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FOREWORD

This document constitutes the TRW Defense and Space Systems Group final : ;
technical report to NASA Langley Research Center for the Application of Pre- ;
cision Attitude Determination Systems to the Earth Resources Survey (AAFE) SR
Program. Prepared under NASA contract NAS1-12894, the report is being pre- '
sented in two volumes, of which this is Volume II:

e Volume I — Strapdown Star Tracker Development
s Volume II — System Tests, - -
This report reflects the contributions of a number of previous eiforts

performed both under NASA contract (NAS5-21111) and independently by TRY.

In the area of system design and analysis these efforts are summarized in o
the following final technical reports: . §

e PPCS System Design and Analysis, 13900-6012-R0-017, .
NASA/GSFC, NAS5-21111, 1 July 1972, EOR

¢ PADS System Design and Analysis (Two-Axis Gimbal Star S
Tracker), 13900-6014-RU-00, NASA/GSFC, NAS5-21111, o
1 July 1973.

¢ PADS System Design and Analysis (Single-Axis @imbal Star - i
Tracker), 13900-6016-RU-00, NASA/GSFC, NAS5-21111, S
1 July 1974, o

& PADS System Design and Analysis (Strapdown Star Tracker), x
99994-6316-RU-00, TRW Report, 23 December 1975. T

In the area of hardware development the following reports have been
published:

® PPCS Star Tracker Test, 13900-6013-RU-00, NASA/GSFC,
NAS5-21111, 1 July 1972.

e PADS Star Tracker Test, 13900-6015-RU-00, NASA/GSFC,
NASS5-21111, 1 July 1973.

TRW employees who contributed to this final report include: F.J. Belsky,
D.I. Brubaker, R.E. Edwards, R.L. Farrenkopf, R.F. Gates, R.J. Mann,
K.J. McAloon, and J.G. Zaremba.

Approved by: jjff f?? ﬁZ%Z dﬁ§%§:1ix/

K.Jd. McAToon
Project Manager

wooroved by UL Bl
W.A. Finley, Mandder
Control and Senjay Systems Laboratory
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1. INTRODUCTION AND SUMMARY

Since 1970 TRW has been engaged in activities related to precision
attitude determination systems (PADS) for spacecraft applications under
company, NASA, and USAF funding. In addition to extensive analyses of
such systems, developmental efforts have been undertaken in the areas of
star trackers and software algorithms. Engineering model gimbal and
strapdown star trackers were developed and tested along with computer
simulations of the effectiveness of various algorithm approaches.

In 1974 NASA/LaRC awarded TRW a contract to perform a laboratory
test of the performance capability of an engineering model PADS. The
test objective which evolved subsequently was to test two such systems,
one using a strapdown star tracker, the other using a single-axis gimbal
star tracker. The simulated orbit configuration was to be that of a PADS
aboard a three-axis stabilized, earth-pointed satellite in geosynchronous
orbit. The performance goal was to demonstrate 0.0071 degree (lo) per axis
accuracy for both the strapdown and gimbal PADS. A secondary program
objective was the fabrication, assembly, and unit test of the strapdown
star tracker for the system test. The majority of the design of this
tracker had already been accomplished.

A functional block diagram of PADS is presented in Figure 1-1. PADS,
mounted aboard a spacecraft, provides estimates of the inertial attitude
of the spacecraft axes. The PADS sensors are:

@ A star tracker which provides periodic updates of the
spacecraft attitude relative to identified stars.

e Gyros which provide a continuous indication of the
relative inertial attitude of the spacecraft.

In addition to the sensors, a digital computer (either on-board or ground-
based) implements the sofiware algorithms which combine the redundant
sensor signals and compute the spacecraft inertial attitude.

1-1
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Figure 1-1. Precision Attitude Determination System (PADS)

The PADS engineering model hardware components tested in the labora-
tory are shown in Figure 1-2. These components consist of:

@ A strapdown star tracker developed by TRW
6 A single-axis gimbal star tracker also developed by TRW
8 A three-axis inertial reference unit furnished by NASA.

The PADS software algorithms were implemented offiine in a CDC 6500 digital
computer.

In orbit the strapdown star tracker uses the orbit rate of the satel-
Tite for star availability. The developed strapdown star tracker has a
star magnitude sensitivity requirement of 8 Mv in order to provide frequent
star updates at geosynchronous rate. A small 10 by 1° field of view
resulted from the accuracy requirement of 0.007 degree,

The single-axis gimbal star tracker is a modification of a two-axis
tracker developed by TRW on a USAF program. In its modified state it has
a 1/2° by 1/2° field of view which can be gimbaled through £45°, 1In view
of the Targer effective field of view of the tracker, its star magnitude
sensitivity requirement is only 3.5 Mv'

The original intent was that NASA would furnish an engineering model
of a three-axis inertial reference assembiy using the Bendix 64 PM RIG
gyro. However, schedule difficulties precluded delivery of this assembly,
and the engineering model Inertial Reference Unit (IRU) from the Orbiting
Astronomical Observatory program was substituted. Although nominally a
higher performance unit, a somewhat anomaious behavior of the IRU gyros
resulted in it being roughly equivalent to the Bendix specified performance.

1-2
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Since the primary emphasis of the laboratory evailuation was on the
accuracy of the star trackers and the effectiveness of the software algo-
rithms in processing actual sensor signals, it was considered adequate %o
implement the algorithms offiine in a CDC 6500 digital computer. The
sensor signals were time-tagged and stored on magnetic tape during the
test, and then processed post-test using FORTRAN coded algorithms.

The precision test facility in which the PADS tests were performed is
shown in Figure 1-3. A ground-fixed test configuration was implemented
both because of the geosynchronous orbit simulation requirement and the
extremely high accuracy demanded from the laboratory instrumentation. In
this configuration the PADS reference axes were stationary in the laboratory
axes and the collimated star beams were moved relative to the laboratory,
or PADS, axes. Knowiedge of the inertial motion of the laboratory, plus
measurement of the attitude of the star beams relative to the Taboratory
axes by laboratory instrumentation, provided the reference coordinates
against which the PADS attitude estimates were compared.

Both the strapdown and gimbal PADS laboratory tests were successfully
compieted. In each case a ten day test was performed following an initial
alignment procedure. During the ten days four evenly spaced attitude
determination test runs were made. Each run was four to five hours long.

Post-test data processing and evaluation showed that both systems met

the performance goal of 0.001 degree (1o) per axis. Based on star avail-
ability data, 20 minute star update intervals were selected to minimize gyro

jnduced errors while still providing a high probability (>97%) of star
acquisition. The vms accuracy obtained with each system, normalized to

equal components for all axes, was:
8 Strapdown PADS: 2.3 arc second (rms) per axis
¢ Gimbal PADS: 3.6 arc second (rms) per axis.

These results were obtained without any limitations in star separation
geometry.

In view of the test results obtained, the program was considered very
successful, not only because a difficult laboratory evaluation was completed
as planned, but because both PADS met their performance goals.

1-4
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2. TEST DBJECTIVE

The purpose of the PADS system tests was to measure the performance
capability of each of two PADS, one using a strapdown star tracker, the
other using a single-axis gimbal star tracker. The performance evaluation
was conducted in the laboratory under simulated orbit conditions. These
conditions consisted of the stellar optical stimuli and inertial attitude
rates which would be experienced on a three-axis stabilized, earth-pointed
satellite in geosynchronous orbit.

The primary focus of the evaluation was on the contribution to the

total system accuracy by the star trackers, and the effectiveness of the
software atgorithms in functioning with actual sensor signals.

The performance criteria for the laboratory tests was the accuracy
with which the PADS estimated its attitude throughout the test period

. relative to the inertial attitude of the laboratory at the start of the

test. A ground-fixed laboratory test was performed in which the PADS axes
remained stationary in the laboratory coordinates. Star stimuli were simu-
lated by moving the star line of sight relative to the laboratory coordi-
nates. A direct means of evaluating the PADS performance was obtained from:
1) true knowledge of the laboratory inertial attitude as a function of time,
and 2) precise measurement of the star Tine of sights relative to the
laboratory, and hence inertial, coordinates.

The performance goal for PADS was a steady state accuracy of 0.001
degree (1c) per axis. For the purposes of this program the one sigma two-
axis or three-axis goal s defined as the RSS of the single axis goals.

The laboratory environment was benign in terms of temperature and
vibration. No bright object sources were simulated. Satellite attitude
control rates were not simulated. Evaluation of these effects was con-
sidered more properly relegated to the component test or design simulation
level.

2-1
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3. DESCRIPTION OF PADS

Brief descriptions of the PADS hardware and software are given in this
section. Detailed design information for the system components has been
documented during previous efforts and programs and is referenced in the
following descriptions.

PADS provides estimates of the inertial attitude of its reference axes.
A functional block diagram of PADS is shown in Figure 1-1. The star trackers
provide periodic absolute attitude updates. The gyros provide continuous
relative attitude data. The computer implements the software algorithms
which combine these redundant sensor signals and estimate inertial attitude.

The following paragraphs describe in detail the specific PADS components
which were tested. Descriptions of the strapdown star tracker, the gimbal
star tracker, and the gyros are given along with comments regarding their
origin and level of development. In view of the offiine data processing
which was performed, a description of a flight suitable digital computer
was not relevant. The software algorithms are described, but their adapt-
ability to a flight computer is not discussed, again because it was not
relevant to this test program. This Tatter topic has been covered, however,
in previous studies described in the foreword.

3.1 HARDWARE

The PADS hardware which was tested in the laboratory is illustrated in
Figure 1-2. Two PADS configurations were tested, one using a strapdown star
tracker, the other a gimbal star tracker. The same inertial reference unit
was used for each configuration. This unit contained three gyros which had
their input axes mounted orthogonal to each other. Since the emphasis of
the test program was directed toward the performance capability of the star
trackers and the effectiveness of the software algorithms, a flight-suitable
computer was not used. Instead, the sensor data was collected on magnetic
tape during the test using a CDC 1700 computer, and then processed post-
test using a CDC 6500 computer.

-
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3.7.1 Strapdown Star Tracker

An extensive description of the strapdown star tracker (SST) is pre-
sented in Volume I of this report. Detailed descriptions of the design are
given along with extensive design analyses and test results.

The star tracker is a high accuracy, high sensitivity sensor with the
performance characteristics Tisted .in Table 3-1. The tracker has been
designed to meet the PADS requirement to track 8 Mv stars with 3 arc sec-
onds accuracy. Engineering model level of development has been achieved.

The star tracker uses an image dissector tube as its basic detector
because the high sensitivity and resolution available from this instrument
is consistent with the PADS requirements. The ITT F4012 image dissector
was selected because of its proven reliability in space applications.

Table 3-1. SST Design Parameters

Field of View 1% by 1°
Sensitivity 10 Mv GO(6000%K)
Photgdetector
Type ITT Fa012
Usable Photacathode Area 12.7 mm
Aperture Diemeter 0.254 mm
Optics
Type Cassegrain
Focal Length 50.8 cm
Aoerture 60 em2
Instantaneous Field of View 103 arc sec

Electronics

Positton Output
Magnitude Qutput
Update Time

Functional Performance

Haximum Acquisition Time
Maximum Track Rate

hccuracy (with FOV and Temp. Comp.)

Line of Sight to EC Axes
Noise {1a){single sample)

12 bit serial word
10 bit serial word
0.1 sec

13.6 sec
0.02 %/sec

3.0 are sec (8 Wv)

Fixad {1=) z.0 arc sec
EO Axes to Ontical Reference

Bias (3s) 5.1 arc sec

Bias Stability (3s) 1.3 arc sec

Size 12.7 x 12.7 x 56 ¢m
Weight s kg
4.6 watts

power {using CHOS logic)

3-2
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Photon counting is used as a detection technique because it provides
superior sensitivity over that achievable with conventional analog tech-
niques.

The search, track, and mode control electronics are completely digital,
not only to complement the photon counting technique, but to eliminate those
errors associated with the conventional analog implementations.

The entire electro-optical structure has been made from graphite/epoxy
composite material in order to minimize all thermal distortions. This
material has a linear coefficient of thermal expansion which is 100 times
less than that of aluminum.

A functional block diagram of the S5T is shown in Figure 3-1. An
explanation of the diagram is facilitated by considering four functional
groupings:

# Signal generation
® Acquisition

e Track

e Control.

Signal Generation. Photons received from the star or target are
focused by the optics to a spot on the photocathode of the image dissector.
The resulting signal from the anode of the tube is processed by the video
detector. For weak signals, the output of the video detector will be logic

level puises corresponding to the emission of electrons from the photo-
cathode. For strong signals, in the presence of the cruciform spatial modu-
lation pattern, the output will be a squarewave at the modulation frequency.

Acquisition. Acquisition is achieved by scanning the 1° by 1° Fov
with a discrete raster pattern produced by the acquisition scan generator.
For normal acquisition the pattern is a 64 x 64 dot matrix which is com-
pleted in less than 14 seconds. Proximity to a star is detected by the star
presence circuit. This circuit counts the number of photoelectrons at each
dwell point in the scan matrix. In the presence of a star, a dwell count
significantly higher than the background noise count will be measured. By
commanding the differential count necessary to indicate a star, stars equal
to or greater than selected magnitudes may be acquired and tracked.

3-3

A




¥-€

Laar &

DPTICS

HIGH
VOLTAGE TRACK P
SUPPLY p| X-AXis ] DEFLECTION
[ — | SWEEP : 1 DAC
L = GENERATOR >, ACCUMULATOR AWPLIFIER
L ¥
S P BN ::'Tsns%%'ron VIDED 3 PULSE l X POSITION
TUBE DETECTOR SYNCHRONIZER ERROR | : oUPLT
BETECTOR ¥ POSITION COMPENSATION }
[ ——
ACQUISITION b
SCAN > sy 5 oac y) DEFLECTION |
FOCUS COIL GENERATOR 3| ACCUMULAT AMFLIFIER
CURRENT
REGULATOR A
THRESHOLD
J| stan LLEVEL DATA READY
PRESENCE SR —
ESENCE
AcouisITIoN [ BREAK TRACK |_DATAWORD
0L MODE ENABLED
TRACK
iINPUT/QUTFUT | SHIFT CLOEK
A TRACK LOSS MODULE ¢ —
STAR STaR
o1 MAGNITUDE |_MAGNITUDE .
71 anp —# THRESHOLN SSLECT
TRAGK LOSS Pl it
SEARCH COMMAND

Figure 3-1.

Star Tracker Block Diagram

PPN

—




Track. Track is initiated by a signal from the star presence circuit.
The track sweep generator starts eight continuous cruciform patterns at the
position at which track was entered. If the star magnitude and track loss
circuit does not indicate that a star is being tracked, then the acquisition
scan is continued. The pulse synchronization circuit is the key element in
enabling the tracker to track either bright or dim stars. In the case of dim
stars, the circuit will produce pulses on a one-to-one basis with photo-

electron puises. By counting pulses in synchronization with the cruciform
track sweep, the percentage duty cycle of the pulse width modulated (PWM)

information is computed in the error detector circuit. On the other hand,

bright stars will produce a squarewave at the video detector ocutput which
reflects the PWM information. By gating this signal with a high

frequency clock, the information content is retained in the form of
clock pulses instead of photoelectron pulses, and the percent duty
cycle is again computed in the error detector circuit. By timesharing
the error detector only one circuit is needed to compute the error
for both axes. At the end of each cruciform pattern the computed
error for each axis is summed with the number in the accumulator for

that axis. Each accumulator drives a DAC which in turn drives the
deflection amplifiers. Star magnitude js measured by the star o
magnitude and track loss circuit. ?
Control. The tracker mode control is implemented by the mode control |
logic. The inputs to this circuit are: :
i
1) Star presence |
2) Track loss
3) Search
4) Zero.
The Tast two signals are manual controls. A manual switch to disable the
track loss signal is also provided. :
3.1.2 Gimbal Star Tracker %
The PADS requirement is for a single-axis gimbal star tracker. However, %'
programmatic considerations necessitated the use of a two-axis star/landmark %"
tracker developed under an Air Force contract. A detailed design description E-'f
of this unit is given in reference. (1) To make the tracker compatible to o
3-5 L
A.u..-_‘d




the PADS requirements, the outer gimbal was mechanically locked and the
landmark function was inhibited. The remaining star tracker functions
represent the same technology developed previously by TRW for a single-
axis gimbal star tracker.{2) The following description applies only to
the modified tracker,

The PADS gimbal star tracker (GST) consists of a Star Sensor Unit (SSU)
mounted within a single degree of freedom Sensor Gimbal Unit (SGU)}. The SSU
incorporates the optics, detector, and supporting electronics. The SGU is
an exceptionally precise and stable mount providing gimbal drive for null
tracking stars and precision angular readout of the gimbal. The GST inter-
faces with the Sensor Electronics Assembly (SEA) which provides the gimbal
angle processing and servo drive signals. The performance characteristics
of the GST are shown in Table 3-2.

3.7.2.1 Star Sensor Unit

The SSU is a high accuracy star sensor designed to track 3.5 Mv stars
with arc second accuracy. The SSU uses an image dissector tube together with
conventional analog search and track electronics.

The optical design results from a tradeoff between the desire for a
short focal Tength to obtain small size and weight, and the requirement to
maintain arc-second level accuracy. The selected design is a Cassegrain
telescope utilizing aluminum optics.

A bright object sensor and shutter assembly are incorporated in the
sensor along with the high voltage power supply. The high voltage power
supply will be incapacitated by the bright object sensor when the sun is
within the 45 degree field, and aiso, a rotary solenoid will be actuated
which will close the shutter in front of the photocathode.

The sensor assembly has been designed with great care for thermal
symmetry to provide maximum thermal-mechanical stability. In particular,
the electronics are equally spread around the tube assembly. The high
voltage power supply and line voltage converter, behind the tube assembly
and the flange wmounting, provide symmetrical heat transfer through the
structure into the mounting pliate.
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Table 3-2. GST Design Parameters

Field of View
Gimbal Freedom
Sensitivity
Bandwidth
Optics
Focal Length
Aperture
IFOV
Detector
Minimum Sun Angle
Accuracy (1o, per axis)
Sensor
Electronic Bias
Thermo-Mechanical (Random)
Noise Equivalent Angle
Gimbal and Encoder
Alignment
Thermo-Mechanical Stability
Inductosyn
Readout Electronics
Bias
Random
Noise and Quantization
Size
Weighi
Power

0.5 x 0.5 deg
Up to +60 deg
+3.5 my

25 Hz

84 cm

54 cm?

84 arc sec
F4012 RP
45 deg

0.14 arc sec
0.46 arc sec
1.2 arc sec

0.71 arc sec
.28 arc sec
0.86 arc sec

0.42 arc sec
0.42 arc sec
0.3 arc sec

30 x 51 » 16 cm

13.6 kgm
17 W
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The image dissector, deflection yoke, focus coil, and high voltage
biasing network are all contained in a single, integral, encapsulated
assembly. The outer structure of this assembly consists of the necessary
magnetic shielding to prevent stray fields, or the earth's field, from
affecting the image dissector, and is mechanically indexed directly to the
optics. The electronics are contained on four flex-print interconnected
printed circuit boards which are installed in the housing as a subassembly E
around the tube assembly. |

A functional block diagram of the SSU is shown in Figure 3-2. The
following paragraphs explain the sensor operation.

Video Processor. The video processor performs the foliowing functions.
During the search mode, automatic gain and threshold control circuits select

only the largest video pulse present and send it to the mode control Togic.

When in the track mode of operation, the image dissector video is shaped i

into a digital pulsewidth-modulated signal and is fed to the demodulator.
A digital star-presence signal and an analog star-magnitude signal are also
developed .

OPTIC iMAGE DISSECTOR [~ WIDEO o L} oEmODULATOR [—o—3| THACKINZ
HIGH T A ‘L
voLT |
e L i ¥ L}
e MODE — SUMMING
LOGIC | —P
‘ &
Y
SEARCH o
] SCAN :
GENERATOR |
p| ERROR
AMP
TRACK
SCAN
GENERATOR

{ONLY ONE ERROR CHANNEL 1S SHOWN)

Figure 3-2. Functional Block Diagram of Star Sensor Unit -
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Mode Control Logic. The mode control logic establishes the mode of
operation: search or track. The timing of the search cycle, the gating of
the tracking loop, and search-scan waveforms are also controlled by the mode

logic.

Demodulator. The demodulator circuits consist of timing gates to pro-
cess the pulsewidth-modulated video and precision voltage switches which
develop the tracking loop correction error voltage at the input to the
tracking integrator.

Tracking Integrators. This circuit consists of an integration stage
{op-amp) which provides correcting dc voltages to the deflection generator
to keep the star image centered in the image-dissector aperture by taking
the integral of the error demodulator output.

Scan Generator. The scan generator provides three separate circuit
functions. A triangular waveform is generated by a counter-integrator com-
bination and is used as the track mode scan waveform. Two binary counters
and D/A converters are used to develop the stairstep-type search mode scan
waveforms. The above scan waveforms and the dc-correcting voltage from the
tracking integrator are summed in current dividers to provide the defiection

coil current required.

Error Amplifier. The dc component of the deflection coil current is
determined by a current sampling resistor and the corresponding voltage is
then amplified and filtered to give the required output pointing error
gradient.

3.1.2.2 Sensor Gimbal Unit

The single degree of freedom gimbal assembly utilizes a proven single
bal1/flexure suspension system and Inductosyn readout. The gimbal is formed
by identical drive housing assemblies attached on each side of the star
sensor unit. The drive housings incorporate the suspension/bearing system,
drive motors, Inductosyn encoders, and data link.

The use of identical drives on both ends of each axis is notivated by
the desire to obtain mechanical and thermal symmetry. The star sensor mass
is centered between the supporting bearings of the gimbal. Nearly identical
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power dissipation in each housing minimizes therwal gradient variations.

Further, zero structural slope mounting points are chosen so that one-g

distortions result in translation only — not in angular rotations. With ;;
this approach, testing can be accomplished with negligible errors due to

gravity induced droop.

Gimbal Suspension

The gimbal design features a one-ball bearing configuration. The cu
geometry of this scheme provides self-alignment features and facilitates
the fabrication of the gimbal system by providing inherent reference for
the establishment of the rotational axis of the gimbal.

The desired axis is established by a Tine of contact of the balis with
the cone surfaces of their retaining cups. The accuracy of the gimbal axis - I
is set by the cups radii of contact and the ball sphericity. Since the ball B
sphericity can be obtained to two parts in a million and the cups radius of
contact is established by lapping, and since all other critical surfaces are
indexed to the payloads balls, the achievement of very accurate alignment
is possible. The suspension consists of two single spherical balls sup-
porting the payload. Each ball locates itself via two cone type cups. One S L
cup (rotating retainer) is Tocated on each side of the payload and the other o
cup (stationary retainer) is inclined 40 minutes of arc with respect to the
center line passing through the centers of the spherical balls; the station-
ary cup cone is eccentrically offset with respect to the centerline of
the cylindrical shaft containing the cone. The shaft element is housed in o
the bore of the flexure, which is an intermediate element between the T
retainer and the gimbal frame. R

Drive Motors

Each gimbal motor drive assembly is identical in performance and general
configuration. It consists of a two phase permanent magnet motor and appro-
priate support structure. The motor has 24 poles and 4 skewed slots between
pole spaces. The commutation to the motor is provided Ly the Inductosyn
resoiver signal which is conditioned to provide the required power in terms
of sine and cosine functions with periods satisfying the number of poles
(12 speed). Interconnecting of the sine and cosine inputs to the respective
motor winding results in a brushless motor exhibiting dc torquer character-
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Inductosyn Encoders

The angular rotation of each gimbal is measured using a precision
Inductosyn. The Inductosyn is a pair of discs, in this case 5 inches in
diameter, which are mounted such as to rotate coaxially with respect to
cne another with facing surfaces in close proximity. The facing surfaces
have printed conductors, forming winding circuits which may be flux Tinked,
disc-to-disc. One disc, designated the rotor, has a single winding; the
other, the stator, has two windings. The winding geometry is arranrged so
that the transformation coupling from rotor to stator varies trigonome-
trically with relative disc rotation. The itwo stator windings are in
mechanical quadrature to one another. Thus, the device is electrically
identical to a synchro resolver, except for a very low coupling efficiency
and for a larger number of poles than are normally found in a conventional
resolver.

Data Link

The data 1ink provides transmission of electrical signals across the
gimbals without excessive restraint torques. The design utilizes an "S"
folded conductor strip whichk is attached at the ends of and slides between
a cylindrical stationary member attached to the housing sleeve and a smaller
diameter cylindrical component (the rotating member) attached to the motar
shaft. The inner and the outer members are lined with nylon rings to pro-
vide electrical insulation and mechanical guide for the rolamite action of
a 6 conductor strip. There are four such strips providirg the capability
of +60° motion with restraints not exceeding 36 gm-cm. Both the

stationary and the rotating members of this assembly are made from beryllium.

Appropriate electrical connectors (miniature) are attached to the periphery
of the rotating and stationary component. The data link itself is so
designed that it can be removed from the system without disturbing the
various electrical interconnections.
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3.1.2.3 Sensor Electronics Assembly

The Sensor Electronics Assembly provides encoding of the Inductosyn
gimbal angle signals and implements the controller/drive for the gimbal
motors. Figure 3-3 shows the SEA functional block diagram for one of the
two gimbal axes. The Inductosyn ETectronics has as its function the
excitation and processing of both mutti-speed and single-speed Inductosyn
output signals to derive the precision measure of gimbal angle. The Drive
Electronics provides for Toop compensation and appropriate commutation, and
and motor p. ter drive functions.

Inductosyn Electronics

An Inductosyn is analogous to a resolver, It has a primary, the rotor,
which is sinusoidally excited at some frequency, 10.3 kHz in this case. It
has two secondary (stator) output signals of the same frequency, whose
amplitudes are trigonometricaliy amplitude-related to the device's mechani-
cal angle:

Ys

il

kVe sin ne sin met

Ve

1

kV_. cos ne sin w t
e @

where ¢ is the mechanical angle, Ve is the rotor excitation amplitude, and
Wg is its frequency. The transformation ratio, k, is extremely small for
an Inductosyn, such that the output signal is only a few millivoits. Each
Inductosyn has a single-speed and a 256 speed set of windings. The speed
ratio, n, is unity for the single-speed section and 256 for the multi-speed
section. Thus, the single-speed outputs advance one electrical revolution
for each mechanical revolution, while the multi-speed signals advance 256
electrical revolutions for the same mechanical rotation. By processing

both pairs of signals an extremely high resoclution can be achieved.
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Figure 3-3. Sensor Electronics Assembly Functional Block Diagram
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The Inductosyn signals are amplified by special preamplifiers located

on the gimbal, and the resultant signals transmitted to the SEA for further

processing. Within the SEA, the signals are converted from amplitude to
phase format. Each pair, as decribed above is converted to a phase pair:

1l

Va V sin (met + ne)

[}

Vg V sin (.t - ne)

Thus, gimbal angle information now resides in the relative phase of the
signals, in "double-angle" form, i.e., the relative phase between VA and
VB changes twice as fast as no. These signals are then converted to
standard Togic signals, A and B, for use by the encoder logic. The
amplitude-to-phase converters are specially designed to preserve the
inherent Inductosyn accuracy. A computer analysis has shown a worst-case
error of x0.03 degree electrical for the converter itseif, excluding pre-
amplifier gain variations and zero-crossing detector propagation delay
variations.

The Encoder section is used to digitally measure the relative phases
of the A and B signals from the amplitude-to-phase converters, and thus,
to develop a digital quantity representing the gimbal angles.

Gimbal Control Electronics

The control electronics has two modes which are commanded by an
external computer:

1) Slew
2) Track.

In tne slew mode a servo summing junction is implemented in the

computer using the desired position profile and the SEA inductosyn readout.
The error signal from this junction is used to drive the gimbal servo elec-

tronics. A rate signal can also be commanded by the computer to augment
the gimbal response performance. Operationally, this mode is used to
position the gimbal so that a star will be in the field of view of the
SSuU. '
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If the SSU acquires a star, it will send a track signal to the com-
puter. The computer in turn will command the gimbal control electronics
into the track mode, Here the vertical defiection signal from the SSU
is used as the error signal to the gimbal servo electronics. The elec-
tronics will drive the gimbal motor until the SSU signal is nulled, i.e.,

the star is positioned midway between the top and bottom of the field of
view.

The servo design consists of a proportional plus integral mechanization
which eliminates gimbal hangoff due to static bearing friction. In both
modes the servo is damped by a rate signal derived from the inductosyn
information. The rate Toop is also implemented with a proportional plus
integral design %o compensate for running bearing friction.

3.1.3 Inertial Reference Assembly

The original plan for the PADS program was to receive a gyro assembly
for the laboratory tests from NASA/Goddard Space Flight Center (GSFC). This
assembly would have used the Bendix 64 PM RIG gyro in a configuration
similar to that for the International Ultraviolet Explorer Satellite.
However, procurement difficulties experienced by GSFC prevented use of this
gyro assembly on the PADS program. In its place GSFC subtituted an engi-
neering model version of the Orbiting Astronomical Observatory Inertial
Reference Unit (0AO/IRU). A detailed design description of this unit is
given in reference (3). The following description is extracted from this
reference and is limited to only those aspects relevent to the PADS testing.

3.1.3.1 General Description

The IRU used in the Taboratory tests consists of two packages: an
Inertial Package (IP) and an Electronics Package (EP). A test console was

also supplied by GSFC which provided an electronic interface capability with
the IRU.
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The test console provided all the necessary commands and power to
operate the IRU. Aside from the start-up and shut-down procedures, the
only interfaces with the test console during the PADS tests were manual
changes to the R-Term compensation for all three gyros. These changes
simpiified the quick look display of the gyro performance during the
testing.

A data interface unit was added to the test console by GSFC to transmit
the gyro outputs to the PADS data collection system. Each output consists
of a 16 bit word representing the inertial rotation about the gyro input
axis. The scaling is nominally 0.075 arc sec/count. The 16 bit word turns
over after approximately 1.4 degrees.

ji

The IP s a temperature controlled cube 9 inches on a side. It weighs
18 kg and contains three precision gyros, their control and readout
electronics, a frequency source assembly which provides the precision fre-
guency for all the electronics in the IRU and temperature control electro-
nics. Attached to the IP are radiator plates which conduct heat away from
the IP. Each radiator is approximately 7.6 x 22.9 ¢m in area.

The gyros mounted in the IP were fabricated at MIT. They are MIT
designed adaptations of the inertial grade 2FBG-6F floated gyro. The
2FBG-6F gyro was modified for the O0AD mainly by simplifying its construc-
tion and by improving its data bandwidth capability. The gyros are operated
with binary pulse restrained torque Toops. Torque data from the gyros are
processed as rate integrals (i.e., angles) in the EP and converted to digital
signals. The IRU's reference position about each axis can either be reset
or changed incrementally. The resets are enabled by programmed commands.
Incremental changes in position are limited to one axis at a time.

For the PADS tests the IRU was operated only in the HOLD mode. During
this mode, the rate capability is 15 arc sec/sec, or earth rate. The indi-
cated rate of each gyro output can be digitally compensated in the EP
(referred to as R-Term compensation).
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The gyro electronics, temperature control, and frequency source
electronics consist of potted cordwood modules and discrete components,
assembied into the following subassemblies: Frequency Source Assembly,
Temperature Control Assembly, Auxiliary Temperature Control Assembly,
Torque Generator End Assembly (TGEA) and Signal Generator End Assembly
(SGEA). Each gyro has a TGEA and SGEA mounted with it, and tuned to it,
to provide proper gyro parameters. A total of 21 cordwood wodules is used
in each IP.

£P

The EP 4is a rectangular assembly, 22.9 x 38.1 x 15.2 cm weighing 17.3 kgm,
made up of 3 electronic trays and an annex attached to tray 1. Contained
in the 3 trays and annex are 63 potted cordwood modules and a number of
discrete components, power transistors, transformers etc.

The EP contains analog, digital and hybrid electronics. There are 17
major electronics blocks including: power supplies, control units, input/
out units, logic and conditioning units.

3.1.3.2 IRU Performance

The IRU was tested at GSFC by personnel from Charles Stark Draper
Laboratory prior to delivery to TRW for the PADS tests. This testing is
described in Appendix C of this report. In summary, the tests showed that
the performance of all three gyros was degraded. The z(yaw) gyro was
especially bad.

Following setup and integration at TRW, the IRU performance was again
observed and found to be different from that measured at GSFC. This encour-
aged efforts to improve the IRU. Two actions undertaken did improve the
performance:

1) A rewiring of the power interface
2) A change in the thermal configuration.

The performance was again measured by CSDL and found to be significantly
improved. These resultis are also described in Appendix C.
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The gyro performance is described in Appendix C in terms of power
spectral density (PSD) curves. Another method which was used to character-

ize the

random drift of the gyros is to plot the standard deviation of the

gyro attitude as a function of sample time. Figure 3-4 illustrates the
approach which was taken. The standard deviation was calculated as:

where
N
38

Figures

N N 1/2
i

S = TITZ 38, -%Zae

i=1 j=1

the total number of samples

the attitude change over a sampie time At.

3-5 through 3-7 show the standard deviation plotted as a function of

sampte time for the three gyros. The data was derived from two runs taken
on 5 September 1975 and 19 September 1975. The first run duration was three
hours and gyvo attitude was recorded every one second. The second run
duration was 60 hours and the data was recorded every 100 seconds. When
available, 50 samples were used to compute the standard deviation.
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Figure 3-4. Characterization of Gyro Random Drift
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Figure 3-6. Y Gyro Random Drift
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Figure 3-7. Z Gyro Random Drift

The figures indicate that the standard deviations after 20 minutes
for the x and y gyros are 0.8 and 1.0 arc seconds, respectively. By
coincidence, these values are remarkably close to the value measured for
() p1so
by coincidence, both the x and y gyros and the Bendix gyros have a slope
of plus one (Tog-Tog plot) for 20 minute and Tonger samples. These
similarities between the malfunctioning IRU X and y gyros and the Bendix
gyro confirmed the decision to run the PADS tests with the IRU.

the originaily considered Bendix gyros, namely, 0.4 arc seconds.

The standard deviation for the z gyro is 4 arc seconds at the 20
minute sample time, and its slope is erratic. While this performance is
not ideal, it is cTose enough to the desired level for the gyro to be used
in the system tests. In the evaluations of the system tests results in
Sections 9 and 10, the effect of the poor performance of the z gyro on
system accuracy is pointed out.

A final comment is appropriate regarding the performance of the x and
y gyros. The time plots of gyro drift rate in Appendix C clearly indicate
that the dominant error characteristic is a squarewave variation with a
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period of approximately 17 hours. It is this characteristic which produces
the slope of plus one in Figures 3-5 and 3-6. Although unknown in origin,
this error is definitely deterministic in appearance.

3.2 SOFTWARE

The software design is, in general, characterized by achieving desired
system performance with the minimum of equation complexity. Throughout the
equation development, for example, models derived to compensate for sys-
tematic errors in the on-board system are simplified to the level consistent
with desired performance. In most cases, for example, this resulted in only
first-order terms being retained.

The software is designed to perform executive functions (program con-
trol, self-test, system test, etc,), attitude determination, and pointing
control in the case of the gijmbal star tracker. The attitude determination
software derives inertial attitude by integration of the gyro outputs, and
empioys a Kalman filter for periodic updates to bound the errors. Develop-
ment of the attitude determination equations required a variety of tradeoffs
to determine the appropriate algorithms and design approach. On the other
hand, development of equations for transformations, star selection, and
gimbal pointing is straightforward, although algebraically compiex.

Choice was available for selection of the kinematic variables used to
propagate rate through the required numerical integration. Euler symmetric
parameters were selected, as opposed to direction cosines, based upon the
use of a four, rather than nine, parameter system of equations; also, the
periodic renormalization that must be performed to combat computer roundoff
error is much simpler. A closed form solution is utilized, under the
constraint that the vehicle rate can be assumed constant cver each inte-
gration interval. The closed form solution tends to inhibit the truncation
error that would normally exist in the power series representation. Design
analysis was also conducted to establish the integration step size and the
effect of computer {roundoff and truncation) ervrors.

The Kalman filter state vector was limited to six elements {three
attitude variables and three gyro biases) to minimize the problem dimen-
sijonality while achieving desired performance. Additional states {such
as alignment/scale factor parameters in gyros and trackers) were found
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not to be justified based upon inherent accuracy/stability and/or relative
sensitivity. The extended Kalman filter formulation is utilized where
linearization takes place about the previous attitude estimate.

The Kalman filter requires a priori definition of the initial state
grror covariance matrix, the measurement noise covariance matrix, and the
state noise covariance matrix. The initial error covariance matrix reflects
the initial uncertainty of the state estimates, and the elements are selec-
ted a priori based upon the expected initial attitude uncertainty. There
appeared to be 1ittle influence of the initial estimate for error covari-
ance, but good design practice indicated selection of values Targer than
the actual expected initial attitude errors,

State noise arises principally from the gyro random drift, and the
elements of the state noise covariance matrix are derived a priori based
upon the estimated (measured) gyro noise statistics. The influence of
state noise on performance was determined by evaluating the relative error
as a function of state noise parameters. A value of the elements of the
state noise covariance matrix can be determined which corresponds analyt-
ically to the value of gyro noise assumring a white noise gyro model. The
tradeoffs indicate that a good design procedure is to utilize the analyt-
ically derived values for the state noise covariance matrix which corre-
spond to a conservative estimate of gyro noise.

The elements of the measurement noise covariance matrix are based upon
a priori estimates {measurements) of tracker noise. Tradeoffs were made for
selection of elements of the measurement noise covariance matrix utilizing
a parameter variation study employing various values of tracker naoise and
measurement noise covariance values, This tradeoff led to the indicatien
that performance can be best achieved through selection of elemenis of the
measurement noise covariance matrix which are, in fact, optimistic.

The PADS software is configured in a modular structure which will
permit operational flexibility, capability for growth, and ease of modifi-
cation. The software makes use of state-of-the-art techniques so far as
possible, consistent with the capability of present generation spaceborne
computer technology. The software is segmented into modules to be executed
under control of the PADS executive according to a preassigned interactive
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cycie. Individual program module interfaces have been allocated based upon
cycle requirvements of the main computation 1loops.

The following two sections explain those aspects of the PADS software
which are peculiar to the strapdown and gimbal systems and their respective
star trackers.

3.2.1 Strapdown System Test Associated Software

The sensor information provided by the Inertial Reference Unit (IRU)
and the Strapdown Star Tracker (SST) are inputs to the strapdown algo-
rithm, whose purpose is to establish system (spacecraft) attitude and
estimate the IRU drift rates. A top level program flow diagram is il1lus-
trated in Figure 3-8, 1Its first task is to read Tape 1 which contains
quantitative parameter values associated with the IRU and SST as well as
initial estimates {and their statistics) associated with both attitude
and gyro drift rates. Table %-1 in Section 9 specifies a typical list of
such inputs. Next a block of IRU and SST data is read into the computer
via Tape 4, with successive blocks read thereafter as the data is utilized.
For the PADS laboratory setup, the air bearing table angle is also input
via Tape 4, as it establishes the reference star line-of-sight to be
utilized by the SST. Next the attitude and drift state transition matrices
are initialized, and a time tagged slice of sensor data read from the com-
puter memory. If it is not time to terminate the run, the algorithm forms
angular rate estimates, applying appropriate drift rate compensations.

Next the actual attitude is estimated based upon the previous estimate and
the intervening angular rates. The system state can then be printed cn the
output tape (Tape 2), if desired, and unless there is SST data associated
with the present time slice, control returns to o for reading the next time
tagged data entry.

When SST data does appear, a countdown begins until that data is
actually utilized since the azimuth output of the SST becomes more accurate
towards the center of its field of view. Once the data is utilized, the
appropriate star is first identified, through use of the air bearing table
angle, and the SST output corrected to compensats for nonlinearities off
its boresight. The a priori estimate of expected SST output based upon the
estimated rather than actual attitude is next formed, and subtracted from

3-23

e S U




PRE—

READ SENSOR
PARAMETERS AND

N
g

4

.

INITIALIZE
STATE TRANSITION
MATRICES

INITIAL CONPITIONS

READ STAR TRACKER
AND GYRO LAB DATA
INTO COMPUTER ARRAY

—
¥
READ TIME AND

GYRO RATES FROM
COMPUTER ARRAY

FORAM ESTIMATED
SYSTEM ANGULAR
RATES

PRINT SYSTEM
ATTITUDE AND
GYRO DRIFT
RATES

ST __b

160 TOY

Figure 3-8.

-

FEAD TRACKER DATA
AND MAKE POLYN. MIAL
CORRELTIONS

hd

READ TABLE ANGLE
AND FORM REF STAR
DIR. COS.

¢

FORM ESTIMATED
STAR TRACKE!.
READINGS

v

FORAM TRACKER
MEASUREMENT
ERRQOR RESIDUALS

L d

PRINT ATTITUDE
AND ERROR MATRIX
COVARIANCE
APPLY KALMAN
FILTER ALGORITHM

PRINT ATTITUDE
AND ERROR
COVARIANCE MATRIX

GOY0 @

N

M

PADS Strapdown Software Flow Diagram

RS

[ e

{:mmsy

[ER——

A

N e o eitemarber el B b her < - 5e e a




the actual readings to establish azimuth and elevation measurement

residuals. The Kalman Filter algorithm is then applied resuTting in both
attitude and RGA drift rate updates. Also derived is an update of the

state error covariance matrix, which establishes to what extent the algorithim
believes its estimates. Control then returns to g for a new filter cycle,

A detai’ed listing of this computer program appears in Appendix A.

3.2.2 Gimbal System Test Associated Software

The computer program associated with the 8ST version of PADS is almost
identical to that associated with the SST version. The only significant
difference involves the replacement of the SST subroutine forming estimated
star tracker readings in Figure 3-8 by an equivalent GST subroutine. A
detailed 1isting of the GST version is presented in Appendix B.
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4, TEST CONFIGURATION AND ACCURACY !;- .

This section describes the iaboratory test configuration in relation-
ship to the simulated geosynchronous orbit environment. In addition the
potential Taboratory ervor sources are detailed.

4,1 SIMULATED ORBIT CONFIGURATION -

- The objective of the PADS system tests was to determine the perfor- ; t\?
mance capability of a PADS system in geosynchronous orbit through Taboratory
simulation. Two PADS systems were tested, one using a strapdown star
tracker, the other using a single-axis gimbal star tracker. The simulated ;%‘ é
- orbit conditions were the stellar optical stimuli and inertial angular rates |
i which would be experienced on a three-axis stabilized, earth-pointed satel-
lite in geosynchronous orbit.

f
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Before hypothesizing the orbit configuration of both PADS systems, a
. number of practical test Timitations had to be considered. The most impor-
; tant Timitation was that only one strapdown star tracker could be developed
under the scope of the program. Since practically no geometric Teverage is
obtained about the boresight of a 19 by 1° Field of view, this meant that
system performance would be achijeved only about the two axes normal to the
boresight: 1in essence, a two-axis test for the strapdown system.

R

v‘.‘.“'_" N B

Another limitation was the fact that it was technically impossible
within the scope of the program to accurately simulate bright object inter-
ference to the performance of the star trackers. In view of this, the

E assumed orientations of the tracker fields of view in orbit were picked
. with the objective to make sensor errors as nearly as possible one-to-one
with system errors.

s |

e

With these considerations in mind the simulated orbit configurations
which were arrived at are shown in Figure 4-1. It is seen that the strap-
down system is a two-axis system consisting of one narrow field of view and
two gyro input axes orth.gonal to the field and to each other. For maximum 1
star availability on the assumed uniformly distributed celestial sphere, the S
field of view points at the celestial equator. On the other hand, the gimbal . 3
system is & three-axis system since the 90 degree sweep of the tracker field i
of view does give adequate gegmetric leverage for three-axis tracker infor- ":!
mation, supplemented by the three orthogonal gyro axes. The centeyr of the :
sweep is also pointed to the celestial equator for maximum star availability.
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Figure 4-71. Simulated Orbit Configuration

The driving function for star update frequency is the random drift of
the gyros. For the class of gyro considered on PADS a nominal update
period of 20 minutes has been chosen in order to result in a total system
accuracy of 0.001 degree. Using the equations developed in Volume I,
Section 2.2, a 20 minute period in the case of the strapdown star tracker

gives a probability of at Teast one star occurring in the field of view of:

p = 0.9963
For the gimbal star tracker a 20 minute period gives a probability of
p = 0.9736

To make the probability for the gimbal tracker equal to that of the strap-
down tracker the update period must be extended to 32 minutes.

For the PADS testing the decision was made to make the star update
period 20 minutes for both strapdown and gimbal cases. This is equivalent
to acquiring a star every b degrees of right ascension in geosynchronous

orbit. In the analysis of the test data a parametric analysis of the effect

of update period was obtained by skipping updates. In this manner 20, 40,
and 60 minute update periods were obtained. This approach was taken since
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it simplified test procedures and avoided Tonger test runs in the case of
the gimbal system. Comparison beiween the two systems was made on the
basis of the parametric analyses.

Three different star declinations were used in the case of either
system., For the strapdown system the purpose of multiple declinations was
to exercise the accuracy of the tracker at more than one place in the
field of view. The three declinations were:

e Star 1: 911.6 arc sec (0.39)
8 Star 2: 0.0 arc sec (0.0°)
e Star 3: -326.0 arc sec (-0.19)

For the gimbal system the motivation for three declinations was to obtain
three-axis star tracker information as well as to exercise the accuracy
of the gimbal readout. Here the three declinations were:

@ Star T: 53814.9 arc sec (14.9%)

e Star 2: -14564.8 arc sec (-4.0°)

e Star 3: -82958.0 arc sec (-23.0%)
4.2 LARORATORY TEST CONFIGURATION

The key distinguishing feature of the Taboratory test configurations
for both the strapdown and gimbal system tests is that a ground-fixed
test is implemented. The earth itself is used to simulate the inertial
motion of an earth-pointed geosynchronous satellite. This is accomplished
by mounting the PADS sensors stationary to the Taboratory floor, which
itself is a seismic pad isolated from building vibrations. The stellar
optical stimuli are simulated by sweeping collimating star beams past the
stationary PADS sensors. Ideally, the star beams, which are revolving
at earth rate relative to the laboratory, are stationary in inertial
coordinates since their rotation relative to the laboratory cancels the
rotation of the Taboratory, or the earth, relative to inertial space. In
practice, since it was more practical to have the rotation axis of the
stars vertical in the Taboratory, and since the Taboratory location was in

Manhattan Beach, California, the star line-of-sights actually were rotating

in inertial space. However, since the stars were revolved at earth rate

4-3



relative to the star trackers, the test configuration still satisfied the
objective of the tests, namely, to evaluate the performance of the PADS

systems.

Isometric representations of the strapdown and gimbal configurations
are shown in Figures 4-2 and 4-3, respectively. Table 5-1 in Section 5
identifies the nuwbered equipment. Photographs of the actual configurations
are shown in Figures 4-4 through 4-17. Figures 4-4 through 4-10 show detaiis
of the star stimulus of the strapdown star tracker. Stimuius of the gimbal
star tracker is shown in Figures 4-11 through 4-16. The inertial reference
assembly is shown in Figure 4-17.

The ground-fixed test provided two major advantages over the conven-
tional approach of rotating the PADS on a rate tabie in the center of a
room, and placing multiple star sources around the room which point at the
rotating PADS. The first advantage is that the ground-fixed approach is
compatible with the parallel beam star stimulus technique described in
the following section. This technique is essential to providing laboratory
instrumentation knowledge of star locations with one arc second accuracy.
The technique is not compatible with the rate table and multiple stars
approach. The second advantage is that the artificial subtraction of
earth rate from the gyro outputs is not necessary in the ground-fixed
approach. In fact, it becomes technically dubious in the rate table approach
since a vector of the same magnitude as that produced by the rate table must
be subtracted from the gyro outputs.

In the ground-fixed test approach, the PADS axes are identical to the
laboratory axes. Both are physically defined by optical surfaces on the
star trackers. The strapdown star tracker uses the normals to two faces of
an optical cube to define the axes. The gimbal star tracker uses an ortho-
gonal set of axes whose orientation is defined relative to three mirror
surfaces on the tracker base. Star orientation relative to the Taboratory
(and PADS) axes is measured by Taboratory instrumentation.

The PADS output is a continuous estimate throughout the length of the
test run of the attitude of the PADS axes relative to their jnertial atti-
tude at the start of the test run. For performance evaluation this output
is compared to the continuous inertial attitude of the physically defined
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Figure 4-5,

View of Strapdown Configuration From Back of
Theodolite
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Figure 4-6. Front View of Theodolite

Figure 4-7. Back View of Theodolite
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Figure 4-8,

View of Automatic Autocollimator From Right
of Star Source

Figure 4-9.

View of Automatic Autocollimator From Left
of Star Source
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Figure 4-10. LED Assembly on Star Source "4

Figure 4-11. View of Gimbal Configuration
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Figure 4-12. View of Gimbal Configuration From Back of
Theodolite

Figure 4-13. Side View of Theodolite and Doubie-Sided
Mirrovr
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Figure 4-14. Theodolite View of Mirror Assembly in Reference
Position

Figure 4-15. Stationary and Rotating Mirrors in Star 2
Position
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Figure 4-16. Stationary and Rotating Mirrors in Reference
Position

Figure 4-17. Inertial Reference Unit
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PADS axes. This attitude is derived from the inertial attitude of the
laboratory axes at the start of the test and from knowledge of the rate
of the earth's rotation. The star orientation is measured relative to
the laboratory axes. It is important that the star orientation in labor-
atory axes be known very accurately using laboratory instrumentation.

An error in knowledge of the star position will result directly in an

error in the performance evaluation of the PADS. L

4.3 PARALLEL BEAM STAR STIMULUS TECHNIGUE

The key test configuration accuracy requirement is to know the orien-
tation of the star line-of-sight relative to the laboratory axes, which
in this case are also the PADS axes. Since the PADS performance require-
ment is 3.6 arc seconds per axes, knowledge of the star orientation must
be significantly better than this value. By using a parallel beam star
stimulus technique an accuracy approaching one arc second was obtajned.

The paraliel beam technique is perhaps best illustrated by the top
view of the strapdown system test configuration shown in Figure 4-18.
Functionally, the performance of a star transit (defined as a sweep of a
star through the field of view of the tracker} is straightforward. The
collimated star beam from the star source is reflected off the rotating
mirror mounted on top of the air bearing table. The table is turned at
half earth rate so that the reflected star beam sweeps past the star
tracker at earth rate. In order to measure where the star beam is relative
to the PADS axes, i.e., the optical cube on the right side of the star
tracker, the coliimated beam from an automatic autocollimator is trans-
mitted paraliel to the star beam. The normal to the front face of the
cube is the defined boresight axis of the tracker. When the star beam
(Star 2) is concident with the boresight axis, the autocollimator beam
will be normal to the front face, and the horizontal and vertical output
of the two-axis autocollimator will be zero.

This use of the automatic autocollimator is suitable for a static
indication of the star orientation in a small region around the boresight
axis. However, its limited range (250 arc sec) and dynamic response (0.13
arc sec per arc sec/sec) make it unsuitable for a star sweeping through

@ erjﬂt}@@ﬁdl 4 CH Fhm
4-14 AT, BAGT TT PO

AR WA A

&!‘;ﬁ\;&“_"-ﬁiﬁt&w"‘bh"”"' o nariiey

T S

PP TV

AT L it 3 St a1t L. % v am o TN




SL-v

f“‘ ; Lemed LB (BEB]  [RE ] G pEe) Paesd) Csesd Ceewd (e LT3 Bl oo Benr O
3
INERTIAL REFERENCE UNIT ?LF‘BEEAR'NG
STRAPDOWN
STAR TRACKER \ ROTATING MIRROR
-
A A
XNIAZ ]
X i
' 3? Xz‘ /
IAy
X4
THEODOLITE / -
/ AUTOMATIC / AUTOCOLLIMATOR MIRROR
DOUBLE SIDED MIRROR AUTOCOLLIMATOR
GRANITE TABLE ]
PRECISION STAR sounce/
Figure 4-18. Strapdown , tem Test Configuration
B oot i i " ) '\.7. ‘.,_..I‘_ o ;‘




R T

“he 1° Field of view at earth rate during a star transit. For this case
the air bearing table readout is used. The zero reference for the read-
out is obtained by making a static table reading at the boresight position
indicated by the automatic autocollimator.

So far the discourse has been limited to measuring the location of
the center star (Star 2) relative to the PADS axes. By independently
measuring the relative locations of the other iwo stars to the center
star, their Tocations relative to the PADS axes can also be determined by
the parallel beam technique. The independent measurements were made with
a theodolite. The gravity vector was used as a reference for rotations
about the boresight axis.

The key to the successful impiementation of the parallel beam method
is the ability to recalibrate as frequentiy as necessary the parallelism
between the collimated center star and autocollimator beams. This is
facilitated by use of the thecdolite and double-sided mirror shown in
Figure 4-18. The double-sided mirror is positioned half way in front of
the aperture of the theodolite. The backside mirror is positioned per-
pendicular to the theodolite boresight by usinﬁ.%he autocollimator feature
of the theodolite. Since the frontside mirror is parallel to the backside
mirror, the normal to the frontside is then parallel to the telescope
boresight of the theodolite., Both can now be used to calibrate the paral-
lelism between the two collimated beams. The air bearing table is rotated
until the star beam is along the boresight of the theodolite. When this
condition exists, the automatic autocollimator will adjust its beam normal
to the frontside mirror. Any,deviations from zero of the autocollimator
horizontal and vertical outputs represent its null bias errors. The utility
of this recalibration method is that it can be performed at any time during
a test period.

The operational procedure which was developed during the test phase
was to recalibrate in two stages. The strapdown or gimbal test consisted
of four runs, four hours or longer in duration, which were performed over
a ten day period. Since the star source beam would drift relative to the
theodolite up to a couple of arc seconds per day, and since the air bearing
table readout zero position would also shift from turn-on to turn-on, the
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two collimated beams were realigned paraliel at the start of each run. This
was accomplished by driving the table to the reference (theodolite) position,
adjusting the theodolite so that the center star was on boresight, adjusting
the double-sided mirror face normal to the boresight, and then adjusting

the autocollimator mirror to give zero horizontal and vertical output

for the automatic autocoliimator. The alignment of the star and double-
sided mirror to the boresight was also checked at the end of each run to
verify that no detectable misalignment occured. This was Tound to always

be the case. During the four or five hour test run, however, the automatic
autocollimator would drift up to three arc seconds. Therefore; before the
start of each star transit (20 minutes apart), the table would be driven to
the reference position and the autocollimator zero position recalibrated.

By using this operational procedure the only temporal stability require-
ments necessary for the entire test configuration were:

1) A four or five hour stability of the star source relative
to the theodolite

2) Approximately a five minute stability of the autocollimator
beam relative to the star beam. Stabilities better than
one arc second were easily obtained by using a thermally
passive star source and the Davidson Model 696 autocollimator.

4.4 LABORATORY ERROR SOURCES

The PADS system axes are defined by the optical cube, The computer
axes are an analytical entity and represent the computed estimate of the
orientation of the system axes relative to a set of reference axes. The
computed estimate is derived from gyro and star tracker information. The
reference axes are defined to be the inertial attitude of the system axes
at the start of the test period.

The test purpose was to compare the attitude of the computer axes with
that of the system axes, where both are expressed relative to the reference
axes. The system attitude error is indicated by

~ . T
Avz " Mz

where AXZ and sz are the direction cosine matrices of the computer and
system axes, respectively, relative to the reference axes.

4-17

. i
i




.t
S N

b o e i S s

——_— i

The matrix AXZ js computed from the initial estimate of its orientation
relative to the reference axes (which are also the system axes at test
start), and from the output signals of the gyros and the star trackers.

The matrix sz is computed from knowledge of the initial orientation of
the system axes at test start relative to the earth rate vector, and from
time.

Figure 4-19 provides a useful representation of the coordinate axes
and star vectors involved. Misalignment between computer and system axes
is indicated at a star update time as the difference between:

1) Where the star should be in computer axes

2) Where the star is actually measured in system axes by the
star sensor.

Where the star should be in computer axes is calculated as a function of:

1) The direction cosine matrix (or quaternion) relating the
computer axes to the reference axes

2) A star catalog which describes where the star is in the
reference axes,

This difference is then used (via a Kalman filter) to correct the direction
cosine matrix. In between star update times, the incremental attitude change
measured by the gyros is used to change the direction cosine matrix.

In the PADS t1aboratory test configuration the star catalog information
is partly measured and partly analytical. The autocollimator directly mea-
sures where the star is in system axes, but the orientation of the system
axes to the reference axes is an analytical relationship established by
definition and the laboratory measurement of time.

Thus, Taboratory measurement accuracies can be divided into two Tinks:
1) The attitude of the system axes relative to reference axes
2) Star position relative to system axes.

The following sections describe the errors associated with both.
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Figure 4-19. PADS Coordinate Systems

4.4,7 PADS System Attitude Uncertainties

Consiader first an error in the matrix AXZ at the start of the test due,
for example, to incorrect knowledge of the Tatitude of the Taboratory. This
error will not evidence at a star update since AXZ is used in both those
quantities which are differenced and input to the Kalman filter. The error
will cancel itself. On the other hand, it will appear initially in the
gyro outputs. But, after a number of star updates, the filter will attri-
bute the error to a gyro bias and thereafter compensate for it. Since the
PADS system experiences a constant rate vector (earth rate) throughout the
test, this error is indistinguishable from actual gyro bias error, scale
factor errors, or input axis misalighments. However, separately identifying
these error sources was not considered essential to the test objective of
determining the PADS performance capability.

Seismic disturbances of the laboratory during a four or five hour test
run will directly affect the Taboratory evaluation of PADS. These distur-
bances will evidence as a random drift component in the gyro cutputs.
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However, from the measurements of the O0AO0/IRU performance both at GSFC and
TRW it is clear that the gyro errors will completely predominate over
possible seismic motions of the isolated laboratory floor.

Summarizing, neither static nor dynamic errors in describing the
orientation of the PADS axes relative to inertial space significantly affect
the laboratory evaluation of the PADS accuracy.

4,4,2 Star Position Measurement Errors

Determination of star position relative to the PADS system axes
represents the major laboratory measurement error affecting the laboratory
evaluation of the PADS accuracy. Since the PADS accuracy goal is 3.6 arc
sec {10}, the goal for this error source arbitrarily was selected to be
0.36 arc seconds {1c), or 1.1 arc seconds (30). The ground rule was estab-
lished that no attempt would be made to improve the measured PADS accuracy
results by subtracting out either a statistical or deterministic measure of
the Taboratory errors.

Accuracy in knowledge of star line-of-sight position relative to the
PADS axes is limited by three types of errors:

1) Absolute Errors. This term refers to systematic error
sources which are present for all test runs.

2) Repeatability Errors. These are errors due to the
realignment of the paraliel beams prior to each test run.
These errovrs are random from run to run, but constant for
any one run.

3) Random Errors. These errors are random for any sequence
of star measurements made either during a star transit or
from transit to transit.

A further distinction which has been made is whether or not an error affecis
all three stars in the same manner, or if it is uncorrelated from one star
to the next.

The error sources for the PADS test configurations are shown in
Table 4-1. Since the purpose of the test program was to determine the
performance capability of PADS, the systematic error of 3.3 arc seconds
for all three stars, during all test runs, was not considered relevant.
This error will not show up in the test results since both star trackers
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Table 4-1.

Star Measurement Errors

- 1. Absolute Errors — A}l Runs

i Star Position Measurement

- Table Readout Accuracy

e Table Readout Quantization

Strapdown System Gimbal System
Error Source Error — Arc Sec Error — Arc Sec
A1l Stars Star to Star A}l Stars Star to Star
{30) {30} (30) (3x)
0.0 0.6 0.0 1.2
Star Beam Collimation 0.0 0.0 0.0 0.0
Star Intensity Uniformity 3.0 3.0 3.0 g.0
Double-Sided Mirror Nonparallelism 1.0 0.0 1.0 0.0
Thepdolite Boresight Alignments 0.7 0.0 0.7 2.9
Theodolite Spherical Aberrations 0.0 0.0 0.0 0.0
Theodolite Circle Accuracy G.0 0.6 0.0 N
Theodolite Level Accuracy 0.0 8.0 - -
0.3 0.0 - -
i gss | 3.3 3.2 3.3 1.3
2. Repeatability — Run-to-Run
Theodolite FOV Precision 0.6 0.0 0.6 0.0
3. Random — During Run
Autocollimator Noise - 0.2 - 0.2
Autocollimator Drift - 0.0 - 0.0
Autocollimator Scale Factor Error - 0.3 0.3
- 0.6 - 0.5
RSS 0.7 0.6

1. Not relevant to PADS test.

2. Elimipated by fiald of view calibration and compensation.

e -
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are initially aligned using the same test configuration. It would surface,
however, if the same PADS hardware, aligned using the laboratory configura-
tion, were operated in orbit. The star to star absolute error of 3.1 arc
seconds for the strapdown system also was eliminate - by performing a strap-
down star tracker field of view calibration and compensation using the same
test configuration. As described in Volume I, Section 7, this was necessi-
tated by inconsistencies discovered in the initial calibration data for the
strapdown star tracker. A1l the remainder of the errors do affect the PADS
performance results, and in combination (RSS) give 0.9 arc seconds {30) for
the strapdown system and 1.6 arc seconds (30) for the gimbal system.

The most significant fact regarding the errors listed in Table 4-1 is
that no significant error source due to temporal instabilities or drifts is
present. As previgusly mentioned, this is a result of use of the parallei
beam technique.

The following sections describe in detail the error sources listed in
Table 4-1.

4,4.2.17 Star Source

The primary requirement for the star source was that it be stabie to
within an arc second throughout a four or five hour test run. This require-
ment was met by constructing a thermally passive source consistirg of a
Davidson (Model D-278) reflective bench and Tow power LED point sources.
Since every part of the source was essentially at room temperature, no
thermal deformations were possible.

The optics consist of a parabolic primary mirror with a focal length
of 272 cm, and a flat secondary mirror. The aperture diameter is 40.6 cm
with a center obscuration of less than 5.1 cm diameter.

The LED point sources are mounted in an aluminum plate which has a
giass photographic plate bonded to its front side. The star images are
formed by the photographic plate. Figure 4-20 iTlustrates the angular size
and spacing of the three stars used in the strapdown system test. The
vertical reference in the figure is the gravity vector with the plate in
position for the strapdown test, and the stars as seen looking into the
star source. The measurements were made with the Kern DKM3 theodolite.
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. Figure 4-20. Angular Measurements of the LED Sources
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The theodolite was placed in the same position in the collimated beam
occupied by the strapdown star tracker. Each angle is the average of three
measurements. Of the six angles the maximum standard ceviation about the
mean is 0.4 arc second; the peak deviation from the mean is 0.9 arc second.
Using the maximum standard deviation, the standard deviation of the mean is
0.2 arc second.

For the gimbal test the center star was used together with a number of
mirrors to produce the three different star elevations. A stationary mirvor
and three rotating mirrors were used to deflect the star beam. The mirrors
were adjusted so that the star beam was normal to each of the three refer-
ence mirrors on the side of the gimbal star tracker base. This was accom-
plished by first adjusting the star beam parallel to the automatic auto-
collimator beam, and then adjusting the rotating mirrors so that the
autocollimator beam was normal to each reference mirror face. Immediately
following this adjustment, the tracker was removed, the theodolite inserted
in its position, and the three star angles were measured. Figure 4-2]
i1lustrates the measured angles. The reference axes are the gravity vector
and an arbitrary azimuth. Each angle is the average of three measurements.
The maximum standard deviation of the six angles is 0.7 arc second; the
peak deviation from the mean is 1.0 arc second. Using the maximum standard
deviation, the standard deviation of the mean is 0.4 arc second. The
increase in measurement error over that obtained for the LED sources was
due to two effects:

1) A drift trend in the measurements, probably due to mofion
of the deflection mirvrors

2) Less precision in centering the theodolite crosshairs over

the square star which was tilted for the gimbal tests.

The stars were made square to improve the repeatability of the field
of view positioning of the thecdolite. Figure 4-22 shows the vertical
crosshairs of the DKM3 positioned over a star. The star was made large
enough so that a strip approximately 2 arc seconds wide appeared outside
of the crosshairs. The operator would position the instrument so that both
strips appeared equal in width. A 0.5 arc second error in centering would
produce an easily discernable 60 percent difference in strip widths,
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Figure 4-21. Angular Measurements of the Gimbal Star Sources
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Figure 4-22. Theodolite Field of View Centering

The drawback in making such Targe stars is the susceptibility to non-
unformities in the iliumination within the 28 arc second star. Although
the stars appeared uniform visually, there is no assurance that the centroid
in the spectral bandwidth of the star tracker will be at the geometrical
center of the star. Based on experience gained from the unit calibrations
of the strapdown star tracker {Volume II, Section 7), a 4 percent error, 1.0
arc second (la), was attributed to this source. Although the error could
be measured by noting the star tracker output before and after rotating
the star 180 degrees, this was not done because of the jrrelevance of the
error to the PADS test results.

Again, because of the objective of the PADS tests, it was technically
justifiable to use LED sources instead of light with a spectrum more nearly
approaching that of starlight. The intensity of the LED was adjusted to
give the same anode current from the image dissector in the star tracker
that the convolution of starlight (G0, 6000°K) with the nominal S20 photo-
cathode response would produce. For the strapdown tracker, 8 MV stars were
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simulated; the gimbal tracker used 3.5 Mv stars. The tracker performance,
and hence the PADS performance, is a function of the anede current, and is
insensitive to the spectrum of the Tight producing the current, providing
the intensity is such as to always produce the same curvent.

The collimation accuracy of the reflective bench is specified to be
2 arc seconds over the entire 40.6 cm aperture. Using the center star
(on the focal axis), the collimation was checked around the area of the
tracker and theodolite apertures shown in Figure 4-23. The theodolite
together with a separate reference mirror mounted on the granite table was
used. No colTimation error, significant relative to the repeatability of
the DKM3, was observed.

In the case of the strapdown test, a collimation error is caused by the
top and bcttom stars not being on the focal axis of the parabolic mirror.
However, this did not cause a test error since the relative star positions
were measured with the theodolite in the same position occupied by the
star tracker.

AUTOCOLLIMATQR APERTURE

SST QPTICAL CUBE
D.B16 MIRAOR

412
THEODOLITE APERTURE

SST APERTURE

P X-CM

1-8

Figure 4-23. Aperture and Mirror Geometry
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4,4,2,.2 Doubie-Sided Mirror

The double-sided mirror is a Davidson (Model D-616) adjustable refer-
ence mirror. By manufacturer specification the two first-surface mirrors
are paraliel to within one arc second.

Non-paralielism between the twe mirror surfaces will result in a one-
to-one non-parallelism between the center star bean and the automatic auto-
collimator beam. This will appear as an absolute error common to all stars.
Since this type of error is not relevant to determining the performance of
the PADS systems, the parallelism was not checked in the Taboratory,

4.4,2.3 Theodolite
The theodolite serves two functions:

1) Alignment of the center star and automatic autocollimator
beams to a paralilel condition

2) Measurement of the relative angles between the three stars
used in bath the strapdown and gimbal system tests.
These functions are the 1imiting factors in the accuracy of the laboratory
instrumentation for the PADS tests. Consequently, the Kern Mcdel DKM3
theodolite was used throuchout the testing since it provides significantly

better readout precision than other theodo]ites.(s)

Alignment of the star and autocollimator beams involves two steps:
1} Centering of the star in the telescope crosshairs

2) Adjustment of the double-sided mirror to center the auto-
coilimating reticule return image in the crosshaivrs.
Although the micrometer readout was used to facilitate the Tirst step, final
verification of the alignment was through the telescope eyepiece and was
independent of readout repeatability errors.

Repeatability in centering either the square star image or the reticule
image in the crosshairs was measured indirectly by making two sets of mea-
surements:

1) Sixteen micrometer readings wherein only the micrometer
was moved after each reading

2) Sixteen micrometer reading wherein both the micrometer and
the telescope were moved.
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No statistically significant difference in the standard deviations of the
two sets of readings was observed. The conclusion reached was that the
centering repeatability is better than the readout repeatability. The
latter falls within the range 0.2 to 0.4 arc second (lo), depending on the
ability and disposition of the observer. Arbitrarily, the centering
repeatability was assigned the value 0.2 arc second (lo).

A bias error in the alignmeni of the iwo beams can be introduced by
the autocollimation technique used in the DKM3. A cube beamsplitter is used
and the crosshair pattern and the autocollimating negative reticle are fixed
to the sides of the cube. Coincidence of the telescope and autocollimating
boresights was measured by first aligning the star and double-sided mirror,
and ther plunging and reversing the theodolite and measuring any indicated
deviation. The misalignment between boresights was found to be 0.7 arc
seconds for the horizontal axis and negligible relative to the readout
repeatability for the verticle axis.

A final error source which must be considered in the alignment of the
two beams is the spherical abberation of the DKM3. This error arises
because half the aperture of the telescope is covered by the double-sided
mirror. It was minimized by adjusting the telescope focus so that no
discernable star motion was observed with either a full aperture or half-
covered aperture. Once set, the focus was not moved throughout the ten day
system test.

Measurement of the angular position of the top and bottom stars relative
to the center star is subject to three types of errors:

1} Micrometer readout repeatability
2) Horizontal and vertical circle accuracy
3) i arizontal axis runout {gimbal test only).

The first error can be minimized by repeated readings. No instrumentation
was available to measure the second error. However, circle accuracy for the

DKM3 instrument has previously been measured(s) as 0.2 to 0.3 arc second (la}.

Arbitrarily, 0.2 arc seconds (l¢) was assumed. Since the three stars for
the gimbal system test are approximately 20 degrees apart, bearing runout
in the horizontal axis of the theodolite is a factor. Unfortunately, no
information is availablie for this error source.
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LeveTling of the theodolite can easily be accomplished within one or
two arc second. In the case of the three stars for the strapdown system
test, where the maximum star separation is 911 arc seconds, this is a
negiigible error source. For the three stars in the gimbal system test
this error source is irrevalant since only the relative star positions
are measured with the theodolite. Their absolute alignment relative to
the gimbal star tracker axes is determined using the star sensor boresight
as explained in Section 10.2.

4.4.2.4 Air Bearing Table Readout

The air bearing table and readout electronics are made by Fecker
Systems Division, Qwens-I11inois. The performance parameter critical to
the PADS system tests is the stability of the angle readout. This readout
is a 2] bit digital word with a scaling of 3600/221 counts, or approximately
0.6 arc second/count.

Following a four hour warmup period, the stability of the readout was '
checked by positioning the tabie so that an equal motion in either direction "l
was required to change the readout by one bit. No change in the readout was
noted thereafter for periods up to 24 hours. b

For the strapdown system test the table readout is used over a 1/2D -
interval to provide a laboratory measurement of the horizontal Tocation of '
a star in the tracker 1° by 19 field of view. Consequently, the readout
was calibrated over this range using two different makes of thecdolites to
provide independent references. A Kern DKM3 and a Wild T3 were the
theodoTites used in the calibration.

Five calibrations were made using the T3 over a period of 12 days.
Two months later ’'ree calibrations were made with the DKM3. A different

section of a * .- dolite circle was used for each calibration with that
instrument, :?

The results of the T3 and DKM3 calibrations are shown in Figure 4-24.
The agreement between theodolites is excelient. The temporal stability of :
the error is also high since the curves were taken two months apart. -
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' Figure 4-24. Data Results over 1/20 Interval |
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A 256 cycle error is expected in the readout since a 512 pole Inducto-
syn is used. Consequently, the data in Figure 4-24 was modeled as

~ “
y1 = X%t |sin 2 6 - N—%—l) %ﬁ- Xy +
i P
B ]
+ jcos 2u G - EL%—l) %9- X T =1, 2, .., 10
p—
where
N = 11
A8 = 188 arc seconds
ep = 5062.5 arc seconds

The observation equation for .11 data points representing the average of
the two curves in Figure 4-24 1is

y = AX
The best fit in the Teast squares sense is

-~

X (ATA)'1 ATy

Solution of this equation using a computer program gave the parameters

X-[ = 0.8
Xz = ].2
x3 = 0.8

The standard deviation of the residues between the model and the 11 data
points was 0.1 arc second.
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In the case of the strapdown system test a total of three measurements
in the field of view were made per star transit. Consequently, the optical
angle (twice the table angle) quantization is

_ _32(0.6)
S 3 /T2

Qg = 0.6 arc second (30)

For the gimbal system test a single measurement is taken per transit,
In addition, the optical and table angles are the same. The quantization
is then

0'6
Q = 3 -
@ Tz
Qg = 0.5 arc second (30)

The response of the table readout to a constant rate is 1 arc sec per
rad/sec. Since the maximum table rate during testing was 15 arc seconds/
second, the lag in the angle readout is negligible.

4.4,2.5 Automatic Autocollimator

The two-axis autocollimator used in the PADS tests was a Davidson
(Mode1 696} Automatic Autocollimator. The excitation of the output poten-
tiometer was adjusted to give a scaling of 0.15 v/arc second.

For all of the test runs the output of either axis of the autocollima
tor never exceeded ten arc seconds. Since the excitation voltage was con-
troiled to better than 1 percent, the scale factor error never exceeded

1

0.1 arc second. Of greater importance was a noniinearity in the poten-
tiometer output for the horizontal axis near null. This error amounted to
0.3 arc seconds deviation from an otherwise linear output.

The noise in the autocollimator output was filtered through a 20 sec-
ond RC time constant mechanized in the digital computer. This reduced the
noise level to 0.2 arc second (peak}.
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With the paraliel beam star stimulus technique the bias drift of the
autocollimator is calibrated before each star transit. This is accomplished
by first directing the star and autocolilimator beams at the theodolite and
double-sided mirror and measuring the autocollimator bias. Next the beams
are directed at the star tracker. A change in output between positions
indicates the angle between the star beam and the normal to the reference
mirror surface on the tracker.

The maximum drift of the autocollimator output observed during any of
the eight test runs was 2 arc seconds for a four hour period. Since it
took approximately 5 minutes of data to measure the steady-state output
values at the reference and star positions, the effect of the drift was
negligible.

4-34

e e o ot




5, TEST FACILITY DESCRIPTION

| A general description of the PADS precision test facility is presented
b in this section. The facility layout, test equipment, and electronics are
| discussed.

5.1 FACILITY LAYOUT

The PADS precision test facility is located in TRW Building M5,
Room 0222, Manhattan Beach, California. The test facility consists of
four areas: 1) a ltaboratory, 2} a control platform, 3) a computer area,
and 4) a work area. Figure 5-1 is a floor plan of the facility.

GIMBAL STAR TRACKER
AIR BEARING TABLE J; N
-
STRAPDON \ W ]
STAR TRACKER~—.] | O
1 |/
—«— SUPPORT
@ ELECTRONICS
GYRO _ ‘
REFERENCE ) [] AR
ASSEMBLY ,//r\kj
STAR SOURCE AZIMUTH
CONTROL REFERENCE
PLATFORM
DARK ROOM
//\\\ COMPUTER
— - — , —d| TERMINAL\\
[ cDC 1700
\ DIGITAL
A COMPUTER\\\
R WORK AREA 7
\ 1
\ ]
o
N
»\\\ A \\\\\_\\l | BN - N N Y Y L

Figure 5-1. Test Facility Floor Plan

The 1aboratory is a dark room which is located on a seismic¢ pad
isolated from building vibrations. The pad rests on a sand base. The
laboratory has its own air conditioning system which controls the air
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temperature to 0.6°C. Whenever it was practical, all heat generating test
equipment was located on the control platform to minimize thermal gradients
within the Taboratory. Equipment installation settling times greater than
60 days were allowed for both rotary tables, the granite tables, and the
star source.

A1l electronic equipment necessary to monitor and control the system
tests was located on the control platform. This area functioned as the
center of activity throughout a test run.

The computer area contained the CDC 1700 digital computer and two
computer control terminals. ATlthough this computer implemented the con-
trol of various equipment during a test run, control of the computer it-
self was exercised from switches on the control platform. The terminals
were used to initialize the program before a test run and for debugging.

A photographic montage of the facility is shown in Figure 1-3. The
top photograph (a split photo) shows the inertial reference unit on the
left together with its console and the rate table console. Since a
ground-fixed test method was used, the rate table console was inoperative
during all test runs. The star trackers and their associated test equip-
ment are shown on the right. The test console shown on the rear wall is
for unit testing of the strapdown star tracker and was also inoperative
during the test runs. In addition to the two electronic consoles on the
control paltform, two stripchart recorders were present to display quick
look data, an oscilloscope for troubleshooting electronic failures, and a
dask and hookcase for data storage.

5.2 LABORATORY TEST EQUIPMENT

The test equipment used in the laboratory fer beth the strapdown and
gimbal system tests is listed in Table 5-1. The item numbers refer to the
balloon numbers in Figures 4-2 and 4-3 which are isometric drawings of the
Taboratory configurations. Items 28 through 31 are not shown in the fig-
ures. Item 28 is a shutter to block the autocollimator 1ight beam from
entering the star tracker aperture. Items 29 through 31 were used for
initial alignment of the laboratory equipment. Item 32 monitored the
laboratory temperature.
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Table 5-1.

Laboratory Equipment

Test

Strap

Name

Type

Relevant Specification

Star Source

LED Point Sources

Table

Autecollimator Stand
Automatic Autococtlimator
Adjustable Mirror
Rotating Mirror

Mirror Mount

Air Bearing Table
Theodolite

Adjustable Mirror

Mirror Stand, Strapdown Test
Granite Table

Granite STab
Strapdown Star Tracker

Optical Cube

Star Tracker Stand

Rate Table

Inertial Reference Assembly
Deflection Mirrors
Rotating Mirror Fixture
Stationary Mirror Fixture
Reference Mirrors

Gimbal Star Tracker
Granite Riser

Granite Block

Mirror Stand, Gimbal Test
Shutter Assembly
Theodolite

Vertical Mirror

Bubble Level

Jemperature and Humidity
rauge

Davidson Reflective Benth
Model D-278

TRY

TRY

TRY

Davidson Model D-696
Davidson Model D-616
Ransom 10 in. diameter
TRY

Fecker Dwg 256-001
Kern Model DKI3
Davidson Model D-616
TRW

Callins Microflat

Coilins Microflat
TAN

Mark Optical

TRY

Inland Model 712
NASA/GSFC GAC
Ransom 1 in. diameter
TRNW

I TRU

i Rolyn

TRY

Collins Microflat
Ceilins Microfiat

TRY

TRY

Wild T3

Farrand No. 88504
Starrett No. 199

Honeywell

2 arc sec collimation accuracy

0.1 art sec resolution
1/8 wavelength flatness

1/10 wavelength flatness

0.6 arc sec readout resolution
0.2 arc sec accuracy

1/8 wavelength flatness

1/8 wavelength flatness

1/10 wavelength flatness

}/8 wavelength flatness

0.2 arc sec accuracy
2 arc sec to vertical

1 arc sec resolution
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5.3 ELECTRONIC EQUIPMENT

The general approach to the design of the electronics was to provide
redundancy and to avoid interdependence of equipment. The intent of both
of these ground rules was to avoid delays during the equipment integration
phase. Redundancy was provided for both the strapdown star tracker and

the gyro readouts by having their unit test consoles on hand. This allowed

their integration in the laboratory without dependence on the facility
electronics. The facility electronics had the capability to duplicate the
computer commands, thereby allowing operation of the Taboratory equipment
while the computer programs were being debugged. Operation of the equip-
ment without either of the star trackers, or the gyros, was provided in
order to avoid delays in the case of a malfunction of any of the units.
Since it was a critical element, a backup automatic autocollimator was on
hand. A complete supply of electronic components was maintained in the
facility.

A block diagram of the electronic equipment in the PADS test facility
is shown in Figure 5-2. An explanation of the acronyms used is given in
Table 5-2. Figures 5-3 through 5-9 are photographs of the electronics
located on the control platform. Functional descriptions of the panels
in the two consoles are given in the following paragraphs.

AA/CP. This panel, supplied by Davidson Optronics, controls the
automatic autocollimator unit in the laboratory. After intially setting
the track loop gains, the panel was used only to indicate acquisition of
an optical flat by the autocolTlimator.

ABP. This panel performs two functions: 1) it provides the servo
electronics to drive the ABT, and 2) it supplies the excitation and buffer
amplifiers for the AA/C potentiometers.

The computer supplies two analog voltage commands, position and rate,
to the servo electronics. The electronics implements a proportional plus
integral drive to the ABT power amplifiers. A potentiometer is available
on the panel to sum & voltage in with the computer position command. This
capability allows manual positioning of the table.
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| AA/C Automatic Autocollimator 0sc Oscilloscope
AA/CP AA/C Control Panel sy Optical Sensor Unit
ABP  Analog Buffer Panel ' P-S  Parallel to Serial e
ABT  Air Bearing Table E pcp Power Control Panel T
BUF  Buffer . PHR  Power ;

Table 5-2. Electronic Interface Acronyms

CMD Command i+ R/0 Readout

CGU  Control Room Display Unit | RCDR  Recorder
e
CMP  Console Monitor Panel ' RPP  Remote Patch Panel

DDU  Darkroom Display Unit ~ SA Shutter Assembly

DEA Digital Electronics Assembly .S Box Speaker Box (Intercom) B
DTU  Data Transfer Unit , SCP Shutter Control Panel

DYM  Digital Voltmeter i §-p Serial to Parallel y
FOA Eleciro-Optical Assembly SEA Sensor Electronics Assembly N
FI Fast Input SI Stow Irput ;
GRA  Gyro Reference Assembly S0 Slow Output )
GST  Gimbal Star Tracker S5 Star Source P
INODUC Inductosyn SSCP  Star Source Control Panel Ty
IRY  Inertial Reference Unit SSu Star Sensor Unit . “
LEDA Light Emitting Diode Assembly | TTY Teletypewriter

MTR  Motor up Utility Panel

The excitation to the AA/C potentiometers is independently adjustable.
A scale factor of 0.15 voit/arc second was used. The buffer ampiifiers
send the potentiometer outputs to the computer.

CMP. This panel monitors the gimbal motor current, the SST analog
deflection signals, and eight DAC channels from the computer. The SST
deflection signals were displayed on the oscilloscope. The DAC channels
were displayed on the stripchart recorder via the UP.

UP. This panel provides direct connection to the two stripchart
recorders. An eight channel and a six channel recorder are available.
The eight channel was used for quick look information during a test run.
The six channel was for long term monitoring of the gyro performance be-
cause it could be operated at a very slow chart rate.
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Figure 5-3.

Figure 5-4.
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Figure 5-7. PCP Panel and Power Supplies

Figure 5-8.

SCP to DTU Panels
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Figure 5-9. DTU and OSU Panels

PCP. This panel provides independent switching of the dc power sup-
plies to the other panels and equipment. The purpose is to avoid power
supply turn-on transients.

SCP. This panel operates the shutter in front of the AA/C. Since
it was essential to avoid having the AA/C 1light beam enter the strapdown
star tracker, a fail-safe light indicator is inserted in the panel to sig-
nal shutter closure.

DTU. This panel performs four functions: 1) it transfers all digi-
tal signals from the AB7T, GST, 55T, and IRU to the computer, and 2) it
transfers digital <ignals from the computer to the ABT electronics, GST,
and SST, 3) it displays digital information from the computer and from
the ABT, GST, SST, end IRU. and 4) it provides commands to the comput:«
program.
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Digiﬁal data transfer into the computer is accomplished at two rates:
1) 6 msec/word (FI), and 2) 50 msec/word (SI). The ABT and GST gimbal
angles are sent at the fast rate. SST deflection and magnitude, three
gyro outputs, and a status word are sent at the sTow rate.

Data transfer from the computer is accomplished on one channel (S0)
at the rate of 50 msec/word. A command word and two memory peek words are
transmitted. Individual bits of the command word are sent to the ABT
electronics, the GST, and the SST. The memory peek words display program
selected memory locations in the computer.

Any of the above digital words can be shown on the LED display on
the panel by using the selector switches. This information can alsc be
duplicated on a similar LED display in the laboratory.

In order to minimize operating personnel, the computer program was
designed to be operated from the DTU by the test conductor. This is
implemented from eight switches on the panel which set the state of eight
bits in the status word sent on the SI channel.

An optional capability of the DTU is the ability to function without
the computer. This allowed display of the ABT, GST, GRA, and SST signals
while the computer was being used for other tasks.

0SU. This panel displays the status of the SSU. It also has a
switch to enable the SSU high voltage suppiies. The SSU analog deflec-
tion signals were displayed on the oscilloscope.

ACT_ENCODER ELECTRONICS. This panel, supplied by Fecker, provides
a visual display of the 21 bit digital werd indicating the tahle angle.
It also sends this word in parallel to the DTU.

ABT MOTOR ELECTRONICS. This panel functions as a power amplifier
to drive the ABT motor.

In addition to the above described panels a MODEM panel in the
CDC 1700 computer was designed. This panel functions both as a signal
buffer and as a serial/parallel digital word converter.

The CDC 1700 computer has the capability of transmitting information
to the Varian V73 computer. This capability was used to store the PADS
test run data using the magnetic tape unit on the V73.

6-12

i,

Y




6. DATA HANDLING AND DISPLAY

Data was generated during the PADS system test from two sources:
the PADS sensors and the laboratory instrumentation. This is illustrated
in Figure 6-1. The data was collected for two purposes: 1) to provide
the basis for the evaluation of the performance of the PADS system under
test, and 2) to provide real time diagnostic data to indicate the validity
of the test.

M1 data was transmitted to the CDC 1700 computer via the data trans-
fer electronics. The data necessary for the evaluation of the PADS system
was stored on magnetic tape. This data was transmitted to the V73 computer
over data Tines for storage on the tape since the CDC 1700 did not have a
magnetic tape unit. The real time diagnostic data was displayed during a
test run on an eight channel stripchart recorder via the test display
electronics.

The following sections describe in detail the test performance and
real time diagnostic data which was collected.

REAL TIME DIAGNOSTIC DATA

W
TEST
g P coNTROL | | .
CHANNEL olsPLay [ -
RECORDER RACKS
TEST
PERFORMANCE
DATA
a Ea, S
PADS P
SENSORS o DATA
TRANSFER g . ??n% . l\\"i-ﬁsmenc
RACKS - o *
. COMPUTER TAPE
>
CONTROL
AND P
LAB o POV ER N
INSTRUMENTATION |¥ RACKS
ry
k4
TELE/
TYPEWRITER

Figure 6-1. Data Handling and Display
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6.1 TEST PERFORMANCE DATA

Three types of performance data were stored on magnetic tape for both
the strapdown and gimbal system tests. These are 1isted in Table 6-1.
PADS data consists of the gyro and star tracker signals. This information
is used in the PADS algorithms to estimate the inertial attitude of the
PADS axes. Lab data consists of the air bea)ing table angle and automatic
autocollimator differences. This information, together with pretest mea-
surements, identifies where the star is relative to the PADS axes, and,
ultimately, the true inertial attitude of the PADS axes. Boresight data
consists of filtered star tracker and automatic autocollimator signals.
In essence it measures the static boresight stability of the tracker.

Table 6-1. Types of Performance

PADS Lab Boresight
Data Word Data Data D‘Jta=

Strapdown System Test

GRAX

o
=
>
=<
> 3 3 S M M

> O E >R

Gimbal System Test

-

GRAX
GRAY
GRAZ
GSTX
GSTY
GSTA
ABTA X
ARA/C
ARASCY X
37X
ST
STA
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The first two data types provide the basis for the evaluation of the
PADS performance; namely, the difference between the estimated PADS atti-
tude from the sensor information and the true attitude from the laboratory
instrumentation data. The third data type was included for two reasons:
1) to provide a check on the validity of the lab data accuracy, and 2) to
measure the boresight stability of the star trackers throughout the test
period.

Data was collected every second for both system tests. The word T
js the time tag. The three-axis gyro information, GRAX, GRAY, and GRAZ,
was collected continuously throughout the test run. Every 20 minutes,
during a star transit, the star tracker information was collected. For
the strapdown tracker the horizontal and vertical positions of the star
in the field of view, SSTX and SSTY, were stored. The same signhals for
the gimbal star tracker, GSTY and GSTX, were collected, along with the
gimbal angle, GSTA. The air bearing table angle, ABTA, was also col-
lected during a star transit. The duration of the transit was approxi-
mately four minutes for the strapdown test and two minutes for the gimbal
test. As described in Section 4.3 the autocollimator bias was calibrated
prior to each star transit by pointing the parallel star and autocolli-
mator beams at the theodolite and double-sided mirror. Following this
calibration the static orientation of the star relative to the PADS axes
was checked by pointing the parallel beams at the star tracker and its
reference mirror surface. The star orientation was indicated by the
autocollimator outputs, minus the bias errors, namely, AAA/CX and AAA/CY.
With the star pointed at the tracker, the output signals from the tracker
were also collected: SSTX and SSTY for the strapdown tracker, and GSTY,
GSTX, and GSTA for the gimbal tracker. The bar over these signals indi-
cates that they are filtered to minimize their noise content. These fil-
tered signals were stored once at the start of each star transit.

1t is noted that the horizontal star position is indicated by the
signals SSTX, GSTY, and AAA/CX; the vertical by SSTY, GSTX, and AAA/CY.
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A1l data was converted into engineering units in the V73 computer " f

before storage on the magnetic tape. Time was carried to a precision of
0.001 second, and all angles were carried out to 0.1 arc second. For a
four hour run, with 12 star transits, the number of words stored on tape
was approximately 78,000 for the strapdown system, and 69,000 for the
gimbal system.

In the case of the gyro data the accumuiated attitude was transmit-
ted from the gyros and stored on tape. The advantage of this approach,
compared to transmitting the incremental attitude, was that a random
transmission error would not invalidate the long term knowledge of gyro ws
attitude change.

6.2 REAL TIME DIAGNOSTIC DATA

The real time diagnostic data provided a continuous indication
throughout a test run that the functional operation of the hardware was
proper and that, with a high degree of probability, the test data being
collected was valid in terms of indicating the PADS performance. This
information was considered necessary in view of the length (4 to 5 hours)
of the test runs. It eliminated any time which would have been wasted by
continuing to run invalid tests.

The different types of diagnostic data that were used are listed
in Table 6-2. A1l of the performance data signals listed in Table 6-1
were monitored by the stripchart recorder, the ABT readout, and the DTU
LED display. The teletypewriter and the CRT display provided error mes-
sages indiceting either a procedural error by the test conductor or a
data transmission error.

=)

L3

6-4

Py




}

1
]

Table 6-2. Types of Realtime Diagnostic Data

Stripchart Recorder

Channel Strapdown Test Gimbal Test
1 A GRAX A GRAX
2 A GRAY A GRAY e
3 A GRAZ A GRAZ d
4 SSTX GSTX ;
5 SSTY GS
6 AR/CX BAJCX
7 AR/CY AR7CY
8 ERROR ERROR

Air Bearing Table Readout

ABTA
DTU led Display

GSTA

CDC 1700 Teletypewriter o
Operator Error Message ‘

V73 CRT Display

Transmission Error Message

S . T

3
]
{
a
[
i
[
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.
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The stripchart recordings for the four strapdown system test runs
and the four gimbal system test runs are included in Appendix D. The
gyro signal, AGRA, is the attitude change over a 100 second time period.
The filtered horizontal and vertical autocollimator signals are AA/CX
and AA/CY, respectively. The signal ERROR is the filtered difference
between the star tracker horizontai axis signal and the air bearing
table angle, biased to zero at the center of the tracker field of view.
This signal occurred only during a star transit. The square wave dis-
cernible in the autocollimator signals reflects the two positions, one
with the parallel heams pointed at the theodolite, the other with the
beams pointed at the star tracker. The majority of the time between
star transits was spent at the latter posijtion. A peculiarity in the
gyro data is that occasionally the digital to analog converter in the
CDC 1700 will turn over if the signal is near +10 volts. The result is
a discrete change of 10 volis in the recorder output. This can be ob-
served, for example, in the GRAZ signal in the first strapdown system
test on 1 October 1975.

The air bearing table angle was observed during the test directly
from the Fecker readout display. The gimbal angie was observed on the
DTU LED display.

If the test operator followed an incorrect sequence in switching
between program modes, the computer program printed an error message at
the teletypewriter.

To provide a final data check before storage of the data on magnetic
tape, the V73 computer program performed a check on twe time word, T, to
verify that one second occurred between successive words.
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7. LABORATORY COMPUTER PROGRAMS

Two categories of computer programs were written for the CDC 1700
computer in the PADS test facility. The first provided for a step-by-
step integration and checkout of the laboratory and system equipment.

The second category consisted of the system test programs for the strap-
down and gimbal system tests. These two programs are described in detail
in this section since they are essential to a complete understanding of
the tests.

The purpose of either system test program was twofold: 1) to pro-
vide star stimuli to the star tracker; and 2) to collect, stcre, and
display the signals from the PADS sensors and the laboratory instrumen-
tation. The star stimuli consisted of individuel star transits in which
a collimated star beam was moved past the field of view of the star
tracker at earth rate. The frequency of the star transits as well as
the Tength of the test were determined by the test conductor. A1l data
was time-tagged and stored on magnetic tape. Separate programs were
written for the strapdown and gimbal system tests due to the differences
in operation of the star trackers. The programs were named SUE and GWEN,
for the strapdown und gimbal tests, respectively.

Flow diagrams of the two programs appear in Appendix E.
7.1 STRAPDOWN SYSTEM TEST PROGRAM

The following sections describe the modes, data displays, and data
collection capabilities of the strapdown system test p.~gram SUE.

7.1.1 Program Modes

There were three main program modes in SUE:

MODE 1 — REFERENCE POSITIUN. The star source (SS) and automatic auto-
collimator (AA/C) beams were pointed at the theodolite and reference
mirror by the 1700 computer closing a servo loop about the ABT R/0 to
drive the ABT to a reference position, ABTO = 7710000. The difference
between the readout, ABTA, and ABTO was output as a position signal,

POS, to the servo electronics by a 1700 DAC channel every 3 milliseconds.

7-1

e e et e

i e cuon it i ne s e e oo




Expressed in equation form,

POS
POS

ABTO-ABTA, [POS| < 2047 bits

2047 sign (POS}, |POS| > 2047 bits

where
T bit = 0.617981 arc sec
Although a rate command channel was available, it was set to zero.

MODE 2 — ZERD PQSITION. The SS and AA/C beams were pointed at the
strapdown star tracker (SST) by the 1700 closing a servo Toop around tie
ABT R/0 to drive the ABT to 0010000. Position and rate were commanded
as in MODE 1.

MODE 3 — STAR TRANSIT. The purpose of this mode was to drive the
ABT at half earth rate to sweep a simulated star across the field of view
of the star tracker. Before starting this sweep, the ABT was driven from
the ZERO position of MODC 2 to the starting position which places the star
outside the field of view. The complete ramp function generated in the
1700, using its clock as a time reference, is defined graphically in
Figure 7-1, The ramp is continued until the mode is manually exited by
the test conductor. The servo position command, computed and outpuc
every 3 milliseconds was:

POS = (RAMP + ZEROP)-ABTA
where
ZEROP is the ZERO position of MODE 2
and RAMP is the function in Figure 7-1.
There were two submodes in SUE:

RUNNING AVERAGES. This submode, when exercised, computed running
averages of both AA/C outputs and, if the star tracker was in track, both
SST digital outputs. This submode could only be entered from MODE T ur
MODE 2. When exited the Tast values of the running averages were stored
in memory, one pair for each mode in the case of the AA/C. Llince SST out-
puts were avaiiable only in MODE 2, only one pair was stored.
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Figure 7-1. RAMP Function for the Strapdown lest

DATA COLLECTION. This submode sent data to the V73 computer to be
stored on magnetic tape. It could be entered or exited from any of the
three main modes. Its normal duration was four hours and constituted a
"test run." Since a time base was required for the test run, the 1700
clock was initialized and started when the submode was entered and stop-
ped when it was exited. Therefore the exercise of the ciock dependent
functions, the ramp and the one second period for some of the running
averages, required this submode to be active.

7.1.2 Mode Control

The teletypewriter was used only to start and stop the program.
A1l other control was from four manual switches on the DTU. The switch
Togic for mode control is shown in Table 7-1. Switch No. 3 controlled
the RUNNING AVERAGES submode. Switch No. 4 controlled the DATA COLLECTION
submode. The switch positions were transmitted to the 1700 computer via
the lower order four bits of the slow input status word. A one corres-
ponded to the "UP" switch position.
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Table 7-1. SUE Mode Control
|
Switch Number i
Mode Description [
No. 1, | No. 2, | No. 3, | No. 4,
Bit 0 | Bit 1" | Bit 2 [ Bit E
i
1 Reference Position 0 0 -- ~ E
2 Zero Position 0 1 - - !
]
3 Star Transit 1 1 -- - ;

*Slow input status word

7.1.3 Program Discrete Commands

The program set the discrete commands from the digital output chan-

nel to the states indicated in Table 7-2.

7.1.4 Real Time Diagnostic Data

Table 7-3 Tists the parameters that were sent to the stripchart

recorder through the DAC channels of the 1700 computer, for display during

the test.

Table 7-2.

Discrete Command States

STow Qutput

BiTevel Command Word Description State
Bit Number
4 SST Search 0
5 ABT Integ Enable 0
6 ABT MTR Inhibit 0
A11 Cthers Spares 0
7-4
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Table 7-3. DAC Qutput Data

DAC Data Type Update Period Scaling

4 AGRAX Incremental Count 100 sec 0.1 V/count

5 AGRAY Incremental Count 100 sec 0.1 V/count

6 AGRAZ Incremental Count 100 sec 0.1 V/count

7 SSTX Running Average 50 msec 0.5 V/count

8 SSTY Running Average 50 msec 0.5 V/count

g AR/CX | Running Average 1 sec 0.25 V/arc sec
10 AA/CY | Running Average 1 sec 0.25 V/arc sec
11 ERROR | Running Average 50 msec 0.5 Y/count

An explanation of each data type is given below:

AGRA. These are the differences in the 16 bit gyro word at a
100 second interval. The scaling (1 meru = 0.0]5°/hr) is:

0.05 meru = 1 count/100 sec

Since the maximum difference {at full earth rate) would be 20000
counts, less than half the capacity of a 16 bit word, differences could
be taken without accounting for turnover of the gyro word. On the other
hand, the DAC word, scaled for 0.1 V/count and Timited to +10 V, could
turn over.

SST. These are the running averages of the 12-bit star tracker
outputs. They are computed every 50 millisec by the equation:

——r— rre———

SSTN+1 =(1-e)5% TN + e (SST

N+l)
where

e = 0.001

These averages were computed only in MODE 2, and were stored upon exit
of the RUNNING AVERAGE submode.




—

AA/C. These are the running averages of the autocollimator outputs.
They were computed every one second by the equation: '

A/Cyyr = (1 -e) HA/CN + e (AA/CN+])

where

e = 0.05

These averages were computed in MODE 1 and MODE 2, and were stored sep-
arately upon exit of the RUNNING AVERAGES submode.

ERROR. This is the running average of the difference between the
SST horizontal axis output and the ABT readout. It is computed every
50 milTisec by the equations:

ERROR

il

SSTX - 1.236 (ABTA)

= (1 - e) ERRORN

rm

-~

=

=

o=
1

+ e (SSTN+1)

where

e = 0.04

This average was computed only in MODE 3 when the star tracker was in
track.

7.1.5 Data CoTllection

Collection of data to be transmitted by the 1700 computer to the V73
is initiated by DTU switch 4 in the up position. There are three different
data formats. Table 7-4 1ists the data to be-sent for each format.

Note that "Track" actually implies two conditions: 1) that the SST
Search/Track signal indicates track, and 2} that the positive ramp in
MODE 3 be present. "Start of track" is the first time the 1 sec counter
changes after entry into track as defined above. "Non-track" is ali the
rest of the time. | |
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Table 7-4. Data Stored on Magnetic Tape

i . i ) Non-Track {7S$i;§k0f | Track '
Data : Nominai I Bits ! ;
| Scaling PRequired |y cec T Single  1/sec
RN et . <
Time i 1 msec/cnt E 19 X X X
GRAX ! 0.075 sec/ent . 21 X X X
" GRAY : 0.075 sec/ecnt 21 X X X
| GRAZ | 0.076 sec/ent | 21, X X X
| SST X/Y Status -- S X X
| ssTX 1.0 sec/ent IR PR X X
| SSTY 1.0 Sec/ent B PR X X
' ABTA 0.618 sec/ent 21 X X
; SSTY 1.0 sec/ent ©o2 X
' S5TY 1.0 sec/cnt 12 X
| *RE7CX 0.15 sec/volt 12 X
RA7CY ; X

0.15 sec/volt ' 12

Comments regarding the data are:

TIME AND STATUS. Time must have at Teast 21 bits to record
4 hours of data at 10 msec/count.
start of data collection.

Time will be zero at the
The three status bits are:

1) Search/Track {SI, Status, Bit 5)
2) X/Y Data (SI, Status, Bit 6)
3) Initial Track (True at start of track).

AGRA.
At a maximum rate of 200 counts/sec, only 21 bits are actu-
ally needed.

SST. The X and Y words were sent alternately every 50 msec

to the 1700 computer. The data transmitted to the magnetic
tape always included the X word corresponding to¢ the nearest
time-tag.

ABTA. The range of the table movement in SUE required only
13 of the 21 bits available.

7-7
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8 SST. These 2 words were the stored values from the last
time the RUNNING AVERAGES submode was entered in MODE 2.

e AAA/C. These two words were computed as:

AAA/C = AA/C AA/C

mode 3 ~ mode 2
Wwhere
AA/Cmode 3= stored values from the last time the
RUNNING AVERAGES submode was entered
in MODE 2
AA/Cmode 5 = stored values from the Tast time the

RUNNING AVERAGES submode was entered
in MODE 1.

7.2 GIMBAL SYSTEM TEST PROGRAM

The following sections describe the modes. data displays, and data
collection capabilities of the gimbal system test program GWEN.

7.2.1 Program Modes

There were three main program modes in GWEN.

MODE 1 — REFERENCE POSITION. This mode positioned the ABT such
that the SS and AA/C are pointed at the theodolite and reference mirror,

respectively, and pointed the GST to a nominal angle. The mode was used:

1} To align the SS and reference mirror before the test
2) To define the AA/C boresight during the test

3) To measure any misalignment between the SS and the
reference mirror after the test.

Servo loops were closed around the ABT and GST using their readouts.
Constant angles, ABTO and GSTO, were commanded. The difference between
the readouts anu the command angles were ocutput unscaled as position
signals to the servo electronics. To hasten acquisition, rate signals
were commanded whenever the corresponding position signal saturated.
Expressed in equation form,

TPOS

ABTO-ABTA, |TPOS| < 2047 bits

I

TPOS = 2047 sign (TPOS), |TPOS| > 2047 bits
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GPOS = GSTO-GSTA, |GPOS| < 2047 bits
GPOS = 2047 sign (GPOS), |GPOS| > 2047 bits
and
TRATE = 0, |TPOS| < 2047 bits
TRATE = 2047 sign (TPOS), |TPOS| > 2047 bits
GRATE = 0, |GPOS| < 2047 bits
GRATE = — sign (GPOS), |GPOS| > 2047 bits (equivalent to 1° sec)

These equations were updated every 3 msec.

MODE 2 — ZERO POSITION. This mode positioned the ABT such that the
SS and AA/C are pointed at the GST via one of the three rotating mirrors
on the ABT, and moved the GST gimbal to search for and Tock on to the

star. The mode was used immediately prior to each star transit to measure:

1) Small rotations of the GST with respect to the AA/C boresight
which may occur during the test

2) Drifts in the GST static pointing angle during the test.

The same servo Toops were closed about the ABT and, during search,
about the GST as in MODE 1. When the star was acquired (track), upon
command of the computer, the hardware switched to a second servec Toop
which drove the gimbal to null the OSU vertical deflection signal.

For the computer-closed loops, the same equations as in MODE 1 ap-
plied except that ABTO and GSTO were a function of the 3 star positions
which were selected manuaily from two switches on the DTU. The servos
were updated every 3 msec.

MODE 3 — STAR TRANSIT. This mode drove the ABT in a ramp at earth
rate to sweep a simulated star across the field of view strip of the GST.
The ramp described in Figure 7-2 was commanded to the ABT servo loop which
was identical to the Toops in MODES 1 and 2. The GST gimbal was driven
in the same way as in MODE 2 to search and track the star. Exit from
MODE 3 terminated the ABT ramp and also the GST search if a star had not
been acquired. As in MODES 1 and 2 both servos were updated every 3 msec.
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Figure 7-2. Ramp Function for the Gimbal Test
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There were two submodes in GWEN:

RUNNING AVERAGES. This submade, when exercised, and depending on -
the main program mode, computed running averages of both AA/C axes, the '
gimbal readout, the GST x and y deflections, and the differences between
the star tracker x deflection and table angle. The last computed running
average for all but the latter signal, was stored for transmittal to mag-
netic tape upon exit from the submode. The running averages were each
computed by the equation:

;ﬁ+1 =(1-e) Eﬁ * 8 Yo
where
X = running average
y = observation
e = weighting factor

The details for each running average inciuding scaling, update interval
and weighting constant are given in Table 7-8.

DATA COLLECTION. The remarks for the submode in SUE apply. b
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7.2.2 Mode Control

for mode control is shown in Table 7-5.
Switch No. 3 controlled the RUNNING AVERAGES submode,

- shown in Table 7-6.

The teletypewriter was used only to start and stop the program. Al]
other control was from six manual switches on the DTY.

The switch logic

The logic for star selection is

and switch No. 4 the DATA COLLECTION submode.
responded to a "one" state which in turn corresponded to the affirmative

state of the switch function name.

For all switches "“up" cor-

Table 7-5. GWEN Mode Control lLogic
Switch

. Mode Description
; No. 1* No., 2
. Bit 0 Bit 1*

1 REF POS 0 0

2 ZERO POS 0 1
3 STAR TRANSIT 1 1

*
Slow input channel, status word bits

Table 7-6. GWEN Star Selection Logic
é; Star n Value Switch
No. 5 No. 6,
Bit 10 Bit 9
— 1 1 0 1
2 2 1 0
5 3 3 1 ]
*Slow input channel, status word bits
R
7
&
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7.2.3 Program Discrete Commands

The program sets the bits of the slow output channel, biTlevel command
word to the states indicated in Table 7-7. Bit 0, SEA TRACK/SEARCH com-
manded the GST to switch from the gimbal servo loop implemented about the
gimbal readout and the computer to the loop using the star tracker vertical
output signal. The former Toop used the computer to supply a nominal star
position and a summing junction; the latter was implemented entirely in the
GST electronics. Since it was desired to switch to the tracker Toop as
soon as a star is acquired, bit 0 was made identical to bit 4 of the slow
input channel status word, GST TRACK/SEARCH.

Table 7-7. GWEN Discrete Commands

Slow Qutput Channel Command Word Mode

Bit Description 1 2 3
0 SEA TRACK/SEARCH 0 0,1 0,1
1 SEA MOTOR INHIBIT 0 0 0
2 GST SEARCH 0 0 0
3 GST BOS INHIBIT 0 0 0
4 SST SEARCH 0 0 0
5 ABT INTEGRATOR INHIBIT 0 0 0
6 ABT MOTOR INHIBIT 0 0 0
7 SPARE 0 0 0
¥ ¥

15 SPARE 0 0 0

7.2.4 Real Time Diagnostic Data

Key signals were sent to the 8 channel stripchart recorder via the
CDC 1700 DACs for display during the test. In addition the memory “peek,"
a LED display on the UTU of selected words in the 1700 memory,
was used to display the running average of the gimbal readout angle. The
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signals displayed are described in Table 7-8. The description of the DATA
REAL TIME DISPLAY for SUE in the previous section applies to GWEN except

for the weighting constants, e, and the equation for ERROR which, for GWEN, 1 :
was: L
ERROR = 21X _ (0.618) (ABTA-ABTO) o

where GSTX is the GST x deflection in miliivolts and (ABTA-ABTO) is the .
difference between the ABT angle and its nominal angie for each star in . .
counts.

Table 7-8. GWEN Real Time Display

GAC Channel ] . ]_ E :

e e | oiipey | o | \

; . Input Qutput Max imum ! ; ! :

1 2 3 Signal Display ‘ ! ;

[ I TS S SR e e ._.}, . __! 1

\GRAX 4 4 100 sec Direct 0.1V/cnt 20,000 cnts i -- ; SR

GRAY |5 15 100 sec | Direc* 0.1v/cnt | 20,000 cats | -- -

GRAZ |6 |6 100 sec | Direct 0.1¥/cnt | 20,000 cnts © - -

GSIE 7 50 msec | 6.7 mV/iEf O.ZSV{ﬁEf 40 sec 0.m25 |
G3TY 8 50 msec | 6.7 mV/sec | 0.25V/sec 40 sec 0.0125 ¢
| GECX |9 |9 1 sec |0.15v/Sec | 0.25v/5ec | 40 Sec 0.05
R/CY 1o o 1 sec [0.15V/5ec | 0.25v/Sec | 40 Sec 0.05
ERROR 11 | 50 msec | (see text) | 0.25v/sec | 200 sec 0.45 !
| GSTR on DTU 50 msec digital display | full 0.05 l
L e s T — '

7.2.5 Data Collection

ColTection of data on magnetic tape in the V73 computer was initiated
and terminated by switch No. 4 on the DTU panel. There were three data
formats:

1) Non-track
2) Start of track

3} Tre-k,
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Three conditions were necessary for the track state: 1) MODE 3; 2) a
track signal from the GST (SI channel STATUS word, bit 4); and 3) a posi-
tive ramp be present. During the nontrack state three time-tagged gyro
signals were stored on tape every one second:

GRAX
GRAY

X gyro angle, arc seconds

1}

y gyro angle, arc seconds

GRAZ

z gyro angle, arc seconds.

At the start of track, running averages calculated and stored during MODE 1
and MODE 2 were stored on tape:

GSTA = Last average gimbal angle calculated in MODE 2 before
switch No. 3 was turned off, arc seconds

GSTX = Last average star tracker horizontal angle calculated
in MODE 2 before switch No. 3 was turned off, arc

seconds

GSTY = (Same as GSTX, but for vertical angle)

ARR/TX = Last average AA/C horizontal angle calculated in MODE 2
before switch No. 3 was turned off minus the last average
AA/C horizontal angle calculated in MODE 1 before switch
No. 3 was turned off, arc seconds

ARRJCY = (Same as AA/CX, but for vertical angle}.

During track, time tagged information from the gyros, the GST, and
the ABT were stored every one second:

GRAX = (see above)
GRAY = (see above)
GRAZ = (see above)
GSTA = GimbaTl anglie, arc second

GSTX
GSTY
ABTA

Star tracker horizontal angle, arc seconds
Star tracker vertical angle, arc seconds

ABT angle with zero corresponding to the GST horizontal
boresight position, arc seconds.

Time tags were accurate to T msec. Scaling for the signals corresponded
to Table 7-8. Angles in arc seconds were given to one significant place.
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8. PADS PERFORMANCE EVALUATION PROGRAMS

The performance evaluation of the PADS test data was performed offline
on a COC 6500 digital computer via a timeshare terminal. The offiine com-
puter programs were coded in FORTRAN. Their input consisted of the mag-
netic tape data from the V73 computer and certain initialization and con-
irol parameters which were inserted from the timeshare terminal. Their
output consisted of the three-axis attitude errors in the PADS estimate
of its inertial attitude plus other data which facilitated interpretation
cf the attitude errors. Two offline programs were used: one for the
strapdown tests, and one for the gimbal tests.

A functional block diagram applicable to either computer program is
shown in Figure 8-1. The program is divided into two main sections: 1)
the PADS algorithms, and 2} the laboratory algorithms. In the ground-
fixed test configuration the PADS axes are identical to the laboratory
axes, and are physically defined by the optical cube on the strapdown star
tracker, or the three reference mirrors on the gimbal star tracker. The
PADS algorithms estimate the attitude of the PADS axes relative to their
inertial attitude at the start of the test run. In a four hour test, for
example, the PADS axes will rotate 60° due to the rotation of the earth.
The orthogonal transformation matrix & will reflect the PADS estimation of
the rotation given continuous gyro information and periodic star tracker
transits. The laboratory algorithms compute the true inertial attitude
of the laboratory, expressed by the matrix A, using the precisely known
value of earth rate. The agreement between these two matrices is a direct
measure of the PADS performance. ‘ '

-

The PADS algorithms are identical to those described in Section 3.2
with the exception of the star catalog information. In the lzboratory
test the star catalog information is formed by the laboratory algorithms.
These aigorithms compute the orientation of the collimated star beams
relative to the true laboratory or PADS axes.

In addition to the two main sections the computer programs also con-
tain data formatting and attitude error generation algorithms. The latter
determine the small angle three-axis attitude errors from the nondiagonai

elements of the matrix product A AT.
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Figure 8-1. PADS Offline Data Evaluation Program
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The derivation of the fundamental equations for the offline computer
programs is given in Reference 7. Specific comments regarding the appli-
cation of these equations to the PADS strapdown and gimbal system tests
are given in the following sections.

8.1 STRAPDOWN SYSTEM DESCRIPTION
8.1.1 True Laboratory Attitude

The laberatory configuration of the PADS subsystem is illustrated in
Figure 8-2. The SST optical cube defines both the PADS ‘and the Taboratory
axes. The orientation of this optical cube can be described by a right-
handed, orthogonal coordinate set (x1, X s x3) in which each axis is normal
to a cube face as in Figure 8-2. To defiritize this coordinate set X4 is
taken to point opposite the gravity vector, and X1 is selected such that
it experiences no component of the earth's angular velocity, Wy i.e.,

Wy * Xy = 0. The optical cube with its above defined coordinate set is
thus taken to be the Taboratory reference, and the term "laboratory atti-
tude" will be taken to mean the orientation of the axes (x1, %o s x3) rela-
tive to an inertial set (z], Z5, 23). This Tatter set of axes will be
taken to be identical to axes (xl, X0 x3) at the start of any particular
subsystem test run. The laboratory attitude at any subseguent run time is
then given by

>x
o
1
=
N
—

(t) z,

™~

XZ
X3 23 (8-1)

where

— ) ) -
- | 2 P
sz(t) = | -akg + B AL, ] -B(A] +A3 )aA] B Aplq

2 2

w. o+ X,

8-3

Nt e e s e ot e vma ks

B




.
AIR BEARING
TABLE l
STAR SIMULATOR
i MIRROR NORMAL
STRAPDOWN Xo
STAR TRACKER
oo OPTICAL CUBE
I
| RATE GYRO y
» ASSEMBLY 7 -,
i
Figure 8-2. PADS Laboratory Setup
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o =sinwt ; w = Imel (8-4)

R = 1-cos wet _ (8-5)

The A depend, of course, upon the orientation of the laboratory relative
to the earth rate, w_. This is largely a function of its Tatitude, taken
to be 33.90323 deg north. It should be mentioned that inaccuracies in
this figure (or in the alignment of the optical cube), while influencing
the true knowledge of sz(t) will have no bearing upon the subsystem per-
formance measure, as the estimated Taboratory attitude provided by PADS
will contain exactly the same effect. This will be discussed more fully
in Section 8.7.2.

8.1.2 PADS Estimate of the Laboratory Attitude

The PADS subsystem must estimate the laboratory attitude without be-
ing privy to latitude and a priori earth rate information. The SST/optical
cube alignment is such that the tracker's boresight Ties_g}ong ié, with its
azimuth and elevation outputs occurring, respectively, about X3 and Xy -

Now the actual orientation of (x1= X x3) relative to (z], Zys 23) is
unknown to the PADS subsystem, as this information can only be established
through knowledge of Wg 1atitudez and run time, t. Thus PADS can only
provide estimates of the Xjs SaY Xs» by effective use of the SST and IRU.
The PADS output is then an estimated Taboratory attitude matrix, sz(t),
defined by

F;] rﬁ—w
;2 = A1) | 2,
| %3] %3 (8-6)
Combining Equations (8-1) and (8-6) o
P x|
1 1

~ ""l
X2 = sz(t) sz(t) x2

LX3_ X3_J (8‘7)

|
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The degree to which E A-1 matches the identity matrix is a direct measure

of the effectiveness g% tﬁz PADS subsystem as an attitude estimator.

To be effective as a three-axis attitude estimator, the SST must be
sensitive to attitude motions about each of its three axes. A single PADS
tracker fails in this respect due to its extremely small field-of-view,
and thus a complete PADS subsystem must empioy two such trackers, with
optical boresights separated by more than 30 deg or so. Since the labora-

tory test involved only a single tracker, the system prediction of attitude
about the %y axis will be ignored, and performance measured solely upon its

success in pointing the Xo axis. 1In essence, the system will thus be
treated as a two-axis estimator.

This two-axis estimator employs a three-axis gyro package, whose gyro
input axes (X, y, 2) are illustrated by Figure 8-2 and satisfy

x| -.707 -.707 0 xﬂ
y| =1 .707 -.707 0 Xy
Lz 0 0 1 Xq (8-8)

Unfortunately, the gyro whose input axis is z (or x3) is much poorer in
performance than the other two, and thus causes very pessimistic predic-
tions of Taboratory attitude about the X3 axis. In fact, such results
can be termed Worst Case. Best Case results would be obtained if the z
gyro were aligned, instead, along the Xo axis, whose attitude is not
effectively estimated anyway. Thus two types of performance results will
be presented in Section 9. Worst case results will deal with the actual
Taboratory gyro configuration given by Equation (8-8), and best case re-
sults will simply transform the actual gyro outputs to the values that
they would have experienced had the z gyro been aligned along Xo. The
only assumption made in this process is that the gyro errors are invari-
ent to rotation, an assumption that is not really germane to the evalua-
tion of the PADS.

8.1.3 The Star Catalog

The PADS estimation algorithm has been previously described in Sec-
tion 3.2. Key to its operation is its usage of fixed star locations as

8-6
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attitude benchmarks in an inertial reference frame. In analogy, the
Tocation of comparable stars in the inertial set (21, Zos 23) must be

" established. This effectively then becomes the estimator's star catalog.

Figure 8-2 illustrates the means whereby a star line of sight is
formed using the star simulator and air bearing table mirror. A fixed
separate Tight source for each of three stars is housed in the star simu-

Tator. The Tight emanating from “he jth such source is defined by
. 3 .
_J - J —_—
Ug™ = :4:-41 Usi %y (8-9)
where the uJ are time invariant. The table mirror normal, on the other

$i
hand is defined by

n = sin 8(t) x; + cos e(t) x, (8-10)

The input star line-of-sight to the SST is then given by

o3 . .
=3 . LTS B
wm 2w k=g -2 (n e ug) (8-11)

The inertial coordinates of this star at time t, namely the benchmark
attitude reference used by PADS, are then given by the three direction

cosines
et =W 7 i=1,2,3 (8-12)
where clearly
Paij— P_ui‘]_
' | =Ry | v
__asj__ _“3jJ (8-13)

The method whereby PADS causes ﬁxz to converge toward sz is then basically
dependent upon adjusting the attitude estimate until its estimate of the
uiJ, say ﬁij, coincides with the uiJ as obtained by measurement. Clearly
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As mentioned before, errors in providing exact truth model earth
rate or Tatitude data will influence sz, but not the PADS performance
measure A A'1 This is because the same error effect will. appear in

ﬁxz due t:zthngact that the inertial star direction cosines, aiJ, are
directly influenced by A, through Equation (8-13). Likewise, the ap-
parent drift rates of the three gyros will shift s1ightly should inexact
values of wy or latitude be used. A similar comment can be made should
the gyros not precisely satisfy the transformation of Equation (8-8).

In neither event is the performance measure of PADS degraded.
8.2 GIMBAL SYSTEM TEST

In parallel to the system test employing a body fixed tracker, the
purpose of the gimbaled system test is to establish the performance of
the gimbaled star tracker (SST) and the gyro assembly when combined with
a suitable data reduction algorithm as an attitude estimation subsystem.
This subsystem will be used to estimate the attitude of the Taboratory
relative to an inertial set of coordinates. As before, the true attitude
of this earth-fixed laboratory is essentially known as a function of time,
providing a direct means of evaluating system performance.

8.2.1 True Laboratory Attitude

The laboratory configuration of the PADS subsystem is illustrated in
Figure 8-3. The laboratory fixed axes are defined as in Section 8.1; a
right-handed, orthogonal, coordinate set for which X3 is taken to point
opposite the gravity vector, and Xq is selected such that it experiences
no component of the earth's angular velocity,'ﬁe, i.e., Ge . Yi = (. The
term "laboratory attitude" will be taken to rean the orientation of the
axes (x1, Xp s x3) relative to an inertial set (21, Zs, 23). This latter
set of axes will be taken to be identical to axes (x], Xos x3) at the
start of any particular subsystem test run. The laboratory attitude at
any subsequent time is then given by Equations (8-1) to (8-5).
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8.2.2 @Gimbal PADS Estimate of the Laboratory Attitude

The PADS subsystem must estimate the laboratory atiitude without
being privy to latitude and a_priori earth rate information..

Consequently, the actual orientation of (XT’ Xos x3) relative to
(z], Zys 23) cannot be established by the PADS subsystem, as this infor-
mation can only be obtained through knowledge of Was Tatitude, and time,
t. Thus PADS can only provide estimates of the X;» Say ﬁi, by effective
use of the GST and IRU data. The PADS output is then an estimated labora-
tory attitude matrix, ﬁxz(t), defined by Equation (8-6), with Equation
(8-7) again providing a measure of the system's effectiveness.

Unlike the body fixed tracker, the gimbal star tracker provides at-
titude estimates about all three axes (rather than two axes). However,
since the gimbal motion between the two outer laboratory "stars" is only
about 38 deg, the anticipated accuracy about the X axis is Tless than
that about either X{ OF X3. Thus the results will be presented in two
ways: as a full three-axis estimator, and as a two~axis estimator which
ignores errors about Xy - This latter figure of merit will provide a more
direct comparison to the results obtained for the body fixed tracker.
Also, since three-axis estimates are the primary goal of this test, there
is no great advantage in any particular alignment of the IRU. Thus, the
actual laboratory orientation of this unit given by Equation (8-8) will be
assumed throughout the test runs.

8.2.3 The Star Catalog

The gimbal PADS estimation algorithm has been previously described
in Section 3.2. Key to its operation is its usage of fixed star loca-
tions as attitude benchmarks in an inertial reference frame. In analogy,
the Tocation of comparable stars in the inertial set (21, Zys 23) must be
established. This effectively thew becomes the estimator's star catolog.

8-10

i ]

[




Figure 8-4 illustrates the means whereby a star 1ine of sight is

. formed using the star simulator and air bearing table mirror. A single

fixed 1ight source emanates from the star simulator and is deflected
downward alaong -Xg by a fixed mirror mounted above the air bearing table.
A titted mirror mounted to the table top then deflects this 1ight beam

(when the table top is in position) toward the tracker. By utilizing
the table mirrors, three such stars of differing elevation angles can

be simuiated. This estabiishes the direction cosines (in Tab axes) of
each star, and its equivalent inertial coordinates are then given, as
before, by Equations (8-12) and (8-13). Likewise, estimates of the star
direction cosines (in estimated 1ab axes) are given by Equation (8-14)},
and the comments following this equation apply here as well.

FIXED MIRROR
LIGHT BEAM FROM
i —t STAR SIMULATOR
PADS TRACKER
Y
Al
;‘\\
Ny
J ”
FrTrTy MIRAOR FOK STAR NO, 3
X3

AIR BEARING TABLE |
1

'R

Figure 8-4. Establishing Star Line of Sights
for the Gimballed Star Tracker

8-11




'f 9. STRAPDOWN SYSTEM TEST

|
E ﬂ | This section describes the strapdown system test which was run from k %
- 1 October 1975 to 10 October 1975. The orbit scenario on which the test |
was based is described along with comments regarding initial alignment of
s the PADS axes. A1l of the four test runs which were conducted during the
T ten day test period are analyzed using several performance measures. Two "
; of the test runs were selected for detailed analysis to illustrate the effect |
of individual error sources on the PADS attitude estimates. A parametric

analysis is made to evaluate the effect of star update interval on the PADS

accuracy. Lastly, a summary of the PADS accuracy is presented.

9.1 TEST DESCRIPTION

j L that of a three-axis stabilized , earth-pointed satellite in geosynchronous
orbit. An experiment on board, a telescope, for example, requires precise

| Ei information regarding the inertial attitude of its sensitive axis or axes.

The PADS is used to provide this information. '

} [ The spacecraft configuration postulated for the PADS system test is
]

A calibration of the PADS star tracker boresight axis relative to the By
_ experiment axes is allowed once every ten days. Following a calibration
ig the experiment may require the PADS attitude information for any length of o
- time, for any number of times, during the next ten days. :

By way of configuring a practical laboratory test, four test runs,
nearly evenly spaced in time, were conducted during a ten day test period.
Each run was four hours in duration. During each run a star update was made
every 20 minutes. This corresponded to a star being available every 5% in
right ascension. Three different star declinations were used. A1l stars
were 8 M GO (6000°K).

j N The test period was limited to ten days by the scope of the PADS con-

i - tract and not by ény Timitation in the stability of the star tracker. Four
; i runs during the ten day period were adequateAto measure the day-to-day

e stability of the tracker, while a four hour run was sufficient to ensure
steady-state behavior for star updates up to 60 minutes apart. The minimum .
star update time of 20 minutes was determined by the gyro performance (see
Section 4.1). Three star declinations were considered adequate to exercise
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the tracker field of view linearity accuracy. Making all stars & Mv
presented a worst case situation in terms of tracker noise and simplified

test equipment design.
9.2 INITIAL ALIGNMENT/CALIBRATION

The PADS reference axes were defined physically by the optical cube on
the strapdown star tracker. The PADS experienced a fixed input rate, i.e.,
earth rate, during a test run. Consequently, no effort was made to pre-
cisely determine the gyro input axes orientations relative to the cube since
an axis misalignment would be indistinguishabie from a fixed drift rate
error.

The original intent was\to align the tracker electro-optical boresight
to the normal to the front face of the optical cube, and to adjust the field
of view alignment about the boresight so that a zero vertical output resulted
for a star on the negative x axis at the edge of the field of view. The
field of view nonlinearities were to be calibrated from a component test
performed in a separate faciiity from that of the system test.

Unfortunately, the calibration data from the star tracker component test
contained unacceptable errors which were not recognized at the time the
data was collected. These errors are described in Yolume I, Section 7. As
a result it was necessary to recalibrate the field of view using the three
stars in the system test configuration. This recalibration took place
immediately prior to the ten day system test. The overall result was the
jnvalidation of the independent measure of the accuracy of the field of view
Tinearity. The recalibration did not affect the basis for the alignment,
albeit indirect, of the boresight to the optical cube, namely, the ground-
rule that the boresight would be calibrated relative to the experiment axes

every ten days.
9.3 SYSTEM TEST RESULTS

The following system test results were obtained using the computer
performance evaluation programs described in Section 8.
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9.3.1 Pass Parameters

: Four test runs, each of approximately four hours in duration, were
conducted between 1 October 1975 and 10 October 1975. This time tagged
sensor data was then utilized by the Estimation A1gorithm to predict both
laboratory attitude and the gyro drift rates. Aside from the time tagged
sensor data, the algorithm requires a number of additional inputs dealing
primarily with statistical quantities that describe initial uncertainties
in both attitude and gyro drift rates, as well as uncertainties in both

gyro and star tracker noise parameters. In general, the attitude estimation

performance of the Estimation Algorithm is dependent upon the vajues of

assumed noise. Also of significance is the degree of filtering applied to

the output of the tracker, as longer time constants tend to reduce the

impact of tracker noise. Taking such parameter variations into account, a

total of 31 attitude estimation computer passes were made based upon the
four test runs previously mentioned. Table 9-1 lists the conditions for

these 31 passes.

9.3.2 Porformance Measures

The effectiveness of the Attitude Estimator is based primarily upon
three things:

1) The degree to which the estimator accurately predicts the
attitude of the Xy axis. If 84 and 8, represent the estimation

ervors about, respectively, the Xq and Xq axis, then the
boresight (xz) attitude error is given by

o= vo,% 4072 {9-1)

i 3

2) The degree to which the boresight attitude error, which of
course is unknown operationally, is reflected by the estimator's
error covariance predictisn. Observation of the Tatter should
give a strong qindication of the actual errors. Comparing the
attitude error covariance prediction with the SST measurement
residuals will check estimator “consistency."

3) The speed with which the attitude estimates conv.rge from
sizeable initial estimation errors (e.q., 100 sec) to errors
that are close to "steady state."
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Table 9-1. Conditions and Parameters of Computer Passes

Pass Conditions

Run Duration - 14800 sec
Star Update Interval - 20 min/40 min/60 min*

Each star utilized 3 times at 55 sec intervals
*
Gyro Orientation - Best Case/Worst Case

Initjal Conditions

Initial Attitude Estimate - 100 sec error about X and Xq

Initial Attitude Uncertainty {1o) 100 sec about x; and x5 10 sec
about Xo

Initial gyro drift rate uncertainty - .02 $ec/sec

Sensor Parameters

Gyro:

Estimated Drift Rates. Gyro X -.833 sec/sec
y -.478 sec/sec
z -1.055 Sec/sec
Gyro noise @, - .02 to .08 §EE/(sec)]/2*

v *
Gyro noise o, - .2 X 107 to .6 x 107 sec/(§EE)3/2

Gyro noise o - 0.1 sec

Star Tracker:
Calibration coefficients as specified in Volume I, Section 7

Time constant (both axes) -~ .0466 sec
Digital output filter (both axes) - 0 to 3 sec*

“utput noise (both axes) - 1.5 to 3 Sec*

*
Specified in Test Run
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Items 1) and 2) are time variant and require additional qualification if

~clear figures of merit are to be adopted. Figure 9-1 illustrates a typical

sequence of 6 values, a value being plotted every 300 sec and also at times
just prior and just subsequent to an attitude update.

For the merit figures, the discrete points are connected by straight
lines. The mean pointing error and its standard deviation are then com-
puted as

o1 2": 1 v Lk
Mg = (e = t7 & 2 a1 T O) (Piyg = 8y) (8-2)

) 1/2
i} 1 1fee v2,.: _
% ~ {ITY‘)‘ Zn 3 [Bm FOt By ei}(tiﬂ ti)}

n’ 1
(9-3)
where
6, =8 (t1. +) (9-4)
e'i =8 (ti ‘) (9-—5)
with tN and tn representing, respectively, the final time and *ime at which

the effect of initial estimates have disappeared. A similar appraoch is
also used in computing the mean and standard deviation, ug and o3 of the
attitude estimator's guess (based upon its covariance matrix) as to the
reliability of its output. Lastly, “y and oy have similar interpretations
regarding the measurement residual. The six merit figures will be used
extensively in what follows.

9.3.3 Detailed Analyses of Passes No. 8 and No. 9

Pass No. 8 met the general conditions of Table 9-1 under the additional
specifications:

Tracker noise (1g) - 1.5 sec
Tracker output filter time constant - 3 sec
Tracker update interval - 20 min
1/2
o, - -6 x 107% See/sec
Gyro Orientation - Best Case

in x and y: .08 in z

Gyro noise o - .04 set/sec
3/2

in x, ¥y, and z
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Figure 9-1 illustrates the convergence of the estimation error, 6, of
the boresight (xz) attitude. A dramatic correction in attitude estimation

error is made after just one star sighting. However, the gyro drift rates

retain sufficient error to cause considerable divergence until the second
star sighting at about 2600 sec. The drift rates are then also corrected
and fairly benign performance {which we shall call "steady state") occurs
thereafter. Figure 9-2 jllustrates, on a larger scale, the estimation error
from about 5000 sec onward. An average pointing error of about 2 sec is
experienced, which corresponds to a 1.4 $éc error per axis.
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When the conditions of Pass No. 8 are altered by assuming a worst case
rather than best case gyro orientation, the convergence of 6 remains about

the same.

Steady state behavior is considerably degraded, however, as
Pass No. 9 in Figure 9-3 clearly shows.
error of about 3.2 Sec is evident, corresponding to 2.3 Sec per axis.

In this case an average pointing

This

is clearly a result of the z gyro drift rate fluctuation, which now directly

influences the pointing estimate.

If w (t) represents a gyro's rate output,

then Figure 9-4 presents the rate variation w'(t) for each of the three
gyras over the run duration [0,T] where T = 14800 sec. wé(t)'is of the form

where

wg'](t) =

o)g(t) - Eg(t)

Eg(t) is the average drift rate for the run duration.
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It is clear that the z gyro experiences severe drift rate changes at both

6100 sec and 12730 sec. This is consistent with the resuits of Figure 9-3,

which shows the start of a severe fluctuation in the attitude estimate at
about these times.

9.3.4 PADS Steady State Parametric Test Results

The results for all four test runs are shown in Figure 9-5, in terms

of the previously defined perforinance criteria Hgs Tg» 5> Ofs s O, . In

y oy
general, the system resuits are excellent, with the following conclusions
evident

e All of the 13 passes indicate an RMS pointing error, o,, of better

than 4 sec. In fact, the average oy over the 13 passeg is 3.08
sec for a per axis error of 2.2 sec.

e The performance of the best gyro orientation exceeds that for the
worst orientation by 0.4 - 1.0 set.

® Filtering the tracker output through a 3 sec time constant filter
shows significant improvement over a ] sec filter.
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# Gyro data base B results in filter covariance estimates that :
agree more closely than A with actual performance. "

@ Passes 5, 6, 8, 17, 23, and 18 show excellent agreement between
actual performance, filter predicted performance, and the actual , L
measurement residuals.

& Passes 1, 7, 28, and 16 indicate poorer agreement. In Passes ] :
and 7 too high a value of tracker noise was assumed. Pass 28 is S
plagued by tracker bias, which was independently established. =
Pass 16 is also somewhat plagued by such bias, but in addition
is optimistic in its assessment of gyro noise.

Flgura 8-5. PADS Test Results — 20 Min, Updates
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Additional examples of steady state performance are shown in Figure 9-6

to 9-10.
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Figure 9-11 presents results similar to Figure 9-5, but for systems
with less frequent star updates. In each case rapid initial convergence was
obtained as the first two star updates were taken 20 min apart. Thereafter,
the update interval was as noted, either 40 or 60 minutes. As anticipated,
these results are somewhat poorer. Specifically:

o The peak 40 min RMS error, og, is 7 $ec, with the average og
given by 4.32 set, or 3.06 set, per axis. TeoiT

¢ The peak 60 min RMS error, og is 13 set, with the average og
given by 7.72 set, or 5.46 get, per axis. '

e The influence of worst case over best case gyro alignment s now
much more severe, as much Tonger time intervals exist between
gyro bias corrections.

@ Test runs 1 and 4 indicate much better results than either 2
or 3. Test run 2 is particularly poor due to the aforementioned
tracker bias.

o Passes 11, 13, 25, 26, 14, and 15 show fairly good agreement
between actual and filter predicted performance.

® Passes 10, 30, and 31 show quite a difference between actual and
predicted resulits. The latter two are influenced by the unobserv- :, _
able tracker bias, whereas Pass 10 uses gyro noise parameters L A
which are pessimistic for these longer filtering durations. In
practice, when the update intervals vary, the gyro noise param-
eters must assume some compromise values.

S

Figures 9-12 to 9-15 illustrate typical steady state behavior patterns
for these increased update duration runs.

%
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9.3.5 PADS Accuracy

The criteria for the accuracy of the PADS is the RMS of the difference
between the PADS estimate of the inertial attitude of its reference axes
and the true attitude of these axes as indicated by:

1) Laboratory instrumentation

2) A priori knowledge of earth rate and the inertial attitude
of the Taboratory at the start of a test run. o

This criteria is designated g in Figures 9-5 and 8-11.

The parameters selested for the nowinal PADS algorithm for the 20 -
minute updates are:

1) Filter time constant: 3 sec . g
1/2

0.04 arc sec/sec

2) Gyro noise (x and y gyros): o
0.6 x 10'4 arc sec/sec

v
%y

3/2

1]

3) SST noise: 1.5 arc sec.

The parameters for the 40 and 60 minute updates were the same except for
the gyro noise sigmas which were reduced by 1/2 and 1/3 for g, and 9,
respectively. The passes representative of the values in Figure 9-5 are
numbers 8, 28, 17, and 23, or test runs 1, 2, 3, and 4, respectively. In
Figure 9-11 the 40 minute update representative passes are numbers 11, 30,
20, and 25, or test runs 1, 2, 3, and 4, respectively, The 60 minute
update representative passes are numbers 14, 31, 22, and 27, or test runs

1, 2, 3, and 4, respectively.

Table 9-2 summarizes the value of dg for the nominal PADS algorithm
with the best gyro orientation. Values from all four test runs are avail-
able for each update interval. The rms of the values for the four runs is
the PADS two-axis error for a given update interval. This rms, divided by
/2, is the PADS single-axis error.

The PADS design goal is 3.6 arc seconds (lo) per axis for 20 minute
star updates. The measured error of 2.3 arc seconds is well within the
design goal.
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Table 9-2. PADS RMS Error
20 Minute 40 Minute 60 Minute
Test Run Updates Updates Updates
1 2.0 2.3 3.3
2 4.0 7.1 13.5
3 3.7 5.7 8.3
4 2.7 3.6 ‘5.8
rms (2-axis) 3.2 5.0 8.6
rms (T-axis) 2.3 arc sec 3.6 arc sec

6.1 arc cec

[Es) e

.m"i

The increase in measured ervor with increased update interval is also
Although the increase appears well behaved, exam-
ination of the individual test runs reveals a large variation in values,

indicated in Table 9-2.

indicating caution should be applied in generalizing these results.
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10. GIMBAL SYSTEM TEST

This section describes the gimbal system test which was run from
6 February 1976 to 16 February 1976. The orbit scenario on which the test
was based is described along with comments regarding initial alignment of
the PADS axes. A1l of the four test runs which were conducted during the
ten day test period are analyzed using several performance measures. Two
of the test runs were selected for detailed analysis to illustrate the effect
of individual error sources on the PADS attitude estimates. A parametric
analysis is made to evaluate the effect of star update interval on the PADS
accuracy. Lastly, a summary of the PADS accuracy is presented.

10.1 TEST DESCRIPTION

The spacecraft configuration postulated for the PADS system test is
that of a three-axis stabilized, earth-pointed satellite in geosynchronous
orbit. An experiment on board, a telescope, for example, requires precise
information regarding the inertial attitude of its sensitive axis or axes.
The PADS is used to provide this information.

A calibration of the PADS gimbal star tracker axes relative to the
experiment axes is allowed once every ten days. Following a calibration
the experiment may require the PADS attitude information for any length of
time, for any number of times, during the next ten days.

By way of configuring a practical laboratory test, four test runs,
nearly evenly spaced in time, were conducted during a ten day test period.
The first three runs were four hours in duration, the Tast was five hours.
During each run a star update was made every 20 minutes. This corresponded
to a star being available every 52 in right ascension. Three different
star declinations over approximately a 20° span were used. A1l stars were
3.5 M GO (6000°K) .

The test period was limited to ten days by the scope of the PADS con-
tract and not by an assumed Timitation in the stability of the star tracker.
Four runs during the ten day period were adequate to measure the day-to-day
stability of the tracker. Four hour runs were sufficient to ensure steady-
state behavior for star updates up to 40 minutes apart. The five hour run
was made to provide data for star updates 60 minutes apart. The minimum

10-1
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star update time of 20 minutes was determined by the gyro performance (see
Section 4.1). The maximum star separation in declination of 40° was con-
sidered adequate to provide three-axis information with the single star
tracker. Making all stars 3.5 Mv presented a worst case situation in terms
of tracker noise and simplified test equipment design.

10.2 INITIAL ALIGNMENT

Alignment of the gimbal star tracker presented considerably more com-
plexity than that encountered with the strapdown star tracker. In the case
of either tracker the objective was to determine the alignment of the
electro-optical (F0) axes relative to optical surfaces on the tracker base.
For the strapdown track:r the only critical EQ axis was the EQ boresight,
i.e., that position in the field of view at which a star produced zero
electronic output in two axes. Using the parallel beam star stimulus
approach, it was an easy task to align the boresight normal to the front
face of the optical cube within an arc second. However, the gimbal tracker
has two EO axis which are critical: 1) the EO boresight zero position,
defined as that position of a star wherein both optical sensor field of
view outputs are zero, and the gimbal angle readout is also zero, and 2) the
normal to that piasne for which the angle of incidence between the plane and
the EO boresight remains constant for all gimbal angles. The second axis
is the effective gimbal axis, purposely defined in an electro-optical rather
than a mechanical sense. The obliqueness of the definition is necessary to
account for a possible nonorthogonality between tke EQ boresight and the
effective gimbal axis. Determining the orientation of both these EQ axes
relative to the three mirrors attached to the base of the tracker to within
one arc second entailed a significant activity.

The first step undertaken was identification of the effective gimbal
axis. Ideally this should have been accomplished electro-optically, but no
practical technique was available '.o do this with an arc second accuracy.
Consequently, recourse was made to an optical-mechanical technigque. This
consisted of mounting a mirror on the end of the gimbal axis with its surface
normal to the gimbal axis. Normality was observed by autocollimating off
the mirror with a theodolite and adjusting the mirrar orientation until no
deflection was observed with the theodolite as the gimbal and attached

10-2
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mirror were rotated. Performance of this task led to two observations:
1) the gimbal axis sagged such that the mirror on the end of the axis tilted

' 34 arc seconds from the effective gimbal axis, and 2) the rate of change of

this sag was 4 arc seconds for a gimbal motion of 30°. Both of these effects
are shown in Figure 10-1. The sag was determined by Teveling the gimbal

axis using the optical cube on the optical sensor. With the theodolite
viewing the back face (negative boresight axis) of the cube, the tracker

base fixture was shimmed until no horizontal defiection was measured as the
gimbal was turned through 20°. In view of the method used, the accuracy of
the measured sag is probably no better than 5 arc seconds. On the other
hand, the relative change of the sag with gimbal angle was measured directly
with the theodolite, and its accuracy is better than one arc second.

The gimbal axis sag theoretically should have no significant effect on
the performance of the star tracker. However, it did invalidate accurate
determination of the vertical alignment of the effective gimbal axis through
optical-mechanical techniques. In view of the symmetry of the curve in
Figure 10-1 about the ordinate, and the mechanical symmetry of the plus
and minus 30° gimbal positions relative to the gravity vector, it was assumed
that the horizental component of the mirror normal was within an arc second
of the effective gimbal axis.

VERTICAL DEFLECTION
OF MIRROR NORMAL IN
ARC SECONDS

{THE EFFECTIVE GIMBAL
AXIS IS AT ZERO)

1\
NOTE: HORIZONTAL DEFLECTION QF
THE MIAROR NORMAL WAS LESS

44D THAN 1 ARC SEC OVER THE 60°

L_\' RANGE OF GIMBAL ANGLE,
/"’"‘F -

T a0

110

GIMBAL

4 — " + P ANGLE
30°  qs° 0 1° A0 (THE EO DORESIGHT 15
HORIZONTAL AT ZERD)

Figure 10-1. Gimbal Axis Sag

10-3

PSRN,



The next step in the alignwent procedure was to adjust the EO boresight
normal to the effective gimbal axis. This was accomplished using two theo-
dolites as shown in Figure 10-2. The tracker base was turned until the sum
of the two angles indicated in the fioure was 90%. The optical sensor was
then rotated in the gimbal until zero horizontal output was obtained. Using
both theodolites in this manner gave an accuracy of one or two arc seconds
for this step.

With the EO boresight now aligned normal to the effective gimbal axis,
the vrelative orientations of the three reference mirrors were determined
through the use of the parallel beam star stimulus technique. With the
tracker in place the stars were adjusted via the rotating mirror assembly
so that the three star beams were normal to the three tracker reference
mirrors. Immediately following this the star tracker was removed and the
theodolite inserted in its place. The theodolite was then used to measure
the relative orientations of the star beams. The results were previously
shown in Figure 4-21 and are repeated in Table 10-1.

GIMBAL STAR

TRACKER
: - - - o } COLLIMATED
DKM3 : <—— { STAR BEAM
THEODOLITE
+ 02 = go°

Figure 10-2. Alignment of the EO Boresight to the Effective
Gimbal Axis
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l Table 10-1. Relative Reference Mirror Orientations
i . o Mirror Vertical Horizontal
t No. (arc sec) (arc sec)
+68380.2 -3.2
0.0 .0
-68392.8 -4.8
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The last alignment step was to determine the orientation of the three
mirror normals relative to the tracker axes. Immediatefy prior to the
system test, with the tracker in place, the orientation of the tracker axes
relative to the stars was measured using the tracker outputs, and the orien-
tation of the stars relative to the mirror normals was measured using the
parallel beam technique and the automatic autocollimator outputs. Combining
the two sets of measurements gave the results shown in Table 10-2. The
numbers in parenthesis are the relative orientations.

Table 10-2. Reference Mirror Positions in Tracker Axes

Mirror Vertical Horizontal
No. {arc sec) {arc sec)
] 53814.9 ( 68379.9) -9.6 {-5.2)
2 -14564.8 ( 0.0) -4.4 ( 0.0)
-82958.0 {-68393.2) -8.2 (-3.9) J

Comparison between Tables 10-1 and 10-2 leads to two observations.
First, if the coordinates in Table 10-1 are rotated 4.5 degrees as shown
in Figure 10-3, then the agreement between the relative horizontal measure-
ments from the two tables is within 0.5 arc second. This indicates that:
1) the boresight axis was accurately alighed normal to the effective gimbal
axis, and 2) the angles between the mirror normals and plane orthogonal
to the gimbal axis are accurately known. Secondly, the agreement between
the relative vertical measurements indicates that the gimbal readout, at
least for the three positions measured, does not have to be calibrated.
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10.3 SYSTEM TEST RESULTS

The following system test results were obtained using the computer
performance evaluation programs described in Section 8.

10.3.1 'Pass Parameters

Four test runs, each of approximately four hours in duration, were
conducted between 6 February 1976 and 16 February 1976. The time-tagged
sensor data was then utilized by the Estimation Algorithm to predict both

Taboratory attitude and the gyro drift rates. As before, the algorithm
requires a number of additional inputs dealing primarily with statistical

quantities that describe initial uncertainties in both attitude and gyro
drift rates, as well as uncertainties in both gyro and GST noise parameters.
These parameters are listed in Table 10-3. Varying these parameters, a
total of 31 attitude estimations passes were made based upon the four test
runs mentioned above.

10.3.2 Performance Measures

The effectiveness of the Attitude Estimator as a three axis device is
based primarily upon three things:

1) The degree to which the estimator accurately predicts the attitude
of the laboratory. If 87, 82, and 83 represent the estimation
errors about, respectiveiy, the X715 X9 and X3 axes, then the
attitude error is defined by

= ,/ 2 2 2
g = 81 + 82 + 63 (10-1)

2) The degree to which the Taboratory attitude error, which of course
is unknown operationaily, is reflected by the estimator's error
covariance prediction. Observation of the latter should give a
strong indication of the actual errors. In practice, the operator
will compare the attitude error covariance prediction with the
GST measurement residuals in order to check estimator "consistency.'

3) The speed with which the attitude estimates converge from sirealle
initial estimation errors {(e.g., 100 sec), to errors that are close
to "steady state."

Items !) and 2) are time variant and require additional quantification if
clear figures of merit are to be adopted. In this regard, the ner axis mean
pointing error and its standard deviation are computed as described in Sec-

tion 9.3.2.
10-7
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Table 10~3. Conditions and Parameters of Computer Passes

~ Pass Conditions

Run Duration - 14500 to 18370 sec

. ®
Star Update Interval - 20 min/40 min/60 min.

Each star utilized once near the azimuth center of the GST field
of view

Initial Conditions

Initial Attitude Estimate - 100 Sec error about X1s Xga and xq
Initial Attitude Uncertainty (7o) 100 sec about Xqs Xga and X2
Initial gyro drift rate uncertainty - 0.02 Sec/sec

Sensor Parameters

Gyros:
Estimated Drift rates. Gyro x -0.840 Sec/sec
vy -0.422 sec/sec
z -1.165 sec/sec

*
Gyro noise - 0.02 to 0.08 §Eb/(sec)1/2

*
4 3/2

Gyro noise - 0.2 x 10°% to 0.6 x 10 sec/(sec)
Gyro noise - 0.1 sec

Gimbal Tracker:
Time constant (both axes) - 0.0466 sec
Digital Output filter (both axes) - 3 sec

Output noise (both axes) - 1.5 <ec

4
Specified in Test Run
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10.3.3 Detailed Analyses of Passes No. 11 and No. 21

Pass No. 17 corresponds to the general conditions of Table 10-3 and
utitizes the PADS data of 9 February, the gyro being updated every 20 min-
utes by the gimbaled star tracker. Figures 10-4 and 10-5 show, respectively,
the corresponding two and three axis convergence of the laboratory attitude
estimation errors. A total of 12 star updates are employed, in the order

Svar Number: 1,3.3,3.1,3.2,1,3,1.,2.3,3 (A)

where, noting Figure 8-4, the tracker input star 1ine-of-sight has a large
negative projection on X3 for star No. 1, a slight positive projection for
star No. 2, and a large positive projection for star No. 3. The particular
sequence noted above was chosen to insure the differing geometric conditions
inherent in sighting different stars for the more demanding convergence
conditions associated with 40 and 60 minute updates. Thus when 40 minute
update passes are made, the star sequence is

Star Number: 1,3,1.2,3,2,3 (8}
and for 60 minute updates passes
Star Number: 1,3,2,1,3 (C)

The sequence (A) is not optimally beneficial in assuring rapid convergence
for 20 minute update passes, as star No. 3 is used 3 successive times. This
is the price paid for better results when the updates are less frequent.

For Pass No. 11, the first five updates occur at times 329, 1365, 2649,
3850, and 5044 sec, corresponding to stars 1,3.3,3,1 respectively. As the
results of Figures 10-4 and 10-5 indicate, the first two updates (providing
4 pieces of independent azimuth-elevation star data) considerably reduce the
initial error, but are not adequate to establish the six unknowns defined by
the three attitude and three gyro drift rates. Additional updates by star
No. 3 at 2649 and 3850 sec provide only slight improvement as the geometric
conditions are not much different than at 1365 sec. Once star No. 1 is again
used {(at 5044 sec) a dramatic improvement occurs, and the filter can subse-
quently be considered to be close to its "steady state" operation. The reuse
of star No. 1 proved geometrically beneficial as its previous use occurred
sufficiently far in the past. This same convergence pattern appeared in all
of the 20 minute update passes, regardless of which PADS test run was used.

10~9
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Figure 10-6 shows a comparable three-axis run fer the test data of
6 February. Convergence behavior is essentially the same as described
 above, but there appears a dramatic temporary degradation in the attitude
estimates at about 8000 sec, Tong after the filter has supposedly reached
"steady state." This is caused by a severe shift in the z gyro drift rate
at about the same time, as indicated by the gyro data of Figure 10-7. Of
significance is the fact that the filter is only temporarily confused by
this event, providing better and better estimates of the new z gyro drift
rates as additional star updates appear.
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10.3.4 PADS Steady State Parametric Test Results e

The results for the runs taken on the 9th, 11th, and 16th of February ‘il_':j

are shown in Figure 10-8, for 20 minute updates. The statistics presented

in each case cover the time interval subsequent to the fifth star update N

to the erd of the run. The results of the PADS data taken on 6 February are ~

not included as the severe jump in the z gyro drift rate provides untypically

pessimistic answers. The following conclusions are evident from Figure 10-8. L
o Passes 11 and 13 provide two-axis estimates between 3 and 4 Sec’ o

and show good agreement to both the corresponding filter .
estimates and the measurement residuals.

e Pass 12 indicates poorer results than either 11 or 13. This can ¥
be traced to anomalous drift rate behavior of both the x and y -
gyros as each gyro's drift rate suddenly shifts by 0.0014 deg/hr .
at one point in the run. The effect is not major, but has A
sufficient impact to negatively influence a short test run of p
only 4 hours.
-
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Figures 10-6 to 10-12 show typical convergence responses of the 20
minute update results.

Figure 10-13 shows results for 40 and 60 minute update intervals. Only
test run 4 is shown for the latter, as this somewhat Tengthened run alone
alliows an adequate number of updates necessary for "steady state" behavior.
Even at that only the two axis results of Pass 18 have reached what can be
considered final values. Errors about Xy would have continued to reduce
had the run time been longer.
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Of the 40 minute update passes, Passes 15 and 17 perform very well,

a]though the three-axis filter confidence has clearly not settled to its i

final value as errors about Xy inherently require more star data. The per-
formance of Pass 15 is somewhat worse, again being plagued by the drift

rate change of the x and y gyros noted before.

Figures 10-14 to 10-17

illustrate these 40 and 60 minute updating runs.
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10.3.5 PADS Accuracy

The criteria for the accuracy of the PADS is the mean difference
between the PADS estimate of the inertial attitude of its reference axes
and the true attitude of these axes as indicated by the Tlaboratory instru-
mentation, and a priori knowledge of earth rate and the inertial attitude
of the Taboratory at the start of a test run. This criteria is designated
% in Figures 10-8 and 10-13.

Tables 10-4 and 10~5 summarize the values of Tg for. the two-axis and
three-axis results. As mentioned previously, the first test run contained
a z gyro malfunction and was not used. Also, only the fourth run was long
enough to obtain a steady-state result for 60 minute updates. The n-axis
RMS erro' divided by /n, is the PADS single-axis error.

The PADS design goal is 3.6 arc seconds {lo) per axis for 20 minute
star updates. The value of 3.6 arc seconds calculated from the two-axis
results meets this goal, but the corresponding value of 4.8 arc seconds
from the three-axis results does not. The poorer accuracy from the three-
axis results is expected since the maximum angle between the three avail-
able stars was only 38 degree as compared to the optimum of 90 degrees.
For the purpose of a comparison with the strapdown PADS, which did not

have such a geometry constraint, the errors from the gimbal two-axis
results will be used.

The two tabies also show the jncrease in measured error with increased
update interval. The inconsistency between the two-axis and three-axis trends
is probably due to insufficient data points. The 23.3 arc seconds in

Table 10-5 is definitely an anomalous point. No generalizations are
apparent.
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Table 10-4. PADS RMS Ervor Hg for Two-Axis Resultis

e | Adme [ ogume i
1 - - -
2 3.8 3.2 -
3 6.6 7.1 -
£ 4.5 5.3 6.5
rms (2-axis) Ei?f g;1; E;;;
s {1-axis) 3.6 arc sec 3.8 arc sec 4.6 arc sec

Tabie 10-5.

PADS RMS Error Hg for Three~Axis Results

20 Minute 40 Minute 60 Minute
Test Run Updates Updates Updates
] —_ —_ —
2 7.3 4.6 -
3 8.6 23.3 -
4 8.9 6.6 15.0
ris (3-axis) 8.3 14,2 16.0
rms (T~axis) 4.8 arc sec 8.2 arc sec 8.7 arc sec
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11. COMPONENT ACCURACIES

As a by-product of the system tests certain measurements of the
performance of the individual star trackers and ~yros were obtained. These
measurements are presented in this section.

11.T STRAPDOWN STAR TRACKER

As described in Section 4.3 the automatic autocollimator nuli bias was
calibrated immediately before each star transit during a test run for the
strapdown system test. This was accomplished by first pointing the parallel
star and autocollimator beams at the theodolite, and then pointing them at
the star tracker. While in the latter position, the tracker outputs as well
as the autocollimator signals were stored on magnetic tape. Thus a measure
of the boresight stabitity of the tracker was obtained before each star
transit, i.e., every 20 minutes. Figure 11-1 is a plot of these measure-
ments for the 12 star transits in the 1 October 1975 test run. Figure 11-2
is a plot of the mean of a run's measurements for the four runs made during
the ten day test period. The fifth measurement in the plot was obtained
from the initial data of a test run on 10 October 1975. This run was aborted
due to an electronics failure in the data transmission equipment. The error

shown in Figure 11-1 is probably due to the laboratory instrumentation errors.

However, the error shown in Figure 11-2 does reflect the drift of the bore-
sight over a ten day period since the run-to-run repeatability of the labora-
tory instrumentation is 0.6 arc second (3c) {see Table 4-1).

In addition to the static boresight measurements, dynamic measurements
of the star tracker accuracy were obtained for each star transit. The
magnetic tape data from a test run was processed in an offline timeshare
computer program. This program compared the compensated tracker outputs
with the air bearing table compensated readout and prior knowledge of the
star positions. The resulting error signal was passed through an RC filter
with a 20 second time constant in order to smooth the tracker noise. Fig-
ure 11-3 through 11-14 are plots of the error signal for the 12 star transits
of the 1 October 1975 test run. The beginning of the transit occurred on
the right side of a plot, and the signal moved from right to left. This is
evident in the vertical axis error signal of Figure 11-6 which shows two
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sudden jumps in the data and their subsequent decays. The dynamic Tag of
the star tracker track Toop is apparent in the horizontai axis error signal
for all of the transits. The analytical calculation of this lag {Volume I)
was 0.8 arc second, which is in good agreement with the plots. The

star sequence for the 12 transits was 1,2,2,1,2,3, etc. Examination of
the four plots for any particular star does not reveal a clear indication
of a systematic error resulting from the polynomial compensation of the
tracker output. This error is indistinguishable from the filtered tracker
noise.
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Figure 11-1. Static Boresight Error for 1 October 1975 Test Run
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11.2 GIMBAL STAR TRACKER

The static boresight measurements recorded during the gimbal system
test differed from those of the strapdown test in that each measurement was
for one of the three different stars, not all for the middle star. The
measured star positions immediately prior to the ten day system test are
given in Section 4.1. The average deviations throughout a test run from
these values are shown in Table 11-1. under the column absolute error. The
table also 1ists the errors in the Jocations of the upper and Tower stars
relative to the center star.

Table 11-1. Static Boresight Errors for the Gimbal System Test

Absolute Error Relative Error

Tast Run Star Az EL A7 EL
8 Feb 76 1 -0.5 0.1 -0.4 0.0
2 0.1 0.1 0.0 0.0

3 0.4 -0.2 0.5 -0.3

9 Feb 76 1 1.8 -1.2 0.4 -0.4
2 1.4 | -0.8 0.0 0.0

3 3.9 -0.9 2.5 ~0.1

11 Feb 76 1 2.5 -0.1 0.2 -0.1
2 2.3 0.0 0.0 0.0

3 3.2 -0.5 0.9 -0.5

16 Feb 76 1 1.0 ~-0.4 ~0.3 0.3
1.3 -0.7 0.0 0.0

1.9 ~1.6 -0.6 -0.9

The relative errors are presented to indicate the accuracy of the
laberatory instrumentation. These errors will be independent of bias shifts
in either the optical sensor or the gimbal readout. With one exception,

these errors support the accuracy assumed for the laboratory instrumentation.

The exception is for star 3 azimuth during the 9 February 1976 run. Both
the absolute and the relative errors appear off by 2.5 arc seconds. No

explanation for this discrepancy was found. In general the absolute elevation
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errors are small, white the azimuth errors are in the region of one to two

.arc seconds. These errors are believed to be indicative of the boresight

stability of the tracker.
11.3 GYROS

The magnetic tape data for all eight test runs of both system tests
was processed to indicate the drift stability of the gyros throughout a
particular test run. Figures 17-15 through 11-22 show the attitude output
stability of the three gyro axes for the eight test runs. The actual gyro
output was a ramp function when plotted against time. In order to clearly
show the ramp irreguiarities, the figures plot the output minus the ramp
defined by the start and end points of the data.

In general the plots verify thé performance measured previously for the
gyros and presented in Appendix C. An exception, however, was the perfor-
mance of the z gyro for the last three runs of the gimbal system test.
Unexplanably, but fortuitiously in view of the three-axis requirement of
the test, the performance was much improved.
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12. CONCLUSION

Both the sfrapdown and gimbal PADS met the accuracy goal of 3.6 arc
seconds (To) per axis as demonstrated by the laboratory tests. The strap-
down PADS accuracy of 2.3 arc second actually exceeded the goal by a con-
vincing margin, The gimbal PADS accuracy of 3.6 just equaled the goal. It
is noted that the gimbal accuracy was derived from the gimbal two-axis
results which did not include the detrimental effect of the Timited 38°
separation between stars.

The laboratory tests have demonstrated that either system, under
Taboratory controlled temperature and vibration environments, will meet
the design goal.

In a comparative sense, the performance of the strapdown system exceeds
that of the gimbal system even more than the 20 minute update accuracies
indicate. As pointed out in Section 4.1, for equal probabiiities of star
acquisition the gimbal tracker update interval should be 32 minutes if the
strapdown tracker interval is 20 minutes. Although the quantitative effect
of the longer update is not clear from the parametric results in Section
10.3.4, it is certain that the accuracy of the gimbal system will be even
less for the longer update.

Also in a comparative manner, the alignment complexities associated
with a test evaluation of the gimbal system, specifically the gimbal star
tracker, are more numerous than those of a comparable strapdown system
with two star trackers. These complexities arise primarily from the
inability to directly identify the gimbal axis with an optical flat in the
presence of a 1 g field. In another aspect, the hardware connected diffi-
culties encountered with the gimbal star tracker provided a reminder of
the comparative complexity of that unit relative to the strapdown star
tracker.

The substitution of the 0AO gyros for the originally intended Bendix
gyros turned out well in that the anomalous behavior of the normally higher
performance OAQ gyros made their random drift rates comparable to those
expected from the Bendix gyros. On the other hand, the drift rate vari-
ations of the x and y gyros were decidedly deterministic, displaying a
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squarewave variation in rate which did not fit the assumed statistical
models. Also, the performance of the z gyro was much poorer than either
the z or y gyros, necessitating an artificial rotation of the gyro axes
in the strapdown test to eliminate its effect from the two-axis resuits.
It also invalidated one of the four gimbal test runs.

The attitude error convergence plots for both systems indicate that
the Timiting factor for the 20 minute update intervals is the star tracker
error. The independent evaluations of the tracker noise and bias errors
led to the conclusion that the software algorithms, and the Kalman filter
in specific, did not add significantly to the total error. In this area
the primary emphasis of the laboratory evaluations, namely, the star
trackers and the algorithms, was fulfilled, Howaver, the 40 and 60 minute
update intervals presented a different case. Here the anomalous behavior
of the gyros became dominant, and the Kalman filter understandably was
unable to compensate for the sudden drift rate changes between star
updates.

In terms of development status then, both star trackers have proven
their performance capabilities and appear ready to proceed to flight level
designs and environmental testing. The one reservation, however, involves
the strapdown star tracker hysteresis described in Volume I. In many
applications this effect is undesirable, and efforts are now underway to
identity and eliminate it,

The results obtained in the area of minimizing the Taboratory instru-
mentation errors justify the ground-fixed test configuration chosen for the
system tests. The predicted instrumentation errors of 0.9 and 1.6 arc
seconds for the strapdown and gimbal tests, respectively, most probably
were achieved in view of the overall test results. The advantage of pre-
senting PADS attitude errors as computed, without qualifications for
hypothesized instrumentation errors, outweighs the subtle aspects involved
with the ground-fixed configuration.

While the ground-fixed test configuration did minimize the instrumen-
tation errors, it also made clear that the 1imit in test accuracy for star
trackers and attitude determination systems was reached using commercially-
available instrumentation. The most obvicus Timitation was the theodolite.
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While the Kern DKM3 is one of the best, if not the best, such instrument

- available, obtaining better than 0.5 arc second accuracy with the instru-

ment is doubtful. Another limitation is the parallelism and perpendicu-
larity accuracies of mirror surfaces. Procurement of such mirrors with
specifications below one arc second is not only costly but often beyond
the capabilities of most optical suppiiers. Stability and collimation
accuracy of star sources is another Timitation. Even with the thermally
passive approach‘used in this program, material creep and long-term defor-
mations will often require months of settling time after initial installa-
tion to achieve better than 1 arc second stability.

It seems clear that if star trackers or attitude determination systems
with sub-arc second accuracies are developed, a significant increase in the
cost of testing such units or systems will be experienced. A large part of
the test cost will be the development and certification of the precision
test instrumentation required.
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APPENDIX A

DATA ANALYSIS PROGRAM LISTING FOR THE
STRAPDOWN SYSTEM TEST D




00265,

_bozlz

001GC0O
GC1llcC

0clieao0
Q0130
00140
00150
00160
00170
30180
0019¢C
Qo192
00194

00200

00203
00204

20206
00210

00220
00230
00240
0025C
00255

; .00256

0026C
GG280

00310

i
¥

i

00320
00330
00340
00350
00360
00370
00375
00380
0035C
GGC4aCO
0U41C
00440
Co44C
Co4ed

oo a0

oo

- N7=3

15

5~
[V

DATA

PEWIND 2

(= == emmg (ol Pmmg)

[me) s S

[T T 2| i Z=)

PRRARAM PARS(INPUT»QUTPUTs TAPELSs TAPEZ2S TAPE4STAPES)
COMMON/] /NG NDELPs NNL

COMMON/2 /TTME, TO» TR DELTSKCELToX1(4) s XIL(4) 3 KSKP
COMMON/2/PTIML{L12) s TAU(326)s WM (6)sDRFT(E)SGY(F,56)
COMMON/Z4/PHT1{454)sPHI2(%53)5Q(757)5Q0(4»6) sWR(352)sRP(454)
COAMMNN/S/SSV(2722)2PP(3)sB(353,2)
COMMDN/E/NTP , ICATsNCsYL{252)
COMMON/7/YN{2s2)sY(252)sULL15)»AST{35352),STR(352)
COMMON/RIP{T7,T)sk(252)9AK (B2} s HMAT (2,7}

NIMENSTNN GYDAT(200,12)56GX1{12)56X2012)5M5TR(12)
KTYP=0 — REAL LAB ;KTYP=l = GYROS REDRIENTED;
KTYP=2 -~ TDFAL GYROS

DATA KTYP/1/

MSTR(T) NENPTES WhHETHEK THE I TH VISIBLE STAR wILL BE USED

IFf 3Gy MSTR{I}=1
(MSTP(T)sI=1,12)/151s151s1r151slslslslnl/,
FORMATI{Xs 7HKTYP = »I1/1}

CONTINUE

FIR FTLTFRING;

RFWIND TAPES
REWIND 1

PEWIND 4

REWIND &

WRITF(2,5) KTYP

EFFERTTVFLY ELIMINATE THE FIRST DATA LINE
READ(452) (SYDAT(LsJddsd=1212)

NN1=3 . _ L
FEAD TN AND PRINT QUT INITIAL VALUES:
CONTROI CNNSTANTS

CALL INPUT

INTTIALTZE COUNTEKS AND FLAGS
NXC=KPR=NE=zq

SYSTEM PARAMETERS AND

1GY=500

MT=0

NO=1

PEAN(4,2) (FX1(J)pd=1s12)

RICTNANTNMG AF FLILTER LLOP

TMTTIALT?S S)ATe 1RANSITILM FATRICES PHRI1 AND PHIZ
rFOMTIMEE

CaLt 7Een

FOT TN

(e [l O

<% R = R

RUN

REPRODUCIBILITY OF THE
ORIGONAL PAGE IS POOR

s



LA Yok T +otbet e Lo

004906 C TNNEX, THEN TEST FUR wHETHER MNelw FLIGHT GYRD uwATA SHQULD EBE REAC
CcG50C TRY=T16Y+]

00510 TFOIAYLIEL500) GU TU 23

00520 I6Y=]

00530 PO 24 T=1s500

00540 PEAN(42) (GX2(dlsd=ls12)

00550 DLT=G¥2(1)1=Gx1(1)

00560 BYNAT(Ts1)=6GXx1(1)

00570 DM 17 K=254

CO58C 17 GYNAT(TsK)I=({GX2{(K)=GX1(K)})}/DLT#4.8481365E~6

00590 TF{XTYP,FQ.C) GO 10 2%

00592 TE(KTYP,EQ.1) GL TG 26

£0600 GYDAT(T,2)==4,06164026E-5

00610 CYNETLTs3)2~4 ,4G4GETOCE=5

00620 GYPAT{Tsb)=boab7512760E=5

00622 67 TN 25 o B
00623 26 CONTINUE

00624 GYDAT(T,2)=NYDAT(Is2}+4.267948755~>

00625 GYNAT(T,3)=GYDAT(1,3)42,11571588E-6  _ , L L
00626 GYDATI!T,4)=CYDAT{Is4)+1.G7941384E~Y

00630 25 CONTIMUF

00640 ‘ P 1R K=5.172 o . -
00650 18 GYDAT{T,K)=GX1(K)

00660 DO 10 K=1,12

0067C 19 GX1{K)=GX2(K)

00680 TE(FNEy4) 23,24

00690 24 CONTIMUF .
00700 C FNRMAT 7 TS BELSKYS TAPE FORMAT _

00710 2 FARMATIXsF10.353(F12,1)5F3sXs3(FTalsXts4(F5,15X))

00720 C FORM TIMF AND INTEGRATIUN STEP

00730 23 CNNTIMUF

00740 PELT=GYPAT(T6Y,1)~TIME

00750 TIME=GYRAT(IGY1)

00760 NN 33 T=1,NG

0G77C 33 WM{T)=GYDAT(lLYsI+1)

00890 C TEST FNP FND OF RUN

00900 TF(TIMELLTLTF) 6L TG 43

60910 §TNP

00920 43 CONTTNUF

00930 C APVAMCE STAT: PRINT COUNTER

00640 NXC=MXT+1

00550 ¢ CNMPUTE FSTTMATED SPACECFAFT oGDY ANGULAR RATES




T

00964
00970
00980
00990

© 01060
“1 01010
61026
01030
01066
01070
01140
01150
01160
01170
01160
01190
01230

© 01240
.. 01250
01260
01300
01310
01312
01320
01330
01340

. 01350
© 01360
01362

. 01364
© 01370
01360
01345
01i40C
01410
01420
¢1430
01446
01450
01460
01470

fﬁ Cl4bu

E T : o ) e e T oy o -
* o M ie B e L o - » . e e e AR o AR et A d o e T b b e O ¥, S T T L P ST v P PN R TIC v

[z

gl

v

44

60

601

T T R e e e T T

CALL GYPCK ‘

CRMBUTE ESTIMATELD SPACECRAFT ATTITUDE
CALL ATT

TTMFE TP PRIMT STATE
TR(IMXC LT .NDELP) 44381
CONTTINUFE .
FNRM ESTIMATED SPACECKAFT ATTITUDE DIRECTION COSINE MATRIX
CaLL TPNS

PRPINT ESTIMATED STATE
LALE Y1PRMT

MXC=0 )

IF KPR=1,THIS PRINT FOLLOWED A FILTER UOPERATION
IF(KPR,FQ.1) 4Bs44
KPR=0

GO TA 15 .
CRANTTINUF L
TFST IF TRACKER DATA IS PRESENT
TF{GYDATITGEY»5)eGT+0:5) 60:52
NF=—KSKP
GO TR 20
CANTIMUF
IF(GYNDAT(IGY,5)eLTele®) GU TO 601
MT=MT+]
DV1I=GYNAT{IGY»11)
PY2=GYDAT(IGYs12)
FONTIMUF

NF=NF+1
IFINFJATW1)Y GO TU 26 o
TEST WHETHER TH1S STAR IS ACCEPTABLE

TFIMSTRIMNTYNEWL1} GO TO 52

TU=GYPAT{TIGYs0)~DV1

TV=CYDAT(IRY»?7)-DV2

TA7==,032P266874+35V {4, 1)%TU 4+SSV(5»1)%TUXTU +SSV(6s1)*TL*%x3
1+SSYI751)  *Ty+3SviBs1)#TY%TY  +SSVIG,1)}%Ty%*3
2+SSVITN, 1) #TU%xTY  +5SV{(11s1) FTURTURTY+SSV({1251) =TUTV*#2
TFL==4402691700+S5V(13,1) %TV+SSvVi(lasl) #TY*TV+SSVY(1l5,1)
1%¥TY4%¥3+SSV(lesl) BTU+SSVILI75,1) #TURTUH+SSV(18s1) #TL¥*3
FHSSV(10,.1) #TY#TLU+33V{2051) #TURTYRE2+SSV{Z2Llsl) #TVTL**2
YilTs?)=Y{152)

YL{22)=¥(2,2)

Y{1s72) ==TA744,¢84t1306c1E~0

Y{242) =sTFL 24,048 830681E-¢

L ks e




4
¥
!
4
f
i
-1

01490
0l5G0
Gleld
015%20C
01530
01540
Cl550G
01560
01570
01580
01590
0le00C
0lel0
01620
0lesaC
Clées0
01650
Ulnaso
0170
01660
01690

01705
01706
01710
01720
01730
01740
01750
01760
01770
01760
G1l796
0179¢
C1B0O
01810
01820
0162¢
01B84C
01850
01860
01870

031700

Rl

)

£z
6l

TR REACTING TABLE ANGLE CUOMPUTATION

TN=A, 2050181 2E~-4%GY0AT(ICYS B}
FPl1z2=D,P+] .2 *S1IK{T10}+C,axlTS(TD)

TR == (EYNAT{ LGYs ) F2e~ER1IV2GB4ELIEELE~G—2.3261544Y
TR(NF,F0.1) 62s61

CALL STPRCHK{IBL)

FONTIMUF

COMPUTE TNFRTIAL STAR DIR, COS,

CALL STARPDCISTRULs1}»1CAT,TEL)

CNMpUTF “ST, TRACKER CUTPULT

TALL T2AC

CALL TRCFLT

TR{NF,LT.10) 60 TO £0

START FTLTERING

COMPUTF TPACKER MEASURKENT RESIODULAL NO M
MI=SOPTLIYDl Ly} ~YD(Lle L)) %52+ (YD(252)=YD(2p1))%%2)
DAES TIT FALL WITHIN AN ALLOWABLE ERROUR
IF(Wl.1Teal) GO 10O 70

PRTNT 3.1 _ ,
FNeMAT{20HMEASURENRENT ERRGR 1Ss2XsEl3.&926Hy PULNT)
sTAIP

CONTINUF

WRTITF(5,4) TIME»WLlsNY
FORMATI(Z2(2XsEL3et)s2Xs1I1)

CALL X1PPNT

NF=~KSKP

FARM STATF NUOISE ERRAJR COVARIANCE MATRIX
CALt QMAT _

ALTER STATE TRANSITION MATRIX TO DEAL wiTH 3 RATHER THAN 4
ATTITUDFE VYARILABLES

CALL PRFIL

OOAPARATE STATE ERRLUR COVAKIANCE MATRIX

CaLL FILT

CALL PPMT(1)

FAQM MEASURMENT MATRIX

CALL HMTRX :
FNeM MFASURFMENT NCGISE COVARIANCE MATRIX
CALL RPMAT

APPLY KALMAN ALGURITHNM

fall FRETLT

UPTHATE STATF

CALL PPFTL

"
Lt g e s B e £ e R e e .




01880
01690
Gl9Go
01910
C1920
01930
01940
01650
01960
01970
01980
01990
02000
02010
0242¢C
0203C
02040
02050
02060
02070
02080

02090

02100
02110
02120
02130
c2140

02150

02160
62170
02180
02190
02200
0z221¢C
02220
02230
02240
02250
02260
02270
02280
022%0

ooy

e N

80

10

490

ADVAMCE FTLTER COUNTER

NP =NP(C+1

TIME TN PRTMT STATE ERFPIR CGVARIANCE MATRIX
TE(MPP=NFP) 155cUsEG

CAMTINUE

CALL PPNT(1)

KeR=ij

en 1M Ay

ENMD

SUBROUTINE TRKNS

COMPUTF NIRFCTION COSINES OF SPACECRAFT ATTITUDE RELATIVE TO
ATTITUDE PEFFERENCE AXES{ECI CUORDINATES)

COMMON/ P2/ TIMNES>TCs»TRFoUELToKDELToX1(4)sXx1L4)

COMMAMN /B /RSY (2752} sPP{3)pB{303,2)

DIMENSTON T{4s4)

TRANSFOPM EULER SYMNETRIC PARAMETERS TO DIRECTIGN COSINES RELATIVE
TY ECI AXES
nno10 T = 1,3
T{TsT) = X1(4)
CONTINUF
T(ls?2)=X1(3)
T(1s3h==X1({2)
T(1,4)=¥1(1)
T(2+21=¥1(1)
Tl2e4)=X1(2)
T(3Ira)=x1(3)

T(?2,1) = =T(1s2)
T(3:1) = =T(1s3)
T(3s2) = =T{2:3)
Tl4,1) = T{1,54)
Tl4s2) = Tl254)
Tl(4,3) = T{A,4)
Tlédsy) = =X1(4)

D") 4¢C TI=1,3

N 40 J=l,2

R(T,J91)=Ou

N 4C K=1,4

P{Ts»de1)= B{IsJdsl J+TUIsKIXT(Ks )
FOANTTNUF

RPETURN




0230C
02310
02326
03160
03110
03120
03130
03140
03150
03160
03170
03175
03180
03150
03260
032106
03220
03230
03240
03250
03260
03270
03280
03290
03300
03310
63320
03330
03340
03350
03390
03400
03420
03926
03530
03570
03590
036UC
03610
03620
03630
03640

el

&0

23

45
30

2u
22

EMR

SHRRNTTIMNE Y1PRNT . . )
DRINTS ESTIMATED STATE VECTOR ANMD S/C ATTITUDE MATRIX
COMMON /1 /NGy NDELP s NN1 '
COMMON/Z?/TIME» TO» TFPOELToKDELTp X1 (4} X1L(4) ,
COMMAON/2/DTITMu(12)s TAUL{36)»WM{O6)»DRFT(H)»GY(Tsb)
COMMANIG/SSV(27:2)sPP(3)»B(353,2)
DIMFNSION T({3,3)sD(4)
CA=204264,81
N7=1
PRINT W ADINMG AMND TIME
WPITE(2»30) TIME
CALL 1 ARATT
no AR I=1s3
N 60 J=123
ClTsJd)=0,
nn 60 K=1,3
ClTeJ)=CUlTyJ)+BL{IoKs1)*B(JsKs2)
NUIY=CA%C (253}
N{2)Y=CA%C(3s1]1)
D{3)=CA%xCL1,2)
PDEA)=SORTIN{ L)*%2+4D(3}%%2)
PRTNT FSTIMATED EULER PARAMETERS AND S/C AND LAB ATTITUDE MATRIX
WRITF{Z:20) (IsX1(I}sB(Is1ls1) sBUIsZ2sLl)sB(T2351)>
IB(Te1s2)sRUTs252)58(12352)s0(1)sI=1p3)
WPTTE(2,22) X1(4) »0(4)
WRTITF(5,23) TIMEsSD{4)sNT
FORMAT(Z2(2X,£E13.6)22X511)
POTNT HEANING
WPTITF{?2,50)
DN 45 T=1,NN]
PIMULA=CARXPTINULL)
WRITF(2521) isPINMUILIA
CONTINUE
FNRMATIX///7RH TIMNE = »Elb.9//30Xy
150HFSTTMATEN SPACECRKAFT ATTITUDE RELATLIVE TO ECL AXES//X,
2RUND, o Xy TIHEULEF PARAM 12X, I7THATTITUD:E ESTIMATE,2T7Xs
31241 AR ATTTITUDES L1Z2Xs 12HRPsYsRSH ER// Y}
FPRMATIYs T2 XsF1Z2aGshs3(XsF1l2e8)s2Xp3({RsFl2sT)e2XsFG.2)
F”QMQT(thHQ92X;F12-9:53X’F902}
A-8
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re

S

K
Ay
;
i
i

=]
7
!

03650
03660

03670

. 03680

03690
03700
03710
03720
03730
0374C
03750
037¢0

03770

03775
03780

.03790

03800
03810
3820
03530
03840

..0385C

03860
03870

03860

03890
03900
03910
03920
03930
03940
03650
03960

03970

03960
03590
G400C0
04010
04020
04030
04070
Jalie

zNel

OO0

~
[

5C
21

ao

70

75

SMALL ANGLE FORM _

FARMATIX/14X226HESTIMATED GYRO BIAS VECIOR/)
EORMAT(16XsTlsbxsE1245)

PETURN

END

SURRNDUTINE PRNTI(K1)
CAMMNN/Y /NGs NDELPsNNL
COMMAON/2/TIMES TOs TFsDELT>KDELT» X1 (4) 5 X1L (4)

COMMON/A/NTP, ICATs NGy YLL222) . . e e e e e

CNMMON/7/YUE252)5Y(252)2U(15)5AST(323s2)35TR{3,2)
CMMAN/B/P (7 7) sR(252) s AK{B2) s HMAT (25 7}
DIMENSTON PT{353)sF{353),TP(353)
N7=2

PPINTS THF FKRGR COVARIANCE MATRIXsUPPER LEET 3 B8Y 3 IN

SAVFE UPPER 3 By 3
D7 640 T=1:3

DN 40 J=1,3
PT(T,J)=P(Ts4]
COANVERT UPPFR 3 BY 3 OF P MATRIX TO SMALL ANGLE FCRM

FU1s3)=2e%UX144) +XIQL)**2/XTCAD)
Flle2)=2#[X1E3)+X2{1)¥X2(2)/X1(4a})

FeLloRye=2 % (X2{2)-X1(1}5X1(3)/X1({4))
Fl251)=w2%{X1(3)=-X1(2)%H1{L)IX2{4})

Fl292)=2.,%{%1{4) +X1(2}%x2/X1{4))

FU2,3) =2, ¥ {XE(1)+X1(20%X2(3)/X1{4))
FU3,11=2e%(X1(2)+X1{L)*X1(3)/X1(4))
FO252)==2,%(X1(1)=XLC(2)}%X1(3)7/X1{(4})

F{393)=2.%(X1{4) +X1(3)%%2/X1(4))

NN 70 I=1,3

pg 70 J=1,3

Te{1,J1=0,

no 70 K=1,13 .

TP{T»J1=TP (T2 J)+PL{IsKI¥F(JsK)

N0 75 T=1,3

N 75 J=1,12

PITsd)Y=0,

nn 75 ¥F=1,3

PITs =P T, d)+F{IsKI%TP{KyJ)

MA = NN1+3

ADTNT HFANTN

2
-




G411G 10 w?ITE(2
{

s1)
: Galzi 1 EOPMATITINT 4S0XstHF MATREX)
1 04130 NN 20 T=1,NA
i 04140 WRITF(2,3) T
04150 3 FNPMAT(/RXs&4HKOW »127)
04160 C PRINT P MATRIX
04170 20 WRPITE(?2520) {P{lsJ)si=1sNA)
0418C 30 EARMATI2X,6F17.6)
04190 IF{K1.F0.0) Cu TL 44
0420C C PRINT STAR MUMBER
04210 50 WRPITF(2545) ICAT
64220 45 FORMAT( / 7Xs14HSTAR NUMBER = ,13)
04230 TST2=ATAN2(YD(Z2s2)514) ,
04240 TST1I=ATANZ{YD(Ls2)%COS{TST2)51.)
04250 TT=ATAM2(YD(251)s14)
04260 DFL2=(TST2~TT)*%206264,81 _
04270 DEL1={TSTI-ATANZ2{¥D(L>1)%COS(TT),1.))%206264,81%
06280 WRITF(2,60) TSTisDEL1,TST25DEL2
04290 60 FORMATI(3X»37HTRACKER OUTPUT ANGLES AND MEAS. ERRCF/
04300 15X THAZTIMUTH 2XsE1labsbH RADes3XsF1l0Gae3s
04310 27H ARCSFC/6X35HELEV s3XsE1la4s5H KADes 32X F104 3
04320 37H ARCSEC) - A _ e,
04330 44 CONTINMUF
04340 AT=SORPT(P(1,1) +P({353))%206264,.81
04350 WRITF(2,39) AT o ,
0436GC 39 FORMATI?6H SURT OF PUINTING TRACE = »FlU«3s9H ARC SEC.!)
06365 WPITE(S5sR) TIMESATHN?
04366 8 FORMAT(2(2XsEl3ab)s2x211)
0437C DISPLAY AT
04360 C RFSTORE P MATRIX
04350 NN 43 T=1,3
04400 n" 43 J=1,2
04210 43 PL{T»J)=PT(Ts4)
04420 RFTURM
04430 END
04440 C
64450 C
04930 SUBRPUTINE TAPUT
04540 C REANS TM AN PRINTS INITIAL VALUESs SYSTEM PARAMLIERS»RUN CUNTROL
04650 C CONSTANTSe AnD CCNVERTS SPECIFIED ANGLES 10 RADIABS
04960 COMMAMNLL /MG NDELP s NND
04970 CAMENN 2 /TTMe s TC TFIDELTsKDELTs X1 (@) s XL (4) sKSKP
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0490
04640
050LG
Us01l0
: 05020
| 05030
! 0504C
05030
05060
05070
05080
050%0
051G0
G5110
0512cC
05130
05150
05160
51706
05180

05200

05210
; 05220
; 5230
j 05240
65250
5260
05270
05280
05300
05310
0533C
05340
04350
. 05360
i 04376
: 053a8¢C
0939C
05400
0541C
05420
05470

— e

-

£
. -
3 REREEE B : el : i . . <. . ;
\iii,“ﬁ-n-'a_a;.:-.--hm et ial e el i i ; e . = L ) . e i J

112

22

’t

COMMONZ2/PThu(12)s TAUL336)swM{B)sDRFT(0)sGY(9Is6])
CAMMON/G/PHT L{434) s PH120403)Q (T 7)aCO0lb4s0) swk(3s2)9RP(ay4)
FOMMAM 5 /SSV{Z2T722)5PP(3)95(35352)
COMMOM/ZAE/NTR, TCAT, NG YL{252)
COAMMONZTIYN(252) Y1 252)sUL15)2AST{3,3»2)s5TRk(3,52)
CAMMON/R/PUT,7T)sR(2s2)2AKIB8,2)HMAT(257)
DTMENSTINAN MSy({4,32),C(353)5T(3}

NM=NAT+3

Nt 11? T=1sMnK

Nt 112 J=1+Hn

P{TsJd)=0(TsJ)=0C,

REAN TNPUT FLAGS UEFINING TYPE OF RUN AAND PRINT GEFTIONS
REAN{I,2) NTRSNG

FARMAT(T1}

REAN{1,3) NNELPyKSKE

CNOMAT(I3) _

RFAN NMNMTNAL STAR TRACKER TRANSFUORMATION MATRIX
N0 20 K=1,NTR

REAN{1,4) ((AST(IsJdsK)ad=153),1=153)
FARHAT(FG,6)

RFADN STAP SENSOR FARAMETERS

N0 24 J=1,;NTR

REANC(1,6) (SSVUIsd)ri=1l,21)

RFEADIL:5) {(SSVI{TsJd)sI=22,27)

FARMAT(F9, 3}

REAN GYR™ PARAMETERS

nn 25 J=1,7Ir

READ(1I,6) (A (lxd)s1=159)

DEAD FSTIMATED INITIAL RATES

NO 27 T=1,3

FFAD(1:6) PRI}

EORMAT(F12,A)

RFAN INMITTAL 4 PARAMETER ATTITWLDE

PEAD(Ts4) (Xi(1)sI=lst)

CAONTYNUE

PFAD TNTTTAE ANL FINAL TINMES AND INTEGRATION STEP STt
DEAN(L,6) TOMTrsLELT

oF AR FeRne £ AR LANCE INITIAL DIAGOMAL o lLieENTS
UMTTS AF! RAD.»SEC

N 22 T=] 00

REAN{YL,E) P(1s1)

A-11
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CLola
055G
05520
05540
05560
05570
05580
05590
056060
05610
. 05620
05630
05640
05650
05670
056860
05690
05700
05720
05730
05740
05760
05770
05780
05790
05800
05810
05820
05680
05890
05900
05910
05920
05930
05940
05950
05970
05980
05990
06000
06020

G549C C

[N )

34
11

35
41

37

1>

130

TEMPPRARY IMRUT FRINKT ROUTINE
WRPITE(?,17)

FORMAT(TIHTY

WOTTF(2s7) MTRyNGsNDELF
FARMATY! 2({%»13}/)

NN 31 J=1pNre

WRITE(2,8) (GY(IsJ}asl=1lr2)
FARMAT(OQ(XsF10,31))
WRITE(?510)

FAORMATI( /)

nn 22 K=1,NT#

WRITF(2:9Y L{ASTIIs»dsK)sd=153),1=1,3)
FARMAT(O(XsFGeb)}

WRTTF(?2,10)

NN 34 J=1MTk

WPITE{?»11) (SSV{lsulsl=1p27?)
FNPRMAT(O(X»FLl0431})
WRTTF(?7,10)

nn 28 J=1+3

WPITF(2,R) PP (4]

CANTIMUFE

WPTTE(2,10) ) )
WRITF(P?sR) (Xi({l)aI=1s4)
WRITE(?,10)

nnN 37 K=1,HMNN

WPTITF{2,9) P{KsK)

WRITF{”?,10}

WRITE{Z2s2) TGs» TFsUELT
WRTTE(25,10)

INTTTALTZE PKOBLEM TIME
TIME = TO

FNRMATI1HY)

WeTTE(2,15)

CONVFRT ANGLES TO RADIANS
CF = 4,R4%]308E-06

CFSH = CF*CF

DN 135 J=1,"1R
SSV(24eJ)=SSv{24sJ)40F
SSY (P25, d)=SSv(29su) *CF
CONTIMUF

nto135 J=1,M6
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R
1

06030
06040
C&G50
0606GC 135
C6070
06080 C
06050
06106 C
06110
. 06130
i 06180
. 06190
. 06260
06210
06220
06230
06240
06250
06260
06270
06286 C
.B6eqd C
06300
06310
0632C C
06330
26340
06350 22
06360 C
06370
06380
06390 23
064G0 C
06410 ]
06420 21
06430
06440
06450 C
064EG
06470
Ge480 10
_:  0D64%0

[ R e

[ N )

(4]

JINTTTALYZES STATE _TRANSITION MATRICES PnlIl AND PHIZ AEIER EACH . - -

. Lo et ’
ks ;
R B L N PP e T

GY{1lsd)=GY(1,J)%CF oL e -
pMo13% T=7,9
CY{TsJ)=CYI[T,yJd)%CF

CONTTINUE

CALL TNITIAL

PRINT FFROFP COVARIANCE MATRIX
CALL PRNT(O) _
POTNT INTTTIAL STAIE VECTER
CALL TRNS
CALL XTIPONT
RFTURN '
END

SURRAUTINE ZERO ;

FILTER UPDATE

COMMON/T/NGs NDELPs NN

CAMMON/?P/TIME»TO, TR DELTAKDEL TS X1 {4} X1L L2) . I e
COMMAN/4 /OHT L{ s &) s PHI2 (423)9GlT57) 200045 6) s WR(B»2)sRP(4s4)

PETAIN FILTFR UPDATED VALUES OF EULER PARAMETERS FOUR NEXT FILTER

DPERATIDN
DO 21 I=lsé
¥XTLATY=X1{(T}
SET PHI? ELEMENTS EQUAL 7O ZEROD _ = o i R
N 22 J=1,4

PHT1(T,Jd1=C,

CANTIMNUF

SFT PHI? ELFMENTS FLuAL TO ZERO p
PG 23 J=1sNN1 . !
PHIZ2(TsJ)=0, : L _ o
CONTTMUF

SET PHTL DTAGONAL ELEMENTS EQUAL TO ONE
PHIT{(T»T)=1,

CONTINUF

SET O MATRIX COMPUTATIGH INTERVAL COUNTER TG ZERD
KNFELT=0

SET ¢ MATRIY ELEMENTS Td ZERQ

nNo1n T=1,7

rY 10 J=1,7

Of(Tsd) =0, |
RETUYPHM —
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N 00500
06516
Neb2¢
06430
06540
06550
06560
0657C
06580

. 06590
T 06600
06610
06620 C
06630
06640
06650
06660
06670

. 06680

06690

| 06700

06710

. 06720

| 06730

- 06740

06750
06760
06770
06780
06790
06800

L 06810

-~ 06820

= 06830

06840

' 06850
06860
06870
06BEGC
06890
06900
0691C C

e N el

12

10

15

EMD

SURRMUTINE INITIAL

COMMON/T /NG NDELP,NNL
COMMON/2/TINESTOS TR DELT»KDELT»X14{4) s X1L (&)
COMMON/R/PTMULLIZ)» TAUL3S6)>wM{6)DRFT{6)»GY (95061
COMMNNZG/OHTI 44)sPHIZ{453)sQ(727)s00(4506)9uwR(352)sRP(4s4)
COMMON /S5 /SSV(2722)sPP{3)sB(35352)
CAMMON/E/MTR, ICATsNCGsYL(222Y
COMBPON/B/R(Ts7)sR{2:,21AK{Bs2)sHMATI(227}
NIMENSTON TP1(3,3),TP2(3s3)>TP(3512)sTP4(653}
CAMPUTF GYRD WEIGHTING MATRIXy TAU

PO 12 T=1,NR

nn 12 J=1.3

TP4(Tsd)=(l1a4+6Y(251))1%GY{3+ds]1)

nO 10 1=1.3

ne 10 J=153

TRI(Tsu)=0,

NN 10 K=T1,41%

TPICTs J)Y=TPY(IsJ)+TP&(hsI)%TP4IKsJ)
CONTINUE _ . e
DEL=TPI(1,1V5TPLl{2s2)*TPL(3s3)+TPL{1,2)*TPL{253)%TP1{321)
I+TPTI(123)3%TPI(2513%TPL{3,2)~TPL{1s32=TPL(252)}%TPL1{351)
2=TP1{1,12%TPL{2,3)1%TP1{3s2)-TPL(152)%TP1(251)%TPL{3:3)
DL=1,./PFL
TP2({1,1)=(TPL{2yz)*TPL(3,3)~TPL(3,2)%TPL{2s3))%DL
TP2(12)=(TPL(3,2)#TPL(1s3)~TPL1(L1s2)%TP1(353)})*DL
TP2U153)=(TPL{1ls2)%TPL{253)~TPL1{2,2)*TFL(1s3})%DL
TO2{2s1)={TPI{3,2)*%TPLI2s3)~TP1{2s1}*TPL1{3,3))%DL
TP2(2,21={TP1{1,1)%TPLl(3,3)-TPL{1s3)%*TP1{3,1)}%DL
TP2{?3A¥={TP1(221}%TPL(1s3)=TPL{1s1)%TP1(253))%DL
TP213,1)=(TPL{2+s1)}%TPL(3,2)}~TrL(3,1)%TP1{2,2))%DL
TP2(352)={TPL(3,1)%TPL(1s2Y=TPL{1»1)%TP1(3s2))*DL

TP, )={TPL{1,1)%TPI(2:2)=TPL(2:,1)%TPL{152))%DL

D 15 I=1s3 :

PN 15 J=1,MG

TAULTsJ)=0,

Nt 1R K=1,3

TAULT s IV =TAU(I>d)4Tr2(I,K)%2TPA{Jsk)

CONT TNUF

INTTTALTZE PAST pATR

3&’ ODUCIBILITY OF THI
URIGINAL PAGE IS POOR

A-14




06930

06940
Y 06630
i 0&G60
06980
06990
07010
0702C
L 07030
. 07040
;- 07050

. 07070
070680
07090
07100
07110
07120
07130

07140

07150
0716C
L0T170
i Q7180
i 07190
. 07200
07210
" 7220
07230
07240
07250
07260
0727G
07280
07290
07370
07380
07390
07400C
07410
07426
07430
6744C

T T ST~ ST TR T TPy | T oo S Y

aN el

20

4G

.60

7C

N7 20 T=1,KNG

RN 20 J=1,2

NPET(T)I=CY(15])

nA 30 T=1,3 ,

WP (Ts1)=WR(I2)=PPI(I)

CAMPUTE INTTIAL GYRUPACK PARANETERSy PINU
DN 40 TI=1,3

PTIMUIT)Y=0,

N 40 J=1sNG
PTMULTI=PTMULII+TAU(L,J)%(1.+6Y(25J)3%GY(154})
CONTTNUF '

L=3

DN 5C T=1,3

N 60 J=1,2
L=t +1

PTMUILY=0.
PN 60 K1=1,MG
PTMU(L}=PTMU(LI+TAU{LIsK1)#(1a+6GY{2,K1) I %GY(34J,K1)
CANTTINVE
PIMUC4*T) =P THUL4%*1)~1,
CINT INUE

COMPUTE TAU*TAU~T*516-50 FOR USE IN Q
DO 65 J=1sNG

TP3=SORT(GY (7, i) %%2%100.00%DELT+6Y(Gsd)*%2) /1GG./DELT
0N 65 T=1,3 _ | |
TP(TeJ+A)=TAU(TI, ) *GY(Esd? *SQRT(LCO.¥DELT)
TO(Ted}=TAULL, o) #TF3

nao70 I=1,3

DM 70 J=1,3

ONtT,J)=0,

00(TyJ43)=0,

NN 70 K=sT NG

QN(T+J+3)=00(L,943)+TP(IsK+6)*TP(JsKE6)
O0(TsJ)=00CT>Jd)+TF(I,KI*¥TP (JsK) #2500 %DELT#BELT

CANVERT UPPFR LEFT 3 BY 3 OF P MATRIX TO EULER SYMWETRIC
PADAMETFR FNxM. OKIGIMAL P ASSLMED DIAL 4AL,

71=P(1,1)

72=007,7)

73=0(,73)
O(1s10=,Pe%(Z1%X1(G) 4% 2472%X]1 (3)2%2423%5X1(2)%%2)
Pl1s2)=P(2,1)=425%{(£1=22)%X1(4)}*X1(3)=L3%XL01)%X1(2))
D(1e7)=P(3s1)=e20%((L23=21)8X006a1XLE2)=22%x1(1)#X1L3))

"1!\ . g




) 07450
0740
G7470
07600
0761C
07626
0763C
G764C
07650
07660
07670
07680
07690
07700
0771C
07720
07730
07740
. 07750
f u7760
07770
| 07780
I 0779¢C
07800
07810
07820
07430
0764C
07850
07860
0767C
07860
07650
07900
07910
07920
07930
0754C
07950
07969
07970
I 0750

[ N )

40

50

1¢C

T Y _ o oo s S T R

P(2p2) = 259*{ £1%ad (3} +%2+72% i {4a)*%2+23% X2 {L)*%2)
Pi2s3)=P{34?2)=420x({£2~23)F 21 L1)%RL14) =2 *Xi(2)}%a2(3})
PU3sR)=,23% (L 1oxl (a4 2472501 {1)%%24032x1(a)¥%2)
QETIRN

END

SURBPNOTTINE STRCHK{TEL }

CIMMAM /T /NGy NDELP s NND

COAMMOMy 2 fTT AL, TO» TFSDELTSKDELT2X1(4)a X210 {4)
CAMMDNZSFSSV2T22)0PP(3)sRB(3,3,2)

CAMMAON A/ MTR o ICAT)NTOs YL (292}
COMMNNAZ/YD(292)3Y{252)50015)1AST{3s3,2)}sSTR{3s2)
NIMENSTDPN TR{3)sA(3,3)

T=0

ce=10,

IT=T+1 )

IF{T.GT.3)Y GU TOU 160

FOem STAR T INERTIAL DIR.COS.

CALL STARNDCUSTIR(1s1li»I»TBL)

FARM STAP DTR. ClSe IN STA AXES

NN 50 K=1,3

U{K)=0,

D} 50 J=143

UCK)=sUIKI+R{K,Js 1} %STR(J5 1)

FPRM MFAS, RESIDUAL

Pe=(Y(1,2) +UlLY/L(2)) %42+ (Y (2:2) =L UL2) ) %*2
IF{PR,GT,CPY GL TO 40

"R=0QD

ICAT=T

G0 T 40

CONTTIHNLF
YLl1s1)=YL{T152)=Y{1s2)=YD(Llsl)=YD{1s2)=Y{2s2)
YLU2s1)=YL{252)=¥(2,1L)=YD{221)2YD(252)=Y1252)
RETURN

END

SUaenyUTTINE STARLC(C» L1STKk,TRL)
CAMMANM/2/TTME, TGy TFSDELTsKDEETo X2 () X1L{4)
COMMANFE SISV Z2T752)sPPU3)sB{353s2)
ATMENMSTOM C(3),Tr(353),rN{3),0(3)
A-16




07990 C
0BGUG
08010
08020
08030
06040
06050
08C60
08070
.0BOgO
08050
08700
68110
08120
08130
.08140 C
. 0B150

08160

e Nyl

08170 10

08180 C
08190

.08200 ¢
08210

- 08220
08230

08240 20

06250
. 08260
08270 C
08280 €
08290
08300
06310
08320
08330
08340
0E350
66360
08370
0380
08390
084GG

DEFINF STAR Dlke COSe IN LAB{STA)} AXES S e
TP (1,1)=1,

TP{1s2)=TP(1,3)=0.
TP(251)=.0969902

TPL252)22.424E=6
TP{253)=4.41956E~3
TP(3,1)=.9999986

TP(352)==-2,424E~6
TP(3,3)=-1,580493E~3

CALL TPMS ol
FOR¥ MTRROR DUTWARD NORNMAL

T8L=0 ASSUMFS NORMAL ALONG X2
RN{1}==~SINCTBLY . __ ..
RN(2)=CNS(TRL)

ON(3) =0,

FAeM TNPUT TGO STA IN LAB AXES USING REFLECTION FORMOULA
TI=RN(I)#TP{ISTR1I4RN(2)*TP(ISTRs2)+RN(3}*#TP{ISTRs3)

D2 10 T=1,3
DII}=TP{TSTR,I)=2,%T1*RN(I) .
FORM LAB INERTIAL ATTITUDE
CALL LARATT

COMVERT 19 IWERTIAL COORD. __

mmmae—. m mmma e e me e s e e ki o e —

. e e e e s e s teein e e ceeeeie SabtEm—n o — i 4t e mie m e ——— i ———r——————

NN 20 I=1,3

C(I}=0,

DO 20 Jd=1,3 »
CtTY¥=C{TY+R{us1s2)%0(4)
RETUPH

END

SUBRAUTINE LABATT L
CNUMON/2/TIMESTO» TR UELTSKDELTs X1 (4)sX1L (&)
COAIMMIN B FRSY (2792)sPP{33sB(393,2)
BTA=L4=C0S{7.27220522E-5%TIME) = .
R1=0,

P2=0,P29980R4]

R3I=N,E57701P GG
AL=SIN(T7.27220522c—-5*TINE)
R{19192)=1,~BTa%(R2%%2+R3%%2)
R{1+2s2)=ALER3I+BTAFRI®R2
R(123,2Y==AL5KR2+UTA®R1*R3
N{2el9o2)s=tL#R3+LTARRLERZ

et e, e o




"0£410 B(2,2s?)=1.~8TA%(RL%%2+R35%2)

042G B(2,3,2)=A] ¥R1+bTAFRZ*K3

08430 R{3sT 92 )= AL¥K2+BTASRL%RY

0B440 {39792 )=~ALRKI1+BTA®RLHRS ) A -
08450 RP{353s2)=1e—BTAR(R1Z%2+R2%%2)

08460 RETURN

08470 FND

064R0 C

08490 C

066350V ~ SURPNUTINE SYPCK U
" 0B660 COMMON/T /NGy NDELP ) NNL

0B&T0 COMMON/R/PIMU(LI2) s TAU(356) s WUM{O)sURFTIO)»GY(Gs6)
08680 COMMOM /4 /PHT1{4s4)sPHIZ(423)50( 72T sC01056)3WR{352)sRP(4a4) . N e
_'08690 PTMENSTION TP ({3)

‘0B700 C PRAVINFS ESTLIMATED S/C RATES BASED UPJON COMPENSATED GYROS.

08710 oN 10 I=1,2 . R e e
08720 C SHIFT PREVIOUS RATE DATA BACK ONE STEP

. 08730 WR{Ts2)=WR(Tsl)
08740 C FOMPUTE NEW GYRO PACKAGE RATE ESTIMATE ) . .

08750 TP(I)==~PIMU(I)

08760 PN 10 J=1,NG
. _QBTTO TOLTI=TPLI)+TALLI, JIFWM(J) e _ o o i . .

0B780 10 CANTINUE

08790 L=3 :

06800 DD 20 T=1,s3 ) i

. 08810 WP (Ts1)=TP(T)

08820 DO 26 J=1,3

_g883¢ o L=L+l . ) , _
08840 WRETs1}=WRIT,1)=PIMULLI*TP{J)

08850 20 CONTINUF

06B6G RETURN

08870C END

08860 C

08890 C : _
. 09220 SURRAUTINE ATT

09230 C PERFORMS NUMERICAL INTEGRATION 7O DETERMINE SPACECRAFT ATTITUDE

09240 C AS REPPESENTED BY EULER SYMMETRIC PARAMETERS

09250 CAOMMAN/2 /TIVEy TO» TFsDELTIKDELTo X1 (6 ) s X1L (&)

09260 COMMAN fL /PHT L1 Ga ) PHIZ a3 ) A(TsT)sQuibasb)swWR{3s2)sRP(4s4)

0927¢C NIMENSTON T{5),TF(3)
- 0%280 PN 20 T=1,2

09290 20 TP{I)=,5%{WO(I,L)+WR(Is2))
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09300 C CMDPUTFE S(0) FOR USE IN RP MATRIX o . L
09310 T2)a{TP(1)*%2+TP(2) *%e+Th(3)%%2)%DELT#%2/4,
09320 TE1) = SCRT(T(2))
06330 T(2) = COS(T(L)) ) . s
09340 T(3)=.5
06350 TRFOEBSIT(1YYoLEedlobk=-20) GO TO 6
09360 T(3) = SIN{T{(1)} . o o
09370 T(3)Y=T(3}/{2,%T(1))
09380 6 CONTIMUE
.09390 C FORM RP MATPIX FOR PRUPAGATING FULER PARAMETERS _ . B e - e et e
09400 RP(1,2)=TI{3}4TP(3)*DELT
09410 RP{1s3)==T{3)%TP (2} *DELT
06420 .. RPU1,4)=T{3)%TP(L}I*DELT e e e e e e e e e .
08430 PP{Z32)=PP(1s4)
09440 RP({2,4)==RP(153)
09450 RPI3s4)Y=RPL1s2) . .- e = _— —_—
09460 pD 10 T=1,4 :
09470 RP(IsT}=mT{2)
_09480. 0D 10 J=La T e S —
09490 RP({TsJ)==RP(Js1)
09500 10 CONTINUF
09530 CALU PHT . L e I e e e e e e e e
09550 C PRPOPAGATE FULER PARAMETERS
09560 DN 12 T=1s4
. 09570 TIT)=0. L _ e R
09580 DN 12 J=1,4
08590 TOIY=T{IV+RP{IsJ)*X1(J)
09600 12 CNNTINUF ) -
09616 C NORMALIZE FULER PARAMETERS
09620 TU5) = SQRTIT(L)*¥2+T{2)%%2+T(3)4%2+T(4)%%2) o
09630 DN 14 T=1s4 S , v , .. e
09640 X1UTY=TUT)/T(5)
09650 14 CONTIMUF
09660 CRETURN i i o B B
09670 END
06680 C
05690 ¢ |
0G7C0 SURPPUTTMNE OHI
09710 C COMPUTES THF STATE TRAMSITIUN MATRICES PHIL AND PRI2
06720 COMMPM/1 /NGy NDELPs NNL
0G730 COMMON f2 7 TTMES TOUs TRsDELTsKDELT» X2 (4) s XIL (&)
06740 COMMAN/G/PHT L (454 )sPHIZ 453056 (757)5Q0(as6) sWRIZ22)sRP{Gs4)
A-19
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J 0G75C DIMEMSTITH Wl{4)sTi(351L2)sPX(Gs3}sPHIZTL4s12)sTPL(T»T)aTPZ(T727)
; Q9760 NTMENSTPN RN{7:7) )
Q9770 C CIMPUTE SHTL
09760 PO 10 J=1y4
09790 N 11 T=1,4
09800 W(T)Y=0,
06810 DN 11 K=ls4 ,
09620 WETI=WLTII+PP (LK I%PHILI(KsJ)
09630 11 CONTIMUE
09840 N 10 T=1s4 _
09850 PHTL(T, ) =W( L}
098660 10 CANTINUE
09880 C CAMPUTE PHI2
098G0 NN 42 T=l+4
09900 NN 42 J=1sNNg
09910 PHIZ2T(TIsJ)=0. e
09920 PN 42 K=1l,4
; 09930 42 PHI2T{IsJ)}=PHIZTC(IsJ)+RP{IIKI*PHIZ(K,d)
08940 DA 14 1=1,3 o
g 09950 PK{T»T)=X11{4)
; 09960 14 CONTTNUF
{09670 _ _ __PK{1s?)=-X11(3)__
; 09680 PK{1s3)=X1{2)
| 09990 PK(2s3)==X1(1)
110000 PK(2,1)=X1(3) ;
_ 10010 PK(3s1)==X1{2)
i 10020 PK(3,2)=%X1(1)
3 10030 PK{45s1)==X10(1)
’ 10040 PR{4s2) = =X1(2}
10050 PK{423)==X1(3)
10060 DO 30 T=1,3
10070 nM 31 J=1e3

10080 31 T1(T,J1=0,
| 10090 3G Ti{T,T)==1,

10210 J1=1
i0220 nr 19 J = 1.3
‘ 210250 R 22 T=1ls4
L 10260 T7 = 0,
| 10270 N7 23 K=1,3
! 10280 T7 = T74PK{TrRI*TL(Ksd)
10240 23 CONTINUE
10300 BUT?(Tsd1) = PHIZT(I,J1)+TZ
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\ L] (eees]  ewesi (S ! : : s S A D ; ! ;
1C310 22 CNNTIMUE S L e e -
l1032¢C J1=J1+1
10330 19 CPNTIMUE
16356 C UPNATS & TF TIME IS AaPFROPRIATE _ . . L
10360 KNELT=KDELT+
16370 IF{KDFLT.LT,100) GU TU 50
10380 KNELT=0 _ e
1039¢C DN 55 T=1,4
10400 NN 55 J=143
40410 TP2(Tyd}=0C¢ e e e et e e e e — e e e e e
10420 Nl 55 Ke=1s3-
10430 55 TP2(TIsd)=TP2(IsJ)+PKLI-KI¥QO(K,J)
10440 . DD 60 V=Yoo e e L e e e+ e e i i
10450 0N 60 Jels s
1046C TP1I(TsJ)=0,
10470 DN B0 K=1s3 e e
10480 60 TPTIITsd¥=TPI(I,J)+TP2{IsK)*PK{JsK)
10490 DN 61 T=527
10500 DN 61 Jd=1s4 e e e e e e e e
10510 €1 TPL(TI,J3)=TP1l(J21)=0,
10520 DO 62 T=5,7
SA05830 0 DM 62 =5 T e e i — e et e - - - : S
10540 62 TP1{(I»J)}=000I-4sJ~1}) '
: 10550 TO=RP (251 )*%2+RP (35 11 ¥%2+RP (41 )5%2
. 10560 - TO=30RT(1.=10000.*T9) . . - - - e e
¢ 10570 DN A3 T=1,4
10580 Nt p4 J=1,4
: 10590 RO{Ts J)=PP(T,J}%100, i B
i 106006 64 PO(T+32d)=04
; i0610 N0 A5 J=1,3
i 10620 RO({TsJ+a)=—DELT#PR{IsJ}*50. .
16630 €5 PO(T+3, J4+4)=0.
10640 PO(T+3,T+3)=1.
1965¢C RO{T»TI=T9 } e e
10660 £3 CONTTINUE
10670 N g6 T=1,7
1C680 NN A6 J=1,7
1¢690 TPZ2(Tsd)=N,
10720 DD 66 K=1,7
16710 66 TO2LTsJ)=TP2(1sJd}+tu(lsKIFRC{JsK)
10720 PO B7 T=1,7
e 10730 N A7 J=157
' A-21
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T ‘r

10740
10750

10760
16770
10760
10740
10806
10810
16820
10830
10840
1085C
10860
16670
10880

10890

10900
10910
10820
1093¢
10940

~10936

10970
10980

. 10990

11010
11020
11030
11050
11060
11070
11086
11leC
11170
11180
11190
11205
11210
11220
11230
11240
11250

[ B )

Ar o

10

17

16

ib

QUIsJ)=TPYI{Isu)

nn &7 K=1,7

O{Tsd)=0(TsJI+RC(IsK)XTP2(KsdJ)

COANTINUE _ _ o ‘ _

PHT2 MUST STILL BE MULTIPLIED BY DELT/2 IN PRFIL
RFTURPN

END

SURPAUTINFE 9MAT ‘ e

FEM THE STATE NDISE COVARIANCE MATRIX
COMMON/ZTI /NG, NDEL P NNL
COMMONZ4/PHTL(454)sPril2(%93)5Q(757)5Q00456) pWR(352)sRPL4s4)
DTMFENSTOAN TP (757)

PPOPFREY PACK @ MATRIX

00 10 T=1,7

nY 10 J=1,7

TPLIT»J)=0(Ts5d})

J3=z3 o
nn 15 I=1,12
Ji=13

D 17 J=1e3
J1=Jg141
O{T2d1)=0(J1s[)=TP1(Isd+4)
CONTINUE

JA=A0341

nn 16 J=7.3

J?=J2+1
QUJ3sJ2)}=TPI(I+4sJ+4)
CONTINUF

CANTTINUE

RETION

EMD

SUPRAUTINE TRAC o , - .
CAMPNTFS TRALKER GULTPLT ANGLES FROM ATTITUOE AND
TOACKER TAFMIIFICATIUN NUMBEFR

COAMMON/ 2/ TT®E s TOs TFULLTSKUELTa X1 (4 X1L ( 4)
CNMMAN/S5/SSYL2752)sPP(3)sB(323,2)
COMMONZAIRNTP , ICATSNO2YL{Z252)
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L

l126GC COMMPNIZIYN (229 Y¥ (2922 U(15)2AST(3)352)05TR(352)
11270 NIMEMSTON Tlg)s((353)57T(2)
11260 YLOls1ld=Y{1p1)
11296 YL{2+1)=Y(2s1)
1130¢C CaLl TePme
11400 C COMPUTF TRACKEK TRANSFORMATION RELATIVE TO ECI
L1410 N A T=1s3
11420 A PY =142
11430 C(Isd¥=0
11440 nnoan K=1,2 o
11456 ClTsd) =CUIsJ)+AST(I,KsROIEB(Ksdsl)
11460 80 CONTIMUE
11470 C COMPYTE STAR DIRECTION COSINES IN TRACKER AXES
1148¢C D7 90 T=153
1149¢ UITY = C{Ts1)%STR{L,L)+C(T2)%STR{25114+L(I»3)%5Tk(3s1}
11500 90 CANTIMUE
11620 Ut4y=ullysutz)
11630 UE5Y=u(3)sU(2)
11640 WA =ULAYRULS)
1165C U{7Y=Ul4)%%2
11660 UCRY=1(5) #%?
11820 C COMPUTF TRACKER OQUTPUT IF I1 HAD INFINITE BANDWIDTH {(INTERVAL AVE,)
11830 Y(ls1l }={-U{4)+ U{61%SSV(1sNG) +U{5)%SSV(2sN0)
11840 I=(14+U{7)1)%¥S3V{3sNOQ))
11850 Y(2s1 }=(Ul5] ~{1a+UlB}I*SSV(1,NO) I+Ul&)*SSVI2,MN0)
1186C T+UCA)I*SSY {3, N0)
: 11870 € TNCLUDS TPACAER LYNAMIC EFFECTS {(HI 8w TRACKER)
i 1188¢C Y{1s1 ) =Y(1,1 )=3Svl 22 sn0)  #7.272205E~5
© 11890 100 RFTUPM
11900 FMD
11910 ¢ '
1192u €
11930 SUBRRUITTIME TREFLI
11940 CAMRAN/2 /TTME S TO, TR UL LT KLELTs X1 (4)s X1L (&)
11950 COMMOM/S/SSV(2752)sPP(3)sB(3,352)
11960 COMMOAN /e INTR, ICATSNOs YL (25 2)
11970 COMMONZZ/YDI252) Y 2s2)sUL15)3AST(35352155TR(3,2)
119006 NIMEMSINN C{z)sRi2)
1199¢ ¢ POAVTINES ET)L TL*ED TkACKER LULTPUT
12500 Fl1)=SSY(?64NO)/0LELT
12010 rUZ)=SSY(27sN0) FLELT

12020 D(1)=C¥R(=1./Ct1))
- A-23




1120630 R{2)=EXP(=1.4C(21})
v 12040 nAIn K=1,2
aJ 12050 P10 T=1,2
12060 16 YRUTIsKYI=YDUITsR)I¥R(I}+(1a~COI)¥ {1 ~ROTIIIIEY(I5K) = . : L
i 12070 1+#(CLII* (1 =PI} )=ROI})IEYLIINK)
12080 RETURN
012090 END . . i o L e
12100 C
12110 C
12120 . SUBPNUTTINE PREIL_ . ____ R e e e e
12130 ¢ CONVFRTS 4-PARANETER ATTITUDE SYSTENM TU 3 PARAMETERS AND MGUIFLES
12140 C STATE TRANSTTIUN MATRIX
. 12150  _ COMMON/ZI/NGaNDELPsNNL . . e e e e et e e
i 12160 CRMMAN/? /TIME, TOs TR DELTSKOELT X1 (4) 5 X1L (4)
12170 COMMON/3/PTMuU{12) s TAU(356)swMib) ;DRFTL6}GY(956)
| 12180  COMMON/Z&G/PHT1(4,0)sPHIZ(493) Q0771004406 swRkI{352)YsRP Gy a)
| 12190 COMMON/5/SSV(2752)sPP{3)s8(353,52)
. L2200 COMMON/ZE/NTR, ICAT,NO»YL{2Z252)
. 1z210 | L COMMONZTZ/YD(222)5Y(252)5U(15)5AST(32352)53TR{352) - . —_— -
12220 COMMON/R/P(T57)sR{1252) s AK(Es2) s HMAT(2,7)
12230 DIMENSTON W(3)
OAR240 WLy =XIL O Y XA A Y e e e —
12250 W{2¥=X1L(2)/x1L{4}
"12260 WE3)=X1L(3)/7X1L(4&)
o l2zg7Cc_ . bD 10 I=1,3 e VO VO U I
12280 NN 10 J=1,3 .
12290 CPHII{T»J)=PHILL{I»J)=PHIL(Is4)FW(J)
12300 10 CANTINUE P , B e
12310 NN 12 T=1,3
12320 NG 12 J=1,NMN1
- 12330 PHIZ2(T,J)=PHIZ2(IsJ)*DELT/2, . e
- 12340 12 CPNTINUE
12350 RETURN
cio 12360 U ENDO - o . o e e
.y 12370 C
i 12380 C
| 12390 SUBROUTINE HMTRX
| 12400 C COMPUTFS MEASUREMENT MATRIX
| 12410 ROAMMAN /L 7NGs NDELPsNNL
| 12420 COMMAM /2 /TIMe s TO» TR UELToRLGELTo X1 (4o X1L(A)
S 12430 COMMON/ZE/NTR , {CATINOsYL(252)
L 12440 COMMAM/7/7YD(22)3Y(252)UL15)5AST(35352)5STR(3:2)
| A-24
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12450
12460
12476
12780
12790
12800
12810
12820
12830
12840
12850
12860
12870
12880
1269¢C
12900
12910
12920

' 12930

12940
12950
+ . 12960
12970
12980
. 12990
13000
13010
13020
13030
13040
13050
13060
13070
13080
13096
13100
13110
13120
13130
13140
13150
13160

130

160

COAMMOM/ AP (T TisR {2222 AK{E22 s HMAT(2,57)
DIMEMSENN T(3),17(454)sT1{2s4)

DIMEMITN TA(2s4)

DN 120 T=lsd

TT{T:T)=n,
CONTIMUF
TT{1s2) = =%TR(3,1)
TT(1s3) = STR(Z2s1)
TTl1s4) = STk(ls1)
TT(?»3) = =STR{151)
TT(Z2s4) = STiki{Zsl)
TT{2y4) = STR{3,1)
CTTU2s1) = «TT{1s2) }
TT{3s1) = =TT7T(1,3)
TT(337) = ~T7(253)
TT(451) = TT(1ls4)_ L .
TT(4s2) = TT{2s4)
TT(423) = TT(354)
TY) = =XLU13 /X084 . _ R .
Tt2}) = =X1{(2)/X1(4)
T{3) = =X1(3)/7x1(4}
D0 A0 T=1s3 e
pn 10 J4=1»3
TT(Tsd) = TT{IsJ)+STR{I>1I%*T(J)
CONTINUE B
NN 1485 I=1s3
TI{Ts1Y = («aSTULsloNO)*XI{G)+AST {TIs2sN0)*X1(3)

165

iee

1-ASTIT»3,MPYFX1(2) )52, B o N
T1(T92) = {—=AST{IplaNO)%X1{3)=-AST{Is2sN0}%X1{14%)
I+ASTIT»3+NDYFEXL(LY I*2,

T1(I53) =(AST{I 1,NOY#XI(2)-AST(Is2sND)*X1(1)
1I-AST{T»2,NO)EX1(4)}) %2,

T1{Tsa} = (~AST{I»LanCl&x1(1)—=AST(Is2snN0)%X1(2)
1=AST(Ts3,NN)2X1L{3))%2, ‘
CANTTNUF

AN 166 K=1s4
TALTsK)I=TII1sKI/U{Z)=TI( 2 }®UTL)7U(2)%%2
TA(?2eK)=TI(2,K)2U(3)FU{2Y5%2=TL{3 K} /L(2)
CONTIMUE

DR 180 =142

HYAT (1. ) =0,

HMAT({2,J))=",

e e aamiame:

Fromes]

i

ol ]
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13170
13166
1319

13260

1321¢C
13220
13230
13240
13250
13260
13276
-13280
13290
1330C
1321¢
13320
13330
13340
13350
13360
13370
13380
13390

13400

12410
1342C
13430
13440
13450
" 13460
13465
13470
13480
- 134¢0
13500
- 1351¢
13520
13530

13540

135%C
13560
13570

Nyl (o I o]

180G

DO 1A K=1,4
HMATET« JI=sHMAT (L )+ TACL,KI*TT{Ks4)
HMAT{ 2, J)=HMAT (2,0 )+TA(2,K }1*TTIK»J)

CONTTNUE

RPETURN
END

SURPOUTTIME RMAT

FRRMS MEASUREMENT KIISE CULVARIANCE mATRILX
CAMMON /B ISSV(27:2)FP(3)eB(32352)
COMMONIFINTR s LCATSNOsYL(222)
COMMNNSB/O(T7,7)1sR(222p AK{Bo2)»HMATI(2:7)
Tl1le2)¥=P(251)=0,

Pl1y»1)=SSY{Pa,,NC)#%2

R{2,2)=5SV{? 5, NC)#%2

RETURN

END

SURPAUTIME FILT

FRRNOR COVARTANCE MATRIXsP

COMMONZT /MG NDELF s NNT
COMMIN/I/PTMU(1Z2)»TAU(3s6 s WM {B)sDRFTI6)sGY(956)
FnM“P“IGIDHTx(Q:Q)JPH12{495)’Q{73733QOCQJD)JNR(3’2):RP(4’4)
CAMMNN/S/SSY(2752)2PP(3)s8(3s352)

COMMON SR /DP{TsTsR{252)2AK(B2)s HMAT(2,57)

DIMEMSTON TA{T7>7)sTB(7)

EOMPUTE ADNPITIONAL CONSTANTS FUR PARTITIONING MATRICES
NN2=NN1

NNI=NNT—-MNP

M=NNT4+7

M=?

. CatL S?MMUL{PHllslyl:3s3pP,lylaB:TA:lalyQ)?:?l

CALL SPRMMUL(PHIZyls1s39NN2sP2bs1s3sPslalsdsTs7)

CALL SEMADD(TAs1s19PslslslAslsls3s3s7y757)

CALL SR™VMULL{rHILlyaslr3s3sPrlrashNZ2sThrlobsasTs7)

CALL SOV (EHTIZ2 s 11 93oNN2yPrasbsNN2sPrLotsbsTs7)

CALL SPMAND(TAslsarPsleasPslsas3sNNZsTaTsT)

CALL SOMMUL{PHLL»12093535Ps154+NN2sNNIsTAsLab4NNE2 G277}
CALL SPMMUL{PHIZ)lsls3sNN2sPsasa+NN2sNN3» Py 1sa+hN2s4s 757}

USTMG KALMAN FILTER EwSes CCMPUTES FILTER GAINSs;Aks AND FRUPAGATES .
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\%

13540
13590
1360C
13610
13620
13630
1364C
13650
136€0
13670
13680
13690
1370¢C
1371¢
13726
13730 C
13740
; 13750
: 13760
13770
13780
137¢0
13800
13810 C
1382¢C
13g3C
1384C
13850
138¢&0
13870 (¢
: 13880
g 13890
13900 C
13610
13920
13930
13940
L3940
13%&60
1397¢C
139§C
1349%¢C

15

40

45

T1=44NN2

ratL qp”ﬂnn([A;l:il:?:lnll;?:1;Il;3;N¢317)7:?)
N 15 T=7,2

N 15 K=1,2

D(I’K}=O.

D7 15 J=1+3

PUT+KYI=P(ToKIFTA(LIpJ)¥PHILT(Ksd)

pr 20 T=1,3

N0 20 K=1,2

TA{TsH )= o

N0 20 J=1ys8NZ2
TA{TsK)=TALTsK)+P (1o J+3}*¥PHIZ2(KsJ)

CALL SPMADD(Py1slsTA»lsLyPslaly3s3s757,7)
CALL SEMTRA{Ps1lr4s3siiN2sPr4s1s7s7)

CALL SPMTRA(P»Lsa+NNZs3sNN3sPs4a+NNZ2) Lo 7 7))
P=PMT ® DMT-TRANSPGSE HAS BEEN CUMPULTED

CALL SRMADD{(Ps1s)loQslslaPsrlalalNsNaTsTs7)
RETURN

ENTRY EFILT -

CALt SDVNUL(hMAT:l:l:N:N:P:l:l;N;TA-ls 323757}
CALL SPMTRA(HMAT»1s1lsbiaNsAKs1»15258)

CALL SPMMUL(TAs1slstlohnsAKs IaloMaTAsM+1s1s7,857)
CALL SRN&PD(lAJN+l:1:P:l!l;Tﬁ’1:13“;“;7’297)
INVERSF PAUTINE FLLLOWS
DET=TA(L1s1)%TA(252)~TA(251}4TA(Ls2)
TA(T1yM+1)=TA(2,2)/DET

TA( o422 )Y==TA(1s2}70ET
TA{?2pM4+1)==TA(221}/DET

TA{Z2sM+2)=TA(1s3)/0ET

END OF THNVEPSE R3UTINE

CALL SPMMULTAK2 1y loNsMeTAsI oM+l ko TAs1s1sBs7s7)
CALL SOMMULIP»1sloNaNsTAsLslsMeAKely1ls7s758)
AK HAS RFEN CUMPUTEL

N 45 T=1,M

DD 45 K=14N

TA(T»K}=N,

No an J=1,8

TALTe¥Y = TA(Isk}=An(lyJ)*¥RMAT(JISK)

TE (TeNMF,K)Y L TL 43

TA(THHY = 14+TA(LsK)

CONTTMUF

NN 55 T=14N

A-27




e s

1400G
14010
14020
14030
14040
14050
1406C
14070
14080
14090
14100
14110
14120
14130
1414C
14150
14160
14170

14180

14190
14200
1421C
14220
14230
14240
14250
14260
14270
14280
14290
14300
14310
14320
14330
14340
14350
14360
14370
14360
14390
14400
14410

[a Ry

N S5C K=1sM
TR{KI=0,
NN 8N J=14N
TR{K)=TR{KI+TA(I,»u)*r(JsK)
N 55 K=1.NM
55 Te{TsH)=TR(K)
SYMMETPTZE ErROR CIVARIANCE MATRIX
O A0 T=1,M
nn 60 J=14M
60 PUT,3)=0.5%(TA{I»u)+TALWsI))
P{K+1) HAS PrEN CLMPUTED
RETURN
END

L& ]
Lt

SURPTUTTINE SRMMULT{A IMASINASMASNAP By IMBy INBsNB»CoIMCyINCs IRAS JIRES
1TR%)

C=A¥B WITH INIT. ARRAY ELEMENTS SPECIFIED
NDIMENSINM A(49)sB(49)sC(49)
RO 5 T=1,MA

IPINMC = T+TM(

IPIVA = T4+T%p L

IF INR,T,1} GO TH 6

NN 5§ K=1sNR

KDINC = K+TNC

KPIND = K+INS

T = TPIRC=T+{nPINC~2}#*]IRC
ctIcY = 0,

IF tNALLTL1) GU TC o

ng 5 J=1,MA

JPINA = J+TMA

Jeive = J+THMB

Ta = TPIMA-T+(JPINA=-2)=®]IRA
IP = JPIMR-1+(KFINB=2)%*IFE

5 CUIC) = COICY+ACIA)#3(18)
6 RFTURPN
END

SURRCUTINE SebALDLAs IMA INASR, IMEs INGs L IMs INCostNy IRASIRES 1IKC)

C=A+E WTTH THIT. ZRRAY ELEMENTS SPECIFIED .

DIMEMSTIPY Ala9)sBla3)s0(4%) =
-28
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1442C P15 T=1,M
14430 TF (NJITul) wu TU &
. 14640 PG5 d=T,N
l1445C TOTME = T4 TM(
© 14460 JOINEG = J+TNC
i 14470 ITPIMA = T4+TIMa
L 14480 JPINA = J+INa
L 14460 TPIMR = T+THE
‘ 145C0 JPIMR = |+ TN
14510 IA = TPTMA=T+{JFINA~2}%]RA_
14520 TR = TPTMR=I1+(JPINB=2)%IRB
14530 TIC = IPTMC~1+{JPLINC=2)%IRC
14540 5 CITC) = A(TA)+B(IB}
14550 6 RETUPN
14560 FMn
14570 C o
14580 C
14590 SUBRNUTIMNF SEMTRA(As IMA, INAsMsNsBsINBs INBsIRAS IRB)
14600 DYMENSTIOM A(49)}sB(49) L _ B o o
14610 C B=A-TPAMSPOSE WiTh INIT. ARRAY ELEMENTS SPECIFIED ’
14620 TE (N,LTL1) GU TO &
14630 . DN B T=1,N _ s R
14640 NN s J=l,M
14650 TPIMR = T+IMG
i 14660 JPINR = (+INB )
. 14670 JPIMA = J+TMA
14660 TRPINA = T4+TMa
14690 TA = JOTMA=T+{IPINA=2)}#]RA
14760 IR = IPIMB=1+(JPINB=2)%*1IRB
- 14710 5 R(IMY=A(TA} .
14720 6 PFTUPN
164730 Fan
14740 C
147%0 C _
14760 SUARNUTTINF PLFIL
14770 C UPRATES ATTITUDE VAKIABLES AND OTHER SYSTEM ELEMENTS CF THE
14760 C STATE VECTAP
1476C COAMMON /T /NG, WDELFs N
1480C RAMMCM 2 TTY ey Tl TR e L ToREELTox1la) s X1l (4)
1481C COMMANAFOTH (L2 ) s TAULL3»O) s Wl (0)sDKFTIB) S GY(Ys6)
. 14820 COMMAN/B/SSY (2T752)sPP(3)si{35,352)
i 14830 COMMANST7 YD (2 Y0292 5U0L5)5AS1{35352)551F(3,2)
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1484(¢
148G

148w0
14870
149C0
14910
14G20
150z0
150e0C
1508C
15090
151G0
15110
15120
15130
15140
15150
15100
1517C
15180
1%14%0

15260

[

[gr N o]

11

10

COAMMONIR SO TeT)sRP{Z9£)s AK(ESZ2)sHMAT(Z5 7))
NIMEMSTON W{2)T(5}

WEil=YP{1lve2)~YL({1,1)
WEZY=YD{2y 2 =YDlesl)

COMPUTFE C7R2CTILM ruR EACH SYSTEM PARAMETER OF STATE VECTOR

P17 T=l,MNI

W(3Y = AK(T+3,10%n(L)I+AK(I+352)%u(2)
PTMULTI=PIFU(II+n(3)

COANTINUFE

COMOUTE CNCRECTILNS FLk EACH ATTITUDE VARLIABLE
N7 © T=1,3

TIT) = AK{I, i)#wll)+AK(Is2)%0(2)

LOANTTNUE

UPNATF ATTTITuUUE VARIABLES

Y1041 =XT04)=(R1(1)ATLL)+X1 (2% T(2)+X1(3)%T(3))/X1(4)
D110 I=1,3 _

X1{TY=XT¢T)+7(1)

LONTTNUE

RETURN

FAD
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APPENDIX B

DATA ANALYSIS PROGRAM LISTING FOR THE
GIMBAL SYSTEM TEST
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002035
. 0021z

00240

()

06100
0011¢C
00120
00136
00140
00150
00160
00170
00186

00190

00192
00194
00200
00203
GC204

0C206
00210

0G220
00230

00250
00255
00256
00260
60280
06310

00320

00330
00340
00350
00360
00370
c0375
00380
00360
00400
0C4alc

00420

00440C
Q0460

(o)

ao

0O

L ]

Do) {wy (o] Dol [wew) Csescd Dewe} DD Doonf o 0 Lep o ped Qe b B

- PROGRAM DADS{INFUTSIOUTFUTSTAPELSTAFPE2, TAPE4STAPES)

15

2U

REWINND 4

COMMON/T /NGy NDELPsNNL
CaAMMAON/2 /TTMEs TOs TRy DEL ToKDELTa X1 {4} X1L{4)sKoxP
COMMAN/2/PTYU(12)s TAU(356) s wh(6)sDRFT(E}sGY{(9s6)
PnWMan4/PHTl(QJQJ;FHIZ(4:3)’Q{7:?)JQO(Q!b}’WR(3:&]1??{4:4)
COMMON/S/7SSY{27s2)sPP(3)sR (35352}

CAMMEM/A/NTR, ICATaNDsYL(252) _

COMMONZT/YP L2 s Y2223 U(15)9AST(35352)»STR{3s2)

COMMDONIR/P (79T oR1222)5AK(ES2) s HRATI{257)

NIVMENSTIPMN CYDAT(S5C0214)56GXx1(14)2GX2(14),MSTR(2D) L L
KTYP=n — PEAL LAB ;KTYP=1 ~ GYR(OS REDRIENTED;

KTYP=? - INFAL GYROS

DATA KTYPIOYZ - I

MFT”(I) NENMTES thTHER THE I TH VISIBLE bTAR NILL BE USED
FAR FTILTFRIMG; IF SGs MSTR(I)=1

DATA (MRTR(T)yT=lsl7)0/1p)p101)0lsdolnplslsislslplslolald
FORMATIX, THKTYP = »I1/4)

CANTINUFE
N7=3

P:WI\U TAFFS
PRFWTNN 7
REWIND 2

REWIND 5

WRPTTE(2s5) KTYP

EEECCATTVRELY ELIMINATE THE FIRST DATA LINE
READ(4,2) (GYDAT(lsu)ad=lsl4])

l‘\”\!l.—_a

RFAD IN ANMD PRINT OUT INITIAL VALUESs SYSTEM PAKAMETERS AND RUN

CONTROL COMSTANTS
CALL INPUT
TMTTIALTZ7F CUUNTERS AKD FLAGS
NXC=KPR=NF=
IryYy=50n
MT=KKF=0
ND=1
PEAN(4,2) (Ralid)sd=lsla)
RECTNNINA NF FILIER LOGP
INTTIALTZE STATE TRANSITICN MATRICES Pdil AND PhlZ
rFONTTNUF
CALL 7Fon
CONT TNUF
B-3

.D
¢
;

=

PP

b\. " e " : P e e $o A Sk s e o 314, ST




y : :
N 00490 ¢ IMNEXs THEN' TEST FLR wdETHER New FLIGHT GYRO DATA SHOULD BE READ

005¢0 TEY=TRY+]

00510 SO TELTOY L, LFL500) Lo TU 23

06520 TeY=1 }

00530 DO 24 T=1,500

‘ 00540 PFAD{452) (BX2(J)sd=lyla)
¢ 00550 DLT=6XP{1)~GX1(1)
2 GD560 GYNAT(T,1)=CX1(1)

00570 DN 17 K=2,4
I 00580 17 GYNAT(T,K)=(GX2(K)—pXL(K))/DLT#*4.6481368E~6
; 06550 IF(KTYPLEQ.L) GU 10 2%
g 00592 TFIKTYPLEQWL1) GIr TO 26 o o
. 00600 BYDAT(T52)==4,0b164026E~5 - A=
00610 GYDAT(Ts3)==4,49455700E~5 %%gg ‘
; 00620 GYNAT(Ts&)=4 ,5751760E~3 ) j
. 00622 6D T 25 i S Elggn___ i
00623 26 CONTTINUE - O :
; 00624 GYDAT(Is2)=GYDAT(152)+4.26794875E~5 2 ' ‘
; 0c62s GYDAT(Ts3)=0GYDAT(1s3)42,11571588E~6 : . IQE%$ZW
: 00626 EYDAT(Ts4)=GYDAT{1s4)+1.97941384E~5 B

00630 2% CNNTINUF e

00640 CLPRDLR K=5,14 - . . e e Q .o

00650 18 GYDAT(IsK)=GX1(K) %2@

00660 DN 19 K=1,14

00670 19 GXLIK})=GX2(K} .

00680 TF(FNF,4) 23524

00690 24 CANTINGE

Q076G C FORMAT 2. 7S BELSKYS TAPE FORMAT o i )

00710 2 FORMATIXNsF1C0.353(FLl2e1)2F3,XsFllaloXs2(F7elsX)s2{F1l1s1sX)s

00711 14{F5,1y %)}

00720 C FORM TIWME AND INTEGRATIOUN STEP

00730 23 CONTINUF -

00740 ~ RELT=GYNAT(TGY,1)~TIME

uG750 TIMF=CGYRATITGEY, 1)

Q0760 N 33 T=1,N0

00770 33 WM(T)=GYNAT(1lGY»I+1)

00890 C TEST FOP EMP OF RUN

009GC TR{TTYELLTSTE) 6L Tu 43

00910 sTNP :

00920 43 CONTINUE

00930 ¢ ANVANCFE STATE PRINT CUUNTER

00940 NXC=MXC+]

: B-4
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el ol sl Ll (BN (B BT (0ER) (B (S

06350 C

G0g60

00970 C

0Cc9sC

06950 C

01000
01010

01020 €

oigac

01060 C

01070
01140

01150 €

01160
01170
. 01180C
01160

01230 ¢

01240
01256
01255

.01260
01300
01305

01310
01312
01320

01330
01340
01350
01360

01362 C

01364
01370
01386
01450
01460
0147G
01460
Cla82

01490 C

Gl5e0

{zamm |

CCOMPYTE ESTIMATED SPACECRAFT BODY ANGULAR RATES

El

48

e

€01

R T e b 434 BV

S 60 1N 15

CALL GYPCK

CMMPUTE ESTTMATED SPACECRAFT ATTITULDE
CALL ATT .

TTME T PRINT 3TATE

IFINXC2LTNNELP) 44581

CONTINUE

[

(e}

FAex¥ ESTIMATED bPACtCRAFT ATTITUDE DlRECTiUh CUSIhE MATRIX

FALL ToNS

SRINT FSTIMATED SIATE
CALL X1PRNMT -

NXC=0

IF KPP=1,THIS PRINT FOLLOWED A FILTER_GPERATIUN

TF{KPP ,FQ«1) 4bstht

KPR=0

CONTINUFE

TFST IF TRACKER DATA IS PRESENT
TF(GYDAT(IGY»52)6Ta0.5) 60852
NFz2~KSKP
KKF=0

CoO 10O 20 - _
CONTIMNUF
IF(KKF.FQ.1) GO TO 20

TIFI(GYDATIIGY»5).6Ta1s5) GO 70 601

MT=MT+1
DV1=CGYNPAT(TGHYs13)
DUZ=CYRAT(TRY,14)
CANTTNUF

NE=NF+]

IFINF.LT41) GO TO 20
TEST WHETHEE THIS STAR IS ACCEPTABLE
IF(MSTR(MTYanEL1l) GG TO 52
TU=AYDAT(TRY, 7)+DVv2
TY=GYDAT(TGY,»8)+DV1

YL{1»2)=Y(1s2)

YL{2s2)=Y(742)

¥Y({1+?) =~ TUx4,64cl3belE~b

Y{2,2) = TW¥4,e4cl13031E—¢&

Y= CYDAT(TIRYsG)¥b4scabl30Ell~0

ATR RFAFTNG TABLc ANGLE CCOMrUTATIUN
TRL=s RYPAT(TGY,9)*4.u6b1l36F1E~0

e

[
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1 01530 TF(MF,TQ.1) 62561
| 01540 62 CALL STROHYX{YG)
i 01550 61l TANTINDE
. 01560 C CPMPUTE TMFPT 1Al STAR DIR. COS.. ) }
| 0157C CALL STARNCISTR{L1s1)sICATsTBL)
| 0180 C COMPUTE EST. TRACKER DUTPUT
01590 CALL TRAC(YE) . - -
01600 CALL TOfrFLT
01610 IF(MNF.LT,10) GU TL 20
01615 KKFE=1 o i
01620 C START FTLTFRING
s 01630 € COMPUTE TRACKER MEASURMENT RESIDUAL NORM
1 01640 W1=SQPTULYD(1,2)=YD(Lls1})**24(YD(25,2)=YD(2,1))%%2) .
’ 01650 C NAES IT FALL wITHIN AN ALLUWABLE ERROR
01660 TF(WLleLTael) 60 Tu 70
01670 72  POINT 3,Wl o o
01680 3 FORMAT(20HMEASURERENT ERROR 1522XsE13.6s6Hs PUNT)
01690 STAP
01760 _ 70 CANTTMUE e A I L e,
01701 XN9=0,
0170% WRTTE(Ss4) TlMbyWlsX09sh7
01706 4 FDRMAT{3({2%,E13,6)92XyI1) _ o e e
01710 CALL X1PPNT
01720 NE=~KSKP
01730 C FNRM STATF MOISE ERROR COVAKIANCE MATRIX . . o
01740 CALL QMAT
01750 € ALTFR STATF TRANSITION MATRIX TO DEAL WITH 3 KRATHER THAN &
i 01760 C ATTTTULAF VAPTIABLES B} - . . e
| 01770 CALL PRFTL
| 01780 C PROPAGATE STATE ERRUR COVARIANCE MATRIX
[ 01790 CALL FILT )
i 01795 CAaLL PRNT{1)
| 01800 ¢ EORM MEASUPVMENT KATRIX
; 01810  CALL HMTRX o ]
- 61820 C FARM MEASUREMENT NOJISE COVARIANCE MATRIX
| 01830 CALL RMAT
01840 C  APPLY KALMAN ALGORITHM
' 01850 CALL FFTLT
: 0LB860 C UPNATF STATF
c1870 CALL POFIL o
D1BED C ANVANCF FTLTER COUNIER
01890 l\"Pf‘.zl‘.'P(‘i»l
B-6
m;;m.ﬁ:_;;_.;:__m._;“_“ - ) . ) - ' L S L S
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e wamed Lsmed lmsed bepewd leses]  tomend  (ewi)  (GEER] (Oe] (wesr)  feees] el Ped -] 000 1 L3
0190C C " TIME TP PRINT STATE ERROR CUVARIANCE MATRIX e
01910 IF(NPLC=HFDP) 19,80, 80
01920 £EC ANTTMPE
Q193¢ CALL PEMT(1) i e
01640 KPR=1
0195C G" TN A1
01960 ENN . o .
41970 C
. 01980 C .
- 61990 SHRRAUTIMNE TwNS . e R
- Q2000 C COMPUTE NTRECTIUN COSINES OF SPACECKRAFT ATTITUDE KELATLIVE TO N
02010 C ATTITUDF REFERENCE AXES(ECI CODRUINATES)
_02020 COMMON/2/TIMNEs JO, TFsOELTsKDEL Toa X1(4) s X120 {4) _ e e .
02030 CNMMONZB/SSY (2722)3PP13)sB(3,3,2)
02040 DIMENMSTON Tl4s4)
62050 C TRANSEMARPM FULER SYMMETRIC PARAMETERS TGO DIRECTION COSINES RELATIVE o o
02060 € TO ECT AXES
02070 DN 10 T = 1.3
02080 T(ILI} = X1le) . . e e e e
02090 106 CNNTINUF
021C0 TC1s2)=X1(3)
002116 T1e3)==X142) | e e e - . S,
62120 T{ls4)=X1(1)
L 02130 T(253)=X1(1)}
‘5 Q2140 T(2s4)=%X1(2) A R s
I 02150 Te3,4)=2X1(3)
{62160 T(251) = =T{1;2)
I Q2170 T{351) = =T(1s3) L
; 02180 T(3s2) = =T(2s3)
;. Q2190 Tl451) = T(154)
. 02200 T(4s2) = T{?s4) )
© 02216 Tl4s3) = T(354)
02220 Tl4sa) = =X1(4)
02230 RO 40 T=1,3 L
G2240 NN 40 J=1,3
G2250 B{TsJs1)=0,
02260 DN &40 K=1,4
02270 AlTsdald=  3(Isisl I+T{TsKI*T(KsJ)
02280 4G CAMTTNUT
02290 RETURN
02300 END
.+ 02310 C
: B-7
) ¥
— e e ] N o ; r




02320 €

G3ice
C3110
03120
03130
0314C
0315¢C
03160
03170
03175
031860
03190
02200
03210
G3220
03230
03z4cC
03250

03260

03270
03280
03290
p32¢l
02300

03310

03320
03330
03340
03350
03390
03400
03420
03520
03530
03570
03590
03600
03616
CA6ZC
03v3C
03640
03656

C

C

&G

23

45
30

290
22
26

SURRITUTINE X iprinT
PRTNTS FSTIMalteD >TATE VECTUP AND S/C ATTITULDE HATRIX
CNmMMOa /1 /NG NDELPSNNE _
COMMON 2 I TTME s TUS TFHDELTSKDELTs XL {a) s X211 (&)
COMMONY/3/PTIMU{L2) s TAUL3, 8 > WM{6)2DRFT(6)s5Y(950)
COMMAN/S/SSVY(Z722)pP2(3)2B(35352)
DTMFEMSTON C(3.3)sD(4)
CA=?20AR264,71
N7=1 _
DOINT HEADING AND TIME
WRITE(Z?s30) TIME
CALL LARATT.
DO AD T=113
na é6n J=143
C(AT}J}=nn_
BN 60 K=1,3
C{Isd)= C(TaJ}+B(IJK911*B(J:K;2)
D{1)=CA¥C(253)
N{Z2)=CA¥C (3, 1)
N{3)=CA*C{T1+2)
D{41=SORT(P(2)%*2+D{(3)%%*2)
DISPLAY TIMF,D(4)sD(1)
PRIMT ESTIMATED eULER PARAMETERS AND S/C AND LAB ATTITUBRE MATRIX
WRPTTE(2220) (Lax1{I)>B{ls1s1) - s8(I,2s2}sB{1s3s1l)s
IB{Ts1s2)sRIT22s2)258{1s5322),0(1)21=153)
WRITE(2;22) Xx1(4) +D(4)
WRPITE(5523) TIMEsL(aYsD{1l)sNT7
FORMAT{3(2Xs1346)s2X211)
PRINT MFANDTML
WRITE{?2s50)
e 45 T=1skK1
PTMOT A=CAXPTMU(TI)
WRTITF(?521) isklWL1lA
CAONTINUE
FORMATIXN///8H TIME = »EL6.9//7/30Xs
150HFSTIMATFD SPACECRAFT ATTITUDE RKELATIVE TUG EC1 AXES//Xs
2AEND L X S TTHFGULEF FAXAF» I2Xs 1THATTITULLL ESTIMATE,ZF Ry
A1?24L PG ATTITULEs LeXxsLeHR)PaYsrSS ER/Y/)
FOMATIN s T 12 Z2Xsr 129X 3 (XsFl2eG)e2Xo3{XsFLlceG)sZ2XsFF.2)
FARMAT (X, 1HA 2K Fl2.92E3Xs»F0,2)
FROMATIX/14Xs 26HESTIMATED GYRD RIAS VECTUR/)
B-8 .
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e sl [aeld (S CEER  GER)  (BE] (R (el Gewew)  [ees)  Gees) Cen] Dl [esd [ond 0 Dl ] [l

0366C 21 FMRAMAT(15YsT1y4XsEL2.5)

03670 RETUNN
03680 FNA
03690 C ] - I
03760 C
03710 SUBROUTTIMF PRNT(KI1}
03720 COMMNN /1 /NGy NDELP s NNL S
03730 COAMMAN2/TINc, [Gs TH,DELTSKDELT X2 (4} XKLL (4)
03740 CAMMIN/E/NTP 3 ICATSMO» YL(252)
.03750 COMMAMZT/YNI2,2) s Y (252)9U(15)2AST{353,2)25Tk(3s2) e e e e ——
03760 CAMMOM/B/P(7,7)5R(252)5AK(B52)sHMAT(257)
03770 DIMEMSTON PT(3,3)5F(3,3)sTP(353)
03775 N7=2 . - - R A
03750 € PPIMTS THE ERRUOR COVAKRIANCE MATRIXsUPPER LEFT 3 BY 3 IN
03790 C SMALL ANGLF FORM
0380C C SAVE UPPER 3 BY 3 . e - _ e e
03810 NO 40 T=1,3
03820 No 40 J=1,3
03830 40 PT(I»J)=P(I»J) R e e e e e o e e ¢ = i
- 03840 C CNNVEST UPPEk 3 BY 3 OF P MATRIX TO SMALL ANGLE FORH
03850 Fll97)=2.%(X1(4) +X1(1)%*%2/X1(4))
. 03860 Flly?2)=2.%(X1{3)+X1(11*Xi(2}/X1l4}) _ o — —— . -
i 03870 Fl1s3)m=2%({X1{2)=X1(1)#X1{3)/X1(4))
] 03880 F(2,1)-—2 H{XL(3)=XL(2)%X1{1}/X2{4})
‘1 03890 F(252)=2.%(X1(4) +X1(2)%%2/X1(4}) _ i} 3 U AR
. 03900 (253022, % (XL(1)+X1(2)%X1(3)/X1(4))
. 0391C F{3+11=2,%(X1{2)+xL (1) #X1(3)/Xx1(4))
. .03920 FURp2)==2,%{2A1(1)=X1(2)%X1(3)/X1(4)) _ —
03930 F(353)=2.%(X1(4} +X1(3)**%2/X1(4))
03940 PO 70 T=1,3
i 03950 nno70 J=1,3 .
. 03960 TPITyd)=n,
103970 DN 70 K=1,3
| 03980 70 TR(T,0}=TP(T,yd+F (I, KI*FLJsK) - e o
1 03990 D 75 I=1,3
| 04000 Nt 75 J=1,3
'i 04010 P(Tsd)=Cs
[ 04020 NN 75 K=1,3
[ 04030 T3 P(IsD=P{IsJ)+F(L1sK)*TP Ky}
: 04070 NA = NNJ4+3
- 041l0C C PRTMT HEADTNG
i 641l0 10 WRTITFi2,1)
i’ ‘_ B-g
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Lt

valeo L FPRMATIIRI»SuXsdHP MATRIX)

04130 neo20 T=1,83

04140 WRTITF{2,3) 7T

0415G 3 FPOMAT(/FXstnhOuw 5127} - -

04160 C PRTIMT P MATBIX

04170 20 WRTITEI(2:30) {P(lsJ)sd=1sNa)

064180 30 FORMAT(3X»EFLT7.6)

04190 TFIK1.FQ,0) GJ TO 44

04200 C PPIMT STAD MUMBER

04210 50 WRPITF(2,4%) ICAT B . o -

04220 45 FORMAT( /  7x514HSTAR NUMBER = »13)

04230 TSTi=YN{2,2)

04240 . TSTZ2=¥YN{1,2) L _ o . - -

04250 _ DFLI=(TSTl-YL{2,1})%206264.E1

04260 NEL2={TST?-YR(1,1)}*206264,81

04280 WPTTF(?,€60) TSTlsDELLsTSTEsDELZ . Ce e e - - .

04290 60 FNRMAT(AXs37HTRACKER QUTPUT ANGLES AND MEAS. ERROK/

04300 16X, THAZIMUTH, 2XsE1le4s5H RADc»3XsF1043»

04310 27H APCSEC/H6XsOHELEV »s3XsE1le4p5H RADes3XN»F1035 . I ISR

04320 37H ARCSFC)

04330 564  CDNTTNUF

04340 AT=SCPT(PI{Z2,2) = +P(3s3)1%206264.481 e e e e

04350 WRITE(?239) AT _
- 04360 39 FORMAT(26H SQRT UF POINTING TRACE = »F1l0.3s9H ARC SEC.)

04361 AT1=5QRTI(P(151))+20626%4,81

04362 WRITF(P,391) ATl

04363 361 FORMAT(Xy17HBORESIGHT ERROR = »F10.352H ARC SEC.)

04365 WRITF({5sR) TIME»ATsATISNT

04366 & FORMAT(3(2XsE13,0)92X5 111}

04370 DISPLAY AT,471

04380 C RESTORF P MATRIX i

04390 O 42 T=1,%2

04400 NN 43 J=1,3

04410 43 P(T+JV1=PT(T,J)

04420 RETURN

04430 END

04440 C

04450 C

0493G SURRMUTTME TRPOLT

04940 ( REARS TM AMP PRINTS INITIAL VALUES, SYSTEl PARAMETERSsSRUN COMTRLL

G4920 C CONSTAMTS, AND (UNVERTS SPECIHIED ANGLES Td RADIAKS

04960 _ CPMMAN/T/NE L NDELP S NKD

| B-10
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04970
049u0
0459C
05000
05010
0020
05030
05040
05050
05060
05070
05080
05090
05100
05110

05120

05130
05150

112

05166

¢5170
65180

.05200

05210
05230
05240
05250
05260

G527C

05280
053060
05310
05330
05340
05350
05300
0537¢C
05360
0390
054GC0
CH41C
05440
Goa7C

-

™
L[S

25

22

28

DO _20 K=1,MTR

COMMIAMN /2 /TIVMEs fGa TFRsDELTsKDELT2X1(a) s X1L(4)sKIKP
CAMMONY/2/PTIMUL12) s TAU(36)swMIG)sDRFT{B)s0Y{9s5)

COMMAN 74 /PHT 1 (G4 ) PHIZ2(453)120(757)sG0(4s6)swRk(352)3RP(454)
COMMAN/EIOSVY(2Taz) PP (3)sB(353,2)
COAMMONZEINT? s ICATHINOYL(222)
COAMMONZT7/YDN(252)5Y{252)sUl15)}5AST(35352)5S8TR{252)
COMMONSFIPTIT o T)oR (252 5 AK(G82) pHMAT(2,7)

NTYFNSTIAM MSY(4532)sC(353)sT(3)

MN = NN T4 3

P 112 T=lsMN

DD 112 J=1sNKN

PlIaJ)=0{Y»rd)=0,

REAN TNPUT FLAGS GEFINING TYPE OF RUN. AND PRINT DPTIUNS
RFAN(15”) MTHANG
FNRMATITIL)

PEAN{1,23) NNELPsKSKP
FOARMAT{IZ)

READ NPMIMAL STAR TRACKER TRANSFURMATION MATRIX

PEAN(T+4) ((ASTU1l2JsK)sJ=153)5I=153)
FRRMATIEG,.H)

CREAD STAD SFENSOK PARAMETERS

nn 24 J=T,NTR

PFADCI1:5) (SSV(IsddsI=1s9}
FPRUMAT(F9,.3)

PEAN GYRPT PARAMETERS

no 25 J=1sNG

READ(1s6) (GY(Lsu)sl=1,3}
READ FSTTMATED INITIAL RATES
DN 27 T=1,3

REAN{1,6) PP(I)
FARMAT(EL1? ,58)

REAN TNTTTAL 4 PARAMETER ATTITUDE

REAN(1.4) (X1i([)rI=1s4])

CANTTNUF

PEAP TNTITTAL AND FINAL TIMES AND INTEGRATION STLP SIZE
REAN(15A) TO»TF,DELT

CRFAN EpOn? CuVARIANC: INTTIAL OD1AGONAL LLLMERTS
UNTTS APT PR ,,SFEC

AN 28 Tz, NN

REAN(1I,6) Plls1)

B-11



65820

054G0
0550¢C

05510

G552¢

05540
05560
05570
05580
055590
05600
05610
05620

05630 |

05640
05650
0567C
05680
05690

05700

05720
05730

05740

05760
05770

C

io0

32
g

34
11
35
41

- .05780
05750

05800
05810

05880
658490
05900
05914

- 05%20

05936 .

05940
05350
0597¢C

- 05980

05590

 0&0GO

060zC

37

TEMPOPARY TINpUT PRINT ROUTINE

WRITR{2517)

FORPMAT{IHL)

WPITF({2,7) MTRsNGsNDELP
FORMATL 3{Xs13)/}

NT.31 J=T.NG

WRTTE(2+R) (GY{Iad)sI=159)

FORMAT(Q(X,F10,3))
WPITE({?,10)

FNR¥AT (/)

RO 32 K=1sNTR

WRPITElZ,0) [ (AST(LlsJdsK)2ad=133)sI=1:3)
O FNRMATIO(XsFG.6)1}

WRITE(2,10)
NN 34 J=1sNTR

WPTTE(?,11) (S3Y(1,J1s1=21s9)

FARMATIONX S F10.3)})
WeTTRE(2»10)

poo35 J=1.2
WRITFI(?2s8) PP{J)
CAONTINUF

C_WRPTTE(2s10)Y
WRITE{(?:8) (XK1{I}»I=1ls4)

WRTTE(2510)

30 37 K=1,NN
WRITE{2s2) P(KsK)
WRYTEF({2,10)
WRTTF(?,%8) TUs»TFsDELT
WRTTE(2510)

INITIALIZF PkGBLEN TIME
TINF = TN

15 FORPMAT(1IH1)

WP TTF{2515)

CONVE®T ANGLES TO RADIANS
CF = 4,RB4B136EE-06

CFrQ = CF#CF

NN 32 J=1.NTR

AN 121 =147

131 SSVALT»M)=0F%55viisdd
13G NONTINUF

nno135 J=1,M5

B-12




e

06030
06040
06G5C
06060
0607C
06080
060650
061GCC
0611¢

Q6130

06160
06190
06200
0621C
06220

. 06236

06240
06250

06260

06270
06280

06290

06300
06310
06320
06330
06340

06350

06360
06370
06380
06390
06400
06410
06420
06430
06440
66450
06460
06470
06480
06490

()

135

(o] el (emer]  [we]  Daems) Dmssd Dises] s Dmses) feewsl [eees) e

EY(1sd)¥=CY{1sJ}*CF

fPN 138 T=749
AY{TsJ)=GY(TsJ)*(F
CONTIMUF

CALL TNITTAL

PRTNT FRRPOR CUVARIANCE MATRIX
CALL PPNTI(O)

PRTNT TNLTTAL STATE VECTLK
CaLt 7Tems

CALL X1PPMT

RETURN

END

SURRFUTTINE 7pRO

INTTUALTZES STATE TRANSITION MATRICES PhHIL AND Phi2 AFTER EACH_ .

FTLTFR UPNDATE
COMMIAON/T /NGy NGELPsNNL

- COMMON/2/TIMESTO» TFsDELTKDELT»X1{4)5sX1L(4)

€y O
'

22

23

21

10

LPPERATTON.

F”“MﬁNlﬁlPHTl(4:4},PH12(4:3):0(7:7},00(4;611wR(BJE),PP(4:4}
RETAIN FILTEK UPDATED VALUES OF EULER PARAMETERS FOR NEXT FILTER
DN 21 T=1s4

XIL{Ti=XI(1}

SFT PHTT ELFERENTS EQUAL TQ ZERD

NN 22 J=Ts4

PHI1(T,4)=0,

CONTINUF X

SET PHT2 ELFRENTS EGUAL TO ZERQ

AL 23 J=1sNN]

PHI? (IsJ1=0.

CONMNTTNUF

SET PHTI NTAGIONAL ELEMENTS ECULAL TO ONE
AHTI(T»TY=1,

CPNTINUF

SFT 0 MAT2IY COMPLTATION INTERVAL CDUNTER TC ZERD
KRFLT=0D

SFT O MATRTY ELEFENTS Tu ZEFC

N 1n T=1,7

nO 1N J=1,7

CfT!J)=Q-

PETURH
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06500
0ebl0

06526¢ ¢
06530
06540
06950
06560
06570
Q6580
Q6590
0L6Co
06610
06620 C
06630
06640
06650
06660
06670
06680
368690
06700
06710
06720
06730
06740
06750
06760
06770
06750
06790
Q6800
06810
06820
06830
06840
06850
06860
06870
G68BO
0&e89C
06900
069106

()

12

10

15

END

SURPANTINE INITIAL

COMMON/1/NG, NDELP s WML

FOMMON/2 /TTMEsTOs TFSDELToKDEL TaX1(4)5X1L(4)
COMMAM/B/PTMULLZ) s TAJ(356)sWMIB) s DRFTLO)GY(956)

COAMMANSG/PHT i (454 ) pPHIZ(ap3)9Q(T7s7)5C0(4s) Wk {392)»RP(4y4)

COMMAONMS7SSV(2752)sPP(3)sB{35352)

COMMAN G INTPy ICAT»NUsYL(202)
CRMMAN/B/P( 77} sk(25212 AK(B22) s HINAT(257)
NDIMENSTAN TPL(3,3)5TP2¢353)»TP{3,12)sTP4{653)
CAMPUTE GYRD WEIGHTING MATRIX, TAULU . . _ .
N 12 I=1sNA

NN 12 Jd=153

TP&(Ted)=2(1,+0Y(2,1))%6Y{3+ds1) =

DO 10 TI=153

DN 10 J=1.3

TP1(T»d)=0.

N 10 K=1sNEC

TP1ILtTs I=TPI(I5J)+TPalKsTIFTPA(KYJ)

CONTTINUF

NEL = TP](1,1)*TPlI2,2)*TPl{333)+TP1{1:2)*TP1(2:3)*TP1(3)1)
1+T791(1+3)%TPL(2s1)%TPL(352)~TPL{Ls3)4TF1L252)%TP1{351)

2-TP1{1,1)%TP1{2,3)%TP1(352)}~-TP1(1,2)%TP1{2,1)%TP1(3,3)

DL=1./DEL
TP2({1s2)={Tra(2,2)*TP1(3,3)~-TPLI3,2)*TP1(253))%*DL
TP2(1,2)={TPL(3,2)%TP1f1,3)=TPL(1s2)*TPL(3»3))*0L
TO2{1s3)=(TPL{1s2)%TPL(2,3)-TPL{Z,2)%TPL(1s3}}*DL
TP2{251)=(TPL(3s1)%TPL(2,3)~TPL(2,1)%TPL(3»3))%DL
TO2(2:2)=(TPL(la)%TPI(353)=TP1{1s3)1%*TP1(3,1))%DL
TP2(2+2)={TPi(2,1)%TP1I(1y3)-TPL(1,1)*TPL(253))*DL
TO213+1)=(TPL{2,1)%1PL(3,2}-TPL(3,1)}*TPL{252)})*0L
TP2(3,2)=(T21(3,1)%TP1(1,2)=TP1(1s1)%TP1(3,2) )% L
TP2(3,2)={TPL(1s 1)%TPL(2,2)=TPL{Z2,1)*TP1(1,2))%DL
NN 1% T=1s3

N0 15 J=1,N6

TAU(TsJI=2,

N8 Ksl,2

TAUCT» J)=TAU(L»J)+TP2{IKI*FTPA{JsK)

CONTINUF

TMITTALTZE PAST DATA

B B o ot 4 it el o2 . . e . e “ : i
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0693GC
0ed50
06G60
Q69uC

2V

06590 C

07010
0702¢C
07030
07040
07050
07070
07060
Q7090
071G0
07110

40

07120

07130
| 07140

60

07150

1 07160

07170 C

;i - 07180

07190

: 0750
07216
07220
07230
G7240
07250
07260
07270
c7280
07290

bb

07370 C
07380 C

i 67390
i 07400
07410
67420
07430
07440
07450
4

K

b o
Lo

P . L R N U

PTMULA*T)=RTHU %] )10

D65 J=1,NG

s e [N v o R i e b [N : e} Vilenid [ P — [ [ S R § i

N1 20 T=1,ME
NEFT{T)=nY{1,])
Nt 30 T=7,2
WO(Tel)=WFR(TIs2)=Pr(]) . ‘
CAMPUTE TIMTITIAL GYROPACK PARAMETERSs PIMU
B 40 T=7,3
PIMU{IY=N,
NN 40 J=lyNE
PTAULT)=PIMUI(I)I+TAUCL,Jd )% {lo+0Y(25J)}2%GY {1y J)}
CANTTNUE o e o e L e L
L=3 -
NN S0 I=1,3
N 60 J=1,3
E=L+1
PIAUCL Y =",
N 60 K1=T,NG = e
PIMUILY=PIMUIL)+TAU(I>KL)* (1l +GY{25sK1)} }%GY{3+JsK1)
CANTTNUFE
CONTIMNUFE I - . o
COMPUTE TAU*TAU-T25I6-Sd FLR USE IN @
TP3=SORT(AY(TsJ)**2%L00.CC*DELTHGY{(GsJ) %%2) FLl0G./DELT
DA 65 T=1,3
TO(T,J+E)=TAULIs JI%GY(6sd) *SQRT(10C*DELT)
TP{TsJ)=TAU(IsJ)%TP3
DN 70D T=1+3
D2 70 J=1,3
Q0(TIsJ)=0,
ON(Tsd+3)=0,
NN 70 K=1,hR N ) ) ) )
A0(Ts J+23)=00(Fs J43)+TR(IsKk+61FTP(JaK+6)
Q0(Tod)=QO0{ T Jd)4TPIsKIFETP(JsK}*2500.%¥DELTHDELT
CONVFRT UPPER LEFT 3 bY 3 GF P MATRIX TU EULER SYMMETRIC
PARAMETFP FORM, URICINAL P ASSUMED DIAGONAL.
Z1=2{(1,1)
72:=P(2,2)
223=P(2,7)
P11V =235 (21l x1(4)uw24+72%al{3)%%2+737x1(2)%%2)
D{1s7)}="(2s1)=,25%{(L1=223%X20a)*XT(3) =322 (1)%0]1(2))
Pl1,3)=P (2,711,295 ((23=21)%X1(4)%X1{2)-£2*X1{1)%x1(3)})
PUZ2e? )= PR (213 {3)xkz+228x1(4)*% 2+ 3% 2L (1) %%z}

5-15
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N, 07460 P(2,3)=P(3s7)=,2u%{(22~23)%X2(1)#X1(4)~E1%X1(2)%Xx1(3))
: 7470 B(3,3)=,25% (21 %X1(2)4424+22%X1{1)%%2423%X1(4)*%2)
076C0 . RETUPN
07610 FMD _ o o
c7620 C
67630 C
07640 SURBAUTINE STRCHK(YG)
07650 FOMPON/T INGe nGELP s NN
07660 CAMMAN/2 /TTME s Tus TR DELTSKDELTsX1(4) s X1L (4)
C767C COAMMNN/5/CQY (275, 2)5PP{3)58(3,3,2) , , o . R
07680 CRAMMIN/6/NTR, ICATsNOsYL{252)
Q7690 COMMONF7/YDL 22 0¥ (222 U158 )sASTI353:2)STR{352)
07700 TCAT=2 L T _ N
07710 IC(Y6.6Tsel} ICAT=1
Q772C TE(YG el Ta=e1) ICAT=3
07880 100 CPMTTNUE s _ _ e
67890 YLET1s1)=YL{1+2)=5Y(1s1)=YD(1s1)=YD(1s2)=Y(1s2)
G79C0 YL(2,1)=YL12,2)=Y(2,1)=YD{2s1}=YD(252)=2Y(2s2)
07910 RETUPN o A , . _ . e
07920 ENR
07930 ¢
07540 C - e e . . R e
07950 SURROUTTNE STARDC(C»ISTRsTBL)
. 07960 COMMON/2/TIME» TG TRsDELTsKDELTSX1(4) s X1L (&)
07970 COMMOM/5/SSV{27,2),FP{3)5B(3,352) _ . . L . o L o
. 07980 PTMENSTNN Ct3)sTPI13,3)5RN(3),D(3)} '
\ 07990 C NFETNT STAR LiR. COS. IN LAB AXES
L p&0GC TP{1,1)==.6P06902
i -gsolo TP{1s2)= 4,7424E=D
| 08020 TP{2511=—4R544475 , |
. 08030 TP{2+2)=2,153E~5 o . . o . _ o e
06050 TP(351}=-1.020237
08060 TP(3,2)= 4,512E=5
0B0BG ~ALL TPNS ‘
08082 TT=2.*TP{ISTR51)
08084 TW=TP(TSTRs2)+THBL
08086 D{1)==STM(TT)I*I0S(Tu}
06066 PI2Y=STN{TT}*=SIN(Tw}
08090 N{3)=CrS(TT)
06180 ¢ FPRM AR TNFRTIAL ATT1TUDE
08190 CALL LARATT
G200 C CANVERT TD INExTIAL CIGRD. .
: B-16




0b210
0220
0E230
0E240
08256
0E260
08270
06280
08290
08300
| 08310
08320
08330
08346
08350
08360
08370
08380

O

. Q8390 .

08400
08410
G840
08430
08440
Q€450
08460
0B470
Q480
1 08490
i 08650
. 08660
0E67C
08680
086570
08700
08710
06720
06730

L 0ET40
1 GBTE0

f 0ET6O
0877

e} [y e Re!

[}

&E@ﬁuﬂélyarﬁ'

e

20

CPl=0.

JBLP7s 2 2)=ALERIFETA*RZERI

|reoed ] el {es] Cwbest Deeeed ) D] 0w

P20 I=1s3

C(I1=C.

RO 20 J=1,2
CLTY=CIT)4R(gs1s2)3D0(9)
RETUPM

ENR

SURRNUTTME | ABATT

COMPAM /2 /TIMEs TQy TR DELToKDFLTs X1 (4) s X1 (&)
CNAMMAN/S 7SSV (27,2)5PP(3)sB(353,2)
RTA=1.-C0S(7.2722G522E~5%TIME)

Rp=n,apQ08M%4]
R2=0,557791249
AL=STN(7.27220522E~5*TINE)
Blls192)=1l~BTAR(K2¥¥24R3%%2)
B{ls?s2)=AL2R3+BTA*R]1I¥R2
B(1s352)=-AL*R2+BTA*(1¥R3
R{Z231s2)=~AL5*RI+BTAXRI*K2
R{P2+s2p2)=1e~0TAR(R1*F2+R3%%2)

813,1,2)=AL¥R2+BTA%RL*R3
BU34252)=—-AL*R1I+BTA*R2%R3
Bl353,2)=1e=BTA*(RI=224R2%H%2)
BETUPY

END

SURPIIUTINE GYPCK

COMMANMIT /NGy NDELP s HNL )

oMM 720 TML(1Z2)s TAULZB) s Wt (B DRFT(6)sGY{(Fs0)
COMMNN/G/PHT L {dya)sPHIZ (4 3)53(T27)pCo{as0lsnk{3s2)sRPlGs4)
DIMENSTION TH (3} L L

PRPOVINFS ESTIMATED S/¢ RATES BASED uUPON CUMPENSATED GYR(OS.
PN 10 T=1,3

SHTFT PREVITUS FATE UDATA eACK ONE STEP

HRP{Tp?)=WP(T,1)

COMDYTE MEY GYRL PACKAGE RATE eSTIMATE

TP {T)==DPT*¥UL{])

N 10N J=1sMA

T2AT)=TP(TY+iaL{lryJd)*uM{J)
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1

N i

]

o

Oe780
0B790
08BGO
06810
08gz20
08830
06840
0BHSO
48860
ces7o
08880
08890
09220
0923C
06240
06250,
09260
09270
09280
09290
093C0

08310

09320
05330
09340
09350
09360
09370
09380
09390

094G0
09410
09420

09430

06440
09450
09460
0947C
06480
04490
09500
09530

[ o] ln Nyl

16 CONTIMUF

L=3
P 20 T=1,3
We (Ts1)=TP(T)
N1 20 J=1,3
L=1+1
WP {Ts1)=WR(I,L)=PINMUCL)*TR(J)
20 CONTTHMUF
RPETLIPN
FND

CSURPOUTINE ATT.
DERFLPNMS NUMERICAL INTE&RATIUN T0 DETtRMINE SPACECRAFT ATTITUDE
AS PEPRFSENTED oY EULER SYMMETRIC PARAMETERS
COMMONZ2/TTMEs TOs TFH>DELTSKDELI o X1 (4 X1L LA}
C”M“”N!#IPHIl(QxQ),PHIZ(4;3);0(?:7],@0(4:61:HR(5:2)’RP(#:4}
DIMENSTICN T{5)sTP(3)
no 20 I=143 . y

el TP(T)=e5% (WP (Ts1)+WR{Is2))
COMPUTE S{0) FUOR USE IN RP MATRIX
TU2)=(TP(1)*%2+TP(2)*%2+TP{3) %2} *DELI**2 /4,
TI1) = SQRTIT(2)}
Ti(2) = ¢05(7(1))
T{3}=.5 o -
TF(APS(T(l)).LE ,1,E-2G) GO TO 6
T(3) = STN(T(1]))
TI3)=TI3) /(2. %T(1))

& CONTTNUFE
FNRM RP MATRIX FOR PRUPAGATING EULER PARAMETERS
PP({1,2)=T(3)%TP(3}*DELT _
RP(L1esA)==T(3)%TP{2)*DELT
RO(T+4)Y=T(3) kTP (L)*DELT
DD(?,'J) DP['[,q) )
RP(254)==RP(1s3])
RP{3,4)=PP(1s2])
NN 10 I=1,4
PP{TIsT)==T(2)
ne1¢ J=1.T7
@R T, )==PP(Js1)

10 CANTIMUFE
CALL PHI
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09950
06566
09570
09580
09599
09600
09610
09620
0G€E30
69640
06650
09660
09670
09680
05690C
05700
09710
09720
99730
09740
09750

12

14

ge76C

09770
09780
09790
098C0
09610
09620
09630
09840
09650
09660
05880
Ceeec
09900
04910
0592
06930
0994¢
064550
09960
COY7C

11

1G

14

_BEMO

NTMENSTINN POLT7,7)

(== 195 == =il == [ { e 1 .| I 2 for oed e 1 ro

PENDASATE EULER PARAMETERS
P12 T=1.4

T(T)1=0,

ne 12 J=1s4 )
TOTY=TUIY+RP(Laud%xl(J)
CONTIMUE

NNRMALTZF FULEK PARAMETERS
TE5) = SORT(T(L)##24T(2)#%2+T(3)%%2+T(4)%%2)
N0 14 T=1,4

YI(T)=TI(IV/T(9)

CONTTINUE

PETURN

SURRNUTINF PRI
COMPUTFS THF STATE TRANSITIDN MATRICES PHI1 AND PHIZ2
COAMMON/TI /NG, NDELP s NNl
CAMMNIN/2 fTTMEp TOs TR UELTsKDEL T X1{4) s X1L(4)
fﬂ“”“N!&IPHTL{Q,QJ,PHIZ(413);0(7;7),00(4;6),hR(3;z),RP(4,4)
DYMENSTON W(a)sTi(3,L2)sPK{4s3)sPHIZ2T(4s12)sTPLIT7s7)sTP2(7s7)
CAMPUTE PHT1
AN 10 J=1.4 '
DA 11 T=1.4
WwiTi=n
N 11 K=lsb
WTY=WL{T)+PP (1K )*PHILIK»J)
CONTINUF
N 19 T=1s4
PHIT(T.J)=W{L1)
CONTTNYF
COMDUTFE PHT?
N 42 T=l,4
NN 42 J=1,NN1
DUHTZ2T(TsJd)=
P 42 Ks1l44
DUTAT(Tad)=PhleT(Iadi+RP{Isk)*PHIZ(KsJ}
NN 14 T=1,3
P {TeT)=¥X1{4)
CAONTTNUFR
TU(1s?)==N11{3)
B-19
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Yoo - —
\1‘
L 0590 PH{1s3)=X11(2)
i 05990 PH{Pp3)Y==X1(1)
o 100660 PK(?2,1)=X1(7)
16016 PK{3,1)==X1(7) o _ L ) L e
1002¢C PK{2,2Y=X1(1)
106030 PHE4,1)==X1(1)
| lo040 PK{4s2) = =X1{2) .
: 16650 PE{4y3)==X1(3)
! 10060 PN 20 I=1,3
.10070 DN 21 J=1.2 . 3
10060 . 31 T1(TsJ1=0.
10090 2 TI(TsT)==1,
10210 S di= _ - . B _ e
10220 PN 16 J = 1,3
162450 PN 22 I=1,4
210260 TZ = 0. _ ) - . . ) R I
10270 NO 23 X=1,3
10280 TZ = TZ4PK(T,KI*T1(KsJ)
10290 23 CONTINUE B o . ﬁ
10300 PHIZ2(TsJd1) = PHIZT(IsJd1)+TZ
10310 22 CANTINUE
210320 . J1=J1+1 e e e e e e e e
10330 19 CONTTINUE '
10350 C UPDATE O TF TIME 1S APPROPRIATE
.10360 | KRELT=KNELT+L - e
: 10370 IF{KNFLTL.LT.10G0) 60 TC 50
| 10380 KREL T=0
| 10350 DN 55 T=1,4
‘10400 N 55 J=1,3
j 16410 TP2(T,Jd)=0,
: 10420 b0 55 K=1,3 _ _ . _ L -
P 10430 55 TP2(TsJ}=TP2(1sJ}+PK(1sKI*QO(KsJ)
’ 10440 NN £0 T=1,4
10450 NN AN J=144
10460 TP1(IsJ)=0,
10470 NO AC K=1,3
10480 €0 TPI(T,Jd)=TPI(IsJ)+TP2(IsKI¥PR(JsK)
1049¢C NG 61 T=5,7
105G0 ntoAY J=1s4
10510 6L TOPI(I»J}=TP1{Js1)=C,
10520 PN 42 T=5.7
1C536 N0 A% J=35,7
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%,

A [DEE) (s DEee) aerd Dssel] Uessed eee| s [ene] 0 Dol D

14540
10550
16560
1G57¢C
10580
10590
10600
10610
10620
10630
10640
10650
19660
10670
10680
10690
16700
10710

10720

10730
10740

10750

10760
10770

107680 C.

10760
108G0

10810

16820
10830
10840
10856
10860
10870
10880
10890
10900
10910
10620
10930
16940
10950

62

64

65

63

G6E

e
50

10

. TP2(TsJd)=0.

DO A7 T=1.7

TP1{TIsJV=00(1i=gsJ=1)

TA=PO{ 21 )%k 24RF (2551 ) %% 24RP (41 ) k%2
TA=S0PT(]4=100uDe%Ty)

DroAS T=ls4

NN 64 J=1,4

POL{TeJ)=RP(T,J)210C0.

PO(T+3,J)=0,

At £6 J=1413
PO{Tyd+6)==NELTHPr{IyJ)*50,
RO(T+3sJ+bG)=t,
RO(T+3,T+3)=1.
RO(T»1)=TO
CANTINUE

NN AF T=1,7

NA 55 J=1,7

nn A6 K=l,7

TR2{I»J)=TP2{Isd)+Q{IsK)IFPC(JaK)

Nt A7 J=1,7

QITLJ)=TP1{TsJ)

DN 67 K=1,7 U
Q(TsJ1=00TsJ3+RC(II>KIFTRZ2(Kd)
CANTINUF

PHT2 MUST STILL BE MULTIPLIED BY DELT/2 IN PRFiL
RFTURN '

EAD

SURRDUTTINE OmMAT

FARM THE STATE NDISE CuvARIANCE MATRIX
COMMONST NGy MUELFPSNNL

COIMMONZG/OHT I as4) 9Pd12(493)5w(797)5Q0(458)WR(3»2)sRP(4s4)
NTMEMSTIM TOL(7,7)

PPAPERLY PACK & MATRIX

no 1N T1=1.7
N0 J=1,7
TPL(Ts»d)¥=0(Tru)
J3=7

N 18 T=1,7
J1=1

nro 17 Jd=1,3




10570
1G3c¢0

10949¢
11G1¢C
11020
11030
$1050
1106C
11070
11080
11160
11170
11180
11190
11200
1121G
11220
1123G
11240
11250
11260

11270

1128¢C
11290

11300

11466
11410
1142C
11430
11440
11450
11460
11470
11480
11490
11500
11630
11820
1183G
11840

118%v

oy

Iz Nel

J1=J1+1

DET,J1)=2001,[)}=TFLl{IsJ+4)
17 COANTIMUF

J3=J)2+41

J?=73

NN 16 J=1.3

Jz2=J372+1

0(J3JJ2)“TP1{I+4;J+w)
16 CANTTIMNUE
15 COMTINUE

RETUPEN

END

SURPARUTTNE TRACIYG)
TOMPUTFS TPACKER CUTPUT ANGLES FRUGM ATTITUDE AND
TRACKER TIDENTIFICATIUN NUMBEK
CﬂMMﬂNI’ITT”tJTO;TF:DELT;KDELT:X1(4)’XlL(Ql
COMMON/SISSV(27s2)PP(3)B(3,3s2)Y .
CMMONSAINTR, ICATINOs YL (222)
POMMON2/YD(222)sY (292000155 AST(35352)3TR{3s2)
CNTMENSTNN T(p)sC(353),TT(3)

YL{1s3)=Y({1»1]}
YL{Z2:1Y=Y{251)
CALL TRMS
CAMPUTE TRACKER ThANSFURMATION RELATIVE TC INERTIAL COQRD
DO RC T=1,3
RCoRAn =143
ClIsd)=N,
nn g K=1,3
C{Tsd) =CUTsJ)+AST{IsKaNO)*BIK2J21)

B8O CANTTNUF
CIMPUTE STAR DIKECTISh CDOSINES IN TRACKER AXES
not An T=1,3 L . ,
ULT) = ClTs1)#STRUL,1I+C(Ts2)%#STR(251)+C (L, 3)%5TR{351)

90 CONTIMUE :
UE5)=S0PT{l.=-U(1})*%2) _
COMPUTE TRACKER CUTPUT IF [T HAU INFINITE BANOwIDTH (INTERVAL AVE,.)
YOTe1dmm (UL T ) +SINCYGI ) AU Y~{S5SY (4 L) +S5SV{zr1]))
Y21 )={3)= (55 (3 L)+U(5)%SSVI{LlsL)~LI1)2535Vv(251))

100 RFETHEN
B-22
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)

116460
11610
11926
11630
11940
11950
11960
1197¢
11980
11990
120C0
12010

12020

12G30
12040

12050

12060
12070
12380
12090
12100

1Z2110

12120
1213¢C
12140
12150
12160
12170
12180
12190
12200
12210
12220
12230
12240
12250
12266
12270
12260
12296
1236¢
12310

|}

OO

[Ny

10

1¢

i' ol i.:?f'"":',i ‘ -,c;-_#;:,li i: ke [ .__-ue,i,f:_' et [amali [ 3

)

SURPPUTINE TRCFLT . o

CAMMOM /2 /TTMES TUsTFSDELTSKDEL ToX1(4) s X1L{4)
COMMAMN/E 7SSV (27s2)sPP(3)sB(3,352)

CAMMONA/NTR, ICAT)NO,TL(252)
COAMMON/7/YD(2,2)sY{252)50U(19)0A5TI35352}9S5TRI3s2)
PRIMENSTON C{Z2lsRk(2)

POTYTNFR FTLTERED TRACKER GUTPULT

C(1Y=SSVI{ RyNOY/DELT

Cl2)=SSVI{ 9sNUL)}/DELT

RP{1)=FXP{m=T4/C(1})

RP(2)=FTXP(=T./C{21))

NN 10 K=1,7

ng 1 T=1,2 . .. S AU ,
YOCIaK)=YD{I KIFR{IIIA L o~ClI}*LLla=RITIIIIEY(ISK)
FF(TUT) (L =R{I})=REIVIFHYL(ITISK)

RETURN
END

SURPAYUTINE PRFIL
CAONVERTS 4-PARAMETER ATTITUDE SYSTEM TGO 3 PARAMETERS AND MODIFIES
STATE TPANSITION MATRIX

COMMON/]T NG NDELPaNNL

CNMMON/2/TTMEs TUS TR DELTsKDELTa XL (&) X1L(4)
CAMMONI/PTINO{12) s TAU(3s6)sUuNM(B)sDRFTI{E)IsGY(Ty0)

COMMON/G/PHT J{4s4)sPrHlZ2{453)s0(757)9o0Q0(4%50)suWR(322)5RP(44)
COMMON/S/SSVIZ27s2)9PP(3)28(3,3,2)

CAMMANFE/NTRP s ICATINGSYL(292)
COAMMAN/Z/YD(22)aY(292)sUL{12) s AST(35,3,2)55TR{3,52)

COIMMANZRID (T, 7 )sR{222) 9 AK( 322 )sHMAT(2,7)

NIMEMSTON ({3}

Wi{lY=XIL{1)/Xx1L(4)

Wl2y=xX1L{2)7xli(4)}

WI3 =XI[(3)/x1L{4%)

no 1n T=1,1

noo1] J=T1.3

DHTI(Ts Y= i (s ul=rPr]l{Is4)rn(d)

CONTTHMHIF

AR 17 T=1,2
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12320

P12 =1

NN

1233¢C PHTIZ?2{ Ty 2)=0H 2 (Isd)40LLT/2,

12340 12 COANTTINUF

12350 RETLON . ) i}
12360 END

12370 C

12386 C .
12390 SURPTIUTTNF HpTRX

12460 C CAMDIUITES MEASUPEMENT MATRIX

12410 COMMAN/T /NGy nDELPs NNL o L _ .
12420 FOMMON/2 /TIMESTUS TFsDELT)KOELTo X1 (%) s X1L (&)

12430 COMMAN/A/NTR, ICATINOsYL(252)
12440 COMMDNITIYN(Z52)3Y(222)5U(15)A8T(3532235STR{3s2) .

1245C COMMON/P/P{7,7)sR{252}sAK(Bs2)sHMAT(2,7)

12460 NIMENSTIPM T(3)sT1T(%4s4)sT1(354)

12470 NIMENSTION TA(2s4) o - R
12780 DN 130 I=154

12790 TT{TI»I)=0.

12800 130 CONTIMUF , i e
12810 TT(14?) = =STR{3s1)

12820 TTl1s3) = STR(2,1)

12830 TT(1s4) = STR{1s1) ) i ) N o e
12840 TT{2s3} = =STR{1s1}

12850 TT(2s4) = STR({251)

12860 TT(3s4) = STR{3s1) - - o
12870 TT(2s1) = =TT(1s2)

12880 TT{2s1) = =TT{1s3)

12890 TT(3,2) = =TT(253) _ -
12900 TT{Gs1) = TT{1ls4)

12910 TT{492) = TT(254)

12920 TT{4s3) = TT(3s4) }

12930 T(1) = =XI1(1}/X1{4%)

12940 TI2) = ~X1{?2)1/7X1{4)

12950 T(3) = =X1{3}/X1{4)

12960 NN 160 T=153

12970 N0 160 J=1s3

12980 TT{Tsd} = TT(I,JI+STRIIS1IZT(J)

12990 16G CONTTINUF

13060 NN 185 T=1,2

1301¢ T10Tr1) = (=AST{LlsLlonO)EXL(4)+AST(Is2snN0)%X1(3)

13020 1-AST(Ts3s,M0 %X1(2)) %2,

13030 TI{T92) = (=4STUIsdpNCY#X2{3)=AST{Is2sM0)%X1(4)
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13040
13040
13060
13070
13080
136490
131G0
13110
1312¢

. 13130

13140
13150
13160
13170
13180

- 13190

13200
13210

~1322¢0

13230
132490

.1325C

13260
13270

13290
13360
13310
13320
13330
13340
1335¢
1336C
13370
13360
1339C
13460
13440
13420
136430
13440
13456

ETCT I

13280

X

leéb

180

L END

o [ War N1

T B e £ A S A S O

I+AST{TI»3sNOYEX1{1) %2,

TI(Te3} =(AST(Is1sNUI¥XLL2)=AST(Is25N)I%XL(1)

I=2STUTaReNCIEX1(H))*2,

T1{Ts4) = (=aST(Is2,H0)*X1L1}~AST(Is2sN0)*X1(2}

1-2ST(Ts3eNOI XL (23))%2,
165 CONTINUF

'FNRMS MEASUREMENT NQISE COVARIANCE MATRIX

DY 166 K=1,4 o ,
TA{1s%)=TI01oK)/SURT{Lla=UCL)#%2)
TA(23K)1==T1(3,K)
RANTINUE

PN 180 J=1,.3
HMAT (1 4)=0,
HMAT(2,J)=0. .
NG 190 k=1s4
HMAT( 1,5 J)=HMAT (1o J)+TALLsK)*TT{KsJ)
HMAT(2, J)=HMAT (25 J)4TA(2,K)I*TT(KsJY _
rOMTTNUE

RETURN

SUBRTIUTTINE RMAT

CMHMMAN/S/SSVI2722)sPP{3)5B{3,3»2)

COMMAN /O /NTR JCATsNCsYLI(Z222)
CAMMIN/R/P (72T sk {252) 9 AK{852) sHMAT(257)
R{192)=P(2»1)=0.

Pl1s1)=3SSV{ bahu}®*2

R(2,2)=SSVW{ 7,NG)#%2

RETURN

FNND

SURRAUTIMNF FILT L . ' : o N
USING WALMAN FILTER £US.» COMPUTES FILTLR GAINS»AKs AND PROPAGATES
FRRANE {OYARTANLE MATRIXSP '

FAMMONZT /NGy NDELPsNNL
COAMMANFR/PTML(L2)» TAU(3s6) s WM o) s DRET(E)}+GY(Gsn)
COMMON 4 /DT i (s G ) o PHLE (G23)0{TaT)oud(4s8)snwR(352)sRP{4s4)
COMMNM S FSSV(2Ts2dsPP(5)sd(3s352)

COMMONSR/DB( 7,7 3P (2520 AK (292 )sHIATI{2,7}

DIMEMSTON TA(T7,7)s1B17)

B T

§ e i e

N U



o 13400 C
. 13465
e 13470
13400
13490
13500
13510
1352¢C
13530
1354C
13556
13560
1357GC
135680
13560
13600
13610
13620
13630
13640
13650
13600
13670
13680
13690
13700
13710
13720
13730 C
13740
13750
13760
13770
13760
13790
13800

13810 ¢

13820
1383C
13840
13850
13860

12

20

COMPUTE APDITILNAL CaNSTANTS . +OK PARTITIOnNING MATKICES

MN2ZNNT

MA 3 =hNT =N D

N=NNT+73

M=2

CALL SRMMUL(PFHI1»15153535Ps1v1s3sTAslslsas7s7)
CALL SPMRUL{PHIZ»lsls3sNN2)Psrhslo3sPsrlolsds7s7}
CALL SPMANP{TA»1s1sPslslsTAs1s1s393975757)

CALL SPMMUL (PHI1s1s13393sPs1lsashiN2sThplrastas7s7}

CALL SPMMEL (PHLIZs1sL1s3sNN2sPsasdsNN2sPslrarbsTs7)

CALL SPRMADD(TA»Llr4sPrlsdsPslsdr3sNNZ2sTeTsT)

CALL SRMMUL(PHILs1sls3s3sPsLls 4+NN2sNN3sTAs L4 +NN2sds 77}
CALL SPMMUL{pPHIZs1loLls3sNNZsPrasatNN2sNN3sPplabd+NNeshpT»7)

T1=44NN?

CALL SPMAND{TA»121i1sP915I15PslsIls3sNN3s7sT7s7)
AR 15 T=1,3

nr 15 K=1,3

PlI»KY=0,

N 15 J=1,3

PIT K)=P(T,K)+TA(IsJIXPHILI{Ksd)

Nng 20 I=1,3

N 20 K=1,3
TALTHKYI=0,

Nt 20 J=1lsNN2
TA(TSKY=TACTSKI+P{TIoJ+3)¥PHIZAK,J)
cCaLL SDMAD“(P:l:lJTA:l:lJPJIJ1’3,3,7171()
CALL SPMTRA(PsLsbds3,nNbi2sPrtbsls?s?)

CALL SPMTPA(F«1s4+NN2sAsNNIsP»4+NN2sLs Vs 7)
pP=pHT P PHI-TRANSPUOSE HAS BEENM COMPUTED
CALL SPMADNIP,1s1s0rlslsPslslaNsNaT7s7s7)
DETURPN

EMTRY EFTLT

CALEL SPMMULCIHMAT»lelsfsdsPrlsiaNyTAslsls2s757)
CALL SOMTRA{MMATILsloMaNsARs1519228)

CALL SPRMMUL(TA»lslsMaNsAKs»LyisMsTAsM+Lsls7s6s7)
CALL S“"MAND(TAsM+1s1sRs1sloTAslslsMeMaTs297)
INYFRSE POUTINE FCLL3WS o
NET=TA{1,1)%{A(2,2)=TA(2,1)%TAl152)

TA{1, M1 )=TA{Z,2)/DET

TA(TpM42)==Tul{ls2) /CET

TA(?2o M+ )=~TA(2,1)/7DET

TA{Z2,M42)=TA(1s1)/DET
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>z

13870
13680
13890
13300
13910
1332C
13930
13940
13620
13940
13670
1390
013990
14000
14010

L

14020

14030
14040

14030

14060
14070
14080
14090
14100
14110
14120
14130
14140
14150
14160
14176
14180
14190
14206
14210
14220
14230
14240
14250
1426C
14270
14280

40

45

50

-2

60

o0

SR o~ s oo ¥ 5 B H a i B ' O e et PR .
S - : - { B e FUEIES ; . p : :
it § et e T e Tz w - i Bl P P i, . F I F— T,

FND OF TNVERE FPOLTINE

CALL SKEMMULC(AKpLladlowolisThglyM+loMsTAsLsLlsBy)7s7)
CALL SPMMITL{PslasloyNsNsTAsLslsMehKslsls7s7s8)

AK UAS REFM COMPUTED

A0 45 T=1,M

N 45 K=]1,sM

TA{TIsK)}=00

MO 40 J=1.M

TA(TeK) = TA{LlsR)I=AK{IsJ)I*HNAT(JsK)

If-. (I-Nro’(} Ul.__] TC 45
TALTIsK) = T1e+TA(IsK)
CONTINIIF

NN 55 T=1sN

N 50 K=]1,N

TR{X}=D,

nn 8N J=1,N
TRIK)=TR{KI+TALLs ) %P {JsK)
N 55 K=1,N
TACISK)=TR(K) = .l
SYMMFTRIZE FrROLR COVARIANCE MATRIX
NN A0 T=1sN

nno60 Jd=1,N . . .
PiTsd)=045%{TA(L1sJ)+TA(JSTI]))
P(K+1) HAS BEEN CUMPUTED

RETURN

END

SUBRAUTIME SRMMUL (As I8As INAyMASNAsBs IMBs INB>NByC s IMCo INCs IRAs IRB

1IPC)

C=A%R WITY TNIT. ARRAY ELEMENTS SPECIFIED
TTARNSTOAN A(49)sB(4G)sC(4G)

DN 5 I=1,MA

TOTVC = T+#T4C

IPTMA = T+TMa

TF (NA,LT.1Y GJ TGO o

np 5 H=].ND

KPTNE = K+INC

KPTINR = ¥4Thy
1F = TPTMI=Y1+(&FInC-2)w[kC
reIry = o,

IF (MALLT.1) 6L TO o
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N 14290
: 14360
14310
14320
14330
1434C
14350
14360
14370
14360
14390
14400
14410
14420
14430
14440
14450
14460
14470
14480
14490
14500
14510
14520
14530
14540
14550
14560
14570
14580
14590
14600
14610
14620
14630
14640
14650
146€6C
14670
L4bbL
14690
14760

Cr Oy

5
6

D5 Jd=1.Ng

JOIMA = J+TMa

JPIMR = J+TMp

TA = TPTMA-T+(JFINA-2Y%]RA
IR = JPTMB=1+(KPFINB=~2)%]IRR
C{1C) CUTCr+a(IA)#B(IB)

RETUPN
ENN

SUBRTUTINE SRMACD(As INA» INAs By IMBy INByC,IMCs INCoMaNsIRA» IRE IRC)

C=A+R WITH TMIT. ARRAY ELEMENTS SPECIFIED
DIMENSTION A(49),8(49),C(49)

D5 T=1,M
TF (NLLT.1)} GO TO 6

A AT

IPIMC = I+IMC

JPINC = J+TINC

IPIMA = T+IMA

JOINA = J+TNA

TPIMR = T4+TYp

JRINR = J+INE
IA = TPIMA-1+{JPINA=2)*¥IRA
I8 = TPIMB-1+(JPINB-2)*IRB
IC. = TPINMC-1+(JPINC-2)#IRC
C{IC) = A(TIA)+B(IB)

PETUPN

END

SURRDUTINE SRMTRACA, IMA» INASMsNs)ByIMNBs INBsIRAS IRB)

NIMENSTPN 2(49)5B8(49)

R=A=TRANSPNSE WwITH INIT. AKRRAY ELEMENTS SPECIFIED

IF (N IT.1Y GC TO 6

DO 5 I=1,N
NN 5 J=1,M
IPTMR = T+T¥g
JPTMP = J+TMy
JPIVA = J+IMA
TOTMA = T+Thp

Th = JPTMA-T4(IPINA-2)}%IRA
TR = TRPIMP_Y4+(JpPIna~2)=[RE
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L 14710 5 B{IR)=A(TA)
i la7eo 6 RTTUPH
i 1473G ENRY
' 14740 C
14750 C
14760 SUBRAUTIME POFIL
14770 C UPNDATES ATTITUDE VYARIABLES AND OTHER SYSTEM ELENENTS OF THE
14780 C STATE VF(CTPOR
147906 COMMNON/TY INGaNDELPs NNL
.. 14800 COMMON/2 /TTME S TQ s TESDELToKDELT »X1Ca) o X2LC4) ___ .
14810 COMMON/3/PTMU{12)sTAU(3»6)sWMIG)sDRFT(6)56Y(96)
14820 COMMON/S/SSV(Z27s2)sPP(3)sB(35352)
14830 | CCNMMNMITIYD(252) Y0 222)2U(15)2AST{3,3,2)eSTR(352} e e e
14840 CAMMOMZE/PI 757 )sR1252))AK(B22) s HMAT(2:7)
14850 RTMENSTION WI3)sT(3)
214860 WIL)=YDPUL192)=YOU 1o d) o e e e
14870 WIPY=YN(Ps2)=YD(2y1)
14900 C COMPUTE CORRECTION FOK EACH SYSTEM PARAMETER OF STATE VECTOR
149310 DA 11 T=lsNM1 e o
1492C wW{3) = AK(T+3,l)*w(li+AK(I+qad}*h(2)
15020 PIMULTI=PTMU(L)+W(3)
1506G 11 CONTINUF s
15080 C COMPUTE CDWPECTIGNS "FOR EACH ATTITUDE VARIABLE
15090 DO 9 T=1,3
15100 O THI) = AR{T,1)%W(13}+AR{I»2)%W{2) ) _
1511¢ G COMTTNUF
18120 C UPDATF ATTITUDE VARIAULES
15130 X1(&)=X1{a) = XL(LIRT(I)+X1(2)#T(2)+X1(31%T(3))/x1{4)
15140 DN 10 I=153
15150 XWLTI=X1(T)+T(L)
15160 10 CONTINUE '
15170 PETLEM
1518GC FND
1519¢ C .
15200 C *
7
T . - o . LT

T

bl e e R e

0y
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GUlG0 FROGRAM DTAPED{INPUT,UUTPUTs TAPEL)

GO11G FoMmMpe A{300,3)N{30ULI)sLFILE

col20 NTMEMSTOM P{3)

0Gleh DPERTNR 1

0G130 1=0

0C1a0 10 I=T+1

0150 REAN(1:5) Allsl)ralls2)sA(T2302N(1}

G01l55 AlTs3)=S5CRTIA(L,2)%%2+A(Ie3)%%2)

G0le0 ¢ FARMAT({PXekl3eb)reXsIl)

00170 TF(ENF,1) 2051u I ) -
00180 20 CONTINUF

66190 LFILF=T-1

00200 ACCFDPT M1 B s, e e
GG21l0 PPINT 2,M]

006220 2 FARMAT (X AHPUN NG, »I2)

00221 na 100 L1=2,3 N — L e e
Q0222 PRINT 7stLl

00223 7 FORMAT//XsT1laXsLEHAXIS RESULTSY

Coz224 122X 3HAV . 25X 3HRSS» 4 Xs tHPEAK /) . - -
40230 CALL AMAL{B,1,L1)

00240 PRINT 3,{R{T)s1=1,3)

06250 3 FORMAT(IAHFSTIMATION ERROR,S5Xs3(F5.253%)01) . . S S
00260 CALL AMAL{B,2Z2»L1)

Q0270 PRIMT 4,{R{I)sl=1,3)

00280 4  FORMAT(I7HFILTER CONFIDENCE>4Xs3(F5.253X)} o -

00290 CALL ANAL(BRs3sL1)

00292 Ro 20 T=1,3

0D2G4a 20 R(IY=R(1)/4,04BE-0 }

00360 PRINT 5(2(1)sI=123)

00310 5 FORMAT(14HMFAS. RESIDUALs7Xs3(Fb.253X))
0031y 100 CNNTINUE

00320 £ND
00330 C '
00340 C _ , ) -
00350 SURRNUTINE ANAL(BsKsL1)
00360 COMMAN AL300,3)sN(300)sLFILE
00376 NIMENSTON R(3),C(20052)
00360 =0
00390 pe B0 ds1,LF1LE
00400 TRENCI) NELK) 6L TU 56
00410 T=T41
06420 ClIs1)=A0451}
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06430
Q0440
00450
0C4b0
0Ca70
GQ48C
00490
00500
00510

..00526G_

00530
00540

aC

00530

00560
06570

3C

00380

0C590
00600

_00610

00620

ClTs?¥=A(Jsl 1)
CTNTIMUE
T1=T-1
S=SM=0, L -
TN=C{T1)-{1s1)
SMYX=C(1:2)
nT 30 J=1.11
T=N(J+1s2 3~ dsl)
¥2=01J+1:2)
X1=003e2Y e S _
S=SHIXTIXE24+N2F%2401*¥X2 V(T /3.
SM=SM+ETH{X1+42)/2,
TREIX2.LTaSMX) 6B _TD 30 o o e
SMYX=Xx2
CANTTINUF
BLY)=SM/T0 } e e e
BL2)=SARPT(S/TO)
B{3)=5KX
_ RETURN - e e —— e~
END
;
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1.0 INTRODUCTION

The IRU(OAO) is a three-axis strap-down inertial
reference unit that was desigred and built by the Charles
Stark Draper Laboratory (CSDL} under contract with NASA's
Goddard Space Flight Center (GSFC) for their Orbiting
Astronomical Observatory. The IRU(0AO) Engincering Model was
built in 1968, went through qualificatlion testing in 1969
and was delivered to GSFC in March 1970. Since then it has
been modified and used by GSFC to demonstrate various concepts.

Early in 1975 consideration was given to using the
Enginecring Model in a concept evaluation program to be con-
ducted with the TRW Precision Attitude Determination System
(PADS). In mid-April 1975, GSFC contracted with CSDL for
the feollowing efforts:

1. to evaluate the current performance and operating
characteristics of the Engineering Model

2. to assist with the integration of the unit with
the PADS 1f the first item shows the Engineering
Model to be in satisfactory operating condition.

This report describes the first effort. Twe trips were made
to GSFC in support of the first item. The [irst trip was made
from 7-10 April 1975 to investigate the modifications made by
GSFC to the Engineering Model. The seccond trip was made from
20-23 May 1975 to take data from the system. A brief summary
of both trips is included in Section 3, Section 4 contains

a summary of the result for data accumulated from 20-28 May 1475,

The conclusion. and recommendations are reported in section 2.
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2.0 CONCLUSION AND RECOMMENDATIONS

The Engineering Model of the OAO-1RU is not operating
pruperly. This is apparent from several system malfunctions
during testing and the results of the data accumulated.
Assuming, however, that the system does not degrade furvther, the
following performance capabilities are feasible if the system
is continually updated at 30 minute intervals or less,

1. Roll Axis - One sigma angle uncertainty
< 1 arc-second.

2. Pitch Axis - One sigma angle uncertainty
< 2 arc-seconds.

3. Yaw Axis - One sigma angle uncertainty
< 10 arc-seconds.

Because of abnormalities in the system data
obtained (especially for the yaw axis gyro), history of systen
malfunctions, and the possibility of future malfunctions or
failures, CSDL recommends that GSFC does not send the OAO-IRU
Engineering Mdoel to TRW for integration with the PADS system.
It is believed that there is an intermittant failure either in
the Precision Power Supply or Wheel Power Supply within the
Electronics Package. However, identifying and correcting such
a problem could be quite time consuming and unfortunately is
beyond the scope of this contract,

C-8
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3.0 SUMMARY OF EVENTS

The first trip was made to GSFC from 7-10 April
1975. The purpose of this trip was to investigate a possible
module failure and become familiar with the modifications made
by GSFC to the OAO-IRU Engincering Model. The suspect module
was an MH-7 tvpe which supplies the gyro's signal generator
excitation. This module was found to be defective and was
subsequently repairved by externally wiring a set of transistors
to replace the defective ones within the module. This same
procedure was previausly used on an MH-3 type module that
provides the suspension excitation., There was no apparcnt
reason for either of these modules' demise. It is known however
that the MH-3 module will self-destruct if it loses a refercnce
frequency from the precision power supply in the clectronics
package. Another possible malfunction in an MD-10 type module
was also noted (R-Term Pulse Generator). However, since this
failure should not affect PADS testing it was not pursued. \ll
repairs were made by GSFC technicians.

After the above repairs were made to the svstom, a
second trip (20-23 May 1975) was made to obtain data from tho
IRU. The system was turned on and data acquisition was sturted
at approximately 9 pm on 20 May 1975. At approximately 6 am on
21 May 1975 the system went into the ISTAB mode with a

+

continuous-angle-reset commanded. This is symptomatic of u nowentars

loss of power. The system was resct at approximately 9 am and
ran for approximately 8 hours before the same thing happened
again. The power supply in the Ground Support Equipment which
supplies the prime power to the IRU was then replaced and data
was accumulated from Wednesday night until Thursday morning
{21-22 May). No problems occurred during that period.

During Thursday the system was shut down tfor modifications
to the IRU-PADS data interface. After those modifications were
completed, the system was turned on with the IP-load pancl
{gyro package simulator) and the electronics package checked out.
Once, while in this configuration the svstem went into the ISTAB
mode with a continuous angle reset commanded. Also while in
this mode a second anomalous behavior was observed. When the
dummy wheel load was cycled on and off, the system power would
frequently {approximately 50% ol the time) increase by 60 wa.cs.
When this happened, the only noticeable effect was a 3 to 4
volt drop in the 45 volts which is used for the gyro torque
loops. On Thursday pm (22 May) the IRU was again turned on with
the Inertial Package and data was accumulated until 2:30 pm
on 28 May 1975 without any further visible abnormalities.
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4.0 SUMMARY OF RESULTS

Two types of data were accumulated during the period
from 20-28 May 1975.

(1) Long Term Stability data where the net number
of rebaiance torque pulses were calculated and
recorded every 2.56 or 20.48 seconds.

(2) Noise Equivalent Angle data where each §
millisecond rebalance pulse was recorded.

4.1 Long Term Stability Data

Three sets of long term data were recorded for each
gyro. The periods over which each set of data was taken arc
listed below.

(1) Set 1 9 pm 20 May to ¢ am 21 May 1975.

(2) Set 2 9 pm 21 May to 9 am 22 May 14975,

[~

(3) Set 3 11 pm 22 May to 2:30 pm 28 May 1975,
Figures 1 through 3 show the results of set 1 for the

Ttoll, pitch, and yaw axts respectively., This data was procesacd

by calculating the average rate every 71.68 seconds. Figure

4 is the output of a tiltmeter whose sensitive axis was about

a NW-SE line.

These plots reveal the following:

(1)*Rate impulses in the roll axis output that occur
every 1/2 to 1 hour and have a magnitude of 0.2
to 0.3 meru.

(2) Several small changes in level (0.1 to 0.2 meru} and
one large change of about 0.5 meru in the pitch
axis.

(3) Very erratic behavior of the yaw axis with peak-
to-peak changes of 1.5 meru.

(4) The tiltmeter data is quiet and well behaved thus
eliminating base motion as a source of the
gyros' behavior.

Figures 5 through 8 are the results of data set 2 and
were processed as set 1. Again each instrument has its own
unique behavior. Figure 9 through 11 are the results of data
set 3. This data is a graphical presentation of the average

* This data without the presence of the rate impulses is
chargcterlstlc of the performance of each instrument when the
IRU is operating properly.
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rate over every 675.84 seconds. The spikes in fig 10 (pitch
axis) are a result of a data acquisition malfunction. This
data again is consistent with that previously obtained even
though no visible system malfunctions occurred. Data set 3
also shows the following long term characteristics of each
instrument.

(1) The roll gyro is fairly well behaved except for
the existence of rate impulses (.2 to .3 meru)
occurring every 1/2 to 1 hour.

(2) The pitch gyro exhibits discrete changes in the
rate output with a peak amplitude of 1 meru, These
changes are very regular and have a periodicity
of <~ 16 hours.

(3) The yaw gyro is extremely erratic with peak to
peak changes in rate of approximately 7.5 meru.

4.2 Noise Equivalent Data

As mentioned above, this data was recorded every .005
seconds. To fulfill contractual requirements, 40 sauples were
summed to yield .200 second samples. This data was then
processed to determine the best fit (least squares) attitude for
cach 30 minute segment of the data. Tables 1-3 show the peak
and one sigma deviation of the .200 sec data samples from the
best fit data for each 30 minute segment of the roll, pitch
any yaw axis gyros respectively. These data are consistent
with Long Term data; especially the erratic behavior of yaw gyro,
The deviations for each 30 minute segment are graphically shown
in figures 1Z through 14. This data was plotted by sampling
the deviation from the best fit every 36 seconds.
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TO: R. Harris

FROM: R. Carson G%Zq%
DATE: 6 November 1975
SUBJECT: OAO-IRU Engineering Model Data at TRW September 1975

Approximately sixty hours of gyro data was obtained from
the 0AO-IRU Engineering Model at TRW, Redondo Beach, California
during September 1975. This data is displayed in both time and
power spectral density plots. The time histories provide an in-
dication of the overall instrument performance and the PSD data
can indicate the performance that can be expected in a particular
frequency range. A brief description of the data accumulated

is enclosed.

Time Plots

Three da*a sets were recorded simultaneously for each of
the three instruments and are shown in Figures 1 through 9. The
details of each set are described below:

Data Set Run Sample Period Length of Test Date
1 72 .32 seconds 9 hours 8-9 Sept
2 73 2.56 seconds 32 hours 9-10 Sept
3 74 2.56 seconds 16 hours 10-11 Sept

It can be seen from the time plots that the output of each gyro
is consistent from test totest. It should also be noted that the
roll and pitch instruments exhibit approximately 0.1 meru jumps
within three stable states. It is further observed that these
discontinuities occur simultanecusly and are quite deterministic

C-29
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with an overall period of approximately 17 hours. The yaw gryo
on the other hand is quite erratic with frequent spikes of ap-
proximately 3 meru and occasional spikes greater than 10 meru.
Needless to say, the erratic behavior of the yaw gyro and the
discontinuities in the roll and pitch instruments are not
considered normal. However this performance is an improvement
by approximately a factor of 10 over that which was cobserved

at GSFC in June. The roll and pitch gyros would be considered
quite acceptable without the jumps. Again it is felt that the
anomolous behavior of the instruments is the result of an un-

known malfunction within the Engineering Model.
PSD Plots

The results of the PSD analysis are shown in Figures 10
through 18. The data are plotted as single sided PSDs (i.e.,
all the energy exists in the frequency range of 0 to «) in
rate and have units of "meru?/Hz". Selected portions of each
of the three data sets were chosen to characterize the incstrument
output under various conditions and different frequency ranges.
Figures 10 through 12 are the PSD of approximately 1.5 hours
from data set 1 with no discontinuities. Figures 13 through 15
are the resultant PSDs of approximately 12 hours from data set 3
with several jumps. Figures 16 through 18 show the PSD plots of
the first 24 hours of data set 2.

Each of the PS™- aas two distinct characteristics: a positive
slope at the high frequencies and a negative slope at the low
frequencies. The positive slopes are proportional to f? and are
attributed to quantization noise due to the sampling process.

It will be noted that the levels of the PSDs calculated from

2.56 second data samples (Runs 73 and 74) are eight times higher
than those calculated using 0.32 second samples (Run 72). This

is consistent with modelling quantization noise as a white process
in angle and band limited at the Nyquist frequency of the sampile
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rate. The remainder of this memo will concentrate on the low
frequency characteristics which are attributed to the gyros

and to the system.

Figures 10 and 11 illustrate the behavior of the roll and
pitch instruments without the presence of jumps and compares
favorably with previously obtained data with other 2FBG-6F
gyros. Figure 12 further illustrates the erratic behavior of
the yaw axis gyro. At the low frequencies, fﬁe PSD of the yaw
gyro is approximately 100 times greater than those for the
other two axes even though the data used to generate the yaw
PSD plot did not include any spikes. Figures 13 through 18 are
the PSDs of each instrument when spikes or discontinuities
are present. The deterministic jumps in each of the axes not
only increases the magnitude of the PSD but also change its
characteristics at the lower frequencies.
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Figure D-~8. Gimbal System

Test Run No. 4
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APPENDIX E

FLOW DIAGRAMS OF LABORATORY COMPUTER PROGRAMS

E-1




DISABLE ALL INTERRUPTS
l ]

CLEAR AND SET CLOCKS
FOR 1 MSEC INTERRUPT

A 4
SET INTERRUPT TRAPS

h 4

INITIALIZE FLAGS AND
BILEVEL COMMAND WORD

I

ZERO DAC OUTPUT WORDS

I

SET MASK FOR MODEM
AND TELETYPE INTER-

UPTS

CLEAR MODEM INTERRUPTS

h 4
ENABLE INTERRUPTS

A 4
RETURN TO
EXECUTIVE
CONTROL

SUE Program Flow Charts (1 of 7)
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X/Y
INTERRUPT

INHIBIT INTERRUPTS

L 4

SAVE REGISTERS

h 4
ALLOW CLOCK INTERRUPT

Y
READ IN AA/C VOLTAGES

4
READ IN ABT ANGLE

MODE/ }

1.2 COMPUTE REQUIRED
ABT ANGLE
, |
Y

COMPUTE ABT COMMANDS

A 4
SEND DAC OUTPUTS

h 4
INHIBIT INTERRUPTS _I

\ 4

RESTORE REGISTERS

4

ENABLE INTERRUPTS

l SUE Program Flow Charts (2 of 7)

E-3




5 CLOCK -
= INTERRUPT A 3
h 4 3
INHIBIT INTERRUPTS 3
# 1 vl '.
SAVE REGISTERS ] :
Y i ]
& ACKNOWLEDGE
CLOCK INTERRUPT il
INCREMENT RAMP il 3
TIME COUNTERS
INCREMENT RUN .
TIME COUNTERS '
ONE SECOND YES
INTERVAL? 1
NO INCREMENT 100 SEC 3 4
COUNTER FOR GYRO :
DATA , 1
r 3
— _J vl
A 4 4
RESTORE REGISTERS I 2
ENABLE INTERRUPTS ’l

SUE Program Flow Charts (3 of 7)
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St

et st e S S Y T TR S

SLOW
INTERRUPT

INHIBIT INTERRUPTS

Y
SAVE REGISTERS

v

ALLOW X, Y AND
CLOCK INTERRUPTS

'

READ IN SLOW
INPUT DATA

I

CONVERT GYRO DATA

:

READ IN MODE SWITCH
POSITIONS

—

SWITCH
CHANGE

?Es

STORAGE LAST SWITCH
POSITIONS

SUE Program Flow Charts (4 of 7)
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L INITIALIZE NEW MODE

I

[ SET BEGIN FLAG I

RESET

DATA COLLECTION OFF

SWITCH

DATA FLAG

v

ZERO RUN TIME
COUNTERS

Y

SEND START SIGNAL
TOV73

Y

START CLOCK SET
DATA FLAG

l

RESET

DATA FLAG

STOP CLOCK RESET

DATA FLAG
Y
SEND SLOW OUTPUT
DATA TO MODEM
SST X/Y X
STATUS
Y
SSTY = SSTDEF SSTX = SSTDEF
RESET SST FLAG SET SST FLAG
1,2
SST SEARCH

STATUS

SUE Program Flow Charts (5 of 7)

SSTF-O j

L X}

b
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i
& ]
e COMPUTE SST
k @
COMPUTE RUNNING
§ AVERAGES
i
v73 HO #
OPERATION :
DATA COLLECTION OFF
SWITCH
b
1.2
SEARCH
= — i
i
POSITIVE NO
RAMP P

QFU\G RESEY F

YES FIRST TIME
N-mu

NO SET
h 4 ;
SEND 16 WORDS SEND B WORDS e
TO V73 ‘ TOV73 ¥,
F
‘-

SUE Program Flow Charts (6 of 7)
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Baule o B NI —

S s

RESET LAST 1 SEC

FLAG
L SET

SEND 12 WORDS
TOV73

SST FLAG

RESET

==y

SET LAST 1 SEC
FLAG

— P

Y

RESTORE REGISTERS

v

ENABLE IN. ZRRUPTS

SUE Program Flow Charts (7 of 7)
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-

&

DISABLE ALL INTERRUPTS -

\ 4 ' i
CLEAR AND SET CLOCK E
FOR 1 MSEC INTERRUPT

I

SET INTERRUPT TRAPS

‘'

INITIALIZE FLAGS AND
BILEVEL COMMAND WORD

ZERO DAC OUTPUT WORDS

h 4

SET MASK FOR MODEM 6
TELETYPE INTERRUPTS

4
CLEAR MODEM INTERRUPTS

Y
ENABLE INTERRUPTS

I

C RETURN TO EXECUTIVE
CONTROL. )

GWEN Program Flow Charts (1 of 7)
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INTE%UFT

INHIBIT INTERRUPTS
AND SAVE REGISTERS

I

ALLOW CLOCK INTERRUPT

I

LREAD IN AA/C VOLTAGES

\ 4
r READ IN ABT ANGLE 1

MODE

'

COMPUTE REQUIRED
ABT ANGLE

lﬁOMPWE ABT COMMANDS 1

TSFLAG

SEARCH

v

COMPUTE GIMBAL
COMMANDS

SEND DAC OUTPUTS

!

INHIBIT INTERRUPTS AND
RESTORE REGISTERS

I

ENABLE INTERRUPTS —l

GWEN Program Flow Charts (2 of 7)

W




INHIBIT INTERRUPTS

A 4
SAVE REGISTERS

Y

ACKNOWLEDGE
CLOCK INTERRUPT

A 4

INCREMENT RAMP
TIME COUNTERS

I

INCREMENT RUN
TIME COUNTERS

ONE SECOND
INTERVAL?

YES

-

INCREMENT 100 SEC
COUNTER FOR GYRO

DATA
|

RESTORE REGISTERS

Y
ENABLE INTERRUPTS

GWEN Program Flow Charts (3 of 7)
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RS—

SLOW
INTERRUPT

SAVE REGISTERS ALLOW
X, Y AND CLOCK
INTERRUPTS

'

READ IN SLOW
INPUT DATA

TRACK

GST STATUS

SEA BIT (BLC) =1 SEA BIT (BLC)=0
RESET TSFLAG RESET TSFLAG

l% J

CONVERT GYRO DATA

I

READ IN MODE AND STAR
SWITCH POSITIONS

STORE SWITCH POSITIONS

é .-

GWEN Program Flow Charts (4 of 7)
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L INITIALIZE NEW MODE 1

I SET BEGIN FLAG ]

©

DATA COLLECTION OFF
SWITCH
RESET
i DATA FLAG P DATA FLAG
ZERO RUN TIME SET
COUNTERS
STOP CLOCK RESET
DATA FLAG
SEND START SIGNAL
TO V73 <4 .
=TART CLOCK SET
DATA FLAG
—»
SEND SLOW OUTPUT
DATA TO MODEM
1,2
SEARCH
GST STATUS
L' GSTE =0 ]

GWEN Program Flow Charts (5 of 7)
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| COMPUTEGSTE |
& ) I
COMPUTE RUNNING
AVERAGES
‘ V73 NO
OPERATION l
DATA COLLECTION s
SWITCH l 4
1,2 l ]
SEARCH B
GST STATUS —p l 1
POSITIVE NO
> - 1
YES RESET E i
SET I
: SEND 8 WORDS
; TO V73
g RESET
: 1SEC FLAG
::' SET l
_, GWEN Program Flow Charts (6 of 7) ]




FIRST TIME RESET /
FLAG \
i
SEND 14 WORDS SET FIRST TIME
TO V73 FLAG

I

SEND 20 WORDS
TO V73

<

!

»

v

RESTORE REGISTCRS

Y
ENABLE INTERRUPTS

————

GWEN Program Flow Charts (7 of 7)
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