





2.2 Optical Path Difference estimation — different tilts of the telescope

The measurement points of acceleration signals are visible at the following figure:
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Figure 2: Location of the accelerometers and the Laser Vibrometer at the telescope (Rails, M1, M2 and M3), telescope front view

The analysis of the data obtained during the third campaign shows that the main impact of OPD is distributed over a
frequency range of 1 to below 25 Hz (Figure 3).
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Figure 3: Displacement spectrum of OPD calculated for the telescope SX side

We found only minor changes in the vibration spectrum, when tilting the telescope.
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The individual optical elements contribute with varying strength to the whole OPD. The following figure demonstrates
the main impact of disturbances due to oscillations at M2. The amplitudes at frequency ranges of 13 to 15 Hz and around
25 Hz require respectively faster dynamical behavior of the compensating loop.

Apart from M2, we found also oscillations of critical amplitude at the M3, at about 18 Hz.
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Figure 4: Individual impact of displacement errors caused by vibrations at the optical elements Rails, M2, M3 to the OPD — telescope SX

Summarizing, the vibration campaigns and additional measurements at the subsystem level let us conclude that a
permanently installed on-line vibration measurement system is necessary to monitor the telescope-induced optical path
differences.

As expected the individual optical elements with certain geometrical and weighting distribution at the telescope
contribute a nearly (frequency and magnitude) discrete behavior to the whole displacement error between both
beams/telescopes (eigenfrequency dominated).

Furthermore, it is known that (at this stage) the most important frequency range spans from 1 Hz to below 30 Hz (with
discrete amplitudes of less than 1um).

Further measurements are necessary to determine the individual behavior of active systems like LUCIFER and the
influence of different wind speeds.

3. SIGNAL PROCESSING CONCEPT FOR REAL-TIME OPD CALCULATION

The LBTO “optical path difference and vibration monitoring system” (OVMS) will provide data for real-time calculation
of the time-dependent OPD (to be exact: the telescope induced part of the actual OPD, induced by mechanical motion of
the reflecting surfaces). The OVMS is a suite of accelerometers, spread over the telescope at strategic points to sample
the motion of the reflective surfaces, starting with the primary mirror. Details on the hardware, locations and
infrastructure necessary to distribute the data in real time are described by (*7).
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Here we only shortly mention the qualitative steps we plan to derive a useful telescope-OPD from the accelerometer
data. The general chain of data processing is depicted in Fig. 5.

First, the different accelerometers of each surface undergo basic processing to provide a synchronous data stream at
about 2.5kHz. Then, they are combined geometrically, depending on the mounting position and orientation, since each
accelerometer delivers a 1d acceleration only. The outcome of this geometrical sum is a time-sampled acceleration
measurement along the optical axis of that surface, which in a next step is integrated by the use of an adequately
designed digital filter.

Here we can make use of results of our vibration detection campaigns (previous section) which showed that the vibration
of the individual surfaces in the OPD relevant direction are dominated by some eigenfrequencies of this mounted
surface, and are thus rather independent of the exciting energy source. The mirror oscillations show some stability both

in amplitude and frequency. Therefore, we can focus on the signal integration at those dominant frequencies of the
mirror, with an individual digital filter, tuned to each surface. Low-frequency noise can be filtered with respect to the
true vibration information. The frequency stability allows to use custom designed filters which integrate in the band
where the mirrors’ eigenfrequencies dominate, but which phase is designed to take out the overall signal latency of the

OVMS (an approach discussed in *).

In a final step, the different surfaces are added up to calculate the actual telescope induced OPD vibration value.
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Figure 5: Schematic drawing of the data processing chain to derive the telescope induced OPD. X; , and Y, , label

accelerometer #1..n, installed at the mount of surfaces X and Y (e.g. primary and secondary mirror).
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4. LINC-NIRVANA OPD CONTROL ACTUATOR: THE PISTON MIRROR

The Fizeau-type beam combination of the Linc-Nirvana instrument over a large field of view requires a novel approach
for the OPD control actuator. One constraint derives from the homotheticity condition. That means the optical design of
the instrument needs to ensure a constant ratio of pupil diameter over separation from the entrance pupil up to the exit
pupil in front of the image plane. Homotheticity is critical to achieve the key features of the Linc-Nirvana interferometric
imager: the spatial resolution of a 23 m telescope, over a field of view up to 2 arcminutes square with the sensitivity of a
12m aperture'. The triangular design of the piston mirror allows for a constant ratio of beam diameter and separation of
the reflected collimated beams while changing the OPD by longitudinal motion of the mirror.

The lightweight custom mirror construction provide a surface accuracy of A/10 peak-to-valley at normal incidence, and
first eigenfrequency at about 200 Hz if the moving piezo stage is mounted directly onto an optical table. However, the
Linc-Nirvana (LN) optical design requires the piston mirror to fold the incoming beams, being parallel to the LN optical
bench, down towards the cold optics in the dewar. Therefore, the piston mirror is mounted upside-down at a custom
breadboard (called the coffee table, see Fig. 6). Relevant for the LN-OPD control is the dynamical performance of the
whole ensemble: piston mirror + bread board mount. This coffee table is made of carbon fibre for maximum stiffness at
minimum weight and thermal expansion, as the LN optical bench itself. The design of the coffee table was dynamically
optimized using finite element analysis tools. Stiffening elements like the back are visible in Fig.6.

The reduced dynamical performance of the coffee table as piston mirror mount is expressed in the Bode plots (Fig.8).
The first Eigenfrequency now appears at 68 Hz. This slows down the achievable closed loop control bandwidth
significantly. In addition, close to the eigenfrequencies of the substantial mount, the oscillation amplitude of the mirror
surface with respect to the frame of reference, the LN optical bench, increases with respect to the values measured by
capacitive position sensor of the piezo stage (Fig.9).

4.1 Dynamical identification
[ e
Coffee table

Figure 6. Test set-up to study the dynamical behavior of the mounted piston mirror.The piezo stage on top of the mirror
feeds back relative position of the mirror with respect to the stage via a capacitive sensor signal. The absolute
mirror surface position with respect to the telescope is measured by a vibrometer. The final mount of the piston
mirror is called informally coffee table.
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Figure 7.. Schematic laboratory set-up of the plant identification, that is of the dynamical response of the piston mirror
surface to feed-forward control signals. The used hardware is summarized in Table 1.
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Figure 8. Bode plots of the open loop behavior of the piezo-driven piston mirror mounted on the coffee table, and alone
(insert). It is apparent that the first eigenfrequencies are due to the coffee table.
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Figure 9. Bode plot of the difference mirror motion signal as measured by the PZT capacitive sensor, and the
independent surface measurement by the vibrometer, sensing the additional motion of the mirror surface due to the
oscillation of the mount (compare to Fig. 8). The amplitude, shown in the upper panel, describes an additional
motion of the surface with respect to the optical bench, as measured by the vibrometer, but not traced by the
capacitive sensor. Towards slow frequencies, both sensor show the same response, and there is no additional
motion due to the coffee table.

Table 1. Used hardware to identify the piston mirror dynamics

Item # Hardware
@) Agilent analog signal generator (Agilent 33220A)
) Piezo actuator amplifier (E-505.00 Physik Instrumente, Piezo Amplifier Module)
3) Piezo actuator servo modul (E-509.C1A Capacity-to-voltage conversion; plugged in the
amplifier module)
@) PI P-750.20 high load piezo actuator (w/ integrated capacitive sensor)
) Piston mirror in final mount (Frame with double mirror, Piston mirror mount, coffee table)
(6) DSP control unit (DataTranslation 9842)
@) Vibrometer (Polytec Laser Vibrometer: OFV 505 + OFV 5000)
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The laboratory setup to identify the dynamics of the actuator is described in Fig.6&7, and Table 1. To properly
understand the system, it is important to identify the real system as close as possible to the final operation. We used all
hardware planned to be used at the telescope, (apart from the signal generator). The effective numerical resolution of the
DSP equals to about 10 nm in the linear translation space of the piezo stage. The signal latency in the test set-up is with
200 ps, small with respect to envisioned control bandwidth of a few tenths of Hz.

The theoretical system identification is done in Matlab, based on a sine sweep up to 300 Hz, and 60 sec duration to get
sufficient signal-to-noise. The data are used to explore in a Matlab base simulation if an optimized controller can
significantly improve on the performance on a classical proportional-integral feedback controller.

4.2 Feedback control schemes

To get a baseline performance, we tune a standard PI controller according to Ziegler-Nichols®, achieving slow rise times
to step signals of several hundred ms. At the center of our controller design effort is to improve on this PI performance
by the use of an optimal H,, controller’. To investigate trade-offs between speed and precision, three different optimal
controller were designed, using different weights and feedback filters:

1. slow for highest precision: low-pass control signal cut-off at 65 Hz below the first eigenfrequency of the table

2. intermediate: low-pass control signal cut-off at 110 Hz below the second eigenfrequency, but using an
additional notch filter to block the first eigenfrequency.
3. fast: low-pass control signal cut-off at 110 Hz, and allowing the optimal controller to use

appropriated frequencies close to the eigenfrequency.
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Figure 10. Step response in closed loop (green) of the slow version 1 of our optimal controllers, which is about 2x faster
than the PI controller. Open loop step response and the closed loop controller output are overplotted in blue and
red respectively.

Already the first slow variant of the optimal controller appears twice as fast as the tuned PI controller in the simulation.
The faster variants promise further increase of bandwidth up to the envisioned 30-50 Hz regime. The next step will be to
verify this simulated performance in the laboratory, with the described test setup.
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