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Configuration Tradeoffs for the Space Infrared Telescope
Facility Pointing Control System

A. J. Pue, * K. Strohbehn,t and J. W. Hunt$
The Johns Hopkins University, Applied Physics Laboratory, Laurel, Maryland

Candidate pointing control configurations for a Space Infrared Telescope Facility are examined in terms of fine
guidance pointing and large angle slewing accuracies. In particular, the fundamental tradeoff is between a strategy
that uses body pointing only, where the entire spacecraft is controlled to null pointing error, or body pointing plus
image motion compensation, where a movable secondary mirror is employed to remove high-frequency dis-
turbances and therefore mitigate excitation of flexible body modes. Using known characteristics of available
attitude control sensors and actuators, a linear covariance analysis is used to compute rms pointing error, while a
time domain simulation is used to compute transient response to specific disturbance torques. It is found that body
pointing alone can provide excellent fine pointing accuracy but limits slewing performance. Both slewing
performance and disturbance rejection may be significantly improved by a steerable secondary mirror, but the
noise level of the attitude sensor under study limits control bandwidth and thus restricts the potential advantages
of this approach. It is recommended that improved sensor designs be pursued while enhancing slewing perfor-
mance by appropriate combination of command profile and control compensation.

I. Introduction

T HE Space Infrared Telescope Facility (SIRTF) is a 1-m
class, cryogenically cooled, IR astronomical observatory

required to have an image stability of 100 milliarcsec rms at
the focal plane. Initially, it was planned that SIRTF be
attached to the Space Shuttle via a gimbal system. But, with
the success of the infrared Astronomy Satellite (IRAS) and
because of concern over contamination of the optical system
by the shuttle environment, the SIRTF design has been
changed to a free-flying spacecraft.1 A consequence of this
change is that a pointing control system (PCS) must be
defined. In particular, a central issue is the tradeoff between
body pointing, where attitude sensor and gyro measurements
are used to torque the entire spacecraft, and body pointing
plus image motion compensation (IMG), where a steerable
secondary mirror is used to remove high-frequency disturb-
ances.

The primary objective of this study was to explore concep-
tual pointing control system designs and to assess overall
system pointing performance vs control system configuration
via analysis and time domain simulation. More specifically,
the objectives were to 1) identify candidate control laws,
sensors, arid actuators, 2) investigate the tradeoffs between
control methodologies, sensor accuracies, and pointing perfor-
mance, and 3) investigate the impact of control design on
flexible mode suppression during slew maneuvers and in the
presence of disturbances. Currently, the requirements are that
a large-angle maneuver of 120 deg be accomplished within
8 min and that a 7.5-arcrhin slew (nod) be accomplished
within 10 s. In addition, signal spatial chopping by articula-
tion of a secondary mirror is specified to be 7.5 arcmin at 20
Hz with a 90% duty cycle.

The analysis of rms pointing stability was based on a
steady-state linear covariance analysis, while step responses
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were used to assess the suppression of flexible modes. A time
domain simulation which includes nbnlinearities was used to
evaluate the transient response to specific disturbance torques.

II. System Modeling
The baseline SIRTF structural model1 is similar in overall

configuration to the Hubble Space Telescope. For the purpose
of preliminary control system assessment, simplified models of
the actuators, gyros, attitude sensor, and structure were
selected. These selections, however, were based on available
hardware devices and used their known characteristics. These
devices are described below in addition to specific disturbance
torque models.

Actuator Selection and Modeling
The baseline requirement to slew 15 deg/rriin determines

the peak torque and momentum an actuator must deliver. For
an inertia of 33,700 kg-m2 and a triangular tofqu£ vs time
profile, it is found that the actuator must supply 20 N-m of
torque and be able to store 300 N-m-s of angular momentum.

A survey2 of available actuator hardware revealed that only
singie gimbal control moment gyros could meet the SIRTF
requirements. For example, the Sperry SG-CMG model M225
is capable of developing a maximum torque of 300 Nm,
produces 300 N-m-s of angular momentum, and has a control
bandwidth of 20 Hz.3

An important factor to consider in pointing performance is
CMG noise caused by vibration. The major sources of CMG
vibration are 1) gyroscopic torques caused by gimbal rate due
to tachometer, torque motor, gear train, and electronic imper-
fections, 2) mass unbalance torques, and 3) disturbance
torques, and radial and axial forces transferred to the struc-
ture through the GMG bearings at constant multiples of the
running speed.

Table 1 lists the peak magnitudes of these disturbances for
the Sperry M225 SG-CMG. In addition, using techniques
successfully applied to the Ml 300, predicted characteristics of
a quieted version are shown. Rate ripple is the dominant
CMG-induced disturbance that occurs within the CMG con-
trol loop bandwidth. The other CMG disturbances all occur at
multiples of the running speed and are therefore typically
outside the control loop bandwidth and have not been included
in the present analysis.
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Reference Fig. 1 Optical model diagram.

Sensor Selection and Modeling
The baseline optical configuration for SIRTF is illustrated

by the diagram in Fig. 1. A steerable mirror is included for the
image motion compensation option, but would be fixed for
the body pointing option. The data star of interest is defined
at an angle Os with respect to a fixed reference, while the
telescope boresight (or the boresight of a specific science
instrument in the focal plane) is at an angle 0B with respect to
the same fixed reference. Thus, the system error is e = Os — 0B.
Differences between € and the measured angular error of the
image 07 are caused by the angle of the steerable secondary
mirror 0M with respect to a null, and the relative flexure 0SF
of the secondary mirror with respect to the boresight. It is
seen that the effect of 0SF on Of is equivalent to 0M (except
for translational effects neglected here), and the total effect on
Of is 2(0M + 0$F), assuming there is no additional magnifica-
tion in the optics other than a flat mirror effect. Finally,
flexure of the primary mirror 0PF relative to the boresight
causes a distortion, 20PF. Thus, the measured image is given
by

26PF) + 2(0M + 9SF) (1)

where K0 is the optical gain and all signs are consistent with
positive counterclockwise rotations. (Note that a negative
rotation for '0SF is shown in Fig. 1.) Motion of the focal plane
due to flexure is included in 0B as 0BF.

For pointing control, the system does not use the image of
the data star, but rather relies on a guide star that is focused
onto a sensor in the telescope focal plane. If the guide star is
offset from the data star by an angle &0GS, then from Eq (1)
the image of the guide star is at an angle

ofGS = K0(es + MGS-eB-2ePF) + 2(eM + eSF) (2)
Dividing by the optical gain, the measured pointing error to
the guide star is

fcs^6s + MGS-eB + 2(em + eSF)/K0-2ePF+ns (3)
where ns is sensor noise. The baseline attitude sensor was
selected to be a charge transfer device (CTD) array.2 The
CTD noise, ns, is modeled as a zero mean Gaussian random
variable with an rms value based on noise equivalent angle
(NEA) and nominal integration time T. For the SIRTF simu-
lations, the baseline values T=l s and NEA = 31.2 milli-
arcsec were obtained2 based on work by Kollodge and Sand.4
Because the pointing performance is nearly linear in NEA, the
selection of a reasonable baseline NEA value is not critical.
To investigate the relationships between T, IMC bandwidth,

and resulting noise level, the rms sensor noise was modeled as
1.5X10~7 T~3/2 rad.2

Gyro Model
A DRIRU-2 gyro5 was selected as a baseline attitude rate

sensor primarily for its low noise characteristics. It is modeled
as a second-order transfer function having a 0.707 damping
ratio and 18 Hz natural frequency. The noise power spectral
density5 was used to design the shaping filter

with f = 1, cox = 15.708 rad/s, and w2 = 251.3 rad/s (white
noise input psd = 2.35 X 10~18 (rad/s)2/Hz/s).
Disturbance Torques

The environmental forces and torques for which the PCS
must compensate include gravity-gradient effects, aerodynamic
effects, solar pressure effects, and magnetic effects. In general,
magnetic torques will exist because of the fixed residual di-
poles in the spacecraft elements, dipoles induced in the
spacecraft by the local magnetic field, and dipoles deliberately
generated in the magnetic torquers for control or momentum
dumping. The residual and induced dipoles are typically small,
so in this preliminary analysis their effect may be neglected.
The magnetic torquers which will be used as a backup control
actuator and for occasional momentum dumping have also
been neglected.

The standard linearized gravity gradient torque6 is !T =
3n2r X (If) where / is the spacecraft inertia tensor, r is the
instantaneous local vertical unit vector, and n is the orbital
rate (rad/s). This torque will be a function of the spacecraft
attitude relative to the rotating local vertical reference frame.
The worst case (r normal to /r) gravity gradient torque is
TG = \n2(IR - 7y), where IR and IY are the roll and yaw axis
moments of inertia, respectively. A 600-km circular orbit and
a moment of inertia difference of IR — IY — 12000 kg-m2 have
been used to determine Tr = ;021 N-m.

Table 1 Sperry M225 disturbances (maximum)

Static unbalance
Dynamic unbalance
Rate ripple
Torque ripple

Off-the-shelf
version
13 N
5.5 N-m
3%
10 N-m

Quieted
version

0.4 N
0.12 N-m
0.5%
1.5 N-m
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Aerodynamic forces and torques were evaluated by model-
ing the SIRTF external structure using 457 triangular plates
composing 20 basic objects (frustums and rectangular pyra-
mids). Forces and torques are calculated for any SIRTF
orientation, providing atmospheric temperature and density
are known for the given orbit. For the purposes of this study,
the Jacchia '77 model7 was used to find air temperature and
density at the nominal altitude of 600 km. A median ex-
ospheric temperature of 1000 K was assumed, corresponding
to a constant air temperature of 998 K at 600 km (from the
static model tables). Mean molecular density is 1.2xlO~13

kg/m3 according to the model.
Aerodynamic forces and torques were computed for angle

of attack and sideslip in 22.5-deg intervals in the range from 0
to 180 deg inclusive.2 For the present single-plane analysis,
the aerodynamic torque was assumed constant and taken to
be the pitch bias torque corresponding to zero angle of attack
and sideslip and equal to Taero = 1.3 X 10~4 N-m.

A number of internal disturbance sources exist which may
further degrade SIRTF pointing performance. Pointing of the
solar panels or the TDRSS antennas will cause the spacecraft
to rotate as angular momentum is exchanged between the
spacecraft and the device being rotated. In this case, it may be
possible to command the CMG's so that the momentum
exchange takes place between the CMG's and the solar panels
or antennas. The spacecraft and, more importantly, the tele-
scope line of sight would then not be adversely affected by the
appendage orientation maneuver.
Cryogen Effects

The effects of the superfluid, cryogenic helium are difficult
to quantify because of the unknown behavior of this liquid in
a zero-g vacuum. One source of disturbance will occur as the
helium is vented after boil-off. Ideally, the helium will be
vented through the system center of mass so that no torques
will be imposed on the spacecraft. Undoubtedly, the center of
mass will not be known accurately enough to remove all
torques.

The more important problem, and the least known, involves
the fluid dynamics of cryogenic helium as the spacecraft is
maneuvered. It is expected that the helium mass at launch will
be 625 kg, and thus slosh is a potentially important error
source. In a static condition, the superfluid helium will cling to
the walls of the Dewar, leaving a toroidal bubble in the
middle of the tank. For small motions of the tank, however,
the resulting fluid motion is not evident. The only recom-
mendation that can be made at this time is to place as many
baffles as possible in the cryogen Dewar to promote accumu-
lation of the helium along the surfaces of the Dewar. This
issue may not be resolved until an experiment is placed in
orbit to measure the cryogenic motion.

For the purpose of modeling cryogen slosh and ensuring
that the control system can attenuate this disturbance, a worst
case situation where the helium behaves as a lumped mass
oscillating at low frequency was assumed. Specifically, the

Table 2 Flexible body modes

Mode
1

2
3
4
5
6
7
8
9

10

Frequency,
Hz

0.022

0.100
0.545
0.551
0.601
0.648
1.007
1.628
1.636
1.692

Damping
0.035

0.030
0.003
0.003
0.003
0.004
0.008
0.004
0.004
0.004

Gain
-3.01XKT5

(1/3 full)
- 3.598 X10~4

4.239 X 10- 7

8.657 Xl(T6

1.061 X 10~9

- 2.359 X10~4

- 3.408 Xl(T4

1.708 X 10~ 5

- 7.905 X 10~ 9

1.776 X 10~ 3

Source
Slosh

Slosh
Solar arrays
Solar arrays
Solar arrays
Solar arrays
Solar arrays
TDRSS antennas
TDRSS antennas
TDRSS antennas

cryogen is modeled as a rigid pendulum free to rotate about
the telescope optical axis. By also allowing the base of the
pendulum to translate along the telescope axis, the cryogen is
given two degrees of freedom relative to the telescope. Cou-
pling of the cryogen motion with the telescope is done through
linear springs and dampers.
Structural Model

The NASTRAN structural program was used to generate
the natural vibration modal characteristics for an 18-degree-
of-freedom model consisting of six bodies coupled by five
hinges. The frequency, damping ratio, and modal gain for
each of the 12 most significant flexible vibration modes are
given below in Table 2. In this model, the gyro and all optical
elements are affixed to a common rigid body, and therefore,

To further reduce the complexity of this type model, numer-
ous techniques have been proposed to select the most signifi-
cant modes. Among these techniques, internal balancing,8
modal cost analysis,9 and component cost analysis10 have
been applied to the flexible structure problem. Because com-
ponent cost analysis is based on a specific design technique,
the other two methods were considered. For the simple struct-
ural model used, it is found that the two methods produce
identical results and correspond to the evaluation of each
modal transfer at the modal frequency. That is, for each
mode, the quantity a, = K^/(2^(jof) is computed to represent
the gain to the attitude sensor, where £, co/5 and Kt are the
damping, frequency, and gain for each mode given in Table 2.
The gain to the gyro is given by co^a,. Based on this computa-
tion, modes 1, 2, 5, 7, and 10 were found to substantially
outweigh the remaining modes and were therefore selected for
the design and analysis model.

III. Control Configurations
Fundamentally, two control configurations have been in-

vestigated, namely, body pointing and image motion com-
pensation. When using body pointing, the image is used to
directly control body attitude in conjunction with gyro mea-
surements. When using a steerable mirror, a minor loop is
closed so that image motion 07 may be kept small, although
body attitude 0B may undergo large variation.

Body Pointing
A more detailed diagram of the linear model used for body

pointing analysis is shown in Fig. 2. To account for the fact
that the attitude sensor measures the guide star image rather
than the data star image, we show the measurement to be

e = - 0B + 20SF/K0 + n

where 20PF in Eq. (1) is combined with 0B, MGS is the offset
of the guide star with respect to the data star, and ns is sensor
noise. To assure the telescope points at the data star rather
than the guide star, the control is offset by a command value
&0GSC which we assume is equal to &0GS. We will also assume
Os = 0. We assume that the main structure, less appendages, is
rigid, so that for our model, KFS = KFP = 0 and KFB = KFG =
Kt for each mode.

Finally, included in the diagram are locations of feedfor-
ward position, velocity, and acceleration commands (0C,6C,0C)
and sensor, gyro, and actuator noise.

The baseline control law was selected to emulate the ST
control law.11'12 Thus, it is composed of an observer (also
known as a "complementary" filter), PID compensation, and
a notch filter. The notch filter is only included to suppress
flexible mode disturbances near the control bandwidth.

The observer combines the measurements Of at low
frequency and 0? at high frequency to produce the estimated
attitude error €. That is, the transfer function from Of to € is a
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Observer Compensation

Fig. 2 Pointing control model—body pointing.

Sensor
noise

Reaction torque

Fig. 3 Pointing control model—image motion compensation.

low-pass filter

ff (,)-Hr(S)~ QI(S) s2 + kls + k2

while the transfer from 6g to c is a high-pass filter

'^(j)-J(*)-_-__-£——_
Og(s) s +kls + k2

Thus, biases in 6g are removed from c, and if 0g « 0B, #/ « 0B
(neglecting differences in flexure and noise), e(,s) «
-Hf(s)6B(s) - Hg(s)6B(s) = ~0B(s\ so e is an estimate of
attitude at all frequencies.

Body Pointing Plus IMC
The basic control configuration for image motion com-

pensation is illustrated in Fig. 3. The body pointing com-
pensation shown in Fig. 2 is assumed to be included in the
"compensation" block of Fig. 3. The IMC loop uses the error
between the body attitude e and the mirror angle 0M to
torque the mirror in order to null c', the pointing error at the
focal plane. A negative sign is assumed within the loop,
accounting for the negative feedback shown. The mirror servo
is modeled as second-order, with reaction torque — IM&M

acting on the telescope (IM — mirror inertia). Notice that the
measured value of e' is fed forward to cancel the IMC loop
dynamics. Thus, excepting the reaction torque, the open-loop
transfer at the actuator is identical to the body pointing,
open-loop transfer.

IV. Body Pointing Evaluation
Linear Analysis

We begin with the most basic component of the control law
and initially neglect flexible modes to develop relationships
between control gains and a selected design bandwidth. The
resulting control will then be evaluated, including all elements
of the linear model shown in Fig. 2. An excellent report
describing some fundamental considerations for body point-
ing is by D. J. Chiarappa.13

The closed-loop dynamics of the body pointing configura-
tion are largely determined by the gains KR and KP, while KT
provides low-frequency gain to attenuate low-frequency dis-
turbances. Therefore, temporarily assuming Kr = 0, the char-
acteristic polynomial is a(s) — Is2 + KRs + KP. Letting COB be
the natural frequency or "design bandwidth," then for a
damping ratio of f = .707, we have KR = 1.414 7coB and
KP = 7w|. The crossover frequency of the attitude loop with
Kf = 0 is found by solving \KP/[s(sI + KR)]\S==JO) = 1 for w,
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giving a>c = fc>B(v/2 — 1)1/2. If we now include Kr and select
the corner frequency Kr/KP to be .1 <oc so as to not signifi-
cantly affect coc, we have Kr = .06436 /co5.13

In the presence of the attitude sensor, actuator, and gyro
noise sources defined above, a steady-state covariance of the
linear model without the observer was computed. The rms
pointing error in milliarcseconds is plotted in Fig. 4 as a
function of design bandwidth, a minimum being reached at
co5 = 3 rad/s, with a 35 marcsec rms pointing error.

To evaluate the effect of including the observer, we first
note that a primary function of the attitude observer is to
remove gyro bias. Thus, we choose the settling time of the
observer as a design parameter to indicate how quickly bias
may be initially removed and scientific observation begun.
Defining settling time as 4 time constants or ts = 4/f <on and
letting f = 1, we have un = 4/ts. Substituting into kv = <o2

and k2 = 2<on yields k^ = 16/f2 and k2 = 8/f,.
The tradeoff between settling time and steady-state pointing

performance is illustrated by the plot of rms pointing error vs
design bandwidth and settling time shown in Fig. 4. Increased
settling time produces a reduced rms pointing error but delays
initiation of scientific observation. A second consequence of
increased settling time is a lengthened response time to dis-
turbances detected by the attitude sensor but not the gyros.
An example of this type of disturbance is a boresight shift due
to thermal distortion. In this event, restoration of fine point-
ing is directly related to the settling time of the observer.

Higher values of sensor noise produce a larger rms pointing
error in direct proportion. For example, a design bandwidth
of o>B = 4 rad/s with ts = Ws produces a nominal rms point-
ing error of 25 marcsec, and thus the sensor rms noise may be
increased fourfold before the requirement is violated. Sensitiv-
ity to gyro noise, on the other hand, was found to be smaller.2
A tenfold increase in gyro noise level produces only a 20%
increase in rms pointing error.

A second quantity of interest is the control noise at the
actuator. The larger the control noise, the greater the potential
for actuator saturation, and in addition, greater control energy
tends to excite flexible modes. The rms control noise was
found to increase linearly with design bandwidth2 but was less
than .1 N-m rms for u>5 < 10 rad/s, and therefore is not a
significant factor.
Time Domain Simulation

A time domain simulation was developed to examine tran-
sient maneuver performance and the effects of certain dis-
turbance torques. The simulation modeled the linear dynamics
shown in Fig. 2 but used discrete time processing at 25 Hz
and included a nonlinear CMG noise model (with rate ripple
as a function of commanded torque) and torque limit.

A sample time history of pointing error is shown in Fig. 5.
A 100-s run was found to be adequate for computing repre-
sentative rms pointing error values.

This simulation was used to examine the sensitivity of fine
pointing performance to the assumed structural model, CMG
rate ripple torque level, chopping and nodding torques, and
finally, torque caused by science instrument motion such as
the Space Telescope high resolution spectrograph (HRS)
carousel torque. This latter disturbance was modeled as a
0.353 N-m torque pulse lasting 0.5 s.

To evaluate sensitivity to the structural model, four cases
were examined. First, the 0.1-Hz slosh mode was increased by
a factor of 10 in gain, lowered to 0.01 Hz, and then removed
entirely. No change in rms pointing accuracy was observed.
Replacing the SIRTF structural model with the Space Tele-
scope structural model increased the rms pointing error from
9 marcsec to 10 marcsec.

Increasing the CMG rate ripple level from 0.5 to 3% pro-
duced no change in rms pointing error. Chopping torque
caused by secondary mirror articulation also had no effect on
pointing stability.2 The effect of the HRS carousel torque is
an 80-marcsec spike in pointing error lasting approximately 3
seconds.

0 sec 30 sec ^Observer settling time = 60 sec I

"i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i i I i i i r
0 1 2 3 4 5

Design bandwidth (rad/sec)

Fig. 4 RMS pointing error vs design bandwidth.

s 10
E

Fig. 5 SIRTF baseline pointing time history.

Slew Maneuver Performance
The most difficult aspect of pointing control is the per-

forming of rapid slew maneuvers and settling within pointing
requirements in the face of structural flexibility. Work in the
area of large flexible structures, however, has emphasized
stability and model reduction.14 Moreover, studies devoted to
precision pointing and slewing have depended on either dis-
tributed sensors and actuators15 or complex optimization al-
gorithms resulting in open-loop controls.

The most conventional and straightforward means of sup-
pressing flexible modes that are near the control bandwidth is
notch filtering. Using the configuration shown in Fig. 2, a
notch was set at the antenna mode of 10.63 rad/s. The
damping ratio was widened to f = 0.1 to account for modeling
uncertainties.

To evaluate the suppression of the flexible mode, a closed-
loop step response was used. We note that a step command in
angle is a severe disturbance and primarily serves as a test
signal for comparison purposes. In practice, a more gentle
taper of feedforward position, velocity, and acceleration com-
mands may be preferred, although if "rapid" slew and
acquisition are desired, a step response is indicative of expected
performance.

A plot of pointing error after 10 s caused by a 7-arcmin step
in angle is shown in Fig. 6. The antenna mode is still present
and the 0.1-Hz slosh mode is quite evident. Relative to the
performance specification, the response is unsatisfactory. Ap-
parently, additional notch filtering is needed but will create
attendant difficulties associated with lag vs design bandwidth
and modeling uncertainty.

Thus, rather than pursuing this method, the quadratic regu-
lator approach was examined. To bound the best performance
to be expected, full state feedback was initially assumed
which, in theory, permits relocation of all modes to give
suitable damping. However, this would require large gains and
high bandwidth, a risky design in view of model uncertainty.
Consequently, only designs which are bandwidth limited were
considered.
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10 11 12 13 14 15 16 17 18 19 20 Fig. 8 Attitude response to torque rate limited command profile.

Fig. 6 Step response—notch filtering.

Fig. 7 Expanded time response for LQR design.

The most basic and simplest LQR design is based on a
performance index given by /= /o°[j2(0 + pu2(t)]dt where
y is the telescope attitude, u is the control torque, and p is
the adjustable scalar parameter. The smaller the value p, the
higher the controller bandwidth.

The plot for step responses after 10 seconds, with p ad-
justed to give loop bandwidth in the range of values we have
considered (3-5 rad/s), is shown in Fig. 7. The high band-
width designs cause greater excitation of the antenna mode
but also damp out more rapidly. The lower bandwidth design
produces lower excitation at 10 s but is also less effective in
damping both the slosh and antenna modes. In any case, the
specification is not met.

Alternative LQR designs based on the selection of a state
weighting matrix in the performance index were also at-
tempted.2 Generally, it was found that a single mode (either
slosh or antenna) could be effectively suppressed by the ap-
propriate location of zeros, but the overall response was still
not satisfactory in terms of the specification.

Reduction in flexible mode excitation may be obtained by a
gentle taper of an open-loop torque command, followed by
the closure of the precision pointing control loop at the

-£1500

m1200

2 900
Oi

I 600
_c
a 300

0.01 X nominal

9 12 15 18 21 24 27 30 33 36
IMC bandwidth (rad/sec)

Fig. 9 RMS pointing error for IMC as a function of sensor noise
level.

computed maneuver complete time. Although this approach
will ultimately constrain slew maneuver time, the time at
which pointing accuracy is achieved may actually be short-
ened. For example, using a piecewise linear sawtooth torque
command profile, a 7-arcmin slew response is shown in Fig. 8.
The pointing accuracy requirement is achieved after 7.5 s.

V. Image Motion Compensation
The image motion compensation configuration shown in

Fig. 3 includes the body pointing design of the previous
section. The IMC gains are chosen to be kMl = cc^K0/2 and
^A/2 = l-4wm where the IMC bandwidth cow is the design
parameter.

The attitude sensor rms noise level is also adjusted accord-
ing to n0T~3/2 where n0 = 1.5 X 10~7 rad/sec3/2. To assure
satisfactory stability of the IMC loop, T is selected as T =

A plot of rms pointing error vs IMC bandwidth is shown in
Fig. 9. The nominal noise level clearly produces unsatisfactory
performance in the 3-5 Hz IMC bandwidth range. An effective
IMC bandwidth would need to be at least in the 3-5 Hz range
to reduce the 1.7 Hz antenna bending mode. Reducing the
sensor noise level to n0/IQ and «0/100 while maintaining the
sample rate dependency shows that a factor of 100 reduction
in NEA is needed to obtain reasonable performance.

An alternative IMC implementation is to use the gyro via
the observer to control the steerable mirror. An implementa-
tion of this form is shown in Fig. 10. The measured value ew
of telescope pointing error c is obtained by adding 20m/K0 to
the attitude sensor measurement. This quantity is combined
with the gyro measurement to produce an estimated attitude
error €. Subtracting 20m/K0 from c produces the estimated
value of e', termed c', and is used to steer the mirror. As in
previous configurations, c is used to control the telescope.

Using this configuration, IMC can effectively remove dis-
turbances that are detected by the gyro. For example, the
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Sensor
noise

Fig. 10 Alternative IMC implementation.

pointing error spike caused by. science instrument torque is
reduced from an 80-marcsec peak to a 20-marcsec peak. A
similar concept has been employed by Sridhar, Aubrun, and
Lorell17 in an SIRTF pointing control design study. The
difficulty in this approach, however, is that the two sensors
may be subject to different disturbances (boresight shift, rela-
tive secondary-primary mirror flexure). In this event, the atti-
tude sensor is the preferred measurement device.

VI. Conclusions
Results indicate that the SIRTF requirements can be met

utilizing available attitude control system sensors and devices
that employ proven control techniques.

However, the results do not give a definite choice between
body pointing and body pointing plus secondary mirror con-
trol. Body pointing can provide good performance during
nominal fine pointing but limits telescope capability to rapidly
slew and acquire targets. On the other hand, the use of image
motion compensation can substantially reduce pointing error
at the end of a slew but is limited by attitude sensor noise
when using high gain feedback.

Overall, body pointing plus image motion compensation
potentially offers superior performance but must be judged
against the difficulties posed by attitude sensor noise, the
higher cost and complexity of secondary mirror control, and
the acceptable fine-pointing performance provided by body
pointing alone.

Additional study would require a higher fidelity structural
model and detailed models of the attitude sensor and actu-
ator. The most significant control problem is flexible mode
suppression to minimize slew settling'time. A combination of
control compensation and command profile should be de-
signed to optimize slew maneuvers. In addition, alternative
attitude sensor designs that would permit use of IMC should
be investigated. The benefits of IMC in removing disturbances
seen by the attitude sensor may then be fully exploited.
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