiting factor.

the controller design and shows the achieved perfor; giee| cables or steel belts as transmission elements
mance. allow the construction of high performance manipula-

Ball screw drives obtain high precision, but high speed
can not be reached because of its large inertia and high
friction.



tors [4]. Their main advantage is, that their motorsfixed. In addition, the use of air bearings results in a
are fixed and don’t have to be moved, which leads tdrictionless design. This frictionless actuation and the
minimal inertia of all moving parts. The attainable linear current-force relation ease the controller design
resolution is limited due to their vibrational proper- and increase the attainable precision.

ties, their complex deflection of cables/belts and
their friction.

 Linear drives achieve high performance and good
resolution, but their combination for multiple
degrees of freedom (dof) is difficult to realize. They
are often arranged to parallel structures by the use ol
angular guides [5]. The friction can be eliminated by
air bearings, leading to an enhanced precision [6].
Unfortunately air bearings have the nasty behavior
that their stiffness varies in relation to the applied
load. Because the air bearings used in angular guides
are exposed to tensile and compression stress, thi
natural frequencies of the complete system varies in+—"]
a nonlinear manner. Therefore these varying natural ®
frequencies limit the attainable dynamics. Further
disadvantages of these solutions are their complex
designs (e.g. 3 air bearings) and the large moved
mass resulting from the angular guides.

FIGURE 1: Voice-Coil Type Actuator

 Planar Magnetic Levitators [7] are promising but (1-Core/Stator, 2-Magnet, 3-Moving Coil)
require a more complex system design, resulting in
higher system costs. The arrangement of bearings is done by one planar air

A novel type of a 3 dof linear drive is presented in this bearing, which permits free movement in #¥plain,

paper. This approach consists of three, respectiveljyréas movements irzZ-direction and rotations
four, identical moving coils attached to a slide, which aroundX-/Y-axis are prevented. Therefore a minimum

glides on a granite plate and is suspended by one pIaP—f three actuators are necessary to control these 3 dof.

nar air-bearing. In contrast to other stages, it doesn’f N€ advantage of uncouplédrmeasurement systems
need any angular guide. This elimination of angularjeads towards a rectangular configuration with three

guides increases the stiffness and controllability of th?Ctuators. In order to avoid high torsion stress in the
structure and reduces the moved mass, leading Bystem and to increase its controllability and perfgr-
higher performance. It also simplifies the mechanicaf™a"ce, & 4th qctuator can been added, resulting in a
construction. The current experimental setup has §10r€ symmetrical, but redundantly actuated system
workspace of 60 x 60 mfn The system is designed for (fig. 2). The redundancy in actuation can easily be
accelerations up to 10 g acceleration, but at thdreated by the controller.

moment the maximal acceleration is limited to 3 g due
to the used power amplifiers. The sensor system deliv
ers a resolution of 4 nm.

The electromechanical design of the system was opti
mized by FEM-simulation and has been published ir
[8]. Therefore the paper gives only a short overview of
the system, focuses on the control design and proof
the performance of this solution.

SYSTEM OVERVIEW

Basic elements of this 3 dof linear-drive are its actua-
tors (fig. 1), based on moving coils. Each of them con- FIGURE 2: Four Actuator Configuration

sists of a merged arrangement of two traditional voice

coils [9][10][11]. In the field of fast and precise posi- However, the realized setup is the configuration with
tioning the main advantage of moving coils is that onlythree actuators, which allows the mounting of a tool at
the light coil moves whereas the heavy stator/core ishe free side and is shown in fig. 3. Furthermore, it



increases the accessibility to the sensor system for caECONTROL SYSTEM
ibrating purposes. The cross section of the system i
shown in fig. 4. It consists of three identical moving
coils attached to the slide, which glides on a granitéDue to the lack of a sensor system delivering both the
plate suspended by the planar air-bearing. This bearin¥-position as well as the rotational angle with the
consists of pressure and vacuum zones, delivering higlemanded accuracy, a combination of 2 commercially
stiffness. available two-coordinate sensor systems is used
instead. These sensor systems are incremental two-
coordinate grid plate encoders frdAeidenhain each
delivering an accurat¥Y-position with a resolution of

4 nm. The rotational angle around th&axis is
obtained from these two positions together with the
distance between the two sensor systems, resulting in a
rotational resolution of about 1 prad.

§ensor System

Due to their physical principle, these sensors allow
only a tiny rotational displacement (around the Z-axis)
between the sensor head and the grid plate. The depen-
dency between the amplitude of the delivered encoder
signals (sinusoidal form) and the rotational displace-
ment around th&-axis is shown by fig. 5.
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FIGURE 3: Experimental Setup
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g ) This amplitude-rotation relation is quite similar to a

Because of the used sensor system, which allows onl§in¢-function. lts generation can be explained by the
small rotational displacements of less than +1.5 mradnoiré effect between the grid plate and the reference
(£0.1°), the set point of the rotational angle, used bydrid due to rotational displacement. Because of the
the controller, is kept at a constant value of 0°. As aZeros in this function, the usability of these sensor sys-
result, the controlled system is limited to free position-t€MS is limited to rotational displacements of less than

ing in X- and Y-axis (2 dof), whereas the controller has 1.5 mrad (£0.1°). This restricted working range
to deal with 3 dof. implicates, that the set point of the rotational angle,
used by the controller, is kept at a constant value of 0°.

In order to achieve optimal performance and to decoUtherefore the controlled system allows only free posi-
ple the system from the floor it would be best to mo“”ttioning in x- and y-axis (2 dof), whereas the controller
the granite plate on top of an huge concrete block, bug < to deal with 3 dof.

this solution would only be realizable for laboratory _ _ o _

use and not for a production line. Therefore the granitel "€ amplitude information is easily extracted out of
plate is fixed to a bench by ruber mountings. The dis-he 90° phase shift encoder signals feas’=1) and
advantage of these mountings are their nonlineafherefore it will also be used by th_e controller to toggle
damping, which decreses the performance of the comthe emergency stop, when the slide leaves the allowed
plete system. rotational range.
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FIGURE 6: Typical Transfer Function of one Voice Caoill

by double integration. They are approximated by poly-
In order to achieve optimal performance it is necessarn?&]glfsm tthe fre_?rt:(;r]]cy ;pacte anql comp?used Into a
to have a good model of the plant. There are mainl -System with three inputs (coil-current, u,,

us) and three outputs(y, ¢), leading to a state-space

three possibilities to model the system. First the slide i . .
and coils can be modeled together as one rigid bod>)'epresentatlon of 40th order. Particularly the modeling

The parameters of this model can be estimated on-Iingf th-e- low frequency poles and ZEr0s atabout 11 Hz is
significant for the reachable precision. These pole- and

by the use of an adaptation law [12]. Secondly the ero-pairs arise from the elasticity of the rubber

slide and coils can be modeled as rigid bodies fixed" ) b h . I d the bench
together with flexible joints. This leads to a huge non-Mountings between the granite plate and the bench.

linear model, resulting in difficulties to identify its These rubber mountings allow a displacement of the

parameters. The third possibility is to approximate thedrant plate of about 1 mm when applying a force of

system as a linear state-space model, which can pbout 200 N and they have a nonlinear characteristic.

obtained from the transfer functions. Control Structure

Plant Modeling

The realization described in this paper uses a combinaAs mentioned above the controller (fig. 7) consists of a

tion between the first and third approach. The rigidfeed-forward path, using the rigid body model, and a

body model is used in the feed-forward path of thelinear state-space controller together with a linear Kal-

controller, whereas the state-space representation igan estimator (observer). The state-space part of the
used for the state-space controller and its Kalman estieontroller was designed as a multivariable linear qua-
mator. The typical translational and rotational accelerdratic regulator (LQR) and the estimator as a multi-

ation-current transfer function of one actuator isvariable linear quadratic gaussian estimator (LQG).

shown in fig. 6. The appropriate translational and rota-
tional position-current transfer functions are calculated

1. MIMO = Multiple Input Multiple Output

X + U, U, U X Y, ¢
° Feed > > Plant >
Forward
+
L Linear
Gain Matrix State-Space
“|  Estimator
X

FIGURE 7: Linear State-Space Controller with Feed-Forward Path



Due to the inaccuracy of the state-space represente 20
tion, which results from the modeling of a nonlinear
system as a linear state-space model, the design of tt
controller leads towards a balancing act between the
resulting transient and the resulting stationary behav-
ior. The more the transient behavior (overshoot andg
control accuracy) is weighted in the design process%
the further some closed-loop poles move towards theg

right half plane in the pole-zero map, resulting in less® -{

robustness and in increased stationary positioning
noise or even in instability. If the transient behavior is
weighted less, the robustness increases, the stationa
positioning noise decreases, but together with ar
increased transient overshoot and a larger stationar
offset.
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The reached performance of this control system is FIGURE 8: Fast Movements (30 mm in 90 ms)

shown in fig. 8 for fast movements and in fig. 9 for
slow movements. Fig. 8 shows a 30 mm translational 20
stroke on a sinusoidal trajectory within 0.09 seconds,
reaching an acceleration of 25 m:sThe transient
overshoot is smaller than 900 nm. The decaying oscil-
lation of about 11 Hz derives from the inexact model-
ing of the rubber mountings, due to their nonlinearities ¢
as mentioned before. The perturbed motion of the
other axe during this transition is less than 600 nm.
Fig. 9 shows a 30 mm translational stroke on a sinuso-
idal trajectory within 0.5 seconds and a transient over-
shoot smaller than 100 nm. Both figures show a
stationary behavior with a positioning noise smaller
then 60 nm around an offset of about 50 nm.
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is reduced below an amplitude of 30 nm (fig. 10), but FIGURE 9: Slow Movements (30 mm in 500 ms)

the transient overshoot for fast movements (30 mm in
90 ms) is enlarged to about 1.1 pm. If even less 5

dynamics is needed, it is possible to reduce the posi
tioning noise down towards 10 nm. It's also possible to
combine these behaviors by automatically switching
between the different gain matrixes, depending on th¢
actual movement.

Displacement [nm]

20+

30+

40+

-50
0

Time [seconds]

FIGURE 10: Stationary Behavior



CONCLUSIONS 3]

A new design of a linear drive has been introduced in
this paper, which is based on traditional voice coil
actuators. This drive is a wear-free, maintenance-freé4]
and frictionless design because of its air bearing.
Therefore it's well fitted for clean room applications,
especially for the semiconductor manufacturing, and
for all systems requiring 24 h continuous production
with high throughput. The current experimental setupys)
has a workspace of 60 x 60 n?rtogether with a sen-

sor resolution of 4 nm. Its performance has been
shown by 30 mm translational strokes on sinusoidal
trajectories within 0.09 seconds together with a tran-
sient overshoot smaller than 900 nm. For slower move-
ments or smaller strokes the transient overshoo
reduces down below 100 nm. The stationary position
ing noise is smaller than 30 nm, depending on the stiff-
ness of the used control structure.

The performance of the system can be increased, if
acceleration sensors are included. First preliminarim
results show already, that, if only the acceleration o
the granite plate is measured and used in the feed for-
ward path of the controller, the transient overshoot for
fast movements (30 mm in 0.09 s) reduces already
down below 750 nm (instead of 900 nm). Therefore it
should be possible to reduce this overshoot even moré$]
if acceleration sensors are used by the state-space con-
troller. Another possibility to reduce the overshoot is
the introduction of some damping windings (short-cir-
cuited windings) in the voice coil actuators, resulting

in a linear damping, which eases the controller designog]
and its performance.
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