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Control of mirror segment
actuators for the European
Extremely Large Telescope

Gert Witvoet, Remco den Breeje, Jan Nijenhuis, and
Niek Doelman

Controller design based on dynamic analysis proves compliant
performance of highly accurate actuators for piston-tip-tilt correction of
primary mirror segments for the European Extremely Large Telescope.

The primary mirror (M1) of the European Extremely Large
Telescope (E-ELT) will consist of 798 mirror segments, which
together form a smooth 39.3m optical surface. To achieve
optimal performance in such a segmented concept,' each indi-
vidual mirror segment must be actively controlled in piston, tip,
and tilt, using three dedicated single-degree-of-freedom (DOF)
actuators. These PACTs (Position ACTuators) need to combine
nanometer-level accuracy with a centimeter-range stroke, while
carrying a large mass in a changing gravitational field and being
exposed to nonstationary structural vibrations and wind loads.
In collaboration with VDL Enabling Technologies Group, we
have designed and realized various different PACT prototypes?
for the E-ELT. Here, we will present some of the analysis and
control results®> we have obtained with one of the most recent
prototypes, proving compliance with the E-ELT requirements.4

The E-ELT application requires that an actuator achieve 1.7nm
rms position accuracy in the presence of vibrations and wind
disturbances, while tracking a 15mm stroke with a velocity up
to 1.2um/s. Due to the large ratio between stroke and accuracy
(107), our actuator uses a two-stage concept, with a voice coil
for accuracy and a DC motor for off-loading and large stroke.
Moreover, it has an on-axis nanometer-resolution feedback
sensor, and an internal spring to carry the segment weight (up
to 900N per actuator). Figure 1 shows an image of a specific
prototype.

The dynamic behavior of the actuator has been assessed
in a dedicated E-ELT relevant test setup, in which the PACT
has been tested in combination with a 90kg mass under vari-
ous orientations. Figure 2 shows a large number of frequency
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Figure 1. Picture of one of the recent PACT (Position ACTuator)
prototypes. Voice coil, internal spring, and feedback sensor are inte-
grated inside the PACT body. The coarse stage is mounted at the back
side. (Photo: TNO/Fred Kamphues.)

response function (FRF) measurements,® each taken at a
different nominal point along the full stroke of the actuator (in
a certain orientation). These FRFs show that the dynamics are
very clean up to about 300Hz—i.e., there are no spurious modes
in this frequency range—and the dynamics are independent of
the actuator stroke. This is very beneficial from a control point of
view, as it enables a robust high-bandwidth controller design.

Comparison with an accurate analytic model of the PACT in
its test setup has given detailed insight in the mode shapes of the
system. At 11.1Hz, the total moving mass resonates on the PACT
internal springs, whereas the anti-resonance-resonance pair at
60 and 400Hz corresponds to the decoupling of the 90kg mass
from the moving mass of PACT (1.32kg). The small modes just
below 10Hz are suspension modes of the test setup itself.
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The architecture presented in Figure 3 has been proposed
to control the actuator. The upper loop represents the feed-
back loop on the fine stage, where the voice coil force Fyc is
used to achieve high accuracy on the PACT position y. Using
loopshaping techniques,® a high-bandwidth (85Hz) controller
Cyc has been designed and specifically tuned on the fine-stage
system dynamics Hyc (represented by the FRF measurements in
Figure 2) and information on the external vibrations and wind
disturbances. This controller consists of a double integrator, lead
filter, low-pass filter, and two inverse notches, and is robustly
stable over the full actuator stroke.

When the actuator is tracking a continuously increasing (or
decreasing) reference y.f, the lower loop in Figure 3 is needed to
off-load the voice coil. This coarse stage loop controls the voice
coil force toward zero using the velocity of the DC motor vpc.
The bandwidth of this loop can, however, be very low (well
below 1Hz), so that the controller Cpc is a simple gain with a
low-pass filter.

The designed controllers have been implemented in real time,
with which the actuator has been subjected to an E-ELT-relevant
tracking scenario. The position set point is changed with a
tracking velocity of 1.2um/s in both the positive and negative
directions, thereby covering more than 500um of stroke, while
the test setup is subjected to ground vibrations and simulated
wind disturbances. Figure 4 depicts the resulting closed-loop
response, as measured by the internal metrology. This plot
shows that the set point is accurately tracked within roughly
£10nm error during the complete experiment. The error is mar-
ginally larger in the backward ‘downhill’ motion than in the for-
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Figure 2. Measured frequency response functions (FRFs) of the PACT
in its test setup, as a function of the coarse stage position. Dark blue is
fully retracted. Dark red is fully extracted.
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Figure 3. Block diagram of the combined fine and coarse stage control
architecture. yyof: Reference. F: Force. C: Controller. H: System dynam-
ics. DC: DC motor. vpc: Velocity of the DC motor. VC: Voice coil.
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Figure 4. Measured closed-loop tracking results: setpoint and out-
put (top), tracking error (middle), and voice coil force and DC-motor
velocity (bottom).

ward “uphill” motion, which can be attributed to the self-locking
behavior of the coarse stage. The impact on the fine stage perfor-
mance is, however, very small. Overall, the error sums up to just
1.4nm rms, i.e., well within specifications.

The voice coil force in the bottom plot clearly shows the
compensation of the low-frequent wind disturbances. Still, this
force nicely oscillates around zero, well within £2N, owing
to the DC-motor off-loading with nearly constant velocity. In
this experiment the voice coil power consumption sums to just
7.6mW rms, with an instantaneous peak of 54mW.

In summary, we have demonstrated that the performance
of the our PACT prototypes is compliant with the challeng-
ing E-ELT requirements. Moreover, we have presented a robust
analysis and controller design approach to do so. Future work
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will include interaction analyses of three PACTs underneath a
mirror segment and advanced multiple-input-multiple-output
controller design to achieve optimal performance at mirror
segment level.
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