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6. MISSION AND VEHICLE CONTROL DATA

6.1 Scope
Section 6 presents a summary of all data that eithe r have an effect on AGC pro-

gramming or are required for simulation and verification of AGC programs.

Numerical values are recorded in the most widely accepted units and may not be
found in the memory explicitly as defined, These values are often rescaled, units
corrected, or combined with other data in the most convenient and/or economical
fashion.

Apollo mission and vehicle data for Flight AS-204 and AS-205 have been collected
under the following headings:

Apollo Mission Data (Sec. 6. 2) establishes the outline of the mission in terms
of trajectories, profiles, etc. This information is required for simulation and veri-
fication of computer programs.

AGC Memory Data (Sec. 6. 3) contains mission and vehicle dependent data that
are written directly into the memory of the AGC. Other memory data are referred
to in Sections 3,4, and 5. The limited erasable section is reserved primarily for
storage of computational variables. Those parameters that do not change during
flight have been assigned to the fixed section of the memory.

Exceptions have been made for data that will not be available until shortly before
the launch date,

Spacecraft Vehicle Data (Sec. 6. 4) includes configuration, mass properties, pro-
pulsion, and aerodynamics data, With few exceptions, this information will not appear
directly in the AGC program., These data will mainly be used for simulation and pro-

gram verification.

Physical Constants (Sec. 6.5) will be used directly in the AGC programs as well
as program verification., The AGC is programmed in the metric set of kilogram,
meter, and centisecond (10-2 sec). Conversion to other units is accomplished by use
of the factors defined in this section.

6.2 Apollo Mission Data

6.2.1 Mission Trajectory
The operational trajectories to be flown on AS-204/205 are not available

at this time.
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6.2.2 Nominal CSM/SIVB Separation Attitude Conditions

X axis - in plane of the trajectory, and in the direction of the for-
SC ward horizontal

Ygc axis - is along the momentum vector, R XV

ZSC axis - points up, and parallel to the geocentric radius vector

Roll rate 0 degree/second

Pitch rate 0 degree/second

Yaw rate 0 degree/second

6.2.3 Dispersions (3 Sigma) for Nominal Separation Attitude Conditions

XSC axis attitude 2 degrees
YSC axis attitude 2 degrees
ZSC axis attitude 2 degrees
Roll rate residual 0.2 degree/second
Pitch rate residual 0.2 degree/second
Yaw rate residual 0.2 degree/second

6.2.4 Saturn IVB Engine Shutdown Transients
Thrust decay from 100% to 5% rated thrust Fig. 6.1

Thrust decay from 5% rated to zero thrust Fig. 6.2

Cutoff impulse from mainstage cutoff to 5-percent thrust is derived by
multiplying the thrust level at engine cutoff signal by 0, 224 second. The devia-
tion about the cutoff impulse is the thrust at cutoff signal times + 0. 030 second.
The cutoff impulse from 5-percent thrust is derived by multiplying thrust level
at engine cutoff signal by 0. 0235 second.

The information contained in Sec. 6.2, 4 is taken from the GN&C Data
Exchange Program, MSC-5-10, dated 23 August 1966,

6.2.5 SIVB/CSM Orbital Maneuver Requirements

The following Fig. 6.3 and 6. 4 define the SIVB attitude history required
for IMU alignment and landmark tracking during the first three orbits while the
CSM is attached. It is assumed that SIVB/CSM separation will take place during
the third orbit after passing the U.S. and therefore no more than two IMU align-
ments would be required.
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6.

3

Figure 6. 4 illustrates the attitude vs. timeline requirements for IMU align-
ments and landmark tracking, The solid line represents the maneuver require-

ments as defined in MSC Letter PS6/1.233, dated 17 August 1965, and modified
by MIT/IL. These requirements are acceptable for IMU alignment and landmark

tracking.

Also illustrated in Fig. 6.4 is the attitude vs. time history previously

defined in the preliminary issue of this document. This attitude vs. time require-

ment is presented as an option because it appears that some economy in the SIVB

APS pitch and roll fuel budget is possible.

AGC Memory Data
6.3.1 Prelaunch

Launch pad #34: latitude (geodetic)
longitude
geocentric radius
geocentric radius to G&N
ellipsoid (Fischer 1960) radius

geoidal separation (height of MSL
above ellipsoid)

altitude of pad above MSL
Inertial reference plane azimuth

Opticaltarget #1: azimuth

elevation

Opticaltarget #2: azimuth

elevation

28, 52196261°N
80.56114127°w
6373328. 10 meters
6373385, 0 meters
6373322, 44 meters

0 meters
5. 66 meters
72. 0°E of True North

not available

not available

not available

not available

The information contained in Sec. 6. 3.1 is taken from NASA General

Working Paper No. 10, 020B "Directory of Standard Geodetic and Geophysical

Constants for Gemini and Apollo' dated 6 April 1966,

6.3.2 Saturn Boost
Pitch polynomial coefficients:
For the time segment 10 <T< 40 sec,

A, = .450035x 107" rad

A, = -.947435 X 1072 rad/sec

A, = .557572x 107 rad/sec?
A, = .581626 X 107° rad/sec3
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For the time segment 40 < T < 90 sec

B, = -.581240 x 10° rad

B, = .300869 x 107" rad/sec
B, = -.351061 X 10”2 rad/sec’
B, = .195164 X 107° rad/sec’

For the time segment 90 < T < 133 sec

1

C -.561348 x 1071 rad

0
C, = .164555x 10° rad/sec

C, = -.144106 X 1072 rad/secz
C, = .436444x 107° rad/sec’

For the time segment T > 133 sec

XZ = 1,04687 rad

The above coefficients are for the pitch attitude command (XZ) poly-
nomial which is of the form:

= 2 3
X, = AO+ AlT + A2T + AST
where
XZ = Pitch attitude angle measured positive from the inertial
vertical
T = T1 + NGMDT
T1 = Time from liftoff, approximately 0.2 sec after first motion
NGMDT = bias to account for system delays

The above data are taken from the GN&C Data Exchange Program,
MSC-5-12 dated 29 August 19686,

Interval: Lift-off to LET jettison (assumed coinplete) 171 seconds

6. 3.3 Navigational Star List

Refer to Table 6, 1

The X and Z coordinates for each star appear directly in the AGC star
catalogue section. The star catalogue together withthe star selection routine used
in the SUNSPOT Program Assembly will permit full utilization of the navigational
stars.
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The information contained in Sec. 6. 3. 3 is taken from:

(1) MIT/IL internal O&N Memo No. 45 dated 12 November 1965,
(2) Revision 238 of SUNSPOT Program Assembly dated 18 August 1966,

The Y-component of the coordinate system is such as to make
2 2
+Z

from the center of the sun to the star, as of the first of the Besselian year

X2 +Y =1, where X, Y, and Z are components of a unit vector pointing

occurring nearest to the flight date, The Z-axis of the coordinate system is in
the direction of the meanaxis of rotation of the earth, The X-axis is in the direc-

tion of the First of Aries at the beginning of the above-defined Besselian year,

6.3.4 Entry (Normal Mission)

CSM attitude for SM/CM separation:
X-axis above the velocity vector by 60°
Y-axis along momentum vector (RX V)

Z-axis above velocity vector

CM Pacific pre-entry attitude:
X-axis below the velocity vector by 2.0°
Y-axis along momentum vector (R X V)
Z-axis below the velocity vector

Lift vector down attitude
Trim angle of attack
Interval: CM/SM Separation - start maneuver

Pacific recovery point:
Latitude
Longitude

6.3.4.1 Constants and Gains Unscaled

Interval between steering updates DT
Maximum acceleration GMAX
Lateral switch gain KLAT
Increment on Q7 to detect end of

Kepler phase KDMIN
Time of flight calculation gain KTETA
Maximum L/D (Minimum actual

vehicle L/D) LAD
Lateral switch bias term LATBIAS
LAD cos (15°) L/DCMINR
Final phase L./D LOD
Velocity to switch to relative

velocity VMIN
Velocity to stop steering VQUIT
Drag to start final phase QTF
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20°

5 seconds

not available
not available

2 seconds
10g = 322 FPSS
0.0125

0.5 FPSS
1000

0.3
0.4 NM
0.2895
0.18

12,883 FPS
1000 FPS

6 ft/s/s



6.3.4.2 Conversion Factors and Scaling Constants

Angle in radians to nautical miles ATK 3437, 7468 :é(rjnl
Nominal G value for scaling GS 32.2 FPSS
Atmosphere scale height HS 28500 ft

Earth radius (entry only) RE 21202900 ft
Satellite velocity at RE VSAT 25766. 1973 FPS

The information contained in Sec, 6. 3. 4.1 and 6. 3.4. 2 is
taken from MIT Report R-532, "Re-Entry Guidance for Apollo' Volume 1,
dated January 1966.

6.4 Spacecraft Vehicle Data
6.4.1 Apollo Vehicle Coordinate Reference System
Spacecraft CSM-012 reference dimensions Fig. 6.5
6.4.2 Apollo Vehicle Mass Property Data
6.4.2.1 For Mission AS-204A (See Sec. 6.4.2.2 for Mission AS-205)

Spacecraft - weight, center of gravity,

and inertia Table 6. 2
SM - weight, center of gravity, and inertia Table 6. 3
CM-RCS usable propellant - weight vs. inertia Table 6.4, Fig, 6.7

SM - RCS usable propellant - weight vs. inertia Table 6.4, Fig. 6.6
CSM SPS usable propellant mass data Table 6.5

The information contained in Sec. 6.4.1 and 6. 4.2 is taken from
a TRW Systems document entitled "Apollo Mission Data Specification D
Apollo Saturn 204A and 204B'" document number 2131-H004-R8-000.

6.4.2.2 For Mission AS-205 {See Sec. 6. 4,2.1 for Mission AS-204)

The spacecraft for Mission AS-205 (with CSM 014} is similar to
the spacecraft for Mission AS-204 and most of the performance data are
identical., Therefore, much of the data presented in Sec. 6. of this docu-
ment is applicable for use in Mission AS-205.

Section 6. 4. 2. 2 should'replace Sec. 6.4.2.1 of Mission AS-204
to make this chapter applicable to Mission AS-205.
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.4,

.4,

Apollo Vehicle Mass Property Data (CSM-014)

Spacecraft - weight, center of gravity, and
inertia

CSM propellant weight summary

SM - weight, center of gravity, and inertia
CM - weight, center of gravity, and inertia
SPS Fuel in sump tank mass properties

SPS Oxidizer in sump tank mass properties

Table 6. 2A

Table 6, 3A
Table 6. 4A
Table 6. 5A
Table 6.6A

Table 6. 7TA

The information contained in Sec. 6. 4. 2.2 is taken from TWR

Systems document entitle '"Apollo Mission Data Specification D Apollo

Saturn 205" document number 2131-H008-R8-000.

SPS Engine Vacuum Performance

Steady State Operation:
Nominal thrust

Specific impulse

Start-up transients:
Time to develop 90% rated thrust
Buildup impulse to 90% rated thrust

Shutdown - transients:
Decay to 10% rated thrust
Tail off impulse to 10% rated thrust
Decay to 0% thrust

Thrust Vector Control Autopilot:
Block Diagram

SM RCS Jet Data

RCS thrust chambers locations
RCS thruster moment arm

SM RCS jet X-location

Offset angle

Cant angle

Parametric curves expressing specific impulse,
total impulse, etc. vs. electrical pulse width

Steady state operations table
Thrust buildup transients
Thrust shutdown transients
RCS Autopilot block diagram
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Fig. 6.8
21,500 + 215 1b
311.4 £ 1.5 sec

Fig. 6.8
300 £ 200 1b-sec

Fig. 6.8
10,800 + 1200 lb-sec
Fig. 6.8

Fig. 6.9

Fig. 6.10,6.11,6.12
6. 94 feet

XA = 958. 905 inches
7.25 degrees

10 degrees

Fig. 6.13, 6.14
Fig. 6.14

not available
not available

Fig. 6.15



6.4.5 Apollo CM Coordinate Reference System

Spacecraft CSM-012 reference dimensions Fig., 6.5
CM axes and notation system Fig. 6.16
Apollo CM Mass Property Data

CM - weight, center of gravity, and inertia Table 6, 2

CM RSC usable propellant: weight vs. inertia Fig. 6.7

CM Re-Entry Aerodynamic Data

Reference area 129. 35 feet?
Reference diameter 154. 0 inches
Heat shield cant 0, 2983 degree
Moment reference centers: XA - location 1141, 25 inches
YA— location 0. 0 inch
ZA- location 0.0 inch
Aerodynamic coefficients (corrected for a
humped umbilical) Table 6. 6
Trim L/D vs. c.g. locations Fig. 6.17

The information contained in Sec. 6. 4.8 is taken from TRW Systems
document entitled '"Apollo Mission Data Specification D Apollo Saturn 204 and
204B" document number 2131-H004-R8-000.

6.4.6 Optics Field of View

Figures 6. 18 and 6. 19 are diagrams showing the minimum optics field
of view in terms of trunnion angle vs. shaft angle for the scanning telescope and
the sextant. Reference MIT Letter AG 581-66 dated 12 July 1966 with enclosure -
MIT/IL MDRB Record of Change Form number Preliminary #204-4,

4,6,7 CM RCS Jet Data

RCS thrust chamber positions Fig. 6.20
RCS thrust moment arms (RC) Fig. 6.20
RCS jet XC, YC’ ZC locations Fig. 6.20
Parameiric curves expressing specific impulse,
total impulse, ete. vs. electrical pulse width Fig. 6.21,6,22
Steady state operations table Fig. 6.22
Thrust buildup transients not available
Thrust shutdown transients not available
RCS Autopilot block diagram Fig. 6.15
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6.5 Physical Constants

6.5.1 Geophysical parameters

6.

5.

. 9.

2

Symbol
Equatorial earth radius (gravitational) R,
Flattening F
Gravitational parameter Ue
Mass of the earth Me
Angular velocity of earth's rotation We
Gravitational potential harmonics
coefficients J
H
D
K

Reference Models
Fischer Ellipsoid of 1960:

Equatorial earth radius
Polar earth radius
Flattening (1 - b/a)
Eccentricity of ellipsoid

Atmospheric Models:

Value
6.378 165 X 10% meters
3.352 329 869 X 1075
3
14 meters
3.986 032 x 10! meters.
sec
5.975 x 1024 kg
7.292 115 06 x 107 ° Ladians
sec
-3
1.623 45 X 10
-0.575 X 107°
0.7875 X 107°
6.750 x 1076

The accepted mathematical model of the earth.

o .- g op

6.378 166 X 10° meters

6. 356 784 284 x 10° meters

1/298. 30

8.181 333 402 X 1072

a) The "U.S. Standard Atmosphere of 1962" is to be used for the earth

orbit and translunar phase; U.S, Government Printing Office.

b) Above 90 KM - U.S, Standard Atmosphere of 1962 is to be used for
the entry phase; U.S. Government Printing Office.

c) Below 90 KM - Air Force Interim Supplemental Atmospheres to

90 kilometecrs; Air Force Surveys in Geophysics No. 153.

Conversion Factors

International feet to meters

Nautical miles to kilometers

Statute miles to kilometers
Slugs to pounds

Slugs to kilograms

Pounds to newtons

Pounds to kilograms

Ft - Lb to newton-meters

Inch to meters

Multiply by

0.304 8
1.852 0

1,609 344 0
32,174 048 0
14,593 902 680
4,448 221 530
0.453 592 369
1. 355 817 922

0, 025400
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TABLE 6,6 Command Module (CM-012) Aerodynamic
(Pitch Plane) Coefficients

Angls (odfeg)ttack CMA _Cﬁ E._A_

M =0.0to 0,7
140, 2983 0.08749 0. 02501 -0. 83499
145, 2983 0.08573 0.04745 -0. 89520
150, 2983 0.06104 0.04133 -0.93657
155.2983 0.04133 0.03218 -0.95207
160, 2983 0.03153 0.01953 -0,97161
165.2983 0. 02479 0.01271 -0.98972
170.2983 0. 00059 0.02141 -0.96663
175.2983 -0.01433 0.03586 -0,98082
180. 2983 -0.0212 0.01387 -0.98609

M =0.9
140, 2983 0,03173 0.07901 -0, 95503
145.2983 0.02379 0. 07502 -1,00250
150.2983 0.02243 0.06412 -1,03725
155, 2983 0.02108 0. 05090 -1,07128
160, 2983 0.02034 0.03474 -1.09934
165. 2983 0.01977 0. 02680 -1,10208
170,2983 0. 00556 0.02431 -1.08228
175.2983 -0, 00897 0.02472 -1. 07840
180. 2983 -0, 02051 0. 02537 -1,08315

M=1.1
140, 2983 -0,02176 0.15683 -1.17721
145, 2983 0.00742 0. 09593 -1,22972
150. 2983 0.01357 0. 06905 -1,25324
155, 2983 0.01481 0. 05055 -1,28011
160, 2983 0.01645 0.03629 ~-1. 34065
165.2983 0.01782 0.02443 -1.30452
170. 2983 0. 02005 0.01323 -1. 30433
175.2983 0. 01971 0.03261 -1.29187
180, 2983 0.02146 0.03326 -1.29519
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TABLE 6.6 Command Module (CM-012) Aerodynamic
(Pitch Plane) Coefficients (Cont'd)

Angleaof( .géctga)ck, CMA ~C£ EA_
M=1,2
140, 2983 0.16425 -1.17170
145. 2983 0.00380 0. 09655 -1.21555
150. 2983 0.01067 0.07134 -1.23571
155. 2983 0.01184 0. 05596 -1.26145
160, 2983 0.01174 0. 04044 -1.29859
165. 2983 0.00986 0.02607 -1.29746
170. 2983 0.00587 0.01107 -1.29506
175. 2983 0.00594 -0.00191 -1.29702
180, 2983 -0.01446 0. 00724 -1. 30006
M = 1.35
140, 2983 -0.07148 0.21600 -1, 23037
145, 2983 -0.03401 0.16110 -1. 32228
150, 2983 -0.00553 0.10277 -1.38552
155. 2983 ©0.00609 0.07434 -1. 40863
160. 2983 0.00464 0. 05252 -1.41450
165. 2983 0.00194 0.03311 -1.40169
170. 2983 0.00269 0. 02259 -1.41878
175. 2983 -0.00249 0.01135 -1,41122
180, 2983 -0,01222 0.01070 -1. 40407
M = 1,65
140, 2983 -0, 06894 0.20800 -1.18307
145, 2983 -0, 04138 0.16128 -1.29723
150. 2983 -0.01231 0.11919 -1. 37650
155, 2983 -0. 00257 0.07717 -1. 43980
160. 2983 } 0. 00210 0. 05079 -1.44975
165. 2983 0. 00276 0.03274 -1.43932
170. 2983 -0.00138 0. 02352 -1. 46834
175. 2983 -0.01858 0. 01157 -1. 42808
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TABLE 6.6 Command Module (CM-012) Aerodynamic
(Pitch Plane) Coefficients (Cont'd)

Angle of Attack, C C C
a (deg)

2.0

140. 2983 -0.07090 0.20415 -1.13636
145, 2983 -0.04530 0,17387 -1.24360
150, 2983 -0.01981 0.11019 -1, 34536
155, 2983 -0. 00297 0.07072 -1.42042
160. 2983 -0, 00062 0.05738 -1.46651
165, 2983 0.00102 0.03773 -1.46861
170, 2983 -0, 00136 0.02314 -1.49600
175.2983 -0.00704 0.00839 -1.49685
180, 2983 -0.01661 0.01021 -1.49707
2.4

140, 2983 -0.06251 0.20165 -1. 09637
145, 2983 -0.04164 0.17125 -1,21004
150, 2983 -0.02953 0.13041 -1.30206
155, 2983 -0,01486 0.09484 -1,38203
160, 2983 -0,00444 0, 06450 -1.44144
165, 2983 0.00210 0.03828 -1,46888
170, 2983 -0, 00334 0,04577 -1,49040
175,2983 0. 00620 0. 00056 -1,49870
180.2983 6, 00631 -0, 01275 -1.48995
3.0

135.2983 -0, 07872 0,21582 -0,92269
140, 2983 -0. 05507 0.17414 -1, 04442
145,2983 -0,93723 0.14723 -1,16188
150, 2983 -0, 02079 0.11646 -1,25852
155, 2983 -0, 00981 0.08610 -1,32797
160.2983 ‘ -0, 00036 0.05776 -1,39062
165, 2983 0, 00405 0. 03250 -1,44139
170. 2983 -0, 00005 0.01167 -1,46188
175,2983 0.01114 -0,01451 -1,47914
180, 2983 0.00134 -0.01972 -1,48292
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TABLE 6,6 Command Module (CM-012) Aerodynamic
{(Pitch Plane) Coefficients (Cont'd)

Anglc(adzg )Attack, CMA CN C A
M=4,0
140, 2983 -0. 04565 0.16967 -0.98660
145, 2983 -0, 03278 0.14301 -1. 09316
150, 2983 -0. 02235 0.11650 -1.19072
155, 2983 -0,01159 0. 08916 -1,27548
160, 2983 -0, 00553 0, 06552 -1, 34146
165, 2983 -0, 00263 0, 04393 -1, 39655
170.2983 : -0, 00073 0. 02504 -1,43385
175, 2983 -0. 00062 0. 00753 -1.45426
180. 2983 -0. 00599 -0.00760 . -1,45998
M =6 to 25
110.2983 -0.21100 0. 36800 -0, 20000
115, 2983 -0.17400 0. 33000 -0, 34000
120, 2983 -0.13900 0,29300 -0, 49000
125,2983 -0,10800 0.25800 -0. 61000
130, 2983 -0. 08200 0.22500 -0. 73000
135.2983 -0, 05900 0.19300 -0, 86000
140, 2983 -0.04139 0.16621 -0.97978
145, 2983 -0, 02859 0.13952 -1.08325
150, 2983 -0.01988 0.11646 -1,17693
155, 2983 -0,01199 0.09211 -1.26749
160, 2983 -0, 00770 0. 07055 -1, 34495
165.2983 -0. 00354 0. 04845 -1.41400
170,2983 -0,00123 0. 02666 -1,46141
175, 2983 -0. 00023 0. 00770 -1.48436
180, 2983 0.00413 -0,007175 -1. 48992
185. 2983 0. 00000 -0, 01500 -1.47000
190. 2983 -0. 00200 -0. 01500 -1, 4500
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reference XS/C

axes
definition local
< horizontal
forward
/ -—
Y ~ ~

/ normal 4 direction
to of motion

in orbit

/ orbit plane

to
earth
center

X

XS/C (in XZ plane) rotated 8 from X positively about ¥

Y rotated ¢ from Y positively about XS/C

s/c

Present best estimate for optimum landmark tracking attitude 6 = - 200, ¢ = 0:

Fig. 6-3 SIVB-CSM Orbit Attitude Definition
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Fig. 6.5 Spacecraft CSM-012 Reference Dimensions
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Fig. 6.10 SM/RCS Thrust Chamber Locations
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Fig. 6.11 CSM Reachtion Jet Positions
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Fig. 6.16 Command Module Axes, Aerodynamic
Coefficient, and Notation System
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SECTION 7

G&N ERROR ANALYSIS

7.1 Introduction
The results of a revised G&N error study for the 204 mission are presented
herein. Briefly, the effects of G&N IMU component uncertainties on trajectory un-

certainties are given for the following three mission phases.

a) Boost to earth orbit and resulting orbit
b) First SPS burn and resulting orbit

¢} SPS deorbit burn, coast, and reentry

Perfect navigation R, V updates were assumed prior to the above two SPS burns.
The effects of tracking uncertainties on navigational update uncertainties were not

included, since tracking uncertainty data were not available,

This study did not consider the effects of Saturn guidance component uncer-
tainties on the earth boost trajectory, nor were the effects of boost trajectory perturba-
tions considered. )

This error study is based on trajectory data for the 204 mission described in
MSC Internal Note No 65-FM-134 (November 26, 1965). Data for the Design Reference

Mission were not available when this section was prepared.

Block I IMU component uncertainties were assumed for the present study. These
are given in Sec. 7.4. These differ markedly from the IMU uncertainties assumed for
the preliminary error study presented in R-507 (January 1966). For the present study
accelerometer bias uncertainties of 0.4 crn/sec2 and scale factor uncertainties of
150 PPM were assumed, whereas the earlier report assumed uncertainties of
0.2 cm/sec2 and 100 PPM., Also, for the present study, for gyro drifts, BD was
assumed to be 3 meru, ADIA 8 meru/g and ADSRA 5 meru/g, whereas the earlier

report assumed drift uncertainties of 5 meru, 15 meru/g and 10 meru/g, respectively.
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7.2 Significant Results of Error Study ‘

For boost to earth orbit IMU uncertainties resulted in the following uncertainties

in computed (indicated) earth orbit:

Max, RSS altitude uncertainty. . . . . .. . . .+ .+ o 3.44 n, miles

RSS altitude uncertainty at nominal perigee . . . . .. . .. 0.65 n. miles
Max. RSS track uncertainty . . . . . . .. .. 000 L 13.1 n, miles

RSS orbit inclination uncertainty . . . . « « « . . o o o .., 0.21 deg.

Increase in range uncertainty per orbit revolution. . . . . . 14,4 n, miles/rev.

For the 1st SPS burn we have the following uncertainties in resulting earth orbit
after SPS cutoff.

Max. RSS altitude uncertainty. . . . . . . . .. .. .. .. 0.40 n. mile
RSS altitude uncertainty at nominal perigee . . .. .. . .. 0.01 n. mile
Max, RSSA track uncertainty . . . . ... 00000 .. 0.09 n. mile
RSS orbit inclination uncertainty . . . . . . . . . . o . .. 0.0015 deg.
Increase in range uncertainty per orbit revolution ., . . .. 1.8 n. mile/rev.

For the SPS and RCS (used only if SPS fails) deorbit burns, coast and reentry,
we have the following.

SPS RCS
RSS flight path angle uncertainty at reentry
start (400K ft) . . . . . v v v v i i e s e e e 0.016 0.207 mr.
CEP atentry ¢ o e ee v v v v v v o v s v 0 o s o o 0.69 3. 32 n.mile

The following table summarizes the RSS cutoff uncertainties at SIVB cutoff and
for the two SPS burns.

RSS Position Uncert. - feet RSS Velocity, Uncert - ft/sec
Event

Alt, Track Range Alt, Track Range
SIVB cutoff 3,938 23, 590 1,509 16,09 91.156 5.00
1st SPS cutoff 17 17 17 0.71 0.867 0.71
Deorb. Bn.
Cutoff 7 7 7 0.44 0.45 0. 43
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‘ 7.3 Error Table Description

At the end of this section detailed error tables are given summarizing the
results of the error study.

Please note for all tables concerned with the earth boost trajectory that the
polarities given are those for indication uncertainties. For the two SPS burns the
polarities are those for uncertainties in actual position and velocity of the spacecraft
relative to desired position and velocity. Please see Sec, 7.4 for further discussion
of uncertainties and their polarities.

The following is a list of the detailed error tables which show contributions by
the different IMU uncertainties.

Table 7.1 Earth Boost Cutoff Indication Uncertainties

Table 7.2 Earth Boost Cutoff S. M. Misalignment and Drift Uncertainties

Table 7.3 Orbit Indication Uncertainties after SIVB Cutoff at Max. RSS
Altitude Uncertainty Point

Table 7.4 First SPS Burn Cutoff Uncertainties
Table 7.5 First SPS Burn Cutoff Misalignment and Drift Uncertainties

Table 7.6 Orbit Uncertainties after First SPS Cutoff at Max. RSS
' Altitude Uncertainty Point

Table 7.7 Position and Velocity Uncertainties for SPS & RCS Deorbit
Burn Coast and Reentry

Table 7.8 SPS Position and Velocity Uncertainties at Reentry Start
Table 7.9 SPS Flight Path Angle Uncertainties at Reentry Start

Table 7.10 SPS S. M. Misalignment and Drift Uncertainty at Reentry Start
Table 7.11 SPS Reentry End Uncertainties

Table 7.12 RCS Position and Velocity Uncertainties at Reentry Start
Table 7.13 RCS Flight Path Angle Uncertainties at Reentry Start

Table 7.14 RCS Reentry End Uncertainties

Table 7.15 Propagation of Initial Condition Deviations for SPS Deorbit Burn,
Coast, and Reentry

Table 7.16 Summary of Trajectory Data
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Aside from the deorbit burn, only one SPS burn was subjected to an error study. .
This burn was the longest of the SPS burns, the thrust direction being almost normal '

to the orbital plane. Inspection of Table 7.4 shows how much the accelerometer bias

uncertainties predominate. This shows that SPS cutoff uncertainties are, to a first

approximation, independent of thrust direction relative to the orbital plane, that

velocity uncertainties are proportional to the burn duration, and that position uncer-

tainties vary as the square of the duration. By use of the detailed data given for the

first SPS burn, the uncertainties associated with the other shorter burns may be

readily estimated.

Data are presented for the SPS deorbit burn, coast, and reentry. In the event
that SPS doesn't ignite, the RCS will be used. Hence, data are presented for the RCS
deorbit burn, coast, and reentry.

Data are also given for the propagation of initial condition deviations at deorbit
burn start to reentry start and end. These data are furnished to facilitate possible

update decisions that may be made prior to deorbit burn,

7.4 IMU Errors and Uncertainties
An IMU component error (such as accelerometer bias) can be defined as the
actual minus the desired outpﬁt. This error is characterized by an average component

and a time-varying component,

The G&N's AGC has programs to provide compensation for the measured average .
value of each of the following IMU component errors:

1) accelerometer bias error (ACB)

2) accelerometer scale factor error (SFE)

3) gyro bias drift (BD)

4) gyro input axis acceleration sensitive drift (ADIA)

5) gyro spin reference axis acceleration sensitive drift (ADSRA)

If compensation has been properly applied (and this includes the prelaunch phase),
onlythetime varying part of the IMU error remains. AnIMU component uncertainty can
be defined to be the rms of the time-varying (or unpredictable ) deviations of the actual

component error from the average error.

All trajectory error data are given for IMU component uncertainties and not
errors. However, to make the error tables more useful, the fiction of a positive
IMU uncertainty is employed for all error tables, For example, for the SPS burns the
tabulated dats, give the uncertainties in actual spacecraft position and velocity

relative to desired or nominal values.
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A new definition of accelerometer scale factor error is used in this report
for the first time. In previous reports this was assumed to be positive if the indicated
output (in cm/secz)was greater than the correct value for a given acceleration input.
However,the component and systems test groups have for a long time been using a
definition of scale factor error that effectively is opposite in polarity to the above
assumed definition. Since scale factor error is measured and computed by these

groups, the new definition is used in this report, and all error tables should be so
interpreted.

The Block I IMU error uncertainties (see also MEI No. 1015000 - Part I) used
for the present error studies are as follows:

Block I One-Sigma IMU Error Uncertainties

Input Axis

X Y zZ Units
Accelerometer bias (ACB) 0. 40 0,40 0. 40 cm/sec2
Accelerometer scale factor (SFE) 150 150 150 PPM
Accelerometer non-linearity (NC) 10 10 10 Mg/g2
Gyro bias drift (BD) 3 3 3 meru
Gyro input axis accel. sens, drift 8 8 8 meru/g
Gyro spin axis accel. sens. drift 5 5 5 meru/g
Gyro acceleration squared sens, drift]| 0. 3 0.3 0.3 meru/g2
Acceleroneter I, A, misalignments |0,1 0.1 0.1 mr
Gyro I. A. Misalignments 0.5 0.5 0.5 mr

It is important to note for the earth boost trajectory that some IMU uncertainties
affect both the prelaunch alignment of the Stable Member and the in-flight compubation
of position and velocity. These include: accelerometer bias, gyro bias drift, and
gyro 1. A. and SRA acceleration sensitive drift. Since prelaunch and in-flight IMU
uncertainties are assumed correlated, their effects are summed in the error com-
putation. During prelaunch the Stable Member alignment uncertainty about azimuth
is affected primarily by the effect of Z and Y gyro drift rate uncertainty on the gyro-
compassing loop. Table 7.3 shows that the overall rss azimuth alignment uncertainty

due to all gyro drift uncertainties is 3. 92 milliradians.
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Prior to each of the SPS burns the IMU Stable Member will be fine aligned .
to the desired orientation by means of star sightings and AGC computations. The

one-sigma alignment uncertainty is assumed to be 0.2 mr about each SM axis.

7.5 Stable Member Alignment

For the earth boost trajectory the orientation of the IMU Stable Member axes
(XSM’ YSM’ ZSM) relative to launch inertial axes (XI, YI’ ZI) are shown in Fig. 7.1.
The X,Y, Z accelerometer and gyro input axes are colinear with corresponding
Stable Member axes. The launch inertial axis, ZI’ is in the horizontal plane at
launch instant and is assumed to be oriented at the nominal launch azimuth of 72°
from north.

Prior to most of the SPS burns the IMU Stable Member will be fine aligned to
the desired orientation by means of star sightings and AGC computations. At SPS
burn except deorbit burns) ignition, Xqp is oriented along unit (_)_(SC) at ignition,

i X
YSM along unit (_)_(SC R), and ZSM along XSM X gSM'
For the SPS deorbit burn the Stable Member will be oriented so that XSM is
along unit (—}_(SC) at ignition, Yq, is along unit (RXXg.), and Zg,, is along Y\ XZg .

In the error studies for the two SPS burns fine alignment of the Stable Member
is assumed to be completed 15 minutes prior to SPS burn ignition. The error studies
include the effects of initial S. M. misalignment due to gyro drift for 15 minutes prior

to burn start. At 3 meru this about 0.20 mr. These are summed with the in-flights

effects in the error tables.

7.6 Flight Path Angle and Altitude Rate Uncertainty Definitions

Figure 7, 3 defines the three flight path angle uncertainties, (U)‘YAI, (U)VAIN
and (U)AA. Data for (U)YAA are given for reentry start since the flight path angle
uncertainty with the spacecraft actually at 400, 000-foot altitude is the desired para-

meter, For other events during the mission, data are given for (U)'YAI.

For prolonged non-updated missions the range angle uncertainty, (U)Rge/R,
will increase steadily. The uncertainty, (U)‘yAIN, will increase correspondingly,
since YAIN is measured relative to the nominal horizontal axis. The uncertainty,
(U)vAI, is the more useful figure. In the previous report data had been given only
for (U)‘YAIN. In this report data are given for (U)'YAI, with the exception of reentry
start where the data are for (U)VAA.

Data in all error tables for RSS position and velocity uncertainties are given
relative to nominal local vertical axes (see Fig. 7.2). These data may be used to
compute (U)YAIN' Unless appropriate transformations are made, (U)yAI cannot be

computed from the above data.
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7.7 Error Computation Procedure

Position and velocity uncertainties given in the tables were computed as follows.
Approximate error equations described the effect of each IMU component error on
indicated error in trajectory position and velocity. The assumptions were: 1) that
the errors were small relative to the parameters being measured, and 2) that the
IMU component errors were statistically independent of each other. The error
equations took into account the effect of the IMU errors on gravity vector computation.
The program incorporating the error equations requires nominal trajectory accelera-
tion and position vectors as inputs at discrete time intervals. The nominal trajectory
itself is generated in a separate program. At significant events, such as SIVB cutoff,
detailed error printouts are made giving position and velocity uncertainties due to
each IMU uncertainty relative to nominal local vertical axes.

7.8 Coordinate Axes and Polarity Definitions

In the error tables the position and velocity uncertainties are given relative
to nominal local verticd axes. ''Local vertical" axes are defined as follows
(see also Fig. 2). The altitude vector is along unit (R). The track vector is along
unit (VXR). The range vector is along Alt. X Track. Positive directions are as
shown in Fig, 7.2,
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VZSM

NOMINAL AZIMUTH =72°

\ HORIZONTAL PLANE AT
LAUNCH INSTANT

X, Y1, Z) - LAUNCH INERTIAL AXES
Xsm. Ysm, Zsm, — |MU STABLE MEMBER AXES

(POSITIVE VECTOR DIRECTIONS SHOWN)

Al ALONG UNIT (R)
Tk ALONG UNIT (V x R)
Rg ALONG UNIT (Al x Tk)

(POSITIVE VECTOR
DIRECTIONS SHOWN)

TRACK (Tk)

t

NOTE: Zgm = -X|

ALTITUDE (Al)
SPACECRAFT POSITION

v

—

———e> RANGE (Rg)

LOCAL AXES

EARTH

/

Fig. 7-2 Figures Defining Stable Member and Local Axes
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ACTUAL POSITION OF SPACECRAFT
WHEN INDICATED ALTITUDE
EQUALS DESIRED ALTITUDE
NOMINAL POSITION (V)ALT
OF SPACECRAFT

o ACTUAL POSITION
(UYRGE OF SPACECRAFT AT
DESIRED ALTITUDE

DESIRED ALTITUDE

EARTH
NOMINAL LOCAL

AXES | ,
Rar
RN RAA
é) =s|N-1<(U RGE) NOTE:
|R Al THE FLIGHT PATH ANGLES YAIN, YAl
h / AND yaA ARE ALL SHOWN NEGATIVE,
/ THE ANGLES ¢ AND ¢ ARE SHOWN
l/ POSITIVE.

Flight Path Angle and Velocity Uncertainty Equations

(Ul amN = YalN - N
(Uhvar  =7a1 - 'y (UWVar =Var-Vy

T = - - -
Uhvan =7Yaa = N (UVap =Vaa " Vy

Altitude Rate Uncertainty Equations
(U)AltAIN = Vapsin vpn® Vygsin ¢ ® (YAI - \_/'N) . BN/RN

(U)AltAI = Vg Sinvpy - Vg sin vy

. .
(U)AlfAA =Vap sinva - Vg sin N

Note that YAIN is measured with respect to the same nominal horizontal
axis as TN while VAT and YAA are measured with respect to their particular
local horizontal axes.
Fig. 7-3 Flight Path Angles
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TABLE 7.7

Position and Velocity Uncertainties for SPS and RCS

Deorbit Burn, Coast and Reentry

RSS Flight
Path
Event RSS Position Uncertainty | RSS Velocity Uncertainty Uﬁggﬁainty
feet feet/sec

Alt. | Track | Range | Alt. Track |Range | mr.
SPS Deorbit Burn, Coast and Reentry
Burn Ignit. 0 0 0 0 0 0 0
Burn Cutoff 7 7 7 0. 44 0.45) 0.43 | -----
Reentry Start 222 201 201 0. 57 0.38 0. 39 0.016
Reentry End 4, 707 3,741 3, 397 17, 42 12,99 10,71 || -----
RCS Deorbit Burn, Coast and Reentry
Burn Ignit. 0 0 0 0 0 0 0
Burn Cutoff 364 357 357 3.15 3.031 3.03 || -----
Reentry Start 4,726 2,498 4,039 8.50 0. 66 3.46 0. 207
Reentry End 22,336 (10,826 (23, 323 49,08 18.94 {15.72 || ----~
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TABLE 7.15

Propagation of Initial Condition Deviations for
SPS Deorbit Burn, Coast and Reentry

Initial Condition Resulting Position Devia- | Resulting Velocity Devia-| Resulting
Deviations at SPS tion Relative to Nominal | tion Relative to Nominal Flight
Burn Ignition Axes - feet Axes - ft/sec APath
ngle
Deviation
Alt, Track Range Alt, Track|{ Range mr,
At Reentry Start (400 K {t)
1000 ft. in Altitude 1,167 0 -643 1.43 0 -0.19 0,017
1000 ft, in Track 0 838 0 0 -0, 65 0 0
1000 ft. in Range 541 0 679 0.19 0 -0.65 [0.019
1 ft/sec in Altitude 461 0 -270 1.17 0 -0.54 {0.016
1 ft/sec in Track 0 459 0 0 0. 84 0 0
1 ft/sec in Range 270 0 381 0.64 0 0.68 10.034
At Reentry End
1000 ft. in Altitude 2,371 5 -1,564 || =~=-- | === | ===~ | -----
1000 ft. in Track 2 212 0 ----- | ==} s | aee--
1000 ft. in Range 1,099 2 =293 === | --m-- | === | mmm--
1 ft/sec in Altitude 1,194 2 | -1,049 || ----= | mm-m= | =mme= f-----
1 ft/sec in Track 2 810 0 - | mmm=m | e e
1 ft/sec in Range 1,292 2 220 f| ----- | m==mm | emmmm | mm--
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TABLE 7. 16

Summary of Trajectory Data Used for Error Studies

Initial | Initial |Resulting Orbit
Burn |Initial Pitch Yaw Perigee - Apogee
Trajectory DurationfAltitude AV  |Angle | Angle Altitudes
secs |n.miles | ft/sec | deg. deg. n. miles
Earth Boost 604 88 27,080 ----- | -=~=-- 88 - 133
1st SPS Burn 35% 87 903| :0 -90. 2 87 - 131
*This does not include ullage burn.
Coast Flight
Time Path
Initial | Initial | to Angle Reentry
Burn Initial Pitch | Yaw Entry at Entry |Range
Trajectory | DurationlAltitude | AV Angle | Angle | Start Start (inertial)
secs n. miles | ft/sec | deg. deg. secs deg. n. miles
SPS Deorbit 17 105 553 -148 0 441 -1.567 1,746
Burn
RCS Deorbit | 234 103 137 ‘180 0 1,010 -0.64 3,800

NOTE:

Initial pitch and yaw angles are relative to local vertical axes at burn start.

Reentry range refers to range covered from reentry start (at 400, 000 ft) to
reentry end.
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