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Vibrations following the firing of thrusters to dump wheel momentum degrade pointing performance of a
reaction-wheel controlled spacecraft. The use of input shaping is suggested to modulate thruster pulses with a
set of properly timed impulses to suppress vibrations after dumping momentum. An exact solution is obtained
for thruster switching times in the idealized case of no constraints. With realistic constraints on the thruster,
permissible attitude error, and elastic deflection, an optimization problem is solved. The solution is a modification
of a concatenated set of pulses for the idealized case, each set designed to dump a fraction of the totalmomentum with
vibration reduction. It is shown that momentum can be dumped during slewing maneuvers along with vibration
suppression, resulting in a reduction of slew time with no additional fuel consumption. In this case input shaping
is applied to both reaction wheel and thruster commands to minimize residual vibrations. Results of large angle
slewing and momentum dumping with and without reaction wheel saturation are presented for the next generation

space telescope.

I. Introduction

IGURE 1a shows a simple spacecraft with flexible solar pan-

els and a reaction wheel that is used to maintain attitude con-
trol of the spacecraft. As a result of opposing disturbance torques,
for example, due to solar radiation pressure, the wheel momen-
tum builds up and it is necessary to dump momentum before
the wheel reaches its maximum speed. This is commonly done
by firing spacecraft on-off thrusters. This action, of course, ex-
cites vibration modes of the spacecraft, deteriorating its point-
ing performance. In this paper, a method is presented to com-
pute thruster switching times to reduce spacecraft vibration after
dumping momentum. The method is based on the idea of input
shaping,' which has been used on many applications such as the
shuttle middeck experiment minimum-time slewing® and spinup*
of flexible bodies, end-point tracking of flexible robots,’ long-
reach robotics,® and high-technology manufacturing.” Input shap-
ing is robust to modeling errors, is simple to apply, and compares
favorably against alternative methods based on optimal control
adaptive control,” nonlinear inversion,' Lyapunov control,'' and
phase plane analysis'? for vibration suppression of slewing flexible
bodies.

The present work uses on-off thrusters with multiple pulses to
dump momentum in minimum time while reducing vibrations un-
der constraints on reaction wheel and thruster torques, permissible
attitude errors, and elastic deformations. This is effectively a new
approachof pulse-widthand pulse-frequencymodulation, as the ex-
amples in the paper will show. The other new problem studied here
is that of combining momentum dumping with slewing, with input
shaping applied to both reaction wheel and thruster commands to
reduce residual vibrations. The motivation for doing the operations
simultaneously is twofold: First, there is an obvious saving in time
compared to doing them separately and, second, the thrusters can
be used not only to dump momentum but also to reduce slew time,
as compared to the reaction wheel acting alone, without increase
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in fuel consumption. The overall increase in spacecraftdata-taking
time can be significant.

In the sequel, input shaping of momentum dumping is studied
first in the idealized case when the reaction wheel control torque
can equal or exceed the thruster torque and no spacecraftattitude or
appendagedeflection constraintis present. This is used as a building
block for the case of momentum dumping with realistic constraints
of reaction wheel control torque saturating at a lower level than the
thrustertorque and specified requirementson attitudeexcursionsand
elastic deflections. These latter results, together with those for input-
shaped slewing, are used for vibration suppression for combined
momentum dumping and slewing. Finally, results of large-angle
slewing and momentum dumping with and without wheel saturation
are given for the proposed next generation space telescope.

II. Momentum Dumping with Vibration Suppression:

Idealized Case

Dumping of momentum with on-off thrusters calls for a series
of one-sided pulses. It proves insightful to treat a pulse train as a
convolution of a step input with a sequence of impulses, in which
case the desired pulses can be seen as realizable by an even number
n of impulses given in Table 1, where A; are normalized unity
impulses, #; are the switching times, and the first impulse comes at
tl =0.

The vibration induced by a pulse train can be determined by
the time locations of the leading and trailing edges of the pulses,
when the discontinuities in force induce vibration. For the residual
vibration following thruster firing to be zero and the result to be
robust with respect to errors in the frequency of the vibration to be
suppressed, the input-shaping equations of zero residual vibration
and zero derivative with respect to frequency must be employed.!
To suppress vibrations of multiple vehicle modes of frequencies ;,
one writes for each of j =1, ..., m modes the following equations
for the n impulses of unity amplitude A; at time #;, as given in
Table 1, with the first impulse coming at t =0:

> (=1 * sinat =0 1)

i=1

n

2:(—1)""1 cosw;t; =0

i=1

2
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Table1 Train of impulses
used to define thruster
pulses by convolution
with step input

A; ti

1 141
-1 1)
1 13
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-1 1,

a)

______ \ inertial reference

b)

Fig.1 Simple spacecraft with flexible solar panels and reaction wheel.

Differentiating these equations with respect to frequency provides
the robustness condition

Z(—l)”lti cosw;t; =0 3)

i=1

D (=1 sinet =0 @)

i=1

Let the accumulated momentum of the wheels due to a secular
disturbance such as solar radiation pressure be H. The application
of input shaping to momentum dumping with thrust of magnitude
7y requires the additional constraint

. . H
Y (Dii=—=0 (5)
_— To

Equations (1-5) can be solved exactly for the switching times of
the n impulses for the m modes that define the on-off thruster pulse
sequence for momentum dumping. The resultingmomentum dump-
ing torque is used in the equations of motion of the flexible space-
craft. Figure 1b shows a discrete version of the continuum model of
Fig. 1a and is described by the following equations of motion:

[/, +2m(R+ L)*]6 + 2m(R + L)LG, = T, + T, (6)

2m(R + L)L + 2mL*@, = —2k0, 7

where Jj, is the inertia of the spacecraftbus, m is the lumped mass of
one appendage, R is the distance from the center of mass of the main
body to the attachmentpointof the masslessrodsoflength L, g is the
spacecraftangle with respectto aninertial frame, 9, is the appendage
angle with respect to the spacecraft, k is a torsional spring constant,
T, is the momentum dumping torque from the thruster, and 7 is
reaction wheel control torque. Equations (6) and (7) are of the well-
known form of attitude dynamics equations of flexible vehicles with

Table2 Thruster switching
times for momentum dumping

with input shaping

AI' t,s
1.0 0
-1.0 0.555
1.0 1.111
-1.0 300.0
1.0 300.555
-1.0 300.111

cantilevered appendages, and the parameters herein can be selected
to match the inertia, appendage frequency, and the modal angular
momentum coefficient of the continuum spacecraft.!® Spacecraft
disturbances, such as solar torque, which give rise to the buildup of
momentum, and reaction wheel disturbancesare excludedhere so as
notto becloudthe source of disturbancefrom the thrusterand the en-
vironmentto the reaction wheel control.Itis assumed that the space-
craftattitudeerrors due to all disturbancescan be taken out by a suit-
ably designedreactionwheel controlsystem. In the ideal case, the re-
actionwheel control torque is permitted to be higherthan the thruster
torque. Use of a simple proportionalintegral derivative (PID) control
law to describe the torque applied by the wheel on the spacecraft,

t
T(. = _Iwé;v = —](FQ — ki / odr — k([é (8)
0

completes the description of the system dynamics, where I,
and 6, are wheel inertia and angle, respectively. In Eq. (8), the
spacecraft angular acceleration has been ignored in comparison
with the larger wheel angular acceleration. The following values
were selected for the parameters of the simple model shown in
Fig. 1b: J, =12,800 kg- m?, m=25 kg, R=2m, L=10 m, and
k = 5685 Nm. These parameters resultin a vehicle mode of 0.3 Hz
and appendage mode of 0.24 Hz that correspond to the fundamental
frequency of an actual spacecraft. Total momentum to be dumped
is H =81.36 N- m- s, and the thrusterlevel is 0.2712N - m. The vi-
bration frequency to be suppressedis taken as 0.3 Hz, and structural
damping is taken to be zero. The controller gains for the reaction-
wheel-based attitude control are chosen to get a closed-loop band-
width of 0.03 Hz. Initial wheel speed, representing accumulated
angular momentum, is taken to be —6000 rpm. The solution of
Egs. (1-5) for switching times #;, with A; given in Table 1, is ob-
tained with a nonlinear equation solver'* and is given in Table 2.

Note that the thrust pattern consists of two pulsesof width 0.555 s
before and after a long continuous pulse from 1.111 to 300 s. The
two curves in Fig. 2 show the elastic deflection L@, at the tip of
the appendage in Fig. 1b for momentum dumping with input shap-
ing and without input shaping, that is, with a step torque for 300 s.
Figure 3, which is a plot of Fig. 2 in expanded timescale, shows that
the vehicle vibrationmode of 0.3 Hz is controlledin a deadbeatman-
ner by input shaping, with the three impulses at the beginning and
end of the original 300-s pulse in Table 2. Withoutinput shaping, the
vibrationis of larger magnitude and persists for longer time because
itis only dampened by the PID control. Figure 4a contains the asso-
ciated wheel speed response, indicating momentum dumping, and
is virtually the same for the two cases. The thrustand reaction wheel
control torque behaviors with input shaping are given in Fig. 4b for
this idealized case, showing that the reaction wheel control torque
cancels the thruster torque after an initial transient during which
time it exceeds the thrust. Figure 5 uses an expanded timescale to
show the details of the thruster and reaction wheel control torque
of Fig. 4b near the first and last thruster pulses. These results are
based on tuning the shaper to the exact frequency of vibration of
the structure, 0.3 Hz. Using the same shaped thruster profile on a
structure with a frequency 10% higher than the tuning frequency of
the shaper produces the deflection response shown in Fig. 6. The
reduction in residual vibration is comparable to that in Fig. 2, and
illustrates the robustness of the input-shaping process.

III. Constrained Optimization: Realistic Case

In realistic applications, the reaction wheel control torque has, in
general, a saturation level lower than the thruster torque level, and
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Fig.3 Details of appendage deflection from Fig. 2.

additional requirements have to be satisfied on the thruster pulse
width and frequency, excursions of the spacecraftattitude, and elas-
tic deflections allowed. First, the PID control law of Eq. (8) is re-
placed with one containing integrator antiwindup'® to account for
control saturation:

T(- = _Iwew = _[kpe + kiei + k(lé] (9)
6 =0 if |T|<I|Tl
6=0 if |T.|=IT| (10)

The limited control torque available from the reaction wheels
implies that there would be unacceptable attitude errors and elastic
deformations at critical points of the structure unless the thruster
pulse width is restricted to a maximum value, and an allowable

minimum ratio of thruster off and on time is specified. Constraints
for a maximum pulse width w are

H<w, L=t <w, i=2,...,n (11)
Thruster on-off time constraintis stated via a minimum duty cycle
ratio R, defined as

R <( —t)lt, R<[(t; =i )/ (ti-y — t;i=)]
i=3,....,n (12)

Finally, the constraints of permissible attitude error and elastic de-
flection are, respectively,
Omax = 6o (13)

LO,,.. <& (14)

‘dmax
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Fig.4 Momentum dumping with input shaping for the idealized case of no constraints on reaction wheel torque.
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Fig.5 Details of thruster and reaction wheel control torque from Fig. 4b.

Thruster switching times are now obtained by solving the following
constrained optimization problem: Minimize ,, in the sequence of
switchingtimesin Table 1, subjectto the vibrationsuppressionequa-
tions (1-5), the dynamical equations (6), (7), control equations (8)
and (9) and the inequality constraints (10-14). This optimization
problem can be solved, for example, using the code ADS.'® A fea-
sible starting solution is obtained by breaking up the task of total
momentum dumping into small fractions, applying the solution for
the idealized case to each fractional task, adding a suitable off time
for attitude recovery, and then concatenating these solutions.
Thruster on-off times for a momentum dumping torque 7, acting
for a duration of ¢, and an opposing wheel control saturation torque
T, acting for (t,, + t,) can be calculated so that a rigid body of total

inertia J, starting from rest, reaches an attitude excursion of Gpax
with zero angular velocity:

_ zemaxﬂ % — (T(l - T() — L
ton - ((X((X-Fﬂ)) 5 a= _J 5 ﬂ_ J (]5)

toff = (a/ﬂ)ton (]6)

where f,; was obtained by setting the net impulse to zero and 7,
by solving the following equations for maximum attitude angle 0.«
and zero angular velocity at time f,:

Omax = (a/z)tZ + oo (fmax - ton)Z 17

on

- ton) - (ﬂ/z)(tmax
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Fig. 6 Appendage elastic deflection with mistuned input shaper, that is, the thrust input profile of Fig. 4b applied to a system with a 10% higher

resonant frequency.
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Fig. 7 Thruster and reaction wheel control torque for the realistic case of constraints on available reaction wheel torque and maximum allowable

attitude error and elastic deflection, without and with input shaping.

0= ate, — ﬂ(tmax = ton) (18)
This basic thrust profile can now be shaped to suppress vibration as
in the idealized case and the thruster on-off sequence replicated as
needed to achieve the required total momentum to be dumped.
Numerical results are obtained for the simple system shown in
Fig. 1b with one elastic mode for the space telescope described
later. Spacecraft moment of inertia of 39346 kg- m? and vehicle
vibration mode with frequency of 0.542 Hz for the simple model
are chosen to equal those of a more complex spacecraft described
in Sec. V. Thruster torque magnitude is 0.3728 N - m, while the re-
action wheel control torque saturation is at 0.14 N - m. Structural
damping is taken to be zero. The accumulated momentum can be

calculated using well-known relations!” of the solar radiation force
acting at the center of pressure of the solar array. Momentum ac-
cumulated over half the satellite orbit period is computed to be
17.89 N- m- s. Attitude error is required to be less than 0.0002 rad
and elastic deformation at the appendagenode is required to be less
than 0.1 mm. Figures 7-12 show the results with and without input
shaping. Time histories of thruster pulse firing and wheel torque
are shown in Fig. 7, reproduced in greater resolution in Fig. 8 for
a time period at the end of the momentum dumping operation. The
saturation of the reaction wheel torque can be clearly seenin Fig. 7,
and Fig. 8 shows the shaping of the fractional momentum dumping
thruster pulses. Figure 9 contains plots of the wheel speed showing
momentum dumping. Figure 10 contains the plots of attitude error,
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Fig. 9 Momentum dumping without and with input shaping for the case with realistic constraints.

which show a larger violation of the permissible error constraint
for the case where input shaping was not used. Figure 11 shows
the elastic deformation at a node of interest (mass m in Fig. 1b),
the dominant effect of input shaping is clearly seen when the same
curves are plotted with expanded timescale in Fig. 12. It is clear
that both the vibration and the attitude error are reduced with input
shaping.

IV. Vibration Suppression with Combined Momentum
Dumping and Slewing

Certain spacecraft,such as space telescopes,require slewing from

one orientation to another before any desired data can be collected.

Moreover, both slewing and thruster firings excite vibrations that

need to damp out before data collection can be resumed. Therefore,

the time spent with momentum dumping operations and slewing

maneuversrepresentinterruptionsin data-takingtime and should be
reduced. This can be achieved by combining slewing with momen-
tum dumping, with the stronger disturbance, thruster firing, taking
place as early as possible to maximize the time available for atten-
uation of residual vibrations after slewing. In principle, for a linear
system, one can superimposethe actions of thruster firing with input
shaping and of slewing with input shaping. It is shown subsequently
that one actually gains in overall slewing time by taking advantage
of the thrusters in slewing while simultaneously achieving a net
momentum dumping at the end of the maneuver. Moreover, no ad-
ditional fuel consumption is required for the combined momentum
dumping and slewing.

When the torque needed for slewing in a desired direction is
in the same sense as the desired momentum dumping torque, the
thrusterscan be used together with the wheel to acceleratethe space-
craft, following which the maximum reaction wheel torque is used
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Fig.11 Appendagedeflection showing vibrationsuppression followingmomentum dumpingdue to input shapingfor the case with realistic constraints.

to decelerate the spacecraft to rest. During the acceleration phase,
wheel torque is applied until the wheel reaches its saturation speed,
after which it coasts with zero wheel torque, and finally a reversed
wheel torque is applied. If the wheels are saturated at the beginning
of the maneuver, then the thrusters alone are used during the accel-
eration phase. As per this strategy, reaction wheel control switching
times are computed as follows. Let

1"
o = / (T. + Ty)dr
J 0

1 n t
o =~ (T, + T))dr de
J 0 40

(19)

(20)

with 7, the maximum reaction wheel control torque, 7; the momen-
tum dumping (thruster) torque obtainedin the precedingsection,and
t, the time at the end of thrusting. Then the switching time 7,, where
the reaction wheel torque goes off because of wheel saturation, is
calculated from

21
(22)

=0+ o 1)
6 =61+ o(h— 1) + (a/2)(t — 1)
where o is computed from the maximum wheel torque, as in the

preceding section. The state at time #; denoting end of coasting is
calculated from

(23)

w3 =
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0; =6, + 0(t; — 1) (24) Table3 Three-impulse

Finally, the conditions of slewing to rest at the desired slew angle
0, require

s + 3ty — 13)—(a/ 2)(1y — 15) = 6 (26)

InEgs. (19-26), the only two unknowns, t; and t4, can be solved from
Egs. (25) and (26) because t; is known from the net momentum to
be dumped and £, is known from the difference between the present
wheel speed and the saturation speed.

Equations (19-26) correspond to the case where the thruster
torque is in the same direction as the slewing acceleration torque.
When the thruster torque has to oppose the slewing acceleration
torque, the reaction wheel alone provides the acceleration up to
time #,. Then, the thrusters come on together with the reversed
wheel torque to provide a rapid deceleration to time #; + A when
the thrusters go off and the wheel finishes the slewing at time 7,.
Knowing A, the thruster activity time from Sec. III, one computes
times ¢, and ¢, from the following:

W = at (27)
0 = (a/2)t? (28)
n+A 1
W, = W — / 7(7"(- +T,)dr (29)
1

n+A g
6, =6 +twA - / / 7(T(. + T,)drdr (30)
n 1

-t —t, —A)=0 31

0+ oty =ty = A)—(a/2)( =1, =AY =6,  (32)

where the integrals in Egs. (29) and (30) can be evaluated numeri-
cally or in the average sense of pulse-width, pulse-frequency mod-
ulation, with 7, the maximum control torque and 7, the momentum
dumping torque obtained in Sec. III.

sequence for input shaping

A; ti
0.25 0
0.5 T/2
0.25 T

A PID-type tracking control law with feedforward command is
used for slewing. The feedback is turned off for the duration of the
thruster firing so that the wheel feedback control does not respond
to the oscillations excited by thruster firings:

T, = JOc + ka(6. = 6) + k(6. = 0) + ki (33)
6=0.-60 if |T|<IT]
6=0 if |T|=IT] (34)

where 9( 6., and @, are the commanded angular acceleration, ve-
locity, and position, respectively, computed using Eqs. (19-26) or
(27-32). In Eq. (33), J@. represents the feedforward torque com-
mand, which being discontinuous would induce vibrations. To sup-
press these vibrationsin a robust manner, it is necessary to preshape
the commandinputby a convolutionof the slewing accelerationpro-
file with the well-known three impulse sequence,' shown in Table 3
for a vibration mode of period 7.

The results of convolutionof the three-impulse sequence with the
required reaction wheel acceleration command given in Egs. (27-
32) are

6 = 0.25044, 0<t<T/2 (35a)

e = 0.750mu T/2<t<T (35b)

6. = Omaxs T<t<t (35¢)

0. = 0.504,, n<t<t+T/2 (35d)

0 = —0.5Cmax, L+ TI2<t<t,+T  (35¢)
0 = —Omax h+T<t<h (35f)

6 = —0.750u, h<t<t;+T/2 (35¢)
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The concept of combined momentum dumping and slewing with
vibration suppressionis shown in Fig. 13. Figure 13a shows the in-
fluence of shaped momentum dumping on generating the unshaped
reaction wheel torque, given by Egs. (27-32); Fig. 13b shows the
convolution operation of Egs. (35) used to shape the reaction wheel
torque to suppressresidual vibrations.

V. Application to a Complex Spacecraft

Anillustrationof the NASA concept for the nextgenerationspace
telescope'® (NGST) is shown in Fig. 14. The concept calls for a
lightweight space observatory with an 8-m segmented primary mir-
ror. Shown in Fig. 14 are the primary and secondary mirrors, the
science instrument module, the support module (containing solar
panels, reaction wheels, thrusters, and other mission supportequip-
ment) and the sunshield. Overall, the proposed NGST observatoryis
alarge lightweightstructure with significant portionsof the structure
operating at cryogenic temperatures. As a consequence, vibrations
that are excited by thruster firings and slewing maneuvers can take
a long time to damp out, significantly impacting the time available
for conductingastronomical observations. In this case, the proposed
combination of momentum dumping with slewing maneuvers can
provide significant increase in observationtime, due not only to the
evident time savings achieved by combining the two operations but
also to the ability of performing faster slews with no additional fuel
consumption.

Figure 15 shows a top-level block-diagramof the attitude control
and image stabilization proposed for NGST. The command genera-
tor receives inputs from mission control for observatory retargeting
and momentum dumping and generates trajectory commands to the

External
Disturbances
Image Paosition in
X the Focal Plane
[of d Control Optical »
Generator System System Model
> Dynamics
Active
P Image >
Control
Attitude

Sensors

Fig.15 Top-level block diagram for NGST attitude control and image
stabilization.

attitude control loop as well as thruster commands. The architec-
ture used for the fine pointing control system is similar to the one
proposed by Mosier et al.!” The attitude control loop consists of
feedforwardand feedback control logic similar to the one described
in the preceding section; gyros and star trackers are used for inertial
attitude sensing and a reaction wheel assembly (RWA) is used to ap-
ply controltorqueto the spacecraft. The outputsof the control system
are torque commands to the RWA and thruster commands. Included
in the model of the system are spacecraft rigid- and flexible-body
dynamics, dynamics of the RWA, and the dynamics of a two-axis
steering mirror used for active image control. The optical model
used in the simulationsis an optical sensitivity matrix relating dis-
placements of optical elements to image motion in the focal plane,
which represents the performance metric used in the analysis. For
NGST, the main external disturbanceis the solar torque, which will
cause momentum buildup on the RWA. Modal cost analysis®® was
used to rank the modes, with the top five modes selected to repre-
sent the flexible-body dynamics. Only the most disturbable vehicle
mode, of 0.542 Hz, was used in the equivalent simple model of
Fig. 1b, with zero damping, to generate the shaped thruster switch-
ing times computed earlier. These same switching times are re-
tained for the complex model with many modes. To isolate the
effects of slew and thruster induced vibrations, the disturbances
caused by static and dynamic imbalance of the reaction wheels and
the active image motion compensation were not included in the
simulations.

The results of vibration reduction with simultaneous momentum
dumping and slewing for the NGST spacecraftare given in Figs. 16
and 17. Figure 16 is for slewing in the same direction that the mo-
mentum dumping thruster would cause the spacecraft to rotate. It
shows the thruster and reaction wheel torque in Fig. 16a, and the
wheel angular momentum in Fig. 16c, showing the period of coast-
ing with no wheel torque as the wheel speed reaches its saturation
level. The resulting —60-deg slewing profile is given in Fig. 16b.
Results for slewing in the opposite direction to the rotation caused
by the momentum dumping torque are given in Fig. 17. Figure 17a
shows the thruster and reaction wheel torques, Fig. 17b shows the
60-deg slewing response, and Fig. 17c shows the wheel momen-
tum. Figure 18 shows evolution with time of the focal plane X and
Y components of image motion and also snapshotsof the projection
of this motion in the focal plane. The results refer to the simultane-
ous slew and momentum dumping shown in Fig. 17. Because the
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Fig. 16 Combined slewing and momentum dumping for NGST with reaction wheel saturation.
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Fig. 17 Combined slewing and momentum dumping for NGST without reaction wheel saturation.

image motionin the focal plane is affected by the deflections and ro-
tations of all nodes representing the optical elements of the system,
Fig. 18 gives a measure of the vibration attenuation of the overall
structure. For the parameters of the system under consideration, the
total slewing time, with momentum dumping started in the latter
half of slewing, is 1017 s. In comparison, the minimum time for
shaped bang-bang slewing with reaction wheel alone is 1097 s. It
is seen that using the thrusters together with the wheels has reduced

the slewing time, and the fuel consumptionis the same as if momen-
tum dumping had been carried out without slewing. The reduction
of approximately 7% in slew time is limited by the thruster torque
capability, that is, if larger torque is available from the thrusters the
slew time decreases further. For the proposed NGST spacecraft, si-
multaneous rather than separate momentum dumping and slewing
translates directly into more time available for astronomical obser-
vations.
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VI. Conclusions

Vibration reduction following momentum dumping by on-off
thrusterson a flexible spacecrafthas been demonstrated. The method
consists of solving an optimization problem for the thruster switch-
ing times. The optimizer minimizes the final switching time sub-
ject to the constraints of vibration suppression, momentum to be
dumped, thruster pulse width and off time, permissible attitude er-
ror due to thruster firing, and allowable elastic deformation of an
appendage. The solution is a modification of a concatenated set of
solutions of fractional momentum dumping with vibration suppres-
sion for the case of no constraints. Robustnessof the procedurerests
on the well-known derivative constraintsof inputshaping. Strategies
for simultaneous momentum dumping and slewing are given, where
advantageis taken of the thrusters to reduce the slewing time below
the minimum time forreaction wheel controlacting by itself without
additional fuel consumption. Two cases of large-angle slewing are
demonstrated, one accommodating reaction wheel saturation, for
momentum dumping torque helping and opposing slewing in the
required direction. Numerical simulations show the feasibility of
the approach for vibration attenuation following momentum dump-
ing with or without slewing for precision flexible spacecraftsuch as
the proposed NGST.
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