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SECTION 1
INTRODUCTION

1.1 PURPOSE

This handbook is an orbit phase flight training supplement and ready refer-
ence for use by Space Transportation System (STS) flight crews and Mission
Control Center (MCC) personnel. It provides background information and ra-
tionale used in preparation of flight procedures to meet test and opera-
tional objectives. .

1.2 SOOPE

The overall cbjective of tris handbook is to be general enough to cover

all Orbital Flight Tests (OFT's) and early operational flights; however,

the dynamic nature of the Shuttle development program has precluded com-
plete satisfaction of this objective. The detailed flight procedures given
in this edition of the handbook are those included in STS-2 Orbit Operations
Checklist, Final Edition. This Flight Procedures Handbook will continue

to be subject to an iterative revision process as the STS program matures.

Redundancy to other Shuttle documentation has been avoided except as needed
to highlight the procedure:. The procedures and techniques presented are
the results of blending past crew experience, equipment specifications, sys-
tems analysis (both theoretical and empirical), and functional simulations.
Most of the contents have been discussed in On-Orbit Flight Technique Mret-
ings (OFTM) held at NASA Johnson Space Center (JSC).

1.3 REFERENCES

General references for preparation and use of this handbook are as
follows.

SFOM Vol 10, Displays and (ontrols

SFOM Vol 6, GN&C Hardware

SFOM Vol 7, Applications Scftware

SFOM Vol 12, Crew Systems

FSSR Book 13, GN&C, Part E, IMU - IMJ software requirements

FSSR Book 14, GN&C, Part E. Nav Aids - S TRK/COAS software requirements

0SOP (systems procedures)

FDOF Preparation Standards (checklist formats)

STS Work Day Handbook, (flight information)

STS-2 FRD (test objectives)

STS-2 Flight Data File, (flight schedule and checklists)

OFTM Minutes (flight techniques)

Singer Canpany Document Y254A176 - IMU Technical Description

Ball Brothers Research Corporation Spec No. 43610 - Stir Tracker
Specifications
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1.4 ABBREVIATIONS AND ACRONYMS

KCC
ADI
ALIGN
ANG
ATT
AUTO

31TE
30S
3/U

C
CAL
CAP
CAPRI
C&W
cb
CDR
CK
C/L
CL
CLR
CM
COAS
COMP OCL
CRT

DAP

0C
DD/HH:MM: SS
DEG

DES

OFI

DIF

DISC

DPS

ENA
ERR
EXEC

FOF
FOV

GCD

GNC
GMBL
GND
GPC
GYRO

Acceleration

Attitude Direction Indicator
Alignment

Angle

Attitude

Auto

Built-in Test Equipment
Bright Object Sensor
Backup

Cluster (coordinate system)
Calibrate(tion)

Crew Activity Plan

Capacitive Reset Integrator

Caution and Warning

Circuit Breaker

Commander

Check

Check list

Close

Clear

C ommand

Crew Optical Alignment Sight '
Common Pool of reference data (GPC software)
Cathode Ray Tube

Digital Autopilot

Desired Cluster (coordinate system)
Day/Hour :Minute:Second

Degrees

Deselect

Development Flight Instrumentation
Difference

Discrete

Data Processing System

Enable
Error
Execute

~1ight Data File
Field of Vision, Field of View

Gyro-Campass, Desired cluster orientation (coordinate
system)

Guidance, Navigation, and Control

Gimbal

Ground

General Purpose Camputer

Gyroscope



H Horizontal

HI High
10 Identification
IMv Inertial Measurement Unit
1-LOAD Initial Data Load
IMU/IM) IMJ to IMJ
INRTL Inertial
JSC Johnson Space Center
L Left
LAT Large Angle Torquing
LED Light Emitting Diode
LH Left Hand
LIM Limits
LOS Line of Sight, Loss of Signai (time)
LRU Line Replaceable Unit
MAG Magnitude
MALF Malfunction (Systems Malfunction Procedures book)
MAN Manual -
MCC Mission Control Center
MET Mission Elapsed Time
MIN Minute(s)
M Mass Memory
Major Mode
MNVR Maneuver
MSG Message
M50 Mean of 1950 (coordinate system)
NAV Navigation
NB Navigation Base (also coordinate system)
NWU North/West/Up (coordinate system)
0 Overhead
OFT Orbital Flight Test
OFTM On-orbit Flight Technique Me2ting
opP Open
OPER Operate( tion)
PSS Operational Sequence
P Pitch
PAD Preliminary Advisory Data, parameters and data
(form, format)
PARA Paragraph
pb Pushbutton
PC Present Cluster (coordinate system)
PDP Post-Insertion Deorbit Preparation
PLT Pilot
PNL Panel
POS Position
PRES Present
PKOC Procedure
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PWR Power

R Right
Roll
RCS Reaction Control System
REF Reference
REFSMMAT Reference Stable Member Matrix
REQD Requ ired
RH Right Hand
RHC Rotational Hand Controller
RM Redundancy Management
RSS Root of the Sum of the Squares (of given values)
S Star
SEL . Selected
SopP Software Operating Procedure
Subsystem Operating Progr am
SPEC Specialist Function
SSR Single System Recovery (procedure)
S TABLE Star Sighting Table
S TRK/ST Star Track(er)
STAT Status
STBY Standby
STS Space Transportation System
SMAG Star Magnitude
T Transformation (matrix)
tb Talkback
TEMP Temperature
TERM Terminate
TGO Burn Time Remaining
TGT Target
TGTS Targets
THC Translational Hand Controller
THOLD Threshold
TIG Time of Ignition
TK Tank
™ Telemetry
TOL Tolerances
TRK Track(er)
vC Thrust Vector Control
Ul User Interface
) Vertical
WT Weight
X X-Axis (direction)
Y Y-Axis (direction)
Yaw
Z Z-Axis (direction)

1-4
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1.5 SYMBOLS

* Selected; Active

(no *) Deselected; Not Active

AANG Delta Angle

AMIN Elapsed Time in Minutes

AX Misalignment in X (direction)

AY Misalignment in Y (direction)

AZ Misalignment in Z (direction)

AVX Change in Velocity in X (direction)

AVY Change in Velocity in Y (direction)

AVZ Change in Velecity in Z (direction)

T_A B Transformation matrix to go from coordinate system A to coordinate
system B where A and B can be any two coordinate systems.

1.6 DEFINITIONS

Reference Stable Member Matrix (REFSMMAT): This term is assigned to each

3 x 3 transformation matrix which mathematically defines the position of
the Inertial Measurement Unit (IMU) platform (cluster) axes relative to

the Aries Mean of 1950 (M50) Cartesian coordinate system. There is a sepa-
rate set of three REFSMMAT's (Desired, Current, and Present) for each IMU.
Two REFSMMAT's of each set, Desired and Current, are maintained in GPC mem-
ory throughout the mission. The Present REFSMMAT is computed when needed
to sugport IMU alignments and is available only during alignment
activities.

Current REFSMMAT (T_C M50): This is the transformation currently residing
in the General Purpose Computer (GPC) Common Data Pool (COMPOOL) at any

iven time. It is used by the Orbiter Guidance, Navigation, and Control
%GNC) systems software for determining attitude, velocity, instrument Line-
of-Sight (LOS) and other pointing computations. The Current REFSMMAT is
updated at the end of an IMU alignment. This transformation does not change
between alignments even though the IMU platform may have drifted or a new
Desired REFSMMAT is uplinked. The GPC always assumes that the IMU plat-
form is aligned to this Current REFSMMAT position.

NOTE: The Current REFSMMAT used from launch through the first on-orbit
alignment is computed by the GPC during Vel/Tilt Calibration. It is
placed into COMPOOL prior to IMU inertial operation being initiated at
T-20 minutes.

Desired REFSMMAT (T_DC_M50) (transpose, T_M50_DC, used in FSSR): This
transformation is stored in the IMU alignment module of the GPC to define
the desired position of the IMU platform at the end of the next IMU align-
ment (Star-Align or IMU/IMU alignment options). A new Desired REFSMMAT
may be uplinked as required to support specific flight objectives or op-
erational requirement. '

1-5
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Present REFSMMAT (T_PC M50): This transformation is computed when any of
the three IMJ alignment options is selected. The matrix defines the ac-
tual measured platform position at the time of computation. It is based
on either star sighting data or the Current REFSMMAT of a specified refer-
ence IMJ. If the IMU being aligned is also the reference, the Present
REFSMMAT is set equal to the IMU's Current REFSMMAT.



SECTION 2
BACKGROUND

2.1 IMU ALIGNMENT

A stable attitude reference is provided on the Orbiter by one of three In-
ertial Measurement Units (IMU's), each containing accelerometers and gyros
on a gimbaled platform as shown in figure 2-1. The IMU platforms must be
constantly repositioned to the desired inertial orientation to compensate
for drift caused by inherent variations in equipment or operating condi-
tions.

To compensate for anticipated gyro drift between on-orbit alignments, a
gyro drift bias for each IMJ is maintained in the General Purpose Compu-
ters (GPC's), and supplemental torquing pulses are continuously sent to the
gyros. The supplemental pulse rate is proportional to the amount of bias
required. The bias is periodically recomputed and updated by Mission
Control Center (MCC) personnel to incorporate new drift data as the flight
progresses. Likewise, an accelerometer bias is computed and updated to
compensate for inherent accelerometer output errors.

On-orbit alignment of the platforms is a precise navigational procedure.
Each platform is normally aligned after first determining its present or-
jentation by taking directional measurements on a pair of stars. These
measurements are expressed as unit Line-Of-Sight (LOS) vectors in a fixed
Aries Mean of 1950 (M50) coordinate system. Through a series of mathema-
tical transformations, using the star LOS data, the GPC provides the exact
orientation of the platform.

Two types of star-sighting instruments are provided on the Orbiter to
determine the M50 orientation of the IMU platforms. Two Star Trackers

(S TRK's), aided by the GPC, electronically scan given segments of space,
locate navigation stars, and track the stars while obtaining LOS data. A
Crew Optical Alignment Sight (COAS) can be mounted at either of two loca-
tions within the crew compartment to obtain LOS data on stars when required.
Regardless of the star-sighting instrument used, the GPC interrogates

the data for positive star identification, compares the data with stored
information, and determines the present orientation of the platforms.

The IMU's, S TRK's, and COAS will be described in sufficient detail in
this handbook to allow an understanding of the procedures and techniques

presented in later sections. More information on these items may be found
in Volumes 6, 7, and 12 of the Shuttle Flight Operations Manuals (SFOM's).

2.2 MU

2.2.1 Functional Overview

Each Shuttle IMU consists of an all-attitude four-gimbal inertially sta-
bilizad platform and associated equipment. The IMU includes the gimbal

2-1
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structure, gyros, accelerometers, power supplies, platform electronics,
interface electronics, Built-In-Test Equipment (BITE), thermal control cir-
cuitry, and provisions for housing and mounting the various components.
Resolvers within the IMU provide outputs (gimbal angles) proportional to
attitude, and accelerometer channels provide outputs proportional to
changes in velocity. The gyros sense disturbances to the stabie element
(platform) and develop signals that drive the platform stabilization loops.
Under the control of the Shuttle GPC, the IMJ has the capability of orient-
ing the platform to any attitude, determining platform alignment to a ref-
erence, and providing velocity and attitude data for flight operations.

The IMJ resolvers provide roll, pitch, and yaw gimbal attitude outputs
through the range 00 to 3600 for vehicle angular rates up to 35 deg/sec
and angular accelerations up to 35 deg/secZ. The IMJ accelerometers pro-
vide linear acceleration outputs along orthogonal axes for acceleration
inputs up to 6g per axis.

The IMU gimbal sequence is outer roll, pitch, inner roll, and azimuth,

The outer roll gimbal rotates about a case-supported pivot. The platform
(cluster - consisting of the gyros, stable member, and accelerometers) is
attached to the azimuth gimbal. The outer roll gimbal is redundant to the
inner roll gimbal and is driven from error signals generated from distur-
bances to the inner roll gimbal. Gimbal flipping action, resulting in
high rates on the outer roll gimbal, occurs when the pitch gimbal is
displaced approximately 900 with respect to the outer roll gimbal and a
disturbance is applied to the inner roll gimbal. The three IMJ cases are
aligned colinearly on the navigation base, so that the IMJ case pitch axes
are nearly colinear with the vehicle pitch axis, the forward end of each
case being mounted 10.60 # 0.50 pitchdown.

The gimbals are gyro-stabilized, using signals derived from two, 2-axis
gyros mounted on a platform connected to the innermost gimbal. The gyros
sense cluster motion, their pickoff signals are amplified by the gimbal
loop electronics, and the appropriate gimbals are torqued via direct-drive
dc torquers to null the motion sensed by the gyros. Gimbal position can
be controlled by torquing the gyros through high-rate torquers (slew) or
througq precise fine torquers (digital pulse) on the gyros under computer
control.

Acceleration data is provided by a 2-axis acceleromeier (X and Y axes) and
a_single-axis accelerometer (Z axis) which, together, form a triad of mutu-
ally orthogonal accelerometer axes. These accelerometers are force-
rebalance~type accelerometers. The accelerometer proof mass is kept at a
null position by a servoloop. The displacement of the proof mass is
measured by the pickoff. The error signal is amplified, and a current pro-
portional to acceleration is fed back to the accelerometer torquer to cap-
ture the proof mass at null. This current is sensed across a precision
resistor located in the voltage-to-frequency converter (CAPRI). The CAPRI
converts the voltage to pulses (each pulse = 0.034 fi/sec) whose frequency
is proportional to acceleration. These pulses are accumulated in X, Y,

Z up-down counters and transmitted as total velocity components to the
computer. The accelerometers are mounted on the IMU platform with the
gyros.



Power is applied to each IM jndividually through manually-controlled
switches/circuit breakers. A positive indication that the IMU is actually

powered (IMJ power present) is not available. When power is initially ap- 7\

plied to the IMU, only the heater and blower circuits are energized.

The IMJ nominally takes 30 min to achieve warmup and thermal equilibrium
for attitude determination, although warmup can take as long as 2 hr under
worst-case conditions (low cabin temperature, cold start). The accelerom-
eters can support nominal and contingency flight activities after 30-45
min of warmup. Although a 15-hr warmup would provide optimum accelerom-
eter performance with decreased scale factor error, this error is less A
than 6 percent of the overall downrange error on entry; thus the improve-
ment is considered insignificant.

Once warmup has been achieved and the IMU's have reached a standby condi-
tion, they can be individually commanded to upmode to the operate modes.
The IMJ Subsystem Operating Program (SOP), in response to a manual
‘operate' command (keyboard entry), causes the IMJ to cycle through a
runup sequence in which it becomes fully powered and operable. The runup
sequence normally takes between 38 and 53 sec. It should be noted that
the IMJ has an internal delay timer designed to prevent equipment damage
should the IMU be commanded to the operate mode within 3 min of a previous
downmode to standby, or if power is interrupted. If necessary, the IMU's
can be commanded to the operate mode before the normal wermup period has
been completed. However, degraded performance may be exjected under these
circumstances.

IMU performance characteristics may be degraded if the IWU is operated N
outside the normal temperature and pressure ranges. Equipment damage is
1ikely to occur if the IMU is continuously operated with an overtemperature
condition. However, thermostats within the IMU are desined to remove
power from heater circuts before severe overheating occurs.

In the operate mode, the IMJ will support all of the major functions of
calibration, alignment, self-test, inertial operation, aid on-orbit operations.
The IMU's can be individually downmoded from operate to standby (time in-
terval of 1 to 4 sec required to downmode ). The IMU SOP will respond by
initicting the 3 min rundown timer and by removing all internal power ex-

cept for the heater and blower circuits. The IMJ's can be downmoded to

the off state individually by manually turning off power to the IMU. Al
circu-ts, including the heaters, are deactivated in the off state. The

IMU's can be safely powered down from either the warmup/standby mode or

the o erate mode.

Each MU contains BITE circuitry that monitors the healt: and status of

vario s internal circuits and performance characteristics. The BITE be- /“\
comes active during the rurup sequence and is monitored by the IMU SOP dur-

ing o erate mode to detect IMJ failure. The BITE s:tatus word is transmit-

ted t» the GPC in addition to temperature, pressure, and operate discretes.



2.2.2 Software Overview

The Orbiter IMU SOP controls and monitors the operation of the three IMU's
and processes IMJ data for use by other GPC program elements. The IMU con-
trol specialist function (SPEC) display interfaces with the IMJ hardware
previously defined to perform the moding functions associated with

the transitions between off, warmup/standby, and operate. The IMU

SOP responds to inputs from the keyboard and provides responses to

the Cathode Ray Tube (CRT) displays, as required. The IMU SOP performs
logic operations on input/output data validity indicators and IMU BITE
data, and it conducts sof tware-aided BITE tests to determine the status
and quality of IMJ data. The IMJ SOP then reports this status to display
control, redundancy management, and other affected software elements.

The crew interface with the IMJ SOP is through the keyboard/CRT and asso-
ciated GPC switches. The CRT display (IMU ALIGN, SPEC 21) is used to control
the IMJ mode of operation, monitor the IMJ status, and align the platform
(fig. Ziz). A full discussion of each item on the display is given in SFOM
Volume 14.

/ xxxxso21/ INU ALTGN XX X 0DD/HH:NN:SS
Inu ODD/HH:NN:SS
1s 28  3s
STAT XXXX KXXX 'XXKX ALIGN XXX
TENP XX XX XX  INU 1 10X STAR ALIGN 13X
sTBY  1x 2% 3x 2 11%x 14 IMUZINU X
0PER  4x  Sx  6x 312X MATRIX 15%
oEs 7 8x  9x
EXEC 16X
Team 17
Acc
1 2 3

B X.X% ¢X.XX ¢X.XX
Y 2X.XX 2X.XX% sX.XX
I s$X.X% +X.XX 2X.XX

ARG
1 2 3
X XKX.XX XXR.XX XXX.XX
Y XXX.XX XXX.XX XKX.XX NAV sV THRESH
Z XXX.XX KXXK.XX XXX.XX 18 XXXXXXX
AKX $XXX.XX gXXX.XX 2XXX.XX
8Y XXX, XX $XXX.XX $XXX.XX NN READ 19X

Al 2XXX.XX $XXX.XX $XXX.XX

\ . _ (xx)’) |

Figure 2-2.- IMU Alignment display (SPEC).
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A list of IMJ SOP modules, including the submodes listed above is given

in table 2-1. The GPC Operational Sequence (OPS) during which each module
is available is indicated. A complete description of the IMU SOP and its

modules is given in the Functional Subsystem Sof tware Reqiirements (FSSR),
Level C, SD 76-SH-0013. In the operate mode, the IMUJ SOP performs various
submode options as follows.

A. Terminate/ldle: This option represents the quiescent or default state
of IMU SOP processing. The torque and slew outputs a-e set to zero.
Resolver, accelerometer, and BITE data are processed for display when-
ever the IMJ control/monitor display is active. This option is not
used in on-orbit operations.

B. Attitude determination: The Attitude Determination sibmode computes
the transformation from navigation base to a North/West/Up (qug

reference coordinate system. The transformation is a prerequisite
for running all subsequent options involving alignment and calibration.
This option is executed for each operating IMU every time that the
vehicle/navigation base is moved, or whenever the transformation data
may have been destroyed in GPC memory. The attitude determination
function utilizes resolver and velocity data to determine the orien-
tation of the navigation base with respect to the NWU coordinate frame.
A gyrocompassing technique is used to determine the position of north,
west, and up relative to cluster position. This, in conjunction with
the gimbal angles, is used to define the required navigation base to
NWU transformation. The duration of this submode is approximately 4
min. This option is not used in on-orbit operations.

C. Hangar calibrations A, B and C: The Hangar Calibration A submode con-
sists of a calibration of (1) accelerometer bjases, scale factors, sym-
metry, and misalignments and (2) gyro scale factors, restraints, mass
unbalances, and misalignments. Hangar Calibration B submode determines
the azimuth, inner roll, and pitch-resolver offset errors, outer roll
gimbal, nonorthogonality error, and certain gyro and accelerometer
errors. Hangar Calibration C submode consists of a calibration of the
IMJ-to-IMJ relative attitude errors at the selected skewed cluster
position for use in gyrocompassing.

D. Preflight alignment: The Preflight Alignment submode establishes each
IMU's cluster orientation relative to the M50 coordinate system at the
beginning of flight operations. It also provides other IMU-related
ground-to-flight switchover functions, as well as the software
interface with the crew initiated GO-INERTIAL command., Preflight
alignment consists of a two-position gyrocompassing procedure, a tilt
upiate correction, and the final preflight transformation and velo-
city initializations that establish the navigation reference. This
submode requires approximately 45 min.

E. Inertial operation: The Inertial submode consists of operating the
IMJ in an inertial state to provide velocity and attitude data for
flight computations. The IMU is torqued only to correct for errors
due to gyro drifts.
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TABLE 2-1.- IMJ SOP FUNCTIONAL MODULES AND OPS SEQUENCES

OPS sequences

GN&C
CTP
Oh | r
Module Description SOP Module | A rele
name s |0 E bc |c
cir n Rl1ik |o
e|b t T|tolu
n | i r L ui|n
t |t y S t |t
112 3 6 8 9
IMJ BITE processing IMU_BITE X | x X X X X
Accelerometer processing ACP_ACUM X | X X X X X
Resolver processing RES_PROC X | X X X1 x [|X
Gyro torque processing GYO TORO X 1X X X X X
BITE summary BITE_SuM X | X X X | x [Xx
Accelerometer pulse compensa-
tion ACP COMP X | X X X X X
Gyro compensation GYO_ComMP X | X X X| X |X
Accelerometer pulse transfor-
mation ACP_TRSF X 1X X X X X
Reference to cluster transfor-
mation update T UPDATE X
Torque rate transformation TOR TRSF X
Large angle torquing LATFUNC X X
Least squares fit processing | LSF_FILR X
Nav base to cluster transfor-
mation TNB CL X X
Cluster -to-c luster relative -
rate CL CLRATE | X
Sinusoidal excess rate SINE_EXRTE X
Display support DISP_Sup X X
*Term/1dVe TERM/IDLE X
*IMU attitude determination IMJ ATT X
*Hangar calibration A HANG CALA X
*Hangar calibration B HANG_CALB X
*Hangar calibration C HANG CALC X
*Preflight calibration PFLT CALA X
*Gyrocompass alignment GC ALIGN X
Velocity and tilt VEL TILT X X
*Inertial INERTIAL XX X X X X
*IMJ on-orbit alignment IMU ORB AL X | X (301)
*Platform positioning PLAT_POS X

*Modiules are also submodes.
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F. On-orbit alignment: The purpose of the on-orbit alignment submode is
to provide an accurate definition of the IMJ platform orientation with
respect to inertial space. This may be done by physical realignment
to known references. The time required for this submode is variable,
depending on which of the several available options the crew chooses
to employ. A physical realignment of the platform through large
angles may take in excess of 2 hr.

G. Platform positioning: The platform positioning submode consists of
positioning the platforms to manually-selected orientations to support
checkout. This submode is not used in on-orbit operations.

2.2.3 Preflight Calibration and Alignment

The achievement of required IMU performance accuracy is based primarily on
ground calibration. The calibrated values of 60+ parameters are entered
into the GPC prior to each Orbiter flight. Ground calibration is perform-
ed at the factory, in the hangar, and on the launch pad. These calibra-
tions are both operator and computer-software controlled. Factory testing
is the most extensive, consisting of approximately 125 hr of testing.

Hangar calibration is accomplished several days prior to launch and re-
quires about 6.5 hr. During this hangar activity, all three IMJ)'s are
calibrated in the operate mode as their platforms are torqued to as many
as 22 predefined orientations (13 for STS-1).

During the hangar calibration, one of two sets of transformation matrices,
describing desired platform orientations relative to the navigetion base
(T_NB_GCD), is loaded into the GPC. Two distinct sets are available as

a contingency provision to allow for alternate launch parameters. Both

sets of desired platform orientations provide for the platform to be skewed

relative to each other. The platform skewing is primarily for redundancy
management purposes and also prevents more than one IMU experiincing 'gyro
flip' at the same time. The actual skews are discussed in par.graph 3.3.
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The launch pad preflight calibration is started no earlier than 15 hr
prior to launch. The calibrated parameters are valid for 17 hr, thus pro-
viding at least 2 hr of on-orbit use before degradation. The IMU's will
remain in the operate mode from the beginning of this calibration through
launch. The calibration requires 2.5 hr, during which time each IMU clus-
ter is torqued to seven cardinal positions. Accelerometer and drift data
are collected at each position to enable the calibration of accelerometer
biases, accelerometer scale factors, and gyro restraint biases.

A prefligrt platform alignment, consisting of gyrocompass alignment and
Velocity/™ilt initialization, is performed for each IMJ after the pre-
flight calibration is completed. The purpose of this alignment is to
position the platforms to the desired orientation (described by T_NB_GCD)
for launch, to maintain this orientation until launch initialization

(T-12 sec), and to provide platform orientation data (T_C_M50 at T-20 min)
to the GPC. This Reference .Stable Member Matrix (REFSMMAT) is used to
support launch, orbit insertion, and early on-orbit activities, as well

as early flight termination if required. A full discussion of REFSMMAT'S
can be found in the definitions, section 1.6.

The gyrocompass phase of the preflight alignment positions the IMU plat-
forms relative to the navigation base reference systems. The desired ori-
entation (T_NB_GCD) loaded into the GPC during hangar calibration is used
for this alignment. Since the navigation base orientation relative to the
launch pad is known, this alignment actually positions the IMU platforms
to a desired orientation relative to the NWU coordinate system whose ori-
gin is at the launch pad.

Velocity/Tilt initialization estimates the tilts and drifts experienced by
the IMJ's due to the Earth's rotation and gravity effects while waiting
the transition to OPS 1. When the transition command is received (T-20
min), the IMJ platforms are released to GO INERTIAL. At this time, the
GPC uses the Velocity/Tilt data, the position of the platforms relative to
the navigation base (T_GCD_M50), the navigation base-to-NWU transform-
ation (T_NWU_M50), and a time dependent NWU-to-M50 transformation (T_Nwu
M50) to compute a Current REFSMMAT (T_C _M50) for each IMU. The Current
REFSMMAT's are also stored in GPC memory as the Desired REFSMMAT's for
on-orbit IMJ alignments; i.e., T_DC_M50 set equal to T_C_M50.

If a technical hold is imposed (launch delay encountered) between gyrocom-
pass alignment and T-20 min, the inertial orientation of the IMU platforms
(Current REFSMMAT's) computed from Velocity/Tilt will differ from the cur-
rent REFSMMAT's expected for a nominal on-time launch. Since many ground
systems supporting the Orbiter's GNC functions use the Current REFSMMAT's,
it is imperative that these ground systems incorporate the REFSMMAT's
computed by the Orbiter software at T-20 min. These REFSMMAT's will be
made available to the ground through Telemetry (TM) downlink.

After transition to OPS 1, Velocity/Tilt compensation is applied to the
gyro torquing signals to compensate for the estimated drift. keeping the
platforms aligned to the M50 coordinate system. This compeisation is
terminated at T-12 sec, when the STS enters flight mode.



If a technical hold is imposed after transition to oPS 1 (T-20 min), the
computed Current REFSMMAT remains unchan?ed; however, Velocity/Tilt drift
compensation may be degraded with a resultant difference between the ac-
tual platform positions and the positions described by the Current
REFSMMAT's. If the error exceeds TBD arc sec, the count must regress to
some time prior to T-20 min so that new Current REFSMMAT's can be comput-
ed. If the error exceeds TBD degrees, the count must regress to some time
prior to gyrocompass alignment in order to realign the IMJ platforms.

2.2.4 0On-Orbit Alignment and Calibration

Maintaining the required IMU accuracy for the duration of on-orbit and re-
entry operations is primarily a matter of periodically determining the ac-
tual M50 orientation of the platforms. Steps can then be taken to adjust
the orientation, change the mathematical definition of the orientation, or
both. On-orbit alignments are performed by the flight crew.

IMJ alignments are required for one or more of the following reasons.

A. The platform may move a significant amount from the orientation
currently in use by the GPC (Current REFSMMAT) due to uncompensated
gyro drift induced through mechanical/environmental restraints.

B. Power interruption, loss of GPC control, or other system anomaly may
cause loss of platform orientation.

C. An IMJ may be reactivated from OFF or STANDBY.

D. A more favorable platform orientation may be desired for subsequent
flight activities (new Desired REFSMMAT) .

A bias torquing voltage is constantly applied to each gyro's bias torquing
coils to compensate for estimated gyro restraint drift. The gyro preces-
sion caused by this bias would ideally balance the precession caused by

the gyro restraints, resulting in an output to the platform gimbal torqu-
ing motors that keeps the platform inertially stable. However, if the
actual restraints differ from the estimate, the platform will drift away
from the inertial orientation stored in GPC memory (Current REFSMMAT).

An alignment is performed to determine the magnitude and direction of plat-
form drift and to initiate corrective action.

The misalignment between the measured platform orientation and the Current
REFSMMAT defined orientation is recorded by the crew. The misalignment
values, and execution time for each alignment is voiced down to the ground
at the next ground station pass. After a series of alignments, the mis-
alignment values are used to compute a new estimate of the gyro restraint
drift. The gyro bias voltage is recalibrated as required to maintain the
desired platform accuracy between alignments. The new gyro bias value is
uplinked to the IMJ software in the GPC.

2-10

~



-y 0~

The effect of IMJ alignment intervals on the gyro bias accuracy, along

with contributing factors, is shown in figure 2-3. A high frequency of
alignments (short intervals) adversely affecting the accuracy of the cal-
ibration is apparent from the chart. Although it is not shown on the chart,
a large number of misalignment readings using star sightings (without per-
forming alignments) would favorably affect the accuracy. Optimization

of star sighting/alignment scheduling for bias calibration is impractical
because of restraints imposed by other activities. However, the perform-
ance curve will be taken into consideration when contemplating a gyro bias
update.

IMU alignments are scheduled to preclude a total platform misalignment
greater than an amount that would adversely affect subsequent flight acti-
vities. For nominal on-orbit activities, the maximum allowable platform
misalignment is 0.340 in any axis. This value was chosen to keep the total
misalignment less than 0.50 and thus enhance S TRK ability to obtain star
data. Entry and payload operations require greater accuracy (0.259),

For planning purposes, the maximum allowable interval between alignments

is based on an estimated drift rate of 0.015 deg/hr for the first few hours
of flight and 0.02 deg/hr for the remainder of the flight. The 0.02 deg/hr
value is based on l-sigma IMJ operation that can be maintained through
gyro bias calibration and update. If for some reason a gyro bias calibra-
tion is not performed within 17 hr of the last alignment (ground or on-
orbit), a drift rate of 0.035 deg/hr must be anticipated.

025
.02}
<
< GYRO PERFORMANCE (RSS VALUE)
~
4 015
&
by
a
= OF ALtehment
2 [
g EEQS%REMENT CALIBRATION ERROR (RSS VALUE)
.005 b R
RANDOR & e
LS GYRO RAMPING
1 1 | ]
0 5 10 15 S

ELAPSED TIME BETWEEN ALIGNMENTS (HOURS)

Figure 2-3.- Gyro drift bias calibration factors.
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Bias is also applied to the accelerometers’ outputs to compensate for vari-
ations in the equipment and environment; i.e., electrical characteristics:
friction, temperature gradients, g-loading, etc. This bias is checked by 7N\
the ground crew at scheduled times during orbital flight and a calibration )
value uplinked, if required. The accelerometer bias check is performed by
collecting accelerometer output data, while the flight crew maintains a

quiescent (non-accelerating) attitude over a ground TM receiving station.

The ground crew monitors the velocity counter for 320 sec. A single ve-

locity pulse (equivalent to 0.034 ft/sec) evident over this time period

would equate to an acceleration of 1.06 x 10-% ft/sec or 3.32 ,g9. The

accelerometer bias will normally be updated if accelerometer ougput isin | 7
excess of 50 ,,g. This value allows for deceleration from atmospheric drag,
a 10-,9 instrument acuity, and other small perturbations.

2.3 STAR TRACKER

2.3.1 Functional Overview

The STS Orbiter S TRK's are strapped-down, wide Field-0f-View (FOV), image-
dissecting, electro-optical devices. Their primary function is to obtain
precise LOS angular measurements of selected stars and illuminated orbiting
objects (targets). They also provide magnitude (brightness) data. Data
from the S TRK's are sent to the GPC's in digital formats. Some data are
downlisted to the ground for use in monitoring the health of the S TRK's
and IMU's.

. o =
The S TRK's are physically located in an unpressurized cavity, forward and .
to the left of the crew station. They are mounted on the navigation-base
boom, which extends through a bulkhead from the avioniés bay containing the
IMU's. The -Y axis S TRK certerline is approximately 10.50 from the Orbit-
er -Y axis in the X-Y plane. The -7 axis S TRK centerline is approximately
30 from the Orbiter -Z axis in a plane rotated 410 from the Orbiter +X axis
toward the Orbiter -Y axis. The location anc¢ components of the S TRK's
are shown in figure 2-4.

The S TRK system consists of a tracker for detecting and processing star/
target position and magnitude, a light shade to allow for star/target
tracking at close angles to bright sources, énd a quartz window in front

of the tracker lens to protect it from radiation and contamination. The
window also reflects the image of a simulatec star, Light Emitting Diode
(LED), into the tracker FOV for self-testing the S TRK. The light shade
contains a Bright Object Sensor (BOS) integrcted with a normally closed
shutter to protect the S TRK against high soirce radiance levels, which
would damage it or degrade its performance. The BOS contains an LED to N
self-test its function. The tracker is also provided with a video signal
overcurrent sensing circuit that will issuve & signal to close the shutter
in the event the dynamic range of the S TRK s in danger of being exceeded.
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Figure 2-4.- View looking into S TRK cavity.

The tracker uses a magnetically focused, magnetically deflected image dis-
sector tube as shown in figure 2-5. The total FOV is a 100 square that
can be completely scanned in 10 sec. The GPC software can dictate a 10
square offset scan to search for a specific star. A cruciform track scan,
centered on the light source, is initiated when the star is detected.

The tracker will search out and acquire items of a +3 to a -7 magnitude.
This includes the 150 brightest navigation stars.

When power is applied to the S TRK system and no mode other than term/idle
is commanded, the S TRK will automatically start searching the total FOV.
The search scan pattern is a left-to-right, right-to-left Horizontal (H)
axis sweep. A staircase signal is applied to the Vertical (V) axis to
move the horizontal scan progressively from top to bottom (raster pattern).
The search scan continues until the first star or target that exceeds the
commanded threshold level is encountered. When this occurs, the star/tar-
get is acquired and track scan begins.

The track scan pattern (cruciform) centers on the star image and provides
two-axis position signals at the system output. If the star moves within
the FOV, due to small vehicle attitude changes, the track scan pattern will
follow and remain centered on the star image. Tracking on the same star
continues until (1) it leaves the total FOV, (2) its magnitude falls below
the commanded threshold, or (3) the system receives a BREAK TRACK command
from the GPC. When one of these 2vents occurs, the search scan resumes

and will search the remaining portion of the total FOV.
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If the S TRK is commanded to a reduced FOV (offset scan) and a star is
acquired, it will track that star throughout the total FOV as described
above. If the star is lost for the same reasons as above, the system will
return to the reduced FOV position originally commanded and start a search
scan of that FOV.

The S TRK system may be commanded to perform a self-test by the GPC. In
self-test, the S TRK generates a simulated star which is returned into the
FOV by a reflective surface on the protective window and is acquired and
tracked. The S TRK shutter is commanded closed during the self-test through
activation of the BOS by a separate light source. The angular position

and magnitude of the simulated star is compared with stored values within
the S TRK to determine if the system is within operational accuracy require-
ments. At one point in the self-test, erroneous data is used to verify
proper operation of the B TE. The crew will be advised (via the SOP)
whether the S TRK passes or fails the self-test.

Doors in the Orbiter's outer surface must be opened to allow the S TRK's
to track on stars or targets. Each S TRK door is equipped with a primary
and secondary motor for redundancy. The door opening circuits are cross-
wired so that the control logic of both primary motors is enabled from one
door control switch (system 1) and both secondary motors from the other
switch (system 2). The door motor control logic requires that power be
applied to a given S TRK in order to apply power (39 ac) to the motor(s)
to open the door covering that S TRK. The presence or absence of power

to the S TRK has no effect on closing the door. Both door control systems
may be activated simultaneously to reduce opening/closing time from 12

sec (one motor) to 6 sec (two motors).

2.3.2 Software Overview

The S TRK SOP controls and monitors the operation of the two S TRK's and
processes S TRK data for use by other program elements. The S TRK SOP in-
terfaces with the S TRK hardware to perform the moding functions, tracking
functions, data enhancement and self-tests shown in table 2-II. The S TRK
SOP responds to inputs from the keyboard and the navigation function and
provides response to the CRT display (fig. 2-6). The S TRK SOP also pro-
vides alignment data to the IMU SOP. When the S TRK is in the operate
mode, the S TRK SOP will respond to requests to perform various submodes
in support of IMJ aligmments as follows.

A. Terminate/Idle: This submode terminates processing associated With
other submodes and sets S TRK output commands to the nominal idle
conditions.

B. Self-test: This submode tests the ability of the S TRK to acquire and
track a simulated star. Star Magnitude (SMAG) and position data are
checked against hardware prestored values for reasonableness. Pass
or fail status is made available for display on the CRT (SPEC 22).

The time required is approximately 10 sec.

C. S TRK: This submode accepts either computer- or crew-selected star
identification numbers and issues the required outputs to the S TRK's
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for offset scan mode or full field s

can mode search, S TRK/star LOS

data are compared to determine if the star is within the S TRK FOV.
Sighting data are compensated for optical and celestial aberration

errors. Appropriate status displays

The S TRK submode is normally utilized whenever an

aligned to provide a suitable inerti
star is input, this submode will ret
of one search cycle. If stars of op
submode will continue until term/idl

COAS Sighting and Calibration:
associated with COAS star sightings.
for each star sighting and are store
culations or to support on-orbit cal

are made available to the crew.
IMU is sufficiently
al reference. If a crew selected
urn to term/idle at the completion
portunity are to be selected, this
e is requested.

Thése submodes perform computations

Star LOS vectors are computad
d for subsequent IMJ alignment cail-
ibration of the COAS.

A target track submode and a target
available in the S TRK SOP. These s
ments.

track option of the COAS submode are
ubmodes do not pertain to IMU align-

TABLE 2-11.- ST SOP

FUNCTIONAL MODULES

Module Description

Module Name

*ST terminate/idle
*ST self-test
*Star Track
*Target track
Star in field-of-view test
Star confim test
Sighting data filter routine
*COAS sighting
*COAS calibration
ST/COAS star location

ST control/monitor display support

ST_TERM_IDLE
ST_SELF_TEST
STAR_TRACK
TARGET_TRE 2K
FOV TEST
STAR_CONFIRM
DATA FILR
COAS_SIGH
COAS_CALIB
ST_COAS
DISP_SUP

*Modules are also submodes
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Figure 2-6.- Generic S TRK/COAS CNTL display.

2.4 COAS

2.4.1 Functional Overview

The COAS is a manually operated navigation instrument consisting primarily
of a light source, a reticle lens, a collimating tube with objective lens
focused at infinity, and a combining glass. To use the COAS, the crewman
sights on the selected star through the combining glass upon which the ret -

icle pattern is projected (fig. 2-7). A crewman/software interface is pro-

vided to 'snapshot' Orbiter and IMU platform orientation data at the crew-
man's command (mark). These data are used by the GPC to determine star
actual-LOS variation from software computed-LOS for use in calibrating the
COAS or aligning the IMU's. The COAS must be calibrated on-orbit, using
an aligned IMU, to meet subsequent IMU realignment accuracy requirements.

The COAS, which is stowed when not in use is prcvided with a precision
mounting plate to allow installation in either «f two positions. One moun-
ting bracket is located idjacent to the starboard overhead window (W7).

The COAS mounted in this bracket is said to be ‘n the -Z position., Stars
sighted through the overhead window will have a LOS parallel to the -Z

2-17




~—— HOUSING ASSEMBLY %gmgiﬁ

KNOB=——"7"
' B S Do)
BULB-*~%
SOCKET “ =

ASSEMBLY

COAS INTENSITY CONTROL

INTENSITY CONTROL
(NOT VISIBLE)

P1 118V
ELECTRICAL CONNECTOR

v 1ty o
e
L ; el
° epep to-fotob-t-t-150
.!1-: " r {..;_t:' }ilo
""/ L —_t \~
M=t ~ APERTURE
e, — O STOP

RE ICLE PATTERN

(COAS WITH APERTURE_STOP

Figure 2-7.- Crewman optical alignment sight.

2-18



dynamic body axis. Likewise, when the COAS is mounted in a bracket above
the port forward window (W3), it is in the +X position.

An aperture stop is provided to assist the crew in sighting on a star by
reducing the field of view. A filter is also provided for use in sighting
on targets in daylight. The aperture and filter both clip on the COAS
lens mounting bracket and they cannot be used simultaneously.

2.4.2 Software Overview

The COAS software is a portion of the S TRK software. The COAS submode

of the S TRK SOP does not interface directly with the COAS hardware. The
crewman uses the keyboard (S TRK/COAS control display, fig. 2-6) to tell
the GPC in which position the COAS is mounted, the desired mode of op-
eration (calibration or sight), and the star at which the COAS is pointed.
The GPC assigns the Attitude Reference pushbutton (ATT REF pb) the alter-
nate COAS/star mark function when either COAS mode of operation is select-
ed. The ATT REF pb remains a mark initiator until such time that the COAS
mode is deselected or a S TRK control mode is selected.

The crewman informs the GPC when the star is in the center of the COAS

by pressing the ATT REF pb (marks on the star). The GPC records the
Orbiter attitude data (IMJ gimbal angles) at the instant the mark is in-
itiated to determine the LOS vector to the star. These data are used

to compute the COAS LOS offset from the prime body axis (+X or -Z) for
COAS bias calibration or to determine the IMJ platform misalignments (two
marks required), depending on the mode selected. The GPC feedback to the
crewnan is through the CRT display. Although the COAS modes and the S TRK
modes; cannot operate simultaneously, there is an S TRK SOP moiule that
prov des -Z S TRK star position data to the crewman in -Z COA; coordinates
(bod coordinates for future S/W releases). This feature allws visual
veri“ication that the S TRK is tracking the correct star.

2.5 STARS

2.5... Star Catalog

Ephemeris data for designated navigation (NAV) stars are I-loaded into GPC
memo-y for use in performing on-orbit IMJ alignments. These stars are also
markad on Flight Data File (FDF) tables and charts to assist the crew in
star acquisition when needed. The STS star catalog contains 50 of the
approximately 150 stars that fall within the S TRK's specified detection
capability.

Critaria for choosing the 50 STS NAV stars to be in the catalog are as
follows.

A. Apollo NAV stars: Apollo NAV stars th:t met the magnitude require-
nents of the STS S TRK were chosen to form a baseline because the
flight crewmen were already familiar w th these stars.
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B. Spatial distribution: Stars were picked to fill the gaps in the
celestial sphere left by the Apollo NAV stars. Consideration was
%1ven to the predicted orbital flight path of the Orbital Flight

est (OFT) flights when filling the gaps.

C. Celestial density: Stars that fell within a 50 angular separation
from another NAV star or cluster of non-NAV stars were avoided when
possible.

D. Brightness: Consideration was given to visual magnitude to allow for
use with the COAS. The brightest stars were selected when other cri-
teria were met.

The 50 STS NAV stars are listed in table A-I in the appendix, along with
their visual magnitude, S-20 (S TRK sensitivity) magnitude, and celestial
position. The stars are numbered in descending order of brightness begin-
ning with number 11. These numbers are the S TRK SOP I-loaded catalo

1D numbers. ID numbers 1 through 10 are reserved for the Sun, Moon, garth,
and other celestial or orbiting objects. Star number 49 is an exception

in the order of magnitude due to a substitution after the original 50 stars
were cataloged. Celestial maps showing the NAV stars are included in the
appendix.

2.5.2 Star Selection for Alignments

Any two stars in the S TRK's catalog may be used to align the IMU's.
However, alignment accuracy improves as the LOS separation approaches 90°
from either direction as shown in figure 2-8. Other factors affecting
IMJ aligmnment accuracy will be discussed in section 2.6. Star selection
for IMJ alignments may be accomplished by either the GPC or the crew when
using the S TRK. The crew must select the stars when using the COAS.

In the S TRK's automatic (GPC) star-selection mode, the S TRK SOP uses
the star catalog to dete mine which stars are available within the S TRK
FOV and obtains the neceisary data on the available stars. The S TRK SOP
presents data on up to tiree ctars in the Star Sighting Table (S TABL.E)
on the CRT display (fig. 2-6) and selects two stars (a pair) whose data
best satisfy I-load crit:ia to use for IMJ elignment. The criteria used
by the software in deternining which stars' cata to retain for display

in the S TABLE are as follows.

A. Data on a newly-acquired star are always retained if the data are de-
termined to be valid.

B. If the S TABLE is al -eady full when a nev (fourth) star is acquired,
the SOP looks for a ;tar whose data are clder than a specified (-
loaded) value for elimination.

C. If none of the star jata ‘s older than the specified value when
fourth star is acqui-ed, the pair of stars whose LOS separation angle
is closest to 900 is retained.

D. If two pairs can be formed with the same LOS separation angle variance
from 900, the pair with the most current data is retained.
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E. After the pair of stars for retention is determined, data on the old-
est of the remaining two stars are deleted to make room for the new
star's data.

The S TRK SOP also uses the LOS separation angle variance from 909 to
determine which star pair in the S TABLE to select for IMU alignment.
When a star pair's variance is within the I-loaded specified value (55°
for OFT), the software notifies the crewman via the CRT (Align Enable,
SPEC 21;. If more than one pair is within the I-loaded value, the pair
closest to 900 is chosen. Whether or not the software designates a star
pair, the crew may still select any two stars from the table via keyboard
entry.

For OFT IMU/ST/COAS activities, the crewman maneuvers to an attitude which
points the sighting instrument's LOS to specific navigation star(s) to

be tracked. The crewnan is assisted in his choice of stars by the Crew
Activity Plan (CAP) which provides star ID's, names, separation angles,
and Orbiter attitudes for scheduled alignments. The criteria used to
choose the stars contained in the CAP are as follows.

A. Scheduled time of alignment: The time of the alignment determines
which part of the celestial sphere is visible when consideration is
given to occultation by the Earth, Moon and Sun. The orbital trajec-
tory of an individual flight dictates how long each star is visible.
Stars are selected that are available for a minimum of 10 min for S
TRK sightings and 20 min for COAS sightings. These times allow for
vehicle maneuvers.

COAS Sightings

(COAS Cal based on ground
400r aligned IMU~2 1/2 hr prior
to inflight calibration)

COAS Sightings
300r— (COAS Cal based on flight

aligned IMU immediately
preceding the calibration)

200

Star Tracker Sightings
100 -

Realignment Uncertainties (arc sec/axis)

1 1 1 1 1 1 3
10 30 50 70 90 110130150170

Separation Between Stars, Degrees

Figure 2-8.- Effect of star pair separation on IMU alignments.
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B. Bright object avoidance: Stars in close proximity to planets or clus-

C.

E.

ters of non-NAV stars were not selected. These 1ight sources, as well ™
as the Sun, sunlit Earth,and sunlit Moon could interfere with efficient ;
acquisition of the desired NAV star. -

Gimbal flip avoidance: Stars that require a vehicle attitude causing

an IMJ to operate in the gimbal flip region (pitch gimbal within 30 of

either 900 or 2700) were not selected. A high gimbal rate associated

with the gimbal flip could result in the IMU's present platform position

being miscalculated, leading to a gross misalignment when a minor realign- lamn
ment was attempted.

Star separation: Star pairs have been chosen that have approximately
‘900 separation between their LOS's in order to provide maximum IMU align-
ment accuracy.

S TRK geometry: The CAP calls for both S TRK's to obtain star data
simultaneously in order to avoid having to maneuver to two different
attitudes. The FOV centerline of the two S TRK's are seearated by

an angle of 87.650 as shown in figure 2-9. Since the FOV of each S TRK
is a 100 square, theoretically, a star pair separation within 100 of
87.650 would satisfy this criterion. However, to allow for attitude
deadbanding and to avoid loss of track, a separation range within 50

of 87.650 is required, with those within 30 being preferred. The star
pairs which meet this criterion are shown in table A-II.

! |
-8
.COAS Optical Axis
ST Optica) Axis 3
ar
Xg, Ygs Ig - Shuttle Body
8 '8 8 Anls
-H H, ¥V - ST Output Deflec-
-v tion Angle
v hov - ST Axts
- heo Ve - (RS Ants
*xg
+Xg
COAS Optical
Axis
-H
-v

Figure 2-9.- S TRK/COAS geometry.
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F. COAS usage: In addition to being used as a backup star data acquisi-
tion device, the COAS may be used to verify the star being tracked by
the -Z S TRK as discussed in paragraph 2.4.2. To assist in both of
these finctions, the star pairs chosen for IMU alignments are easily
located and identified visually.

G. One S TRK usage: Stars which meet the preceding criteria will also
support one S TRK operation. As is the case with the COAS, an addi-
tional maneuver will be required when only one S TRK is available to
obtain data on both stars.

H. Special note: Although the star Sirius is in the STS NAV star cata-
log, it will not be scheduled for S TRK sightings on STS-1 due to a
suspected problem with reflected lights in the S TRK optics. A bright
light source may cause a reflected image bright enough to be tracked
by the S TRK. The reflected image's data should be rejected by the
S TRK SOP; however, Sirius (the only star in the catalog bright enough
to reflect a detectable image) will not be used as a precaution on
this first flight.

The detailed procedure for computing the vehicle attitudes given in the
CAP for obtaining star LOS data is presented in the Attitude and Pointing
Procedures Handbook, JSC-10511. Briefly, the procedure involves pointing
one instrument's (S TRK or COAS) centerline at a candidate star, then
rotating about this centerline until the second star lies as close as pos-
sible to the second instrument's centerline.

2.6 ALIGNMENT OPTIONS

2.6.1 Star-Align

The primary IMU SOP alignment option uses star LOS data to determine the
present attitude of the IMJ platform. This attitude is defined by the
Present REFSMMAT (section 1-6). Misalignment angles (ANG AX, AY, AZ; SPEC
21) between the present attitude and desired attitude are computed as

shown in paragraph 2.6.7 for each operating IMU. The IMJ is aligned by
physical movement (torquing) of the platform until the misalignment angles
are zeroed. The platform is moved slowly (0.417 deg/min) by means of
additional torquing pulses applied to the gyros. This slow movement allows
the IMJ to continue providing valid inertial reference data. After the
platform is repositioned, the Current REFSMMAT is set equal to the Desired
REFSMMAT, if they are different. A difference in these two REFSMMAT's
could result if a matrix alignment (paragraph 2.6.5) had preceded the Star-
Align or if a new Desired REFSMMAT had been uplinked prior to the alignment.

NOTE: Some of the following subsections discuss platform alignment accu-
racy in terms of alignment errors. The total expected error is computed

by finding the Root of the Sum of the Squares (RSS) of the contributing
errors,
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TABLE 2-111.- ST/IMJ ALIGNMENT ERROR BUDGET

SOURCE ERRORS
Installation measurement errors
(IM) bench installation)

Star Tracker 14 arc sec
4, 1 14 arc sec

Line Replacement Unit (LRU) reinstallation errors
Star Tracker 20 arc sec

My 20 arc sec

Navigation base thermal bending
(Star Tracker to IMJ) <15 arc sec

iMJ stable member errors

Pitch to outer roll gimbal 30 arc sec
Case to outer roll gimbal 28 arc sec
Resolver errors 44 arc sec

Star Tracker error (line-of-sight with respect
to case) 42 arc sec

TOTAL ALIGNMENT ERROR (RSS 1-signa/axis)

A1l source errors l-sigma 82 arc sec
3-sigma error for Star Tracker only 145 arc sec

2.6.2 Star-Align Accuracy

IMJ alignment accuracy is affected primarily through errors introduced by
the star sighting instrument, physical relationship between the sighting
instruments and the IMJ platform, and platform positioning. Computer pro-
grams have been developed to simulate, scale, and model IMU performance
using ground test and specification data. The predicted accuracy values
presented in this handbook are the results of these comouter programs and
technical analyses as presented to the on-orbit flight techniques panel.

The error budget for an alignment using S TRK LOS data is shown in table
2-11I. This table does not consider the several possitle variations in
method of obtaining star data; i.e., manual star selection, automatic star
selection, two S TRK's, one S TRK, etc. The 1-sigma alignment error value
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TABLE 2-IV.- ST/IMU ALIGNMENT VS. STAR PAIR SEPARATION

The on-orbit 1-sigma Star Tracker/IMU realignment uncertainties
with various star pair separation angles are as follows:
Star pair separation | - 1-Sigma realignment uncertainties
(degrees) (arc sec/axis)
10 - 392
30 143
50 ' 100
70 86
80 82
110 86
130 100
150 ‘ 143

of 82 arc sec per axis is based on a star pair separation angle of 90°
with star data having been obtained with 1-sigma S TRK's and 1-sigma IMU
operation. The 145 arc sec value is based also on 900 star separation

and 1-sigma IMU operation, but with 3-sigma S TRK's. Greater confidence
can be placed in the latter case because the S TRK's operate independently
while the 3 IMU's are redundant. The effect of various star separation

angles on the alignment was shown in figure 2-10 from data presented in
table 2-1IV.

The error budget for an IMU alignment using the -Z COAS to sight on stars
900 apart is presented in table 2-V. An error budget for the +X COAS is
approximately of the same magnitude and will be included in later editions
of this handbook. Since the COAS must be calibrated prior to use, the
COAS/IMU alignment budget is based on the following assumptions.

A. COAS remains in -Z position after calibration

B. Ground-aligned IMU-based calibration performed at 02:23:00 MET, 1-
sigma IMU alignment error equal to 160 arc sec per axis

C. S TRK-aligned IMU-based calibration performed back-to-back with the
S TRK/IMU alignment, 1-sigma IMU alignment error equal to 82 arc sec
per axis (table 2-1II).

D. Error budget for all included errors are random.
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TABLE 2-V.- COAS/IMJ ALIGNMENT ERROR BUDGET

SOURCE ERRORS

Installation measurement error
(IMJ bench installation) 14 arc

LRU reinstallation errdrs (1ine and on-orbit)

IM) COAS . 20 arc

COAS 20 arc
Navigation base thermal bending

(IMJ to NAV base) <15 arc

Structural deformation (overhead window)

Cabin pressure variation; -Z(+X) 50 (18; arc
Temperature variation 4 (TBD) arc
Glass bending -—-
Vehicle dynamics 75 arc
Crew vision 21 arc
IMJ stable member errors (stable member
with respect to case)
Pitch to outer roll gimbal 30 arc
Case to outer roll gimbal misaligmment 28 arc
Resolver errors 44 arc
COAS instrument error (Parallax) 52 arc
COAS on-orbit calibration error (reference dependent )*
Ground aligned IMJ as reference 174 arc
On-orbit Star Tracker aligned IMJ
(1-signa Star Tracker) 137 arc
On-orbit Star Tracker aligned IMJ
(3~-sigma Star Tracker) 181 arc

sec/axis

sec/axis
sec/axis

sec/axis

sec/axis
sec/axis
sec/axis

sec/axis

sec/axis
sec/axis
sec/axis

sec/axis

sec/aris
sec/axis

sec/axis

TOTAL ALIGNMENT ERROR

(RSS l-sigma/Axis/Star measurement using the following for

calitration basis)

Ground aligned IMJ; =Z(+X) 215 (210) arc
Star Tracker aligned IMU; -Z(+X)

(1-signa Star Tracker) 187 (181) arc
Star Tracker aligned IMU; -Z(+X)

(3-sigma Star Tracker) 221 (216) arc

sec/axis
sec/axis

sec/axis

*Includes some of the same errors as above
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VI

The budget considers COAS calibrations based on both preflight (ground)
and on-orbit aligned IMU's. This is necessary since the first calibration
will be performed prior to the first on-orbit IMJ alignment. The effect
of star LOS separation angles on COAS/IMJ alignments is shown in table
2-VI.

TABLE 2-VI.- COAS/IMU ALIGNMENT ERROR VS, STAR PAIR SEPARATION

The on-orbit 1-sigma COAS/IMU realignment uncertainties with
various star pair separation angles are as follows.

Star pair separation 1-Sigma realignment uncertainties
(degrees) (arc sec/axis)
-Z(+X) COAS
-Z(+X) COAS calibrated to
calibrated to ST aligned IMU

ground aligned IMU (SPS = 90 degq)

30 372 (369) 324 (321)
50 261 (257) 227 (222)
70 224 (219 195 (189)
90 25 (210 187 (181)
110 224 (219) 195 (189)
130 261 (257) 227 (222)
150 372 (369) 324 (321)

2.6.3 IMJ/IMJ Alignment

This alignment option differs from the Star-Align option in two areas.
First, one IMJ is considered to be already sufficiently well aligned to
be used as a reference in lieu of star data. Secondly, if an IMU other
than the reference is to be aligned, the platform is moved rapidly by ap-
plying slewing signals to the gyros. The platform gimbals drive (at 1.2
deg/sec) until the platform is within 10 of the desired position. The
platform is then slewed past the desired position for a given number of
seconds (20 for OFT) and slewed back for an equal number of seconds to
eliminate slew-direction sensitivity. The IMJ is removed from the Redun-
dancy Management (RM) selection filter while the platform is being slewed.
The reference IMJ platform is not slewed. Final positioning is done by
torquing the gyros as is done in the Star-Align option except that a
maximum torque time is set (120 sec) rather than a required time being
calculated. If the misalignment is nulled prior to the set time, the
alignment is terminated.

There are three suboptions of the IMU/IMU alignment option. These sub-

options are presented here to assist in understanding the similarities
and differences.
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o Option A: IMU i One or both.may be selected
IMU :> for alignment
IMU k — Selected for reference only

o Option B: IMU i One or both may be selected
IMU j§ :> for alignment
IMU k — Selected for alignment and reference

o Option C: IMU i
MU j > Neither selected for alignment

IMU k — Selected for alignment and reference

Option A

o Assume both IMU's i and j are selected to be aligned to reference IMU k.

o Compute Present REFSMMAT's for operating IMU's using Current REFSMMAT
for IMU k and resolver data for pertinent IMU's.

T_PC(i) M50 = [T csk) M50] [T NB FC(k)] [T PC(i)_NBI"
[T c(k)ms0] [T_PCT: )_PC(k)}™

[t Cik; M50] [T_NB rC(k)]*[T_Pc(J')_NB]*
[Tc(k)M50] [T_PCT:)_PC(k)]

T PC(k) M50 = [T C(k) M50] [T NB PC(K)1 LT_PC(k)_NB1"
_PC(k)_! ='I’_'_C§k;:M50]—-()] _PC(k)_NB]

nu

T_PC(j)_MS0

*Resolver data

o Determine misalignment (torquing) angles for IMU i and IMU j using the
respective Present REFSMMAT's and Desired REFSMMAT'S.

o Remove IMU i and IMU j from RM selection filter.

o Slew and torque out the misalignment incrementally using the Large
Angle Torquing (LAT) function.

o Update displayed misalignment angles, as required.

o Set Current REFSMMAT for IMU i and IMU j equal to their respective
Desired REFSMMAT's.

o Reinstate IMU i and IMU j to RM selectior filter.

Option B

o Assume all IMU's (i, j, and k) are to be aligned with IMU k selected
by the crewman to be the reference.
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o Perform alignment for IMU 1 and IMU j same as option A.

o Compute Present REFSMMAT for IMU k using the new Current REFSMMAT of
IMU i (computer selected to be pew reference) and resolver data from
IMU i and IMU k.

%* *
T_PC(k)_M50 = [T_C(i)_M50] [T_NB PC(i)] [T_PC(k) NB
= [T_C(i)_M50] [T_Pc(k)_Pc(i)]
*Resolver data

o Determine misalignment angles for IMU k using the Present REFSMMAT and
Desired REFSMMAT.

o Remove IMU k from RM selection filter.

0o Slew and torque out the misalignments using LAT function.

o Set .MU k's current REFSMMAT equal to its Desired REFSMMAT.

0 Reinstate IMU k to RM selection filter after slewing is completed.

Option C

0 Assume only IMU k is operating and is to be aligned to a new Desired
REFSMMAT (i.e., new Desired REFSMMAT uplinked since last alignment).

o Determine Present REFSMMAT by setting it equal to the Current REFSMMAT.
T_PC(k) M50 = T_C(k) M50

0 Determine misalignment angles using the Present and Desired REFSMMAT's.

0 Incrementally torque out the misalignment angles (does NOT slew).

o Update display, as required.

0 Set Current REFSMMAT equal to Desired REFSMMAT.

The IMU/IMU alignment options A and B are useful when platform attitudes
are several degrees from the desired attitudes. Option C is a means to
change the platform position when only one IMU is operating and should

only be used for very minor (i.e., less than 10) adjustments. Option A will
be used on STS-1 after the new Desired REFSMMATs are uplinked and if IMU's
are reactivated while on-orbit. Options B and C are not available in the
software for STS-1. Option B will be used for Desired REFSMMAT updating

on later flights. Operational use of option C has not been identified.
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TABLE 2-VII.- IMU/IMU ALIGNMENT ERROR BUDGET

N
lo Error 1o Error
Error Source per axis _3 axis
Ref IMU C1 to M50 0 0
Ref IMU C1 to case 60 103.92 N\
Ref IMU install err . 20 34.64
NB pad to pad error 14 24.25
NB bending pad to pad 13 22.52
Align IMJ install err 20 34.64
Align IMJ cl to case 60 103.92
RSS l-sigma/axis 91.5 158.4
3-sigma axis 274.5 475.2
~

2.6.4 IMJ/IMJ Alignment Accuracy

The predicted errors for an alignment of one IMU when a second IMJ is used
as the reference is shown in table 2-VII. The 1-sigma error of 91.5 arc
sec per axis does not allow for any error in the reference IMJ orientation
to M50. The predicted alignment error of the reference IMJ would have to
be included in the given RSS value.

2.6.5 Matrix Alignment

This option differs from the Star-Align option in that the computed mis-

alignment angle shows the difference between the star data determined pres-

ent attitude and the attitude defined by the Current REFSMMAT from the pre-

ceding alignment. In lieu of moving the platform, the new Current REFSMMAT

is set equal to the Present REFSMMAT. The Desired REFSMMAT is not addressed

in this type of alignment. However, unless a new Desired REFSMMAT has been

uplinked since the previous alignment, the misalignment values will be the

same as those obtained in the Star-Align option. The matrix alignment op- Voo
tion is useful when the platform is misaligned by several degrees and there : v
is no compelling reason to maintain a particular platform attitude (skew) -
relative to the other IMJ platform or to the M50 coordinate system.
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2.6.6 Matrix Allgnment Accuracy

The accuracy of this type of alignment is nearly the same as that given in
table 2-1V for the Star-Align option.

2.6.7 Misalignment Angle Computation

Misalignment angles are presented on the CRT (fig. 2-7) to assist the
crewman in deciding whether to proceed with the alignment or change align-
ment options. The misalignment values (ANG AX, AY, AZ) given for each IMJ
on SPEC 22 indicate the difference between the Orbiter's inertial attitude
based on two different inertial references. The first reference is the
IMU platform position as described by the Present REFSMMAT. The second
reference is the IMJ platform position described by either the Desired or
Current REFSMMAT, depending on which IMU aligmnment option is selected.

It may be noted that the Orbiter inertial attitude based on the Current
REFSMMAT is presented on the display. The attitude (ANG X, Y, Z) given is
an Euler angle rotation of the body axis from the M50 axis, i.e., ANG X,
Y, Z are the angles about the respective axis through which the Orbiter
would have to be rotated sequentially (roll, pitch, then yaw) to coincide

with the M50 axis. If all operating IMU's were properly aligned, these

angles would be the same for a given axis regardless of the skew between
IMJ platforms.

The misalignment angles are computed by the IMU SOP using appropriate
REFSMMAT's as follows.
ANG AX, AY, AZ are a function of a directional cosine matrix (T).
ANG AX, AY, AZ =F T

With the Star-Align or IMU/fMU option selected, T is derived from the
Present REFSMMAT and Desired REFSMMAT.

T = [T_PC(k)_M50] [T_M50_DC(k)]

For the matrix align option selected, T is derived from the Present
REFSMMAT and Current REFSMMAT (transposed).

T = [T_Pc(k)_M507 [T_M50_C(k)]

The use of T in deriving the ANG AX, AY and AZ values is the same regardless
of the option selected. The matrix is first changed to a quaternion.

T =M CB I+QCB_I
where Q_CB_I is the equivalent quaternion of matrix M_CB_I

Each element of the quaternion is then used to determine the misalignment
angles.
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& = -(A) (QCB_I(2))/88B
& = -(A) (Q_CB”I(3))/BB
& = -(A) (QZCB_I(4))/88

where A is the Eigen angle of rotation
A = 2 ARCSIN(BB) X 57.29578 deg/rad
B8 = [(Q_CB_I(2))2 + (Q_CB_I(3))2 + (q_CB_I(4))2]1/2

When a platform is being torqued to a new position, the misalignment
angles will be updated once every 2 sec (sample rate). However, when a
platform is being slewed to a new position, the misalignment angles are
recomputed once every 0.3 to 20 sec, depending on the absolute value of
the misalignment. The update rate will thus vary from once every 2 sec
(sample rate) to once every 20 sec. At the end of platform slewing, there
will be a 40-sec gap between misalignment angle update as the gimbals are
slewed past the desired position for 20 sec ard then reversed for an addi-
tional 20 sec to null out directional sensitivity.

NOTE: During digital torquing the updated misalignment angle values are
simply computed values based on torquing rates and time. They ARE NOT
measured values based on resolver data and thus DO NOT reflect the actual

movement of the platform.
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SECTION 3
ASSUMPTIONS, GUIDELINES AND CONSTRAINTS

3.1 ALIGNMENT MAINTENANCE

During the Operational Flight Test (OFT) program, special consideration
will be given to Inertial Measurement Unit (IMU) platform alignment main-
tenance. This section will present pertinent operational decisions which
influenced the procedures and their prospective use on OFT missions.

3.2 STAR TRACKER I-LOADS

Many parameter values are I-loaded into General Purpose Computer (GPC) mem-
ory prior to each flight. Of special concern when developing and using the
IMJ alignment procedures are those parameter va ues associated with the Star
Track (gnTRK) Sof tware Operating Procedure (SOP) for collecting and evaluat-
ing star Line-of-Sight (LOS) data. Since all the alignments on OFT missions

will be made using data on specific stars obtained while the vehicle is hold-

ing at a specific attitude, with the crew being the final data filter, some
of the I-loaded acceptance criteria are more lenient than will be the case
for later flights. This leniency is primarily to allow for some tolerance
on the system's performance as predicted by mathematical analysis. Without
the tolerance, the software may prevent a sight:ng or discard sighting data
without allowing the crew the prerogative of further evaluation.

Key S TRK Limits (LIM) and Tolerances (TOL) I-loaded for early OFT are as
follows.

A. ST Output Back Difference (TOL 6), 0.02440: A S TRK sighting is
comprised of 21 marks on the stars that are averaged. After each of
the 21 marks other than the first mark, the software does a reason-
ability check to see if the last mark is within TOL 6 of the next to.
last mark. Based on hardware performance specs and analyses, TOL 6
could be 0.1220. To be ultra-conservative, the analytical estimate
vas doubled.

B. Angular Body Rate Limit (TOL 8), 0.75 deg/sec: If the measured Orbiter
rate of angular rotation in any axis exceeds the I-loaded value during
a sighting, the sighting will be discarded. The S TRK will track with
rates up to 0.2 deg/sec with guaranteed accuracy and at rates up to
0.5 deg/sec with slightly degraded accuracy. Approximate error will be
0.004% (15 arc sec) for each additional 0.3 deg/sec rotation. All early
OFT sightings used for aligmments will be done at attitude hold with
0.2 deg/sec or smaller rates. The value is placed at 0.750 to allow
sightings at higher attitude maneuver rates between alignments.

C. Star Pair Seraration Angle Difference (TOL 10), 0.20 (.003490659 rad):
If, during S TRK SOP interrogation of the sighting data, :he difference
between the measured star pair separation angle and actua! separation
angle is greater than TOL 10, the sighting is discarded. If only one
g;her gtgr is in the star table, that star's sighting dat: is also

iscarded.
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Based on 3-signa S TRK operation the value could be limited to 0.089.
The 1imit was opened up for STS-1 to 0.2 in order to provide a margin
for error on the analysis and to obtain data on as many sightings as
possible. The actual acceptance of data for IM! alignments will be
by the crewman using 0.090 as the criterion. This is shown as ANG
ERR on the SPEC 22 display.

Star LOS Rate Limit (TOL 12), 0.03 deg/sec (2.78x10°8):  This limit |
js set to preclude accepting data on debris, ice crystals, satellites
or celestial bodies other than stars. The S TRK requires 3.2 sec

to take 21 sighting marks on an object being tracked. If during this
time, there is a shift in the inertial potition of the object, the
sighting data is discarded. Although the limit is designated as a
rate, the I-loaded value is the square of the sine of the angle be-
twean the first and twenty-first LOS vectcrs. Current IMU, NAV base,
and S TRK models predict an angle of 0.065° between the vectors due

to hardware and computational errors. This equates to a rate of 0.02
deg/sec when divided by the 3.2-sec time lapse between the first and
twenty-first sightings. To provide a margin for model errors, a value
equating to about 0.03 deg/sec js I-loaded for STS-2.

01d Data Age Limit (TOL 13), 60 min: If data on a new star are obtain-
ed after the star table (SPEC 22) is full. the S TRK SOP will eliminate
the oldest star whose data are older than this 1imit before applyirg
other criteria to eliminate one of the stars already in the table.

In future flights this limit will probablv be set equal to the time
recuired to complete one orbit.

Optimum Star Pair Separation Angle (TOL 14), 350 to 1450 (0.819):

The S TRK SOP will automatically select a pair of stars from the SPEC

22 star table for IMJ alignment only if the separation angle between
their LOS's is within the tolerance given (|coS 1450|=|COS 350|= 0.819).
Th:s tolerance does not affect the crew's capability to select any

pair of stars for an alignment. The separation deadband was set at

900 + 550 for OFT to provide for sighting on many more star pairs than |
a more nearly optimum value of g00 £ 50 would allow.

Offset Scan Mode Star Position Limit (T LM 1), 0.70: In the offset
scan mode, the S TRK looks for a star in 31 10 square, centered where

the SOP thinks the star should be. T LIM 1 is a software limit that
will accept the star in this mode only if it is located within a cir-
cle, centered where the SOP thinks the star should be, with a radius
eqial to the limit. The value is set at 0.79 for OFT to cover the en- |
ti~e 10 square; i.e., if the S TRK can find a star, the data will be
processed. The need for this limit is being reviewed for possible
elimination on later flights.

Full Scan Mode Star Position Limit (T LIM 2), 1.49: If the requirad
star is not obtained in the offset mode, the S TRK scans the full FOV.
If it locks onto anything in the T LIM 2 radius of where an eligible
star should be, the S TRK SOP will process sighting data. T LIM 2
must be large enough to allow for 3-sigma equipment operation in-
cluding maximum IMJ drift between aligments. However, the 1imit must
be small enough to prevent sighting on the wrong star. Based on cur-
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rent alignment schedules and equipment specifications, the value could
be 10 or less. Since the crew will provide the final filter of star
data based on other criteria (ANG ERR = 0.099), this limit was set at
1.40 to provide a pad on the math.

3.3 SKEW MATRICES

One IMJ platform is said to be skewed relative to another if none of their
principal axes are coaligned. The three IMJ platforms are skewed in order
to allow fault identification at the 2-level; i.e., if the platform orien-
tations were coincident and one IMJ failed, the RM function would have dif-
ficulty isolating subsequent attitude faults in the remaining two IMU's.

There are an indefinite number of possible skew relationships between the
platforms. _Three skew orientations have been considered for STS-1. They
are named ¥ 2, ¥ 5 and ¥ 6 because there are several of the respective
square root values in the nine-element transformations describing the rela-
tive orientations.

During factory calibration of the IMU's to be flown on STS-1, the ¥ 5 ori-
entation was thought to optimize failure-detection capability. This skew
was considered when 13 platform positions were developed for the IMJ cali-
bration program. This extensive program was conducted using these posi-
tions to allow optimum IMJ operation during launch and orbit insertion.
However, recent studies have shown that the v 6 skew would have been a
better choice for both launch and entry when considering RM requirements
with three IMJ's operating. When only two IMJ's are operating, the v 2
skew provides the best single-axis RM performance in the flight-critical
(-Z) direction and provides for dual and triaxial failure detection.

Since time and expense versus gained operational capability does not Justify

a reﬁ:at of the factory calibration, a compromise decision has been made

by the flight technique panel for early OFT: |

A. Launch, and postinsertion activities will be made with REFSMMATS that
provide for /' 5 skewing.

B. The launch and entry skews will be computed such that one IMJ plat-
« form's orientation romains constant for both skews. Normally this
- will be IM 3.

C. Prior to the final alignment on_the first flight day, new Desired
REFSMMATs which provide for a v 6 skew will be uplinked to the Orbiter

if all three IMU's are operational. If only two IMU's are operational
av 2 skew will be uplinked.

D. The crew will realign the IMJ platforms to the new Desired REFSMMAT as
soon as possible after it is received.
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3.4 GUIDELINES AND CONSTRAINTS LIST

The following guidelines and constraints were used in developing both the
IMJ/ST/COAS procedures and the schedule for use of these procedures as
presented in the Postinsertion Deorbit Preparation (PDP) book and Crew
Activity Plan (CAP).

A. COAS

1. Initial calibration will be scheduled to be performed as soon as
possible after entering Operational Sequence (OPS) 2. This action
is to ensure availability of a calibrated COAS as a contingency
star sighting instrument for IMJ aligmments.

2. COAS calibrations subsequent to 4 hours MET will be immediately
preceded by an IMJ alignment. This ensures an accurate basis for
calibration.

3. The COAS may be calibrated in both positions. This guideline pro-
vides necessary flexibility to ensure availability of the COAS as
a contingency sighting instrument and to obtain COAS data for sat-
jsfaction of test objectives.

4. Once a good COAS calibration has been performed, the COAS need not
be recalibrated if removed then remounted at the same station. The
mounting brackets are designed, according to specifications, to al-
low precise remounting.

5. The COAS will be recalibrated at the beginning of each flight day.
These supplemental calibrations are to obtain additional data for
COAS calibration verification.

6. The COAS will be recalibrated if the cabin is depressurized when two
S TRK's are not available. This provides for fail-safe redundancy
for IMJ alignment.

7. The COAS calibration will be updated (A BIAS value will always
be incorporated) each time the calibration is performed. More
confidence can be placed on later calibration as the Orbiter vehi-
cle structure should stabilize, and the crew will gain expertise
in taking COAS/star marks in the orbital enviromment.

8. COAS activities will be scheduled to be performed in orbital
darkness. Visual acuity for star sighting is enhanced by lack of
direct or incident sun light.

9. COAS and star tracker(s) will not be scheduled to obtain star LOS
data simultaneously. However, -Z COAS and -Z star tracker can be
used together for star ID verification. The COAS and star tracker
software cannot process star LOS data simultaneously.
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Star Trackers

1.

5.

Stars/attitudes for both S TRK and COAS sightings will be selected
preflight as specified in paragraph 2.5.2. Real time changes will

be made by the ground Mission Control Center (MCC) crew as required
when time permits. The selection criteria are established to provide
the greatest accuracy with the minimum expenditure of time and fuel.
The flight crew may use the back-up star table (see Section 4.4) if
circumstances do not allow for ground crew star/attitude selection.

At least one S TRK will be continuously powered for the entire on-
orbit portion of flight. This is to preclude loss of both S TRK's
without crew awareness as well as to provide engineer-ing data for
the ground.

The powered S TRK's will be placed in auto mode except during sched-
uled alignments. The automatic star data-gathering mode will allow
ground monitoring of the S TRK's health,

A self-test of the S TRK's will be performed when they are initially
turned on (during postinsertion) and at the beginning of each flight
day. The self-test will provide the crew with information regarding
S TRK data acquisition capability. This activity will also provide
data on the self-test circuitry reliability.

Failure of a self-test does not preclude use of the S TRK. The
ground will assist in the evaluation of self-test failures as the
self-test is very stringent.

IMU's

1.

2.

The vehicle will be launched with v 5 skew between platforms. For
rationale, reference section 3.3.

IMJ cluster reorientation for entry will be performed as necessary
to optimize RM, except at the final (entry) aligmment. Performing
the_orientation at the end of launch day makes the entry skew

(V"6 or /Y2 ) available in case a nominal deorbit is required.
Although it is not optimum, the launch skew orientation (or almost
?nyfskew orientation) will support a contingency deorbit and land-
ngl

A11 scheduled IMJ aligmments will be based on star data obtained
while the wehicle is holding at attitude. They will be made using
stars and attitudes provided in the CAP. Manual star data selec-
tion gives more control over the star LOS data and assures its
availability when needed.

IMJ gyro drift bias terms will be updated following scheduled IMU
align times whenever the drift exceeds l-sigma (.02 deg/hr). The
largest interval between alignments will be in conjunction with the
crew sleep period. This interval could be up to 10 hr. At a 0.02
deg/hr per axis drift rate, the drift (misalignment) would be 0.2°
and thus within the 0.250 (900 arc sec) allowable for deorbit. This
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1.

11,

12.

drift 1imit will also allow S TRK star sightings in the offset scan
mode.

IMJ gyro drift bias terms will be updated immediately when the
drift exceeds 3-sigma (0.06 deg/hr). If left unattended, this
drift rate would result in a platform misalignment greater than
that needed for deorbit. Star data are necessary to verify the
amount of platform drift since the last alignment.

The IMU's will not be realigned with star data to support a deorbit
on orbits 2 or 3. The predicted misalignment at orbit 3 deorbit
burn (3:50 MET) is less than 0.250 considering a 3-sigma IMU.

For launch day deorbits on orbits 4, 5, or 6, the IMJ's will be
aligned as planned for a normal mission. The IMU's will not be
tweaked (aligned for a second time) should the deorbit slip to
orbit 5 or 6. To be conservative, the possibility of a 3-signa
IMJ) must be considered. Thus, orbit 4 at 5:25 MET and subsequent
deorbit opportunities could be faced with an IMJ misaligmment
greater than 0.250 if an on-orbit alignment is not accomplished.

If the critical entry IMJ alignment has been accomplished and the
S TRK doors are closed, the IMJ's will not be realigned to support
backup-orbit deorbit. If a NO-GO for deorbit is given prior to
the IMJ alignment, and if timeline permits, the alignment will
slip to the same relative place as nominal with respect to the new
backup-deorbit opportunity. The alignment will support deorbit up
to 3 hr with a 3-sigma IMJ (misalignment error = 3 x 0.0210 =
0.0639, drift = 3 x 3 hr x 0.02 deg/hr = 0.189, total = 0.2439).

The IMU's will be realigned with star data approximately every
twelve hours. These alignments will ensure 3-signa or better ref-
erence platforms at any given time.

The MCC is prime for verifying noncritical alignments. The ground
crew will continuously monitor IMJ alignments and advise MCC and
the flight crew of any anomalies.

If the initial misalignment angles for any two IMU's are greater
than a value contributable to gyrc drift, the crew will collect

new data using two new stars. An apparent misalignment greater

than that attributable to uncompensated 3-sigma gyro drift could
actually be bad star LOS data. To discount the possiblility of

having taken data on debris or malfunctioning star trackers, new
data will be acquired.

An IMJ shall be declared adequately aligned when the verification
torquing angles are <0.1°0. If the torquing angles are >0.10, the
crew will select two new stars and repeat the measurement. This
allowable value is based on 3-sigma star tracker operation and
will allow the IMJ to support a deorbit until the next scheduled
aligmment.

3-6



13. For IMJ alignments where the: initial torquing angles are 0.0340,
verification cannot be accomplished. This value falls in the
noise region of discernable IMJ accuracy.

14. IMU gyro calibration will be based on torquing angles gathered at
least 3 hr from the time an IMJ was last torqued. This time lapse
is necessary to allow the gyros to stabilize.

15. IMJ gyro and accelerometer calibrations normally will not be
performed during MM301. Major mode 301 will normally be entered
with confidence that the IMU's will support the deorbit and land-
ing. Tweaking of the biases is not warranted amidst the other
activities programmed for this time.

16. The IMU accelerometers will be calibrated after an IMJ is powered
up. The accelerometers are heat sensitive; thus it is necessary
to verify that the velocity bias is correct after allowing for
thermal stabilization.

17. Anytime the ground detects a gross accelerometer error (150 ug),
an IMJ accelerometer calibration will be performed ASAP. A larger
accelerometer error may not support a deorbit. It is also possible
that the accelerometer is bad. Another calibration after the bias
update will check this possibility.

18. An IMJ accelerometer bias update will be performed after calibration
to keeg the accelerometer bias less than l-sigma (50 yg - 0.0016
ft-sec). The purpose of the accelerometer calibration is to keep
the instrument accurate.

19. For nominal IMJ alignments, all operating IMJ's should be torqued
if the torquing angles are <0.80°, If the torquing angle for any
axis is 0,800, the IMJ should not be torqued without first
receiving guidance fram the ground or verifying the torquing
an?les using two new stars. The first part of this guideline
allows simplification of the nominal aligmment procedures by not
requiring the crew to make a decision regarding extremely small
misaligmments. The second part avoids moving the platform when
the probability is high that something is wrong with the star data
rather than the IMU's.

D. Critical Alignments

Two of the scheduled alignments are considered critical and will be
verified upon completion to ensure IMJ accuracy. The critical align-
ments are the ones performed in conjunction with the postinsertion
activitie:, and during pre-entry activities on the final day of the
flight. tach is considered critical because there is a possibility
that entry burns (scheduled or contingency) may follow these align-
ments. The criterion for acceptance of each of these alignments is

a platform misalignment angle (ANG aX, aY, aZ) value of 0.10 or less.
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E.

Time Estimates for Scheduling Purposes

1.

The S TRK warmup time is 15 min. This is the value given in the
S TRK specification for full operational capability.

The COAS does not require a warmup time. Power to the COAS is pro-
vided for reticle illumination only.

The IMJ warmup for attitude reference is 30 to 35 min based on nom-
inal cabin temperature. This is per specifications.

The IMJ warmup time for accelerometer data is 4.5 hr for nominal
on-orbit operations and 8.0 hr for deorbit. The accelerometer ac-
curacy increases as the temperature stabilizes as discussed in par-
agraph 2.2.1.

Initial COAS calibration time is 20 min. This very conservative
value is used because this will be the crewman's first opportunity
to perform this task in the orbital environment. It allows for a
maximum (1800) maneuver.

IMJ alignment times are the following.

o Five minutes if no maneuver is required

o Twenty minutes if one maneuver is required

o Five minutes added to the above for each additional maneuver
o Five minutes added to the above if the COAS is used

These numbers are best estimates allowing for display preparation,
manual data transcription, and alignment execution.
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SECTION 4
PROCEDURES DESCRIPTION, GENERIC

4.1 OVERVIEW

Flexibility in Inertial Measurement Unit (IMU) alignment procedures is pro-
vided by several software and hardware combinations. The primary require-
ment for an alignment is determination of the current attitude of the IMU
platforms relative to the stars. This attitude may be computed through the
use of two star trackers (S TRK's), one S TRK, a Crewman Optical Alignment
Sight (COAS) or a reference IMU. Star data for attitude determination can
be obtained by the trackers in either the automatic or manual mode. The
Orbiter may or may not have to be reoriented to obtain sufficient star data.

The second alignment requirement is to either physically drive the selected
IMU platform to its desired attitude or to introduce mathematical correc-
tions into the General Purpose Computer (GPC) to account for the misalign-
ment. One, two, or all three IMU's may be realigned. Crew station inter-
faces used by the crewman in executing the IMU/ST/COAS procedures are shown
in figure 4-1.

The generic IMU alignment procedures are divided into the following func-
tional groups for discussion.

o EQUIPMENT ACTIVATION PROCEBURES
o S TRK's
o IMU's
o COAS

o NIMINAL ALIGNMENT/CALIBRATION PROCEDURES

o Normal IMU alignment using S TRK(s)
o IMU/IMU alignment

o COAS calibration

o IMU Accelerometer Calibration

o IMU Gyro Calibration

o S TRK self-test

o CONTING%&?Y PROCEDURES

o Matrix alignment
¢ COAS/IMU alignment
¢ One 5 TRK star data acquisition
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The nominal and contingency IMU alignment procedures assume that the equip-
ment has been activated. On early Orbital Flight Test (OFT) flights, star
‘data for alignments will normally be gathered on specific navigation stars
using both star trackers. The attitude required to obtain data on the spe-
cified stars will be included in one or more of the following Flight Data
File documents.

o Crew Activity Plan (CAP)
o Post-Insertation Deorbit Preparation (PDP) book
o Star Pairs cue card

A flow diagram showing the early OFT normal IMU alignment procedure as well
as the backup options is shown in Figure 4-2. The normal procedure begins
in the CAP then moves to the Orbit Operations Checklist (Orbit OPS C/L) as
depicted by the straight lines. The major steps are numbered as they appear
in the IMU Alignment-S TRK procedure. Backup procedures are shaded and the
points where they interface with the normal procedure are designated with
broken lines. The final step in all IMU alignment procedures is to place
the switches and CRT display to the nominal on-orbit configuration. After
this clean-up, the crewman resumes CAP directed activities.

NOTE:

Some IMU alignments are considered critical because they support acti-
vities requiring very accurate attitude data. For these alignments, the
align verification procedure is exercised prior to the cleanup activities
discussed above.

The procedural flow for COAS calibration which must proceed any COAS/IMU
alignment is shown in Figure 4-3. This calibration will probably be per-
formed only once per flight after OFT and should be performed as soon
after launch as possible.

The IMU/IMU alignment procedure discussed in Section 4.3.4 will be used
for updating the inertial orientation of the IMU platforms to the desired
skew for reentry. This change in Desired REFSMMAT'S will be accomplished
only once per flight and may be done any time prior to the final predeor-
bit IMU alignment.

4.2 EQUIPMENT ACT IVATION PROCEDURES

Equipment required to support IMU alignments is activated early in the
flight for immediate use or functional check as appropriate. The proce-
dures for activating the IMU's, S TRK's, and COAS are given in Flight Data
File (FOF) documents other than the Orbit OPS Checklist. A brief descrip-
tion of the procedures is given to familiarize the reader with the equip-
ment interfaces.




CAP
e ALIGN IMu
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Figure 4-2.- IMU alignment flow chart.
8.24) < IMU'S

At least one IMU is operating at all times to provide attitude data for
guidance and control. The number of IMU's in each mode (OPERATE, STANDBY,
DESELECT, OFF) varies with the particular flight requirements and IMU sta-
tus. Early OFT calls for all three IMU's to be operating continuously. MU
activation from OFF is made by toggle switches on overhead panels 014, 015,
or 016 for IMU 1, 2, or 3, respectively. If the IMU operating status is
changed after a GPC OPS transition or reconfiguration, an Input/Output
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(RESUME)
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COAS Cal Prep Switches and
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1 |

Calibrate COAS Mark on
(Update Bias) Star Again

Figure 4-3.- COAS calibration flow cnarts.

(1/0) reset command must be entered on the keyboard. This command clears
a GPC communic ation fault. Specialist display SPEC 21, IMU ALIGN, is
called up to erify status and proper operation of powered-up IMU's. Exe-
cution of items on SPEC 21 places designated IMU's in the OPERATE, STANDBY
or DESELECT mcde.

4.2.2 S TRK's

The S TRK's are activated by closing circuit breakers on overhead panels
014 and 015 (-Z and -Y respectively) and placing the power toggle switches
on overhead panel 06 to the ON position. If the S TRK operating status is
changed after a GPC OPS transition or reconf iguration, an 1/0 reset com-
mand must be entered on the keyboard. This command clears a GPC communica-
tion fault. The S TRK doors are opened by using toggle switches on over-
head panel 06. For a S TRK door to open, the S TRK power must be on and
the door control toggle must be in the open position. Closing of the
doors does no- require the S TRK power switch to be on. S TRK operational
status is shown on specialist display SPEC 22, S TRK/COAS control (CNTL),
which also provides control of the mode of operation.
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AS TRK self-test mode is executed once each flight day. This mode checks
the ability to track and interrogate a simulated star, then presents PASS
or FAIL indication to the crew. The S TRK software is initialized in the
TERM/IDLE mode when power is applied to the hardware. The crew will not
change the mode until the 16 minute warm-up time has elapsed. Early OFT
missions call for one S TRK to remain on and in the autonatic star data
gathering mode throughout most of the orbital flight. Tnis is to provide
§ TRK/IMU data for ground monitoring via telemetry.

4.2.3 COAS

The COAS is stored during launch and re-entry to prevent damage. Since

the aperture is stored separately, the first step when activating the COAS
is to instal' this star-sighting aid. The COAS is mounted in either the
port forward window (W3) or the starboard overhead window (W7), which are
designated the +X and -1 positions, respectively. Mounting the COAS in the
+X position requires an adapter plate which is stored separately from the
COAS. Before connecting the COAS cable, the COAS power toggle switch on
panel 01 (+X) or 019 (-Z) is verified to be in the OFF position. After
connecting the power cable, the power toggle switch is placed in the ON po-
sition to verify that the light bulb i1luminates. Power is then turned

off until needed. Window shades and filters may also be installed

if required to eliminate or subdue incident external light which may
adversely affect COAS observations.

4.3 NOMINAL ALIGNMENT/CALIBRATION

The nominal IMU/ST/COAS procedures, as presented below, will be part of

the Orbit OPS Checklist and may be used at any time during orbital flight.
The procedures are described in detail to provide insight into their devel-
opment.

4.3.1 IMU ALIGNMENT - S TRK

IMU's will normally be aligned using the following procedure during OFT
flights. The procedure provides for the alignment of one, two, or all
three IMU's using one or both S TRK's in the auto star-select submode to
obtain data on specific stars by holding the vehicle at a predetermined
inertial attitude.
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IMU ALIGNMENT - S TRK, GNC 201, 301

Y. e

(AoU)

g’m‘c“‘z 7S TRK/COAS ONTL |
CRT /‘?ﬁ—_—r‘é‘s—'iﬁx ~Y,<Z: REQD 1D, ITEM 11,12 - 0
STATUS - (no BITE)

SHUTTER - oP
* 1f SHUTTER - CL: *
*  JAtt - correct *

x MAN OP - ITEM 15(16) EXEC *
/S TABLE CLR, ITEM 20 - (no unwanted data)

The S TRK's and IMU's will have been activated prior to beginning this pro-
cedure. An attitude maneuver will have been executed to position the vehi-
cle so that a catalog star will be within the Field-of-View (FOV) of each

S TRK.

The vehicle Digital Autopilot (DAP) will be set for maintaining the re-
quired inertial attitude to within +1 degree. After calling SPEC 22,

S TRK/COAS ONTL, the crew verifies that the required star identification
numbers for the two S TRK's are set to zero. This ensures that the auto
star-select mode of operation will be entered. If the ID's are not in-
jtially zero, the crew must place the S TRK's in the S TRK mode. The S
TRK Subsystem Operating Program (SOP) will command the manual star-
select mode for one cycle (~1 min) at the end of which the S TRK's will
return to TERM/IDLE and the RECD ID's will zero. The crew also verifies
that there are no BITE indications for the S TRK's and that the shutters
are open. If the shutters are closed, the crew verifies that the attitude
is correct. The crewmen shoulc manually open the closed shutters only
after verifying the vehicle attitude (visually verify the attitude if the
shades are not installed) to ensure the tracker is not looking at the Sun.

The status of the S TRK is monitored while trying to obtain star data. An
OUT FOV indication may be seen if the vehicle attitude is wrong or the at-
titude deadband is too large. HI RATE is an indication that the angular
rate of the vehicle may be too high. A FALSE TK indication means that the
S TRK tracked on something that was not stationary in space; i.e., proba-
bly tracked on debris. A NO STAR indication will be displayed if software
has determined that a NAV star should be visible and the S TRK cannot
find a star to track. The latter may be due to debris or other matter
blocking the S TRK FOV. A BITE status could be due to a failure detected
1ndezthevpghe S TRK itself or in the transmissions between the S TRK

and the ' PC's.

The star table is checked for unwanted data entries obtained while the $
TRK's we ‘e conf igured for automatic star data gathering. Star data ob-
tained i the automatic mode, while in any attitude other than designat.ed
IMU alig ment attitudes, is unacceptable for use on nominal OFT IMU al gn-
ments. his is due to the very lenient I-loaded tolerance values (ref.
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paragraph 3.2).

However, randomly obtained star data may be used in cer-

tain contingency situations where Reaction Control System (RCS) consumables
need to be conserved. For two S TRK opera-ions, the table should be
cleared of all entries. For one S TRK ope ‘ation, the table should be
cleared the first time through this step only. The table will then retain
data on the first star when setting up to obtain data on the second star.

STAR TRK: ITEM 3,4 EXEC (*)
/S TABLE: TRK ID 1,2 - (correct #'s)
ANG ERR 1 - <.09,Rcd _._ _
SEL, ITEM 17,18 - (*)

* 1f no data after 3 min or bad data:
* JAtt/Stars/MET - correct

* J/Rot Rate - <.5deg/sec

* /S TRK -Y, -Z: TRK ID - (correct #)

* AANG - <1.0

* If preceding checks are good:

* perform S TRK SELF TEST, 6-5, then

* If both STATUS - ST FAIL

* Inform MCC before proceeding

* If both STATUS - ST PASS

* Repeat Step 1 at new att, stars

* If one STATUS - ST PASS

* /S TABLE: TRK ID 1(2) - (correct #)
* /TERM/IDLE, ITEM 9,10 - (*)

* Do not clear S TABLE

* Mnvr to new att, star

* Repeat Step 1 with good S TRK only

*****************

The crew puts the S TRK into the S TRK mode and watches the star table for
input of the specified star ID's. The ID's should appear within three min-
utes if the vehicle is in the correct attitude at the proper Mission Elapsed

Time (MET). If

after three minutes, no data or bad data have appeared in

the table, an integral contingency procedure directs the crew to verify atti-
tude, stars, MET and rotation rate. If these are all correct, or reasonable,
the crew performs a self-test on both trackers. Based upon the results of
the self-test, the crew will then proceed with an alternate dual S TRK IMU
alignment, a single S TRK IMU alignment, or troubleshooting per MCC direction
The attitude and star information for any of these -ontingency cases will
either be requested from the MCC or obtained from dita provided in the FDF .

An '‘*' will appear in the Star Present (S PRES) lin: when the S TRK detects
a star or illuminated object. The TRK 1D number wiil tell what star the

STRK SOP star cC

atalog has listed for that section o’ the celestial sphere.

Although the I-loaded A ANG Timit is set at 1.49, a value greater than 1.00
could be indicative of a bad sighting. Zero is the most sensitive T HOLD

value and it is

also the default value.

The crewman checks the track ID's to ensure that th:y are the same as the

specified ID's.
(AMIN) since th

Unless the procedure was interrupted, the elapsed time
e sightings will be miniscule and ne2d not be checked.
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The acceptance criterion is a maximum al Jowable angular error (ANG ERR) of

0.099 as computed by the STRK SOP.
ormance.
in the star table and these stars were chosen to fal
star separation angle requirements
in the alignment ('*' driven

and 1-sigma selected IMU perf

these stars for use

This value is based on 3-sigma S TRK's
Since there will be only two stars
1 within the I-loaded
the S TRK SOP will select

(900 #+ 559),
beside items 17 and 18).

2 CHECK IMU AANGS

|GNC 21 TMU ALIN|
CRT /IMU 1,2,3: SIAT - blank

/STAR ALIGN, ITEM 13 - (¥)

VANG 1,2,3: X, AY, AL - < .80

Red ANG 1 2 3
aX() e () L)
aY( )_ _ e () o () =
az( ) ) e ) -

* f ANG AX,AY,AZ - >.80 for two or *
* more IMU's, repeat Steps 1 and 2 *

CAUTION
If ANG AX,AY or AZ still > .80
for or more IMU's:
DO NOT TORQUE PLATFORMS EXCEPT
UNDER MCC INSTRUCTIONS

After calling the IMU align display, the IMU's are checked for status.
Since the Star-Align (Item 13) alignment option is the default mode, no
crew action other than verification should be necessary. Misalignment
angles (ANG AX, AY, AZ) are computed for each IMU in OPERATE. The given
acceptable misalignment value (0.80) is lenient and is based on 3-sigmi S
TRK operation with 3-sigma IMU drift (.06 deg/hr) over the longest ex-
pected time period between alignments. 1f two IMU's show misalignment
angles exceeding the limit, there is a possibility that the star data 's
bad. (S TRK accuracy is discussed in paracraph 2.6.2.) The crew should
obtain new star data and try once again before notifying the ground. ~he
crew will not torque platforms which exceec the maximun misalignment urtil
the ground has time to determine possible cause and consequence.

3 ALIGN IMUs

ALIGN IMU 1(2,3) - ITEM 10(11,12) EXEC

EXEC - ITEM 16 EXEC, Rc MET _/_ _:
/Data transcribed into C/ P (or UPDAI
YEXEC, ITEM 16 - (no *)

ES 800K)

The crewman selects the IMU's to be ali?neu by executing the appropriate
jtem number. Torquing signals to actual ly move the platform(s) are ini-
tiated by executing Item 16 (EXEC). Torqu ng jnitiation can be verified
by monitoring the misal ignment angles (ANG AX, A7, AZ) of the selected
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IMU's. The sample rate for these angles is 0.5Hz and the torquing rate is
0.417 deg/min; therefore, extremely small incremental value changes should
be evident until the ANG AX, AY, AZ values are zeroed. However, the chan-
ges in ANG AX, AY, Al values do not reflect actual platform movement but
are simply mathematical computations based on torquing rate and elapsed
time. In addition to the misalignment angles driving to zero, the absence
of the Enable (ENA) indication after the word ALIGN and the absence of the
%' after EXEC 16 are indications that platform torquing has been completed.
If the '*' behind EXEC 16 does not blank, the crewman will terminate the
alignment manually and contact the ground for assistance.

Although the crew is instructed to watch the IMU alignment display until
realignment is completed, the torquing will continue until completion even
if the display is dismissed.

NOTE
VERIFICATION: If required, repeat Steps
1 and 2 at prescribed attituae. If
ANG AX,AY, or AZ >.1, repeat Step 3 and
notify MCC

The CAP will provide guidance at this point. If the alignment is consi-
dered critical the crew will be directed to perform an alignment verifica-
tion. The verification attitude given in the timeline will normally per-
mit sighting on two stars other than those used for the alignment. This
will force the IMU platforms to move relative to their housings. The re-
solver data used in the verification will therefore be considerably differ-
ent than that used in the initial alignment. This minimizes the chance of
having alignment errors due to hardware or software attitude-dependent
sensitivities. The crew repeats step 1 and collects new star data. In
repeating step 2, IMU misalignment errors are verified to be less than
0.10. This value is based on 3-sigma S TRK's and 1-sigma selected IMU
(with no drift). It will provide the required accuracy (0.260) for major
burns until the next scheduled alignment. If any misalignment angles ex-
ceed 0.10, the crew is directed to repeat step 3 and realign the IMU's.

4 S TRK AUTO STAR-SELECT

gmc 22 5 TRKJCOAS CNTL |
CRT ¥ -Y(-Z): REQD 1D, ITEM 11(12) - 0
S TRK - ITEM 3(4) EXEC (*)

/Shutter not MAN OP, ITEM 15,16 - (no *)

If the CAP calls for the S TRK's (either or both) to obtain data for
downlink to the ground, the crewman will continue. The crewman recalls
the ST/COAS CNTL display and verifies that the required ID's (ltems 11 and
12) have reset to zero and that the S TRK's are placed in the OPERATE mode
via Items 3 and 4 (STAR TRK).

|
The S TRK's will gather data on navigation stars in the STS catalog which
come into the FOV if I-load criteria are met. The star data gathered will
be stored in the star table of the S TRK SOP. The S TRK software will
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automatically select two sets of star data when available and transmit
these data to the IMU alignment software for computation of IMU misalign-
ment angles. Although these misalignment angles will not be used to align
the IMU's, the data will be made available through telemetry to the ground
for general monitoring of S TRK and IMU health.

4.3.2 COAS Calibration

The COAS LOS variation from the Orbiter axis must be accurately known to
perform even coarse alignments. Since the COAS is bracket-mounted and
transferable between two positions the COAS ABIAS must be calibrated for
each position to account for variations in brackets. A flow diagram of
the procedure is given in figure 4-3. The COAS calibration computes a
bias from the Orbiter axis (+X or -Z, as appropriate) to be applied by the
GPC to sighting data when the COAS is used. This calibration is completed
as early in the flight as possible to take advantage of the preflight IMU
alignments to support early deorbit if required. The COAS is unstowed,
mounted at each station one at a time, and calibrated for that station by
storing a calibration bias in the GPC. :

It is assumed that the IMU's and COAS have been activated. The CAP di-
rects the maneuver to the proper attitude to begin the COAS calibration.

COAS CALIBRATION, GNC 201, 301

1 COAS CALIBRATION PREP
COARS - ON

01

(019)

COAS vBarrel Index - FW %u)

CRT DAP A(B) COMP VERN - ITEM 7(21) +.0 0 3 EXEC

.. . . o IF+X COAS WITHPRCS . . . o o o o o ¢ -
Select Tail only control
DAP A(8) JET OPT P - ITEM 12(26) +3 EXEC

. Y - ITEM 13(27) +3 EXEC

. L] L L L L . L] . L L] . L [ ] . L] L] L] L L[] L] L] L] L] . .

|GNC 225 TRK/COAS CNTL |
CORS: REQD 10 - ITEM 21 + ____ EXEC
POS +X(-2) - ITEM 26(27) EXEC (*)
CAL MODE - ITEM 24 EXEC (*)
F6 FLT CNTLR PWR - ON
(A6U)

COAS power is provided by a switch on either overhead panel 019 (-Z) or
01(+X). The COAS barrel must be rotated to the correct position by
pulling out on the knurled knob and aligning the barrel index with the ap-
propriate hash mark. On SPEC 20, DAP CONFIG, a rotational compensation
value of 0.003 is entered for use with the vernier jets. This allows for

more precise vernier jet control by virtually eliminating rotations in
non-command axes.
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The S TRK/COAS CNTL display is configured for COAS calibration by designat-
ing the required star (star 1D number given in the FDF), the position be-
ing used, and the Calibration (CAL) mode. Execution of Item 24 (CAL MODE)

25519?5 the Attitude Reference (ATT REF) pushbuttons to the COAS/star mark
unction.

If the calibration is being performed at the +X (forward) station and the
primary RCS is being used, the upward firing forward jets should not be
used. The plumes from these jets firing could distract a crewman's sight
as he marks on a star. A1l forward jets are deselected by using the
tail-only option for attitude control.

2 MARK ON STAR
C3 DAP: as required for precise manual mavr
(A6U)
Mnvr to center star in COAS:
Fo ATT REF pb - push
(AoU)
NOTE .

Repeat mark to ensure ABIAS

consistency
(C3) DAP ROT: DISC/DISC/DISC
(AoU)

The DAP is configured for manual control and the Orbiter is manually ma-
neuvered to center the star in the CGAS. The COAS/star position is marked
for the GPC by pressing the ATT REF push button when the COAS is centered
on the star. This marking of the COAS/star position may have to be re-
peated until the crewman js confident that the star was centered in the
COAS when the mark was made. Each successive mark overrides the previous
mark so there is no limit to the number of times a mark is attempted. It
is recommended that enough marks be taken to ensure ABIAS consistency. The

DAP is configured to discrete rate to maintain the desired inertial at-
titude.

3 CALIBRATE COAS AND VERIFY
CRT Rcd CAL -Z(+X) ABIAS: . _
UPDATE - ITEM 28(29) EXEC, RCD MET _/_ _:_ _
vABIAS goes to zero

The crew records the change in bias (ABIAS) from the previous bias value
for future ground use. Item 28(29) directs the GPC to add the ABIAS to
the stored value for the +X(-Z) COAS Line-of-Sight (LOS). The software
changes the ABIAS to zero to indicate that the operation is completed.

Repeat 'MARK ON STAR'
v/ABIAS <.12

* If ABIAS >.12, repeat step 3 *
* If still ».12, notify MCC *
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A calibration verification is performed to ensure that the bias is as accu-
rate as can be expected. The acceptable ABIAS value for verification is -
based on a 3-sigma equipment accuracy, nominal visual acuity, and nominal
eye-hand response time. If a ABIAS less than the specified value cannot
be obtained by repeating the calibration procedure twice, the crew should
contact the ground for further directions.

4 CLEAN-UP
COAS: DES - ITEM 25 EXEC (*)
[GNC 20 _DAP CONFIG|
OAP A[B) COWP, VERN - ITEM 7(21) +.0 0 0 EXEC

... JF +X COAS WITHPRCS o o v o o o o o &
. DAP A(B) JET OPT P - ITEM 12(26; +1 EXEC .
: Y - ITEM 13(27) +I EXEC .

01 COAS - OFF

(019)

F6  FLT CNTLR PWR - OFF
(AoU)

/Data transcribed into CAP

NOTE
If S TRK(s) to be left in auto
star-select mode, go to IMU
ALIGNMENT - S TRK, 6-3, Step 4

The CCAS calibration mode is deselected and the ATT REF pushbutton re-
turned to its primary function by executing ITEM 25 (DES). On SPEC 20,
the DAP to 1oad A(B) vernier compensation value is set back to .000.
Power is removed from the COAS and from the RHC until it is needed. If
the S TRK's were not in TERM/IDLE mode when the CAL mode was selected,
the deselection will have automatically placed them in that mode if they
are powered. The crew then configures the S TRK for automatic star data
gathering until needed to support an IMU alignment.

4.3.3 IMU Accelerometer Calibration

Bias is app ied to the accelerometers’ output to compensate for variations
in the equijment and operating environment (friction, thermal gradients,
g-loading, etc.). This bias is checked for accuracy by the ground using
downlinked data at scheduled times during orbital flight. The check is
made with the vehicle in a quiescent (non-accelerating) attitude while
over a Telenetry (TM) receiving station. Normally, this calibration will
be done dur-ng a crew sleep period and thus not require crew participa-
tion. If an awake period calibration is desired, the Mission Control Cen-
ter (MCC) w 11 call out the time to begin this procedure so that vehicle

moticns wil be dampened at ground station Acquisition of Signal (A0S).
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IMU ACCELEROMETER CALIBRATION, SM 2 //

1 ESTABLISH FREE DRIFT )

ot Rate <0.19/sec .
L1 FLASH EVAP CNTLR PRI A,B (two) - OFF
c3 DAP ROT: PULSE/PULSE/PULSE

DAP: A/MAN/VERN

Prepare to remain still for

~6 minutes after AQS

2 AT AQS
Tnform MCC you are configured for IMU CAL ~
Remain still until MCC reports CAL completed

The rotation rate is verified to be less than 0.1 deg/sec to delete the pos-
sibi1ity of centripetal acceleration causing unwanted biases. The Flash
Evaporator System (FES) will be turned of f during the calibration procedure
to prevent acceleration (thrust) caused by flash evaporator operation. The
DAP is configured to put the vehicle into free drift. The flight crew will
attempt to avoid any sudden motions and any manual vents which might cause
accelerations from AOS until MCC notifies them that the ground has suffi-
cient data or until LOS. The ground crew will monitor and record output
data from the IMU's velocity counters.

Ground station coverage will be scheduled for at least 320 seconds. Al-
though TM data for the entire 320 sec period are desirable, bias calibra-
tion data can be obtained in a shorter period of time.

3 VEHICLE RECOVERY AND FES RESTART
DAP ROT:
|SM 88 APU/ENVIRON THERM|

If EVAP OUT TEMP <47
L1 RAD CNTLR OUT TEMP - HI
WHEN EVAP OUT TEMP = 50 + 2
or FLASH EVAP CNTLR PRI A(B) - ON
RAD CNTLR OUT TEMP - NORM
If EVAP OUT TEMP >47
L1 FLASH EVAP CNTLR PRI A(8B) - ON

The Orbiter is then returned to a nominal flight configuration. The DAP

is placed in attitude hold by changing to the diccrete rotation rate mode.

A crewman calls SPEC 88, APU/ENVIRON THERM, to mcnitor the FES evaporator

output temperature. The FES is reactivated if the evaporator output tem- 77N
perature is greater than the 470 F required for restar-. 1f not, the radi-
ator controller outlet temperature is set to the High (HI) position to
bring the temperature up. When the temperature ‘s about 579, the FES is
reactivated and the radiator control ler outlet tempera:ure is set back to
the normal (NORM) position.

N
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4.3.4 IMU ALIGNMENT - IMU/IMU

This procedure assumes that at least one IMU is sufficiently aligned to
serve as an inertial reference for computing misalignment angles in the
other IMU's. It will be used if the IMU's are to be aligned to the
desired REFSMAT without obtaining star data, or if the misalignment
angles exceed 1.00. It is especially useful if an IMU has been powered
down or if new REFSMMATS are uplinked.

IMU ALIGNMENT - IMU/IMU, GNC 201, 301
Tcsn"c"'z‘l“"“"2 TMU ALIGN|

CRT vIMU 1(2,3): STAT - blank
IMU/IMU - ITEM 14 +_ (ref IMU) EXEC
Rcd ANG 1 2 3

ax( ) __ - () ()

A( ) e () e () e
ALIGN IMU 1(Z,3) - ITEM To(11,12) EXEC (*)

CAUTION
Do not select ref IMU for
real ignment

EXEC - ITEM 16 EXEC (*), Rcd MET _/_ _:_ _

NOTE
Align will require 3 to 6 min

/DATA transcribed into CAP (or UPDATES BOOK)
vYEXEC, ITEM 16 - (no *)

The IMU believed to have the best alignment is selected by the crewman to
be the reference IMU. Misalignment angles are calculated and displayed
for all operating IMU's.

Slewing signals to move the platform 1.2 deg/sec will be initiated when
Item 16 is executed. The time of execution is recorded for ground use in
postflight evaluation. The displayed angles for the IMU's being aligned
will decrease to indicate how the IMU platform should be moving toward the
new orientation. The incremental changes in the misalignment angles and
the displayed values will not be uniform. Although the sample rate for
the display is 0.5 Hz, the actual update rate depends on the absolute
value of the misalignment. The update rate whi le the platform is slewed
varies from once every 20 sec when the misalignment angle is computed to
be greater than 320 down to once every 0.3 sec when the misalignment
should have decreased to 20. There will be a 40 sec interval without an
angle update as the LAT function slews past the desired position and back
again to eliminate the slew-direction sensitivity. After this 40 sec pe-
riod, the angles will be updated at the 0.5 Hz sample rate as the platform
is moved to the final position. The remaining misalignments are zeroed
out at the digital torquing rate of 0.417 deg/min applied for a maximum of
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160 sec. Note that the misalignment angle values during torquing are com-
puted values and are not measurements showing actual movement. In addi-
tion to ANG AX, AY, AZ driving to zero, the absence of the '*' after EXEC
16 is an indication that the alignment is completed. The maximum misalign-
ment (1800) can be zeroed in b min.

For early OFT missions, this procedure will be used to accomplish the de-
sired REFSMMAT update scheduled on flight day 1. The MCC will uplink new
REFSMMAT's for IMU's 1 and 2. IMU 3 REFSMMAT will not be changed, thereby
keeping the platform at the same inertial position throughout the flight.
This continuity of position is necessary to protect against loss of atti-
tude determination capability in certain GPC failure cases. IMU 3 was
selected as the 'constant' IMU due to powerdown considerations.

4.3.5 S TRK Self-Test

A self-test of the S TRK's will be performed once each flight day. This
self-test provides an end-to-end check of the S TRK system.

STAR TRACKER SELF-TEST, GNC 201, 301

lGNC 22 S !RK%COA% CE!LQ
CRT vS TRK -Y,-L: STAT - 030 BITE)
S

HUTTER -

* 1f SHUTTER - CL, mnvr to avoid bright object in B80S .*
* Do not manual ly open shutter *

SELF-TEST -Y,-Z - ITEM 1,2 EXEC (*)
/S TRK -Y,-Z: SHUTTER - CL

S PRES - (%)

STATULS - BITE (momentarily)

SHUTTER - OP

STATUS - ST PASS
* 1f STATUS - ST “AIL, repeat *
* SELF-TEST *
* 1f still FAIL, use only if directed *
* by MCC *

NOTE

If S TRK(s) to be left in auto
star-select mode, go to IMU
ALIGNMENT - S TRK, 6-3, Step 4

The crew verifies that there are no BITE indications ani that the shutters
are open. If either of these verifications proves false, a self-test on
the affected tracker will not be possible. If the shutter is closed, the
vehicle must be maneuvered so that the bright object caising the shutter
to close is no longer within the tracker FOV. Since pa-t of the self-test
is to close and open the shutter, manual ly opening the shutter negates the
possibility of performing a self-test.
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One or both S TRK's may be selected for self-test at the same time. How-
ever, the S TRK SOP is programmed to run only one test, so the trackers
will actually be tested fndividually in the sequence in which they were
selected on the keyboard. It takes a little over 20 sec to test a S TRK.
An indication that the test is in progress is a closed shutter. A BITE
status will be seen as a result of the self-test circuitry checking the S
TRK's ability to detect purposely bad tracking data. The S TRK S toler-
ance for passing the test is so tight that a good S TRK may be declared
failed. The test is repeated to confirm the failure. If the S TRK fails
twice, the crewman is to contact the ground for assistance.

4.4 CONTINGENCY PROCEDURES
These procedures are contained in the FDF in case one of the nominal proce-

dures cannot be accomplished because of technical or operational require-
ments.

4.4.1 Matrix Alignment

The specific steps to accomplish the alignment are in the MALF book. This
type of alignment is useful when star LOS data is obtainable but the plat-
form misalignment angles are large, and there is no requirement to main-

tain particular platform attitudes or skewing. A matrix alignment is also
useful if a failure makes it impossible to reposition the IMU platform, as
it updates the sof tware mathematics and does not require platform movement.

This procedure requires that star data be obtained through either S TRK or
COAS data takes. The data collection steps are jdentical to those in the
nominal procedures. Since circumstances leading to the use of the proce-
dure may be varied, there is nc caution as to misalignment angle magnitude.
Upon execution of ITEM 16, the misalignment angles zero immediately. This
form of alignment is purely a mathematical alignment and therefore occurs
instantly. No platform repositioning occurs.

4.4.2 IMU Alignment - COAS

The specific <teps to accomplish the alignment are in the MALF book. The
COAS is used 1o obtain star LO5 data when S TRK's are not operational or
when the IMU'¢ are misaligned -0 the point where the S TRK's cannot be
used, The IMU's may or may no" be sufficiently aligned to us2 the DAP au-
tomatic maneuver option.

Using the COAS to obtain star data for an IMU alignment is similar to ob-
taining calibration star data with three exceptions. The COA5 SIGHT MODE
is used instead of the CAL MODE (SPEC 21), the mark must be followed by an
'ACCEPT' entry, and data must he obtained on two stars.

After obtaining data on the first star, the crewman will pick a second star
that forms a pair with an LOS separation angle of 900 + 600, preferably
close to 900. When at the second star attitude, the Orbiter is maneuvered
to sight on the star. Note that the position of the stars in the S TABLE
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{s not shifted to the right when the COAS 1s used. The first acquired
star will be in position two and the second will go into position one.

The star data acceptance criterion is an error (ANG ERR) of not more than
0.20 in ANG DIF computed by the S TRr. SOP. This acceptance value takes
into account COAS calibration accuracy, IMU accuracy, and visual acuity.
An '*' should appear beside items 17 and 18 to indicate the stars are
selected for use in the alignment. “he actual alignment steps of the pro-
cedure are the same as if data were obtained with the S TRK(s). The plat-
forms can be torqued to the desired orientation through use of the Star-
Align option or the matrix align option (if circumstances warrant). If the
COAS alignment was required because the IMU had drifted too far to allow

S TRK data acquisition, a better IMU alignment using S TRK data should
follow this course alignment.

4.4.3 One S TRK Star Data Acquisition

Due to S TRK failure, S TRK door failure, or some sof tware anomaly, it may
be necessary to obtain star data with one S TRK. The procedure for accom-
plishing this is contained within the IMU ALIGNMENT-S TRK procedure, sec-
tion 4.3.1. It is noted here that the Star Pairs cue card discussed in
paragraph 4.4.4 of this handbook may be used to pick a star pair for use
with either S TRK.

4.4.4 Backup Star Pairs Cue Card

The Star Pairs cue card (fig. 4-4) is an aid provided to the crew in
picking star pairs for use primarily in unscheduled normal IMU alignments.
It can also be used when obtaining star data in one S TRK data acquisition
as described in 4.4.3.

The card is designed so that the day/night markings on the front are the
same scale as the day/night of the CAP detailed timeline pages. By align-
ing the cards day/night scale with that of the CAP, the availability of
the star pairs can be determined as a function of MET (figure 4-5).

A representative star pairs cue card (developed for a March 31, 1981,
launch) 1s shown in Figure 4-4. The star pairs on the cue card were cho-
sen to adequately cover the entire orbital period with a small number of
star pairs. The availability as shown on the cue card is a minimum value.
For any particular orbit the stars may become available earlier, or remain
later, than the times designated by the card. For each pair of stars, the
availability is given for each star individually. The overlapping time is
the pair availability. This time is highlighted by the hack marks and nu-
merical indications of AQGS time remaining. The individual star availabil-
ity is included as an aid in one S TRK or COAS star sightings. In these
cases, the crew can begin gathering data on the earliest available star in-
stead of waiting until the pair is available. An ID for each star pair is
printed to the right of the pair availability marks and is used to refer
to attitude information on the back of the cue card.
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For each star pair, six attitudes are given on the cue card. Two attitudes
are given for the dual star tracker cases (columns A and B). These atti-
tudes reverse the stars in the respect ive trackers. When us ing a specific
pair of stars, the crew can maneuver to the closer of the two given atti-
tudes, thereby cutting down on maneuver size and saving propellant. Four
additional attitudes are given to cover the single star tracker cases (col-
umns A' and B'). For any particular star tracker failure, the crew has four
choices for the initial attitude and star. This gives an increased chance
of having a rather small maneuver from the current attitude to the initial
data take attitude. As an example, for a -Y S TRK failure the initial at-
titude can be selected from either of the two DUAL S TRK columns (A or B)
or from either of the two 2nd ATT -Z columns (one each in A' and B').

After having maneuvered to the closest attitude from the four choices and
acquired the necessary star data, the vehicle is maneuvered to the comple-
mentary second attitude (A' if A was the initial attitude, B if B' was the
jnitial attitude, etc.). Because these complementary attitudes have been
computed to be minimum maneuvers to boresight the star tracker on one star.
of the pair and then the other, this intermediate maneuver's size will be
approximately the same as the ANG SEP between the two stars in the pair.
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SECTION 5
P ESCRIPTION, STS-2

ROCEDURES D

5.1 OVERVIEW

This section describes procedures that are especially prepared for verify-
ing the Inertial Measurement Unit (IMU)/S TRK/Crewman Optical Alignment
Sight (COAS) systems on STS-2. The results of the flight will determine
what activities are to be repeated on subsequent flights and whether the
procedures will be modified on a flight-to-flight basis.

These STS-2 flight-peculiar procedures will be discussed.

Postinsertion IMU/S TRK/COAS activities
COAS verification

S TRK Horizon Limit Test

S TRK Threshold Verification

0000

Three procedures are in the Orbit Operations (OPS) Checklist and will be
repeated in this handbook. The other procedure is in the Postinsertion
Deorbit Preparation (PDP) book.

5.1.1 STS-2 Flight Description

The second manned orbital flight of the Space Shuttle will be 1aunched
with a two-man crew from Kennedy Space Center. A1l flight objectives, in-
cluding verification of the IMU, S TRK, and COAS systems, are to be accom-
plished during a 103-hour flight. Orbital altitude will be 134 n. mi.
with an orbit inclination of 38.0°.

5.1.2 Hardware/Software Configuration

The Orbiter to be flown on STS-2 (0V-102, Columbia) will have three opera-
tional IMJ's to support Guidance, Navigation, and Control (GNC) functions.
Star sighting instruments used to obtain star Line-of-Sight (LOS) data for
IMU alignments will be two S TRK's and a COAS. A second COAS will be
flown to verify payload bay door closure but will not be configured for
star sightings. The software used for IMU alignments on STS-2 differs
s1ightly from STS-1 and will be further modified for subsequent flights.
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5.1.3 Flight Test Purpose and Objectives

One purpose of the flight is to verify the 1n-f11?ht performance of the
IMU's. The flight will also demonstrate normal alignment capabilities
and verify the backup alignment capabilfities.

The STS-2 IMU/S TRK/COAS activities will satisfy the following Functional
Test Objectives (FT0) as presented in the STS Flight Requirements Document
(JSC-10782).

A. COAS Calibration: Demonstrate COAS calibrations (as soon into orbital
flight as possible for -Z position) to verify the on-orbit calibration
capability and to provide the data necessary to perform a backup
COAS/IMU alignment (FTO 273-01, 03).

B. COAS/IMU Alignment Verification: Verify the operating capabilities
of the -Z COAS as a backup device for loss-of-reference IMU alignments
by performing an alignment evaluation (FTO 273-02).

C. Star Tracker Threshold Level Verification: Operate both S TRK's at
each of the four selectable star magnitude threshold detection levels
(FTO 273-07).

D. Star Tracker Horizon Limit: Verify the S TRK subsystem performance by
determining its ability to track a star whose elevation angle is less
than 20 degrees above a sunlit Earth horizon (FTO 273-11).

E. Star Tracker Performance: Verify the S TRK subsystern perfcrmance by
determining its ability to track within limits of the Sun and its abil-
ity to perform an alignment while the vehicle is rotating (FTO 273-12).

F. COAS Calibration Verification: Perform a -Z COAS calibration three
times during a single night pass to determine thermal effects and ver-
ify initial calibration (FTO 273-06).

6. Star Tracker/IMJ Alignment Verification: Operate the S TRK's to ac-
quire and track catalog stars and determine the angular difference be-
tween the measured position and the GPC computed position based on a
ground aligned IMU (FTO 273-05).

5.1.4 Functional Test Objective Schedule

The IMU/S TRK/COAS FTO's for STS-2 will be satisfied con:urrent1¥ with
other activities with the exception of the COAS verifica:ions (FTO 273-02
and FTO 273-06). Procedures to satisfy these two FTO's have been combined
and scheduled as a special test during a single night pass. Tre time when
data for each FTO will be obtained is indicated in table 5-1.

5-2
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Table 5-1.- FUNCTIONAL TEST OBJECTIVE SCHEDULE ON STS-2
(Assumes Sept 30, 1981 launch date)

Title

Scheduled
(DD/HH:MM)
MET

S omn Sam oum

Aft COAS calibration

! 3/22:10-3/22:22

e sms tuw sam|tem tum tamloms tam sam sum e

Aft COAS/IMU Alignment Verification
(Procedure integrated with that for
FTO 173-06.)

! 4/09:52-4/10:35

FWD COAS Calibration

! Post Insertion

Star Tracker Alignment Ver-fication

| Post Insertion

Aft COAS Calibration Verification

! 4/09:52-4/10:35

Star Tracker Threshold Test.

0/21:55-1/22:00

Star Tracker Horizon Limit Test

. TBD

oum e ¢t fum ¢ee eum Ve

Star Tracker performance

(Assumed accomplished by data col-
lected by ground during Passive
Thermal Control (PTC) using Star
Tracker Auto Track Mode. No spe-
cial activity has been scheduled.)

e Gams 0Cw Pum S gum S

~
\
“ !
1 FT0

% Number
!

X !

A I FTO 273-01
|
!
| FTO 273-02
!
!
!
!
| FTO 273-03
]
!
| FTO 273-05
|
!
| FTO 273-06
]

2 I

“~_ | FTO 273-07
!
!
1 FT0 273-11
]
!
1 FTO 273-12
i
g
1
!
!
!

o

N

7~

e
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5.2 POSTINSERTION ACTIVITIES

The postinsertion IMU/S TRK/COAS activities will determine the IMU's capa-
bility to support a nominal flight plan. IMU alignment accuracy and abil-
ity to maintain the accuracy are part of the criteria for continuing the
flight beyond the first few orbits. Specific IMU alignment constraints
for continued flight were discussed in section 3.4 of this handbook.

Data to satisfy two of the FTO's will be obtained in conjunction with the
postinsertion activities. These FTO's are as follows.

o Forward COAS calibration capability
o S TRK alignment verification

5.2.1 Procedures, General Comments

The pracedures for performing the postinsertion activities are contained in
the PDP. This Flight Data File (FDF) article also denotes the time during
the flight when each activity is to be performed. The PDP provides the
flight crew with sufficient guidance to accomplish required tasks without
ground contact or reference to another document.

The procedures in the PDP are basically adaptations of those in the Orbit

OPS Checklist as presented in section 4 of this handbook. The individual
steps will be discussed but not repeated in this section.

5.2.2 COAS Calibration

The COAS will be calibrated as soon as possible after launch to provide a
backup alignment capability using a ground aligned IMU as reference before
the IMU gyro restraint drift degrades the inertial alignment accuracy.
Assuming a nominal launch, the COAS calibration will be the first step of
the IMU/S TRK/COAS postinsertion activities, since the allotted time begins
during orbital darkness. If the schedule changes to begin the tasks during
orbital daylight, the S TRK will be checked first.

The COAS is calibrated in the same manner as discussed in paragraph 4.3.2.

5.2.3 Desired REFSMMAT Update

The REFSMMAT's are updated during the postinsertion activities (02:40 MET)

so that the entry skew values for IMU's 1 and 2 will be aboard when the con-
tingency (freeze-dried, FD) GPC is refrozen after the OMS-4 burn (07:10 MET).
Since IMU 3 REFSMMAT's are the same for both the ascent and entry skews, this
procedure makes all three IMU's available in case the FD GPC is needed.

If the FD GPC is not activated and refrozen after the REFSMMAT's are up-
dated, the FD GPC would still have the ascent REFSMMAT's after IMU 1 and

2 were aligned to the entry REFSMMAT's. Then, if a contingency required
use of the FD GPC, IMU 1 and 2 would have to be deselected to prevent them
from overriding IMU 3 and providing erroneous attitude data.

5-4
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5.2.4 k S TRK's

A self-test is performed primarily to provide data to determine accepta-
bility of subsequent star sighting data. If an S TRK (or even both star
trackers) fails the self-test, the crew will repeat once and then simply
note this fact for future reference. A failure to pass the self-test will
not in itself preclude future use of the S TRK's.

The S TRK door openings are timed to determine whether the motors, actu-
ating mechanisms, and feed-back circuitry are working properly. If the

S TRK door opening time exceeds that required for one motor operation,
the proper switches will be repositioned to eliminate power to the motors.

5.2.5 VS TRK Data Acquisition

The PDP will provide star ID's for obtaining sighting data in the auto
star-select S TRK mode. The goal is to obtain sighting data on two stars
with a measured separation angle within 0.09° of the actual separation
angle.

If ANG ERR exceeds 0.090 on the first set of star sightings, additional
sightings will be made to exclude the possibility of having tracked an er-
roneous 1ight source and/or to jsolate a bad S TRK. If one of the S TRK's
previously failed the self-test, it will be declared failed at this point
and no longer used in postinsertion activities. (At a later point in the
f1light, malfunction procedures will be conducted to determine if this S
TRK will be used for IMU alignments for the remainder of the flight.)
Without clearing the star table, the crew will maneuver as required to ob-
tain sighting data on two additional stars comprising a new star pair. The
star table will still retain data on one star in the old pair. The star
pairs will have been selected so that any combination of the four stars
can be used for an alignment. The crew will select the pair with the
smallest ANG ERR, overriding the S TRK SOP selection if necessary. This
value may still exceed 0.09° but will be used to determine IMU misalign-
ment angles before further judgment on the S TRK's.

5.2.6 IMU Alignment

Using the star sighting data obtained, the IMU's will be aligned to ver-
ify this capability. The IMJ Star-Align option will compute misalignment
angles (ANG AX, AY, aZ) for all three axes of all three IMU's. The mis-
alignment angles for IMU 3 will be compared with the following established
criteria to determine if the S TRK sighting and software processing is
working properly. The criteria are based on the IMU's preflight alignment
and expected performance, including a maximum 3-sigma platform drift in

the elapsed time since that alignment.
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MET MAX
(HR:MIN) aX,aY,AZz
2:15 - 3:15 0.12
3:15 - 4:00 0.13
4:00 - 4:45 0.14

If the preceding is "GO*, the IMU's will be realigned. If the misalignment
angles exceed the values given, there is a possibility that the star data
is bac, rather than that the IMU has excessive gyro drift. For this reason,
new star sightings will be made. When using two S TRK's, if one of them
failec the self-test (but still provided star separation data with ANG ERR
less -han 0.099), it will be declared failed at this time and no longer
used. Using one or two star trackers, new star sighting data will be
obtaired and the misalignment angles checked again. If the angles are
still too large, the crew will look at the data from the previous sight-
ings i¢nd declare the star tracker with the largest AANG, bad. If both

S TRK's have failed at this point, the crew is to call MCC for further
direction.

5.3 COAS VERIFICATION

This Orbit OPS Checklist procedure is simular to STS-1 and satisfies two
FTO's.

o Aft COAS/IMU Alignment Verification
o Aft COAS Calibration Verification

The FTO's have been combined to obtain the necessary data in the minimum
amount of time with minimum fuel expenditure. A procedural flow diagram
is shown in figure 5-2. The Aft COAS/IMU alignment verification requires
sighting data on two stars and IMU Subsystem Operating Program (SOP) de-
termination of the IMU misalignment (ANG AX, AY, AZ) based on +X COAS
obtained sighting data. The IMU's will not be actually aligned. The Aft
COAS calibration verification requires three COAS A BIAS readings evenly
spaced during an orbital night pass to determine thermal effects (cabin
deformation) on the +X COAS LOS stability.

An IMU Alignment - S TRK procedure will have been completed immediately
preceeding this special test. A maneuver will have been completed to
place a catalog star along the +X COAS line of sight. The Crew Activity
Plan (CAP) will designate the time to begin this test to ensure proper
day/night vehicle transition.
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CAP

e MANEUVER TO FIRST
STAR ALTITUDE
COMPLETE

e IMU's

ALIGNED

CAP
(RESUME)

© SUNSET STAR
SIGHTING

© CALIBRATE
-1 COAS

- ® SUNRISE STAR
SIGHTING
® RECORD -Z COAS
A BIAS

1

T

o 1st ALIGNMENT
CAPABILITY STAR
SIGHTING

e MIDNIGHT STAR
SIGHTING

e RECORD -Z COAS
A BIAS

T

e MANEUVER
TO SECOND
STAR ATTITUDE

e 2nd ALIGNMENT
CAPABILITY STAR
SIGHTING

e RECORD IMU
MISALIGNMENT
ANGLES

Figure 5-1.- COAS verification FTO flow chart.




COAS VERIFICATION (FTO 273-02 and 06, GNC 201)

1 COAS CALIBRATION PREI
019 COASPWR - ON
(01)
COAS vBARREL Index -OW
IGNC 20 DAP_CONFIG!
(RT  DAP A(B) COMP, VERN -- ITEM 7(21) +.0 0 3 EXEC

i iivevesessIf +X COAS WITH PRCS...cvcecenes ceves
. Select Tail on'y control .
. DAP A(B) JET OPT P - ITEM 12&26; +3 EXEC .
. Y - ITEM 13(27) +3 EXEC .

PP R X IO BRI S A g PSP R I IR B A L

1GNC 27 S TRK/ J0AS CNIL!
COAS: REQD ID '

ZTTEM 21 +_ _ EXEC
POS -2 - ITEM 27 EXEC (*;
CAL MODE - ITEM 24 EXEC (*

?GU) FLT CNTLR PWR - ON

F6

2 MARK ON STAR (Sunset)

A6U DAP: as required for precise manual mnvr

(C3)
Mnvr to center star in COAS:
(F6) ATT REF pb - push

NOTE
Attempt to got mark as soon as
possible aft:r entering darkness.
Repeat mark to ensure ABIAS con-
sistency

3 CALIBRATE COAS
CRT  Rcd CAL -Z(+X) MBIAS: _. _ (Sunset)
UPDATE - ITEM 29 EXEC, RCD MET _/_ _:_ _
/ABIAS goes to zero

The only differences between this pa~t of the COAS verification test and
the nominal COAS calibration procedures (paragraph 4.3.3) are the crucial
need of a calibration mark as near to orbital sunset as possible and the
omission of a verification sighting. The purpose is to provide a baseline
data point showing the -Z COAS location relative to the -Z body axis when
the Orbiter structure is warmest due to solar heating. The crew will be-
gin trying to visually acquire the ctar while still in daylight and com-
plete the calibration before eavine the penumbra. Note that the COAS
position bias is updated in t is part of the procedure.
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AGU
(C3)
CRT

CRT
A6U

(€3)

CRT

S TABLE CLR - ITEM 20 EXEC
- ITEM 22 EXEC (*)

5 1ST ALN VER TAKE

SIGHT MODE

epea
DAP ROT: DISC/DI

STAR'
SC/DISC

COAS: ACCEPT - ITEM 23 EXEC
/S TABLE: TRK 1D 2 - (REQD ID)

CAUTION

| Do not deselect COAS SIGHT !
| mode between sightings !

6 AUTO MNVR TO 2ND ATTITUDE
Mnvr to 2nd star attitude (given in CAP).

g
1GNC 2 TRK

COASTREQD 1D - ITEM 21 +_ _

CNIL!

Repeat 'MARK ON STAR'
DAP ROT: DISC/DISC/DISC

COAS: ACCEPT - ITEM 23 EXEC
/S TABLE: TRK ID 1 - (REQD ID)

8 EVALUATE STAR DATA

/S TABLE: ANG ERR 1

- <02

SEL, ITEM 17,18 - (*)
9 CHECK IMU MISALIGNMENT ANGLES

V%GNC 21 _IMU ALIGN!
v/STAR ALIGN, ITE

Rcd ANG

1

— o — — —
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Using the same star previously used for COAS calibration, the first sight-
ing for COAS/IMU alignment verification is made without a major maneuver
to a new attitude. The star table is verified to be clear of data. This
assures that star data used for calculating IMU misalignment angles has
been gathered using the COAS. The COAS SIGHT MODE is selected so that
COAS marks are used to compute IMU misalignments rather than COAS ABIAS.

A mark is taken on the star and is accepted as the first sighting for the
COAS IMU alignment verification. A maneuver must be made to obtain sight-
ing data on a second star. This star will be used for all remaining star
sightings. The maneuver and steps 7, 8, and 9 are essentially the same as
in the COAS/IMU alignment procedure discussed in paragraph 4.4.2 of this
handbook. However, note that the alignment execution is omitted. The pur-
pose is to obtain the sighting data and IMU platform misalignment angles
for comparison with the S TRK/IMU alignment performed just prior to this
test.

It is important that the required data be obtained as quickly as possible
as the following step (10) in this procedure is time critical. No further
large maneuvers are required.

10 COAS CAL VERIFICATION (Midnight/Sunrise)

1GNC 22 STRKGCOAS CNTL!
CRT COAS: CAL - 24 EXEC (*)

Repeat 'MARK ON STAR' as close as
possible to orbital midnight and
sunrise
?GU) DAP ROT: DISC/DISC/DISC
c3 '
CRT Rcd CAL +X(-Z) ABIAS: _ . (Midnight)
Rcd mark time: MET — /__

Rcd CAL +X(-Z) ABIAS: _ . __ (Sunrise)
Rcd mark time:  MET _/ __:

The steps in this part of the procedure provide a ABIAS reading indica-

tive of any change in -Z COAS position incurred during the time since the

vehicle structure began cooling down. The data points are to be at orbit:l

midnight and at sunrise. The time for the sighting will be indicated on :he

CAP timeline. The COAS position bias is not updated regardless of the maj-

nitude of a ABIAS.
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11 CLEAN UP

COAS: DES - ITEM 25 EXEC (*)
S TABLE CLR - ITEM 20 EXEC

1GNC 20 D !
D —VERN - ITEM 7(21) +.0 0 0 EXEC

o iuuiuu i IF 4X COAS WITH PRCS +ovecvesseoneses
"*"**"'DAP A(B) JET OPT P - ITEM 12(26) +1 EXEC .
. Y - ITEM 13(27) +I EXEC .
019  COAS PWR - OFF
(01)
A6U  FLT CNTLR PWR - OFF
(F6)

/Data transcribed into CAP

NOTE
If ST(s) to be left in auto
star-select mode, go to IMU
ALIGNMENT - ST, 6-3, Step 4

The COAS mode is deselected at the end of the procedure to return the ATT
REF push button to its primary function and to allow use of the S TRK's.
The star table is cleared to provide an open table for acquiring stars of
opportunity while the S TRK's are -in the auto star-select mode. The re-
mainder of the cleanup is the same as for the COAS/IMU Alignment proce-
dure.

5.4 STAR TRACKER HORIZON LIMIT TEST

This procedure satisfies FTO 273-11, which is to determine the S TRK's
ability to operate with its LOS close to the Earth's horizon. This abil-
ity is more crucial for target tracking than for star data acquisition;
however, useful data will be obtained that will be applicable to both
modes of S TRK operation. The test will be conducted by intermittently
attempting to acquire data on a star as it sets behind the horizon.

S TRK HORIZON LIMIT TEST (FTO 273-11)

1 HORIZON TEST PREP
AT 6 min prior to star LOS

c3 /DAP: A/AUTO/VERN
1GNC 22 K NTL! -
CRT -Y(-Z): REQD 1D, ITEM 11(12) - O

STATUS - (no BITE)
MAN OP - ITEM 15(16) EXEC (*;
STAR TRK - ITEM 3(4) EXEC (*
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2 STAR TRACK
/S TABLE: TRK ID 1 - (correct #)
wait 15 sec

S TABLE CLR - ITEM 20 (EXEC)
(Repeat Step 2 as often as reqi)

At star LOS,
MAN OP - ITEM 15(16) EXEC (nc*)

The vehicle and one S TRK are configured about the same as for acquiring
star data for an IMU alignment; i.€., DAP in inertizl hold and S TRK in

the auto mode looking at a selectec star. However, the S TRK shutter is
put to the manually opened position to prevent reflected light from the
Earth from closing the shutter during the test. This preparation activity
is done at about 6 min prior to "star set" to ensure an initial acquisi-
tion. The selected star (tentatively Merak, ID No. 44) will set at a rate
of approximately 4 deg/min. A data point will be ot tained at each 15-sec
(1.0 deg) interval by clearing the star table. If the S TRK can track at
that horizon angle, new data will appear in the star table. The last hori-
zon angle preceding the angle at which data can no ‘onger be obtained will
be considered the horizon limit. "hese data will be available on the Oper-
ational Flight Instrumentation (OF:) recorder for post-mission analysis.

The S TRK shutter is released from the manual-open rode after the test is
completed.

5.5 STAR TRACKER THRESHOLD VERIFICATION

This procedure will satisfy FTO 273-07, which is to verify the S TRK's mag-
nitude threshold function. The threshold function 11lows the 5 TRK to dis-
criminate between bright and dim objects. It is jn:ended to be used pri-
marily for the Target Track '1ode where the sunlit Farth-orbiting rendez-
vous target will normally be brighter than many stars. By making the S
TRK insensitive to dimmer objects, the search phase of the Tarjet Track
mode can be shortened.

S TRK THRESHO .D VERIFICATION (FTO 273-07)

1 SET_TH)LD AND TRACK STARS
C3  /DAP: P’AUTO/VERN
(A6U)

IGNC 22 S TRK/COAS CNTL!
CRT /& TRK ¥(-Z): REQD ID, ITEM 11(12) - 0
STATUS - (no BITE)
SHUTTER - OP

* If SHUTTER - CL: *

* /Att,MET - correct *
* MAN OP - ITEM 15(16) EXEC (*) *
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S TRK -Y(-Z): THOLD - ITEM 13(14) +3 EXEC
S TABLE CLR - ITEM 20 EXEC
STAR TRK - ITEM 3(4) EXEC (*)

After 2 min or when:
S TRK -Y(-Z): STATUS - NO STAR,
proceed to next threshold level
when star acquired go to Step 2

S TRK -Y(-Z): THOLD - ITEM 13(14) +2 EXEC

- ITEM 13&14 +1 EXEC
- ITEM 13(14) +0 EXEC

2 RECORD DATA AND CLEAN UP

1S TRK T Acquire THOLD
!

STAR ID MET !

!
!
!

CRT /S TRK -Y,-Z: THOLD, ITEM 13,14 - 0

!

!

! !
! !
! !
! !
! !

The method of verification is to acquire and track three stars of knovn
magnitude at various threshold levels. The vehicle and one S TRK are
configured about the same as they are to obtain star data for an IMU «lign-
ment; i.e., DAP to inertial attitude hold and S TRK in auto mode look ng

at a star. However, the S TRK's sensitivity threshold (THOLD - ITEM 3 or
14) is initially set at level 3 to exclude all but the brightest star -
those whose visual magnitude has a numerical value of +1 or less. If the
S TRK can not acquire the star within 3 min, the threshold level is ro-
duced to successively dimmer settings (2, then 1, then 0) until the star

is acquired.

The crew will record acquisition data for post-flight comparison with the
stars' actual magnitude values. The S TRK sensitivity threshold is left
at level 0 after each verification test in order to obtain data on stars
of opportunity.

NOTE: Numerical values for visual magnitudes are inversely proportional
to brightness; i.e., -1.0 is brighter than +1.0, which in turn, is bright-
er than +2. S TRK sensitivity threshold levels correspond to visual nag-
nitudes as follows.
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THOLD | Visual Magnitude

+3.0 or brighter
+2.4 or brighter
+2.0 or brighter
+1.0 to -7 (BOS level)

w NN = O

5.6 PRE-ENTRY IMU ALIGNMENT

The pre-entry IMU alignment will prepare the IMU's to support deorbit and
entry guidance, navigation and control functions. The procedure is con-
tained in the POP book. The PDP procedure essentially combines the steps
in the normal IMU alignment and alignment verification procedures dis-
cussed in paragraphs 4.3.1 and 4.3.2. The one major difference between
this alignment and others is that the GPC's have been transitioned to Oper-
ational Sequence (OPS) 3. Any maneuver required to point the star trackers
at stars to support the alignment will have to be made in the manual maneu-
ver mode since automatic maneuver mode is not available in OPS 3. Any re-
quired accelerometer and gyro calibration biases will have been uplinked

to the IMJ SOP prior to the transition to oPS 3.
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TABLE A-1.- SHUTTLE NAV (50) STARS FOR EARLY OFT FLIGHTS

Name

Sirius
Canopus
Rigel

Vega

Hadar
Achernar
Acrux
Capella
Spica
Arcturus
Procyon
Altair
Betelgeuse
Bellatrix
Regulus
Formalhaut
Deneb

Al Na'ir
Alkaid
Antares
Castor
Aldebaran
Peacock
Miaplacidus
Nunki
Kaus Australis
Alpheratz
Cih (Navi)
Alhena
Mirfak
Denebola
Alphecca
Rasalhague
Merak
Polaris
Phoeda
Gienah
Zubeneschemali
Kochab
Avior
Atria
Hamal
Menkent
Diphda
Alphard

Al Suhail
Acamar
Denab Algeid
Scheat
Enif

S20

magnitude

3.1500
1.5000
.8610
8030
.7450
.6910
.6670
.5140
.5130
.4880
.4770
.3690
.3080
.2740
.2690
.2670
.2540

.2050 .

.1970
.1930
.1910
.1910
.1880
.1870
.1830
.1580
.1480
.1460
.1370
.1160
1120
.1100
.1090
.0960
.0959
.0902
.0893
.0869
.0634
.0764
.0740
.0720
.0714
.0698
.0682
.0540
.0540
.0495
.0473
.0458

Visual
magitude

-1.4
-0.5945
0.0083
0.0840
0.1654
0.2471
0.2855
0.5684
0.5705
0.6247
0.6495
0.9282
1.1244
1.2514
1.2714
1.2795
1.3252
1.5664
1.6096
1.6319
1.6432
1.6432
1.6604
1.6662
1.6897
1.8491
1.9201
1.9349
2.0040
2.1846
2.2227
2.2423
2.2522
2.3901
2.3912
2.4578
2.4687
2.4982

2.6380
2.6727
2.7025
2.7115
2.7361
2.7613
3.0148
3.0148
3.1093
3.1586
3.1936

Right
ascension

100.95 -
95.83
78.28

278.75

210.43
24.15

186.23
78.63

200.90

213.58

114.43

297.33
88.383
80.83

151.70

344.00

310.10

331.58

206.60

246.90

113.18
68.55

305.83

138.23

283.35

275.55

1.70
13.73
99.00
50.55

176.88

233.35

263.38

165.00
30.63

178.05

183.58

228.85

222.71

125.48

251.38
31.38

211.23
10.53

141.53

136.73
44.28

326.35

345.58

325.68

Declination

-16.

68

-52.68

-8
38

.23
.75
-60.
-57.
-62.

45,
-11.

19.
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T-0 T-C T-8 T+a T+b
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FACTORY HANGER CALIBRATION PREFLIGHT ON-ORBIT
CALIBRATION CALIBRATION CALIBRATION/ALIGNMENT
| g6 1/2 hours oty —> AL2 —> At3. > 86—
2 1/2 hours 40 1 HR
min
5 to 14 days ——— > TBD HOURS
‘ T-9 min.
\ o -A T-12 )
Wl W2 secondg
—
At4"—>|OAt5">|
NOTES:
T - LAUNCH TIME n 20 Tin]
T-D - BEGIN HANGAR CALIBRATION nomina #A tech hold between comple-
T-C - BEGIN PREFLIGHT CAL!BRATION tion of the pre'leght agign-
e - b sl T8 e sl
- - result in a Current REFSMMAT
T-A - BEGIN OPS 1 (T-20 min) At] - Several start-up/shut-down cycles dif:erent fro: th:t expected
Platform released with vel/tilt (witn warm'up) can be.efpec"ed to for an on-time launcn.
drift compensation (go inertial) support prelaunch activities *A tech hold after T-20 mins
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T+b - GROUND ALIGN DEGRADATION tech holds may be 0 to 11.5 hrs. compensation.
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W1, W2 - WARM UP TIMES at6 - Preflight calibration alignment min hold) or At5 exceeds 14

NASA-JSC

~30-40 min minimum,
varies with ambient
temperature

Figure A-I.- IMU Ground calibration/Alignment timeline

is scheduled to support GN & C
functions for a minimum of 2
hrs. after launch.

mins (5 min hold), the count
will automatically recycle to
T-8 and resume at T-71 mins.

for nominal fliaht.



gt an
Denebola
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Rasalhague
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Denab Algeid

g1 135 163 90| 106 9 78 122 114 46 92 79 9% 85| 40 40 54 124 120 136 : 11
965 139 139 123 142 126 75 106 150 18 57 94 75 73 58 28 37 98 124 121 :12
100 150 173 95 98 102 102 146 111 62 103 56 117 66 62 62 44 108 96 114 : 13
90| 40 30 70 52 65 105 67 44 153 110 92 97 103 131 151 139 71 5 51 :14
84 122 151 117 47 53 135 40 19 133 24 100 72 46 79 88| 136 111 : 15

133 133 117 159 147 165 103 110 162 48 49 81 86| 41 97 65 21 59 91 82 :16
78 97 65 121 154 117 46 62 139 28 26 137 3T 99 63 3¢ 72 95 197 119 : 17
85| 104 121 51 43 59 113 135 57 112 157 44 144 §g| 78 103 92 117 72 98 :18
35 49 66 74 102 68 18 28 86| 73 66 164 27 149 58 64 124 120 143 126 : 19
35 20 48 52 72 44 47 32 55 106 92 137 56 158 76 94 157 116 114 107 : 20
62 113 144 65 8 70 72 115 90| 65 110 82 99 105 30 53 79 147 121 145 :21
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108 46 78 47 43 8 73 75 105 112 74 142 23 57 111 173 138 157 : 25
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85| 167 137 162 109 92 140 71 43 89| 81 43 124 89| 51 31 76 57 :28
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89l 117 114 128 160 127 59 82 153 12 34 118 S0 85| 61 26 54 94 135 120 : 34
T 72 43 127 117 120 91 54 108 92 47 115 61 B0 129 104 94 41 81 5 :35
105 73 48 129 125 121 8 49 114 83 37 124 52 8 119 94 92 49 91 65 : 36
136 105 91 93 60 97 168 132 73 132 124 27 154 48 137 141 80 &7 T 39 :3
104 87| B9 61 29 65 136 122 44 147 155 39 153 79 115 142 104 86] 38 62 : 38
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------ 54 84 43 76 39 33 57 65 85 | 98 129 60 166 '42 69 1327 151 136 141 : 4l
122 g5 113 164 100 95 88| : 42

123 125 136 69 77 B : 43
68 103 139 137 9% 112 : 44
99 134 130 106 61 80 : 45
70 103 147 135 98 111 : 46
42 47 111 130 160 142 : 47
86| 85| 130 95 118 98 : 48
9% 130 146 109 71 84 : 49
g§| 17 52 102 138 128 : 50
58 69 69 117 94 : 51
oo essmeomosomssns oo 167 3 112 117 65 75 41 64 :52
T 122 69 56 102 99 141 115 : 53
T 125 101 37 42 52 652 : 54
R 35 90| 155 150 176 : 55
------------------------------------------------------------ 65 120 152 146 : 56

i . 57

: 58
: 59
1 60
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TABLE A-II.- SHUTTLE NAVIGA
STAR PAIR SEPARATION ANGLE;'ION
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Polar Star Chart
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