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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

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. Deo'rbit burn uncertainties: (assuming perfect navigational update
juét prior to deorbit burn ignition):
* Flight path angle uncertainty (10) at 400, 000-ft
altitude (reentry start) was 0. 016 mr.

CEPat 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:




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 af 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 booét trajectory. The polarities in the error tables for the
CSM deorbit burn and resulting reentry are those for actual uncertainties in CSM 4

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:

accelerometer bias error
accelerometer scale factor error
gyro bias drift

‘gyro input axis acceleration sensitive drift

[S2 I SN JC T (U R,
DA

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.




One-Sigma IMU Error Uncertainties

_ Input Axis
Uncertainty Units X Y Z

Accelerometer bias (ACB) -cm/secz 0.20 0.20 0.20
Accelerometer Scale factor (SFE) ppm 116 116 116
Accelerometer non-linearity ug/g2 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
Gyro acceleration squared sens. drift ' meru/g2 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 ZSM mr --- 0.10 ---
Gyro 1. 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 YSM and XSM

bias drift and IA and SRA acceleration sensitive drift. The gyro drift terms affect

axes) and the gyro

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 (XSM’

) relative to launch inertial axes (XI’ Y ZI) are shown in Fig. 1. 1.

IJ

Ysm* Zsm
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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 oriented at the nominal launch azimuth.

Prior to the deorbit burn the IMU Stable Member is aligned as shown in
Fig. 1.2 with XSM oriented along the spacecraft X direction at ignition, YSM along

unit (X X R), and Z

XosMm along unit ()_(SM XY

SM sm’-

1.6 Flight Path Angle and Altitude Rate Uncertainty Definitions

Fig. 1.3 defines the three flight path angle uncertainties, (U) YAT (U)YAIN’ and
(U Ypp- Data for (U)'YAA are given only for reentry start (a'f 400, 000-ft altitude)
in the summary Tablel. 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 (U)yAI. .

‘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) 'YAIN;
will increase correspondingly, since YAIN is measured relative to the nominal
horizontal axis. The uncertainty, (U) Ypps 1s the more useful figure. In the previous
report data had, however, been given only for (U) YAIN' In this report data are given

for (U) VAL with the exception of reentry start where the data are for (U) YAA

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) YAIN' Unless appropriate transformations are made, (U) Ypp €20 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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sa

XI (along local vertical at
launech: instant)

North

Horizontal plane at
lTaunch: instant

SM

3 7 . - Yaunch: inertial ax
XL” YI-" ZF Taunch: inertigll axes

X‘SM?‘ YSM<" Z;S'N[i = IMU' Stable' Member axes.

(positive directions shown):
Fig. 1.1 Coordinate axes: for 278 €SM: Launch Configurationt

X, X

il Ao’ A4 . 8
(along: unitt (Kegpy X B))i'gn-iﬁ

s

> ZI (along localt horiZontal at
' ignitiom time)

(positive- directions shown: for
all’ vectors)

(along Xgpr X Yo

Fig. 1..2' Orientation:of INMU SN axes: for' Deorbit Burn..
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" (UALT ACTUAL POSITION OF SPACECRAFT
NOMINAL LOCAL AXES ? é‘WHEN INDICATED ALTITUDE

( POSITIVE DIRECTION SHOWN)) EQUALS DESIRED ALTITUDE
POSITIVE TRACK IS OUT
OF THE PAPER

ACTUAL POSITION OF
SPACECRAFT AT

DESIRED DESIRED ALTITUDE
ALTITUDE
TAA
NOMINAL ‘z
" POSITION OF
SPACECRAFT
¢, /
EARTH ! R
. “AA
¢, = sin! (LURGEY -
1 IRal| Note: THE FLIGHT PATH ANGLES,
= YaiN: Yar AND 3o ARE ALL
0, SHOWN NEGATIVE. .
THE ANGLES ¢, AND ¢,
V : ARE SHOWN POSITIVE.

Flight Path Angle and Velocity Unce.rtainty Equations

(WraN = YaIN ~ N

(Uhvar = 7ar ~ ' (UWVar=Var - Vy .
(Uhvpan “Yan " "n (OVAa=Var~ Yy

Altitude Rate Uncertainty Equations

(UATty = Vap sin vapy - Vy Sin vy = (Vap - ¥p) * By/Ry
(U)AitAI =V, psinvyp - Vi Sin vy '

(U)AitAA = Vpasinyy, - Vyosinvy

Note that YAIN is measured with respect to the same nominal horizontal

axis as TN’ while VAT and Ypp 2re 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:
) 1,52 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 coastup 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 1), 1966,

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

position and velocity relative to nominal position and velocity.




L

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:

. accelerometer bias error

. accelerometer scale factor error

1

2

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 (LLM) launch are (see
also MEI PS 2015000 which gives specs. for the Block II IMU):

One-Sigma IMU Error Uncertainties

Input Axis
Uncertainty ' Units X Y V4
Accelerometer bias (ACB) _ cm/sec2 0.20 0.20 0.20 A
Accelerometer scale factor (SFE) ppm 116 116 116
Accelerometer non-linearity ;,tg/g2 10 10 10
Gyro bias drift (BD) : meru
Gyro input axis accel. sens, drift (ADIA) meru/g 8

Gyro spin ref, axis accel. sens. drift (ADSRA) meru/g 5 _
Gyro acceleration squared sens. drift meru/g 0.3 0.3 0.3

Accelerometer I. A. misalignments

About PRA mr 0.10 0,10 0,10

About OA _ mr 0.10 0,10 0,10
Gyro I. A, misalignments ‘

About SRA mr © 0,50 0,50 0.50

About OA mr 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.




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 XM

oriented along unit (X ,.) at ignition, with Yom along unit (}gLMx R) at ignition, and

M
ZSM along unit (}_(SMX XSM)' The inertial axes (XI’ YI’ ZI) referred to in the error
tables are defined to be square with local vertical axes at 3rd DPS burn ignition. X

Y

I

is along unit (R) is along unit (VXR) and Z; is along unit ()_(IXXI).

ignit, "1 ignit,
For the 3rd DPS burn the thrust direction is normal to the orbit plane in the

negative YI 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 coniponent 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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