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1 Introduction

In high tech positioning systems the goal is positioning of
the moving part, hereafter called stage, within nanometers
of the reference value. Due to the high accuracy required,
we cannot view the stage as a purely rigid structure. In addi-
tion to the rigid body behavior we want to control, the lim-
ited stiffness of the stage results in lightly damped flexible
modes. A flexible mode can be described by a temporal part,
an oscillating state that slowly damps out, and a spatial part,
the deformation of the stage caused by the flexible mode.

When reconstructing the position of the stage from the mea-
surements the flexible modes are mapped on the six rigid
body degrees of freedom. As a result the transfer function
from forces in one direction to displacement in that same
direction is not the expected mass line but instead contains
(anti) resonance pairs. The sensors are placed on the fixed
world and the stage moves relative to them. Therefore, the
manner in which a sensor sees a flexible mode changes with
position. This directly translates to a position dependent
phase behavior of the (anti) resonance in the transfer func-
tions. The position dependency makes it extremely hard to
design a controller with a bandwidth that includes the flexi-
ble mode frequency. The limited bandwidth means the dis-
turbance rejection in the system is limited as well.

These are the two major factors that make up the error be-
tween reference and actual position. The limited disturbance
rejection results in errors due to disturbances in the system
and the deformation of the stage results in additional mis-
match between reference and actual position. To improve
the positioning error we can either remove the flexible be-
havior from the system or ensure that it is at least removed
from the transfer function. In this research we investigate
how we can use state estimators to achieve these effects.

2 System description

The dynamics of the positioning system have been exten-
sively modeled over the years. We know that the states of
the system can be split in a rigid and flexible part, denoted
byηr andη f respectively. The state space form (ΣP) of these
systems has the following structure
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For the observer (ΣO) we will take a Luenberger type ob-
server and investigate how we can use its estimate to im-
prove the control performance.

ΣO

{ ˙̂η = Aη̂ +Bu+L(y−Cη̂)
z =Coη̂ (2)

Here theA, B andC matrices are identical to those of the
system andL is the observer gain to be designed. The matrix
Co is used to obtain the proper output for our observer such
that we can use it in the control loop.

3 Possible solutions

As discussed before there are two main causes of the posi-
tioning error, the flexible modes in the system and the lim-
ited bandwidth due to flexible modes being mapped onto
rigid body transfer functions.

When we want to remove the flexible mode from the system
we can use the estimate of the flexible mode to close an extra
feedback loop. This approach has the added benefit that re-
moving the flexible mode from the system also removes its
effect from the transfer function. We have added a degree
of freedom, in addition to the rigid body modes we want to
control a flexible mode as well. Because we need to have as
many independent inputs to the system as degrees of free-
dom we want to control this method can only be applied if
we have enough inputs.

In the case where no additional inputs are present we can
still try to remove the flexible mode from the transfer func-
tion. For instance we could estimate the rigid body modes
and use them for feedback or subtract the effect of the esti-
mated flexible modes from the sensor measurements. Both
ways result in a decreased visibility of the flexible modes in
the transfer function. This allows for an increased control
bandwidth and thereby, an increased disturbance rejection.
We have to take into account that an increase in bandwidth
will increase the energy we supply to the flexible modes and
thus increase their influence on the positioning error. This
leaves us with a tradeoff, we can increase the control band-
width but the cost is an increase in energy supplied to the
flexible mode. As long as the added disturbance rejection
outweighs the increase in flexible deformation an increased
bandwidth is viable.

We will apply both cases to a numerical example and inves-
tigate the effects on control performance. Model mismatch
and unmodeled dynamics will also be taken into account.


