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1.0 INTRODUCTION

TRW Systems has performed a series of Application Studies for NASA
Goddard Space Flight Center under contract NAS5-21188. These studies have
focused on three-axis stabilized control system designs employing momentum/
reaction wheel and magnetic or thruster torquing. Tasks included in these
studies have been conceptual design, system tradeoffs, control Taw develop-
ment, performance analysis and simulation. The current study investigates
two distinct but related aspects of the Earth Viewing Applications Labora-
tory (EVAL) shuttle missions. The first is evaluating the applicability of
the gimballed Instrument Pointing System (IPS) to EVAL missions by comparing
the IPS capabilities with the EVAL requirements. The other area of study
is assessment of means of stabilizing the shuttle orbiter attitude in earth
viewing crientations for prolonged periods without use of the orbiter gas
reaction control system (RCS).

The IPS, currently under development by the European Space Agency
for Spacelab, has primarily been considered as a gimballed platform for
stellar or solar viewing experiments which require pointing to an inertially
fixed target. Oﬁe objective of this study is to conduct analyses of an
earth oriented, shuttle-borne IPS and determine which modifications, if
any, should be made to the current IPS design to make it suitable to earth
viewing applications. Shuttie orbits from as low as 150 km up to 1000 km
are to be considered with small and large (maximum permissible size/weight)
IPS mounted payloads. Specific tasks included in this phase of the study
are:

¢ Generation and graphic presentation of parametric data relating
payload weight and dimensions to the slewed inertia about the IPS
center of rotation.

o Analysis of slewing requirements and comparison with existing IPS
rate and torque capabilities to establish an EVAL payload envelope
for slewing.



e Analysis of dynamic requirements for pointing at earth fixed
targets and generation of an EVAL payload capability envelope
for earth pointing. :

e Definition of an IPS control system suitable for the EVAL mission,
including the attitude reference system and data flow.

EVAL shuttle missions impose specialized, and somewhat unusual,
pointing and control requirements on the shuttle orbiter. To minimize
translational and rotational accelerations on the orbiter, as well as to
reduce contamination of certain experiment payloads, the orbiter reaction
control system (RCS) should not be used for orbiter attitude control during
some phases of EVAL missions. The second main objective of this study is
to analyze the control requirements for maintaining the orbiter in an earth
viewing orientation for prolonged periods without use of the RCS, and to
define an auxiliary orbiter control system capable of meeting these require-
ments. Specific tasks included in this phase of the study are:

e Evaluation of potential earth viewing orientations for the orbiter
with respect to field of view, dynamic stability, and sensitivity
to system and environmental variations. To minimize the control
actuator requirements the desirable orientations are null torque
attitudes, meaning attitudes at which the total external disturbance
torque on the orbiter is zero.

o Selection of one or more orbiter null torque orientations, so that
both earth surface and earth 1imb viewing can be performed. Analysis
of the orbiter auxiliary control system requirements for the selected
orientations based on the initial conditions imposed by the orbiter
RCS and the external disturbance environment.

® Analysis and definition of a suitable set of control actuators to
stabilize the orbiter near the null torque attitude. Candidate
actuators to be evaluated include electro-magnets and momentum ex-
change devices (reaction wheels or control moment gyros).
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e Definition of an orbiter null torgque attitude stabilization system
empioying the selected set of control actuators.

Each of-the above defined tasks is addressed in one or more sections
of the main body of this report. First, however, is a section devoted to
summarizing the main results and conclusions of the study, and another
section summarizing the functional requirements and assumptions that underlie
the study. The data base and supporting details for the study are contained
in the appendices. -
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2.0 SUMMARY AND CONCLUSIONS
2.1 IPS CAPABILITY ASSESSMENT

Three aspects of the current IPS design 1imit its earth pointing
and slew capabilities

8 The gimbal rate limit of P = 2.5 deg/sec imposed by the
rate gyros.

o The maximum gimbal drive motor torque of Tm = 20 N-m.

® The increased value of effective inertia about the gimbal
center of rotation (CR), due to the payload CG/gimbal CR
offset (minimum offset is 1.19 m, of which 0.69 m results
from inside-out gimbal arrangement and 0.50 m results from
payload support clamp requirements).

0f the above factors the gim5a1 rate Timit has the smallest impact
on performance, mainly by setting the Tower altitude limit for earth-
fixed target tracking at hmin = 175 Km. The primary restraining
factor on both tracking and slewing performance is the peak acceleration
available from the nominal 20 N-m drive motor. As the elevation
axis has an inertia at least as great as the cross-elevation axis
and significantly greater rate and acceleration requirements, only
the elevation axis need be considered in determining the current
IPS capability envelopes. '

To realisticaliy evaluate the time required to reposition the IPS
between tracking targets, while including the effect of the gimbal
angle hard limits and the angle/rate/acceleration boundary conditions
at the start and end of tracking, the total maneuver between tracking
targets has been divided into three submaneuvers. For the acceleraté/
decelerate phases, the worst case condition results when the boundary



condition on rate, at the start or end of tracking, is the maximum

track rate'for the particular altitude in question. Table 2-1 sum-
marizes the IPS accelerate/decelerate capability with the nominal

motor torque Tm = 20 N-m, under the conditions of allowing a maximum

time of 10 seconds and a maximum gimbal travel of 10 degrees to go

from rest to the maximum track rate listed {or vice versa). Figure 2-1]
compares this capability with the required payload envelope, in terms

of payload length and mass (dashed rectangle). To yield a two-dimensional
plot, the payload radius has been assumed as rp = 1.0 m. Varying o
within the range 0.25 < rp < 1.5 m has Tittie effect on the plotted
curves, however. For each indicated altitude, the region below the

solid curve represents the payload range that can be accelerated or
decelerated between rest and the maximum track rate for the altitude

in less than 10 seconds with less than 10 degrees gimbal travel. .Even
at the Towest altitude (175 Km), & large range of payloads can be ac-
commodated, while at 1000 Km virtualiy all payloads meet the requirements.

The nominal IPS slew capability, where the slew angle is measured betwee
zero gimbal rate points, is summarized in Table 2-2. The requirement
here is to achieve an average slew rate Rg = Ay/te > 1.0 deg/sec, with
the rate Timit P = 2.5 deg/sec. Figure 2-2 compares this capability
with the required payload envelope. For the larger slew angles, where
the sTew time is most important, the nominal IPS is capable of meeting
the average rate requirement with most payloads.

With most combinations of slew angle and payload mass properties,
the gimbal rate 1imit of P = 2.5 deg/sec is not reached. Increasing
the value of P therefore will not result in any significant reduction
in siew time, The only way of decreasing'slew time while retaining
the basic IPS structure is to increase the maximum motor torque T
on the elevation drive. Siew performance is relatively satisfactory
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Table 2-1,

Nominal IPS Accelerate/Decelerate to/from

Maximum Track Rate Capabili = =
apability for tax = 10 sec, 8Ypay = 10 deg

Altitude Maximum Track Rate | Maximum Inertia about CR with Ty = 20 N-m

h %max (Kg_mZ) ‘
{km) {deg/sec)

175 2.49 3600
200 2.16 4340
300 1.41 8128
500 0.869 13182
700 0.554 20695
1000 0.364 31466
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Table 2-2. Nominal IPS Slew (Zero Rate to Zero Rate)  Capability
for Average Slew Rate RS > 1 deg/sec with
Rate Limit P = 2.5 deg/sec
Slew Angle Maximum Inertia about CR with Tm = 20 N-m
Ay 2
(Kg-m”~)
(deg)
20 5740
40 11460
60 17200
80 22920
100 28640
120 34380 -

Table 2-3. Nominal IPS Tracking Capability

Altitude Maximum Inertia about CR with Tm = 20 N-m
h (Kn) - (Kg-n®)
150 11600
175 15911
200 20944
250 33218
300 48556
500 143043
700 296796
1000 657625

2-5



ORIG

PAGE
R QUAm*Ixf

INAY,
00,

OF p

T I T EELE

i Feasible Regions Below Solid Curves -.

- wc ) .|. ”.. | _ e _.. . ...“....
5 R
P [
— 2 T M S G Tl My R
’ | i _
. N A B
- bl S T N gt S
| 1
5 ol Amwx\\ﬂ ®
- £
m <t Pt 1 \0\”\
R T e | —— - mrn - m—t
b : | |
g o
' o = ! :
« o ._
pr——— - O - v.“\.
|
i

4

~
3

~~MAXIMUM REQUIRED MASS

SSYH av

e
L e
o et -
. N
] iR o 1 R
. : ” g
T ™ T
i P 5y HS B ”—I.
- -4 PN roe g al a1 N R
: s = Sl = IR}
g & - O] e U O
el P SRR A ) J
: : i (BY) 01

wd 5[

2.5 Deg/Sec

Figure 2-2. Nominal IPS Siew Capability vs Requirements for Average Slew
Rate RS > 1 Deg/Sec and Rate Limit P

2-6



with the nominal motor, and in any case slewing is a secondary considera-
tion in the IPS design. Increasing the motor torque solely to improve
slew performance cannot therefore- be justified.

The primary IPS performance capability required for EVAL is tracking
earth-fixed targets within acceptable error Timits. This s obviously
contingent on being able to meet the required tracking rates and acce-
lerations. The tracking rate requirement can be met with the nominal
rate limit P = 2.5 deg/sec for all altitudes above 175 Km. This. covers
all anticipated EVAL missions. The available motor torque and required
acceleration sets the upper 1imit on the inertia about the CR that
can follow the track profile. As ‘tracking will be done with a closed
Toop control system, some portion of the motor torque capability must
be reserved for fine control perturbations and disturbance torques.

The amount of toraue that must be reserved for these purposes depends
on the control bandwidth, disturbance environment, etc., but it is in
general small. Determination of these factors is beyond the scope of
the present study. Lacking this data, it will be assumed here that
the full 20 N-m torque is available for accelerating the payload.
Table 2-3 summarizes the IPS tracking capability, in terms of maximum
inertia about the CR. The data at h = 150 km is for reference only;
the gyro rate Timit restricts operation to altitudes above 175 km.
Figure 2-3 translates the data in Table 2-3 into payioad 1ength/mass
terms. The figure clearly shows that earth pointing is feasible for
"all except the Targest payloads in the Towest orbits.

The main attitude determination problem for controlling the IPS
is that the star tracker view of the celestial sphere is highly re-
stricted for the EVAL mission by the combined geometry of the orbiter
payload bay doors and radiators, the orbiter wing surfaces, the or-
biter tajil, the cockpit (crew cabin), the Spacelab pressurized module,
and the earth. There 1is a solution to the probTem, however, and an

2~
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8° x 40° window of the celestial sphere is available if it is per-
missible for the tracker field of view (FOV) to come within 20 de-
grees of the earth's Timb and 15 degrees of the orbiter surfaces.
Depending somewhat on the star tracker aperture, a reasonably sized
shade in the 15 - 25 inch range can be successfully utilized to per-
mit the tracker to operate within 20 degrees of the earth's limb,
The available 8° x 40° window always contains at least one guide
star of +6 Mv or brighter (based on Yale catalog) and with 95% con-
fidence contains at least one star of +4 Mv or brighter. The base-
Tine IPS star tracker (Honeywell HEAO-B) for solar and stellar mis-
sions has insufficient track rate capability to permit "on the fly"
star tracker readings during EVAL payload pointing. Either a tracker
with a higher track rate is requived (up to 0.068 deg/sec for 1imb
viewing, up to 2.5 deg/sec to track a point on the earth surface)

or payload pointing must be interrupted to get a star reading.

2.2 ORBITER STABILIZATION

When the combined effects of the external disturbance torques
and coupled rigid body dynamics are considered, all low altitude
(h < 400 km) and almost all high altitude null torque attitudes of
the shuttle suitabie for EVAL are unstable equilibriums. An active
attitude stabilization system must therefore be provided, that can
satisfy the following requirements:

e stabilizes orbiter motion

e able to capture from RCS Timit cycle

o able to tolerate variation and uncertainty in location of
torque null.

The two most generally applicable null torque orientations are
illustrated in Figures 2-4 and 2-5, in both the nominal and maximum
offset positions. The nose forward orientation is highly unstable
in pitch, due to gravity gradient torques but provides the best
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view of the earth and has a relatively predictable null torque at-
titude. The nose down orientation permits earth Timb viewing and
is only sTightly unstablie in roll, but the null torque attitude is
highly sensitive to atmospheric density variations. This is due
not only to the large cross section of the orbiter in this orienta-
tion, but also to a near resonance between the orbiter-gravity gra-
dient Tibration frequency for the pitch axis and the predominant
orbit frequency variation in the atmospheric densipy.

With the current nominal orbiter parameters, the Targest torque
requirement in most cases is for capture from the orbiter RCS Timit
cycle, rather than during normal steady state operation. The steady
state torque requirement is sized Targely by the variation and un-
certainty in the Tocation of the null torque attitude, as determined
by the atmospheric density (the primary influence at low altitudes)
and the orbiter mass properties. The dominant infiuence on the
transient torque requirement for attitude capture from the RCS limit
cycle is the nominal Timit cycie rate of 0.01 deg/sec rather than
the nominal 1imit cycle deadzone of Q.1 deg. The size of the actua-
tors required for the null torque attitude stabilization system can
be reduced significantly if an additional "low rate" RCS mode is made
available. It is recommended that such a mode be provided, with the
limit cycle rates reduced by at least a factor of 10 from the current
nominal, A proportional increase in the RCS deadzone, if required
to achieve the reduced rates, would be acceptable.

Even if several optimistic assumptions are made, magnets are
incapable of providing prolonged three axis stabilization for the
orbiter. Among the points weighing against magnets are the following:

8 Physical 1imi§ations of magnetic control due to the relative
orbiter/magnetic field geometry introduce updesirab]e inter-
axis coupling, with adverse effects on stability.
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8 Very large magnets (107 pole-cm per axis) required for even
marginal performance.

® RCS 1imit cycle rates must be reduced from current nominal
values by a factor of 25 to 40 to permit attitude capture.
The feasibility of doing this is highly doubtful.

e Lack of reserve torque capability can result in loss of control
due to variations .in atmospheric density or orbiter mass prop-
erties.

® Possibie adverse effects of large magnetic field on nearby
pay]oadé.

Momentum exchange control, on the other hand, is capable of
stabilizing the orbiter in either of the selected null torque orienta-
tions over almost the entire EVAL altitude range. The relatively
large control torque available allows a more sophisticated control
system, including adaptive features, than is practical with magnets.
The adaptive Toops can reduce the steady state momentum storage
requirement by constantly tracking the location of the uncertain
and variable null torque attitude, and by using the external dis-
turbance torques for momentum uniocading. In order to obtain full
advantage of this potential reduction in the steady state momentum
requirement, the itransient momentum requirement for capture from the
RCS Tlimit cycle must be reduced. At Teast two methods of achieving
a reduction in the transient momentum storage requirement are possible:

e Providing a "low rate" RCS Timit cycle mode as a transition
between the normal RCS 1imit cycle and EVAL operation.

e Using short (~50 msec) vernier thruster firings to unload
excess momentum during the capture transient.


http:feasibility.of

If neither of these options s provided, simulation shows that the
capture transient requires per axis capabilities on the order of
12 N-m torqie and 2700 N-m-sec momentum.

Two idealized control strategies have been examined for orbiter
control after the capture transient:

1. Follow the nuli torque attitude exactly
2. Hold the null torque attitude corresponding to the mean
density.

Analysis shows that the first strategy requires less torque and
momentum for disturbance variations with frequencies Tess than the
pitch gravity gradient Tibration frequency, while the second strategy
should be chosen on this basis for higher frequency disturbance varia-
tions. That is, the control system should attempt to follow Tow
frequency null torqﬁe attitude variations, and resist being perturbed
by high frequency variations. For all altitudes in the EVAL range for
which aerodynamic torques are significant,_the predominant orbit fre-
quency variation in the atmospheric density falls into the range where
folTowing the null torque attitude is more efficient. In the nose
forward orbiter orientation, this implies a peak-to-peak pitch motion
of Tess than one degree over an orbit with a +20% density variation.
This motion is at a frequency far below the IPS bandwidth and is un-
Tikely to adversely affect IPS pointing.

In the "nose down" orbiter orientation a +20% density variation
results in peak-to-peak null-torque attitude variations of over 30 de-
grees at 180 km and 10 degrees at 200 km. If the orbiter attempts to
follow the null torque attitude, the peak pitch rate relative to the
orbit reference frame is 0.017 deg/sec at 180 km and 0.005 deg/sec
at 200 km. If the orbiter attempts to maintain a fixed attitude

2-14



relative to the orbit reference frame instead, the peak-to-peak mo-
mentum excursion would be over 6000 N-m-sec at 180 km and 3600 N-m
sec at 200 km. These values exceed the momentum storage capability
required to capture from a 0.001 deg/sec RCS limit cycle, and could
thus size the CMG's. Expected atmospheric density variations in the
“nose down" orientation result in either excessive attitude excur-
sions or extreme momentum storage requirements, and therefore may
make operation in this orientation unfeasible below about 250 km.

Control compensation has been designed to use the available
measurements to approximate the selected control strategy. The mo-
mentum’ required to accommodate the orbit period atmospheric density
variations with the practical control law is about twice that re-
quired with ideal control.

A tradeoff study has indicated that double gimbal control mo-
ment gyros (DG CMG) are the most suitable momentum exchange devices
for the orbiter null torque attitude stabilization system. Three
orthogonally mounted DG CMG's, each capable of producing 2710 N-m-
sec (2000 ft-1b-sec) momentum and 13.6 N-m (10 ft-1b) torque, will
allow capture from the nominal 0.01 deg/sec RCS Timit cycle and pro-
vide orbiter attitude stabilization in the nose forward orientation
above 180 km and in the nose down orientation above 200 km. Smaller
CMG's could be used if the recommended reduction in RCS Timit cycle
rates is provided and if operation in the nose down orientation is
restricted to altitudes above 250 km.

2.3 SYSTEM DEFINITION

Figure 2-6 shows the interfaces between the major subsystems
and components comprising the EVAL pointing and control system.
Four subsystems participate in the pointing and control task

e the orbiter flight control system (FCS)

e Spacelab

e Orbiter null torque attitude stabilization system

o IPS control system
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Figure 2-6. IPS/EVAL Pointin'g and Control System Interfaces



The first two of these shbsystems fall, for the most part, outside
the scope of the present study and will be discussed only in terms of
functional requirements implied by the study results. The latter two
subsystems are peculiar to EVAL, and detailed data flow diagrams for
each are presented and discussed in Sections 7 and 12 reépective]y.

Several steps have been taken to simplify the interfaces. wminimize
the amount of data that must be interchanged, and minimize the compu-
tational burden on the spacelab experiment computer. For uniformity
in the interfaces,all pointing and control data transfer is performed
digitally over data buses. Remote acquisition units (RAU'S), described
in Reference 1, are used to perform the necessary addressing and data
formatting functions. The pointing and control data flow through the
experiment data bus and the computational burden on the spacelab ex-
periment computer has been minimized by performing all high rate data
processing locally within the subsystems, using programmable digital
electronics {PDE). For definiteness, Figure 2-6 indicates the PDE
as mini-computers, but a future trade study is required to choose
between mini-computers, general purpose microprocessors, dedicated
special purpose microprocessors, or some combination of the above. 1In
any case, the experiment data bus is only reguired to handle the following
Tow rate data

® pointing commands(i.e., target coordinates)
® orbiter attitude data
8 orbiter ephemeris data

8 mode control commands

& housekeeping data
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The guidance, navigation,'and con%ro] (GN&C) and reaction control
system (RCS) elements of the orbiter flight control system are utilized
by the EVAL pointing and control system. The required operating modes
and GN&C system outputs are for the most part included in the baseline
system described in Reference 1. The attitude and ephemeris data 1isted
in Table 2-4 (or its equivalent) js required for EVAL and is assumed
available from the GN&C computer on an external data bus. The trans-
formation from the earth centered inertial (ECI) to orbit reference frame
(R), ARI’ can be derived from the ephemeris data if not computed in the
GN&C computer The orbiter null torque attitude stabilization system
requires ARI plus the orbiter attitude reference data wB and ABI' The
IPS control system includes its own inertial attitude reference system
and requires attitude data from the orbiter only for initiaiization.
Ephemeris data is required for IPS pointing at and tracking of earth
fixed targets. The orbiter null torque attitude stabilization system
supercedes the orbiter reaction control system in controlling the orbiter
attitude during EVAL operation requiring either Tow accelerations or low
contamination Tevels. The RCS is, however, needed to support the null
torque attitude stabilization system by providing suitable initial con-
ditions on the orbiter state vector and by producing torques to unload
excess CMG momentum. The modes of RCS operation required are:

e The existing rotational maneuver mode is needad to initialize
the orbiter in the estimated null torque attitude.

® The existing attitude hold mode should be modified to provide
a 0.001 deg/sec Timit cycle about the estimated null torque
attitude,

9 A new momentum unloading mode is required for minimum on-
time (~ 40 msec) vernier thruster firings to desaturate the
CMG cluster. This mode is used during initial capture
from the RCS attitude hold Timit cycle and for occasional
unloading of secular torque build-up.



Table 2-4, Attitude and Ephemeris Data Required
from Orbiter GN&C Computer

Symbo1 Description

Eé Orbiter body components.of orbiter inertial rate '

ABI Direction cosine matrix indicating the attitude
of the orbiter body {GN&C base) relative to the
ECI frame

ARI Direction cosine matrix indicating the attitude
of the orbit reference frame relative to the
ECI frame

?} Orbiter position in ECI coordinate

V} Orbiter velocity in ECI coordinate

Ei Orbiter acceleration in ECI coordinates

GMT Greenwich mean time




Overall operation of the EVAL pointing and control system is
controlled and coordinated by equipment in the Spacelab module. This
equipment consists of display and control panels for the IPS and
for the orbiter null torque attitude stabilijzation system, the exper-
iment computer, and the experiment I/0 unit. To minimize the burden
on the experiment computer, processing in the spacelab is Timited to
generation of target commands and transfer of attitude and ephemeris
data. A1l high rate Toops should be closed locally in the IPS control
and orbiter null torque attitude stabilization system computers.
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3.0  FUNCTIONAL REQUIREMENTS

This section briefly summarizes the EVAL functional requirements
relevant to this study. Requirements relating to control of the IPS are
presented first, followed by orbiter stabilization requirements.

3.1 IPS REQUIREMENTS

Table 3-1 summarizes the IPS/payload constraints and requirements
for EVAL that have been identified. The values given in the table for the
performance/capability constraining parameters are the nominal values for
the baseline IPS design; modifications may be necessary or desirable to
adapt IPS to EVAL.

The requirement side of the picture is . less clear. Data on specific
payload/orbit/viewing requirement combinations for potential EVAL missions
is sparse or lacking. For this reason, and also to provide results with
wider applicability, the assumption is made that tracking of earth-fixed
targets is required over the entire 60 degree half angle view cone, over
the indicated orbit range, for all combinations of payload mass properties
satisfying the baseline IPS payload constraints. No data has been avail-
able on specific slew time/angle requirements; Table 3-1 therefore gives
assumed values.

3.2 ORBITER STABILIZATION REQUIREMENTS

The orbiter attitude is ﬁorma11y stabilized using the vernier reac-
tion control system (RCS)} thrusters described in Appendix A. To reduce
contamination and translational accelerations to the level required by some
EVAL missions, the RCS hust be disabled and the orbiter stabilized by auxil-
iary means. Table 3-2 summarizes the functional requirements for orbiter
stabilization with the RCS disabled.
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Table 3-1, IPS

Constraints and Requirements for EVAL

o o Constraint/ ) ) Value or S o
Parameter Requirement Symbal Range Comments
Drive motor torque C Tm 20 N-m Both motors in drive used
simultaneously
Maximum slew rate C P 2.5 deg/sec' Limited by maximum input rate
’ : permitted by rate gyros
*

Paylcad CG/Gimbal CR C - 1.19+3.69 m )

Offset Payload constraints
Payload Tength C/R %p 1+ 6m dictated by payload sup-
Payload Mass C Mp < 3000 kg port clamp requirements

R < 2000 kg
Payload radius C/R o 0.25+1.5 m
Minimum inertia about CR o Estimated from outer gimbal and
CR (no payload) C Iy 56 kg-m payload integration ring mass
properties
Gimbal motion 1imits C |8 lnax IYImax 70 deg Limited mechanically in gimbal
! assembly and e?ectron1ca11y in
drive electronics
View cone half-angle R - 60 deg Target tracking required in
view cone, centered on Toca]
X vertical
Target tracking error R - N/A Largely determined by gyro, .
star tracker and ephemeris
L errors

* CR = center of rotation



http:1.19+3.69
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Table 3-1.

IPS Constraints

and Requirements for EVAL (cont'd)

Parameter

Constraint/
Requirement

Value c¢r

Range

Comments

Shuttle orbiter altitude

Orbit inclination

150--1000 Km
30 + 60 deg

Missions below 200 Km unlikely

‘Some polar orbits probable,

equatorial orbits unlikely

Average "Slew" Rate

Maximum Accelerate/
Decelerate Time

Ma x imum Acce]erate/
Decelerate Angle

max

&Y pax

*
1.0 deg/sec

*
10 sec

*
10 deg

Minimum value of average slew

rate {siew angle/slew time)
starting and ending with zero

Time/angle allowed to go from -
track rate at end of track
maneuver to rest (or from rest
at end of slew to initial track
rate of next target)

* Assumed values
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Table 3-2. Orbiter Stabilization Requirements for EVAL With RCS Disabled

Requirement

VYalue or Range

Comments

Shuttie orbiter altitude
Orbit inclination

150 to 1000 Km
30 to 60 deg

Missions below 200 Km unlikely

Some polar orbits probable,
equatorial orbits unlikely

Two orbiter orientations to provide following
fields of view from payload bay:

@ Earth surface viewing
¢ Earth 1imb viewing

nadir to horizon
>120 deg sector

Subject to Timitations imposed
by orbiter structural ‘obstructions

Candidate actuators to stabilize orbiter when
reaction control system (RCS) cannot be used

o Electro-magnets

® Momentum exchange devices*

Preferred if feasible ‘due to lower
cost

Acceptable if electro-magnet con-
trol is not feasible

Initial conditions on magnet or momentum ex-
change device control system

e Maximum offset from null torque attitude

o Maximum angular rate

0.1 deg
0.01 deg/sec

Worst case vernier RCS Timit cyc]é
conditions - '

* Reaction wheels or control moment gyros




4.0 IPS GIMBAL/PAYLOAD MASS PROPERTIES

This section contains a derivation and numerical results on
the possible range of inertias, about the gimbal center of rotation
(CR), that can be expected for IPS payloads. The IPS gimbal arrange-
ment and allowable payload envelope, based on Appendix B, is presented
in Figure 4-1 and Table 4-1. Figure 4-2 shows the nominal payload
orientation relative to the shuttle orbiter payload bay. The following

assumptions about the payload have been made to allow the results to be
presented parametrically: .

8 The payload %s a uniform right circular cylinder of mass mp,
length & _, and radius r .,
p P

o The payload CG is offset from the CR only along the ;E axis.

A complete mass model of structures composing the outer gimbatl,
payload integration ring, gyro package, and data electronics is not
available. This structure is therefore conservatively modeled as a
thin circular ring of radius Tig? containing the total estimated mass,
located at the fromt surface of the payload integration ring. Since
most of the.inertia about the CR is due to the payload mass and CG/CR
offset (in most cases), the final results are relatively insensitive
to the above assumptions.

4.1 DERIVATION OF INERTIA ABOUT CR

The total inertia about the CR can be expressed in dyadic form
(Reference 2) as
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Figure 4-1. Definition of Payload Envelope and Gimbal Axes
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Table 4-1. Summary of Gimbadl/Payload Envelope

Symbol Definition Range or Value
¢G Payload CG -

CR Gimbal Center of Rotation -

B Cross-Elevation Angle - 70 < B < 70 deg
Y Elevation Angle - 70 < v < 90 deg
Lo CR/Payload Integration Ring Offset 0.69 m

LP Payload Length T>6m

’p Payload Radius 0.25 » 1.5 m

g Payload Mass 0 - 2000 kg
™M Payload Integration Ring Radius 0.6 m

m Total Mass of Payload Integration ~ B5 kg

Ring, Outer Gimbal, Gyro Package
and Data Electronics
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The CG/CR offset is

™M= Yo M
and therefore
=R _ ™M 2 2, & My 2 2, ~ ~ 2, 2
Ty = vy + my %) Xy Xyt (5= ryg +my 20) v vy + (my ) 2y 2y

Y r PO
M, .2 2 M, .2\] 2 = 2
['“M (Z+ ”'o)] Xg X F [’“M (7 + 20)] yp yg + (my ry) z g

. The total inertia about the CR is finally

=R _ . ~ - A S
=y xp xp Ly yp yp I 2p

where
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o tp

I.=my (-+—+ 25+ 8 &)+ (EM-+ 22)
17 T T T o T Y

I 2
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The elevation motor axis is along &E and therefore the inertia
that must be slewed by the elevation torquer is

The cross elevation axis is along ;X‘ Using the unit vector relations
(Appendix B)

Xp = cos y Xy - siny zy

‘yE=yX

sin vy Xy * cos v 2y

[}

the total inertia can be expressed in the X-frame as
<CR _ 2 . 2 S o
IT = (I1 cos” y + I, sin v} Xy Xyt 17 Yy ¥y

(12 - 11) sin y cos vy ;X EX + (12 - I]) sin y cos v zy Xy

~

+ (I2 cos2 vy + I] sin2 v} EX zy

The inertia seen by the cross elevation torquer (neglecting the
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insignificant inertia of the cross-elevation rotor) is thus

- Z . 2
IBB—I] CO5 T+Izs1n Y

4,2 NUMERICAL RESULTS

A1? payioads 1'n‘ the allowable range result in I] > 12. The
maximum value of I;g as a function of y is therefore I1. Since IW
is also equal to 11, only I'I need be coqsidered further.

Using the values in Table 4-1, the constant non-payload contribution
to I] is

2
™™

2
Mg (-? + 2 ) 55.7685 kg-m

while the payload contributes

I -
NS w N ]

)
WM

2 1.
mp[ +~+z 2P+2.0]— mp[

+ 0.69 %, +04761]

Therefore I} is, as a function of the payload properties Mo s 2P', and
y
P

5 1h
I] = 55.7685 + mP [--4—+ —-§+ 0.69 R’P + 0.4761]
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The minimum value of I] occurs for My = 0

2

(I.I) =~ 56 kg-m

min

while the maximum va]ue for the specified payload envelope occurs
for-mp = 2000 kg, rp = 1.5m, p = ém

~ 2
(I.I )max ~ 34413 kg-m

Figures 4-3 to 4-5 contain plots o‘r‘-I.I vs %p with the Timiting
values of p (.25 and 1.5 m) for three values of mp (10, 200, 3000 kg).
It is clear from these figures that I, is relatively insensitive to
rp within the allowed range. This shows that the exact radial mass
distribution of the payload has little effect orn the final inertia value
and therefore the assumption of a uniform cylindrical paylioad .does not
unduly restrict the applicability of the results. A1l following plots
assume rp = 1T m.

Figure 4-6 to 4-8 contain plots of I] vs 2p for selected values
of payload mass Mg ranging from 10 to 3000 Kg. Curves of constant I
in the range 60 to 30000 kg-m2 are plotted versus an]oad Tength 2p
and mass my, in Figures 4-9 to 4-14. These curves ére_usefu? in
establishing the bounds on payload Tength and mass for a given
inertia about the CR. ‘

1

4-10
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5.0 TIPS SLEWING ANALYSIS

The + 60 degree half-angle visibility cone about nadir of the IPS
restricts the viewing time of a given earth-fixed target to a relati-
vely small fraction of the time the target is above the horizon. For
example, at 150 Km altitude, a target on the ground track is above the
horizon for 179 seconds on each side of nadir, but is within the + 60
degree half-angle view cone for only 35 seconds on each side of
nadir (see Figure 6-6). Therefore, efficient experiment utilization
requires that the slew time between target Tocks be minimized. In
general, the gimbals‘must already be moving when the target enters
the field of view, aﬁd are still moving when the target leaves the
field of view. The direction of gimbal motion may therefore have to
reverse twice between loosing one target and acquiring the next.

This situation is illustrated schematically in Figure 5-1. The ele-
vation and c¢ross-elevation axes are independent and do not necessa-
rily reverse direction at the same time.

Although the entire sequence of events between loosing track
with one target and starting to track the next is essentially one
maneuver, it is convenient for the present purposes to divide the
maneuver into three phases: decelerate, slew, and accelerate. This
not only simplifies the analysis, but also provides a means for in-
cluding the gimbal angle hard 1imits. For IPS, the "buffer zone"
between the gimbal angle hard 1imits and the gimbal angle limits for
target tracking axtends from 60 deg < |y]| < 70 deg and 60 deg < [8]| < 70 deg.

In addition to the above, three other factors also limit the
slew response for IPS

e The rate gyro 1imit of 2.5 deg/sec.

@ The acceleration limit imposed by the available motor torque
and stewed inertia.
& The softmount dynamic response.
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The softmount dynamic response is beyond the scope of the present
phase of the study. The remaining factors are analyzed in the following
sections, with the results presented as parametric plots.

5.1 TIME/ANGLE RELATIONS'ﬁbR ACCELERATE/DECELERATE PHASES

During the accelerate/decelerate phase it is required to bring
the gimbal axes from/to rest to/from the required track rate at the
start/end of a track maneuver. The motions of the two gimbal axes
are essentially independent, but must be coordinated to reach the
correct vector rates. The means of achieving the required cocrdination
are beyond the current scope. The coordination requirement does,
however, 1imit the response capability to the weaker of the two axes.
For IPS, this is the elevation axis. Compared to the cross-elevation
axis, the elevation axis has greater or equal slewed inertia for all
payloads and gimbal angles, and maxf@um tracking rate requirements
an order of magnitude higher. Therefore only .the elevation axis need be
considered.

Lack of detailed information about the IPS gimbal drives requires
that the following reasonable assumptions be made:

@ The maximum drive motor torque Tm is independent of motor
speed over the range of interest.

® The time reguired to change the drive motor torque is small
compared to times of interest.

Under these assumptions, the minimum time required to accelerate from

rest to the required track rate results from application of full torque
until the rate is reached. The resulting acceleration is
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Yy = Tm/I]

while the fate is governed by
.% =T /1,
and the change in an§1e is
sy = T t8/21,

The deceleration equations are similar, with obvious minor changes.
The maximum rate that can be reached in time t within an angular

change Ay is

(¥)pay = 2 AY/T

More useful for evaluating capabilities are the relations involving
the slewed inertia and motor torque

. _ t
(Y)max - ill/Tms



The above two families of curves have been plotted as functions of
the ratio (Iile) in Figure 5-2. To illustrate some uses of these
.curves, Figure 5-3 s presented as an example. The spotted region

of this plot indicates the range of rates that can be reached in

less than 10 seconds with a change of gimbal angle of less than

10 deérees. If the motor torque Tm is 20 N-m and it is required to

- reach a rate of 2.5 deg/sec within the given constraints, the maximum
slewed inertia is found to be 20 x 180 = 3600 kg-mz. Interpolating
between the upper curve of Figure 4-12 and the lower curve of Figure
4-13 shows ‘this to represent a moderate size payload. As another
example, suppose again that T_ = 20 N-m but now there is a larger payload
with Ié = 8000 kg—mz. The plot shows that the maximum rate achievable
within the given constraints is 1.45 deg/sec. As will be shown in
Figure 6-3, this represents the peak tracking rate requirement at a
240 km altitude. ‘ '

5.2 TIME/ANGLE RELATIONS FOR SLEWING

 During the slew phase, it is required to bring the gimbal angle
from rest at Y=Y, to rest at v = Yg in minimum. time subject to .
limitations on the gimbal acceleration and rate., The gimbal acce-
1eraﬁion is Timited physically by the torque]fnertia ratio Tm/I1. The .
gimbal rate for IPS is 1imited by the drive electronics to P = 2.5 deg/sec
so as not to exceed the allowable gyro input rates. The rate limit
is considered a parameter in the following analysis, however, to permit
evaluation of the impact of the rate Timit on overall performance.

For a minimum-time reposition with rate and acceleration limits, -
either the rate or acceleration must be at a limiting value at all -
times (Referepce 3). Two cases exist here, depending on whether the .

- rate 1imit is reached, as shown in Figure 5-4. 'In‘cqse T, maximum
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Figure 5-2. Time/Angle/Rate Curves for Acceleration/Deceleration Phases
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torque is applied until the rate limit is reached at
t=1t,= PI]/Tm

The motor is then turned off (neglecting friction), resulting in
constant rate P unti]

when the maximum torgue is applied in the opposite direction. The
change in angle

AT=Yf‘YO

fromt =0tot = tf is equal to the area under the rate curve

P(t

=
-
il
-
[ad
(a3
1
v
——
ct+
—h
]
ot
p—
—r
]

£ PI/T)



Case 1 applies when

te> 2 4
or
. I :
1 52
Ay > = P
. Tm

Otherwise, the rate 1imit is not reached and case 2 applies. Here,
the torque switches from maximum one direction to maximum the opposite
direction at

t =ty =t/
The maximum rate reached is
§max= T tB/Il
The area under the rate curve is then

te

_ . B _ 2 _ ?
o .
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so the sTew time is

te=2 (1 ay/T )2

f

Slew time, as a function of inertia/torque ratio, is plotted in
Figures 5-5 to 5-10 for selected values of Ay in the range of 20 to
120 degrees, with the rate 1imit P as a parameter. It is apparent
from these plots that the siew time is relatively insensitive to the
rate Timit for all but the smallest payloads. The IPS rate Timit of
2.5 deg/sec does not unduly restrict the sTew time and any increase
would produce only a marginal improvement.

Figures 5-11 to 5-15 contain the same data, plotted for fixed
values of the rate 1imit with the slew angle as the parameter.
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6.0 1PS EARTH POINTING ANALYSIS

This section contains the general relationships for the gimbal

angles, rates, and accelerations reguired to maintain the LOS aimed
at a fixed point on earth. The special case of the aim point in the
orbit plane is cons{dered first. This case represents the worst case
condition for the elevation axis and yields closed form expressions
for the maximum elevation gimbal rates and accelerations as a function

ofvaltitude. The case of the general aim point is considered next,
" to determine requirements on the cross-elevation axis. The complexity
of the resulting relationships precludes an analytical determination
of the maximum cross-elevation rates and accelerations. A computer
program was therefore written to evaluate the gimbal angle time
histories for the general aim point case. A number of sample runs
indicates the peak cross-elevation rate and acceleraticn requirements
are about an order of magnitude less than the elevation requirements.
Finally, the relationship between earth pointing and payload capabi-
Tity is presented. -

6.1 AIM POINT IN ORBIT PLANE

A simple but enlightening case results when the aim point is on
the intersection of the earth surface and the orbit plane and earth
rotation is neglected. Th1s case is illustrated in Figure 6-1. The
shuttle orbiter is assumed to be flying in an inverted or1entat10n,
with the payload bay "down" (xB along the velocity vector and zg
pointing "up" along the Tocal vertical). In this configuration, the
IPS eTevatipn gimbal angle y, to point the LOS at the aim point, fis
as shown in the figure. The elevation angle relationship is easily

. derived by cbnsidering the two right triangles indicated by the dashed
line.
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where
rg = [rs| = orbit radius
o = I?AI = earth radius
o =5l = (ks
Vo= v + 05 t

Figure 6~1. Aim Point in Orbit Plane
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The odd derivatives of y are even functions of t (with v, = 0)
and reach their maximum values at t = 0, i.e., when pointing at nadir.

These maximum values are

. r

. .. - 9] 0

Yopax = Y(0) = -
3

= (0) = 0“‘0 rO rS (rS 1"0)

VYmax Y 3

where
h = R S/ altitude

The maximum values of vy and % occur at non-zero times determined
by setting the next higher derivative to zerc. These maximum values

are
-1’0 S
¥ =y [% = — (05 (uj) ] = 81n [ 0 }
max o Pe T
0
2 2 2 .
S Thetye - wg T g (rg =rg) sinw, to
nax " (r? + rg - 2 r r, COS w tm)2
where
3.2
1 - r§+r§ ‘”5*‘”3
t = 5— cos 2+ 7 - : 2
m o W, ro g /- rg T
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When v = Ypax® the LOS is tangent to the earth at the aim point. For
most payloads, the target is effectively lost before this angle
is reached.

Figures 6-2 to 6-5 contain plots of these maximum values as a
function of altitude. Figures 6-6 and 6-7 show time plots of the
elevation angle and its derivatives for a low (150 km) and high
(700 km) altitude orbit. Note that for the 150 km case, the rate and
acceleration are still signiffcant when the elevation angle reaches
60 degrees. Also note that the maximum value of jerk (;) required
for tracking an earth fixed-target is relatively Tow, about 0.016
deg/sec3.' The IPS gimbal rate limit of 2.5 deg/sec is only exceeded
for altitudes below 175 km. MNo earth pointing missions below 175 km
are anticipated however.

6.2 GENERAL AIM POINT

When earth rotation and aim points displaced from the orbit plane
are considered, the complexity of the gimbal angle relationships for
target tracking is vastly increased. These relationships are presented
in Appendix C. A computer program for generating the gimbal angle
time historics and peak values, for a general aim point on a rotating
earth, is also described in Appendix C. A Targe number of cases were run
with this program, one of which is contained in Appendix C. The results
of this series of runs can be summarized as follows:

e The relations in Section 6.1 accurately describe the elevation
axis requirements.

8 The cross-elevation axis rate and acceleration requirements for
target tracking are no more than 10%4 of those for the elevation
axis (azimuth axis not used). )
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" The second point Teads to the conclusion that the cross-elevation
axis capability is not the 1imiting factor in earth pointing for
IPS and need not be further considered in this regard.

6.3 EARTH POINTING/PAYLOAD CAPABILITY RELATIONS

The maximum inertia about the gimbal CR that the IPS is capable
of maintaining pointed at an earth-fixed aim point at S/C altitude
h is

where the expression for vy as a function of h was presented in

Section 6.1. The maximum g?;ba1 rate required for tracking has alsc
been expressed and plotted as a function of altitude. Both of the
above relations are combined in Figure 6-8 to yield the overall
relationship among altitude, gimbal rate limit, motor torgue, and

maximum inertia about the gimbal CR.

Figure 6-9 illustrates the use of these curves by indicating the
range of allowable inertias about the CR (shaded area) using the
nominal IPS parameter values Tm = 20 N-m and P = 2.5 deg/sec. The rate
1imit sets the lower limit on altitude (175 Km) while the motor torque
sets the upper limit on inertia. For any given altitude the maximum
inertia about the CR can be read off. The inertia about the CR can
then be translated into ranges of payload mass and length using Figures 4-9
to 4-14,
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7.0 .IPS .CONTROL SYSTEM DEFINITION

This section defines an IPS control system configuration suitable

. for the EVAL mission. The IPS control system, shown in block form in
Figure 7-1, s configured to be as nearly autonomous as pessible. In-
puts required from the spacelab experiment computer include only tar-
get ccmmands and orﬁiter ephemeris data, and all control Toops are
closed Tocally on the pallet with programmable Higita] electronics (PDE).
The computational burden on the spacelab experiment computer and the
transfer of control related data through the experiment data bus are
thereby minimized. '

The major blocks of the IPS cont}o1 system are described in the

following sqbsections. Figure 7-2, i1lustrates the IPS gimbal struc-
ture qnd coordinate frames.

7.1 ATTITUDE REFERENCE SYSTEM

A functional block diaéram of the IPS ARS is shown in Figure 7-3.

" The ARS inertial sensors, gyros and a star tracker, are mounted along
with the payload on the IPS platform. Processing of the sensor data is
performed on the pallet. with PDE. A high bandwidth, stabilized attitude
reference is obtained by integrating processed gyro rates with a closed
form quaternion algorithm (Reference 4). The gyro processing consists
of correcting for gyro'biases, misalignments and scale factor errors.

The star tracker data is processed to correct for known errors,
compared to data in the star catalog for jdentification, and combined
with estimated platform attitude to yield the attitude residual. The
attitude residual is processed by an extended Kalman fiitering algorithm
to compute optimal attitude and gyro bias updates for long term attitude
reference stability. The frequency of the required update depends on
the quality of the system components and the required attitude deter-

mination accuracy.
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The main attitude determination problem is that the star tracker view
of the celestial sphere is highly restricted for the EVAL mission by the
combined geometry of the orbiter payload bay doors and radiators, the or-
biter wing surfaces, the orbiter tail, the cockpit (crew cabin}, the
Spacelab pressurized module, and the earth. Figure 7-4 illustrates this
restrictive geometry. The figure also indicates that there is a solution
to the problem, and that an 8° x 40° window of the ce]estia]lsphere is
available if it is permissible for the tracker field of view (FOV) to
come within 20 degrees of the earth's Timb and 15 degrees of the orbiter
surfaces. Depending somewhat on the star tracker aperture, a reasonably
sized shade in the 15-25 inch range can be successfully utilized to per-
mit the tracker to operate within 20 degrees of the earth's Timb.

Since the window on the celestial sphere available to the star
tracker is limited to a region comprising only 8° x 40° = 320 square
degrees, star availability must be examined. Figure 7-5 plots the width
of one side of the square field of view required on the celestial sphere
versus star visual magnitude to assure with 95% confidence the presence
of at least one star of the indicated brightness, or brighter. For ex-
ample, if one can detect stars up to Mv = +6, then with 95% confidence
one can find a usable star within any 5x5 = 25 square degrees of the
celestial sphere. The actual worst case.is aiso plotted using Yale
star catalog data. For MV = +6 the plot indicates that one can find no
10° x 10° area on the entire celestial sphere where there is not at
least one Gth order magnitude star or brighter. Guide star availabi-
Tity within the 320 square degree window is, therefore, assured. In
fact, with 95% confidence the guide star will be a 4th
star or brighter. '

order magnitude

The baseline IPS star tracker, described in Appendix B, has a maxi-
mum tracking rate of only 0.05 deg/sec. Since, as derived in Section 6,
earth pointing will often require higher rates, payload pointing will
usually have to be interrupted to obtain a star reading. At update time,
the IPS will therefore interrupt payload pointing and move, if required,
to acquire a star with the 2°x2° FOV tracker within the available 8°x40°
area of the celestial sphere.
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In normal IPS pointing/tracking operation, the attitude control
loops are closed through the gyros and the IPS gimbal angle resolvers
play no part in generating attitude errors. The gimbal angle resolvers
are used, however, in acquisition mode for attitude control, and the
gimbal angles and direction cosine matrix AUI are ARS outputs. Ini-
tializing the IPS ARS requires an att1tude transfer from the orbiter
GN&C base to the IPS platform. Potent1a11y large errors from orbiter/
pallet fiexibility, softmount rotation, and gimbal angle resolver 1n—
accuracy enter into the transfer through the relation

Ayy = Ag A A

p1 = Aoy AuL Ag Par

where APU involves unknown gimbal angle resolver errors, AUL involves
unknown softmount rotation angles, ALB involves unknown orbiter/pallet
flexibility, and ABI is -the orbiter inertial attitude (relayed through
the spacelab computer). The initial errors in the attitude transfer
are eventually reduced by using the IPS star tracker for attitude up-
dates. A visual star tracker, such as described in Reference 5, would-
jmprove the attitude transfer and speed convergence to the required
pointing accuracy by proéiding a direct visual -indication of the IPS
p]atform attitude.

7.2 COMMAND AND ERROR PROCESSING

The IPS command and error processing data fiow is shown in Figure 7-6.
The target command and orbiter ephemerjs are the only inputs required
from the spacelab computer. The target command is given in a user
convenient coordinate frame that is identified as part of the command.
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Using the orbiter ephemeris, the target command is converted to inertial
coordinates in the command preprocessing block. This allows simple and
uniform command processing, whether the target 1is the earth limb, a
point fixed to the earth surface, or an {nertially fixed target, because
the ARS provides an inertial reference. The command preprocessing also
computes the commanded inertial rates E; and angular accelerations EE
required to maintain the platform pointed at the target. The commanded
rate is compared to the processed gyro rates to yield an inertial rate
error Eé for the servo control Taw. The commanded angular acceleration
is used as a-feedforward input to the servo control law for improved

performance in tracking earth-fixed targets.

There are two modes of operation, one for acquiring-targets and one
for tracking and hoiding. When a new target is acquired the IPS gimbal
angles are commanded and controlled relative to the gimbal base (upper
part of softmount) and the resolivers are used-as position sensors.

When the IPS is pointing at or tracking a target, the attitude error is
computed directly from the inertial attitude reference and resolver
inaccuracies ‘do not influence fine pointing.

The ultimate IPS pointing accuracy for EVAL depends not only on the
accuracy of the ARS and IPS gimbal servos but also on the quality of avail-
able ephemeris data. It is interesting to note that ephemeris errors in-
Tluence the pointing accuracy differently, depending upon the type of
pointing being considered. For example, space pointing of experiments
to targets defined on the celestial sphere is independent of ephemeris.
Furthermore, the accuracy of pointing relative te local vertical is much
less sensitive to ephemeris errors (by the ratio of altitude to orbité1
radius) than pointing at landmark targets (i.e., latitude, Jongitude,
radius}. This latter point becomes apparent from the geometry shown in
Figure 7-7, where this somewhat simplified case considers.only in-track
ephemeris errors, Ax. To demonstrate the effects which ephemeris errors
contribute, relative to ARS errors, ii is most meaningful to consider
angular resolution. This is summarized for a 200 Km orbit in Figureu7-8.
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Note that for pointing relative to the local vertical frame the down
track ephemeris errors given in Reference 1 add less than 2 arc sec
to the pointing error. For landmark pointing, however, the ephemeris
error contribute from 10 to 65 arc sec to the peinting error, depend-
ing on the ephemeris source used and the time since the last tracking
pass.

7.3 IPS SERVO CONTROL LAW/SHAPING

The IPS servo control law/shaping block diagram is shown is Figure 7-9.
As with the command and error processing, there are two modes of opera-
tion. In the acquisition mode, the IPS gimbal angle errors are applied
to a proportional plus integral plus rate shaping function (implemented
with PDE) to yield commanded gimbal drive torques.

In track/hold mode, the attitude error Ee is processed (again
digitally) with a proportional plus integral compensation function and
rate feedback is provided with the computed rate error Eé. An important
feature of the track/hold control law is the feedforward of commanded
angular acceleration to improve pointing performance without excessive
bandwidth in the feedback path. The reduced feedback bandwith minimizes
the effect of sensor noise on attitude stability. Feedforward control
is particularly important for raster scanning and tracking earth fixed
targets. The commanded torque in track/hold mode is in platform Fixed
coordinates and is converted to gimbal axis coordinates through a
gimbal angie dependent transformation matrix.

Selection of control law gains, especially feedforward gains and
compensation for gimbal compliance poles, is strongly dependent on
payload mass properties and mission requirements. This is a direct
‘result of the IPS design, in particular the softmount and Targe center
of mass/center of rotation offset.
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8.0 EVALUATION OF ORBITER EARTH VIEWING ORIENTATIONS

Some EVAL missions may require that the shuttle orbiter RCS be
disabled to eliminate either the high frequency disturbances or con-
tamination caused by firing the RCS thrusters. An earth peinting
orientation can be maintained without the RCS by flying the orbiter
at a null torque attitude, that is an attitude for which the total
external torque on the orbiter vanishes. For the EVAL altitude range,
150 to 1000 km, the predominant external torques are gravity grad%ent
and aerodynamics. As the gravity gradient nulls are in general unstable
equilibriums, the sensitivity of the torque to small perturbations
in attitude from the null are equal in interest to the location of the
null itself.

The following topics reﬁating to the existance and characteriza-
tion of null torque attitudes and their suitability for EVAL are covered
in this section: ’

e definition of coordinate systems and transformations.

¢ definition of potential earth viewing orientations.

e aerodynamic and gravity gradient disfurbance torque models
for the shuttle orbiter.

e discussion of method of determining.null torque attitudes and
incremental sensitivity matrices.

.0 discussion of each potential orientation, including existence
and Tocation of torgue nulls, stability and sensitivity, and
relative merits for EVAL.

e selection of two baseline earth viewing orientations, one for
viewing the earth surface and the other for viewing the earth
1imb.

¢ discussion of the effect of atmospheric density variations on
the null torque attitude.
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A1l of the null torque attitudes found are either unstable or
highly sensitive to atmospheric density variations at low altitude,
and most are unstable at all altitudes. Some form of active fine
control will therefore be required to stabilize the orbiter near the
null torque attitude. The design of such an orbiter null torque atti-
tude stabilization system is discussed in following sections of this
report.

8.1 DEFINITION OF POTENTIAL EARTH VIEWING ORIENTATIONS

In this section potential orbiter orientations for earth viewing
are defined. The necessary coordinate systems and transformations
for describing and analyzing these orientations are oresented first.

8.1.1 Coordinate Systems and Transformations

The orientation of the orbiter body axes relative to the orbit
reference frame is described by the 3 x 3 transformation matrix

Anp = Ann Aqy A

BR BO "ON "NR

The orbit refererce axes are defined in Figure S-i and the orbiter
body axes are defined in Figure 8-2.

Each nominal orbiter orientation relative to the orbit reference
frame is defined by an ANR matrix. As the nominal orientations
involve rotations in multipies of 90 dearees akout one or more prin-
cipai axes, the ANR matrix contains a single + 1 or - 1 in each row
and column and zeros elsewnhere,

The AON matrix defines the rotation from the nominal orientation
(N-frame) to the offset attitude required to achieve a torque null
(0-frame). In general, the required offset angles will be large and
vary with altitude. In terms of the offset anales 30 Bo3 ¥ the
AON matrix is

(8-1)



>

VELOCITY

)’R)
POP .
p
HADIR
Figure 8-1. Definition of Orbit Reference Axes

8-3



¥-8

Figure 8-2. Definition of Orbiter Body Axes and Small Angle Rotations



—— o . — W

i r - - 3 0 0
cos v, sin ¥, 0 cos o 0 sin 8, 1

on Ti- sin ¥y COS ¥, 0 0 1 0 0 cos 3, sin ¢ (8-2)

0 0 1 sin ao 0 ~Cos eo 0 -sin ¢o cos éo

Since the nominal orientations Q?e 90 degrees apart, the maximum

total (eigenaxis) offset rotation allowed for AON is 45 degrees. This
condition can be expressed as

Ayl 2 147 (8-3)

where Tr [-]-is the sum of the diagonal elements of the matrix. If
the disturbance torque Tb cannot be made to equal 0 without violating
relation (8-3) then a null torque attitude does not exist for the
given nominal orientation.

The ABO matrix descrlbes the small anele perturbations of the
orblter body From the null torque attitude, as illustrated in Figure 8-2

— -
1 g
= 1
Agg = L. ¢
g8 - ¢ |

This matrix is used for stability.analysis.
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8.1.2 Potential Earth Viewing Orientations

. The potential earth viewing orientations considered in this
study are listed in Table 8-1 and iilustrated in Figures 8-3 to
8-8. The orientations consist of all combinations of orbiter ro-
tations, in multiples of 390 degrees, that satisfy both of the
following conditions

o some part of the earth's surface is visible ‘from the

payload bay.

s the orbiter "tail" is not between the payload bay and the

earth.

Each orientation is categorized by an alphanumeric "orientation
number"."The six possible combinations of axes perpendicular to the
orbit plane (POP) and to nadir are denoted by the numerical part, as
indicated in Table 8-1. The-axis to nadir determines the gravity
gradient properties. The letter suffix distinguishes the two possibie
orientations the orbiter may have with respect to its orbit velocity,
with given axes POP and to nadir, as follows

& A = payload bay "forward"
¢ B = payload bay "back"

e C = orbiter nose "forward"
o D= orbiter tail "forward"

The axis along the velocity influences the orbiter aerodynamic
properties. The orbiter ;B = }B plane is a plane ofﬁsynmetry, and
therefore no distinction need be made between the * y; axes in de-
. fining the orientations. ‘
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Table 8-1. Definition of Potential Earth Viewing Orientations

Orientation . % . e . .
Number Axis POP Axis to Nadir Axis Along Velocity
1A ;B i-§B (wing "down") - 28 (bay "forward")
1B zg (bay "back")
2 - 28 (bay "down") i_&B (wing "forward")
3C Yg ~ zp (bay "down") xg (nose "forward”)
30 - xg (tail "forward")
4 %y (nose "down") - 2z, (bay. "forward")
43 . (bay "back”)
5 EB RB {nose "down") t Y (wing "forward")
4 .
6C i_&B (wing "down") iB (nose "forward")
6D —-%B (tail "forward")

* POP = Perpendicular to orbit plane.
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Figure 8-3. Orientation 1 - XPOP, Wing Down
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Figure 8-7. Orientation 5 - ZPOP, Nose Down
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8.2  DISTURBANCE TORQUES

A null torque attitude is, by definition, one at which the total
external disturbance torque is zero

T= Tp#Te+tTe+Ty = 0 (8-4}

where the four external disturbance torques acting on the shuttle orbiter
are '
¢ aerodynamics (TA)

® gravity gradient (TG)
s solar (TS)

¢ residual magnetism (}M)

The disturbance torque models adopted for this study are discussed in
detail in Appendix D, and only the major results will be summarized
here.

Over the shuttle orbiter altitude range expected for EVAL missions,
150 to 1000 km, the disturbance torques have the following relative im-.
portance

e gravity gradient - significant at all altitudes

¢ aerodynamic - Targest disturbance below 200 km, negiligible above
400 km

¢ residual magnetism - somewhat uncertain, but estimated to be
at least an order of magnitude less than gravity gradient
and aerodynamic torgues

¢ solar pressure - negligible at all altitudes
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The residual magnetism and solar pressure torgues can be safely ne-
“flected in this preliminary study on the ground that the mission-to-mis-
sion variation in the gravity gradient and aerodynamic torques exceed the
neglected terms. Orbiter fuel and payload variations result in changes
in the orbiter inertias and CG.location. The inertia variations, in
particular the products of inertia, influence the gravity Qradient
torques.'while C& shifts affect the aerodynamic moment coefficients. .
An even greater uncertainty in the aerodynamic torgues is prodﬁced by
the large {i.e., factor of 5-or hore) variation in dynamic pressure at
a given altitude due to envjrionﬁental factors. The nominal parameter
values used in this study are the best estimates currently available
and are beljeved to be sufficiently representative to allow a valid
comparison of the candidate null tordue orientations.

8.3 .NULL TORQUE ATTITUDES AND SENSITIVITIES

At altitudes above 400 km, gravity gradient torque is the only
significant external disturbance, and with the assumed zero products
of inerpia, all of the proposed nominal orientations are gravity gra-
dient null attitudes with zero offset angles. ‘Table 8-2, based on
Table D-2, summarizes the gravity gradient stability properties of the
‘candidate orientations. A1l except orientations 4 and 5 (orbiter nose
“down") are unstable for small. perturbations from the null attitude,
however, unless a control system is used. In particular, the orienta-
tions with the most favorable fields of view towards the earth, orienta-
tions 2 and 3, are unstable in both roll and pitch, with sensitivities
of 1.32 N-m/rad = 0.023 N-m/deg in roll and 33.9 N-m/rad = 0.59 N-m/deg
in pitch. Even:orientations 4 and 5 may possess long- term instabilities
when. the complete nonlinear coupled dynamics/kinematics are considered
along with the residual aerodynamic, solar and magnetic disturbance
torques (Reference 6). As an example, the destabilizing effect of
periodic atmospheric density variations on orientation 4 is discussed
in Section 8.4. )



g1-8

Table 8-2.

Gravity Gradient Stability Summary

Gravity Gradient Stability*
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As the orbiter altitude is decreased, the aerodynamic torque
increases rapidly, and the null torque attitudes become offset from
the nominal orientations. Indeed, in many cases no null torque atti-
tude exists "near" (i.e., within a 45 degree eigenaxis rotation) the
nominal orientation. By definition, a null torque attitude is one for
which

T(Rgp) = T(Rgy Ayg) = 0 (8-5)
where
T = %A + %G = total disturbance torque
?A = aerodynamic disturbance torque
}G = gravity gradient disturbance torque
ANR = nominal orientation direction cosine matrix

AON (¢0, L wo) = nyl} offset direction cosine matrix

g

$gr Bgs ¥ T offset angles

Equation (8-5), when expanded with equations (8-2), (D-4), (D-10), (D-11),
and (D-17), is a nonlinear function of the unknowns 50 8o and ¥

. o
and involves the tabulated aerodynamic moment coefficients C;’ Cm.
and Cn. In general, numerical search techniques must 'be used to find

the null attitude, if it exists, as a function of altitude.

The sensitivity of the disturbance torque to incremental attitude
perturbations from the null torque attitude can be expressed by the
matrix of partial derivatives.



sTx/aq: aTx/ae aTx/aw

3T 3T /3¢ aTy/aa aTy/'a:p (8-6)

[+
o]

aTz/a¢ 5T_/98 aTz/asJ

BR ‘OR

The partials are evaluated at the null torque attitude. The negative
of the above matrix has the form of a compliance or spring matrix. with
the usual convention.that a positive spring constant K indicates a
restoring torque

Kes Kys Kxe
5T . "X
} —% = K= Ky Ky v (8-7)
l
KZ$ KZG KZ,r

The K matrix can be used in deriving the incremental equations of
motion about the null torque attitude. This will be deferred untjl
the next phase of the study. Instead, attention will be focused here

on the diagonal elements of K to obtain estimates of the comparative
sensitivity of the proposed orientations.

Since the gravity gradient torques are analytical functions, the
required sensitivity partials are straightforward. For example

_ 2
Tax = 3uy (I, - Iyy) 423 933
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and therefore

The aerodynamic torcues, on the other hand, are functicns of the ta-
bulated moment coefficients Cz’ Cm and Cn. For example

TAx =qgSb Cl(u, 2)

and therefore

The recuired partials of the moment coefficients are obtained
by fitting the tabulated data over a rectangular region with corners

(ags By)s (ags Bq)s (ags Bo)s (QI, 8,) with the interpolation function

o 0
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where

Co = C(ao, so) (8-9)

C (&1, 50) - C (GO, 50)

= 8-10
CCL (Ct] - 0-0_}— ( )
o = C (00, 31) - C (10: 30) (8-11)
B (ey - 8,0
c _ C (a1, 51) + C(ao, 80) = C(ﬁo’ 51) - C(U]: 50) (8_12)
of (u1 - no)TE] - 357
and C(no, Eo), C(ao, 31), C(a], ao), C(u1, 31) are tabulated data
points. This interpalation function is also used in computing the
null torque attitudes. The partials of the moment coefficients
are then simply
SC(Ua B)
s =c_tc o (8-8) (8-13)
3C{x, B)
TS T %t Ceple T %) (8-14)

In the following subsections 2ach potential orientation is
discussed in turn. Only the more promising and generally applicable
orientaticns are analyzed in depth. Conclusions are contained in ,
Section 8.3.7.
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8.3.17 Orientation 1

Orientation 1 {Figure 8-3) has one of the orbiter wings "“down™
and the payload bay either aleng (1A) or cpposite (1B) the velocity
vector. In general. no null torque attitude exists near this crien-
tation, due to the imbalance between the aerodynamic and gravity
gradient torques atout the ;B axis. For small offsets from the

nominal orientation

where the top set of signs applies tc 1A and the Tower to 1B. At an
altitude of 200 km, for example,q S ¢ = 30 N-m. For the range of
offsets ieo | < 10 degrees, i¢0 | < 15 degrees the moment coefficient
C, is in the range for orientation 1A’

- 0.31 < € <~ 0.18

and for orientation 1B
0.22 <G, < 0.34

The magnitude of aerodynamic torque about }B is thus at least 5.4 N-m,
while there is no first order gravity gradient torque for cancellation..

8.3.2 Orientation 2

Orientation 2 has one of the wings along the veiocity vector and
the payload bay pointing towards nadir. Again, no null torque atti-
Eude exists in generz] because of torque imbalances about the %B and
Zp axes. The asymmetry of the orbiter with respect to the airflow
in this orientation (mainly due to the vertical stabilizer) results
in large aerodynamic torques arcund the axes (;B and EB) that-have
the smallest gravity gradient torques in this orientation.
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8.3.3 Orientation 3

Orientation 3 has the payload bay.pointing "down" and ei;her the
orbiter nose (3C) or tail (3D) along the velocity. Since the orbiter
is aerodynamically symetric about the airflow in this orientation,
92 = Cn = 0 and the only offset required for a torque null is about
Yp- The required offset angle 3, is plotted in Figure 8-9 for orien-
tation 3C and in Figure 8-10 for orientation 3D. The primary abcissa
scale is the aerodynamic constant g S ¢, beéause this is the actual
parameter that influences the offset angle. The nominal altitude
corresponding to the aerodynamic constant is also indicated, but
it should be- recalled that wide variations in q at a given altitude

occur in practice.

Also shown on Figure 8-9 and 8-10 are the tpfque "compTiance"

af
K =X
ye a9

In both cases, Kye < 0, and the orbiter is unstable .in pitch. Orien-
tation 3C is less unstable than orientation 3D, however, a% low alti-
tudes because the s]opé of the aerodynamic torque tends to oppose’
rather than add to the slope of the destabilizing grévity gradient
torque. Orientation 3C is therefore preferable to orientation 3D.
Table 8-3 summarizes the torque compliances for small perturbation
from tne null torque attitude of orientation 3C. Only the yaw

axis has a restoring torcue. Rol1 and pitch are unstable at all
altitudes and a control system is therefore essential to remain near
the null torque attitude.
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Table 8-3.

Torque Compliances for Orientation 3C

Torgue Compliances {(N-m/deg)

Attitude
(k) K K K K K K K K K
Xé X0 X ) ye Vi Zd A Zy
180 ~0.023 0 0,047 || © -0.50 0 ~0.013 0 0.22
200 -0.023 0 -0.023 || o -0.54 0 -0,0099] 0 0.13
. 250 -0.023 0 -0.0082 || © 0581 0 -0.0025} O 0.036
300 -0.023L 0 -0.0022 1 © _0.59 0 -0.0707} . 0 0.0097




8.3.4 Orientation 4

Orientation 4 has the orbiter nose "down" and the payload bay
either along (4A)} or opposed (4B) to the velocity vectar. As with
orientation 3, only a pitch offset is required to achieve.a null
torque attitude. The required offsets are piotted in Figures 8-i1
and 8-12. It is obvious that much larger offsets are required as
compared to orientation 3. In fact, the offset angle for orientation
4B exceeds 45 degrees for altitudes below 180 km. This is not ne-
cessarily a disadvantage, however, bacause the offset tilts the pay-
toad bay towards the earth, increasing its usable field of view for
EVAL, The low altitude null attitudes of orientation 4A, on the other
hand, tiit the payload bay away from the earth and are generally un-
usable Tor EVAL.

Figure 8-12 also shows that the pitch torque compliance K 0 is
positive and therefore pitch is incrementally stable around the null.
The compliance decreases rapidly at low altitude, changing sign for
an offset angle of approximately 80:: 60 degrees. Because of the
variability of @ with environmental factors, it would be risky to
assume stability at altitudes below 200 km. '

Table 8-4 summarizes the torque compliances Tor orientation 4B.
It is clear from the. table that the large offsets caused by the aero-
dynamic torgques at low altitudes has a destabilizing effect on the
system and that active control is required to stay near the torque
null,.

8.3.5 Orijentation &

Orientation 5 has the orbiter nose "down" and one of the wings
in the direction of the velocity vector. There is, in general, nn
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Table 8-4.

Torgue

Compiiances for Orientation 48

Torque Compliances (N-m/deg)

A]%itgde
Km .
Kx¢ Kxe“ wa Ky¢ Kye Ky¢ Kz¢ 20 Kz$
180 -0.079. 0 _0.054 D 0.25° 0 0.083 0 ‘ $.49
200 -0.095 0 0.024 0 0.37 0 0.037 0 0.56
250 '-0.028 0 0.0003 0 0.55 0 0.001 -0 0.57
300 -0:0076 0 -0.0003 0 0.58 0 -0.0002 0 L Q.57




null torque attitude near this orientation because there is no first
order gravity gradient torque about QB to oppose the large aerody-
ramic torque about this axis caused by the vertical stabilizer.

8.3.6 Orientation 6

This orientation has a wing pointing towards nadir and either the
nose {6C) or tail (6D) directed along the velocity. For this orien- .
tation there is no first order gravity gradient torque to_cgnce] the
aerodynamic torque about }B. The aerodynamichtorque about Yg is rela-
tively small however and a torque null about,yB may exist for some com-
bination of offset angles. It is extremely unlikely, however, that
nulls will exist about the three axes simultaneously. Besides, the
null, if it exists, is certain to be unstable and this orientation
has no particular field of view advantage for EVAL. Further analysis
of this orientation cannot therefore be justified.

8.3.7 Conclusions

In general, null torque attitudes exist at the Tower altitude range
only for those orientations having the orbiter plane of symmetry in the
orbit plane. These are the YPOP orjentations, namely orientations 3 and
4, Of the two variations of orientation 3, the more favorable is orien-
tation 3C with the orbiter nose "forward" and payload bay "down". This
orientation is unstable with a negative pitch “spring constant" Kye==—0.6
N-m/deg, but provides the best view of the earth and has a small and
relatively insensitive offset angle. For convenience, orientation 3C

will be referred to as the "nose forward" orientation in the sequel.

0f the two variations of orientation 4, only orientation 4B with
the orbiter nose nominally “down" and the payload bay nominally "back™,
allows viewing of the earth 1imb and a significant portion of the earth's
surface at Tow altitudes. The pitch offset angle for orientation 4B
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increases rapidly with decreasing altitude, reaching 50 degrees at h

= 180 km. However, pitch is incrementally stable and the offset increases
the area of the earth visible from the payload bay. The roll axis is
unstable with a maximum spring constant Kx¢ = (.1 N-m/deg and again a
fine pointing control system is required to maintain the orbiter near

the null attitude. Orientation 4B will be referreéd to as the "nose

down® orientation.

8.4 EFFECT OF ATMOSPHERIC DENSITY VARIATIONS ON ALL TORQUE ATTITUDES

Variations in atmospheric density, at a given altitude, produce
variations in the null torque attitude through changes in the aerodynamic
disturbance torque. The effect of these density variations on the orbiter
motion depends strongly.on the frequency content, as can be seen with a
Tinear analysis.

‘Linearizing the'orbiter pitch equation of motion about the nominal
null torque offset angle 50, corresponding to the nominal atmospheric
density po,'yiers the perturbation equation

I 88+ K 66 =6T
y

N fo
where
Iy = orbjter pitch inertia
66 = attitude perturbation from nominal null torque
offset angle &,
aT
Kye = - 532 - ' = nominal disturbance torque
: 8 = 8y P T 2, compliance
’ BTA
. GTA = —5~¥ ) (o - p ) = aerodynamic disturbance
R A 8, = B2 P = 04 torque perturbation due
to atmosphevic density
variation
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For a sinusoidal atmospheric density variation of magnitude Ap at
frequency wya

P =Py = Ap S8in wpt (8-16)
the magnitude of the orbiter response is for Kye > 0
, Lo , - KT ] ; (8-17)
Ao yo [ 1« (0 /w,)
. p° e
and for Kye <0
58 ] 1
- (8-18)
6TAQ l Kye 1+ (0 /o )2
p’ 6
where the orbiter incremental pitch motion natural frequency is
- 1/2
g (leel/Iy) (8-19}

The normalized responses, ’Kye 69/6TA9|, are plotted in Figure 8-13
versus the normalized frequenty ratio wp/we for the two cases.

For frequency ratios far removed from unity, the response is in-

dependent of the sign of K When the atmospheric density variation

is at a low frequency compgaed to wy, the orbiter tends to follow the
resulting motion of the null torque attitude. In contrast, the orbiter
shows Tittle response to density variations with frequencies that are
high compared to Wy For density variations with frequencies near w
the response depends drastically on the sign of Kye‘ If KyB >0, as
in the nose down orientation, the response shows a sharp resonant peak

around W, = wg Thus, although the nose down orientation is stable in

6’
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Figure 8-13. Pitch Response of Orbiter to Aerodynamic
Disturbance Variation VS Frequency Ratio
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pitch in a constant atmospheric density environment, atmospheric density
variations at v, = wg can haveza strong destabilizing effect by producing
orbiter attitude motions far larger than the change in null torque atti-
tude. On the other hand, if Kya < 0, as in the nose forward orientation,
pitch is unstable regardiess of the density variations and density varia-
tions at frequencies near wy have no particular additional effect on the

system stability propert1es

The effect of atmospheric density variations on the orbiter nuli
torque att1tude is d1scussed in quantitative terms in the following sub-
sections.,

8.4.17 Long Term Variations

Long term atmospheric density variations are those with frequency
components w, << wg. Over the altitude range 180 < h < 300 km, Tables
8-3 and 8-4 show a range of 0.25 j_IK | < 0,59 N—m/deg or 14 < I ol
< 34 N-m/rad. With the nominal va]ue Iy 9.39 x 10° Kg - mz, Equat10n
(8-19) yields the range of orbiter incremental pitch motion natural
frequencies 1.2 x 10_3 < o, < 1.9 x 10'3 rad/sec. The corresponding
periods for one cycle of pitch motion are 3300 5-Ts < 5150 sec, or on
the order of one half to one orbit period. Therefore any density
variation with a period greater than roughly four orbits or about s%x

hours can be considered Tong term.

The pitch null torqué offset angle is plotted as a function of
altitude and percent deviation from nominal atmospheric density in Fig-
ure 8-14 for the nose forward orientation and in Figure 8-15 for the
nose down orientation. These results apply directly in a constant
atmospheric density environment or when the density varies with a period
of greater than about six hours. It is apparent from these figures that
both the nominal offset angles and the variations, at a given altitude,
are more than an order of magnitude Targer in the "nose down™ orientation
than in the "nose forward" orientation. This is due to the larger aero-
dynamic torque in the "nose down" orientation resulting from the larger
surface area intercepting the air stream, Figure 8-16 compares the nominal
aerodynamic torques in the two orientations. ‘
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8.4.2 Short Term Yariations

The orbiter dynamics attenuates the orbiter attitude response to.
null torque attitude variations due to atmospheric density variations
occurring at frequecies W, > Wy In practical terms, this means that
the orbiter will not respond significantly to disturbance variations with

w, >3 W that is, with periods of less than about twenty minutes.

In the nose down orientation, the linear analysis indicated a
resonant type of response for Wy =Wg As expiained in Appendix D, a
significant atmospheric density variation can occur at orbit frequency
due to differences in density on the day/night sides of the earth. As
mentioned previously, wo is also nearly equal to the orbit freguency
for altitudes below 300 km. This unfortunate coincidence leads to the
conciusion that atmospheric density variations may be highly disruptive

to the otherwise stable nose down orientation at low altitudes.

As the linear analysis is strictly valid only for small perturba-
tions, simulation is required to obtain meaningful results in the near
resonant case. A digital simulation was therefore written to simulate
the orbiter rigid body pitch dynamics along with the complete disturbance
torque model described in Appendix D. The case run simulates the orbiter
in the nose down orientation at 200 km altitude with a +20% sinusoidal
variation in atmospheric density at orbit frequency. Time plots of
the resulis, spanning slightly more than two orbits, are presented in
Figures 8-17 and 8-18. The variable g = 6, * 6 in Figure 8-17 repre-
sents the total pitch angle from the nominal nose down attitude. For
this case, o5 is initially equal to the nominal offset angle for the
nominal atmospheric density at this altitude. In other words, the orbiter
starts at the nominal null torque attitude with the nominal atmospheric
density. The atmospheric density variation induces a divergent pitch
motion, reaching a peak-to-peak amplitude of over 57 degrees. In com-
parison, Figure 8-15 shows that the null torque attitude has a peak-to-
peak variation of-on1y 10 degrees'under the stated conditions. Figure 8-17
also shows that the pitch rate and total disturbance torque are also diver-
gent.
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Figure 8-18 expands the total disturbance torque into its gravity
gradient and aerodynamic components. The gravity gradient and aercdynamic
torques are initially equal in magnitude and opposite in sign, signify-
ing that the orbiter is inifia]ly at the null torgue attitude. The aero-
dynamic torque variation is nearly sinusoidal at orbit frequency, at
least initially, -reflecting the fact that the aerodynamic torgue is
proportional to atmospheric density but only weakly dependent on attitude.
The gravity gradient torque is a nonlinear function of attitude only,
and shows a complicated variation with Targe amplitude.
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9.0 ORBITER CONTROL REQUIREMENT ANALYSIS

The analysis in the preceding section has demonstrated that the
external disturbance torques cause all potential low altitude (h< 400
Km), and most of the high altitude, orbiter null torque attitudes suit-
able for earth surface or 1imb viewing to be unstable. An active atti-
tude stabilization system is therefore required to keep the orbiter near
the null torque attitude.

At a minimum, the orbiter null torgque attitude control system should -

meet the following requirements:

8 incremental stanility - orbiter stays near torque null if
started nearby.

e ability to capture from orbiter vernier RCS limif cycle rates
and attitudes ‘n a reascnable time.

o relative Insensitivity to such unceriain auantities as the
Tacation of the torque rull and the slopes of the torques

about the null [K matrix)

e capable of controlling the orbiter in either the nose forward (3C)
or nose down (4B) orientation, with at most a change of gains.

These requirements are examined in general terms in this section,
without regard to the type of control actuator used. The particular impli-
cations of using either magnets or mementum exchange devices for control
are discussed in detail in Tfoiiowing sectiions.

9.1 STABILITY ANALYSIS

tne increrental stapility of the orbiter abtout the nuil torque at-
titude can be deierminec from the eigenvalues of the matrix A in the
state equation

X = A

9-1



The state vector is

x=| (9-2)

where ¢, 6, ¥ are the small angle attitude perturbations from the torque
pu]i, Wyr Bys Wy are the body components of the inertial rates, and W,

is the orbit rate. It is important to realize that the Tocation of the
torque null is uncertain and variable; the stability analysis is, how-
ever, conducted al;cJut the true null. The 6 x 6 matrix A can be expressed

as the sum of three matrices

A

A CONTROL (9-3)

A

= Apynamics * Aprstursance *

For either the nose forward or nose down orientation, the dynamics/kine-
matics are described by
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0 0 =0, 1 0 0

0 0 0 1 0

w 0 0 0 0 1
A = ° ’ (I -1 ) ( 4
DYNAMICS ~§ 0O 0 0 0 N 9-4)

XX
0 0 0 0 0 0
(1, - 1)
0 0 0 - —LL XX g 0
o I .

The slopes of the disturbance torques about the null enter in the
partitioned matrix

ADISTURBANCE = |~~~ T===.=====- (9-5)

where 0 is the 3 x 3 zero matrix, I is the diagonal inertia matrix for
the orbiter

r} 0 |
XX Q
= 0 I 0
¥y (9-6)
0 0 IZZ 1

9-3



and K is the disturbance compliance matrix defined in Section 8.3

'KX¢ Kxa wa
=| K -
K Vo Kye Ky¢ (9-7)
Kz¢ Kze sz
L _.J

1
The nominal values of K for orientations 3C and 4B are given in Section 8.3
for several altitudessthe units must be converted to N-m/rad for use here.

The control Taw is assumed for now to be state variable feedback,
teading to

(g-g
AconTroL =|"‘“‘“; ““““ (9-8)

G?x GZX G3x G&x GSx GGx
= e G 3 3 -
Y 62 Gsy Cyz G5, "6z
!




The control torgue vector Te is

Cx
Cy

Cz

9.1.1 Open Loop Stability

With the control loops open, stability is determined by the eigen-
values of

A A

DYNAMICS © "DISTURBANCE

Evaluating these eigenvalues for the nose forward and noise down orientations
over the altitude range 180 to.300 km reveals the following:

® roll - unstable in both orientations at all altitudes

e pitch - unstable in the nose forward orientation at ail
altitudes, pure imaginary efgenvalues (oscillatory with
no damping) in the nose down orientation at all altitudes.

? yaw - marginally stable (oscillatory with damping ratio
z = 0.02)in both crientations at all altitudes

3oth orientations at all altitudes thus have at least one unstable

axis, and Tong term earth viewing with the RCS disabled will require
active control.

9-5-
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9.1.2 C(losed Loop Stability

In general, Equation (9-1) represents a coupled sixth order system.
In the orientations under consideration, however, near the null torque

attitude

Therefore pitch is uncoupled from roll/yaw and there is no reason not

to choose

The remaining ten gains are available for achieving the following

desired dynamic characteristics

o stability - all eigenvalues in left half plane.
@ decoupling - each axis to behave as an (approximately) uncoupled
second order system.

o insensitivity - both of the above conditions to be met in becth

orientations at all altitudes.

Greater insight into achieving these goals can be gaired by using

the relations

9-6



(o
I}
£
i
=4
(=3

(9-11)

X 0
6 = v, = o (9-12)
b=u, ta o (9-13)

to change variables. The dynamic equations become

XX R ?F Bpy 8% Cpy b+ Cpyw (9-14)
8 + 3+ = -

vy e BRy 8 pr 8 =0 (9-15)

Log 4 ¥ Bp 0+ Bp, ¥=0Cp 0% Gy, 0 (9-16)

where the effective rate and position gains are

b =~ iy (917
Box = = Gyt owg Bgym “g (Izz ) Iyy) * Kx¢ (9-18)
Bay = = G5y (9-19)
Bpy = = Gy * KO (9-20)
Bpz = = B (9-21)-
Bpy = = Gy, = w0y g, * wg (Iyy B Ixx) i Kz¢ (9-22)



and the interaxis coupling gains are

Rx ~ “6x 0

Px = T3x 0 "X wa

Rz~ "4z o 2z XX Iyy

Pz~ iz o %62 Kz¢

The design goals can be met, by applying classical control
theory, in the following ways:

o stability: select the control gains, G, to yield positive
"rate gains" Bpi and "position gains", BPi’ i=x,¥, 2.

@ decoupiing: select the control gains, G, to yield (nearly)
zero "rate coupling gains” CRT and "position coupling gains"
CP‘i’ i= X.Z.

o insensitivity to disturbance variations: select the control
gains, G, to insure the previous two conditions are met over
the expected range of disturbances, K.

It adequate control torque is available and the state variables
can be measured, the control gains can be seiected to yield a closed
loop system with virtually any desired response. With the limited con-
trol torque avaiiable from momentum exchange devices, and more particu-
larly magnets, tight control of the orbiter around the null torque atti-
tude is not feasible. A more realistic goal is to merely stabilize the
orbiter, with relatively low gain Toops, yielding low bandwidth, low damp-
ing responses. For example, the orbiter can be stabilized about the null
torque attitude in a constant atmospheric density environment, in either
the nose forward or nose down orientation, at all altitudes above 180 km
with the gain matrix '

9-8
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- 31.8 0. 3.0 : - 3100. 0. 1850.
&= 0. - 52.6 0. : - o. - 7510. 0.
- 6.8 0. -30.5 : - 1850. 0. - 7290.
[N-m/rad] : IN-m/{rad/sec]

The variation of the closed Toop roots over the altitude range 180 to
300 km, using the associated nominal disturbance compliances from Sec-
tion 8.3 is shown in Figure 9-1. The relatively large difference in
pitch roots between the two orientation can be reduced by using a dif-
ferent value of G2y for each orientation. ‘

9.2 ACTUATOR REQUIREMENT ESTIMATE

In this section, estimates of the control actuator requirements are
obtained. Torque requirements can be better defined without extensive
analysis than can momentum requirements, and apply to both magnets and
momentum exchange devices. Therefore emphasis is placed on torque re-
quirements although momentum storage requirements are addressed where
appropriate. Initial capture from-the orbiter RCS Timit cycle is con-
sidered first, followed by an analysis of normal operations, and finally
conclusions.

9.2.1T Capture From RCS Limit Cycle

An approximate analysis of actuator torgue requirements for initial
capture from the orbiter vernier RCS 1imit cycle is presented here.
Momentum requirements for momentum exchange actuators are considered in
Sections 17,3 and 11,4, .
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For the second order system
In + Kn =
n + Kn Tn

with feedback control 1aw

ln GRn 7 JPn n
and initial conditions
‘n(O) - To
70) = 5,

the peak torgue required for control is approximately, for small values
of the damping ratio z

>3

T LI 0r2g-x 2, Do
‘nipeak ~ (1 - r;2)1/2 . Ny *\g /-

where the fTeedback gains are related to the bandwidth w and damping
ratio ¢ by

Gp = - 2wz [

G, = - (I - K)

The estimate in equation (9-31) assumes the worst case combination
of the signs of the initial conditions and is exact in the limit as
z -+ 0.

9-11

(9-27)

(9-28)

(9-29)

(9-30)

(9-31)

(9-32)

(9-33)



For the orbiter, the Targest torque requirement is likely to be
along pitch in the nose forward orientation. For this case

K=K

ve = " 33.8 N-m/rad

I=1 9.39 x 10° kg-n?

yy

and the worst case initial conditions are the estimated attitude error
and rate at the time the RCS thrusters are disabled

0.1 deg = 1.745 x 10°° rad

8 (0).

=3
il

4

1]

§(0) = 0.01 deg/sec = 1.745 x 10" " rad/sec

e
H

With tﬁese parameters, the peak torque in equation {(9-31) is minimized
for ¢ = 0, w™=2 x 1073 rad/sec, resulting in

[T = 6,23 N-m

CylPeak

Minimizing'TCyiPeak leads to compietely unsatisfactory performance,
however, with a continuous pitch oscillation with amplitude

= 20 - .73 x 107 rad = 5.00 deg

Lol
'Y imax



It can therefore be concluded- that a control torque greater than 6.23
N-m will be required for satisfactory attitude capture from the RCS
1imit cycle with the -assumed error and rate at the transition time.-

An order of magnitude reduction in orbiter RCS Timit cycle rate
may be possible ‘through modification of the RCS. This would reduce the
rate initial condition to

ho = 8(0) = 0.001 deg/sec = 1.745x107 rad/sec:

The peak torgue in Equation (9-31) is minimized for z = 0, w= 0.0018
x1073 rad/sec, resulting in

Tyl peak =0-633 N-m

For future reference, |T is ﬁIotted against 6(0) in Figure

9-2.

Cylpeak

9.2.2 MNormal Operation

Following. the initial capture transient, the.period of normal opera-
tion is entered. If the null torque attitude was constant and known
exactly, essent%aﬂ]y no control torque would be-required to remain at .
the torque null once the initial transient was damped out. Realistically,
however, the null torque attitude is neither constant over the -period '
the orbiter is;to be stabilized nor readily determinable in real time.

The largest source of variation and uncertainty in the location of
the null torque attitude at Tow altitudes is temporal variations in at-
mospheric density. In the two selected YPOP orbiter orientations, the
“gravity gradient and aerodynamic components of the total -disturbance torque
individually vanish at the null torque attitude, for both the orbiter
roll and yaw axes. Therefore atmospheric density variations have no signi-
ficant effect on the roll and yaw axes, and actuator sizing is based on
the initial capture transient. . Aleng pitch, however, both the gravity
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gradient and aerodynamic components of the total disturbance torgue may
have large magnitudes (Figure 8-16) at the null torque attitude, with
cancellation resulting from opposite signs. Sensitivity to atmospheric
density variations can therefore be of sufficient magnitude to influence
actuator sizing.

A linearized incremental model of the pitch control system is illus-
trated in Figure 9-3. The model is linearized about the null torque off-
set angle corresponding to the nominal aerodynamic disturbance %orque.
The dynamics are described in general by the pair of equations

I 66=6TC+ST8+GT

y Ao
Sh = —aTC
where
GTB = 'Kye 86
8h = change in momentum exchange device stored momentum
GTC = incremental control torque

and the remaining quantities are as defined in Section 8.4. Equation
(9-35) applies only when a momentum exchange device is used as the con-
trol actuator.

Assume that the aerodynamic torque variation is at frequency w with

amplitude GTAD (w), that is
STAD = GTAQ {w) sin ot
Two idealized control strategies will be considered:

(1} Follow the null torque attitude exactly at all times

(2) Hold the nominal null torque attitude exactly at all times

(9-34)

(9-35)

(9-36)

(9-37)
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With the first stragery, the total external disturbance torque pertur-
batioh vanishes, that is

aTe + 6TAp =0 (9-38)
This implies
Iy §0 = GTC {9-39)
and
6T, (w)
50 = —%—-—sin wT (9-40)
¥8

Since 68 is given explicitly by Equation (9-40), derivatives can be
taken to yield

. 8T, (w)
§T. = =-oh=-1 o —D0 " oineT (9-41)
c y Kye
and
GTA {w)
sh = -1 w —3%— cos wt (9-42)
y Kye

Therefore the ratios of peak torque and momentum variation to aerodynamic
disturbance variation are

() GTC I ’wz ( )
G, (w = 9-43

(1) h i (9-44)
Hy(w) = - = 9-44
1 \ GTAD W |Kye|

9-17



With the second strategy, the attitude perturbation is zero

38 = 0 (9-45)
resulting in
6TC = - GTAD (9-—46)

Therefore the ratios are in this case

Gz(w) = W =1 (9-47)

HZ(&}) = W ='3)- (9-48)

Comparison of equations (9-43) and (9-44) with Equations (9-47)
and (9-48) shows that the first strategy requires smaller actuators
ifwc< V'Kyemy while the second strategv requires the smaller
actuators if w >‘J| Kye[/ly. For EVAL, the predominant component of 6TAp
is at w = mo'}; 1.1 % 10'3 rad/sec and Iy = 9,39 x 106 Kg~m2. The value
of |Ky31 decreases with increasing offset angles but using the maximum

value |Kye]=33.92 N-m/rad yields


http:LKyeI33.92

0.335 N-m/N-m

~—
)

» 6y leg

Hl(”o) = 304 N-m-sec/N-m
6y(0y) = 1 N-m/li\l-m

Hz(wo) = 909 N~m-sec/N-m

Up to three times as much momentum and torque is thus required to
hold a constant attitude compared to following the null torque at-
titude motion at orbit frequency.

Figure 9-4, based on Fiaure 8-1€, s a rlot of §T_ = Gz(mo) aTAp,
or the pitch control torque required to hold the orbiter at the nominal
null torque attitude in the face of a +20% variation in atmospheric
density at orbit frequency. The torgue values are in all cases less
than that required to capture from the nominal 0.01 deg/sec RCS Timit
cycle (6.23 N-m). However, in the nose down orientation below 235 km,
the indicated control torques are greater than that required to capture
from the reduced rate (0.001 deg/sec) RCS 1imit cycle (0.633 N-m).

Following the null torque attitude may lead to large orbiter
motions at Tow altitude, and the Tinear analysis is not strictly valid
for determining the control torque requirements. Under most conditions,
however, the control torque regquirement for following the null torque

attitude is approximately one-third of that required to hold a constant
attitude at the same altitude.

With the current nominal orbiter parameters, the largest torque
requirement is for capture from the orbiter RCS limit cycle, rather
than during normal steady state operation. The steady state torque
requirement is sized largely by the variation and uncertainty in the
location of the null torque attitude, as determined by the atmospheric
denisty (the primary influence at Tow altitudes) and the orbiter mass
properties. The dominant influence on the transient torque require-
ment for attitude capture from the RCS Timit cycle is the nominal



P

3€0

T

330

300

i
* NOSE DOMWN -

NULL TORQUE ATTITUDE ARE
LARGE S THOSE SHOWN

1 TORQUES REQUIRED TO FOLLOW

270

ALTITUDE (Km)

1., APPROXIMATELY ONE-THIRD AS

9-20

240

Pitch Control Torque Required to Hold at Nominal Null
Torque Attitude With 20% Atmospheric Density Variation

— .
—pem - ' .
—y— g - vrohd
™ T
-k ~ M RO NN M e 0
e [ R Bt ARt v o [ETTITESTE TR [ PRV PR SN
[ P S— T - e f B
+h R B e e ' f . -
ot it 1 0 TR I "
—_— It RJRES IDIDEN) R S SRAA P e \\. o
[iem = - B R B B e [P B PR P
be g . S (NI NG N [ TR RN [N
H
q— . JEPPRIP [NNE (. T BT \ . .“..T.
- T T
— e — = FYIE PP - AN Kooty '
I [N S, N ol g bpfete b
' - i Kl bl . el . , !
- - - PUETIAE NUSE Y B . \\ . . . .
- \ 3 ;
PP - - o —— ey P —— N :
- B8 AN DISR Ri L R SR [
e - b s ane pmarm o s, [=—re s ! L3
AN N B 7 f [ it !
S R - e pLEN |
L) oy ..|.”!.[. _\. - (R _rn_ 1“
u.wlu.ﬂ 17 I R e I I~ N 1 - m. }
e - . mmem—t | e . ' ' .- 1
nl_.H..r . [ PRSI - — . . . vy ..u_.
REn] - - . L - .

210

]
it
i

-
.
- u-‘
]
1
4
1

“Figure 9-4.

(w-N) INDYOL TOHLNOD HOLld QFINDAY

180

0.01


http:FORWA.RD

1imit cycle rate of 0.01 deg/sec rather than the nominal 1imit cycle
deadzone of 0.1 deg. The size of the actuators required, for the null
torque attitude stabilization system can be reduced significantly if

en additional "Tow rate" RCS mode is made aﬁaﬁlab1e. It is recommended
that such a mode be provided, with the Timit cycle rates reduced by

at least a factor of 10 from the current nominal. A proportional in-
crease in the RCS deadzone, if required to achieve the reduéed rates,
vould be acceptable.

It should be emphasized that idealized control has been assumed.
Means of implementing practical approximations to these jdealized con-
trol strategies are described in the following sections.



10.0 MAGNETIC CONTROL OF ORBITER

If electromagnets are used Tor control, the magnetic torque is
" related to the magnetic moment of the magnet bars M and the earth’s
magnetic field B by

From the properties of the cross product, it is clear that no toraue
can be generated in the direction of B and in general there will be
a torque error_fé between Tq and the desired contrel torque Tt. That

f
is,

It can be shown that tha magnitude of the error torque, (Té . Té)1/2
is minimized if the magnetic moment is chosen to be
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The minimum magnitude error torque is along B and proportional to
the component of Tt along B, that is

The relation between these vectors is illustrated 1in Figure 10-1.
In a practical implementation, two additional complication
enter. The ambient magnetic field must be measured with a three-
axis magnetometer to implement equation (10-3), leading to the mag-

netic moment command

l

oo »
=
—]

=}
[}
>
.
[ )

where B is the measured Tield. In addition, a given magnet can only

produce a limited magnetic moment. A simple but realistic model for
the magnets.is therefore

M = SAT (ﬁb,‘ﬁ)

where

M = actual magnetic moment
SAT{-, *) = vector saturation function

m = saturation magnetic moment

10-2
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M = MAGNETIC MOMENT

4

= MAGNETIC TORQUE

Té = ERROR
TORQUE

COMMANDED
TORQUE

B = MAGNETIC
FIELD

Figure 10-1. VECTOR RELATIONSHIPS FOR MAGNETIC
‘ CONTROL SYSTEM
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A magnet control system incorporating these features is illustrated
in Figure 10-2. ’

10.7 CONTROL DESIGN

The error torques in Equation (10-4) introduce undesirable time-
varying coupling between the control axes that may intefere with con-
trol performance. Since control torque is not available in the di-
rection of B, three-axis stability cannot be assured, especially if
the open Toop system is unstable. The "most unstable" axis for the
nuil torque orientations under consideration is pitch in the nose
forward orientation and therefore attention will be focused on pitch.

Figure 10-3 shows a pitch control system using magnets. The dis-
turbance torque model explicitly includes the offset of the null
torque attitude from the nominal attitude, 8, and the attitude error
from the torque null 8. The total pitch angle from the nominal at-
titude (i.e., nose along orbit velocity in nose forward orientation, nose
towards nadir in nose down orientation is

while the rate variable is

10-4

(10-7)
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A command input o, is shown entering the attitude control block of
Figure 10-3. For present purposes it is sufficient to assume that this
input will be used to implement one of the idealized control str&tegies
presented in Section 9.2.2. That is, 8. is used as.follows in each of
the control strategies

(1) e. = actual null torque attitude at all times, to
¢ follow the null torque attitude
(2) 6, = nominal null torque attitude at all times, to

hold a fixed attitude

Practical means of approximating these strategies will be discussed in
a later section.

10.2 IMPLICATIONS OF MAGNETIC CONTROL

In the previous section it was assumed that the required pitch
control torque could be produced by the magnets. This assumption will
now be examined, along with the inter-axis coupling effects introduced
by the magnets.

10.2.17 Interaxis Coupling

Commanding a torque about one body axis with a magnetic control
system will in general produce magnetic torques in all three axes.
In particular, if the commanded torque is about pitch only

TCx r 0
To 1Ty =1 Ty

10-7
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Equations (10-2) and (10-4) give the magnetic torque as

.
T -7.-{C-B)g (10-10)

or in this case

I~ 2 ]
- bx by/b
= _ 2\ .2
TM = (1 - by)/b TCy (10-11)
2
- by bz/b
where
2 _ .2 pa 2
b® = bX + by + bz (10-12)

It is clear that Tﬁ = ?E in this case if and only if by = 0.

Using the tilted dipole magnetic field model described in Appendix E,
Figures 10-4 to 10-6 contain plots of the normalized magnetic torques
Tﬁ/TCy for orbit inclinations of 30, 60 and 90 degrees. These plots
are representative over the entire 150 to 1000 km EVAL altitude range.

10-8
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It is obvious from these figures that in Tow inclination orbits it is
impossible to generate a magnetic torque solely, or even predominantly,
along pitch. As has been previously stated, the control Taw embodied
in Equation (10-10) is optimal with respect to minimizing the error
between Tb and TM and therefore no improvement is possible.

Figure 10-7 summarizes the ranges of the normalized magnetic
torques as a function of orbit inclination. The maximum and minimum.
values are generally reached at least once each day. Therefore even
at the "best” orbit inclination, i = 90 degrees, the coupling between
the pitch torque command and roll magnetic torque will reach

and the coupling between pitch torque command and yaw magnetic torgue
command -and yaw magnetic torque will reach

TMZ/TCy = 0.11

part of each day. Since pitch is unstable (at all altitudes) in the nose
forward orientation, pitch control torque must be applied continuously

and not just when the magnetic field conditions are favorable. In-
terfgrence’with'ro]i and yaw control is therefore inevitable and,
considering that roll is also open loop unstable, three-axis stability
cannot be guaranteed.

10-12
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10.2.2 Magnet Sizing

To successfully control an unstable axis{ the magnets must be
sized to produce sufficient cofitrol torque at all points of the
orbit. From Equation (10-3), the magnetic moments implied by a pitch

torque command TC_y are

_ 2 L
My = = (b/b5)Tey (10-13)
My =0 (10-14)
e 2
M, = (bx/b )Tcy (10-15)

The normalized magnetic moments M#/TCV'and MZ/TC are plotted in Figures .
10-8 to 10-10 for orbit inclinations of 30, 60 and 90 degrees at 200 km
altitude. The peak values from these, and other similar plots, are sum-
marized in Figure 10-11. It is apparent that the normalized magnetic
moments range from about 2 x 107 to 5 x 107 pole-cm/N-m over the EVAL
altitude range. Recall (Figure.10=7}, however, that only near 90 degree
inclination does the actual magnetic torque along y, TMy’ come close
to equalling the command torque TCy” When this fact is taken into
consfderation, the magnetic moment required to -produce a given actual
magnetic torque along pitch is minimized by assuming a 90 degree in-
clination orbit. This highly optimistic assumption is made in the
following analysis.

Magnets with magnetic moments in the ]04 pole-cm range have been
used for momentum management on such spacecraft as TIR0S, 0S0, 0AQ,

10-14
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and SAS. Larger magnets, in the 106 pole-cm range, have been proposed
for LST and other large spacecraft. It will be assumed here that

the current practical limit is 107 pole-cm per axis. The estimated
physical properties of such a set of magnets are listed in Table

10-1.

Another important consideration, that will not be addressed

here, is the effect such Targe magnets will have on the operation of
nearby payloads.

The maximum RCS 1imit cycle rates in pitch, from which attitude
capture is possible with the 107 pole-cm magnets, are listed as a
function of altitude in Table 10-2. The table is based on Figures 9-2
and 10-11with a 90 degree inclination orbit. The table shows that
capture from the nominal 0.01 deg/sec 1imit cycle is not possible, even
with the optimistic assumptions made. In fact, the Timit cycle rates
must be reduced by a factor ranging from 23 at 200 km, to 40 at 1000 km.
Even 1f a "low rate" RCS mode were provided, the variability and un-
certainty inherent in the RCS would almost certainly preclude reliably
achieving the rates required.

Assuming that the 1imit cycle rates can, somehow, be reduced to tha
required levels for attitude capture, there remains the need to supply
continuous control torques to either follow the atmospheric density varia-
tion induced changes in the null torque attitude or to hold a constant
atttitude. Fiqure 10-12 compares the pitch torque required to hold a con-
stant attitude with the torque available using 107 pole-cm magnets. It
is clear from the figure that even 107 pole-cm magnets are incapable of
stabilizing the orbiter against short term atmospheric density variations
in the nose down orientation below 265 km altitude.

10.3 CONCLUSIONS

Even if several optimistic assumptions are made, magnets are
incapable of providing prolonged three axis stabilization for the orbiter.
Among the points weighing against magnets are the following

10-19



‘ Table 10-1. Esfimated Physical Properties of 10
’ Pole-cm Per Axis Magnets

7

Parameter Per Axis | Total 3-Axis
Magnetic Moment 107 -
(Pole-cm)
Mass (kg) 146 438
Length (m) 7.70 -
Diameter (m) 0.065 -
Volume (n?) 0.026 0.077
Power (Watts) 43.3 130

10-20




Table 10-2. Max1mum RCS Limit Cycle Rate for Pitch Attitude Capture With 107 Pole=-cm
per Axis Magnets in 90 Degree Inc11nat1on Orbit

12-01

. . . ) Pitch Torque-W{th‘ Maximum RCS Limit | Ratio of Nominal
Altitude .Norm?;;?:?cm?§?;§1c tomen S omEm =10~7 PoTe-cm | (YCle Rate for At-} to maximum RCS L1~
(Kin) X oz titude Capture mit Cycle Rate
- , "/ Tey Mo/ Tey ' TQy (N-m) émax (deg/sec) SNom’ OMax
i ot 7 7 ‘ 4 | |
180 2.07 % 10 3.49 x 107 0.287 4.3 x 10 23
" 200 2.03 x 10 3.61 x 107+ - 0.285 4.3 x 107 23
250 2.08 x 107 3.60 x 19/ . |+ 0.278 - . 4.0 x 107" 25 .
300 2.13 x 10/ 369 x 107 - 0.271 1 saxa0t 26
500 2.32 x 10/ .02 x 1055 | © T 0.249 a5 x07d 29
1000 2.87 x 10 4.97 x 107 0.201 2.5 x 1074 40

* éﬁom = 0.0] deg/sec
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Physical limitations of magnetic control due to the relative
orbiter/magnetic field geometry introduce undesirable inter-
axis coupling, with adverse effects on stability.

very large magnets (107 pole-cm per axis) required for even
marginal performance.

RCS Timit cyg]e rates must be reduced from current nominal values
by a factor of 25 to 40 to permit attitude capture. The feasibi-
1ity of doing this is highly doubtful.- :

.Tack of reserve torque capability can result in"Toss of control
due to-variations in atmospheric density or orbiter mass pro-
perties.

possible adverse éffects of Targe magnetic field on nearby payloads
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11.0 MOMENTUM EXCHANGE CONTROL OF ORBITER

Compared to magnets, momentum exchange devices offer the possibility
of more accurate and sophisticated control, due to the higher magnitude
and arbitrary direction of the available control torque. Potentially ap-
plicable momentum exchange devices include single gimbal and double gimbal
CMG's (control moment gyros) and RW's (reaction wheels). For brevity,
the discussion that follows is stated in terms of CMG's; the analysis ap-
plies to RU's as well, however.

11.1  SYSTEM EQUATIONS

Rather than assuming a particular CMG configuration, the discussion
will be in terms of the orbiter body axis components of the CMG cluster
momentum

The state vector X will be defined as the 12-vector

where.ﬁ was defined above and



§ = o = small angle perturbations from
null torgue attitude.
’ A
“x
wp T @ - w Y= wy, = = inertial rates of body relative to
orbit reference frame.
[iV]
z
n\!
n = n, | = time integrals of wheel momenta
nz

The reason for .including n will become apparent later.

With these definitions, the small angle dynamic and Kinematic
equations become

mR='"f'1- [Bx (T -w+h) +K+ h+ 6T, ]
§=w,+a 38

R

-2

{(11-3)

(11-4)

(11-5)

(11-6)

(11-7)



where T is the orbiter inertia dyadic, K is the disturbance torque com-
pliance matrix, h is the CMG torque vector, GTAD is the aerodynamic dis-
turbance perturbation due to atmospheric density variations and

0 0 - o,
@ = [0 0 0 (11-8)
W, 0 0
The differential equation for n is, by assumption,
n=h (11-9)
There remains to determine the differential equation for h, defining
-the (MG control Taw. The form of this equation can be selected to yield
the desired control characteristics, and will be assumed here to be a
combination ¢f Tinear state variable feedback and a term to cancel the
nonlinear coupling terms in the dynamics
F=6X-wx (I+a+h) (11-10)

where G 1s in general a 3 x 12 gain matrix composed of four 3 x 3
submatrices



G 2[_66 f Gm f Gh 3 Gni]

Since the exact Tocation of the null torque attitude is not known
a_priori, a more realistic form of the control Taw is

where X is obtained from X by substituting for the actual § vector
the estimated small angle perturbation from the null torque attitude

where

%g

Eé = | 63 | = Actual euler angles in

ABN matrix
vg
r:‘ -

%

86 7 | ® | = Estimated euler angles in
@0 AON matrix

and the ABN and AON matrices are as defined in Section 8.1.1.

11-4

{(11-11)

(1-12)

(17-13)

(11-14)

(11-15)



Similarly,

S = GB - 50 (11-16)
where
9
Eg =18, | = Actual euler angles in Ay matrix (11-17)
Yo

The‘imp1icit assumption is made in Equations (11-13) and (11-17) that at
most one element of 8, or 8, is a large angle; this is true -for the nose

forward and nose down orientations under consideration, with ¢0 = ¢0 = Q.

With the assumed CMG control law the orbiter dynamics are described

by

S= TV [6x+Ks + 5Ty ] (11-18)
or in terms of the euler angles

S=ms-1 ) [6x+ K+ 5Ty, ] (11-19)

11.2 CONTROL DESIGN

As the pitch axis has the Targest potential control problems (highly
unstable in the nose forward orientation, large variation in null torque
attitude in the nose down orientation, this.axis will be treated here.
Figure 11-1 contains a block diagram of a control system of the type dis-
cussed in the previous section, with the notation slightly changed to
emphasize the physical structure. The nonlinear coupling compensation
terms in Equation (11-12) do not appear in the single axis analysis and
are in any case relatively small. The control system can be understond
in terms of a conventional attitude loop and two ada

11-5
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~

o atti?ude Toop (K, and Kp)- tends to drive 8. t0 8. =8 + 8,
and Op to zero. '

e null trim Toop (KC) - provides adaptiye attitude command
correction based on momentum stored in CMG to drive ey to
~ the true nu]] torque at}itude 9 dgspite errors in the es-
timate of its location By

8 momentum unloading Toop (KI) - provides offset, from adaptively
determined null torgue attitude, based on integral of wheel
momentum, to utilize disturbance torque for unioading the
CMG. (Most effective when leel is large.)

When both adaptive loops are used, and the gains are selected to
yield a stable system, the final steady state values will be g = 8,
hy =0 i? a constant a?mospheric density environment.' If the KI Toop i§
omitted, ‘the stored CMG momentum will reach a steady state value different
from zero, un]e;é‘éo = e;. "In this case the RCS thrusters could be fired
briefly fbr'momentum_un1oading. fThe adaptive loop feedback limiter improves
the large sigﬁé] transient response during init%a1:captive from the RCS
limit cycle. -

‘The gains required to yield a particular set of closed loop roots
can be obtained by matching coefficients in the characteristic equation.
In?the case where two. roots are complex conjugates. and  two are real,
thé characteristic equation is

d(s) = (52 + 2wz s + mz)(s + A)(s + n) " {11-20)

(Ij} and the required control gains are
/
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Anow I
- 1.2 —— Yy -
Ko = w +t 20 e (A+n)+an - Kye Iyy Kye
K ={2 + oA+ _ 2{.08171'*'0.\2(}\"'1'1_)11 1
R w e n K yy { Cyy
v6
I 5 + ,2( + )
K. = %x W E AN Kw A+
c P ye
1 AN wz I
K1 = &7 R
p VB

Different sets of gains will in general be required depending on
whether the orbiter is in the nose forward or nose down orientation, and
whether the operating mode is initial capture from the orbiter RCS limit
cycle or normal Tong term stabilization. The considerations entering the
design for each of these conditions and sample designs are presented in
the following subsection.

11.3 INITIAL CAPTURE FROM RCS LIMIT CYCLE

In general, the largest torque and momentum reguirements will be
during the initial capture transient from the RCS 1imit cycle rather than
during steady state operation. Because of the complexity of the system,
accurate sizing can only be done by simulation. Analysis is useful, how-
ever, for obtaining a rough sizing estimate and establishing the relative
importance of the various factors influencing the torque and momentum re-
quirements. The analysis here assumes a constant atmospheric density
. over the cabture interval; density variations are considered in the normal
operation section.
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11.3.1 Momentum Estimate

If no unloading takes place during the transient, the stored momentum
consists of two terms

o the excess momentum initially stored in the orbiter due to
its RCS 1imit cycle rate. ”

e the net momentum absorbed from the disturbance torque due to
being off the null torque attitude.

The first term is, assuming the nominal RCS ]imit,cyc]e rates of
"0.01 deg/sec.

(11-25)

1 17 I
rad/sec)| 1216 N-m-sec

(1.24 x 10°% kg-n?)(1.75 x 107

4

=1 (9.30 x 108 kg-n?)(1.75 x 107* rad/sec) | =[1639 N-m-sec

4 rad/sec) 1696 N-m-sec

(9.72 x 10° kg-mf)(1.75 x 10°

Y

i .

The peak value of the second term depends on the details of the

transient response and is therefore more difficull to determine. As a
rough estimate, the steady state value for the control system describec
in the previous section will be examined. If K; = 0, the steady state

11-9


http:kg-m2)(l.75
http:kg-m2)(l.75

momentum stored is, for pitch.

or in terms of the closed Toop roots

For example if

H

w = 0,002 rad/sec
z =0.5

A = 0,001 rad/sec

Kye = - 33.8 N-m/rad

= 6 ., .2
Iyy 9.39 x 107 kg-m
6, = & = 0.2 deg

11-10
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the steady state momentum would be

Dy 283 N-m-sec

The peak .stored momentum due to the disturhbance torque is actually
several times as large; as will be shown by simuiation. However, the
momentum due to the 1imit cycle rate is still the Targest term.

11.3.2 Torgue Estimate

The largest control torque is required in pitch in the unstable.
nose forward orientation. Equation 11-12 shows that the pitch control
torque (Tcy = —hy) consists of a feedback term

(Tey)ps = = 6% = Kp {8y = o + Ko h + Ky [h dt) ~kp & (11-28)
and a decoupling term.
(TC,Y)DEC = EM'X(I @ + h)] = W, W, (IXX - IZZ)v+ (hX w, = hz_w-x) (”72-9

As with the momentum, the actual peak torque depends on details ‘of the
transient behavior .and is best determined by simulation. If the damping.

11-11



ratio z is relatively high, however, the peak torque will occur near

t = 0 and can be approximated by

(TCy)PEAfzKP(ao - 8g(0}) - Kp éB(O) + u,(0) mz(o)(Ixx

For example, suppose the initial conditions are

8, - 8 = 0.2 deg

éB(o) = wx(O) = mz(O) = 0.01 deg/sec

and the closed loop ‘roots are selected as

w = 0.002 rad/sec¢
r = 0.5

=
1}

3
It

0.001 rad/sec

with
= 6 2
Ixx 1.24x10" kg-m
6 2
I =9.,39 -
vy 9.39x10" kg-m
- 6 2
IZz = 9,72x10° kg-m
Kye = - 33,8 N-m/rad

11-12
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The position gain is then

"

K = 129 N-m/rad
and: the rate gain is
Ko = 63600 N-m/ (rad/sec)

The feedback components of the control torque are in turn

h Kp(e0 - 98(0)1? 0.45 N-m

“Ka éB(o) = 11.1 N-m

while the decoﬁp]ing.tenn.iS'

wx(O)‘?z(O) (1, - Izi?= 0.26 N-m

$he.totai’torque, 11.8 N-m, is clearly dominated by the rate feedback
term, while the decoupling term gives the smallest contribution.

11.3.3 Simulation

To better understand the control system operation and verify
the sizing estimates of the previous sections, a sing]e—ax}s simulation
of the pitch control system shown in Figure ]ﬁ—] was conducted. The
parameter values used are listed in Table 11-1, the resuits are

11-13



Table 11-1. - Initial Capture Transient Simulation Parameter Summary

e s ==
|

Symbol Parameter Yalue Units
o Bandwidth 0.002 rad/sec
_ 0f dominant roots
T Damping ¢.5 -
A Null Trim Loop Root 0.001 rad/sec
n Momentum Unloading Loop Root 0.001 rad/sec
KP Position Gain 129 N-m/rad
Ke Rate Gain 6.36 x 10 N~m/{rad/sec)
KC Momentum Feedback Gain -2.16 x ]0’5 rad/ (N-m-sec)
K Momentum Integral Feedback ~-8.63 x 10'9 rad/ (N-m)
Gain
. . 6 2
Iyy Pitch Inertia 9.39 x 10 kg-m
Kye Pitch Disturbance Compliance -33.8 N-m/rad
hLIM Adaptjve Loop Feedback Limit 1500 "N-m-sec
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summarized in Table 11-2, and time plots are presénted in Figures 11-2
to 11-4. The two cases run represent the open loop unstable nose for-
ward orientation, and differ only in the value of the initial rate. For
added realism, the initial attitude eB(O) = 0,1 degree differg from both
the actual null torque attitude o, = -0.2 degree and the estimated null
torque attitude éo = 0, Both cases cover 6000 seconds, or slightly more
than one orbit.

In case 1, the rate initial condition is the nominal RCS limit cycile
rate of 0.01 deg/sec. As shown in Figure 11-2, the torgue reaches a peak
value of 11.3 N-m at t = 0. This is in reasonable agreement with the
estimate of the feedback terms in the previous section, The stored mo-
mentum reaches a peak value of 2580 N-m-sec, of which approximately 1640
N-m-sec can be attributed to the transfer of the 1imit cycle motion mo-
mentum from the orbiter body to the CMG's. The stored momentum is atmost
completely unloaded at the end of the run, while the attitude is slowly
converging to the true torque null. The nonlinear effect of the adaptive
loop feedback Timiter jis apparent in the plots; use of this limiter re-
duces the peak momentdh requirement by 410 N-m-sec. ‘

In case 2, the initial rate was reduced by a factor of 10 .compared
to case 1, to 0.001 deg/sec. As shown in Figures 11-3 and 11-4, the con-
vergence to the true torgue null is considerébTy more rapid, the momentum
is unloaded sooner, and the peak torqﬁe is reduced to 1.34 N-m, while
the peak momentum is reduced to 429 N-m-sec:

11.4 NORMAL QOPERATION

1

In normal operation following the dnitial capture transient, the
major influence on the orbiter null torque attitude stabilization system
performance at low altitudes is variations in atmospheric density. The
design example presented in the previous subsection provides adequate per-
formance during the capture transient, but is excessively sensitive to dis-
turbance torque variations with frequency components near orbit frequency.
Designs with lower sensitivitjes will now be described.
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Table 11-2. Initial Capture Transient Simulation Result Summary

initi

‘ al Conditions Peak Values _
-Case Figures i1 8y 1 6p 8, ;] hy hy
I (deg) | (deg/sec) (deg) | (deg) | (N-m-sec) { (N-m} [ (N-m-sec)
1 11-2 | o1 0.01- | -0.2 0 11.3 | 2580
2 11-3, 11-4 || 0.1 -0.2 0 1.34 429

0.007
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11.4.1 Selection of Control Law

Two idealized control strategies for dealing with periodic distur-
bance tbrque variations were described in Section 9.2.2. These were:

(1} Follow the null torque attitude exactly at all time

(2) Hold the nominal nutl torque attitude exactly at all times

%hé first strategy requirés a precise knowledge of the location of the instan-
taneous orbiter null torque attitude, a condition.that is all but impossibie to
meet in practice. The second strategy only requires the mean or nominal null
torque attitude, but any error in its estimate results in a secular momen-

tum buildup in the CMG's. To achieve a practical control design, a com-
promise must be made between holding the orbiter attitude steady and

minjmizing the required CMG momentum storage capability.

The nature of the design depends strongly on the orbiter orientation,
In the nose forward orientation, even a +50% variation in atmospheric
density at h = 180 Km results ideally in a momentum perturbation 8h of
only +167 N-m-sec and an attitude perturbation sop of +1.2 deg if the
null torque is followed, or a momentum perturbation of +500 N-m-sec and
no attitude perturbation if the attitude is held. In either case, the
momentum change is less than-that required to capture from a 0.001 deg/sec
1imit cycle. On the other hand, in the nose down orientation very large
attitude and momentum perturbations are possible at altitudes below 250 Km,
Figure 11-5 shows the peak-to-peak momentum and attitude perturbations
resulting ¥rdm +20% variations in atmospheric density using either of
the control strategies previously described. For all altitudes above 185
Km Tess momentum is required to follow the null torque attitude variations
at orbit frequency than -to hold a constant attitude. However, this ap-
proach results in Targe attitude excursions at low altitudes. ‘

It was demonstrated in Section 9.2.2 that the momentum storage require-

' ~ment is mipimized by following variations in the null torque attitude with

frequencies less that v Igyel/;y and resisting attitude perturbations caused
by null torque attitude variations with frequencies greater than v |Kya|/;y.
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This control straﬁegy, which approximates eacﬁ of the two idealized con-
trol strategies over different frequency bands, is adapted for normal
pitch control.

The assumed structure of the pitch control Taw is shown scheﬁatical]y
in Figure 11-6. The compensation is more general than in Figure 11-1, with
a Tag (TL) added to the momentum feedback shaping and integral compensation
(KF) added to the attitude loop. Since the null torque attitude is not
known a_priori, the mementun feedback shaping is used to attempt to adap-
tively seek the true null torque attitude and also unload excess momentum.
Each of the two orbiter orientations is treated separetely, due to the open
Toop stability differences.

11.4.2 Nose Forward Orientation

In this orientation the disturbance compliance Kye is dominated by
the gravity gradient slope of 33.92 N-m/rad for small offset angles, and
pitch is open loop unstable. A Targe number of cases were analyzed with
various combinations of non-zero gains. . Five of the better cases are
summarized in Table 11-3 and the ratios H(w) = 6h/6TAp are plotted in Fig-
ure 11-7. In case 1, KC = KI = (0 and there 1is no adaptive action to seek
the null torque attitude. The attitude therefore remains nearly constant
and the momentum grows without bound, indicated by the fact that H(0) = .
In case 2, Ko # 0, and a step change in TAp results in a finite net change
in h because H(0) is Tinite. Making K; # 0 in case 3 causes H{0) = 0,
resulting in no net momentum change for a step change in Tﬂp. The response
now parallels the desired function at low frequencies, but is much larger
at high frequencies. In case 4, the lag in the momentum feedback shaping
is made non-zero. This “rolls off" the addptive loop resulting in lowered
momentum perturbation from high frequency disturbance variations, compared
to case 3. The Tow frequency response is significantly degraded however.
In case 5, TL = 0 again, but the integral gain in the attitude locop, KF’
is non zero. Only a small improvement in high frequency response results.
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Table 11-3.

Compensation Parameter Summary - Mose Forward Orientation

Case Kp Ke Ke Ky T K Hlwg) | H(2w)
N-m/rad N-m/{rad/sec) | rad/(N-m-sec) |(rad/sec)/ sec N-m/(rad-sec) db db
A (MWweseq)| M

Desired Response - - - - - - 49.9 53.0
1 9. 73x10° 9. 39x10% 0 0 0 0 59.8 | 53.8

2 1.07x10° 3.63x10° | -2.59x107° 0 0 0 50.3 | 55.0

3 2.56x10° 1axae? |-5.30x07% | -3.00x107® 0 0 55.8 | 58.2

4 a.84x10% ©3.3010°  |-2.7ax07% | -3.25x1078 | 526 0 58.5 " | 61.0

5 2.59x10% g.47x10°  |-3.3107° | :4.0201078 0 18.6 55.8 | 58.2

ALL CASES:
= 9.39x10° Kg-m?

i

33.92 N-m/rad

1.1 x 1073 rad/sec
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It is obvious that no one case matches the desired function closely
over the entire frequency range. Since the disturbance variation is

basically at w = w_, the momentum response should be minimized at W, -

OJ
Case 3 is therefore selected as the nominal gain set, for having the
smallest H{w) at W and for all w < 10 Wy H(mo) is, however, 55.8 db

= 615 N-m-sec/N-m or about twice the ideal value.

Figure 11-8 contains a plot of the attitude response ratio 698/51Ap
for gain set 3. At low frequencies the ratio closely approximates the
value ]/Kye that would result from exactly following the null toﬁque
attitude. The response begins to roll off at the desired break frequency,
initially with a slope of -1 and then with a slope of -2. The attitude
response at w, is 1.4 db or a factor of 1.18 greater than in the ideal
case. As the attitude variations are small in the nose forward orienta-
tion, the Tinear analysis is valid over the entire EVAL altitude range.

11.4.3 Nose Down Orientation

-~

In this orientation the gravity gradient slope is KG = -« 33.92 for
small offset angles ( h > 250 Km), and pitch is open loop stable. A
spitable set of gain is

Kp = 74.7 N-m-rad

Kp = 2400 N-m/(rad/sec)

K = 6.94 x 107 rad/ {N-m-sec)

Ky = 3.5 x 1078 (rad/sec)/(N-m-sec)

These gains are much lower than in the nose forward orientation because
of the open loop stability, but H (wo) Y 55.8 db again, as shown in
Figure 11-9. At high freguencies, the response is actually better than
that which would result from holding a constant attitude.
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Attitude Response to Disturbance Variation in "Nose Forward"
Orientation (Gain Case 3)

Figure 11-8.
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"Nose Down" Orientation

FREQUENCY w (RAD/SEC)
Figure 11-9. Momentum Response to Distu}bance Variations in
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.The attitude response ratio GeB/TAp is plotted in Figuré 11-10.-
At Tow frequencies, the ratio again approximaﬁes ]/Kye’ but the injtia]
slope after the break is now -2, resulting in improved rejection of
high frequency disturbance variations. The attitude response’ at w, s
3.2 db or a factor of 1.45 greater than in the idealized case.

At Tow altitudes, large momentum and attitude variations may
occur, and due to the nonlinear nature of the disturbance torques the
linear analysis is not strictly valid. To verify performance at low alti-
tudes, several simulation cases were run with a ]aﬁge angle single axis
simulation. The results of these simulations are summarized in Figure
11-11. Above 250 Km, the simulation results. agree closely with the
linear analysis., Below 250 Km, deviations from the linear analysis
appear, as expected. The combination of large attitude variations
and momentum storage requirements may make operation in the nose down
orientation unfeasible at the low end of the altitude range.

11.5 MOMENTUM EXCHANGE DEVICE SELECTION

A tradeoff analysis of momentum exchange devices capable of
meeting the control requirements developed in the previous subsection
is contained in Appendix F. Or the basis of size, weight, power,
cost and feasibility, double gimbal control moment gyros .rate as the
most suitable control actuafors for the orbiter null tordue attitude
stabilization system. ’

Table 11-4 summarizes the characteristics of the required CMG's
under two sets of assumptions on allowabie operational restrictions.
The first CHMG set allows capture from the nominal RCS timit cycle
rates and can stabilize the orbiter in the nose forward orientation
at allaltitudes above 180 Km and in the nose down orientation above
200 Km. The second.CMG set can only be used if the RCS limit cycle
rates are reduced by a factor of 10 and if operation in the nose down
oriéntation is not reqﬁired below 230 Km.

o 11-29



s e i e I e R Bl i il HEERE R
TR e A e e e e T
T B e e B e e
S T =4 T3 llﬂhnm.ll.mm wn.i%” -|....M == =1
St e | e e e JRetet e, DO
= Hmhn,“.ﬂm%nﬂwx - HIMH.IHMHH].,.WLM_- LI E -u ,.!Wm..-..--,
SRR i SN L TS b e Bl IS RS- S
B R Tk BT Rt PR i g I s R B
e e R SR I ] I L P
e I,.“ i i 1. B * |
. l.
-1 - - —
it P | Mg d ghis | \\ i
| — - Il- i e . A r——— - — |||m
4 ] s Fovsivin M R (AR O
Sl AR 13— "7
- - - P
SIERA T I e =
N N D e 5 - K £
- 1:58 =37 . e |
T == === —- — T
MEREEE Bt P B I n
] P DA T A
- DU N v A : 5 N
-2 I Y | ”
1l A N Y R O
e 2 - : ) T _
gl a |
[== 3 ¥EN ;

L=t = Epr
LI
L}
1)
e e —— L
3
i
{
1

et Pl
Ty L
1
'
— ‘J—.-‘
i
f
1 [
1

= =T H M ) .

=N n\ﬂ m £ —— — m
b ARS8 i

=+ -3k g DB B DT R 1 - |
EEENE L )R |
s m . T WE = ] — u
R R o 35 - i R = 4
- T : : i
= 3= X 25 it ==3d.Td
SR L el R s
HHW.H.WIIMIH_ R R I ks Foreliot RENE: Rebwinta wemcialine: HEECRES I
— r————) —— ———— —_— e —— a — ] p— = —— - -
e ~7 (ap) Vao/Boe T T
R N | R S s N TN S ISR U SO

-30
-40
-50
-60
-70
-80

11-30

1072 107!
FREQUENCY  (RAD/SEC)

1073

10’4

Attitude Response to Disturbance Variation In "Nose Down"
Orientation

Figure 11-10.



T

F & i-— 4

SESEEEEEEST
==

=
EEsaEE e

m

EES=SESESREG

EEEERSSEa =
By e s 3

5000 EEmer e

2000 [

1000

240 260 280 300 320 340

220

200

)

ALTITUDE {Km

= ©
[
— 5
Q
— A=
[=lF=%
= 0
2 O
c B
S8
(2]
—et
wo
(SR e |
— 4o
-+ ]
(SRR gy T
o4
& -
o=+
"
Lagy —J o]
= 0 =
L5
g+
[l ]
Qo
QO c
o O
[
O+
[+] [i-]
TEL
[
[ =N R
— O >
0 u» A+
o = I d
2= n
ek
=
—
—
|
—
—
[
-
=3
on
b
[

11-31



Table 11-4. Summary of Double Gimbal CMG Characteristics

P4 4

(MG Characteristics i Operational Restrictions
:Mi Per Unit Total for Cluster of 3 Units Maximum RCS Minimum Altitude (Km)
e Limit Cycle Rate for Orientation **
- Torque Momen tum Weight | Power* Yolume {Deg/Sec)
(N-m) (N-m-Sec} (Xa) {Watts) (m3) Nose Forward | Nose Down
13.6 2710 .
1 (10 Ft-1b) | (2000 ft-1b-sec) 281 | 93 2.70 0.01 (Nominal) 180 200
> ~ 1.36 678 . 180 230
(1 £t-1b) | (500 ft-1b-sec) 136 45 0.97 1t 0.001 (0.1 Nominal)

“* Peak power at maximum torque output.
**  +20% Atmospheric Density Variation at Orbit Frequency Assumed.




12.0 ORBITER NULL TORQUE ATTITUDE STABILIZATION SYSTEM DEFINITION

An overall design of the orbiter null torque atttitude stabiliza-
tion system is presented in this ‘section. The system concept stresses
autonomous operation, with nearly all control function performed by
dedicated programmable digital electronics (EDE).

The orbiter null torque attitude stabilization system maintains
the orbiter attitude near the null torque attitude, that is, the atti-
tude at which the total external torque on the orbiter vanishes. The
system attempts to hold the orbiter roll and yaw attitudes at the esti-
mated null torque attitude, while adaptively seeking the true null torque
attitude in pitch. The orbiter RCS is disabled during operation of the
null torque attitude stabilization system, except for occasional brief
firings of the vernier RCS thrusters to unload CMG momentum when the
(MG cluster is near saturation.

A functional block diagram, showing the major blocks and data flow
of the orbiter null torgque attitutde stabilization system, is presented
in Figure 12-1. Descriptions and more detailed data T1ow diagrams of
the major blocks are contained in the following subsections.

12.1 COMMAND AND ERROR PROCESSING

Figure 12-2 shows a block diagram of the command and errvor process-
ing performed by the orbiter stabilization system PDE. The only inputs
required from the spacelab computer are orbiter attitude and ephemeris
data, an indication of the orbiter orientation number, and a vector of
estimated nuli torque offset angles. The orbiter attitude and ephemeris
data originates in the orbiter GNAC computer, but is relayed through the
spacelab to maintain a uniform interface. The orbiter orientation number
indicates whetiier the "nose forward" or "nose down" nominal orientation
is desired. The ANR matrix is fixed for each ofientation and contains
only three nonzero (t1) elements. The estimated null torque offset

12-1
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angles are precomputed for each of the two nominal orbiter orientations,
based on the estimated atmospheric density and orbiter mass properties
for the particular EVAL mission being conducted.

The command and error processing outputs are the orbiter rate and
attitude errors. The rate error output serves to cause the orbiter to
rotate about the orbit normal, with respect to the inertial (1) frame,
at orbit rate. This aids in keeping the orbiter locked to the earth
pointing orbit reference (R) frame. The attitude error output consists
of the small angle errors between the actual orbiter attitude and the
estimated null torque attitude.

12.2 CONTROL LAW

A block diagram of the orbiter stabilization system control law
data flow is shown in Figure 12-3. The control law, derived in Section 11.1
contains two branches. The primary attitude stabilization task falls
upon the feedback control law. The momentum coupling compensation
path assTsts in attitude control by attempting to cancel undesirable
inter-axis coupling torques that result from the interaction of the
orbiter inertial rate and system momentum vector. The output of the
control law is a CMG torque command vector.

Figure 12-4 shows the data flow structure of the feedback control
law. The upper two paths in the Figure implement a conventional
proportional plus rate attitude control law and operate on all three
(ro11, pitch, yaw) control channels. The lower two paths use propor-
tional plus integral feedback of the CMG cTuster momentum to implement
loops that adaptively seek the null torque attitude and use the gravity
gradient torque to unload excess CMG momentum. These adaptive loops
are used only on the pitch channel. The numerical values of the gain
matrices (GE, Gm, Gps Gn) are different in the "nose forward" and
"nose down" orientations.
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12,3 CMG CONTROL AND MOMENTUM MANAGEMENT

The data flow for CMG control and momentum management is shown in
Figure 12—5: The CMG cluster consists of three double gimballed CMG's.
As illustrated in Figure 12-6, the CMG's are mounted to have, with zero
gimbal deflections, mutually orthogonal momentum vectors. Control torques
on the orbiter are geﬁerated by commanding gimbal rates, while momentum
is stored as gimbal deflections. )

With a1l three CMG's operat1ng, there are s1x degrees of freedom
in the CMG cluster, and the CMG steering law performs three functions.
The primary function, using three degrees of freedom, is to command
combinaticns of gimbal rates such that the actual torque on the orbiter-

‘equals the commarided COntrbl torque. The remaining three degrees of

" freedom are used to distribute the individual CMG momentum vectors to
-_aboid undesirable momentum configurations and to stay aﬁay from gimbal
; mechanical stops. These secondary functions are programmed in such a
manner thgt no net torgue on the orbiter results.

With one CMG failed, there are four degrees of freedom in the CMG
cluster. Three of these degrees of freedom are used to generate control
torques, while the remaining degrees of freedom is used to.reduce the
gimbal angle of the gimbal axis that is nearest to a gimbal stop. Mo-
mentum storage and control torque capability is reduced with one CMG

failed, but continued operation, with some performance degradation, is
- possible,

The CMG cluster momentum is computed from the CMG gimbal angles,
as measured by the CMG gimbal angle resolvers: Logic is provided to
indicate when the CMG cluster momentum is approaching a saturated
condition. To maintain control, the cluster must be desaturated with
torques provided by the 6rbiter‘RCS: To minimize the impact of the
momentum unloading on experiment pointing, minimum on-time (~ 40 msec)
vernier RCS thruster firings will be used, and transmission of thruster
commands to the RCS can be inhibited, on a pr1or1ty basis, by the
spacelab computer.
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APPENDIX A
SPACE SHUTTLE ORBITER DATA

A.0  INTRODUCTION

This appendix briefly summarizes basic space shuttle orbiter
data that will be required for the Earth Viewing Applications Laboratory
(EVAL) study. The areas covered includs coordinate systems, payload bay
characterization, internal disturbance sources, and mass propertiés. The
MKS system has been adopted for the EVAL study and therefore units are
converted to MKS where necessary-

A.1  COGRDINATE -SYSTEMS

'Most'shuttTe agrbiter source data is specified in the "orbiter co-
ordinate system{, (xo, Yoo zo), ilTustrated and described in Figure A-1.
The "station numbers" appearing on dimensigna] drawings are the (xo, Yqr
zo) coordinates, in inches. This frame is convenient for specifying lo-
cations on the orbiter because the (Xo’ Yoo 20) ccordinates are always
fixed in the orbiter.

A more useful frame for dynamics is the orbiter body coordinate
system (xB, Yp> zB) illustrated in Figure A-2. This frame has its origin
at the orbiter CG and body~fixed axes oriented in the standard "airplane"
arrangement. The orbiter body coordinates are related to the orbiter
coordinates by

. _ - . -
Xg 10 0 X, - X
yB = 0 1 0 y0 ng

CG
2g 0 0 -1 2y - 25

where (xo, Yo zo)CG is the CG location in orbiter coordinates.
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A.2 PAYLOAD BAY

The instrument pointing system (IPS) will be located in the payioad
bay, illustrated in Figure A-3. The payload envelope is restricted to
a cylinder centered at

X 942 in = 23.9268 meters

0

z 400 in = 10.16 meters

o

with overall Tength 720 in = 18.288 meters and radius 90 in = 2.288
meters. A 180 degree lateral field of view is available at z, = 427 in =
10.8458 meters. The longitudinal fields of view at the payload bay center
point are illustrated at the top of Figure A-3. '

A.3 INTERNAL DISTURBANCE SGURCES

The two largest disturbance sources originating within the orbiter
during attitude hold operation are crew motion and vernier reaction control
system (RCS) thruster firings. External disturbances are mission dependent
and are discussed in Appendix D.

A.3.1 Crew Motion

The worst case crew motion force profile is illustrated in Figure A-4.
In general, this force profile can be applied at any point within the
orbiter that the crew has access to.
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A.3.2 Vernier RCS Thrusters

Fine orbiter attitude control is achieved with six vernier thrusters
with thrust 25 FBf = 111.2 N, specific impulse Isp = 228 sec, and a minimum
on-time of 0.04 sec. The thruster locations and force components are listed
in Table A-1. Thruster torques depend on the overall orbiter/payload CG loca-
tion and are therefore somewhat configuration dependent. The orbiter motion
about each axis is a Timit cycle with a selectable deadband of either + 0.1,
+ 0.5 or + 1.0 degrees.

A.4 MASS PROPERTIES

Orbiter mass properties are hithly configuration dependent. Table A-2
1ists typical weights, Tess the payload. Definitive inertia values are

not readily available. A typical set of principal axes inertias, including
the payload, are

= 6, 2
Ixx = 1.24 x 107 kg-m
T, = 9.3 x 108 kg-m?
_ 6 2
IZZ = 9,72 x 107 kg-m
The corresponding mass is
m = 97000 kg

A.5 REFERENCES

A-1. NASA TM X-64978, "Experiment Pointing Subsystems (EPS)
Requirements for Spacelab Missions,” Marshall Space Flight
Center, December 1975,

A-2. JSC 07700, Volume XIV, Revision D, Change 13, "Space Shuttle
System Payload Accommodations", Johnson Space Center, 26 November
1975.
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Table A-1.

Vernier RCS Thruster Locations and Force Components

Thruster # Coordinates * (M) FORCE_COMPONENTS (N)

>(0 ‘YO‘ 20 X Fy FZ
1 8.260 - 1.228 9.166 0 72.95 - 84.96
2 8.260 1.228 | 9.166 0 - 72.95 - 84.96
3 39.751 - 3.641 | 11.659 0 1.2 0
4 39.751 3.641 | 11.659 0 -111.2 0
5 39.751 - 2.870 | 11.568 0 0 = 111.2
6 39.751 2.870 | 11.568 0 0 - 1.2

* In Orbiter Coordinate System, CG is approximately
(xo, Yo zo)CG = (27.4, 0, 9.5) meters




Table A-2.

Inert

Non-Propulsive Pluid
Personnel Group

RCS Peopellant (Fully loaded)
OMS Propellant (Fully loaded)

Orhiter ®Wt./Less Cargo

OMS Payload Bay Kits (1)
(2)
{3)

Cryogenic Wt, Per Kit

A-9

Typical Orbiter Weight Suamary

Btea_lbs.

150,000
4,700
2,411
7,391

-2

(P

210

=

o]

189,60

14,255
27,631
41,009

1,800



APPENDIX B
IPS DATA

B.O INTRODUCTION

This appéndix briefly summarizes the currently available Instrument
Pointing System (IPS)} data that is rélevant to the Earth Viewing Applications
Laboratory (EVAL) study. IPS, under deve]opﬁeﬁt by ESA Tor the Spacelab
program, is & precision, softmounted, three-axis gimballed platform primarily
intended for pointing experiments at inertially fixed (stellar or solar)
targets. The EVAL study assesses the suitability of the IPS for earth view-
ing applications.

Data on the following IPS characteristics is included:

mechanical structure.
coordinate systems

mass properties

payioad characteristics
drive characteristics
softmount characteristics
gyro characteristics

® @ @ o © O OV o

star tracker characteristics

B.1 MECHANICAL STRUCTURE

The overall IPS mechanical configuration, including the pallet and
payload, is shown in Figure B-1. Much of the equipment illustrated (payload/
gimbal separation mechanism, payload clamp, jettison device, softmount
clamp) is used only durin§ shuttle ascent/descent or emergency- cperation, and
is not directly related to payload pointing. The star tracker assembly is
not shown because its location and orientation for earth viewing applications
has not been determined.

B-1
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Figure B-2 is a more detailed illustration of the gimbal and soft-
mount configuration. The gimbal is shown in the stowed position, with
the payload integration ring nonmal to the pallet floor. For pointing
operation, the nominal gimbal orientation is rotated 90 degrees about the
elevation axis (payload integration ring parallel to pallet floor}. During
shuttle -ascent and descent, the:softmount is locked closed with the soft-
mount clamp and the payload is locked to the pallet with a payload clamp.
In order to center varjous size payloads properly in the payload clamp,
the softmount/gimbal assembiy position must be adjusted for each payload
by sliding along a rail on the gimbal bottom structure and using a replace-
able column for height adjustment.

B.2 COORDINATE SYSTEMS

Figure B-3 contains a simplified, -exploded view of the IPS gimbal/
softmount in the null pointing orientation. .A coordinate system is
defined in each of the seven bodies shown. The payload attitude relative
-to the orbiter is described by‘the three gimbal angles

o = azimuth angle (rotation about EA)
B = cross-elevation angle (rotation about ;C)
vy = elevation angle (rotation about §E)

and the three (small) softmount angles

8, = X softmount angle
6, =¥ softmount angle
6, = 2 softmount angle.

B-3
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The payload unit vectors are related to the orbiter body unit vectors by
the transformation

where,thé transformation Apg san be factored into the product of transformations -

Apg = Ape Apx Axa Aau AuL As

Assuming zero IPS/orbiter mounting misalignments, the orbiter
body (Appendix A) to softmount base transformation is

|—--'I 0 0
Ap = 0 1 0
0 0 -1

The softmount base to softmount upper assembly rotational transformation
is the small angle transformation - :

1 0, -8,

AL = -9, L Oy
qy -ax 1

L |

The softmount also allows three-axis translation between the L and U frames.



The gimbal angle transformations are, for azimuth

Cos a sin a 0
AAU = |-sin « ' cos o 0
0 0 1
for cross-elevation
1 0 0
AXA = .0 co§ g sin B
i 0 ~-sin B cos B
and for elevation
cos ¥ 0 ~sin vy
AEX = 0 ] 0
sin ¥y 0 cos vy

Assuming zero payload mounting misalignment, the final transformation is

0 0 1
APE= 0 1 0
-1 o . 0

B-7



This transformation is for agreement with the IPS documentation {References B-1

as the payload LOS.

B-2) convention of defining xp

The gimbal angles have the ranges (Reference B-2)

azimuth: - 180 < o < 180 degrees
cross elevation: - 70 < 8 < 70 degrees

elevation: - 70 < v = 90 degrees

The gimbal axes are specified to intersect within a 1.0 cm radius sphere,
and are required to be aligned orthogonally to within 20 arc min with

an uncertainty of less than 1 arc min. The softmount displacement limits
are presented in Section B.7.

B.3 MASS 'PROPERTIES

A preliminary mass summary, from Reference B-1, is contained in
Table B-1 with further details in Tables B-2 and B-3. Reliable inertia data is
not available. Preliminary inertia estimates for some of the structural
sections illustrated in Figure B-3 are contained in Reference B-3.

B.4 PAYLOAD CHARACTERISTICS

Figure B-4 illustrates the payload size/mass envelope derived
from Reference B-2. The Timits given for payload radius, length, and CG
Tocation are largely based on the requirement to center the payload CG
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Table B-1.

Mass Summary

Subassembly/Unit

Mass

Assembly io. (Kg) Comments
Gimbal ) T 256 |See Table B-2 for
Structure Payload/Gimbal breakdown
Separation 1
Jettison Device 1
o _|Softmound Clamp_ 1
Drive - 3 1126 See Table B-3 for
breakdown
Torque Motor 2
Load By-Pass Drive ]
. Resolver 1.2
Thermal 10 {Distributed throughout
Control _ ] gimbal system
Payload 1 {144 {Mounted on pallet
Clamp_ '
Attitude
Measurement ) 1 57
Star Sensor 3 27 May not apply for
Solar Sensor (1) 2 earth viewing
Optical Sensor Housings| 1 18 missions
"1Gyro Package 1 12 Mounted on payioad
. - -~ _ integration ring
Power 27
Electronics
PE Unit 21 Mounted on pallet
Control Panel 6 External to pallet

B-9




Table B-1. Mass Summary (Cont'd)

Assembly Subassembly/Unit No. ?E;? Comments
Data
Electronics . 1 24
Data Distribution Unit 1 5 Mounted on inner
gimbal
Harness 1 19 Distributed through-
out gimbal system
MARGIN 106
TOTAL 750




Table B-2, Gimbal Structure Estimated Mass Breakdown

Integration ‘Ring - " 20 kg,
Quter Gimbal o 35 Kg.
Payload/Gimbal Structure-Separation '

Mechanism : 12 kg
Inner Gimbal 10 kg
Yoke ) . 15 kg
Softmount Clamp 50 kg
Softmount Dampers (6) 7 kg
Jettison Device with Harness-

Separator 35 kg
Plate L ’ 25 kg
Gimbal Bottom Structure Including

Rails . 40 kg
Miscel laneous 7-kg

256 kg

Tablé B-3. Drive Assembly Estimated Mass Breakdown

Item Mass/Assembly

2 Torguers ' 6 kg .
2 Resolvers 4 kg

2 Angular contact bearings

1 Radial contact bearing 1.5 kg
1 Motor for load by-pass mechanism 4.5 kg
1 Case with part of by-pass 12 kg
1 Shaft with part of by-pass 9 kg
Miscellaneous ' 5 kg
Total per assembly ‘ ‘ 42 kg

" Total for 3 Drive Assemblies 126 kg




.
- L
P
Zp -
FY \\
[t A b‘ rp
|- 2, 1
Kl R X 2.4 Payload CG
i
% g ' Payload
b ) P Integration
s Ring
Center
Front Surface Line
of Payload
Integration
Ring
Quantity Definition ) Range " Units
My Payload Mass _ . 0 =+ 3000 Kg
& Payload length 1+6 m. |
¥ Payload radius 0.25 - 1.5 m
3 Payload c¢cg location along pay]oad
X integration ring center line 0.5 3 m
&y Payload cg location normal to *
payload integration ring center (0 - 0.3) m
line = (23 + 22)1/2

* Reference B-2 is inconsistent on this point. Value given is from
Table 3.2-1 of Reference, while Section 3.3.4-1 implies maximum
is 0.05 m. '

Figure B-4. Payload Envelope



in the payload clamp assembly during orbiter ascent/descent. This re-
quirement imposes minimum as well as maximum payload dimensions.

Table B-4 contains physical data on the two reference payloads

defined in Reference B-2, aTong with the computed payload inertias about
the gimbal center of rotation (CR) expressed in e coordinates. The
large CG/CR offsets greatly increase the inertias about the CR.

B.5 DRIVE CHARACTERISTICS

Each of the three gimbal drives is identical with the following
characteristics (Reference B-2).

° 2 Torque motors for fine pointing and slewing

- type brushless DC
- stall torque 10 N-m
- weight 3 kg
- ripple < 7% of mean torque
¢ . 2 Resolvers
- type single speed/multispeed
~ accuracy . 3 arc min
6 3 Ball Bearings

~ maximum friction torque 0.03 N-m per axis

2 Cable follow-up ,
- flex lead spring torque 0.5 N-m for 90 deg rotation
-~ hysteresis ~0.005 N-m for 1 deg limit cycle

The two torque motors can be operated in parallel to yield up to 20 Nm
torque. The drives can be locked with a self-contained load by-pass
mechanism,
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Table B-4, Definition of Reference Payload Physical Data

Large Payload

Small Payload

Mass 2000 kg 200 kg
Dimensions:
Length 4 m 1.5 m
Diameter 2 m 1.0 m
Moment of inertia about
payload CG:
about LOS axis 1000 kg 25 kol
about axes perp. to LOS 1200 kgm2 20 kgm2
CG offset from CR of
gimbal axes:
along LOS 2.50 m 1.50m
perp. to .L0S 0.30m 010 m
Moment of inertia about
CR in re - coordinates*
Ixx 13880 472
Ixy 0 0
Ixz 0 0
370 7
Iyy 13700 470
Iyz ~1500 -30
Izz 1180 27




Figure B-5 contains a block diagram of the torquer drive system
(Reference B-1). The primary input is the torque command from the DDU
(Data Distribution Unit), and the motor torque nominally equals the
commmand torque. The single speed resolver is used to derive gimbal
angle and rate {with an accuracy of + 2 deg and + 0.15 deg/sec) for
use in the angle and speed limit circuits. The speed Timit is linearly
decreased as the gimbal angle reaches its motion limits. The multi-
speed resolver is used to commutate-thg brushless DC motor.

B.6. SOFTMOUNT CHARACTERISTICS

The softmount consists of six spring/dampers. Its purpose is to
support and isolate the IPS gimbal system from high frequency shuttle
disturbances, such as thruster firings and crew motion. Figure B-2 shows
the Tocation of the softmount in the IPS base, while Figure B-6 shows the
arrangement of the individual spring/dampers. The softmount attachments
use spherical bearings. Figure B-7 shows the details of a single spring/
dampér.

The rotational limits of the spring damper assembly are (Reference B-2)

¢ +5 mm translation (3-axis)
@ +°3 deg rotation (3-axis)

The translational spring constants for the assembly are (Reference B-3)

KTx = 2000 MN/m
KTy = 2000 N/m
KTz = 800 N/m
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Figure B-6. Gimbal Structure/Softmount Suspension Arrangement
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The translational damping constants are

660 N/{(m/sec)

B =

Tx

By, = 600 N/{m/sec)
BTZ = 240 N/(m/sec)

The rotational spring constants are

KexF 25 N-m/rad
K6y= 25 N-m/rad
KGZFZSO Nem/rad

The rotational damping constants are

Bgy = 7.5 Nem/{rad/sec)
Bey = 7.5 N-m (rad/sec)
B, = 7% Nem (rad/sec)

The z-axis spring/damping constants depend on the skew-angle oy shown
1anigure B-6. The value of oy used for the above figures is not

available.

B.7 GYRO CHARACTERISTICS

The inertial attitude and rate of the IPS payload is measured with
a rate integrating gyro (RIG) package mounted on the payload integration
ring. The gyro package has the foliowing characteristics:



Type of gyros Four strap-down pulse rebalanced, single

DOF RIG
Hamilton Standard RI-1139
Bandwidth 30 Hz
Gyro Output Noise
Frequency Band RMS Noise
(Hz) (arc sec/sec)
0.5 to 3 0.09 . found by graphical
0.5 to 10 0,43 integration of PSD
0.5 to 50 2.99 ‘
Short Term Random Drift (10 min): 0,005 deg/hr
Max Input Rate (operational) 2.5 deg/sec
Puise weight (Tow mode) 0.0088 arc sec/puise
Pulse weight (high mode) 0,07 arc se¢/pulse
Configuration of input axes 3 orthogenal
1 equiangular skewed
Retiability 0,9999 (7 days)

0.9330 (1 year)

Rate is calculated from the incremental change of attitude (number of
pulses) per (.01 second sampling period. Rate is integrated to obtain
attitude data. Attitude is updated periodically using star tracker data.

B.8 STAR TRACKER CHARACTERISTICS

Reference B-1 (Section 3.4.2.2.1) states that attitude information for
gyro updates for earth missions will be provided by the payload. For
completeness, however, data on the star tracker proposed for stellar
missions is presented below.
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Proposed FHST supplier: Honeywell Inc.

Type of Sensor HEAO-B with additional clock network
FOV 2° x 2°

IFOV 2 arc min X 2 arc min

Lens aperture 11.68 cm :

Acquisition Probability 98.7%}for' 8 Mv star with

False Acquisition 2.7% + 10 My backgrdund

Bias Calibrated Accuracy 0.75 arc sec

Uncalibrated Accuracy 0.5 arc min

Noise equivalent angle 0.76 arc sec for 8 Mv star with + 10 My

background averaged over 0.64 sec
7 threshold levels from +2.5 Mv to 9.3

Maximum tracking rate 3 arc min/sec
Mass per Set (1 FHST, 1 BOD, 1 FEB,
1 1C) 9 kg
Power per Set 4 W )
Size FHST 60 x 21 x 21 cm
BOD 17.5 x 10 x 10 cm
{FHST = fixed head star tracker)

(BOD

[i}

bright object detector)
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APPENDIX €
DERIVATION OF EARTH POINTING RELATIONS

C.0 INTRODUCTION

This appendix contains a derivation of the gimbal angles, rates
and accelerations required to point an orbiting payload at an earth-
fixed aim point. The derivation is divided into two independent parts:
. orbit relations and gimbal relations. The orbit relations yield
the aim vector in attitude reference coordinates, and do not involve
the gimbal angles. The gimbal relations depend only on the orientation
and order of rotation of the gimbal axes with respect to the attitude
reference frame. For the IPS, it is assumed that the elevation and
cross-elevation axes will be used for earth pointing. The derivation
therefore assumes zero azimuth angle. The softmount angles are also
assumed to be zero. Even with these simplifying assumptions, the
resulting equations are sufficiently complex to preclude hand calcu-
lationof numerical results. A computer program for performing these
calculations is described in Section C.3.

C.1 ORBIT RELATIONS

The position of the earth-fixed aim point, with respect to the
spacecraft, is in vector notation

where

P = vector from spacecraft to aim point



T
’'s

It

vector from geocenter to aim point
vector from geocenter to spacecraft

it is'required here to find the attitude reference frame componehfs
of P, and their first and second time derivatives, as explicit time
functions. As a preliminary $tep, five coordinate frames are defined
in Table C-1 and.?igures €-1 and C-2. )

The vector ?g in attitude reference coordinates is simply

re = ~fc zp = —(r0 + h) Zp

re = radius of S/C orbit
s = radius of earth
h = s/c altitude

The vector ?A is, for a given aim point, fixed in the geographic frame

oS ¢, COS Ap ;g + ry €os ¢p sin Yy Qg +ry sin oA ;g

A= T

To express this vector in attitude reference coordinate components,
the following series of transformations is required
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£-2

Table C-1.

Daefinition of

Coordinate frames

‘ *
Frame Subscript Origin Type Orientation
Geographic g geocenter | rotating ;g in equatorial plane along prime meridian
(fixed in earth) Zg atong earth rotation axis
Farth Centered i geocenter | inertial ;i in equatorial plane in direction of vernal equinox
Inertial Z, along earth rotation axis
Nodal n geocenter | inertial ;n in Equatoria1 plane along line of ascending node
of S/C orbit
z, normal to orbit plane
Orbital o geocenter | rotating y §0 in orbit plane pointing towards S/C
Z, normal to orbit plane
Attitude R s/C rotating ;R in orbit plane along ve?dcity vector
Reference Zp pointed at geocenter

* 9 completes right handed set




Equatorial
Plane

Geocenter

g (subscript)

X. X
! 9 Prime
Meridian
Symbo1 Definition
i (subscript) || ECI frame

- Geographic frame- -

An Geographical longitude of aim point
¢p Geographical latitude of aim point
A =A0+me't ) )

Ay Angle between x, and X 8t t =0
Wy Earth rotation rate

Figure C-1. Definition of Aim Point Unit Vector
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Plane

North Pole_

-~
o\’n A%

N ¥
]
L

Plane //

Vernal
Equinox
Symbo1 : Definition
i (subscript) ECI frame
n (subscript)| -Nodal frame

‘0 {subscript)
. R (subscript)

prbi;al frame
Attitude Reference frame

it
1

< &

a

Longitude of ascending node
Orbit inclination :
=Y + g t

orbit angle at t = 0

orbit rate

'Figure C-2. Definition of Orbit Parameters
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Rg - TRo Ton Tne Teg

In matrix form, these transformations are

coS Ae - 81in Ae 0
Teg = Isin Ae cos Ae 0
0 0 1
- . -
cos sin @ 0
Tne =|- s5in @ cos 1 cos § cos i sin 1
sin @ sin i - cos @ sin-i cos i
( cos v sin’v 0
TOn =|- sin v Ccos v 0
0 0 1
[ 0 1 0
TRO 0 0 -1
-] 0 0
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The vector ¢ can now be expressed in attitude reference coordinate
components as

(F)R'= TRg (PA)Q - (stR

Performing the indicated operations, yields the result

©
"

A - AA) - €0S ¢A cos i cos v sin (9 - A - AA)

X ro{-cos ¢p Sin v cos (2 o

+sin ¢, sin i cos v] (c-1)

(c-2)

o
1

y ro[}cos ¢p sin i 51nj(9 g - AA) - s1ﬁ by COS 1]

z " Y‘OI:-COS ¢A cos v

p_ = cos (o - Ao = AA) + cos ¢, cos 1 sin v sin (@ - Ao - AA)
~sin ¢, sin i sin v] + 1 (C-3)
where
,u=v0+mot (C-4)
g =gt t (C-5)



and

= 341/2
Luo = [GM/Y‘S]
GM = 0.3986 x 106 Kin3/sec2 = gravitational constant
%s =T, + h
"o - 63?] Km = mean earth radius
wg = 7.27 % 107° rad/sec = earth rate

Substituting for v and A and taking derivatives yields the first
derivatives of the aim vector components

py = To [-{wg = w, cos 1) cos ¢y sin v sin (2 -"2, = Ap)
+(me cos 1 - wo) COS ¢, COS Vv COS (o - Ao = AA)
- w, sin ¢p sin i sin v]

Py = To [me,cos dp sin 1 cos (o - Ao - AA)]

|

<

p, = Ty [-(me - w, oS i) cos ¢y COS v sin (g - Ag " AA)

cos (o - e " AA)

<

-(me cos 1 - mo) €os ¢, sin

- wy sin ¢, sin i cos v]

C-8

(C-6)
(C-Y{
(C-8)
(C-9)

(c-10)

(c-11)

(C-12)

(€-13)



and the second derivatives of the aim vector components

23 - 2 2
p ‘r‘o [(mo +ow

« e) -2 y W COS il cos 9y sin v cos (2 - Ag - AA)

e

2, 2 : e
+ [(wo + we) cos i~ 2w, me) oS ¢, COS v sin (o A AA)

2 . ..
- w, sin ¢, sin i cos v (C-14
. 2
ey =T, [we cos ¢, sin 1 sin {a -~ g - }A)] (C-15

p, =T4 [(mg + wé) - 2wy w, cos 1] cos ¢, CcOs v cos (a - Ag - AA)
-[Gng + wz) cos 1 -2 w, me] cos ¢, sin v sin (o - Ag ~ AA)
2

* wy sin ¢, sin 7 sin v (C-16)

The distance between the S/C and the aim point and its derivatives, are

s 1/2
o= lof = [rg-rg+2rge,] (c-17.
b = re p,/p (C-18)
- _ LX) - - 2

p=rgloop, - p, pl/e (c-19)



C.2 GIMBAL RELATIONS

With the shuttie orbiter flying in an inverted attitude, the
sttitude reference and orbiter body frames are related by (Appendix A)

1 0 0
0 0 -1

With zero softmount and azimuth g1mba1 angles, the payload LOS unit
vector XP has the attitude reference coordinate components (Appendix B)

ny = (x . X ) = - siny
ny = (xp yR) = - sin g cos vy
n, = (xP . zR) = COS B €OS ¥y

The condition for alignment of the payload LOS along the aim vector is
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Resolved into attitude reference compoﬁents, this vector equation is
equivalent to the three scalar equations

= = - sin
pxlp My sin vy
- p = =~ 5in B COS v
y/p y
p,/o = m, = COS B COS y

The required gimbal angles are therefore

=2
1]

sin”! [- o, /] (c-20)

™
"

tan! [- py/ogd (c-21)

The first derivatives of the gimbal angles are

= X=X -
Y= (C-22)

™

I
0
j=]
n

28[?.!/ 2; y‘z] (C—2'3)
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while the second derivatives are

2 - - - t . . L]
o P cos vlo oy -0 0,J-1Ip o, =0 9,1 [2p pcosy+ oo v]

04 COS2 Y

. . b, o - p, P
B=-ZBsinBcosB(yz yz)

2
Pz
¢ cos? & [(?y P, -zgy o, ) 20, (o pg -0, pz)]
0, o5

C.3 PROGRAM AIM

Program AIM, written in FORTRAN for timeshare use, performs the’

calculations represented by ‘Equations {C-1) to (C-25). The program
listing, contained in Section C.3.2, is intended to be largely self-
explanatory. An option exists to 1imit printout and computation of
peak values to the time period in which the aim point is within a
cone of half angle CONE around the local vertical. It should be
noted that the assumption Ao = 0 does not really restrict the
generality of the program, as Ay always appears together with Ay and
Q in the grouping & - Ao = Ay T8 -, t- Ao T Age

C.3.1 Example '

" To illustrate the use of the program and the type of results

obtained, an example case is presented. The example uses the following

parameter values

c-12
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131157

ALT = 2.0t+02»
RLAMDA = =145
Bl = Gag
ALVPHAI = Cas
OMEGAY = Oes

pi}ig ) =, 60C‘E+011
CONRE = n,VE+(1l»
ISTEP - = 1

2END

Physically, the S/C is in a 200 Xm crbit with 60 deg inclination, "at
its ascending node at t = 0. The aim point is on the equator, sepa-
rated 1.5 deg in longitude from the S/C ascending node at t = 0.

Figures (-3 and C-4 contain time history plots of the elevation
and cross-elevation angles, rates, and accelerations {units are deg,
deg/sec, and deg/secz) obtained from the data on TAPE13.with ICONE =
60 deg, pointé are only plotted for times when

~ L3

Xp * Zp = €OS y COs B > cos(60 deg)
that is, for

- 55 < t < 35 sec

Action must be taken before the aim point enters the 60 degree half-

angle cone to ensure the proper combination of angles, rates, and
accelerations at t = - 55.

The peak value output on TAPE6, with explanatory annotation, is
presented below.
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JHINIMUM MAXIMUM
-33.0000000C 35,00000000 t
~439.5463¢430 53,£9544801 .

57495533 1,6733£781 Y

31,76965201 3c,30556084 B
-.1254741% -.0171e867 8
-4 00126794 -, L00vi252 B

250,67326736  42u.(3502473 »p

Note that the peak values of & and 8 are more than an

Tess than the peak values of y and y

€.3.2 Listing of Program AIM

A Tisting of program AIM follows.

c-14
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Figure C-3. Elevation Angle Time History
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Figure C-4. Cross Elevation Time History
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L1-D

DQOLOG

PROGRAM ATM(INPUT, TAPES=INPUT, TAPEG, TAPELS)

00140 CUMMOM/FLUBUFK/BUF({241)

00120 C

00130  #*%% PROGRAM TO CONPUTE GIM3AL AMGLESs RATESs AND ACCELERATIONS
00140 ¢ REQUIRED TO POINT IPS PLATFLEM AT EARTH-FIXED ATM POINT
00150 € - :

00160 C  #*¥¥x CUMPUTES TIME HISTORY (UN TAPELI3)} FNk PLOTTING

00170 C AND FEAK MaxLhud AND MINIMUM VALUES (UN TAPEG)

00160 C

00100 € *k%* RLOQUIRED INPUT UATA: (ANGLES IN DEGLREES)

002¢0 ¢ ALT © = GRBIT ALTITUDE (KM) .
00210 ¢ RLAMDA = LUNGITUDE UF AIM POINT (IN GEQGRAPHIC COURDINATES)
060220 C PHI = LATITUDE UF AIM POINT (IN GECGRAPHIC CLAIRDINATES)
00230 C ALPHAO = URB11 ANGLE FRLHM ASCENDING NOUE AT T=0

00240 < UKEGAD = LJNGITUDE UF ASCENDING NOGE (ECI CIORDINATES)
00253 C PINE = CRBIT INCLIMATION

00260 C CUNE = HALF CONE ANGLL AROUND LUCAL VERTICAL FOR WHICH
00270 ¢ UATA IS TO BE CALCULATED

0C28C C 1ST1EP = COMPUTATION TIGE STEP (3EC)

00290 ¢

00300 ¢ #*#%% FULLNOWING UATA IS PRESET FUR EZARTH OKBIT

00310 C RO = EARKTH RADIUS (KM} )

00320 ¢ CWE = EARTH KOTATION RATE (RAD/SEC)

00320 C CHM = GKAVITATIJNAL CONSTANT (KM**3/SECR®2)

00340 ¢

00350 C w#4% THESE ASSUAFTLIJNS HAVE 3EEN MADE:

00360 ¢ - CLRCULAR OKBIT

00370 ¢ ~ SPHERICAL LARTH

GO380 ¢ « LAMDAG®*0 (I.E, PRIME MEKILIAN ALONG VERNAL EQUINDX
0U390 C AT T=0)

00400 C — ZERO AZIMUTH AMD SOFTHMUOUNT ANGLES

00410 C

00420 CALL LINESIZ(240()

00430 NAMELIST/LIST/ALT,RLAMDA;PHl;ﬁLPHAO;OHLGAO:RINC,LHML,lsTEP
00440 BATA RUPWESOGM/6371es Te272205:F=5y 0.30LELG/

00450 DATA GMIN, GDMIN, GUONINSHMINBUMIN,BUDMIN/ORL ESL/

00460 DATA CRAX,GOMAXs GDDE AXy BMAXS BLMAXs BUDMAX/ 64 =1 EL0/

0C4 7Y DATA K ANy TMINSRALAS THAXZZH L LoUs 2% ~LaF007

D045V DATA PI/3.141592643529743/

00490 UATA COHE» ISTEP/OG, 517

00540 FEWIND 13

90510 PARLILG=LROL /P

avnd 200d &G
v TYNIDIIC


http:p,1AA,TMAX/Z*I.vu

ORIGINAL PAGE IS
OF POOR QUALITY
L

00520 DEGRAD=14 /RADDEG
00530 FEAD(59L1ST)
00540 WPITE(6sLIST)
0CH50 WRITE{13,101) ALTSRLAMOASPHI, ALPHAUs OMEGADSP INC
00560 101 FURFAT(5Xs6F12.4)
00570 .
00580 € *¥#k COMPUTE CONSTANIS
. 00590 C :
00600 KS=RO+ALT
" 00610 RGS=RO%RO—RS*RS
00620 WO=SCORT{GM/FS%%3)
00630 WOE=WO*WE
00640 WG2=WURW0
06690 WE2=wE*ut
00660 W2=WO2+WE2
. 00670 RL=DEGRAD*RLAMDA
00680 PH=DEGRADAPHI
0UBYIC ALO=DEGRAD¥ALPHAD
. po7040 QMO=DEGKAD*OMEGAD
00710 RI=DFGRADHRING
' 00720 CI=CLSIRI)
00730 SI=SIN(KI)
00740 CP=COS{PHY
00750 SP=SINIPH)
00760 X11=CP* {WE~WOCI}
0LT770 X1Z2=CP* (WEXCI~wl }
Qo780 X13=60%5P*3]
00790 X21=(W2=2 « FWIEXC1)%*(P
00800 X22={W2*C =2 UCEYRCP
00810 X23=w02%S5P%S]
00820 Y1l=wE*CP¥SI
00630 Y2i=WE*Y1l
00840 CCONF=COS{DtGRAUXCONE)
00650 NSTEP=1+600/I5TEP
00860 KSTEP=1+{NSTEF~11}/2
00879 JJ=0
QOE&BO
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APPENDIX D
ORBITER DISTURBANCE MODEL

D.0 INTRODUCTION

Four types of external disturbance torques act on the shutt
orbitor

& aerodynamics (TA)
¢ gravity gradient (Té)
e solar (Tg)

+

¢ residual magnetism (Tﬁ)

A null torque attitude is, by definition, one at which the total
external disturbance torque is zero

m=0 (D-1)

At the expected range of orbiter altitudes for EVAL (150 to 1000 km)
the gravity gradient and aerodynamic torques predominate. Therefore
the total torque will be approximated by the aerodynamic and gravity
gradient torques alone

T=>T, + Te (D-2)

In general, the mission-to-mission and time-to-time variabiiity

of the orbiter and environrental properties exceeds the neglected
disturbance sources. For erxarmple, the orbiter is estiimated to
have a residual magnetic morment density of from 2 to 5 pole-cm
{0.002 to 0.005 Amp—mz) per kilogram mass. Yith a typical orbiter
mass of 97000 kg the total residual moment would be in the range

D-1



184 to 485 Amp—mz. The worst case condition occurs with the residual
magnetic woment normal to the earths B field with the orbiter 150 km
over the magnetic pole. The magnitude of the resulting torque on
the crbiter is

ZM M

where Me/rg = 2.9 x 10'5 weber/m2 at 150 km. The residual magnetism
torque is thus no more than 0.0113 to 0.0281 N-m, under worst case
conditions. This is at least an order of magnitude less than the
nominal gravity gradient and aerodynamic torques.

The aerodynamic and gravity gradient disturbance models used in
this study are discussed in the following sections.

D.1 AERODYNAMIC TORQUES

The aerodynamic torque model is baﬁed on Reference D-1, with the
torque in body coordinates expressed as

‘”‘ 7]
asb C,(a, 8)

Ty = qu'Cm (o, B) (D-4)

qsh Cn{a, B)

— —J
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The factors entering into Equation (D-4) can be conveniently divided
into three groupings. The influence of the external environment on
the aerodynamic torque is summarized by the single factor

q = dynamic pressure.

Orbiter dimensions enter thfough the quantities

S = vreference area = 2690 ftz = 249.9 m2
b = wing span = 936.68 in = 23.792 m
¢ = mean aerodynamic chord = 474,81 in = 12.060 m

Finally, the influence of the orbiter attitude on the aerodynamic torque
is summarized by the moment coefficients

C} = rolling-moment coefficient
Cm = pitching-moment coefficient
Cn = yawing-moment coefficient

and the associated attitude angies with respect to the air stream

angle of attack
angle of side slip

Q2
It

Each of these groupings is discussed, in turn, in the subsections that
follow.

D.1.1 Environmental Factors

The dynamic pressure q is dependent on the spacecraft environ-
ment through the relation

D-3
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where

1}

atmospheric density

]

v relative velocity between orbiter and atmosphere

r

Although dynamic pressure is nominally a function of altitude, many
other factors can produce significant long and short term variations.

Atmospheric Density Model

This section contains a brief discussion of an atmospheric density
model and an example case of density variations over an orbit. Details
can be found in References D-1 to D-6.

Recognizing that the atmospheric density at a given altitude can
undergo Targe (factor of 5 or more) variations, it is necessary to
adopt a density model that is both realistic and tractible. The pur-
poses of the study are served by adopting the density model in Reference
D-1 as the nominal altitude/density model. This model, converted to
metric units and extrapclated for altitude above 240 Km, is plotted
in Figure D-1. Data on density variations is provided by the MSFC Modi-
" fied Jacchia Atmospheric Density Model (References D-5 and D-6).

Measurements made with density gauges, mass spectromeiers, and
derived from satellite drag data, have revealed a number of effects
other than altitude that result in variations in upper atmospheric
density. All, except the last, of the following effects are included
in the MSFC Modified Jacchia Model Atmosphere:

@ Variations with solar activity

o diurnal variation

8 variations with geomagnetic activity
e semi annual varjation

e seasonal-latitudinal variations

o rapid density variations (probably associated with tidal
and gravity waves)

D-4
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The primary physical mechanism affecting upper atmospheric densiﬁy
is the heating and dissociation of the atmosphere caused by solar ultra-
violet radiation. The intensity and spectral content of the radiation
varies with solar activity with periods ranging from less than a day to the
11 year solar cycle. Diurnal variations are caused by the rotation of the
earth, resulting in a density bulge around 1400 solar time at a lati-
tude approximately equal to that of the sub solar point, and an anti-
bulge centered around 0300 hours at about the same Jatitude in the op-
posite hemisphere. The ratio of day over night density increases with
altitude, and is largest at lower latitudes. Geomagnetic activity,
caused by solar flares, can be correlated with large short term density
increases. There is an average delay of 6.7 hours from the start
of the geomagnetic storm to the time of the density perturbation. Semi-
annual variations are not well understood, but observations indicate
the density shows a high maximum in October, a secondary minimum in
January, a secondary maximum in April, and a primary minimum in July.
Seasonal-Latitudinal variations are small over the EVAL &ltitude
range.

The "Quick-Look Density Model™ in Reference D-§ incorporates all the
effects in the MSFC Modified Jacchia Model in the form of equations

and tables. The complexity of the model preciudes determining the
“worst case" variation over an orbit for EVAL. Instead, a "typical"
Tow altitude (200 Km) case was worked to obtain an estimate of the
short term density variation that can be expected on a day with low
geomagnetic activity. The results are plotted in Figure D~2, which
also contains a listing of the parameters used.

3The density varies from approximately 1.8 x 107'° 0 2.8 x 10710
Kg/m”, or a variation about the mean of + 20%. The variation is also
almost sinuscidal at orbit Trequency.
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Note that the mean density under the conditions in Figure D-2,
about 2.3x10710 kg/mS, is somewhat Tess than the 3.3x107 10 Kg/m3 den-
sity at 200 Km implied by Figure D-1. Rather than being an error, this
discrepancy illustrates the wide range of values possible under varying
énvironmental conditions. For purposes of consistency, the analysis in
the main body of this report always assumes the short term density varia-
tions occur about the nominal density values shown in Figure D-1. That
is, the assumed atmospheric density model has the form

PE P, + Ap (D-6)
where
p, = nominal deénsity (Figure D-1)
Ap = density variation

Reiative Velocity

The relative velocity between the orbiter and atmosphere is in
vector form

Ve = Vg g X T (D-7)
where
Vo = orbiter inertial velocity vector
Ee = earth rotation rate vector
FS = orbiter position vector

The magnitude and direction of V} thus depends on the orbiter altitude,
orbit inclination, and orbit position. As an approximation, the ro-
tation of the atmosphere with the earth will be neglected, resulting

in

V=V =g r x (D-8)



where

1/2
W, = - 3 orbit rate
S
. . _ -nd 3, 2
GM = earth gravitational constant = 3.986 x 10” km™/sec

re =yt h
h = orbiter altitude

Yo = earth radjus = 6371 km

RR = unit vector in direction of orbit velocity (Appendix C)

The maximum error in the direction of V} introduced by this appreximation
is

o, ] r -5
tan”! | =2 |~ tan”! I—Z4gz—3ijé%§vl= 3.8 degrees
“o 1.1 x 1077 ]

The maximum relative error in the magnitude of Vr, over the altitude
range where aerodynamic torques are significant, is me/mo ¥ (0.066 = 6.6%.

Jdynamic Pressure Model

The nominal dynamic pressure, with the above approximations, is
plotted as a function of altitude in Figure D-3. As a consequence of

the atmospheric density model and Equation (D-5), the dynamic pressure
model has the form

q = q,+4q (D-9)
where .
4, = nominal dynamic pressure (Figure D-3)
AqQ = dynamic pressure variation

D-9



b

G

0

42

300

S Altitude (km)

_\ o == ——— o[ e

270

f

]

5

A
210

80

i
1

150

Pressure

ic

Nominal Dynam

-3.

Figure D

D-10



&

D.1.2 Dimensional Factors

The orbiter dimensional factors, obtained from Reference D-1 are

reference area = 2690 ft2 = 249.9 m2
wing span = 936.68 in = 23.792 m
mean aerodynamic chord = 474.81 in = 12.060 w

n

ot T W\
n

Combining the dynamic pressure with the appropriate orbiter dimensions
yields the nominal ‘lateral (roll/yaw) aerodynamic torque constant qSb
and the Tongitudinal (pitch) constant gSc. These are plotted as a func-
tion of altitude in Figure D-4,

D.1.3 Attitude Factors

The attitude dependence of the aerodynamic torques appears through
the moment coefficients Cg{a,ﬁ), Cm(a,B) and C_ (@:.8). The correspondence
of these coefficients to the orbiter body axes and the direction of the
relative wind is illustrated in Figure D-5. With the approximation of
Equation {D-7}, the relative wind is along iR and the angle of attack is

~ - i |
] Xy -2 —1 RESE
o = tan ! 'TB“"*IE—q = tan [ 521-4- (D-10)
Xp OXB,! L T]J
while the angle of side slip is
= sin”! [xg - yol = sin”! [a,:] (0-11)
g R~ Y8 23

where a1 91 and 331 are zlements of the ABR matrix. Table D-1
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Table D-1.  Angles of Attack and Sideslip for Smalil
Perturbations fron Mominal Orientations
’ Direction Cosines Angle of Angle of
Orientation From ABR Matrix Attagk Sideslip
N 321 331 a ?
1A ] - -1 8 -y - ¢
-8 6 + 1 8
1B 1 * 5
RYI-EC
3C 1 -9 6 3 - Y
3D -1 1 -9 8 + v Y
I IS
4A 8 - & -1 B-?- - &
48 -6 6 1] et3 >
5 1 1ES
+ + — ——— T
Ty + T & |itan ¥ t /2
6C i - 8 9 -
60 -1 v -5 8 + "

Angles in radians

* Signs depend on which wing is forward




tists the correspondence between o and 3 and the small perturbation
angles +, 9, ¥ with zero offset angles $0° 85 Vg for the nominal
orientations cutlined in Section 8.

The values of the moment coefficients aré plotted and tabulated
in Reference D-1 for 0 < o < 350 degrees in 10 degree increments
and for 0 < 3 < 180 degrees in 15 degree increments. The plots are
reproduced here as Figures D-6 to D-8. Because the orbiter is sym-

metrical with respect to the Xg - 28 plane, the moment coefficients
for - 180 < 8 < 0 are given by

Cz (¢« ,-B) = - Cz (a0, 3) (D-12)
qﬂ (¢ , -8) = Cm {ay 8) {D-13)
Cn (0'- 3 "'B) = - Cn (3: 5) (D—]Q)

It should be noted that the moment coefficients in Reference D-1
were computed with the XCG tocated 65% of the orbiter length back from
the nose and with the payload bay doors closed. Data with the doars
open is not available at this time. As shown in Figure D-9 the
payload bay doors fold down over the wings with little. protrusion.

The main effect of opening the docrs is therefore to replace the
smeoth upper shell of the orbiter with the contents of the pavload
bay. The mission dependence and complex shape of the payload

bay contents makes a general evaluation of the impact on the rmoment
coefficients a difficult task.
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D.2 GRAVITY GRADIENT TORQUES

The gravity gradient disturbance torque model is

= _ 2“:" _
TG = 3 wo T X I .r {D-15)
where
€y = orbit rate
; = unit vecter from orbiter to ge=ocenter
T = orbiter inertia dyadic

In terms ot the body axis inertias and elements of the ABR matrix
the torque is

- - 2 2y
(T2 = Tyylags 233 * Iyy aq3 233 - I, a3 23 *+ 1) (55 - a33)
T, =35 | (1 -1 Jay o Ban * I Ayn 8pn = I @nn @na + 1. (. = a2, (D-16
G 0 | ‘'xx zz'713 733 yz “13 723 xy 23 733 Xz “°13 33 -16)
2 2
- - f - =
(I - Tdaggapy # 1., aggag - 1, aggagy + 1 (as, 233

The orbiter mass properties, in particular the products of inertia,
are mission dependent. For this study the typical values from Appendix A
will be assumed,
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_ 6 v,._.2
Ixx = 1.24 x 107 Kg-m
b 2
= . K -
Iyy 9.39 x 107 Kg-m
I = 9.72 x 10° vg-m
zZ =
1. =1 _= = 0

The gravity gradient torque therefore reduces to

(1,; = 1,y) ay3 333
= _ 4.2 : _
TG = 3m0 (IXx Izz) 313 333 {D-17)
(Iyy - Ixx) 413 %23
The factor 3;5 is related to the altitude h in km by
L) 6 l-
2 _ 364 _ 1.1958 x 10 rad
3’...‘0 = ‘3— = 3 '_'2 (D‘18)
(r, t h) (6371 + h) sec

This relation is plotted in Figure D-10. ilhereas doubling the altitude
from 180 km to 360 km reduces the nominal aerodynamic constants by more
than two orders of magnitude (Figure D-4) the gravity gradient constant
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3u§ is reduced by only 7.8%. In view of this, and the fact that the
aerodynamic constants are subject to wide variations from environmental -
factors, the altitude dependence of the gravity gradient torgue can

be safely neglected al low altitudes. The value 3&3 =4 x 10-6
radfsecz, corresponding to h = 300 km 1is therefore assumed in deriving
the gravity gradient torques for small perturbations frem?the nominal
orientations'listed in Table D-2,
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Table D-2. Gravity Gradient Torques for Small Perturbations
from Nominal Orientations

| Direction Cosines From Aog Matrix Gravity Gradient Torque (N-m)
Orientation [
33 23 933 Tox Tay Toz
1A -y -1 6 - 1.32 4 33.92 6 y 32.60 v
13 v ] - n’;)
2 9 - ¢ -1 1.32 ¢ 33.92 o - 32.60 5 0
3C, 3D 8 - -1 1.32 ¢ 33.92 ¢ - 32.60 ¢ 6
an, 48 1 -0 8 -1.32 ¢ p{~-33.92¢0 |- 32.604
; 5 1 -y 0 - 1.32 0y |- 33.92 ¢ - 32.60 3
| -
| 6C v 1 -9 - 1.32 ¢ 33.92 ¢ ¥ 32.60 v
i 6 - -1
Angles in radians %g
Torque values given hold within + 10% for altitudes in the range 150 < h < 550 km g’g
% B
0
S
gg
=




where

APPENDIX E
TILTED DIPOLE MAGNETIC FIELD MODEL

For present purposes, an adequate description of the earth's
magnetic field is the tilted dipole model. In attitude reference
coordinates, the field is

1]

H

i

1]

It

-c0s ¢ sin 1 cos a + sin e (sin « sin u + cos i cos « cos u)
3| €os & cos i+ sin e sin 1 cos u

-2cos ¢ sin i sin a -2 sin e (cos a sin u -cos 1 sin a cos u)

10

8.056 x 10~ gauss - km3

6371 km
orbiter altitude
dipele tilt =11 deg

orbit inclination

3.t
[GM/ (v, th)~ 12

[+

3.986 x 10° kmd/sec

7:27 x 10_5 rad/sec
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The field in body coordinates is found by transforming through the
ABR matrix

The "most unstable" axis for control purposes is the y-body
axis in Orientation 3C, and this will be adopted for sizing purposes.
The ABR matrix for orientation 3C is approximately

1 0 0
3C _ i
A= |0 -1 0
o 0 -

Using this transformation, the body components of B are plotted in
Figures E-T1 and E-2 for h = 200 km and i = 30 and i = 90 degrees.

The corresponding plots of JZJ‘K Vs bz are in Figures E-3 and E-4. The
field components are plotted in the common units of Gauss. The more
proper MKS units of weber‘/m2 can be obtained by multiplying the field
strength in Gauss by 10°%,

E-2
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APPENDIX F
MOMENTUM EXCHANGE DEVICE TRADEOFF

F.0 INTRODUCTION

This appendix documents the tradeoff study of momentum exchange
actuators for the orbiter null torque attitude stabilization system for
EVAL. The candidate actuator types are the reaction wheel (RW), single

gimbal control moment gyro (SG CMG)} and double gimbal control moment ayro
(DG CMG).

F.1 ACTUATOR REQUIREMENTS

The actuator requirements fall into two main categories, namely, con-

trol requirements and accommodation requirements. Each of these groups will
be discussed below.

F.1.1 Control Requirements

The primary control requirements on the momentum exchange actuators are
adequate control torque and momentum storage capabiiity for capture from the
orbiter RCS 1imit cycle and during extended operation in a variable distur-
bance environment. Table F-1, based on the analysis and simulation in
the main body of this report, summarizes the estimated control torqgue
and momentum requirements under a variety of conditions. The largest
requirements, by far, occur for capture from the nominal orbiter RCS

lTimit cycle rates. Note that the capture requirements imply an essentially
spherical momentum envelope.

An additional important control requirement is continued, although pos-
sibily degraded, three-axis control capability with one unit failed. This
jmpiies that a minimum of four RW's or SG CMG's, or three DG CMG's are re-
quired. Further desirable control features are simple actuator control
{steering) laws and freedom from control singularities.
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Table F-1.. Estimated Control Torque and Momentum Requirements

Case Control Requirements
Mode Orientation M%H;l)‘de Conditions Torque ('N-m) Momentum (H-n-sec)
Pitch Roli/Yaw Pitch Ro11/Yaw
Nominal Rate Limit Cycle
Captur Nose {0.01 deg/sec) 12 8 2700 2700
f?-gmuRgs Forward 180 to
Cimit Cycle {worst 1000
mmt Lyc case) 0.1 x Nominal Rate .Limit 1.3 1 500 500
Cycle (0.001 deq/sec} .
Foll N i T
ollow ose * 05 *
Nulil Forward 200 . 0.12
Torque
Attitude L + 20% Atmospheric
{practical 200 Density Variation 1.9 * 1740 *
flzont)'.rm Nosa i at Orbit Frequency
aw Down
250 0.34 * 288 *
*Nominally zero; depends on unloading policy, products of inertia, pitch motion, etc.
O
5 g
S5
vE
]
o



F.1.2 Accommodation Reguirements

- The orbiter payload size, weight, and power accommodations are subject
to the Timitations outlined in Reference F~2. Since the size/weight/power
used by the momentum exchange actuators must be deducted from the experiment
allowance, it is essential that these be minimized.

v,
s
N
m

Depending on the spacelab configuration used on a particular mission,
the volume available for payload, outside the spacelab module, ranges from
about 32 meter3 (1 pallet segment) to 184 meter3 (5 pallet segments with
overhang). As a Qoal, the actuator volume should be limited to about 10%
of a pallet segment or 3 meter3. |

Weight

Again depending on the spacelab configuration, the mission dependent
payload weight allowance ranges from about 5800 to 9350 kg (12,760 to 20,570
pounds). As a goal, the actuator weight should be Timited to about 10% of
the minimum weight allowance or 580 kg (1276 pounds).

Power

Electrical power for the orbiter is provided by hydrogen/oxygen fuel
cells. The orbiter baseline provides only 50 KiWh of electrical energy for
spacelab; however, an additional 840 KWh "energy kit" is included in the
spacelab weight, providing a total of 890 KWh for the spacelab and its pay-
loads. The heat rejection capability of the orbiter limits the total
spacelab/payload electrical power dissipation to 7 KW continuous, and 12 KW
peak (15 minutes out of 3 hours). Of this total, the power available to the
payloads and mission dependent eguipment ranges from 2.57 to 5,37 KW con-
tinuous and 7.0u to 10.2 Ki peak. As a.g0a1, the actuator power, at peak
torque, should be limited to about 10% of the minimum continuous available
payload power, or about 250 watts.

F-3



F.2 SIZING ANALYSIS

Estimates of the weight, size, and power of each type of actuator (RW,
SG'CMG, DG CMG) are derived in this section, using data in Reference F-1.
Three combinations of torque and momentum are included in the analysis to
span the requirement range implied by various sets of opéerational conditions,
as summarized in Table F-2. ‘

The sizing analysis is in terms of individual actuator units of each
type capable of producing equal magnitudes of peak torque and momentum. The
actual control capabilities of a set of actuators depends not only on the
individual unit characteristics but alsoc on the number of units used and
the mounting configuration {orthogonal, skewed, pyramid, etc.).

The reaction wheel is fundamentally a servo motor with a large inertia
rotor. On command, motor torque accelerates or decelerates the rotor,
changing its angular momentum. The reaction to this torque is transmitted
through the unit mounting pads to the vehicle structure. The wheel motor
can continue to apply torque to the vehicle until a maximum speed somewhat
below the motor no-Toad- speed is reached. At this speed, the maximum amount
of angular momentum is stored in the reaction wheel. Because the motor
torque and rotor rate vectors are parallel in a reaction wheel, the electri-
cal power input required to produce a given torque is relatively large .

The electrical power Pp (watts) required to produce a.torque T {N-m) with
the rotor spinning at an angular rate w (rad/second) with a motor power ef-
ficiency n can be expressed as PE =T w/m. This relation restricts reaction
wheels to low torque -applications.

The SG CMG operates with a fixed momentum magnitude with one gimbal
rotational degree of freedom and the output torque-T'= W X ﬁ; is thus con-
strained to 1ie along the line normal to both the gimbal axis and the wheel .
momentum vector ﬁ;. This is the SG CMG output torque axis, and since it
1ies normal to the gimbal axis there is no component of output torque about
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Table F-2.

Actuator Torque/Momentum Combinations for Sizing Analysis

Actuator Characteristics

Operational Condition Restrictions

e | s et e |_OToT riensiion
(Fe-1b) (ft-Tb-sec) deg/sec Nose Forwérd Nose Down
11?6 (gég) (D.loﬁog;minal) 160 230
}?6§ (}ggg) (O,TOQOR;mina1) 180 210
(6) (2000) (Nomina) . 180 200




the gimbal torquer axis. The SG CMG output torque is thus Timited only by
the radial load carrying capacity of the gimbal and momentum wheel bearings.
The gimbal torquer must only accelerate the gimbal and since there are no
large reaction torques about the gimbal axis, relatively large gimbal rates
are possible. The SG CMG is thus a torque multiplier, i.e., small forques
applied about the gimbal axis to establish rate Eg can produce large torques
about the output axis. In broad terms the single gimbal CMG is well suited
to high torque applications, but has a constrained momentum storage capabil-
ity.

The momentum envelope of one SG CMG is the plane normal to the gimbal
axis and the envelope of an actuator cluster is dependent on the mounting
configuration of the individual actuators. While the basic cluster can be
arranged to give a more or less regular momentum envelope, a single CMG
failure strongly distorts the envelope and causes quite complex software
problems in the steering laws. Another severe problem with a SG CMG cluster
is the existence of singularity surfaces within the momentum envelope oc-
curring when the torque output vectors of the individual actuators are co-
planar, i.e., no control torque is possible about the axis normal to the
plane. A total analytic solution for the Tocation of these surfaces and
general software for singular%ty avoidance does not exist, and the normal
strategy is 1ocal avoidance of the surfaces along with varying amounts of
excess momentum storage capability over the basic requirements.

The DG CMG has two rotational degrees of freedom, one about each of the
two perpendicular gimbal axes. Motion of the two gimbals can produce an ef-
fective gimbal rate Eé anywhere in the plane normal to the wheel momentum
ﬁ& thus the output torque T = Eé X ﬁh can lie anywhere in this plane which
can then be called the DG CMG output torque plane. However, the output
torque always has a component along one of the gimbal axes, therefore, it is
limited by torque capability of the gimbal torquers. Again in broad terms,
the double gimbal CMG is more suited to applications with moderate torgue
requirements, but has a more flexible (i.e., optimum) monentum storage capa-
bility.
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The DG CMG momentum envelope is spherical in the absence of gimbal
stops and even with Timited gimbal rotation the envelope of a single actua-
tor is a portion of a sphere. The envelope of a DG CMG cluster of any num-
ber of actuators is thus also spherical and the failure of a single actuator
while decreasing the envelope size does not change its spherical character.
Desaturation strategies can thus be devised to decrease or control the
stored momentum with the guarantee that the momentum vector is aiways moving
away from the envelope in both normal and failure modes of operation. DG
CMG singularity occurs only when the individual actuator momentum vectors
are colinear and this situation can be avoided through relatively simple
Togic involving redistribution of the individual momenta through the use of
the excess degrees of freedom provided when more than a single actuator is
in use.

F.2.1 RW Sizing

For given saturation momentum and peak output torque requirements, op-
timization of a RW design involves basically the selection of the rotor sat-
uration speed that minimizes a weighted combination of weight, size and
power. The total weight is the sum of three components

® The rotor and housing
¢ The motor

¢ The power supply and drive electronics

The first two of these components are presented in graphical form in Refer-
ence F-1, along with size and power relations. The weight of the power supply
and drive electronics is largely related to the peak motor power reguirements,
but 1s subject to wide variations (based on cooling constraints) with re-
spect to the required torgque time history and duty cycie. A reasonable value
for the power supply and drive electronics weight is 1.0 pounds/watt of peak
power.
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Figure F-1 summarizes the weight/power tradeoff for H = 500 foot-pound-
seconds, T = 1 foot-pounds. The straight solid line represents the peak
power, while the upper solid curve represents the total RW + electronics
weight with a 1.0 pound/watt power supply/drive electronics weight penalty.
The minimum weight of 400 pounds occurs at w = 400 RPM, with-a power input
at peak torque p ¥ 125 watts. For the required four units, the total weight
is 1600 pounds (727 kg) and the total power is 500 watts. Both these fig-
ures exceed the previously stated goals: maximum weight = 1276 pounds
(580 kg), maximum power = 250 watts. '

The tradeoff was reworked with an optimistic power supply/drive elec-
tronics weight penalty of 0.1 pound/watt and the result is plotted as the
Tower solid curve in Figure F-1. The minimun weight per unit is reduced to
Tess than 200 pounds for 1300 < o < 2400 RPM, but the power to run at these
speeds ranges from 400 to 720 watts. The power can be reduced to 102 watts
by reducing the wheel speed to 340 RPM and increasing the weight per unit to
one-quarter of the total weight goal or 319 pounds {145 kg). The power for
four units is 408 watts, exceeding the power goal. It is thus apparent that
simultaneous satisfaction of the weight and power goals is not feasible with
reaction wheels. The design coming closest to meeting the.weight/power
goals is indicated by the small circles in Figure F-1. The diameter of each
of these RW's is 44 inches. If it is assumed that the volume occupied by
the RW plus electronics corresponds to a cube with the RW diameter as a side,
the volume 1is 85,184 inch3 per unit or 340,736 inch3 = 5.58 meter3 per
cluster of four. This is almost twice the volume goal of 3 meters,

Figure F-2 shows the tradeoff curves for the H = 1000 fobt—pound-
seconds, T = 10 foot-pounds reaction wheel units.. It is clear that regard-
less of wheel speed, the size/weight/power goals will be far exceeded, and
no satisfactory RW design exists. The H = 2000 foot-pound-seconds, T = 10
foot-pounds units are even more futile and no curves are provided for these.
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F.2.2 SG CMG Sizing

With the exception of the initial run-up period, the CMG rotor operates
at fixed speed and the input power to the spin motor only has to make up for
losses. It is, therefore, practical to run the CMG rotor at a higher speed
than with a RW, and a1l the CMG design data in Reference F-1 is based on an
optimum rotor speed of 11,700 RPM. The total weight and poger is relatively
insensitive to rotor speed over the range from 8,000 to 14,000 RPM, however.

The SG CMG power requirement, after run-up, consists of the rotor run-
ning power and the gimbal torque power. The rotor running power is 14 watts
for the 500 foot-pound-seconds units, 20 watts for the 1000 foot-pound-
seconds case, and 26 watts for the 2000 foot-pound-seconds CMG's. The torquer
power is in all cases negligible for the required output torgque levels. The
SG CMG total weight consists of the CMG rotor/housing/qimbal weight plus the
power supply/drive electronics weight. The power/weight/size values for the
three momentum/torque combinations are summarized in Table F-3.

F.2.3 DG CMG Sizing

The sizing analysis of the DG CMG is very similar to that of the SG CMG,
with the basic difference of the addition of an extra gimbal and its associ-
ated drive electronics. This increases the weight and size of each unit,
compared to a SG CMG with the same torque and momentum capability. However,
fewer units are required in the cluster. The larger reaction torques on the
gimbals in the DG CMG increases the required gimbal drive torques so that
the gimbal drive power is ho longer negligible. The DG CMG sizing results,
derived from Reference F-1, are summarized in Table F-4.
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Table F-3.

' SG CMG Summary*

Power (watts) Ueight {1b) Size
Iorque) Momentum |
ft-Tb {ft-1b-sec Spin Gimbal . Diameter Volume
Hotor Drive Total CHMG Electronics** Total (in) (in3)
1 500 14 < 0.1 14 70 14 84 24 13,824
10 1000 20 < 0.1 20 95 20 115 26 17,576
10 2000 26 < 0.1 26 130 26 156 30 27,000

*Par unit, four required

**1 1b/watt




Tabte F-4. DG CMG Summary*

£l

Power (watts) Weight (Th) Size
Torque Momentum - -
(ft-1b) {ft-1b-sec) Spin Gimbal Drive Total MG Electronics®* Total Diameter Volume
Motor (in) (in%)
1 500 14 0.6 x 2 =1 15 85 15 100 27 19,683
10 1000 20 2.5x2=5 25 140 25 165 32 | 32,768
10 2000 26 2.5 % 2 = 5 k]| . 175 31 206 38 54,872

*Per unit, three required
**1 1b/watt




F.3 CONCLUSIONS

The results of the momentum exchange actuator sizing analysis are sum-
marized in Table F-5 using metric- units. Reaction wheels clearly fail to
meet the requirements in all three size categories, and can, therefore, be
eliminated from further consideration. Both single gimbal and double gim-
bal CMG's, on the other hand, are consistent with the assumed torque/
momentum requirements and size/weight/power limitations. The size/weight/
power figures, on a total system basis (four single gimbal or three double
gimbal CMG's) are sufficiently close that additional criteria must be con-
sidered to make a final decision on the actuator type.

For a given momentum, the cost of an individual double gimbal CMG s
higher than a single gimbal CMG. However, because fewer double gimballed
units are required, the total system costs are 1ikely to be comparable.
Likewise, it is technically feasible to build either single or double gim-
balled CMG's in the momentum range required.

On performance grounds, the double gimballed CMG has several advantages:

] Better match to the required nearly spherical momentum
envelope, especially with one unit failed.

e . Relatively simple steering law.
] Less problem with singularities.

The double gimballed CMG, therefore, appears to have the best combination
of properties- for the EVAL mission.
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Table F-5. Momentum Exchange Actuator Sizing Summary
Capabiiity per Actuator Unit Humber: Total Reguirement for Cluster
Type in 3
Torque tlomentur Cluster Weiaht (kg) Power (watts) Yolume (m™)
(N-m) {N-m-sec) Goal = 580 kg Goal = 250 watts Goal = 3 m°
R 4 580 408* 5.58*
1.36 678 SG CMG 4 153 56 0.91
DG CMG 3 136 45 .97
] 4 > 964* > 1200% > 7.2b*%
13.6 1360 SG CHMG 4 209 80 1.15
DG CMG 3 225 75 1.61
RW 4 * * *
13.6 2710 5G CMG 4 284 104 1.77
DG CMG 3 281 93 2.70

*Does not meet goal

RW
SG CMG
DG CMG

L I L 14

reaction wheel
single gimbal control moment gyro
double gimbal control moment gyro
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