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SECTION 1

GNCS ERROR ANALYSIS

1. 1 Introduction

The results of a GNCS error study for the 278 (CSM)-mission are presented

herein. These include studies of the effects of IMU component uncertainties

1. on computed orbit parameters after boost of CSM into earth orbit, and

2. on position and velocity uncertainties during CSM deorbit burn, coast,

and reentry.

No error studies for the CSM-active rendezvous maneuvers are given in

this issue. Perfect navigational update was assumed just prior to.deorbit burn.

The effects of tracking uncertainties on update were not included, since these data

were not available.

1. 2 Important Results of Error Study

1. Maximum one-sigma uncertainties in indicated free-fall coast after

boost to assumed circular earth orbit were:

2. 15 n. mile in altitude

8. 60 n. mile in track

Range uncertainty increased at the rate of about 9. 8 n. mile per orbit.

2. Deorbit burn uncertainties: (assuming perfect navigational update

just prior to deorbit burn ignition):

Flight path angle uncertainty (la) at 400, 000-ft

altitude (reentry start) was 0. 016 mr.

CE.Pat reentry end was 0. 65 n. mile.

1.3 Error Table Description

The error tables are given at the end of this section. Table 1. 1 summarizes

data for uncertainties in indicated orbit parameters after SIVB cutoff. Table 1. 2

summarizes uncertainty data for CSM deorbit burn, coast, and reentry. The other

tables give detailed uncertainty data as follows:
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Table 1. 3 SIVB cutoff indication uncertainties

Table 1. 4 CSM IMU Stable Member misalignments and drift angles at
SIVB cutoff

Table 1. 5 CSM indicated orbit uncertainties (after SIVB cutoff) at maximum
altitude uncertainty point

Table 1. 6 CSM IMU Stable Member misalignments and drift angles at deorbit
burn cutoff

Table 1. 7 CSM reentry start uncertainties (at 400,000 ft)

Table 1. 8 Flight path angle uncertainties at reentry start

Table 1. 9 Reentry end uncertainties (at drogue chute deployment)

For the error tables for SIVB cutoff and resulting orbit uncertainties, polar-

ities given are those for indication uncertainties, since the CMC and IMU only

monitor the earth orbit boost trajectory. The polarities in the error tables for the

CSM deorbit burn and resulting reentry are those for actual uncertainties in CSM

position and velocity.

The error studies were based on trajectory data printouts for "207-208A

Preliminary Spacecraft Reference Trajectory "transmitted from TRW Systems on

June 10, 1966.

1.4 IMU Errors and Uncertainties

The CMC will be able to provide compensation for the measured average

values of the following IMU component errors:

1. accelerometer bias error

2. accelerometer scale factor error

3. gyro bias drift

4. gyro input axis acceleration sensitive drift

5. gyro spin reference axis acceleration sensitive drift

Since the average IMU errors will be compensated by means of CMC programs

during prelaunch and in-flight mission phases, it is the actual unpredictable deviations

from the measured average errors that constitute the IMU component uncertainties.

The estimated one-sigma IMU error uncertainties at time of 278 (CSM) launch are

listed on the next page. (See also MEI PS 2015000 which gives specifications for

the Block II IMU.)

The error tables here employ a definition of scale factor error whose polarity

is effectively the reverse of that formerly used. The new definition is being adopted,

since it is. consistent with that employed in component and systems tests for some

time past.
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One-Sigma IMU Error Uncertainties

Input Axis
Uncertainty Units X Y Z

Accelerometer bias (ACB) cm/sec2 0.20 0.20 0.20
Accelerometer Scale factor (SFE) ppm 116 116 116

o
Accelerometer non-linearity Mg/g 10 10 10
Gyro bias drift (BD) meru 2 . 2 2

Gyro input axis accel. sens, drift (ADIA) meru/g 8 8 8

Gyro spin ref. axis accel. sens, drift (ADSRA) meru/g 5 5 5
2

Gyro acceleration squared sens, drift meru/g 0.3 0.3 0.3
Accelerometer I. A. misalignments

Non-orthogonality Z to X mr 0. 14

Non-orthogonality Z to Y mr 0.14
Y about ZQ,. mr --- 0.10SM

Gyro I. A. misalignments
About SRA mr 0. 50 0. 50 0. 50
About OA mr 0. 50 0. 50 0. 50

Relative to earth orbit insertion cutoff uncertainties some IMU component

uncertainties affect both the pre-launch alignment of the Stable Member and the in-
flight computation of position and velocity. These include: accelerometer bias (which
affect the vertical erection of the S. M. about the YgM and X~M axes) and the gyro
bias drift and IA and SRA acceleration sensitive drift. The gyro drift terms affect

alignment of the Stable Member about azimuth through their effect on the gyro-
compassing loop during pre-launch alignment. Table 1. 4 summarizes the effect of
IMU uncertainties on pre-launch S. M. alignment uncertainties. Since pre-launch
and in-flight IMU uncertainties are assumed correlated, their effects are summed

in the error computations for SIVB cutoff uncertainties.

Prior to the CSM deorbit burn maneuver (and also prior to other significant

maneuvers during the flight) the CSM IMU Stable Member will be fine aligned on the
basis of star sightings and CMC computations. It is assumed that this alignment
will be completed 15 minutes prior to deorbit burn start. The assumed one-sigma

Stable Member alignment uncertainty (independent of gyro drift) is 0. 20 mr about

each S. M. axis. Table 1. 6 summarizes data on S. M. initial misalignments and

drift uncertainties at deorbit burn cutoff.

1.5 Stable Member Orientation

Prior to earth launch, the orientation of IMU Stable Member axes (X^,,,
relative to launch inertial axes (X,, Y-, Z,) are shown in Fig. 1.1.
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The X, Y, Z accelerometer and gyro input axes are colinear with corresponding

Stable Member axes. The launch inertial axis, ZT, is in the horizontal plane at

launch instant and is oriented at the nominal launch azimuth.

Prior to the deorbit burn the IMU Stable Member is aligned as shown in

Fig. 1. 2 with XgM oriented along the spacecraft X direction at ignition, YSM along

unit (^CSM X 5)' and ZSM al°ng Unit (^ X

1.6 Flight Path Angle and Altitude Rate Uncertainty Definitions

Fig. 1. 3 defines the three flight path angle uncertainties, (U)7A T , WTATTVT. and

(U)TAA- Data for (U) YAA are given only for reentry start (at 400, 000 -ft altitude)

in the summary Table!. 2 and in Table 1. 6 since the flight path angle uncertainty

with the spacecraft actually at 400,000-ft altitude is the desired parameter. For

other times, flight data are given for (Ujy . , .

As the range angle uncertainty, (U) Rge/R, increases (as it will for prolonged,

non-updated orbital missions, since (U) Rge is unbounded), the uncertainty, (U) 7AT1VT>

will increase correspondingly, since T A T N is measured relative to the nominal

horizontal axis. The uncertainty, (U) T A T » is the more useful figure. In the previous

report data had, however, been given only for (U) T A T T V T - m this report data are given

for (U) T A T > with the exception of reentry start where the data are for (U)

Data in all error tables for RSS position and velocity uncertainties are given

relative to nominal local vertical axes (see Fig. 1. 3). These data may be used to

compute (U) TATTSJ- Unless appropriate transformations are made, (U) 7. T can not

be computed from the above data.

1. 7 Error Computation Procedure

Position and velocity uncertainties given in the tables were computed as

follows. Approximate error equations were derived for the effect of each IMU

component error on 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 computation program incorporating the error equations requires nominal trajectory

acceleration and position vectors (relative to fixed inertial axes) as inputs at discrete

time intervals. The nominal trajectory itself was generated in a separate program.

At significant events, such as SIVB cutoff, detailed error printouts were made giving

the position and velocity uncertainties due to each IMU uncertainty relative to nominal

local vertical axes.
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XSC

X (along local vertical at
launch' instant)

Horizontal' plane at
launch- instant

p. Y-p. Z,j - la'unetii inertial! axes

X'S-M-'' YSM" " ^U' S*al5i'e"' M'ember' axe's
(positive^ directions shown)'1

Pig; l..l> Coordinate axes-for" 21<8- GSM Launch'

X
SM- I

"-SM5

j (along' local' frocikontsO? at3

(positive- directions shown' for
a-li vectors)"'

(along XSMXYSM)

T
Pig.. 1-..2' Orientation1-1 SM« axes; for' DeorBifi Burn'..
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(U)ALT
NOMINAL LOCAL AXES /
( POSITIVE DIRECTION SHOWN) "f
POSITIVE TRACK IS OUT V (
OF THE PAPER V|

DESIRED
ALTITUDE

ACTUAL POSITION OF SPACECRAFT
WHEN INDICATED ALTITUDE
EQUALS DESIRED ALTITUDE

'AIN
ACTUAL POSITION OF
SPACECRAFT AT
DESIRED ALTITUDE

NOMINAL
POSITION OF
SPACECRAFT

Note: THE FLIGHT PATH ANGLES,

SHOWN NEGATIVE.
THE ANGLES (^ AND <£2

ARE SHOWN POSITIVE.

Flight Path Angle and Velocity Uncertainty Equations

TAIN TN
(uh
(U)T

AI
= 7AI 7N

(U)VAI = VAI - VN

AA

- VN Sin RN

Altitude Rate Uncertainty Equations

(U)AitAIN = VAI Sin

(U)AltAI =

(U)AltAA =

Note that 7ATlxr is measured with respect to the same nominal horizontal

axis as 7,^, while 7., and TA A are measured with respect to their

particular local horizontal axes.

Fig. 1-3 Flight Path Angles
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SECTION 2

PGNCS ERROR ANALYSIS

2,1 Introduction

The results of a PGNCS error study for the 278 (LEM) mission are presented

herein. This study is concerned with the effects of LM IMU component uncertainties

on the 3rd DPS Burn with CSM/LM in docked configuration (during the 5th period

maneuvers) and on resulting orbit parameters.

No error studies for the LM-active rendezvous maneuvers are given in this

issue. Perfect navigational update was assumed just prior to the 3rd DPS burn. The

effects of tracking uncertainties on update were not included, since these data were

not available.

2, 2 Important Results of Error Study

Maximum one sigma uncertainties in free-fall orbit after 3rd DPS burn cutoff

were:

i 1. 5 2 n . mile in altitude

0. 30 n . mile in track

Range uncertainty increased at the rate of about 7. 1 n . mile per orbit.

2. 3 Error Table Description

The error tables are given at this end of this section. Table 2.1 summarizes

uncertainty data for the 3rd DPS burn and the resulting coast up to ullage ignition

for FITH staging. Table 2. 2 gives detailed uncertainty data at 3rd DPS burn cutoff.

Table 2. 3 gives S. M. misalignment and drift data at the same time. Table 2.4 gives

orbit uncertainties (after 3rd DPS burn cutoff) at max. altitude uncertainty point.

. The error studies were based on trajectory printouts for "207-208A Pre-

liminary Spacecraft Reference Trajectory" transmitted from TRW Systems on

June ID, 1966.

The polarities in the error tables are those for actual uncertainties in LM

position and velocity relative to nominal position and velocity.
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2.4 IMU Errors and Uncertainties

The LGC will be able to provide compensation for the measured average values

of the following IMU component errors:

1. accelerometer bias error

2. accelerometer scale factor error

3. gyro bias drift

4. gyro input axis acceleration sensitive drift

5. gyro spin reference axis acceleration aensitive drift

Since the average IMU errors will be compensated by means of LGC programs during

.prelaunch and in-flight mission phases, it is the actual unpredictable deviations from

the measured average errors that constitute the IMU component uncertainties. The

estimated one-sigma IMU error uncertainties at time of 278 (LM) launch are (see

also MEI PS 2015000 which gives specs, for the Block II IMU):

One-Sigma IMU Error Uncertainties

Uncertainty Units

Accelerometer bias (ACB) cm/sec

Accelerometer scale factor (SFE) ppm
O

Accelerometer non-linearity ;ug/g

Gyro bias drift (BD) meru

Gyro input axis accel. sens, drift (ADIA) meru/g

Gyro spin ref. axis accel. sens, drift (ADSRA) meru/g

Gyro acceleration squared sens, drift meru/g

Accelerometer I. A. misalignments

About PRA mr

About OA mr

Gyro I. A. misalignments

About SRA mr

About OA mr

Input Axis

X Y Z

0.20

116

10

2

8

5

0.3

0.10

0.10

0.20

116

10
2

8

5

0.3

0. 10

0.10

0.20

116

10

2

8

5

0.3

0. 10

0.10

0.50 0.50 0.50

0.50 0.50 0.50

The error tables here employ a definition of scale factor error whose polarity

is effectively the reverse of that formerly used. The new definition is being adopted,

since it is consistent with that employed in component and systems tests for some

time past.
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Prior to the CSM/LM 3rd DPS Burn maneuver (and also prior to other signi-

ficant maneuvers during the mission), the LM IMU Stable Member will be fine aligned

on the basis of star sightings and LGC computations. It is assumed that this alignment

will be completed 15 minutes prior to DPS burn ignition. The assumed one sigma

Stable Member alignment uncertainty (independent of gyro drift) is 1. 0 mr. about

each S. M. axis.

2. 5 Stable Member Orientation

Prior to the 3rd DPS burn the LM IMU Stable Member is aligned with XgM

oriented along unit (XLIX/[) at ignition, with YoM along unit (X, ... x R) at ignition, and
ZSM a^on§ 'an '̂ Q^Qiyr* -^M^' T^e inertial axes (X,, Yj, Z,) referred to in the error
tables are defined to be square with local vertical axes at 3rd DPS burn ignition. X,.

is along unit (R) i_njt YT is along unit ( V X R ) ^ ^ and Z, is along unit (XT x YJ.

For the 3rd DPS burn the thrust direction is normal to the orbit plane in the

negative Yj direction.

2. 6 Error Computation Procedure

Position and velocity uncertainties given in the table were computed as follows.

Approximate error equations were derived for the effect of each IMU component error

on 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 computation

programs that use the error equations require nominal trajectory acceleration and

position vectors as inputs at discrete time intervals. The nominal trajectory itself

was generated in a separate program. At significant events, such as SIVB cutoff,

detailed error printouts were made giving the position and velocity uncertainties due

to each IMU uncertainty together with the rss of these uncertainties relative to

nominal local vertical axes.
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A'ttn:- Mr.. Paul Pashby Code 554

MSFGi National Aeronautics.- and: Space Administration:
George-- G~. Marshall, Space Flight Center:
Huntsville, . Alabama:
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J. Mack

ERG: National. Aeronautics and Space Administration:
Electronics; Research Center.-
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Mail Code HW
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Attn: Mr. Frank E. Hughes
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MSC: National Aeronautics and Space Administration
Manned' Spacecraft Center
Apollo Document,Control Group (PA 2)
Houston, Texas 77058
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Mr. H. Peterson
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c/o Raytheon Company
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Queens Material Quality Section
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Attn: Mr. S. Schwartz
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Milwaukee, Wisconsin 53201
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Attn: Mr. Fred Martikan
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