
ATTITUDE ANALYSIS OF THE EARTH RADIATION BUDGET SATELLITE (ERBS) 

YAW TURN ANOMALY 

J .  Kronenwetter and M. Phenneger, Computer Sciences Corporat ion (CSC) 

W .  Weaver, Nat ional  Aeronaut ics and Space Admin is t ra t ion /Lang ley  Research 
Cent e r ( NASA / LRC) 

ABSTRACT 

The J u l y  2 Ear th Rad ia t ion  Budget Sate1 1 i t e  (ERBS) hydrazine th rus te r -con t ro l  l e d  
yaw i n v e r s i o n  maneuver r e s u l t e d  i n  a 2.1 degree per  second (deglsec) a t t i t u d e  
sp in .  This  mode cont inued f o r  150 minutes (min) u n t i l  the  spacecraf t  was i n e r -  
t i a l l y  despun us ing  the  hydrazine t h r u s t e r s .  The spacecraf t  remained i n  a low- 
r a t e  Y-axis sp in  o f  .06 deg/sec f o r  3 hours u n t i l  the  B-DOT c o n t r o l  mode was 
ac t i va ted .  A f t e r  5 hours i n  t h i s  mode, the  spacecraf t  Y-axis was a l i gned  t o  
the  o r b i t  normal, and the  spacecraf t  was commanded t o  the  miss ion mode o f  a t t i -  
tude c o n t r o l .  

Thi s work presents  the  experience o f  rea l - t ime a t t i  tude de terminat ion  support  
f o l  low ing  ana lys i  s us ing  the  playback t e l e m e t r y  tape recorded f o r  7 hours from 
the  s t a r t  o f  the  a t t i t u d e  con t ro l  anomaly. For the  h igh-sp in- rate mode, s u n l i t  
p o r t i o n s  o f  the  o r b i t ,  the  Sun data are used w i t h  dynamic i n t e r p o l a t i o n  o f  the  
gaps t o  d e r i v e  the  pa th  o f  the  Sun through the  l i g h t - s e n s i t i v e  science i n s t r u -  
ment sensor and s o l a r  a r r a y  f i e l d s  o f  v i e w .  Dur ing the  despun mode, r e s u l t s  
from ERBS A t t i t u d e  Determinat ion Sys tem (ADS) process ing o f  the  magnetometer 
data show g r a p h i c a l l y  t he  al ignment and slow r o t a t i o n  of t he  body coord inate 
s y s t e m  i n  the  geocent r i c  i n e r t i a l  ( G C I )  re ference frame. These data p rov ide  
an eva lua t i on  and exp lanat ion  of the  marginal power c o n d i t i o n  du r ing  the  de- 
spun recovery per iod .  
ou tpu t  a re  prov ided t o  i l l u s t r a t e  the  impact o f  the  a t t i t u d e  c o n t r o l  anomaly 
on the  science inst ruments.  
exper ience gained and suggestions f o r  a d d i t i o n a l  procedures and sof tware t o  
p rov ide  spacecraf t  a t t i t u d e  maneuver and cont ingency support .  

Comparisons o f  the  a t t i t u d e  r e s u l t s  w i t h  science sensor 

The paper concludes w i t h  an assessment o f  t he  
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1 .  INTRODUCTION 

On J u l y  2 ,  1987, a t h r u s t e r  actuated, yaw i n v e r s i o n  t e s t  maneuver w i t h  a d i s -  
abled X-axis i n e r t i a l  re ference u n i t  ( I R U )  r e s u l t e d  i n  an uncon t ro l l ed  tumble 
o f  the  Ear th Rad ia t ion  Budget S a t e l l i t e  (ERBS) a t  approx imate ly  2.1 degrees 
per  second (deg/sec). The cause was a command sequence e r r o r  t h a t  premature ly  
a c t i v a t e d  i ns tead  o f  d isab led  a r o l l  t h r u s t e r  w i thout  r o l l - a x i s  r a t e  i n p u t .  
The l a r g e  p i t c h  and r o l l  angles experienced du r ing  the  tumble r e s u l t e d  i n  
p e r i o d i c  l oss  o f  con tac t  w i t h  the Tracking and Data Relay S a t e l l i t e  (TDRS) and 
loss  o f  Ear th  contac t  by the hor izon  scanners, causing erroneous i n p u t  i n t o  
the  magnetic c o n t r o l  loop (MCS). Also, the  ra tes  achieved du r ing  the  tumble- 
exceed the  t e l e m e t r y  l i m i t s  f o r  the IRU, r e s u l t i n g  i n  sa tura ted  gyro data.  
Thus, o n l y  magnetometer and occasional  Sun sensor data w e r e  a v a i l a b l e  t o  de- 
r i v e  a t t i  tude in f6 rma t ion  du r ing  the tumble. 

Ana lys is  o f  t he  a t t i t u d e  sensor data from the  tumble was conducted t o  de r i ve  
cont inuous p o i n t i n g  i n fo rma t ion  dur ing  the  p e r i o d  o f  t h e  tumble s ince both 
ERBE s c i e n t i f i c  inst ruments remai ned i n  t h e i r  normal ope ra t i ng  modes du r ing  
most o f  t he  per iod .  The ana lys i s  a l s o  inc luded v e r i f i c a t i o n s  o f  the  e f f e c t s  
of t he  Ear th l imb  and the  Sun on the science sensor ou tpu t .  
resu l  t s  a re  be l  i eved an impor tant  example and gui  de l  i ne f o r  p lann ing  spacecraf t  
support  i n  the  f u t u r e .  

The ana lys i s  and 

Fo l low ing  a b r i e f  overview o f  the  ERBS spacecraf t ,  the  ana lys i s  o f  the  sensor 
data du r ing  the  spacecraf t  tumble i s  presented. The p resen ta t i on  begins w i t h  
a n a r r a t i v e  d e s c r i p t i o n  o f  t he  playback and rea l - t ime da ta  and cont inues w i t h  
the  ana lys i s  and the  r e s u l t s  o f  an at tempt t o  p rov ide  cont inuous ground- 
determined a t t i t u d e  so lu t i ons  us ing  playback data.  A dynamic model was devel- 
oped f o r  t h i s  p a r t  o f  t he  ana lys is  t o  prov ide  continuous r a t e  data requ i red  by 
the  ERBS f i n e  a t t i t u d e  determinat ion s y s t e m  (FADS). The so lu t i ons  are  compared 
w i t h  data ou tpu t  f rom the  ERBS nonscanner inst rument .  F i n a l l y ,  the  a p p l i c a t i o n  
of the  t o o l s  developed i n  t h i s  study t o  ERBS rea l - t ime and f u t u r e  miss ion a t t i -  
tude support  a re  examined. 
presented i n  t h i s  paper i s  based on ma te r ia l  presented more comprehensively i n  
an October 15, 1987, memorandum prepared f o r  the  ERBS p r o j e c t  by the  FDD 
(Reference 1 ) .  
d e t a i l  i n  a memorandum t o  the  ERBS p r o j e c t  w r i t t e n  by W.  Weaver, Langley 
Research Center (LRC) (Reference 2 ) .  

A major p o r t i o n  o f  the  work, data, and ana lys i s  

The science sensor performance i s  s i m i l a r l y  t r e a t e d  i n  more 

2. ERBS SPACECRAFT AND INSTRUMENT OVERVIEW 

The ERBS i s an Earth-poi  n t i  ng, momentum-bi ased spacecraf t  car ry1  ng s c i  e n t i  fi c 
inst ruments t o  map the  absorpt ion and emission o f  thermal energy by the  Earth.  
Two o f  the  inst ruments,  the  Ear th Radiat ion and Budget Experiment (ERBE) non- 
scanner and scanner, measure outgoing r a d i a t i o n  i n  th ree  broad spec t ra l  bands. 
The ERBE scanner i s  a three-channel radiometer t h a t  scans from hor izon-to- 
hor izon  i n  a p lane normal t o  the o r b i t  p lane. The ERBE nonscanner has two wide 
fi eld-of -v i  ew (WFOV) and two medi um f i  e l  d-of-vi ew (MFOV) Ear th-v i  e w i  ng channel s 
and a So lar  channel f o r  v iewing the Sun p e r i o d i c a l l y .  Each WFOV de tec to r  has 
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a t o t a l  con ica l  FOV o f  about 140 deg and views the  e n t i r e  d i s k  of t he  Earth,  
and a MFOV de tec to r  has a con ica l  FOV o f  90 deg. I n  the  normal ope ra t i ng  mode, 
the  o p t i c a l  axes o f  the  Earth-viewing de tec tors  a re  a l igned w i t h  the  spacecraf t  
Z-axis, and thus have t h e i r  FOVs centered on the  Ear th a t  t he  nad i r .  
science inst rument  i s  the  St ra tospher ic  Aerosol and Gas Experiment (SAGE), 
which views the  Sun on the  Ear th l imb t o  measure absorp t ion  spec t ra  a t  sunr ise  
and sunset y i e l d i n g  the  mix ing  r a t i o s  o f  atmospheric aerosols.  
two analog a t t i t u d e  c o n t r o l  methods, t he  Magnetic Contro l  Sys tem (MCS) and t h e  
React ion Cont ro l  S y s t e m  (RCS) du r ing  s c i e n t i f i c  sensor operat ions,  and o r b i t  
and a t t i  tude a d j u s t  maneuvers, respec t i ve l y .  

The MCS sensors and ac tua tors  are two Ear th I R  hor izon  scanners, one momentum 
wheel, two Scanwheels,l and f o u r  electromagnets. 
p o i n t i n g  t o  w i t h i n  1.0 deg o f  the  nominal n u l l  re ference a t t i t u d e  on a l l  t h ree  
axes. 

A t h i r d  

ERBS u t i l i z e s  

The MCS mainta ins the  ERBS 

The RCS sensors and ac tua tors  a re  two redundant I n e r t i a l  Reference U n i t s  ( IRUs)  
con ta in ing  th ree  s i  ng l  e-axi s gyros f o r  r a t e  i n fo rma t ion  t o  c o n t r o l  e i g h t  
2.2 Newton hydrazine th rus te rs .  

A t t i t u d e  in fo rma t ion  f o r  use w i t h  the  science data i s  der ived  from the  analog 
ou tpu t  of t he  onboard gyrocompass subsystem of the  RCS. 
p e r i o d i c a l l y  v e r i f i e d  on the  ground us ing  the  FADS, which u t i l i z e s  the  I R U  
r a t e ,  Ear th  i n f r a r e d  ( I R ) ,  and Sun sensor data.  

These da ta  a re  

3. ATTITUDE DATA ANALYSIS AND DESCRIPTION 

Three d i s t i n c t  phases o f  the  yaw t u r n  anomaly a re  

0 The i n i t i a l  phase, s t a r t i n g  a t  the beginning o f  the  yaw maneuver a t  
15:17:08 du r ing  the  a c t i o n  o f  the  anomalous and constant  r o l l  t h r u s t e r  
f i r i n g ,  and command execut ion o f  the  s t i l l  a c t i v e  s to red  yaw t u r n  com- 
mands and occasional  rea l - t ime commands 

0 The approx imate ly  torque- f ree tumble phase, which begins a t  15:32:!58 
and cont inues u n t i l  the  i n i t i a t i o n  o f  the  G-RATE mode t o  despin the  
spacecra f t  a t  18:45:28 (when the  t h r u s t e r  auto c u t o f f  was d isab led  i n  
the  G-RATE mode) 

0 The pos t  G-RATE mode when the spacecraf t  i s  n e a r l y  i n e r t i a l l y  desplJn 
except f o r  a 0.06-deg r a t e  around the  +Y-axis and a swi tch  by r e a l -  
t i m e  command t o  the  B-DOT mode a t  22:08:15 un ive rsa l  t i m e  coord inated 
(UTC). 

3.1 PLAYBACK DATA DESCRIPTION 

The a t t i t u d e  sensor data used f o r  the  nominal a t t i t u d e  de terminat ion  support 
a re  from the  Sun sensors, the  I R  scanners, and the  three-ax is  IRU.  Dur ing the 

Iscanwheel i s  a r e g i s t e r e d  trademark o f  ITHACO Corp. 
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h igh- ra te  (2 deg/sec) tumble, the  I R U  data w e r e  saturated and o f  l i m i t e d  use 
except as r a t e  p o l a r i t y  and r a t e  t r a n s i t i o n  t i m e  i n d i c a t o r s .  The I R  scanner 
data w e r e  a l s o  confused w i t h  v a l i d  data occu r r i ng  occas iona l l y  when the  Ear th 
scan geometry was near the  geometry o f  the  planned opera t ion  o f  t he  scanners. 
The da ta  t h a t  a re  most i l l u s t r a t i v e  o f  the  spacecraf t  a t t i t u d e  mot ion du r ing  
the  yaw t u r n  tumble are  the  data from the  three-ax is  magnetometer and Sun 
sensors. The magnetometer data p l o t t e d  f o r  the du ra t i on  o f  t he  playback tape 
are  i l l u s t r a t e d  i n  F igure  1.  
anomaly when the  t h r u s t e r s  w e r e  on (15:17:08 t o  15:32:58) and the  mot ion i s  
torque dr iven .  N e x t  i s  a pe r iod  o f  r e l a t i v e l y  constant  angular  momentum w i t h  
no t h r u s t i n g  a t  an instantaneous sp in  r a t e  o f  2.1 deglsec (15:32:58 t o  
18:45:28). 
angular momentum vec to r  t h a t  i s  approximately constant i n  t h e  GCI  reference 
frame. However, the  angular v e l o c i t y  vec to r  moves i n  the  body re fe rence frame 
as a r e s u l t  o f  precession and n u t a t i o n  and i n  response t o  momentum exchange 
between the  wheel and the  body. A f t e r  t h i s  h igh-sp in per iod ,  t he  G-RATE mode 
d r i v e s  the  spacecra f t  i n t o  a near despun mode, w i t h  ra tes  t h a t  a re  t y p i c a l l y  
l e s s  than .1 deg/sec on a l l  th ree  axes. I t  i s  i n  t h i s  i n t e r v a l  t h a t  the  B-DOT 
mode i s  commanded, b u t  no obvious change occurs i n  the  magnetometer o r  Sun 
data t o  d e l i n e a t e  t h i s  event. 

The data show the  beginning o f  t he  c o n t r o l  

Dur ing  t h i s  pe r iod  the  spacecraf t  body i s  sp inn ing  around an 

3.1.1 MAGNETOMETER DATA 

The magnetometer da ta  i n  the  torque-dr iven, torque- f ree,  and low-rate i n t e r v a l s  
i l l u s t r a t e d  i n  F igure  1 show 

0 O s c i l l a t i o n s  a t  an approximate pe r iod  o f  2 t o  3 min 

0 Occasiondl per iods when the  ampl i tude o f  the  magnetic f i e l d  o s c i l l a -  
t i o n s  goes t o  zero  a t  a near-constant value on a l l  t h ree  axes simul- 
taneously  a t  16:11, 16:59, 17:48, and 18:37 

0 The t r a n s i t i o n  i n  the  sp in  r a t e  from the  nominal pre-yaw t u r n  1-RPO 
mode t o  the  tumble and the  r e t u r n  t o  the  low-rate mode a f t e r  t he  
G-RATE a c t i o n  a t  18:45:28 

The four  per iods  o f  low ampl i tude magnetic f i e l d  o s c i l l a t i o n  a re  t i m e s  when 
the  spacecra f t  sp in  a x i s  i s  c l o s e l y  a l igned w i t h  the  l o c a l  magnetic f i e l d .  
The f i e l d  a t  each o f  these t i m e s  i s  w i t h i n  10 deg o f  70-deg l a t i t u d e  and 
252-deg r i g h t  ascension. The s ign  and magnitude o f  each o f  t he  th ree  f i e l d  
components a t  these t i m e s  thus g ives an approximate i n d i c a t i o n  of t he  l o c a t i o n  
o f  t he  sp in  a x i s  i n  the  body reference frame and i n  the  G C I  frame. 
be noted t h a t  t he  Y component i s  always p o s i t i v e ,  the  X component i s  zero t o  
negat ive,  and t h e  Z component switches sign. 

I t  should 

3.1.2 SUN SENSOR DATA 

The Sun sensor da ta  throughout the  playback pe r iod  are  i l l u s t r a t e d  i n  F igure 2. 
The major f ea tu re  i n  these data i s  the  r a p i d  mot ion o f  the  Sun through the  f u l l  
range (64 deg) o f  the  sensor f i e l d  o f  view a t  approximately 2.5-min i n t e r v a l s .  
The long i n t e r v a l s  w i t h  no Sun data correspond t o  spacecraf t  n i g h t .  The pe r iod  
from sunr ise  a t  16:37 t o  the  f i r s t  Sun data a t  16:51 i s  an i n t e r v a l  where the  
geometry of the  sp in  vec tor  keeps the Sun ou t  of the  sensor f i e l d  o f  v i e w  fo r  
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t h ree  t o  f o u r  sp in  cyc les .  
16:51. Another f e a t u r e  i n  the  Sun data i s  the  s t i m u l a t i o n  o f  the  f i n e  r e t i c l e  
and coarse Gray code by r e f l e c t e d  l i g h t  o f f  the  Earth.  These da ta  can be seen 
a t  17:17 and 18:38. 
sensor a re  p r i m a r i l y  f i n e  r e t i c l e  events w i t h  the  Gray code a t  midrange o r  a t  
the  a l l  ones o r  a l l  zeros l i m i t s ;  these are  the  data a t  17:Ol and 15:39. 

The corner o f  sensor 2 begins t o  encounter Sun a t  

Other i n t e r v a l s  o f  Ear th  l i g h t  s t i m u l a t i o n  o f  the  Sun 

I n  the  low-spin-rate mode, a f t e r  the  G-RATE mode despin, the  spacecra f t  i s  
a l i gned  w i t h  the  -Y-axis c lose  t o  the  Sun (<20 deg). I n  t h i s  o r i e n t a t i o n ,  the  
Sun sensor views the  Ear th  du r ing  the  o r b i t  day and space du r ing  o r b i t  n i g h t ;  
a l s o  f o r  t h i s  o r i e n t a t i o n  the  s o l a r  a r r a y  normal i s  near-orthogonal t o  the  Sun 
vec to r .  
a t  o r b i t a l  p o s i t i o n s  t h a t  a re  about 10 min (40 deg) from spacecraf t  noon. 

The f i n e  and coarse r e t i c l e ,  Ear th-s t imulated Sun sensor da ta  occur 

3.1.3 INFRARED SCANNER DATA 

The I R  scanner da ta  a re  i l l u s t r a t e d  i n  the  upper h a l f  o f  F igure  3. 
f u l  f o r  t he  a t t i t u d e  processor, i n  the  h igh- ra te  tumble mode, the  da ta  would 
r e q u i r e  extens ive f i l t e r i n g  beyond what i s  a v a i l a b l e  i n  the  ERBS ADS Data Ad- 
j u s t e r  Subsystem. 
except f o r  an at tempt t o  s e l e c t  o n l y  data t h a t  could be v e r i f i e d  as o r i g i n a t i n g  
from near nominal Ear th  v iewing geometry du r ing  the  spacecraf t  n i g h t t i m e  per-  
i od .  

To be use- 

For t h i s  reason the  da ta  were  no t  used i n  t h i s  ana lys i s  

The r e s u l t s  f rom t h i s  w e r e  deemed unacceptable. 

3.1.4 GYRO DATA 

The gyro-rate data, i l l u s t r a t e d  i n  the  lower h a l f  o f  F igure  3, a re  presented 
t o  i l l u s t r a t e  the  c h a r a c t e r i s t i c s  o f  these data dur ing  the  h igh- ra te  tumble. 
For the  nominal a t t i t u d e  processing, the  design o f  the  ERBS ADS cou ld  n o t  
accommodate these data.  The in fo rma t ion  contained i s  an accurate measure of 
t he  p o l a r i t y  and du ra t i on  o f  p o l a r i t y  f o r  ra tes  on the  body axes; a l s o  apparent 
i s  a record  o f  t he  t i m e  a t  which the  ra tes  are  swi tch ing  s ign.  
ysis, these da ta  w e r e  used t o  v e r i f y  the  dynamic modeling (descr ibed l a t e r  i n  
Sect ion 3) o f  the  f i r s t  5 min o f  the  high-torque i n t e r v a l ,  and f o r  dynamic 
s t a t e  i n i t i a l i z a t i o n .  Approximate agreement was obta ined f o r  t he  p o l a r i t y  
sw i tch  i n  the  X-gyro r a t e  a t  15:24. 

For t h i s  anal- 

3.2 REAL-TIME DATA DESCRIPTION 

The rea l - t ime da ta  rece ived du r ing  the  ERBS yaw t u r n  anomaly requ i res  a t ten-  
t i o n  i n  t h i s  rev iew because i t  i s  an example o f  the  type of da ta  t h a t  w i l l  be 
r e l i e d  on i n  f u t u r e  spacecraf t  emergency recovery support .  Also, f o r  fu tu re  
preparedness, i t  i s a use fu l  e x e r c i  s e  f o r  spacecraf t  a t t i  tude c o n t r o l  ana lys ts  
t o  rev iew these data t o  t r a n s l a t e  the  experience t o  o the r  missions. 
the  rea l - t ime mon i to r ing  o f  the  yaw t u r n  maneuver, the  data t h a t  most v i v i d l y  
i l l u s t r a t e d  the  onset o f  the  problem w e r e  the  Sun sensor data.  
i l l u s t r a t e d  i n  F igure  4 ,  are  from two rea l - t ime passes. 
pass i s  from TDRS; the  17:02 t o  17:13 i s  from M e r r i t t  I s l a n d  (MIL). Sun data 
w e r e  n o t  expected a t  t he  t i m e  o f  the  maneuver. The occurrence o f  Sun sensor 
da ta  near 15:18 was, there fore ,  a s t rong i n d i c a t o r  o f  the  problem. 
t e r i s t i c s  of  t he  rea l - t ime  data reveal  the  complex i t ies  o f  rea l - t ime support 

Dur ing 

These data, 
The 15:16 t o  15:30 

The charac- 
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w i t h  these data. 
t a c t  da ta  a re  p e r i o d i c  a t  approximately the tumble per iod ,  as expected from a 
sensor w i t h  a wide f i e l d  o f  v i e w  p e r i o d i c a l l y  scanning the  Sun a t  t he  space- 
c r a f t  sp in  r a t e .  However, the  geometry o f  the MIL pass and omni RF beam does 
no t  cause obvious s t rob ing .  Not immediately obvious, however, was the  f a c t  
t h a t  the  TDRS contac t  da ta  w e r e  being strobed by the  t e l e m e t r y  downl ink i n t e r -  
r u p t i o n s  caused by the  r o t a t i o n  o f  the omni antenna hemispher ical  r a d i o  f r e -  
quency (RF) beam. 
maneuver o r  s i m i l a r  command load events us ing  a TDRSS high-gain antenna, the  
a v a i l a b i l i t y  o f  t he  data and command RF l i n k  f o l l o w i n g  the  c o n t r o l  e r r o r  would 
have been severe ly  l i m i t e d .  
immediately i n  the  F l i g h t  Dynamics F a c i l i t y  (FDF).  I t  became apparent when an 
at tempt t o  p l o t  t he  Sun t r a c e  i n  the  sensor f i e l d  o f  view showed t h a t  i t  oc- 
c a s i o n a l l y  s t a r t e d  o r  ended i n  the  middle o f  the  f i e l d  o f  view on consecut ive 
sp in  r o t a t i o n s .  The t e l e m e t r y  s t rob ing  i s  more obvious i n  the  magnetometer 
and I R U  da ta  f rom the  TDRSS pass i l l u s t r a t e d  i n  the  lower p o r t i o n  o f  F igure  4 
and F igure  5, r e s p e c t i v e l y .  
cont iguous throughout.  
i n  the  upper h a l f  o f  F igure  5 .  

The f i r s t  f ea tu re  i s  t h a t  the  t e l e m e t r y  dur ing  the  TDRS con- 

Had the  c o n t r o l  center  support been performed f o r  t h i s  

The s t rob ing  o f  the  data by the  RF was n o t  no t i ced  

For a rea l - t ime contac t ,  these da ta  should be 
The I R  scanner data are i l l u s t r a t e d  f o r  completeness 

4. ATTITUDE DETERMINATION WITH DYNAMICS 

The FDF ERBS A t t i t u d e  Ground Support Sys tem (AGSS) inc ludes  two a t t i t u d e  e s t i -  
mat ion methods: the  quatern ion es t imator  (QUEST) f o r  t he  coarse a t t i t u d e  de- 
te rm ina t ion  sys tem (CADS) and the  batch least-squares r o u t i n e  f o r  t he  FADS. 
The QUEST a l g o r i t h m  requ i res  a t  l e a s t  two sensor observa t ion  vec tors  per  frame 
t o  d e r i v e  the  opt imal  a t t i t u d e  quaternion. The batch least-squares a lgo r i t hm 
uses the  I R U  as a mot ion model t o  propagate the  a t t i t u d e  from a s o l u t i o n  a t  an 
epoch. 
t he  gyro biases. 

Sun and I R  ho r i zon  data a re  used t o  determine the  epoch a t t i t u d e  and 

The da ta  f rom the.anomaly cannot be used d i r e c t l y  i n  e i t h e r  technique f o r  con- 
t inuous a t t i t u d e  determinat ion.  QUEST cannot p rov ide  continuous so lu t i ons  due 
t o  the  l a c k  o f  two v a l i d  observat ion vectors  when Sun data a re  n o t  present .  
The FADS could no t  be used because i t  requ i res  cont iguous, unsaturated I R U  
t e l e m e t r y  data. Therefore, a dynamic model was developed t o  f i l l  i n  the  i n -  
t e r v a l s  o f  sa tura ted  I R U  t e l e m e t r y .  Previous at tempts a t  t h i s  procedure had 
shown subs tan t i a l  e r r o r s  f o r  long per iods o f  modeling (Reference 3) .  For the  
tumble, however, o n l y  sho r t  segments o f  modeling are  requ i red  due t o  the  
presence o f  Sun data every 2 min. 

4.1 THE DYNAMIC MODEL 

The dynamic model uses E u l e r  equations of mot ion t o  determine the  spacecraf t  
body r a t e s  i n  the  sa tura ted  i n t e r v a l s .  This i s  fo l lowed by an a p p l i c a t i o n  o f  
the  FADS, which f i l l s  the  3-min per iods between Sun data f o r  up t o  6 minutes 
of propagat ion.  The d i f f e r e n t i a l  co r rec to r  was app l i ed  t o  the  model t o  deter-  
mine a constant  torque b ias  fo r  each ax i s .  The o b j e c t i v e  of  the  c o r r e c t o r  was 
t o  achieve body ra tes  w i t h i n  .01 deg/sec of  the  known ra tes  du r ing  Sun per iods.  
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The dynamic mo t ion  model f rom t h e  E u l e r  equat ions o f  mot ion i s  

where I = 3 x 3 moment o f  i n e r t i a  m a t r i x  
N w = body a n g u l a r  r a t e  v e c t o r  
h = sum t o t a l  a n g u l a r  momentum o f  t h e  wheels i n  t h e  body frame 

= e x t e r n a l  t o r q u e  v e c t o r  ( t h r u s t e r  and env i ronmen ta l )  

N 

The equa t ions  o f  mo t ion  a r e  i n t e g r a t e d  numeL ica l l y  u s i n g  t h e  f o u r t h  o r d e r  

Runge-Kutta method. The q u a n t i t i e s  and a r e  determined f r o m  t h e  wheel 
d; speeds i n  t h e  p layback  da ta ,  where dt i s  t aken  t o  be c o n s t a n t  between wheel 

speed sampl es. 

dh 

The Gauss-Newton least -squares e s t i m a t o r  i s  employed t o  e s t i m a t e  t h e  i n i t i a l  
s t a t e  v e c t o r  f r o m  t h e  i n t e r v a l s  o f  v a l i d  data.  The s t a t e  v e c t o r  i s  composed 
o f  t h e  f o l l o w i n g  parameters:  

0 I n i t i a l  s p a c e c r a f t  body angu la r  r a t e s  
0 Sca le  f a c t o r s  f o r  each r e s u l t a n t  t h r u s t e r  t o r q u e  
0 E x t e r n a l  t o r q u e  b i a s  

The b a t c h  l eas t - squares  method r e q u i r e s  t h e  comparison o f  t h e  o b s e r v a t i o n  d a t a  
t o  a sensor d a t a  model which i s  based on t h e  s t a t e  v e c t o r  which evolves accord- 
i n g  t o  t h e  dynamic mo t ion  model. The o b s e r v a t i o n s  used a r e  v a l i d  I R U  r a t e  d a t a  
d u r i n g  t h e  occas iona l  nonsa tu ra ted  t r a n s i t i o n  i n t e r v a l s  and Sun sensor da ta .  A 
Sun sensor d a t a  model i s  d e r i v e d  by l e t t i n g  t h e  model v e c t o r  equal t h e  observed 
a t  t h e  f i r s t  occurrence o f  a v a l i d  o b s e r v a t i o n .  A t  t i m e  A t  (= 1 sec) t h e  Sun 
v e c t o r  model i s  c a l c u l a t e d  f rom 

N Y 

The g y r o  r a t e  (GB) i s  taken d i r e c t l y  f rom t h e  i n t e g r a t e d  equa t ions  o f  mot ion.  

The s t a t e  v e c t o r  i s  determined i t e r a t i v e l y  us? ng 
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which i s  a r e s u l t  of m in imiz ing  the  l oss  func t i on ,  ( J ) ,  where 

-0 and xK = Kth  est imate o f  the  s t a t e  vec tor  a t  the epoch 

= a p r i o r i  est imate o f  the  s t a t e  vec tor  a t  the  epoch XA 

W = diagonal  observat ion weight ma t r i x  N 

So = diagonal  s t a t e  weight ma t r i x  

av G = m a t r i x  o f  model p a r t i a l  d e r i v a t i v e  o f  the  form 
k a XK 
N 

y = observa t ion  vec to r  
?JK = sensor observat ion model vector  

To rep lace  the  sa tura ted  gyro data,  the  dynamic i t e r a t i o n  model i s  employed i n  
the  f o l l o w i n g  manner. 
a l l  sa tu ra ted  gyro and i n v a l i d  Sun data.  
f i l e  t h a t  can be accessed by o the r  sof tware.  

The dynamic model u s e s  these data f o r  a user -spec i f ied  t i m e  segment. 
t i m e  segment i s  u s u a l l y  the i n t e r v a l  from the  middle o f  one Sun occurrence t o  
the  middle o f  t he  next .  The a p r i o r i  est imate f o r  t he  angular r a t e s  i s  deter-  
mined from the  f i n a l  r a t e s  o f  the  prev ious batch. When the  prev ious batch i s  
no t  a v a i l a b l e ,  t he  i n i t i a l  ra tes  are determined by process ing a small segment 
o f  t i m e  through the  dynamic model. By weight ing the  a p r i o r i  est imate o f  the  
torque b iases,  t he  dynamic model w i l l  converge on an accurate est imate o f  t he  
body ra tes .  
t i m e  i n t e r v a l .  

The playback data a re  processed i n  the  AGSS, f lagg ing  
These data a re  w r i t t e n  t o  a data 

This  

These r a t e s  are  then used f o r  the a p r i o r i  est imate o f  the  e n t i r e  

The body r a t e s  r e s u l t i n g  f rom the  so lved- for  s t a t e  vec to r  a re  used t o  rep lace  
the  I R U  r a t e s  i n  the  data f i l e  read by t h e  FADS. The FADS i s  then used t o  de- 
t e r m i  ne cont inuous a t t i  tude so l  u t i ons  over the  h i  gh-spi n r a t e  i n t e r v a l  by prop- 
agat ing  f rom an epoch a t t i t u d e  and r a t e  b ias  us ing a t t i t u d e  v a r i a t i o n  from the  
dynami ca l  l y  i n t e r p o l a t e d  ra tes .  

4.2 ATTITUDE RESULTS 

An example o f  the p i t c h ,  r o l l ,  and yaw angle r e s u l t s  from the  dynamic i n t e r -  
p o l a t i o n  i s  shown i n  F igure  6. Since the dynamic mot ion model used was no t  
accurate enough t o  span t i m e  gaps exceeding 6 min, t h i s  technique was no t  
app l i ed  t o  the  n i g h t  per iods.  

38 1 



t t Y .t- 

cc 
0 
c 
0 
.r 

L 
aJ 
c, 
c 
H 

u 
.C 

.r 
c, 
+-, a 

I -L  
0 0  
C L V ,  

a J a J  
C C  
l-c, 

W 

aJ 
I 
5 
UI 

LL 
.r 

382 



For the pe r iod  a f t e r  t he  tumble was ha l ted ,  the I R U  data re tu rned  t o  nominal, 
and the  a t t i t u d e  could be ca l cu la ted  d i r e c t l y  us ing  FADS w i t h  magnetometer 
data.  

The a t t i t u d e  s o l u t i o n s  obta ined from the  dynamic i n t e r p o l a t i o n  o f  t he  I R U  data 
du r ing  the  h igh- ra te  tumble and from the  FADS f o r  the  despun mode w e r e  used t o  
p l o t  the  mot ion o f  t he  Sun on the  u n i t  sphere o f  t he  body re fe rence frame 
(BCS). F igure  7 covers two i n t e r v a l s  o f  h igh-sp in r a t e  and low-spin r a t e  data. 
The low-rate da ta  a re  f rom the  t i m e  immediately f o l l o w i n g  the  command t o  the  
G-RATE mode when the  spacecraf t  i s  despun us ing  t h r u s t e r s .  
each page o f  the  f i g u r e  show the  BCS frame o r ien ted  w i t h  the  +Z-axis downward 
as i n  the  ERBS c o n f i g u r a t i o n  o f  nominal f l i g h t .  The +Y-axis s ide  o f  the  BCS 
i s  t he  le f t -hand sphere w i t h  the  Sun sensor f i e l d  o f  v i e w  i n s c r i b e d  on the  
sphere t o  a l l ow  c o r r e l a t i o n  of these data w i t h  the  Sun sensor da ta  d isp layed 
i n  F igure  7. The le f t -hand sphere i s  the  -Y-axis s ide  o f  the  BCS viewed from 
s l i g h t l y  below the  X-Y plane. The Sun t races  on the  sphere a re  labe led  w i t h  
numbered t i c k  marks a t  30-sec i n t e r v a l s  f o r  the  data corresponding t o  the  high- 
sp in - ra te  mode. The ERBE science sensor 45-deg and 70-deg f i e l d s  o f  view are  
a l s o  de l ineated  as cones around the  +Z-axis. 
which i s  dep ic ted  here as a 2n s terad ian  f i e l d  1 1  deg o f f  t he  -Z-axis, i s  
a l s o  i l l u s t r a t e d  t o  show when the  Sun was sh in ing  on the  ar ray .  
p l o t  representa t ions  o f  the  despun Sun t races ,  such as those i n  F igure  7(b) 
f o r  t he  whole recorded i n t e r v a l ,  i n d i c a t e  t h a t  f o r  a l l  b u t  50 min o f  the  
daytime per iods between 18:43 UTC and 23:OO UTC, the  Sun was o f f  t he  s o l a r  
a r ray .  

The two spheres on 

The s o l a r  a r r a y  f i e l d  o f  view, 

The sphere- 

5. COMPARISON OF CALCULATED SPACECRAFT POINTING DATA WITH ERBE 
NONSCANNER INSTRUMENT DATA 

Both ERBE inst ruments remained i n  t h e i r  normal opera t iona l  modes from the  be- 
g inn ing  o f  t he  yaw anomaly on J u l y  2 u n t i l  a f t e r  t he  pr imary  r o t a t i o n  o f  the  
spacecra f t  was stopped. 
c r a f t  p o s i t i v e  Z-axis, and the  scanner de tec tors  were  scanning i n  a plane t h a t  
i s  normal t o  the  spacecraf t  X-axis. 
both inst ruments were  exposed t o  d i r e c t  s o l a r  r a d i a t i o n .  
respond e r r a t i c a l l y  when exposed t o  the  s t rong s o l a r  r a d i a t i o n ,  making i t  d i f -  
f i c u l t  t o  accu ra te l y  reso lve  when the  exposure begins and ends. 
nonscanner ins t rument  data acqui red du r ing  spacecraf t  r o t a t i o n  a re  descr ibed. 

The nonscanner de tec tors  w e r e  po in ted  a long the  space- 

The scanner de tec tors  
Data i n d i c a t e  t h a t  t he  f i e l d s  o f  view o f  

Thus, o n l y  

F igure  8 shows the  raw outpu t  (one measurement e v e r y  1 6  sec) of t he  wide f i e l d  
o f  view t o t a l  r a d i a t i o n  de tec tor  f o r  the  pe r iod  on J u l y  2 ,  s t a r t i n g  before the  
yaw maneuver began and ending a f e w  minutes a f t e r  t he  r a p i d  mot ion of t he  
spacecraf t  was stopped. 
i n g  the  Ear th i n  f u l l  darkness. 
f o r  zero i n p u t  r a d i a t i o n  and decreases w i t h  increased i n p u t  r a d i a t i o n .  
f i r s t  i s o l a t e d  sp ike  seen i n  the  de tec to r  data o f  F igure  8 i n d i c a t e s  when the  
de tec to r  viewed the  Sun a t  the  spacecraf t  hor izon  as the  spacecra f t  passed from 
darkness i n t o  s u n l i g h t .  
occu r r i ng  tw ice  each o r b i t .  Comparing t h i s  Sun sp ike t o  data obta ined du r ing  

The pe r iod  o f  the  data begins w i t h  the  de tec tors  view- 
The raw output  o f  the  de tec to r  i s  a maximum 

The 

This sp ike i s  normal i n  the  nominal miss ion mode, 
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Figure 7 ( a ) .  Sun Traces i n  t h e  Body Frame From 1655 t o  1710 
(T ick  Marks Every 30 s e c )  

Figure 7 ( b ) .  Sun Traces in Body Frame From 870702.184301 t o  
870702.192101 (0  = S t a r t  Time, X a t  Every 30 sec)  
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The ca l cu la ted  f i e l d  o f  v i e w  envelope data i n d i c a t e  t h a t  the  wide f i e l d  o f  
view de tec to r  rece ived s o l a r  r a d i a t i o n  du r ing  every spacecraf t  r o t a t i o n  cyc le  
from 16:55 t o  17:lO and t h a t  the  medium f i e l d  o f  view de tec to r  sensed the  Sun 
o n l y  du r ing  the  l a s t  two cyc les.  These c a l c u l a t i o n s  are  v e r i f i e d  by the  cor-  
responding de tec to r  ou tpu t  data o f  F igure 9. 
p red ic ted  f o r  t he  wide f i e ld -o f - v iew  detec tor  can a l s o  be seen c l e a r l y  du r ing  
the  l a s t  two r o t a t i o n  cyc les i n  F igure 9. The Earth-view p r e d i c t i o n s  and com- 
par isons w i t h  de tec to r  ou tpu t  data a re  no t  as i n t e r e s t i n g .  However, t he  ca l -  
cu la t i ons ,  which p r e d i c t  Ear th  views e v e r y  cyc le  f o r  both de tec tors ,  a re  
conf i rmed by the  raw rad iomet r i c  data of F igure 9. Two fea tu res  o f  the  calcu- 
l a t e d  f i e l d  o f  view envelope data f o r  the pe r iod  from 18:25 t o  18:40 (F ig -  
u re  10) a re  conf i rmed by the ERBE inst rument  rad iomet r i c  da ta  for  t h a t  per iod .  
So la r  exposure was g rea tes t  du r ing  the  second r o t a t i o n  cyc le  (about 18:27), 
and Ear th  r a d i a t i o n  exposure was grea tes t  du r ing  the  l a s t  cyc le  (about 18:40). 

The inc reas ing  So la r  exposure 

the  pe r iod  o f  spacecraf t  r o t a t i o n ,  i t  appears t h a t  the  wide f i e l d  o f  v i e w  de- 
t e c t o r s  sensed some s o l a r  i n p u t  about e v e r y  3 min du r ing  the  s u n l i g h t  p o r t i o n s  
o f  t he  th ree  o r b i t s  t h a t  the  spacecraf t  was r o t a t i n g .  

Raw rad iomet r i c  data from the  wide and medium f i e l d s  o f  view t o t a l  de tec tors  
f o r  the  two 15-min per iods i d e n t i f i e d  i n  F igure 8 a re  presented on enlarged 
t i m e  scales i n  Figures 9 and 10 along w i t h  corresponding p l o t s  f rom the  calcu- 
l a t i o n s  o f  the  angular  separat ion o f  the  de tec to r  f i e l d s  o f  v iew from the  
Ear th n a d i r  and Sun vec tors  us ing  a t t i t u d e  r e s u l t s  based upon the  dynamic i n -  
t e r p o l  a t i  on. 

From the  a t t i t u d e  angles, the  angles from the  edges o f  the  f i e l d  o f  v iew o f  
both a wide angle (70 deg) and medium angle (45 deg) nonscanner t d t h e  n a d i r  
vec to r  and the  Sun vec to r  w e r e  ca lcu la ted .  These values correspond t o  the  
da ta  i n  the  upper sphere p l o t  o f  F igure 7. The s o l i d  l i n e  i n d i c a t e s  the  wide 
angle nonscanner l i m i t s ,  and the dashed l i n e  i n d i c a t e s  medium angle nonscanner 
f i e l d  o f  view l i m i t s .  From the  graphs, the  t i m e  when e i t h e r  experiment viewed 
the  Sun o r  the  Ear th can be determined. 
o f  view must i nc lude  the  Sun l i n e ,  which i s  the  zero angle i n  the  upper graph. 
To view the  Ear th,  the  f i e l d  o f  view edge must i nc lude  the  Ear th edges, which 
are  the  l i n e s  o f  constant  value +70 deg i n  the  lower graph. 

To v i e w  the  Sun, the  edge o f  the  f i e l d  

6. CONCLUSION 

A d e s c r i p t i o n  o f  the  c h a r a c t e r i s t i c s  of the  ERBS yaw t u r n  a t t i t u d e  c o n t r o l  
anomaly, which occurred du r ing  an i n - f l i g h t  t e s t  of  the  X-gyro d isab led  yaw 
i n v e r s i o n  maneuver p lan,  has been presented. Processed a t t i t u d e  sensor da ta  
f rom playback data. augmented by a dynamics model has prov ided a complete de- 
s c r i p t i o n  o f  the  a t t i t u d e  h i s t o r y  throughout the  s u n l i t  pe r iod  o f  the  c o n t r o l  
anomaly covered by the  playback data. V e r i f i c a t i o n  o f  the  method app ly ing  the  
dynamic model t o  i n t e r p o l a t e  the  I R U  data was performed by d i r e c t  comparison 
o f  ca l cu la ted  science sensor bores igh t  t o  Sun and Ear th angles w i t h  raw I R  
i n t e n s i t y  da ta  f rom the  ERBE nonscanner. Examples o f  the  a t t i t u d e  sensor data 
received i n  the  rea l - t ime t e l e m e t r y  data i l l u s t r a t e d  the  compl ica t ion  t h a t  
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t e l e m e t r y  s t r o b i  ng imposes on r e a l  t i m e  commanding and a t t i  tude t e l e m e t r y  i n -  
t e r p r e t a t i o n .  The playback data revealed the  phenomenon o f  s t i m u l a t i o n  of the 
f i n e  Sun sensor by the  Ear th albedo a t  o r b i t a l  l oca t i ons  approx imate ly  40 deg 
on e i t h e r  s ide  o f  t he  subsolar p o i n t .  The ana lys is  o f  the  J u l y  2 ,  1987, ERBS 
yaw t u r n  anomaly has prov ided an oppor tun i t y  t o  assess the  sof tware and proce- 
dures requirements f o r  support  o f  spacecraf t  emergencies i n  the  FDF. 

I n  re t rospec t ,  t he  f o l l o w i n g  observat ions can be made about the  experience per- 
t a i n i n g  t o  the  cont ingency support procedures and software.  The p o i n t  of view 
i s  taken r e l a t i v e  t o  the  rea l - t ime event, and, t he re fo re ,  i t  i s  impera t ive  no t  
t o  assume t h a t  da ta  q u a l i t y  and d iagnos t ic  resources are near those prov ided 
by the playback data analyzed and presented i n  t h i s  work. 

1 .  Real-time t e l e m e t r y  was usefu l  f o r  the i n i t i a l  problem d iagnost ics ,  
i n c l u d i n g  the  tumble s t a t e  and a rough est imate o f  the  spacecra f t  body r a t e .  
These data a l s o  prov ided the  Sun sensor data f o r  the  e a r l y  hand-drawn vers ions 
o f  the  Sun t races  i n  the  BCS frame f ie ld -o f -v iew p l o t s .  
i nstrumental  i n  demonstrat ing the  t e l e m e t r y  s t r o b i  ng and 
mates o f  t he  e v o l u t i o n  o f  the  sp in  ax i s  i n  the  BCS frame 
rea l - t ime  a t t i t u d e  t e l e m e t r y  was o f  l i m i t e d  use w i t h  the  
dures t h a t  w e r e  i n  p lace  a t  the t i m e .  

2. La ter ,  a f t e r  the  e n t r y  i n t o  the despun mode and 
a c t i v a t i o n  o f  the  B-DOT c o n t r o l  mode, occurrences o f  un f  
"on'') Sun sensor da ta  l e d  t o  i n c o r r e c t  conclusions about 
t i o n ,  which i f  acted upon could have f u r t h e r  compl icated 

These p l o t s  w e r e  then 
p r o v i d i n g  crude e s t i -  

Beyond t h i s ,  the  
sof tware and proce- 

even l a t e r  du r ing  the  
agged (Sun presence 
the  despun o r ien ta -  
the  s i t u a t i o n .  These 

w e r e  subsequently (days l a t e r )  determined t o  have been caused by the  b r i g h t  
Ear th  l i g h t .  

3 .  V a l i d  so lu t i ons  t o  the  a t t i t u d e  i n  the per iods o f  h igh-sp in r a t e  w e r e  
poss ib le  us ing  the  ERBS CADS; however, the  a t t i  tude rep resen ta t i on  o f  p i t c h ,  
r o l l ,  and yaw was no t  s u i t e d  f o r  the  sp inn ing and n u t a t i n g  cond i t i on .  
suggests t h a t  the  a v a i l a b i l i t y  o f  a l t e r n a t i v e  representa t ion ,  such as the  
sp in-ax is  r i g h t  ascension and d e c l i n a t i o n ,  BCS sp in  u n i t  vec tor ,  and angular 
momentum vec to r  representa t ions ,  may have con t r i bu ted  t o  a more r a p i d  reso lu -  
t i o n  of t he  d e t a i l e d  a t t i t u d e  and spacecraf t  sp in  s t a t e  f rom the  l i m i t e d  
rea l - t ime  data. 

This 

4.  R e l i a b l e  spacecraf t  dynamics s imu la t ion  i n  con junc t ion  w i t h  a t t i t u d e  
de terminat ion  us ing  Sun sensor and magnetometer data could c o n t r i b u t e  s i g n i f i -  
c a n t l y  t o  the  rea l - t ime  a t t i t u d e  es t imat ion  process i n  the  cont ingency mode. 

An a t t i t u d e  a lgo r i t hm r e l y i n g  only on the  magnetometer data w i t h  i n i -  
t i a l i z a t i o n  du r ing  per iods o f  v a l i d  Sun sensor and gyro da ta  o r  du r ing  those 
spec ia l  per iods of coalignment of the  sp in  ax i s  and the  geomagnetic f i e l d ,  i n  
a d d i t i o n  t o  op t i ona l  choices f o r  the  a t t i t u d e  s t a t e  representa t ion  would prob- 
a b l y  have been the  most use fu l  t o o l .  The usefulness o f  such a software t o o l  
would have been d i r e c t l y  p ropor t i ona l  t o  the graphics c a p a b i l i t i e s  and the  
a b i l i t y  t o  q u i c k l y  generate hardcopy vers ions o f  a t t i t u d e  r e s u l t s  i n  some o f  
t he  op t i ona l  representa t ions  presented i n  t h i s  work. 

5. 
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