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Sinc Function—Based Vibration—Reducing Profilers for Agile
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Summary of thesis contents

The recent evolution of advanced space missions such as deep space observation,
earth observation, or disaster monitoring has been forwarded to higher “pointing
accuracy” and higher “agility” in contradiction to the complexity of the structural
design of the mission equipment required for the highly functionalized mission. The
basic features which allow an efficient attitude maneuver are the spacecraft “pointing
accuracy”’ and “agility”. Pointing accuracy represents the pointing stability after the
maneuver. Fine pointing accuracy is realized by reducing the residual vibration
where the vibration is induced during the maneuver motion and some remains after
the maneuver. Thus the fine pointing accuracy can be rephrased as low residual
vibration. Agility represents the rotational motion of the spacecraft with the fastest
angular rate or shortest maneuver duration. The rotational motion is realized by
attitude control actuators which are dimensioned according to the spacecraft's inertia
and required maneuver performance etc. However every spacecraft has some limited
resources, i.e. dimensional capability or mass capability or power consumption
capability. Therefore the agility, meaning the flexibility and the ability to quickly
move the satellite, becomes constantly constraint of the mission. The pointing
accuracy and agility would sometimes be contrary requirements. If an agile motion is
realized, then flexible structural modes of the spacecraft tend to be excited after the
maneuver motion, and vice versa.

In contradiction to structural design being more complicated, demands for higher
performances on pointing accuracy and agility are getting stronger and stronger for
recent space applications. Nevertheless, looking around the conventional control
algorithms, it is difficult to find the optimal control algorithm which realizes fine
pointing and high agility when applied to spacecraft with complicated flexible
structures. That is why this thesis deals with flexible spacecraft rest-to-rest
maneuver in fine pointing accuracy and agile motion. Because satellite with large
flexible structures contains many structural modes with various mode shapes and it
is difficult to predict high-mode frequencies. Therefore not only multi-mode system
but also the presence of unknown high-order flexible modes should be considered in
high-accuracy controller design for actual satellite application.

This paper proposes control algorithms of flexible spacecraft especially for
high-speed rest-to-rest maneuver with minimal residual vibration. The controllers
presented in this paper are feedforward controllers composed of sinc functions as
base function. It is demonstrated that these controllers show the highest
performances among conventional controllers concerning the balanced performance of
pointing accuracy and agility when applied to flexible spacecraft rest-to-rest
maneuver especially for the system with unknown high-order flexible mode. The

feature of the sinc function based feedforward controller is that the sinc function
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itself has an ideal attenuation above a certain boundary frequency. Therefore when it
is applied as base function of the controller, the characteristic frequencies of the
flexible structures and the controller can be designed well separately. The concept of
sinc function based controller is a new one, therefore the original sinc function based
profiler called nil-mode-exciting profiler (NME profiler) presented in this paper is
patented in Japan, US, and European countries.

In Chapter 4, comparisons of sinc function based smooth profilers to conventional
input shapers and digital filtering techniques against single-mode system
demonstrates that conventionally designed input shapers and frequency domain
filters are less effective for command shaping than sinc function based smooth
profilers. The original sinc function based smooth profiler, i.e. the NME profiler, were
shown to offer performance advantage in terms of vibration reduction although rise
time is less short than conventional input shapers although the ZVDDDDDD shaper
shows the smallest residual vibration and the NME shows the second smallest
vibration. When large modeling errors exist, the advantage of the sinc function based
smooth profiler is very significant. These performance advantages are achieved
because the sinc function based smooth profiler is designed to eliminate high
frequency vibrations with higher attenuation level and have better robustness to
modeling errors, compared to conventional input shapers and low-pass filters.

In Chapter 5, performance of the sinc function based smooth profiler has been
compared to those of conventional on-off and smooth profilers using two-mode system
including unknown high mode. The comparisons show that, in the presence of an
unknown high-order flexible mode, conventionally designed on-off input shapers and
smooth profilers are less effective in reducing vibrations than the smooth profiler
based on sinc functions, even when identical durations are used. Only the smoothed
bang-bang command shaped with ZVD shaper, i.e., hybrid-type profiler, shows
similar level of small residual vibrations comparable with the smooth profiler based
on sinc functions. When unknown high-order flexible modes with large mass exist,
the advantage of the new smooth profiler is significant (more than an order of
magnitude smaller residual vibration). These performance advantages are achieved
because, as compared to conventional profilers, the new smooth profiler is specifically
designed to eliminate high-frequency vibrations with higher levels of attenuation.

Chapter 6 introduces a new performance index, i.e. maneuver distance. Agility can
be quantified once the input torque is restricted to some upper limit. Then
comparison of agility performances of each conventional method discussed in the
previous chapters is made in this chapter. Then, Chapter 7 proposes three kinds of
improved sinc function based profilers for achieving higher agility. In Section 7.2, the
conventional concept of convolution between smooth profiler and input shaper has
been introduced and an equation to clarify a range where the convolved shaper has
advantage in relation to command duration has been proposed. In Section 7.3, a new
sinc function based smooth profiler to achieve higher agility: the sinc function

convolved with step function has been proposed. Performances of the new profiler
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have been compared with those of the original sinc function based profiler and
conventional smooth/hybrid profilers. The sinc function convolved with step increased
maneuver distance by a factor of 1.33 with comparable residual vibration under the
same peak force condition, compared with the previously proposed sinc function based
profiler (NME profiler). This profiler shows nearly equivalent maneuver distance but
smaller residual vibration, compared with the conventional smooth profiler. In
Section 7.4, another new sinc function based smooth profiler to achieve higher agility:
the least-square fitted weighted sinc functions has been proposed. Performances of
the new profiler have been compared with those of the sinc function based profilers
mentioned in this thesis and conventional smooth/hybrid profilers. The sinc function
based least-square fitted profiler increased maneuver distance by a factor of 2.28
under the same peak force condition, compared with the NME profiler. This profiler
shows the longest maneuver distance and comparable or smaller residual vibration,
compared with the ramped sinusoids or hybrid profilers. Both of the newly proposed
sinc function based profilers can be used as effective alternatives for appropriate
applications; if there are many unknown high-order flexible modes, the sinc function
convolved with step would be suitable, if there are fewer critical high-order modes,
the least-square fitted profiler would be suitable.

In Chapter 8, application of the proposed method to actual satellite program called
ASTRO-G for which the NME profiler has been originally developed is presented. The
effectiveness of the proposed method is confirmed by numerical simulation using
actual designed flexible parameters of deployable antenna and solar array paddle.
Experimental verifications to evaluate the effectiveness of the proposed algorithm 1is
also referred here. The verification of the effectiveness of the proposed NME profiler

to ASTRO-G application has been successfully done.
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