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ABSTRACT

This publication presents a high-bandwidth tip-tilt compensation system for small telescopes. It is designed with
respect to the requirements of applications such as free-space optical (FSO) communication and space debris
imaging, where high tracking speeds up to several degrees per second are required and lead to an increased
disturbance bandwidth. A quad-photo-diode (QPD) is used to measure the tip-tilt errors and compensate them
in a closed-loop manner by a fast-steering mirror (FSM). Feedback controllers are designed based on a measured
disturbance spectrum. Measurement results obtained from reflected sunlight of a low-Earth-orbit (LEO) object
successfully demonstrate the potential of the proposed compensation system, effectively reducing the RMS tip-tilt
error by up to a factor of 5.
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1. INTRODUCTION

Small optical telescope systems with a diameter of up to 1 m are a flexible and affordable option for many appli-
cations in space research. This includes classical astronomy, observation networks,? 3 space debris imaging,*¢
satellite laser ranging (SLR)"® as well as free-space optical satellite communication.?'2

The achievable performance of all of those applications, which typically use visible or near infrared wavelength
ranges, is degraded by atmospheric turbulence,'® 1* wind-shake and vibrations,'® as well as pointing and tracking
imperfections.'® One possible approach to tackle this problem is tip-tilt compensation of disturbances acting
onto the optical channel and the telescope system.!” These disturbances are measured and corrected, typically
in a closed-loop manner using a low-order wavefront sensor such as a QPD and a FSM. Although this approach
is well established as part of adaptive optical systems,'® 8720 applications such as FSO satellite communication
and space debris imaging, where (typically LEO) objects are tracked at rates up to several degrees per second,
introduce new challenges.?! Due to the fast relative motion of the field of view of the telescope through the
atmosphere, the resulting relative velocity may add on top of the already present winds, shifting the temporal
disturbance spectrum towards higher frequencies.!* This increases the bandwidth requirements of the tip-tilt
compensation system significantly.

The contribution of this publication is the design and implementation of a closed-loop tip-tilt compensation
system for the increased bandwidth requirements of tracking LEO objects. The proposed approach is a feed-
back control loop based on a custom made QPD as high-bandwidth tip-tilt sensor and FSM as compensating
element. An optical breadboard carrying the proposed system is developed and attached to a small telescope to
demonstrate the potential of the proposed system in on-sky experiments using a LEO object.
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2. TIP-TILT COMPENSATION SYSTEM IMPLEMENTATION

The proposed tip-tilt compensation system is developed on an optical breadboard and its block diagram is shown
in Figure 1. The light collected by the telescope is collimated by lens L., to a beam diameter of of 12 mm. This
lens may be repositioned along the optical axis to adjust the focal point of the compensation system to coincide
with the one of the telescope. The compensating actuator is a FSM (OIM101, Optics in Motion LLC, CA, USA)
driven by voice coils with a mechanical range of £1.5° and a small-signal closed-loop bandwidth up to 800 Hz.??
A beam-splitter directs the beam to a camera (ASI 385 MC Cool, ZWO Company, China) and a custom-made
QPD. The camera is used to record verification videos and observe both spot size and quality.
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Figure 1. Block diagram of the used tip-tilt compensation system. The collected light is directed onto the FSM and then
split into two paths, one for the QPD and one for the camera. The FSM is controlled based on the QPD output.

The QPD electronics are designed for high-sensitivity and are equipped with a low-pass filter with a bandwidth
of 10 kHz. For the measurements presented in this publications the avalanche QPD QA4000-9 (First Sensor AG,
Germany) with a wavelength sensitivity maximum at 905 nm is used. The position output signals of the QPD
are normalized by the corresponding sum signal resulting in the error signals for tip ¢y, (t) and tilt ¢y (t), which
are independent of the intensity of the incident light.?? Signal acquisition and feedback control is implemented
on a dSpace MicroLabBox (dSpace GmbH, Paderborn, Germany) running at a sampling frequency of 30 kHz.
Custom made analog current controllers based on OPA549 (Texas Instruments, USA) drive the FSM.

(b)

Figure 2. Proposed system for tip-tilt compensation mounted on an optical breadboard. (a) Mounted on 30 cm ASA
Astrograph with highlighted components. (b) Mounted to a 80-cm ASA AZ800 telescope, which is used in this publication.
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The developed compensation system may be mounted to different telescopes, as shown in Figure 2, using
simple mechanical adapters. The measurements are conducted with a 80-cm AZ800 telescope system (ASA
Astrosysteme GmbH, Neumarkt, Austria) with a focal ratio of 6.85. It is located on the countryside in Sandl,
Austria at an altitude of 900 m. The telescope is equipped with a direct drive precision telescope mount designed
for astronomy and LEO object tracking applications'® and set up in alt-az configuration. Stars and sunlight
reflected by LEO objects are used as targets, offering a large variety of tracking velocities and elevations. The
telescope mount is controlled by the AStroAutoguide software run by the telescope control unit (TCU).

3. BANDWIDTH REQUIREMENTS AND FEEDBACK CONTROL

To estimate the bandwidth requirements of a tip-tilt compensation system for LEO tracking applications the
temporal properties of the tip @ (t) and tilt 4;¢(t) errors of a typical LEO object (COSMOS2315) are shown in
Figure 3 in form of power spectral densities (PSDs). They are acquired using the system described in Section 2.
The PSDs start with a —% slope and converge to a —% slope for high frequencies, which agrees with the analysis
proposed by Tyler.?* The corner frequency is approximately at 40 Hz, which is higher than usually experienced
in astronomical applications.'®2* This is caused by fast slewing of the field of view of the telescope when
tracking a LEO object, resulting in an increased velocity relative to the atmosphere.'* As frequency components
up to 120 Hz with a significant contribution to the RMS error are visible in the PSDs, a requirement towards
the closed-loop control bandwidth of a tip-tilt compensation system may be derived as follows: For a single
actuator PID-controlled system the disturbance rejection increases by 20 dB per decade below the closed-loop
bandwidth. Therefore, this bandwidth is typically set 5 to 10 times higher than the maximum frequency of
the disturbance which shall be suppressed, which provides a disturbance rejection of at least a factor 5 for
this frequency component. For the presented measurements this approach results in a minimum closed-loop

bandwidth of 600 Hz.
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Figure 3. Power spectral densities of tip ¢tip(t) and tilt ¢ (t) without compensation measured at LEO object COS-
MOS2315. Two slopes as proposed by Tyler?® are fitted to the tip signal.

To design a suitable controller the system dynamics have to be taken into account. The used FSM may be
modeled as second order system?® and is the only component of the proposed system with a significant dynamic
behavior in the frequency range of interest, given by its suspension mode at 27 Hz.2®6 The used QPD shows a
first order low-pass characteristic with a cut-off frequency of 10 kHz. A typical approach to control a second
order system such as this voice coil actuated FSM is proportional-integral-derivative (PID) control.2® As the
cross-talk between tip and tilt axes is small (20 dB below the system dynamics, data not shown) a SISO approach
implementing two independent controllers, one for each axis, is justified. Therefore, two SISO-PID controllers
are designed for the tip and tilt axes with focus on disturbance rejection and resulting in a bandwidth of 630 Hz
with a phase margin of 60° and a gain margin of 20 dB.
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Figure 4. Simulated frequency behavior of the closed loop tip axis. Complementary sensitivity (solid blue) indicating a
closed-loop bandwidth of 630 Hz and sensitivity function (dashed orange) quantifying the achievable disturbance rejection.
The tilt axis shows similar behavior.

The simulated dynamic behavior of the resulting closed loop system of the tip axis is shown in Figure 4. The
tilt axis shows comparable results. The complementary sensitivity (solid blue) function characterizes how well
the system follows a reference input and also indicates the closed-loop bandwidth of the system. As intended
the system shows constant reference tracking behavior until this bandwidth. The sensitivity function (dashed
orange) is a measure of the ability of the system to reject disturbances. Due to the -20 dB per decade roll-on
it is evident, that higher closed-loop bandwidths lead to a increased disturbance rejection at lower frequencies.
Furthermore, it can be seen that the suspension mode of the FSM is turned into a notch in the sensitivity
function, significantly increasing the disturbance rejection around this frequency. A rejection of 14 dB at 120 Hz
is possible which equals approximately a factor 4.5 in reduction of an output error at this frequency.

4. MEASUREMENT RESULTS AND DISCUSSION

To evaluate the performance of the developed tip-tilt compensation system the results of a measurement series
conducted in January 2020 are presented in this section.

Figure 5 presents the measured tip-tilt error signals for LEO object COSMOS2315 with an average orbit
height approx. 1000 km. The weather conditions were clear but windy with a temperature at the observatory
of -2 °C. Information on the orbit is given by the two subplots on the right side, which depict the elevation
and total velocity (both dotted) of the tracked object as well as the duration of recording highlighted in green.
A maximum velocity of 1.2 dps is reached at the end of this sample. The recorded time signals - tip ¢¢p(t)
and tilt @1 (t) errors - are shown on the left side. For the first 10 seconds no compensation is active and the
recorded deviations are the result of atmospheric turbulence, tracking uncertainties and vibrations. The mean
value of both tip and tilt signals is removed to allow a direct comparison of off- and on-phases. After 10 seconds
the tip-tilt compensation is enabled and the resulting error signals are recorded. A closed-loop compensation
bandwidth of 630 Hz is used as described in Section 3. Transients after enabling the compensation are not shown,
as their duration is short and the signal of interest is the residual error. A clear reduction of the RMS tip-tilt
errors by up to a factor of 5 is visible in both axes.

To demonstrate the effect of tip-tilt compensation on an imaging system the integrated camera of the optical
bench is used to record a series of images of the target object. The data from the same pass as shown in Figure 5
is used. All images of a sample of 10 s are stacked on top of each other to create a long-term exposure image.
Figure 6(a) shows the resulting image without compensation, while Figure 6(b) presents the result with active
tip-tilt compensation. For this comparison the offset (mean value of the distance from image center) of the
uncompensated sample has not been removed. Generally, the object may be well within the field of view of the
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Figure 5. Measured tip-tilt error time signals ¢yip(t) and @4 (t) (left) acquired from LEO object COSMOS2315 with
an ASA AZ800 telescope without and with active compensation. At second 10 feedback control is enabled reducing the
residual error significantly. On the right side the corresponding elevation and total velocity of the object’s pass are shown
with the record duration highlighted in green.

system during open loop tracking of a high-precision telescope mount and remains approximately constant over
a full pass of the object. However, even a small offset from the image center (which coincides with the optical
axis of the optical bench) may contribute significantly to a degradation of the performance. The Full-Width-
Half-Maximum (FWHM) is reduced from 45 x 43 prad without to 18 x 13 urad with tip-tilt compensation. This
is one important step towards a diffraction limited system and in terms of FSO communication enables higher
performance as the received light is concentrated in a smaller area, thus enabling a smaller detector size.

>
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Figure 6. Long-term exposure images without (a) and with tip-tilt (b) compensation of object COSMOS2315.

The presented results confirm the performance of the proposed tip-tilt compensation system for LEO object
tracking applications achieving a reduction of the RMS tip-tilt errors by up to a factor of 5. The residual error
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remains constant around 2 purad RMS for satellite speeds up to 1.2 dps, which is considered sufficient for the
target applications.

5. CONCLUSION

In this publication, a high-bandwidth tip-tilt compensation system is presented as an effective option for small
telescope systems and evaluated in on-sky experiments using low-Earth-orbit (LEO) objects. The compensation
system utilizes feedback control based on the measurements of a quad-photo-diode (QPD) and a fast-steering
mirror (FSM) as compensating actuator. Due to an increased disturbance bandwidth when tracking objects with
velocities up to several degrees per second, a higher compensation bandwidth than in traditional astronomical
applications is required. Furthermore, a higher compensation bandwidth enables increased disturbance rejection
for all applications, thus enabling the full performance of small telescope systems.

Experimental campaigns are conducted at an observatory on the countryside in Austria. Exemplary mea-
surement results acquired from reflected sunlight of the LEO object COSMOS 2315 are presented, showing that
the developed the tip-tilt compensation system effectively reduces the RMS tip-tilt error by a factor of up to 5.
The presented results successfully demonstrate the potential of tip-tilt compensation for small telescope systems
especially for applications such as FSO satellite communication and space debris imaging.
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