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E-1482 

INFLIGHT ALIGNMENT ERRORS 
OF THE IMU STABLE MEMBER 

ABSTRACT 

In the inflight alignment mode of the Apollo Guidance and 
Navigation system the .fine alignment of the IMU Stable Member 
(SM) using optics s t a r  sightings wi l l  be affected by numerous 
e r r o r  sou rces .  
revised r m s  es t imates .  

of sextant -1MU gimbal angle configuration. 
yielded data on r m s  SM alignment e r r o r s  for  space erection 
angle configurations. 
of increasing SM misalignments on overall target e r r o r s  f o r  
different t ra jec tor ies ,  

These a r e  listed in the Appendix along with 
SM alignment e r r o r s  a r e  a lso a function 

Computer studies 

Graphs a re  presented showing the effect 

by Freder ic  D. Grant 
December 1963 
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E-1482 

INFLIGHT ALIGNMENT ERRORS O F  
THE IMU STABLE MEMBER 

1, Introduction 

This report  is pr imari ly  concerned with fine alignment 

e r r o r s  of the IMU Stable Member. 
of this  report  a r e  to: 

The three  principal purposes 

a) List  a l l  e r r o r  sources affecting Stable Member (SM) 
alignment together with revised r m s  estimates and 
references 

b) Present  estimates of RMS Stable Member misalign- 
ments about SM axes for space inflight alignment s i t -  
uations 

c) Present  graphs showing effect of varying Stable Mem- 
b e r  misalignments on resulting burnout! or '  target  
e r r o r s  for  different t ra jector ies ,  

An ea r l i e r  report  by the writer (E-1288 Feb. 1963) ,  

entitled "Alignment E r r o r s  of the IMU Stable Member", presented 
data on i tem (b) and only a brief summary of data on i tem (a). 
Data on i tem (a) had been presented in a separate  report  (Apollo 
Project  Memo No. 381 by R. T. Brandt (ACSP),  dated Jan. 31, 
1963). 

The present report  gives revised up-to-date rrns estimates 
for  all  e r r o r  sources  and rrns SM misalignments based,on these 
new estimates.  

2. Alignment of the IMU Stable Member 

The procedure for space alignment of the Stable Member 
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will be briefly described to provide a background for  the e r r o r  
study results.  

P r i o r  to the s t a r t  of a par t icular  t ra jec tory  (powered o r  
re-entry) ,  the  Stable Member must be  aligned accurately to a 

desired set  of iner t ia l  axes .  
(AGC) will have data s tored in its memory  for  desired iner t ia l  
SM orientations for  all t ra jec tor ies  as we l l  as midcourse velocity 
corrections.  
wi l l  be known approximately either through the SCS o r  by means 
of preliminary s t a r  sightings. 
and desired inertial  Stable Member orientation, the AGC computes 
the desired IMU gimbal angles. 
plished when the IMU gimbals have been commanded to the computed 
angles via the CDU. 

The Apollo Guidance Computer 

Before coa r se  alignment ,the spacecraft  attitude 

On the basis  of known attitude 

Coarse alignment is then accom- 

For fine alignment ,sextant s t a r  l ine sighting data is used. 
At least  two s t a r  sightings a re  required,  
line-Stable Member orientation coefficients s tored in i t s  memory, 
then generates IMU gyro torquing commands to drive the measured 
e r r o r  between indicated and computed gimbal angles to zero.  

The AGC, using star 

This report  will be concerned with e r r o r s  affecting the 
fine alignment of the Stable Member f o r  space erection situations. 

3. Alignment E r r o r  Sources 

The numerous e r r o r s  contributing to misalignment of the 
Stable Member have been organized into ten groups in the Appen- 
dix. Each group of e r r o r s  applies to a par t icular  vector or ienta-  
tion. 
geometry, including the sextant trunnion and shaft angles and the 
IMU gimbal angles,  
shown. 
(M1 through M10, to which the above e r ror  groups apply) to these 
axes is indicated. Each of these misalignment vectors  (e. g., M1) 
represents  an rss of all the independent e r r o r s  applying to that 

Figure l shows the sextant navigation base  -IMU angle 

A l l  pertinent orthogonal axial sys tems a r e  
The relation of the ten principal misalignment vectors  

8 
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FOR SA * 0 
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FIGURES DEFINING MISALIGNMENT VECTORS, M1 THROUGH M10 
Lumped Sextant - IMU Alignment Errors 
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'NB 

' O G  

About - 
M6 OGA Angle Error 

M7 MGA - OGA Non-Orthog. 

M8 MGA Angle Error 

M9 IGA - MGA Non-Orthog. 

xLs 

'TA 

M1 Perpendicular to LOS 

M2 TA Angle Error 

M3 TA-SA Non-Orthog. 

M4 SA Angle Error 

M5 Sextant - Nav. Base - M10 IGA Angle Error 
IMU MPm 

z~~ 

x~~ 

'SA 

'SA 

'NB 
'SM 

Fig. 1 Sextant-IMU angle  geomet ry  
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particular axis. 
each of the ten groups, where all e r r o r  sources  a r e  assumed to 
be uncorrelated. 
resolver  e r r o r s ,  CDU (electronic) e r r o r s ,  gimbal machining 
e r r o r s ,  and sextant to navigation base  to IMU case  alignment 
e r r o r s  

In the Appendix the rss e r r o r  is computed f o r  

These e r r o r  sources  include optical e r r o r s ,  

Table I summar izes  the lumped rss alignment e r r o r  
sources  for the ten groups. 
estimates (Jan. 1963) made in the ea r l i e r  report .  Comparisons 
of the two s e t s  of es t imates  show that the only marked changes 
a r e  for  M 1  and M9. 

while the second represents  a m o r e  real is t ic  estimate.  

The Table also l i s t s  the ea r l i e r  

More complete data accounts for  the first, 

Table I 
Sextant - Nav. Base - IMU Alignment E r r o r s  

- 

E r r o r  Group Description 

______ . .. . . __ . __ .. .___ . -. . . -. - .. . . .. . . . . .. . - . -. . . -. . _. __ ... .. . . . 

M 1  

M2 

M3 

M4 
M5 

M 6  
M7 

M8 

M9 

M11 

Misalignment Perpendicular 
to 120s 

Sextant Trunnion Axis Angle 
E r r o r  
Sextant Trunnion Axis-Shaft 
A xi s No n - 0 r t ho go nali t y 
Sextant Shaft Axis Angle Er ror  
Sextant - Nav. Base- IMU 
Alignment E r r o r  
Outer Gimbal Axis Angle Error  
Middle Gimbal-Outer Gimbal 
A x i s  Non-O rt hogonality 
Middle Gimbal Axis Angle Erro l  
Inner Gimbal-Middle Gimbal 
A xis No n -0 r t  ho gonalit y 
Inner Gimbal Axis Angle E r ro r  

About 
Axis - 

xLs 

Y~~ 

XSA 

'SA 
Y~~ 

X~~ 

'MG 

X~~ 

YOG 

ySM 

RMS Est imates  
(sec 

Jan. '63- 
Sstimate 

I- . - -- -- 
3. 0 

8. 3 

5. 0 

22 .  0 

9. 0 

22.0 
13. 0 

20. 0 

13. 0 

20.0 

LdA-1 
'resent 
lstimate I 

1 2 . 1  1 
! 

6. 4 , 

5. 0 

19. 1 
7. 9 

17 .  5 
15. 4 

I 

1 6 ,  8 

19.  2 

16 ,  5 



4. Effect of Sextant - IMU Angle Configuration 

The effect of the above e r r o r  sources  on Stable Member 

alignment e r r o r s  
gimbal angle configuration at the t ime of the desired alignment. 
In other words the sextant trunnion and shaft angles and the IMU 

outer ,  middle, and inner gimbal angles influence the SM align- 
ment e r r o r s .  
orientation of the spacecraft relative to desired SM axes with, 
however, two exceptions. The f i rs t  exception is that the IMU 
middle gimbal angle wi l l  not exceed 50 degrees during alignment. 
(Operation to 80 degrees middle angle i s  stable. ) The second 
exception is that the sextant trunnion angle can not exceed 57 
degrees.  

is very much a function of the sextant-IMU 

In space there  a r e  effectively no l imits  on the 

Because of the wide range of possible sextant-TMU angle 
configurations, one objective of this study is to determine to what 
extent Stable Member misalignments a r e  affected by angle config- 
uration. In particular,  data on the r m s  misalignments about SM 
axes,  relative to all  possible angle configurations, is desired. . 

A l l  of this data was obtained from a computer program developed 
f o r  this  purpose. 

5. Background for  Computer Program -__.-__ - 
The alignment procedure for  the IMU Stable Member, which 

requi res  a t  l eas t  two s t a r  l ine sightings, has been briefly des- 
cribed. Attention w a s ,  however, res t r ic ted to the single s t a r  
sighting case  in o rde r  to simplify the computer program. 

problem then became one of computing SM misalignments about 
axes  normal to  the s t a r  l ine of sight. 
about the l ine of sight w a s  not desired, since the orientation of 
the Stable Member about the LOS can not be specified. The con- 

tribution of each lumped e r r o r  source to SM misalignment about 
axes  normal to the LOS was then computed. 

The 

The SM misalignment 

These contributions 
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were  resolved and  combined to give rss misalignments about 
SM axes fo r  the par t icular  angle configuration. 

Some comments should be made about the two-star sighting 
problem. 
more  complex, even if the spacecraft  is a rb i t ra r i ly  assumed to 
remain fixed in the interval between the two s t a r  sightings. 
Nevertheless the above computer resu l t s  can be usefully applied 
to the more general  two-star case.  
second s t a r  can be considered to be one of the reference axes to 
which the SM is aligned. Single s t a r  study resu l t s  can be used 
to compute the two SM misalignmentF about axes  normal to the 
second star l ine,  The misalignment about the third SM axis,  
which is about the second s t a r  line, wi l l  be a function of the 
angle between the  two s t a r  directions and of misalignment com- 
ponents about axes  normal  to the two s t a r  l ines  in the plane con- 
taining them. If the angle between the star directions is approx- 
imately 90°, resu l t s  f rom single s t a r  studies can be directly 
applied to th i s  third SM misalignment as a good approximation. 
However, as the angle between the two s t a r  l ines  is reduced, the 

th i rd  SM misalignment will increase.  

Here computations of SM misalignments a r e  somewhat 

The direction l ine to the 

In o r d e r  to obtain the desired data on SM misalignments, 

the sextant and IMU gimbal angles were  varied systematically to 
cover  all possible angle configurations. This procedure,  ra ther  
than random variation, was used in  o r d e r  not to overlook any 
possible angle configurations which might produce l a rge  rss mis -  
alignments. 

6. Results and Comments 

Table I1 summar izes  the principal resu l t s  from the com- 
puter runs.  
the rrns misalignments about SM axes a r e  approximately isotropic,  
being approximately 0. 11 mill iradian (22 .  5 s ecs )  about each 
axis 

This  shows that,for space erection configurations 
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Table I1 

RMS Misalignment about 
Stable Member Axes (mr )  

Summaryof 
IMU Stable Member Misalignment Study 

Max. & Min. Magnitudes 
of Mem. Vector ( re fer red  
to Principal Axes) occur-  
ing for  all configura- 
tions considered. (mr )  

._. 
Space Erection 

yI 

I Configurations 

Max. Min. 

Ear th  Launch 
Configurations 

Configuration 

where al l  gim- 
bal & sextant 

angles zero  
I 

0 .109  0 .104  0 .109  0. 173  0.085 

1 0 . 1 1 6  I 0 . 1 2 3  I 0 .083  1 0 . 1 4 7  I 0 .116  

A s  a mat ter  of interest  the rmc misdignmziits abuui: 

(Angles S M axes for  ear th  launch configurations a r e  l isted.  

10' to - loo ,  SA = 90' o r  -90') The effects of accelerometer  
e r r o r s ,  of gyro compassing e r ro r s ,  o r  of external e r r o r  sources,  
were not included in this study. 

assumed were: AIG = 33', AMG = 0, 0 AOG = 20' to -20°, TA = 

The r m s  misalignments f o r  the configuration, where all  
gimbal and sextant angles a r e  zero, is also given, 
misalignment about Z is zero,  since the LOS is along ZI for 
this  configuration. 

Note that the 

I 

7. Effect, of Alignment Er rors  on Overall Tareet  Errors  

In o rde r  to put the problem of initial SM alignment e r r o r s  
in proper  perspective relative to other IMU guidance e r r o r s  and 
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to initial condition e r r o r s ,  a general study was made of the effect 
of increasing alignment e r r o r s  (while holding all other e r r o r s  
fixed) on overall rss target  position o r  velocity e r r o r s  at  t r a -  
jectory end. Specifically, studies were made for  the following 
t ra jector ies :  

a )  Translunar injection 
b) Lunar orbit  injection 
c) Transear th  injection 

d) Earth re -en t ry  (1 500 and 5000 nrn ranges) 

Figures 2 and 3 give curves for  target  e r r o r  vs SM mis-  
alignment for each of these t ra jector ies .  
were assumed to be isotropic. 

SM alignment e r r o r s  

Assumed guidance e r r o r s  for  this  study included the 
following: Accelerometer e r r o r s :  0. 2 c rn /sec  bias e r r o r ;  
100 P P M  scale  factor e r r o r ;  0 .  1 m r  accelerometer  misalign- 
ments. Gyro errors:  10 meru  bias drift; 10 m e r u / g  acceleration 
sensitive drift.  

2 

Also included for  each study was the effect on initial SM 

misalignment of gyro bias drift for 15 minutes before t ra jec tory  

s t a r t .  (At 10 meru,  0. 66 m r  (136 secs)  is the drift angle. ) In 
other w o r d s  i t  is assumed that 15 minutes elapse between the 
t ime that SM alignment is completed and the t ime fo r  t ra jectory 
s ta r t .  
each trajectory.  
and sextant e r r o r s .  

Different s e t s  of initial condition e r r o r s  were  assumed f o r  
These were pr imari ly  a function of navigation 

For  each of the curves on the two graphs, a r rows  indicate 
the misalignment value where the target  e r r o r  effect of the mis-  
alignment i s  equal to the target e r r o r  effect due to all other  e r r o r s  
combined. 

These curves show that the stable member misalignments 
(assumed isotropic),  now estimated to be about 0 .  11 m r  r m s ,  
could be doubled with smal l  effect on overall  target  e r r o r ,  I i f  



a l l  other  guidance e r r o r s ,  including initial condition errors  and 

misalignments due to gyro d r i f t  before t ra jectory s t a r t ,  remain 
a t  the rrns levels assumed. 
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APPENDIX 

ALIGNMENT ERROR SOURCES 
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