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ABSTRACT 

E x i s t i n g  t h r u s t  moLeling c a p a b i l i t i e s  o f  the  Goddard T r a j e c t o r y  Determ,nat ion 
Sys tem (GTDS) have been enhanced t o  a l l ow  c a l i b r a t i o n  o f  t he  onboard propul -  
s ion  system. These enhancements p rov ide  one or more t h r u s t  sca le f a c t o r s ,  
based on es t ima t ion  us ing  the  batch least-squares technique, f o r  the  case o f  
a long- t rack t h r u s t  and the  case o f  at t i tude-dependent t h r u s t .  The enhance- 
ments a re  evaluated us ing  simulated t r a c k i n g  measurements f o r  a t e s t  space- 
c r a f t  and us ing  ac tua l  t r a c k i n g  measurements f o r  the  Ear th  Rad ia t ion  Budget 

S a t e l l i t e  (ERBS).  The e f f e c t s  o f  t r a c k i n g  measurement no ise  and d i s t r i b u t i o n  
on the  accuracy o f  the  es t imat ion  are  i nves t i ga ted  and found t o  be s i g n i f i -  
cant .  Resul ts  and conclusions o f  the ana lys is  a re  presented. 

*This work was supported by the  Nat ional  Aeronaut ics and Space Admin i s t ra t i on  
(NASA) /Goddard Space F1 i ght  Center (GSFC) , Greenbel t , Mary1 and , under Con- 
t r a c t  NAS 5-31500. 
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1 .  INTRODUCTION 

The f o r c e  mode l i ng  requi rements f o r  t r a j e c t o r y  computat ion f o r  s p a c e c r a f t  

suppor ted by  t h e  F l i g h t  Dynamics F a c i l i t y  (FDF) a t  t h e  Goddard Space F l i g h t  
Center  (GSFC) a r e  d i f f e r e n t  f o r  each m i s s i o n  phase (Reference 1 ) .  The f o r c e s  
t h a t  de te rm ine  t h e  t r a j e c t o r y  o f  t h e  s p a c e c r a f t  d u r i n g  t h e  o n - o r b i t  phase 
i n c l  ude s o l a r ,  1 unar,  and E a r t h  g r a v i t a t i o n a l  f o r c e s  ; aerodynami c f o r c e s ;  
and s o l a r  r a d i a t i o n  e f f e c t s .  These f o r c e s  a r e  c o n t i n u o u s l y  i n  e f f e c t  and 
a r e  modeled g e n e r i c a l l y  f o r  a l l  s p a c e c r a f t .  T r a j e c t o r y  computat ion d u r i n g  
maneuvers, such as t r a n s f e r  o r b i t ,  s t a t i o n k e e p i n g ,  and t a r g e t i n g ,  i n v o l v e s  
model ing t h e  f o r c e  due t o  t h r u s t ,  which i s  d i f f e r e n t  f o r  d i f f e r e n t  s p a c e c r a f t  
and types o f  maneuvers. 

t h r u s t  and t h e  o t h e r  w i t h  a t t i t ude -dependen t  t h r u s t ,  have r e c e n t l y  been i m -  
p lemented and t e s t e d  as enhancements t o  t h e  Goddard T r a j e c t o r y  D e t e r m i n a t i o n  
System (GTDS).  These models a r e  t h e  s u b j e c t  o f  t h i s  paper .  

Two t h r u s t  models, one d e a l i n g  w i t h  a l o n g - t r a c k  

The paper i s  o rgan ized  i n t o  f o u r  s e c t i o n s .  
cusses t h e  scope and goa ls  o f  t h e  paper and desc r ibes  t h e  c u r r e n t  t h r u s t  

e s t i m a t i o n  c a p a b i l i t i e s  i n  GTDS and t h e  c u r r e n t  and f u t u r e  t h r u s t  e s t i m a t i o n  
requ i remen ts .  
model and t h e  a t t i t ude -dependen t  t h r u s t  e s t i m a t i o n  model, r e s p e c t i v e l y ;  each 

o f  t hese  s e c t i o n s  i n c l u d e s  a d e s c r i p t i o n  o f  t h e  e s t i m a t i o n  method, a d i scus -  
s i o n  o f  t h e  e s t i m a t i o n  r e s u l t s ,  and t h e  conc lus ions .  
f u t u r e  developments i n  t h r u s t  e s t i m a t i o n .  

The remainder o f  S e c t i o n  1 d i s -  

Sec t i ons  2 and 3 d i scuss  t h e  a l o n g - t r a c k  t h r u s t  e s t i m a t i o n  

S e c t i o n  4 d e s c r i b e s  

1.1 SCOPE AND GOALS 

T h i s  paper d i scusses  f o r c e  model ing i n  GTDS f o r  t h e  case o f  a l o n g - t r a c k  
t h r u s t  and f o r  t h e  case o f  t h r u s t  w i t h  c r o s s - t r a c k  o r  r a d i a l  components. The 
mathemat ica l  f o r m u l a t i o n  o f  t h e  t h r u s t  e s t i m a t i o n  a l g o r i t h m  and e v a l u a t i o n  
o f  t h e  r e s u l t i n g  enhanced GTDS a r e  presented.  The goa ls  o f  t h e  e v a l u a t i o n  

a r e  t h e  f o l l o w i n g :  

0 To e s t a b l i s h  whether a r e l i a b l e  pos tbu rn  s t a t e  can be determined 
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0 To assess t h e  i n f l u e n c e  o f  t r a c k i n g  measurement no i se ,  t r a c k i n g  

measurement d i s t r i b u t i o n ,  and t h e  a p r i o r i  s t a t e  v e c t o r  on t h r u s t  
e s t  i mat i on 

1.2 CURRENT THRUST ESTIMATION CAPABILITIES I N  GTDS 

The i n c l u s i o n  o f  t h r u s t  f o r c e s  i n  GTDS a l l o w s  powered ephemeris g e n e r a t i o n  

th rough  t h e  Ephemeris Genera t i on  (EPHEM) Program and t h r u s t  l e v e l  e s t i m a t i o n  
th rough  t h e  D i f f e r e n t i a l  C o r r e c t i o n  ( D O  Program. T h r u s t  e s t i m a t i o n  i s  cu r -  
r e n t l y  suppor ted by  GTDS i n  t h e  form o f  a po l ynomia l  t h r u s t  o p t i o n ,  which 
a l l o w s  v a r i a t i o n  o f  e i g h t  o r  l e s s  po lynomia l  c o e f f i c i e n t s  ai o f  t h e  t h r u s t  
a c c e l e r a t i o n  f u n c t i o n ,  A ( t ) ,  w r i t t e n  as 

8 

i =1 

where t i s  t h e  t i m e  f rom i g n i t i o n  (Reference 2 ) .  The t h r u s t  e s t i m a t i o n  can 
be per formed i n  c o n j u n c t i o n  w i t h  a t t i  tude e s t i m a t i o n  (or s p e c i f i c a t i o n ) .  

V a r i a t i o n s  i n  t h e  s p a c e c r a f t  r o l l ,  p i t c h ,  and yaw, o r  i n  t h e  r i g h t  ascension 
and d e c l i n a t i o n ,  as f u n c t i o n s  o f  t i m e  a r e  each rep resen ted  as po lynomia l s  o f  
o r d e r  f o u r  o r  l e s s ,  w i t h  v a r i a b l e  c o e f f i c i e n t s .  These c o e f f i c i e n t s  can a l s o  
be e s t i m a t e d  i n  t h e  DC Program. 

I n  t h e  DC Program, t h e  spacec ra f t  a p r i o r i  s t a t e  can always be es t ima ted .  

However, if t h e  a p r i o r i  s t a t e  i s  known t o  be h i g h l y  accu ra te ,  i t s  v a r i a t i o n  

can be suppressed, thus  a l l o w i n g  t h e  d i f f e r e n t i a l  c o r r e c t i o n  process t o  v a r y  

o n l y  t h e  t h r u s t  s c a l e  f a c t o r .  I n  genera l ,  t h i s  can be expected t o  p r o v i d e  a 

more r e l i a b l e  e s t i m a t e d  t h r u s t  f a c t o r .  

1.3 CURRENT AND FUTURE THRUST MODELING REOUIREMENTS 

Fo r  seve ra l  N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  (NASA) m iss ions ,  

such as t h e  Cosmic Background E x p l o r e r  (COBE) and G e o s t a t i o n a r y  Opera t i ona l  

Envi ronmental  Sate1 1 i t e  (GOES) ,  i t i s d e s i r a b l e  t o  p e r f o r m  near - rea l  t i m e  
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c a l i b r a t i o n  o f  t h e  onboard p r o p u l s i o n  system. Thus, I f  Anom( t )  i s  t h e  no- 
m ina l  t h r u s t  a c c e l e r a t i o n  measured under c o n t r o l l e d  c o n d i t i o n s  and A e f f ( t )  
i s  t h e  a c t u a l  e f f e c t i v e  t h r u s t  a c c e l e r a t i o n  d u r i n g  maneuvers, t hen  a c a l i -  
b r a t i o n  f a c t o r  ( 1  + r) i s  r e q u i r e d ,  such t h a t  

The po lynomia l  t h r u s t  e s t i m a t i o n  o p t i o n  c u r r e n t l y  o p e r a t i o n a l  i n  GTDS poten- 

t i a l l y  changes t h e  fo rm o f  t h e  nominal t h r u s t  p r o f i l e  by  a l l o w i n g  independent 
v a r i a t i o n  o f  a l l  t h e  c o e f f i c i e n t s .  I t  does n o t  a l l o w  e s t i m a t i o n  o f  t h e  

s i n g l e  c a l i b r a t i o n  f a c t o r  o f  Equat ion ( 2 ) .  A d e s i r a b l e  enhancement would 
i n c l u d e  an a r b i t r a r y  p r o f i l e  f o r  Anom(t)  (e.g. ,  t h r u s t  i n p u t  i n  t h e  f o r m  

o f  a numer ica l  t a b l e  o f  t h r u s t  a c c e l e r a t i o n  va lues )  and t h e  c a p a b i l i t y  t o  
e s t i m a t e  a c a l i b r a t i o n  f a c t o r  ( 1  + TI. Since t h e  maneuvers a r e  o f t e n  ac- 
companied b y  h i g h l y  s p e c i f i c  a t t i t u d e  c o n f i g u r a t i o n s ,  a g e n e r a l i z a t i o n  o f  
t h e  a t t i  t ude  s p e c i f i c a t i o n  and e s t i m a t i o n  i s a1 so i m p o r t a n t .  These i ssues 
a r e  d i scussed  f u r t h e r  i n  Sec t i ons  2 and 3. 

2.  ESTIMATION OF ALONG-TRACK THRUST 

T h i s  s e c t i o n  p r e s e n t s  a d i s c u s s i o n  o f  t h r u s t  e s t i m a t i o n  f o r  t h e  case o f  
t h r u s t  e n t i r e l y  a l o n g  t h e  v e l o c i t y  d i r e c t i o n  ( a l o n g - t r a c k ) .  I n  GTDS, t h i s  
i n v o l v e s  t h e  i n c l u s i o n  o f  an a d d i t i o n a l  t e r m  i n  t h e  f o r c e  model t o  account 
f o r  t h e  t h r u s t ,  as w e l l  as t h e  s p e c i f i c a t i o n  o f  a t h r u s t  s c a l e  f a c t o r  ( 1  + z )  
t o  be es t ima ted .  

Severa l  f a c t o r s  i n f l u e n c e  t h e  t h r u s t  e s t i m a t i o n  process,  such as t h e  n a t u r e  o f  
t h e  t r a c k i n g  measurements used f o r  e s t i m a t i o n  ( i . e . ,  l e n g t h  o f  d a t a  a r c ,  d i s -  
t r i b u t i o n ,  b iases ,  n o i s e ) ,  t h e  r e l i a b i l i t y  o f  t h e  a p r i o r i  s t a t e  v e c t o r ,  and 
t h e  number o f  parameters b e i n g  s i m u l t a n e o u s l y  es t ima ted .  F u n c t i o n a l  f e a s i b i l -  

i t y  o f  t h e  enhanced GTDS can be e s t a b l i s h e d  by  e v a l u a t i n g  t h e  i n f l u e n c e  o f  

t hese  f a c t o r s  on t h e  system. 
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The t h r u s t  es t ima t ion  method i s  descr ibed i n  Sect ion 2.1. The r e s u l t s  o f  
the  eva lua t i on  and the  conclusions of  the ana lys i s  are presented i n  Sec- 
t i o n s  2.2 and 2.3, respec t i ve l y .  

ences 3 and 4.  
Fur ther  i n fo rma t ion  can be found i n  R e f e r -  

2.1 METHOD FOR ALONG-TRACK THRUST ESTIMATION 

The enhanced GTDS t h r u s t  force model descr ibed i n  t h i s  sec t i on  [ r e f e r r e d  t o  
as the  t a b u l a r  t h r u s t  f o rce  model (TTFM)] uses the e x i s t i n g  t h r u s t  magnitude 
c o e f f i c i e n t  es t ima t ion  func t ion  i n  GTDS t o  enhance the  c a p a b i l i t y  o f  the 
polynomial  t h r u s t  model. I n  t h i s  force model, the  j t h  acce le ra t i on  vec to r  
a t  t i m e  ti, A . ( t . ) ,  which i s  assumed t o  be a l i gned  w i t h  the v e l o c i t y  

o f  t he  spacecra f t  i n  the  o r b i t  p lane coord inate s y s t e m ,  can be w r i t t e n  as 
f o l  1 ows : 

-29 

J 1  

r 1 

where = v e l o c i t y  u n i t  vec tor  
F . ( t . )  = j t h  t h r u s t  f o rce  magnitude a t  t i m e  ti 
M j ( t i )  = corresponding mass of  the  spacecraf t  du r ing  the  j t h  t h r u s t  

J 1  

a t  t i m e  t i  
= t h r u s t  v a r i a t i o n  c o e f f i c i e n t  o f  the  j t h  t h r u s t  T j  

A maximum o f  20 t h r u s t  forces can be modeled, each t h r u s t  be ing represented 
by a t h r u s t  t a b l e  and a corresponding mass t a b l e .  

One o f  two op t i ons ,  an a p p l i c a t i o n  op t i on  o r  an es t ima t ion  op t i on ,  can be 

s p e c i f i e d .  

example the  j t h  t h r u s t ,  then T i s  au tomat i ca l l y  s e t  t o  zero,  and the 
t h r u s t  and mass tab les  o f  the j t h  t h r u s t  a re  used i n  c a l c u l a t i n g  the accel -  

e r a t i 0 n . x  
then the  bes t  est imates o f  T. are  determined by GTDS as so lve- fo r  param- J 
e t e r s .  

I f  the  a p p l i c a t i o n  o p t i o n  i s  chosen f o r  a p a r t i c u l a r  t h r u s t ,  f o r  

j 

t o  be app l ied .  I f ,  however, the  es t ima t ion  o p t i o n  i s  chosen, 
j ’  
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The TTFM i s  capable o f  app ly ing  and es t ima t ing  t h r u s t  l e v e l s  s imul taneously .  
However, w i t h i n  t h i s  model t h r u s t  can be app l ied  or est imated o n l y  i n  the 
spacecraf t  v e l o c i t y  d i r e c t i o n .  This l i m i t a t i o n  could be removed i n  several  
ways, one o f  which i s  discussed i n  Sect ion 3 o f  t h i s  paper. Thrust  estima- 
t i o n  i n  GTDS i nvo l ves  the  i nco rpo ra t i on  o f  the t h r u s t  l e v e l s  i n  the t o t a l  

force f u n c t i o n  and the  i n c l u s i o n  o f  the  c o e f f i c i e n t s  T~ i n  the  va r ia -  
t i o n a l  process. References 1, 3, and 4 prov ided d e t a i l e d  desc r ip t i ons  o f  

the  mathematical and computational procedures employed by GTDS f o r  t h i s  
e s t  i mat i on. 

2.2 RESULTS AND DISCUSSION 

I n  eva lua t i ng  the  TTFM, t e s t s  w e r e  performed t o  determine how w e l l  the  t h r u s t  
was est imated under d i f f e r e n t  cond i t ions .  S p e c i f i c a l l y ,  the  e f f e c t s  o f  the  
fo l l ow ing  opera t i ona l  cond i t ions  w e r e  s tud ied:  

0 I n p u t  Thrust  Level--The i n p u t  t h r u s t  l e v e l  can range from 0 percent  
t o  100 percent  o f  the  "ac tua l "  t h r u s t .  

0 Sta te  Est imat ion--Est imat ion o f  the s t a t e  may or may no t  be per-  
formed i n  con junc t ion  w i t h  t h r u s t  es t imat ion .  

0 Track ing Measurement Qual i ty--The q u a l i t y  o f  t he  t r a c k i n g  measure- 
ment can be h igh  or low due t o  no ise and b iases.  

0 Track ing Measurement D i  s t r i  bution--The d i  s t r i  b u t i o n  o f  t r a c k i n g  
measurements may be good, w i t h  a l a rge  number o f  passes un i fo rm ly  
d i s t r i b u t e d  throughout the  o r b i t  de termina t ion  data a rc ,  o r  the 
d i s t r i b u t i o n  may be poor, w i t h  a f e w  passes c lus te red  together  and 
l a r g e  gaps w i t h  no t r a c k i n g  measurements. 

0 Data Arc Length--The data arc  l eng th  can be small or l a r g e  compared 
w i t h  a p e r i o d  du r ing  which the t r a c k i n g  geometry changes s i g n i f i -  

cant  1 y. 

243 



W i t h i n  t h i s  e v a l u a t i o n  framework, TTFM was t e s t e d  i n  two s tages.  I n  t h e  
f i r s t  s tage,  t h e  o v e r a l l  accuracy and r e l i a b i l i t y  o f  TTFM was t e s t e d  th rough  
t h r u s t  a n a l y s i s  under c o n t r o l l e d  c o n d i t i o n s  f o r  a t y p i c a l  m iss ion ,  c a l l e d  
TEST, whose ascent  phase i n c l u d e s  a s e r i e s  o f  s h o r t  burns,  f o l l o w e d  by  l o n g e r  
burns.  
which generates t a b l e s  o f  t h r u s t  as a f u n c t i o n  o f  t i m e  f o r  s p e c i f i e d  engine 
parameters.  The t r a c k i n g  schedule and a s s o c i a t e d  T r a c k i n g  and Data Relay 
S a t e l l i t e  System (TDRSS) t r a c k i n g  measurements were s imu la ted ,  w i t h  known 

These burns were modeled by  t h e  Genera l i zed  Maneuver (GMAN) Program, 

f o r c e  model used by  t h e  s i m u l a t i o n .  t h r u s t  p r o f i l e s  i n c l u d e d  i n  t h e  

The s i n g l e  i d e a l  t h r u s t  c o e f f i c  
case, i n d e p e n d e n t l y  o f  t h e  TTFM 

e n t ,  z, can be p r e d i c t e d  e x a c t l y  f o r  t h i s  

mated T determined b y  t h e  TTFM and t h e  i d e a l  1: p r o v i d e s  a measure o f  t h e  

accuracy and r e l i a b i l i t y  o f  t h e  TTFM. 

and t h e  d i f f e r e n c e  between t h e  a c t u a l  e s t i -  

The second s tage  o f  TTFM t e s t i n g  i n v o l v e d  pe r fo rm ing  t e s t s  t o  suppor t  o r b i t  
a n a l y s i  s f o r  t h e  ERBS ascent-phase maneuvers u s i n g  a c t u a l  Ground Space f l  i g h t  
and T r a c k i n g  Data Network (GSTDN) t r a c k i n g  measurements taken  on October  7 
and 8, 1984. The TTFM was a p p l i e d  t o  t h e  183-minute c a l i b r a t i o n  bu rn  and t o  

t h e  first l o n g  376-minute bu rn  t o  e v a l u a t e  t h e  perfDrmance o f  t h e  TTFM u s i n g  
a c t u a l  t r a c k i n g  measurements. S ince t h e  a c t u a l  t h r u s t  i s  n o t  known e x a c t l y  

f o r  t h i s  case, t hese  t e s t s  do n o t  measure t h e  accuracy o f  t h r u s t  e s t i m a t i o n  
w i t h  t h e  TTFM. The r e s u l t s  f o r  TEST and ERBS a r e  d i scussed  i n  Sec t i ons  2.2.1 

and 2.2.2, r e s p e c t i v e l y .  

2.2.1 TEST ANALYSIS RESULTS 

To e v a l u a t e  t h e  accuracy and r e l i b i l i t y  o f  t h e  TTFM, GTDS was m o d i f i e d  t o  

i n c l u d e  t h e  enhanced t h r u s t  c a p a b i l i t i e s  based on t h e  TTFM. The TTFM was 

t e s t e d  on two types o f  maneuvers: (1)  b r i e f  (70-second) maneuvers t h a t  r a i s e  

t h e  TEST o r b i t  by  about  1 k i l o m e t e r  and (2 )  long-burn (94-minute) maneuvers 
t h a t  r a i s e  t h e  TEST o r b i t  by  about 200 k i l o m e t e r s .  
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T e s t s  of  t he  accuracy of the t h r u s t  es t imat ion  w e r e  performed as fo l l ows :  

0 Simulated t r a c k i n g  measurements w e r e  generated w i t h  a fo rce  model 
con ta i  n i  ng known nominal t h r u s t  accel e ra t i ons  A .  ( t) , one o f  whi ch, 

Anom 
J 

(t), i s  t o  be est imated [Equation ( 3 ) l .  

0 GTDS was executed us ing  the  TTFM, w i t h  the  p a r t i c u l a r  i n p u t  t h r u s t  
l e v e l ,  Ain( t ) ,  d i f f e r e n t  from Anom( t )  by a f a c t o r  +, i . e . ,  

A. i n  (t) = @ A n o m ( t )  ( 4 )  

0 The t h r u s t  sca le f a c t o r  ( 1  + r) est imated by GTDS was then exam- 
ined; t h i s  sca le f a c t o r  def ines the f i n a l  est imated t h r u s t ,  A e s t ( t ) ,  

i n  t e r m s  o f  Ain( t ) ,  as fo l l ows :  

Under i d e a l  es t imat ion  cond i t ions ,  s ince the  t r a c k i n g  measurements 

r e f l e c t  a t h r u s t  Anom( t ) ,  then A e s t ( t )  must equal Anom( t ) ,  

i .e., 

O r ,  us ing  Equations (5) and (41, 

Thus, f o r  i d e a l  t h r u s t  es t imat ion ,  the f o l l o w i n g  c o n d i t i o n  must be 
s a t i  s f i  ed: 

( 1  + T I  + =  1 ( 9 )  
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There fo re ,  t h e  e v a l u a t i o n  c r i t e r i o n  f o r  i d e a l  t h r u s t  e s t i m a t i o n  i s  

(10)  T = $ -  1 1 

2.2.1.1 Short-Maneuver Resu l t s  

The Research and Development (R&D) GTDS Program was used t o  generate simu- 
l a t e d  T r a c k i n g  and Data Relay S a t e l l i t e - E a s t  (TDRS-E) and TDRS-West (TDRS-W) 

t r a c k i n g  measurements f o r  TEST f o r  a t o t a l  d a t a  a r c  span o f  3 hours and 
20 minutes,  s t a r t i n g  a t  1 hour  and 30 minutes ( F i g u r e  1 ) .  There w e r e  a 

t o t a l  o f  13 passes, e i g h t  t r a c k e d  by TDRS-E and f i v e  t r a c k e d  by  TDRS-W. 

Range and Doppler  d a t a  generated a t  10-second i n t e r v a l s  formed passes 8 min- 

u t e s  l ong .  

TDRS-W TRACKING 

TDRS-E TRACKING 

THRUST 

F i g u r e  1. S imu la ted  TDRS-W and TDRS-E T r a c k i n g  Measurement Passes f o r  
TEST S h o r t  Maneuvers and t h e  Assoc ia ted  T h r u s t  P a t t e r n  

The TTFM was t e s t e d  f o r  seve ra l  cases u s i n g  t h e  70-second TEST maneuvers. 
Each o f  t h e  f o u r  t h r u s t s  was es t ima ted  i n  separate execu t ions ,  w i t h  90 per-  

c e n t  o f  t h e  t h r u s t  magnitude used as i n p u t  t o  GTDS, corresponding t o  

+ = 0 . 9 .  
T = 0 [Equa t ion  (311. From Equat ion (101, t h e  v a l u e  o f  T expected 

for t h e  case o f  i d e a l  t h r u s t  e s t i m a t i o n  i s  0.111111. 

For  each t e s t ,  t h e  rema in ing  t h r e e  t h r u s t s  w e r e  a p p l i e d  w i t h  

j 
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The r e s u l t s  o f  s i m u l t a n e o u s l y  s o l v i n g  f o r  t h e  s t a t e  and t h r u s t  f o r  each s h o r t  

maneuver a r e  g i v e n  i n  Table 1 .  

expected v a l u e  o f  0.111111 t o  b e t t e r  t han  1 pe rcen t ,  e s t a b l i s h i n g  t h e  func- 

t i o n a l  r e l i a b i l i t y  o f  t h e  TTFM. 

agree w i t h  t h e i r  a p r i o r i  va lues a t  epoch t o  w i t h i n  1 m e t e r  i n  p o s i t i o n  and 

t o  w i t h i n  m e t e r  p e r  second i n  v e l o c i t y  f o r  t h r e e  o f  t h e  f o u r  maneu- 

ve rs .  The l a r g e r  d i f f e r e n c e s  seen f o r  t h e  f i r s t  t h r u s t  a r e  due t o  t h e  

g r e a t e r  c u m u l a t i v e  e f f e c t  o f  an e a r l y  f o r c e  p e r t u r b a t i o n  on t h e  o v e r a l l  t r a -  

j e c t o r y ,  r e l a t i v e  t o  l a t e r  ones. However, t h e  maximum 4-meter d i f f e r e n c e  i n  

p o s i t i o n  i s  s t i  1 1  w i t h i n  q u a l i t y  assurance s tandards.  

The es t ima ted  va lues  o f  T agree w i t h  t h e  

The es t ima ted  va lues  o f  t h e  s t a t e  components 

, 
' THRUST 

SCALE 
FACTOR. 

7 

2.2.1.2 Lonq-Burn Resu l t s  

THRUST 
NO. 

1 

2 

3 

4 

The TEST ascent  phase i n c l u d e s  a number o f  long-burn,  l o w - t h r u s t  maneuvers. 
S ince  each one o f  these burns t y p i c a l l y  takes more than  an hour ,  t h e  t h r u s t  

l e v e l  and s t a t e  e s t i m a t i o n  d u r i n g  t h e  bu rn  can a l l o w  adjustments t o  t h e  
t h r u s t  t h a t  may be necessary f o r  p roper  o r b i t  r a i s i n g  o r  s t a t i o n k e e p i n g .  

DIFFERENCE BETWEEN FINAL AND A PRIORI STATE 

A X  AY AZ A i  A i  A t  
(METERS) (METERS) (METERS) (METERSSECOND) (METERSSECOND) (METERSSECOND) 

- 3.6 - 0.35 3.2 - 0.00307 0.00093 -0.0049 

- 0.04 0.14 - 0.26 - 0.00007 0.00005 0.00043 

0.00062 

0.00076 

- 0.00002 0.27 0.15 - 0.42 0.00015 

0.37 0.17 - 0.49 0.00026 -0.00003 

TEST t h r u s t  l e v e l  e s t i m a t i o n  d u r i n g  t h e  ascent  phase was u t i l i z e d  t o  e v a l u a t e  
t h e  TTFM u s i n g  s i m u l a t e d  TDRSS two-way Doppler data.  

assumed f o r  t h e  f i r s t  l o n g  bu rn  of  94 minutes i s  d e p i c t e d  i n  F i g u r e  2. I t  

The t r a c k i n g  schedule 

Table 1 .  S t a t e  and Th rus t  E s t i m a t i o n  f o r  TEST D u r i n g  S h o r t  Maneuvers 

0.1118 

0.1112 

0.1112 

0.1117 

NOTES: 1. 13 PASSES (8 TDRSE, 5 TDRSW) WRING 3h 2d" DATA ARC 
2. RANGE AND DOPPLER OBSERVATIONS OF TEST 
3. SOLVE FOR STATE AND -10% PERTURBED SINGLE THRUST 
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IGNITION BURNOCIT 

TDRS-E 

1 1 
I 94-MINUTE BURN 

01 :25 02:59 
I 

01 :56 02:l 4 

TDRSW 
01 :40 02140 

c-5 

U I I I I I I I I I 
8 

I In 

0 10 20 30 40 50 60 70 80 90 

TIME FROM IGNITION (MINUTES) 

Figure  2. Simulated TDRS-E and TDRS-W Track ing Measurement Passes f o r  
the  TEST Long-Burn Maneuver and the Associated Thrust  

cons i s t s  o f  one 18-minute TDRS-E pass s t a r t i n g  f rom 31 minutes a f t e r  i g n i -  
t i o n  and one 60-minute TDRS-W pass s t a r t i n g  from 15 minutes a f t e r  i g n i t i o n .  

Two s e t s  o f  s imulated t r a c k i n g  measurements w e r e  generated, one w i t h  and one 
w i thou t  measurement no ise  ( a  measurement no ise srandard d e v i a t i o n  of  
0.25 h e r t z  was assumed). I n i t i a l  s t a t e  e r r o r s  in t roduced i n  the  GTDS DC 

Program i n p u t  w e r e  assumed t o  be i n  the  a long- t rack d i r e c t i o n  (100 m e t e r s  and 
10 cent imeters per  second for  the  TEST spacecraf t  and 50 m e t e r s  and 
1 cent imeter  per  second f o r  TDRS-E and TDRS-W). 

Thrust  es t ima t ion  was performed f o r  the 14 t r a c k i n g  measurement d i s t r i b u t i o n s  
g iven i n  F igure  3. For the  d i s t r i b u t i o n s  E1(9), E1(18), Wl(101, W6(10), and 
W16(20) shown i n  F igure  3, t he  f o l l o w i n g  combinations o f  measurement no ise  and 
i n i  t i  a1 s t a t e  e r r o r  w e r e  i nc l  uded: 

0 0: No measurement no ise  

0 a: Measurement no ise 
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0 b: Measurement n o i s e  and TEST i n i t i a l  s t a t e  e r r o r  
0 c: Measurement no i se ,  TEST i n i t i a l  s t a t e  e r r o r ,  and TDRS i n i t i a l  

s t a t e  e r r o r  

The r e s u l t s  f o r  T and t h e  p o s i t i o n  e r r o r  a t  bu rnou t  and a t  3 hours f r o m  
bu rnou t  a r e  p resen ted  i n  Tables 2 and 3. Table 2 compares t h e  0, a, b, c 
r e s u l t s  f o r  t h e  s p e c i f i c  t r a c k i n g  scenar ios  and i l l u s t r a t e s  t h e  e f f e c t s  o f  
n o i s e  and TEST or TDRS i n i t i a l  s t a t e  e r r o r s  on t h e  e s t i m a t i o n .  The r e s u l t s  
p resen ted  i n  Table 3 i n c l u d e  n o i s e  and t h e  TEST i n i t i a l  s t a t e  e r r o r  and il- 
l u s t r a t e  t h e  e f f e c t s  of t h e  l o c a t i o n  o f  t r a c k i n g  measurements and t h e  l e n g t h  
o f  t h e  measurement pass. 

IGNITION BURNOUT 

1 1 
I 94-MINUTE BURN 1 

01 :25 0259 

E l  (9) 

El  (le) 

w1 (IO) 

w1 (20) 

W I ( W  

W I ( W  

w2 (IO) 

w3 (IO) 

w4 (IO) 

w5 (IO) 

W1 (30) 

W1 (50) 

W6 (IO) 

W16 (20) 

TDRSE 
TRACKING 

TDRSW 
TRACKING 

- 
L 2 

3 : 

4) 

N 
Ep 

I I I I 1 I I I I U 
0 10 20 30 40 50 60 70 80 90 

TIME FROM IGNITION (MINUTES) 

F i g u r e  3. T r a c k i n g  Measurement D i s t r i b u t i o n s  Used f o r  E v a l u a t i o n  
o f  TEST Long-Burn Th rus t  E s t i m a t i o n  
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Table 2. E f f e c t s  of  Noise and TEST and TDRS I n i t i a l  S t a t e  E r r o r s  
on T h r u s t  E s t i m a t i o n  Dur ing  t h e  TEST Long Burn 

TRACKING 
MEASUREMENT 
DISTRIBUTION* 

E l  (9)O 

E l  (9)a 

E l  (9)b 

E l  (9)c 

E l  (1 8) 

El(18) a 

E1(18)b 

E l  (1 8) 

Wl(1O)O 

Wl(1O)a 

Wl(1 O)b 

Wl(1O)C 

W6( 10)O 

W6( 1 O)a 

W6( 1 O)b 

W6( 1 O)c 

W16(20)0 

W16(20)a 

W16(20)b 

W16(20)c 

FINAL THRUST 
SCALE FACTOR 

z 

0.1 1101 

0.11143 

0.11596 

0.11624 

0.1 11 05 

0.11122 

0.1 1368 

0.1 1450 

0.1 1088 

0.11219 

0.12743 

0.10451 

0.1 1 105 

0.1 1 107 

0.1 1355 

0.1 1591 

0.1 11 06 

0.1 1109 

0.11266 

0.1 1686 

POSITION ERRORS (METERS) 

AT 
BURNOUT 

52 

149 

1,499 

4,243 

27 

42 

78 1 

2,900 

198 

440 

5,905 

7,064 

19 

11 

563 

3,540 

12 

11 

1,017 

4,156 

AT 3 HOURS 
FROM BURNOUT 

299 

1,440 

17,718 

19.508 

160 

443 

9,292 

13,099 

816 

4,536 

64,296 

30,604 

152 

156 

7,842 

16,968 

116 

69 

4,925 

20,090 

*SEE FIGURE 3. THE NUMBERS IN PARENTHESES REPRESENT THE TOTAL DURATION 
MEASUREMENTS IN MINUTES. SUPERCRIPTS o,a,b,c INDICATE THE FOLLOWING: 

o = NO MEASUREMENT NOISE 
a = MEASUREMENT NOISE 
b = MEASUREMENT NOISE AND TEST INITIAL STATE ERROR 
c = MEASUREMENT NOISE, TEST INITIAL STATE ERROR, AND 

TDRS INITIAL STATE ERROR 
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- -  

Table 3. E f f e c t s  o f  Data Arc L o c a t i o n  and Length on T h r u s t  
E s t i m a t i o n  D u r i n g  t h e  TEST Long Burn 

SOLUTION 
ARC' 

Wl(l0)b 

Wl(20)b 

Wl(30)b 

W1 (40)b 
Wl(50)b 

Wl(60)b 

Wl(l0)b 
w2(10) b 

W3(10)b 

W4( 1 0) b 

W5(10)b 
W6(10)b 

ARC LENGTH 
(MINUTES) 

10 

20 

30 

40 

50 

60 

10 

10 

10 

10 

10 

10 

FINAL THRUST 
SCALE FACTOR, 

z 

0.12743 

0.12328 

0.1 1496 

0.1 1272 

0.1 1184 

0.1 1146 

0.12743 

0.12393 

0.1 1600 

0.11398 

0.1 1355 

0.1 1326 

AT 3 HOURS 
~~~~ 

AT 
BURNOUT 

5,905 

10,282 

3,005 

1,266 

668 

444 

5,905 

10,786 

3,732 

2,099 

563 

1,045 

FROM BURNOUT 

64,296 

47,336 

14,041 

5,744 

2,748 

1,538 

64,296 

49,736 

17,649 

9,965 

7,842 

5,801 

'SEE FIGURE 3. THE NUMBERS IN PARENTHESES REPRESENT THE TOTAL DURATION OF 
MEASUREMENTS IN MINUTES. SUPERCRIPTS 0, a, b, c INDICATE THE FOLLOWING: 

o = NO MEASUREMENT NOISE 
a = MEASUREMENT NOISE 
b = MEASUREMENT NOISE AND TEST INITIAL STATE ERROR 
c = MEASUREMENT NOISE, TEST INITIAL STATE ERROR, AND 

TDRS INITIAL STATE ERROR 

A s  can be seen f r o m  Table 2 ,  measurement n o i s e  does n o t  appear t o  be s i g n i f -  

i c a n t  i n  t h e  e s t i m a t i o n  process,  b u t  t h e  presence o f  TEST and/or  TDRS 
i n i t i a l  s t a t e  e r r o r s  i n t r o d u c e s  n o t i c e a b l e  d e t e r i o r a t i o n  o f  t h e  q u a l i t y  o f  
t h e  o r b i t  d e t e r m i n a t i o n  r e s u l t s .  The o v e r a l l  o r b i t a l  accuracy,  however, i s 
expected t o  s a t i s f y  t h e  o p e r a t i o n a l  o r b i t  suppor t  requ i remen ts .  Table 3 

shows t h a t  t h e  o b s e r v a b i l i t y  o f  z improves and, t hus ,  t h e  o v e r a l l  o r b i t  

d e t e r m i n a t i o n  accuracy improves as t h e  l e n g t h  o f  t h e  d a t a  a r c  i nc reases  o r ,  

i n  t h e  case o f  a c o n s t a n t - l e n g t h  d a t a  a r c ,  as t h e  d a t a  a r e  p l a c e d  f a r t h e r  

away f rom i g n i t i o n .  
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2.2.2 ERBS ASCENT-PHASE ANALYSIS RESULTS 

The TTFM was t e s t e d  u s i n g  r e a l  GSTDN t r a c k i n g  d a t a  f o r  ERBS. The first p a r t  
o f  t h e  s t u d y  focused on t h e  c a l i b r a t i o n  burn and on t h e  8.5-hour f r e e - f l i g h t  
i n t e r v a l  immed ia te l y  f o l l o w i n g  t h a t  burn.  The second p a r t  o f  t h e  s tudy  f o -  
cused on t h e  f i r s t  l o n g  bu rn  and on t h e  subsequent 5-hour f r e e  f l i g h t .  The 
t r a c k i n g  d i s t r i b u t i o n  f o r  t h e  d u r a t i o n  o f  t h e  s t u d y  i s  shown i n  F i g u r e  4. 

Passes C1 th rough  C16 a r e  used i n  t h e  c a l i b r a t i o n  s tudy,  and passes L1 
th rough  L10 a r e  used i n  t h e  long-burn study. 

l G N m  BURNOUT + 
CALIBRATION BURN 

+ 
c6 - c2 CL - c4 - c5 - a  - 

I 
10/07/84 I I I I 1 I I 

16:OO 17:OO 18:Oo 19:oo 20:oo 21:oo 22:oo 23:OO 24:OO 
1 I I I I I I I 

I 
10100104 I I I I I I 1 

I I I I I I I I 
0 1 :oo 2:oo 3:00 4:OO 5:OO 6:OO 7:OO 8:OO 

IGNITION 

FIRST LONG BURN 
+ 

- C14 C l 5  c l 6  u BzL3 u 
t I I I I I 1 I 

8: 00 9:oo 1o:oo 11 :oo 12:oo 13:OO 14:OO 15:OO 16:OO 
1 I 1 1 I 1 I I 

BURNOUT 

FIRST LONG BURN 

1 3 u  u u19. CLP 

I 1 I I 1 I 1 1 * a 
I 1 I I I I I I 

16:OO 17:OO 18:OO 19:oo 20:oo 21 :oo 22:oo 23:oo 24:OO 

F i g u r e  4. T rack ing  Measurement D i s t r i b u t i o n  D u r i n g  t h e  C a l i b r a t i o n  
Burn and t h e  F i r s t  Long Burn o f  t h e  ERBS Ascent Phase 
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D u r i n g  t h e  ERBS a n a l y s i s ,  t h r u s t  e s t i m a t i o n  was eva lua ted  by  comparing ephe- 
merides [ u s i n g  t h e  GTDS Ephemeris Comparison (COMPARE) Program1 propagated 
f rom s t a t e  v e c t o r s  es t ima ted  under v a r i o u s  c o n d i t i o n s .  These c o n d i t i o n s  
i n c l  uded t h e  f o l  l o w i  ng: 

0 D i f f e r e n t  d i s t r i b u t i o n s  o f  t r a c k i n g  measurement passes. 

0 D i f f e r e n t  l e v e l s  o f  c o n s t r a i n t  on t h e  v a r i a t i o n  o f  t h e  a p r i o r i  
s t a t e ,  t h rough  t h e  s t a t e  cova r iance  m a t r i x .  (The a p r i o r i  s t a t e  i s  
e f f e c t i v e l y  f i x e d  when a cova r iance  c o n s t r a i n t  i s  a p p l i e d ,  i . e . ,  
when v e r y  smal l  va lues a r e  used f o r  t h e  elements o f  t h e  s t a t e  
cova r iance  m a t r i x .  1 

0 S o l u t i o n s  based on t r a c k i n g  measurement taken d u r i n g  powered f l i g h t  
and those  based on f r e e - f l i g h t  data.  

The f o l l o w i n g  e v a l u a t i o n  c r i t e r i a  w e r e  used i n  comparing t h e  r e s u l t s  f o r  t h e  

v a r i o u s  cases: 

0 Cons is tency  i n  t h e  es t ima ted  v a l u e  o f  z 

0 F i n a l  v a l u e  o f  t h e  weighted r o o t  mean square (WRMS) o f  t h e  
observed-mi nus-computed (0 -0  r e s i d u a l  s ,  i .e., t h e  d i  f f e rences  be- 

tween t h e  a c t u a l  t r a c k i n g  obse rva t i ons  0 and t h e  computed ( e s t i -  
mated) o b s e r v a t i o n s  C 

0 Cons is tency  i n  t h e  d i f f e r e n c e s  between t h e  ephemerides propagated 
from each s o l u t i o n  and a r e f e r e n c e  ephemeris a t  d i f f e r e n t  t i m e s  on 
t h e  s o l u t i o n  a r c  

2.2.2.1 C a l i b r a t i o n  Burn Resu l t s  

Us ing  an epoch v e c t o r  a t  t h e  i g n i t i o n  o f  t h e  c a l i b r a t i o n  bu rn  on October  7 ,  

1984, a t  16 hours,  53 minutes,  a r e f e r e n c e  ephemeris ( s o l u t i o n  n)  was gener- 

a t e d  u s i n g  t h e  nominal t h r u s t  l e v e l  modeled by t h e  GMAN Program. U t i l i z i n g  
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the  same epoch vec tor ,  t h r u s t  es t imat ion  was performed and the  ephemeris 
propagated t o  the  s t a r t  o f  the  f i r s t  long burn. 
cases, as fo l l ows :  

This was done f o r  f o u r  

1.  So lu t i on  us ing  pass C1 ( w i t h  i n i t i a l  s t a t e  covar iance c o n s t r a i n t s )  

2.  S o l u t i o n  us ing  passes C1 and C2 ( w i t h  i n i t i a l  s t a t e  covar iance con- 
s t r a i  n t s )  

3. S o l u t i o n  us ing  passes C1,  C2, and C3 ( w i t h  i n i t i a l  s t a t e  covar iance 

c o n s t r a i n t s )  

4. S o l u t i o n  us ing  passes C1, C2, and C3 ( w i t h  no i n i t i a l  s t a t e  covar i -  

ance c o n s t r a i n t s )  

A f i f t h  s o l u t i o n  ( s o l u t i o n  5) was a postburn,  f r e e - f l i g h t  s o l u t i o n  us ing  

passes C4 through C16 ( w i t h  no i n i t i a l  s t a t e  covar iance c o n s t r a i n t s )  and an 
epoch a t  19 hours, 58 minutes. 

The r e s u l t s  f o r  z are  summarized i n  Table 4. The most no tab le  r e s u l t  i s  
the  convergence of  z as the  number o f  observat ions increases. 
f rom s o l u t i o n  3 was chosen t o  c a l c u l a t e  a t h r u s t  c a l i b r a t i o n  f a c t o r  f o r  the 

f i r s t  long-burn f l i g h t  segment. 

a p r i o r i  s t a t e  and the  g rea tes t  number o f  observat ions,  thus making the cor- 
responding t h r u s t  sca le f a c t o r  the  most accurate.  

on the  ana lys i s  descr ibed i n  References 3 and 4. 

t i o n s  1, 2, and 3, compared w i t h  t h a t  f o r  s o l u t i o n  4, r e s u l t s  from poor 
t r a j e c t o r y  es t ima t ion  (because o f  the const ra ined i n i t i a l  s t a t e )  f o r  solu- 

t i o n s  1 ,  2, and 3. 

The va lue o f  T 

So lu t i on  3 was obta ined us ing  a f i x e d  

This conclus ion i s  based 

The l a r g e r  WRMS f o r  solu- 

The GTDS COMPARE Program was used t o  compare so lu t i ons  1 through 4 w i t h  the 
re fe rence s o l u t i o n  and w i t h  the  f r e e - f l i g h t  s o l u t i o n .  The r e s u l t s  a re  pre- 

sented i n  Table 5. 
ceptable,  

I t  i s  c l e a r  from t h i s  t a b l e  t h a t  s o l u t i o n  1 i s  n o t  ac- 

The la rge  p o s i t i o n  e r r o r  associated w i t h  t h i s  s o l u t i o n  i s  due 
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Table  4 .  Resu l ts  o f  Thrust  V a r i a t i o n  C o e f f i c i e n t  Est imat ions 
f o r  t h e  ERBS C a l i b r a t i o n  Burn 

COVARIANCE NO. OF NO. OF "ALMRUST NO.OF 
SOLUTDN PASSES OBSERVATIONS lTEi?ATlONS wFhAs CONSTRAINTS z 

14.166 YES 1 1 31 - 0.328 3 

4 16.355 YES 

3 3 156 - 0.1 17 4 12.097 YES 
-0.113 5 1.338 NO 

2 2 67 - 0.127 

4 3 139 

- 
2 
% s 
ci 
0 0 v) 

Tab1 e 5 .  Comparisons o f  Along-Track P o s i t i o n  D i f f e r e n c e s  
for t h e  ERBS C a l i b r a t i o n  Burn 

DURING BURN 

16h 5am lah  2arn 

- 0.098209 52.23137 

- 0.252476 13.35632 

- 0.1 90235 12.83301 

- 0.385551 12.82878 

a. COMPARISON WITH THE REFERENCE EPHEMERIS SOLUTION (SOLUTION n) 

DURING FREE-FLIGHT 

1gh Brn 21h lam nh 3Bm 23h Sm 

197.1 167 357.8751 519.0224 680.5509 

57.5685 107.1 45 1 157.1 803 207.7262 

53.5299 98.9438 144.5701 190.5996 

52.4604 96.6848 141.1091 185.9451 

SOLUTION 
COMPARED 

SOLUTION 
COMPARED 

1 

2 

3 

4 

ALONG-TRACK POSITION DIFFERENCES (KILOMETERS) 

19h58m 2lh larn n h 3 8 m  2 3 h 5 8 m  7 
2 

0.0929 4.0365 8.3164 13.0124 C! 
3 139.1953 254.0555 369.3852 485.3086 

- 3.9413 - 4.1571 -4.2851 -4.1084 
0 

- 4.9910 - 6.3822 -7.7053 -8.7258 
L 

b. COMPARISON WITH THE FREE-FLIGHT SOLUTION (SOLUTION 5)  
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t o  the  poor est imate o f  T as discussed e a r l i e r .  
shown i n  Table 4 a re  a l l  cons i s ten t  and represent  r e l i a b l e  es t imat ion .  

The o the r  comparison r e s u l t s  

2.2.2.2 F i r s t  Lonq-Burn Resul ts 

Thrust  es t imat ion  was performed f o r  the  ERBS f i r s t  long burn us ing  the  TTFM 

and an eva lua t i on  p lan  s i m i l a r  t o  t h a t  f o r  the  c a l i b r a t i o n  burn. An epoch 
vec to r  a t  the  i g n i t i o n  o f  the f i r s t  long burn was obta ined from c a l i b r a t i o n  
s o l u t i o n  5. A re ference ephemeris was generated a long w i t h  a s e r i e s  o f  DC 

Program and EPHEM Program so lu t i ons ,  extending t o  5 hours a f t e r  the  end o f  the 
burn. A va lue o f  ‘I: equal t o  -0.117 ( f rom c a l i b r a t i o n  burn s o l u t i o n  3, s e e  

Table 4) was used t o  sca le the  i n p u t  t h r u s t  used i n  t h i s  p a r t  o f  the  study. 
The new value o f  T, est imated w i t h  the  c a l i b r a t e d  t h r u s t  as i n p u t ,  should be 

c lose  t o  zero.  

The r e s u l t s  o f  the  f i r s t - l ong -bu rn  study are  summarized i n  Table 6.  So lu t ions  
A through F i n  t h i s  t a b l e  are based on the 

tr i but ions :  

A.  

B .  

C. 

D. 

E.  

S o l u t i o n  us ing  passes L2 and L3 ( w  
s t r a i  n t )  

o l l o w i n g  t r a c k i n g  measurement d i s -  

t h  i n i t i a l  s t a t e  covar iance con- 

S o l u t i o n  us ing  passes L3 and L4 ( w i t h  i n i t i a l  s t a t e  covar iance con- 

s t r a i n t )  

S o l u t i o n  us ing  passes L2 through L6 ( w i t h  i n i t i a l  s t a t e  covar iance 

c o n s t r a i n t )  

S o l u t i o n  us ing  passes L2, L5, L6, L9 ( w i t h  no i n i t i a l  s t a t e  covar iance 

c o n s t r a i n t )  

S o l u t i o n  us ing  passes L2 through L10 ( w i t h  no i n i t i a l  s t a t e  covar iance 

cons trai n t) 
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F. Postburn, f r e e - f l i g h t  s o l u t i o n  us ing passes L7 through L10 ( w i t h  no 
i n i t i a l  s t a t e  covar iance cons t ra in t )  

NO. OF NO. OF NO. OF COVARIANCE 
OBSERVATIONS SCALE lTE&WONS wfWS CONSTRAINTS PASSES 

FINAL THRUST 

z . 
A 2 126 -0.0188 4 3.030 YES 

4 4.519 YES B 2 67 - 0.0208 
YES C 5 231 - 0.0240 5 4.358 

D 4 285 - 0.0278 5 4.863 No 
E 9 498 - 0.0277 5 14.200 No 

.- 

Table 6. Resul ts  o f  Thrust  V a r i a t i o n  C o e f f i c i e n t  Est imat ions 
f o r  the  ERBS F i r s t  Long Burn 

- 
g e! z 
A 
5: 
0 

The epoch vec to r  a t  i g n i t i o n  f o r  the  long burn was propagated us ing  the  GTDS 
EPHEM Program t o  o b t a i n  a nominal ephemeris ( s o l u t i o n  N ) .  A t h r u s t  c a l i b r a -  

t i o n  f a c t o r  ( 1  + TI o f  0.883 was used. Since the  c a l i b r a t e d  t h r u s t  was 
used, the  magnitudes o f  the  est imated T i n  Table 6 a re  s i g n i f i c a n t l y  smal- 
l e r  than the  ones est imated du r ing  the c a l i b r a t i o n  burn. 

I n  a d d i t i o n  t o  the  t h r u s t  es t imat ion ,  ephemeris comparisons w e r e  made analo- 

gous t o  those made f o r  the  c a l i b r a t i o n  burn. I n  t h i s  case, the  re fe rence 
ephemeris r e f l e c t s  a c a l i b r a t e d  t h r u s t  r a t h e r  than the  nominal t h r u s t  f rom 
the  GMAN Program, so t h a t  the  d i f f e rences  should be much smal le r  than those 
obta ined f o r  the  c a l i b r a t i o n  burn case. This i s  seen t o  be the  case, w i t h  

the  p o s i t i o n  d i f f e rences  smal ler  than those observed i n  Table 5 by an order  
o f  magnitude o r  more. 

ence 4. 

De ta i l ed  numerical r e s u l t s  are a v a i l a b l e  i n  Re fe r -  
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2.3 CONCLUSIONS 

The conc lus ions  f rom t h i s  t h r u s t  e s t i m a t i o n  s t u d y  u s i n g  t h e  TTFM f o r  t h e  
TEST and ERBS s p a c e c r a f t  a r e  as f o l l o w s :  

0 The TTFM i s  capable o f  model ing t h r u s t  a p p l i c a t i o n  and e s t i m a t i o n  
f o r  t h e  case o f  l ow  t h r u s t  l e v e l s .  

0 The r e s u l t s  f o r  TEST e s t a b l i s h  t h a t  t h e  t h r u s t  s c a l e  f a c t o r  can be 
es t ima ted  t o  an accuracy o f  1 p e r c e n t .  

0 Measurement n o i s e  does n o t  s i g n i f i c a n t l y  i n f l u e n c e  t h r u s t  est ima- 
t i o n .  

0 Targe t  (TEST) o r  r e l a y  (TDRS) a p r i o r i  s t a t e  e r r o r s  r e s u l t  i n  poor  
o v e r a l l  t r a j e c t o r y  d e t e r m i n a t i o n  b u t  adequate t h r u s t  1 eve1 est ima- 
t i o n .  

0 The r e s u l t s  f o r  TEST show t h a t  t h r u s t  e s t i m a t i o n  based on t r a c k i n g  
measurements even ly  d i s t r i b u t e d  th roughou t  t h e  bu rn  p e r i o d  o r  c l u s -  
t e r e d  away f rom t h e  s t a r t  o f  t h e  bu rn  p e r i o d  i s  more r e l i a b l e  than  
f o r  o t h e r  d a t a  d i  s t r i  b u t i o n s .  

3. ATTITUDE-DEPENDENT THRUST ESTIMATION 

T h i s  s e c t i o n  desc r ibes  t h e  a t t i  tude-dependent t h r u s t  model ing f o r  a space- 

c r a f t  whose t h r u s t  d i r e c t i o n  m a i n t a i n s  a f i x e d  o r i e n t a t i o n  w i t h  r e s p e c t  t o  

t h e  Sun. 
spacecraf t - to-Sun l i n e  i s  f i x e d ,  w h i l e  t h e  s p i n  a x i s  i s  p e r p e n d i c u l a r  t o  t h e  

p o s i t i o n  v e c t o r  o f  t h e  s p a c e c r a f t .  I n  t h e  s c e n a r i o  used f o r  t h i s  s tudy ,  t h e  

t o t a l  t h r u s t  i s  d i r e c t e d  a l o n g  t h e  s p i n  a x i s ,  so t h a t  t h e r e  i s  a s u b s t a n t i a l  

ou t -o f -p lane  component. The purpose o f  t h i s  s tudy  i s  t o  examine whether t h e  

t h r u s t  v a r i a t i o n  c o e f f i c i e n t  can be es t ima ted  i n  t h e  presence o f  a l a r g e  

S p e c i f i c a l l y ,  t h e  ang le  0 between t h e  s p i n  a x i s  and t h e  
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ou t -o f -p lane  component, such as i n  t h i s  case. 
l e m  i s  d i scussed  i n  S e c t i o n  3.1 , and t h e  numerical  r e s u l t s  o b t a i n e d  u s i n g  
s i m u l a t e d  t r a c k i n g  measurements a r e  presented i n  S e c t i o n  3.2. 

The f o r m u l a t i o n  o f  t h i s  prob- 

3.1 METHOD FOR ATTITUDE-DEPENDENT THRUST ESTIMATION 

Fo r  t h r u s t  e s t i m a t i o n  i n  t h e  case o f  ou t -o f -p lane  t h r u s t ,  i t  i s  necessary t o  
determine t h e  components o f  t h e  t h r u s t  a c c e l e r a t i o n  i n  t h e  o r b i t a l  and i n e r -  

t i  a1 c o o r d i n a t e  systems. 
yaw ang le ,  a, s u b j e c t  t o  t h e  c o n s t r a i n t s  ment ioned p r e v i o u s l y .  The r e s u l t -  
i n g  o f f - t r a c k  and a l o n g - t r a c k  t h r u s t s  a r e  then  es t ima ted  w i t h i n  GTDS, and a 

s i n g l e  c a l i b r a t i o n  f a c t o r  (1  + z)  i s  determined. The procedure f o r  d e t e r -  
m i n i n g  a i s  d e s c r i b e d  i n  Reference 4. 

Thi  s r e q u i r e s  t h e  determi  n a t i o n  o f  t h e  t ime-va ry i  ng 

Knowledge o f  a a l l o w s  computat ion o f  t h e  components o f  t h e  t o t a l  t h r u s t ,  
A ( t ) ,  i n  t h e  o r b i t a l  c o o r d i n a t e  system. The a l o n g - t r a c k  and c r o s s - t r a c k  
components a r e  [ A ( t )  cos a1 and [ A ( t )  s i n  al, r e s p e c t i v e l y .  Transforma- 
t i o n  f rom t h e  o r b i t a l  c o o r d i n a t e  s y s t e m  t o  t h e  i n e r t i a l  c o o r d i n a t e  s y s t e m  i s  
s t r a i g h t f o r w a r d  and i s  desc r ibed  i n  Reference 1. 

3.2 RESULTS AND DISCUSSION 

The a t t i t u d e - d e p e n d e n t  t h r u s t  e s t i m a t i o n  c a p a b i l i t y  was e v a l u a t e d  a c c o r d i n g  
t o  t h e  p l a n s  used f o r  a l o n g - t r a c k  t h r u s t  e s t i m a t i o n  f o r  t h e  TEST s p a c e c r a f t ,  
w i t h  a d d i t i o n a l  v a r i a t i o n  o f  t h e  a t t i  tude.  S imulated d a t a  were generated 
f o r  t h e  pass c o n f i g u r a t i o n  shown i n  F i g u r e  2 .  Range and Doppler  t r a c k i n g  
measurements w e r e  s imu la ted  f o r  t h r e e  cases, co r respond ing  t o  va lues  o f  0 
equal t o  95 degrees, 89 degrees, and 85 degrees. Tables 7 and 8 p r e s e n t  
summaries o f  t h e  ephemeris comparison and d i f f e r e n t i a l  c o r r e c t i o n  r e s u l t s ,  
u s i n g  a Sun a n g l e  o f  95 degrees, f o r  mixed ( range and Dopp le r )  and Doppler-  

o n l y  t r a c k i n g ,  r e s p e c t i v e l y .  
85 degrees show s i m i l a r  t r e n d s  and a r e  n o t  p resen ted  here.  

R e s u l t s  u s i n g  Sun angles o f  89 degrees and 
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Table 7.  At t i tude-Dependent  Long-Burn T h r u s t  S o l u t i o n s  
Us ing  Range and Doppler  T r a c k i n g  

ARAT FINALTHRUST 
TIME FROM SCALE 
EPOCH = FACTOR, 

gh z 

- 0.11082097 

- 0.11104922 

-0.024721 0.11110209 

0.000991 0.11108741 

0.008889 0.11108283 

0.009374 0.11108265 

-0.029438 0.11110237 

- 0.032377 0.1 11 10339 

- 0.037745 0.11110653 

- 0.04131 1 0.1 11 1071 4 

1 

ARAT 
TIMEFROM 
EPOCH= 

2h 55" 

0.685272 

-0.512484 

0.075666 

0.014270 

0.000376 

- 0.003369 

-2.034615 

- 6.832943 

- 0.374978 

- 0.01 3690 

~OLUTIONS WITHOUT MEASUREMENT NOISE SoLunoNs WITH MEASUREMENT NOISE 

10 

20 

30 

40 

50 

60 

30 

40 

50 

60 

AR AT 
TIME FROM 
EPOCH = 

2h 55m 

YES 

YES 

YES 

YES 

YES 

YES 

No 

No 

NO 

No 

- 
- 

- 0.014102 

- 0.008962 

- 0.007407 

- 0.007292 

- 0.013935 

- 0.014818 

- 0.015987 

- 0.017093 

PASS 
LENGTH 

(MINUTES) 

10 

20 

30 

40 

50 

60 

40 

50 

60 

COVARIANCE 
CoNSTRAiNTS 

YES 

YES 

YES 

YES 

YES 

YES 

No 

No 

No 

AR AT 
IlME FROM 
EPOCH= 

gh 

AR AT 
TIME FROM 
EPOCH = 

gh 

3.408705 

- 2.406412 

0.4401 16 

0.131255 

0.062123 

0.043958 

- 20.27488 

- 48.90036 

- 2.113980 

0.011517 

FINALTHRUST AR AT 
%ALE TIMEFROM 

FACTOR, EPOCH= 
7 2h 55m 

FINAL THRUST 
SCALE 

FACTOR, 
z 

0.1 091 6828 

0,11241663 

0.1 1803708 

0.1 1100793 

0.1 1104714 

0.1 1105740 

0.13113265 

0.15156154 

0.11258244 

0.1 11 10525 

NOTES: 
AR = ALONGTRACK POSITION DIFFERENCES BETWEEN THE soLunoN AND THE REFERENCE EPHEMERIS 

IN KILOMETERS. 
THE 'TIME FROM EPOCH" IS REIATIVE TO EPOCH oh ON 12/21/67. 

Table 8. At t i tude-Dependent  Long-Burn T h r u s t  S o l u t i o n s  
Us ing  Doppler  T r a c k i n g  

NOTES: 

AR AT 

EPOCH = 
riME FROM 

2h 55m 

0.0891 58 

0.015790 

- 0.014962 

- 0.008873 

- 0.007053 

-0.011071 

- 0.014547 

- 0.017205 

-0.017386 

0.468314 

0.1 17878 

- 0.029045 

0.001277 

0.010416 

- 0.010362 

- 0.036515 

- 0.056732 

- 0.060507 

0.11082982 

0.1 1102339 

0.1 11 10457 

0.1 11 08731 

0.1 11 08205 

0.1 1 109407 

0.1 11 10770 

0.1 11 12461 

0.1 11 12855 

0.700250 

- 0.522313 

0.119525 

0,014806 

- 0.001797 

- 0.004126 

-9.1609 

- 1.099791 

-0.019558 

AR AT 

EPOCH = 
riME FROM 

gh 

3.484579 

- 2.449648 

0.656288 

0.134985 

0.043368 

0.031946 

-74.52409 

- 13.697040 

- 0.68962 

flNAL THRUST 
SCALE 

FACTOR, 
'5 

0.1 0912462 

0.1 1244073 

0.1 1070862 

0.1 1100535 

0.11106077 

0.11106731 

0.17437262 

0.1 2361 447 

0.11187040 

AR = ALONGTRACK PosinoN DIFFERENCES BETWEEN THE SOLUTION AND THE REFERENCE EPHEMERIS 
IN KILOMETERS. 

THE 'TIME FROM EPOCH" IS RELATIVE TO EPOCH Oh ON 12LW87. 
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The t r a c k i n g  measurements used i n  e v a l u a t i n g  t h e  a t t i t u d e - d e p e n d e n t  t h r u s t  

model (ADTM) w e r e  generated b y  t h e  R&D GTDS Data S i m u l a t i o n  (DATASIM)  Program 
( w i t h  ADTM enhancements) f o r  a t o t a l  t h r u s t  p r o f i l e  determined by  t h e  GMAN 

Program. The e s t i m a t i o n s  were performed u s i n g  t h e  GTDS DC Program, m o d i f i e d  
t o  i n c l u d e  t h e  ADTM enhancements. D u r i n g  t h e  DC Program execu t ions ,  t h e  
magnitude o f  t h e  i n p u t  t h r u s t  was sca led  t o  90 p e r c e n t  o f  t h e  nominal (GMAN) 

t h r u s t  [+ = 0.9, see Equat ion (1011, so t h a t  T must have t h e  v a l u e  
0.111111 f o r  good t h r u s t  e s t i m a t i o n .  The use o f  a s i n g l e  t h r u s t  s c a l e  fac -  
t o r ,  T, r e s u l t s  i n  u n i f o r m  s c a l i n g  o f  a l l  components o f  t h r u s t .  

Comparison o f  t h e  ranges o f  T f o r  n o i s e - f r e e  d a t a  i n  Tables 7 and 8 shows 
t h e  two t o  be a lmos t  i d e n t i c a l .  The d i f f e r e n c e s  between t h e  e s t i m a t e d  T 
and t h e  i d e a l  T range f r o m  a maximum o f  0.3 p e r c e n t  t o  a minimum o f  
0.004 p e r c e n t  f o r  n o i s e - f r e e  data.  

w i t h  t h e  l o n g e r  d a t a  a r c s .  
i n s e n s i t i v e  t o  t h e  presence o r  absence o f  c o n s t r a i n t s  on t h e  a p r i o r i  s t a t e  
v e c t o r  f o r  t h e  case o f  n o i s e - f r e e  da ta .  

The b e t t e r  comparisons a r e  a s s o c i a t e d  
The t h r u s t  s c a l e  f a c t o r s  a r e  a l s o  r e l a t i v e l y  

Thi  s i s s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  corresponding r e s u l t s  f o r  d a t a  w i t h  
measurement n o i s e .  Wi th  a c o n s t r a i n e d  a p r i o r i  s t a t e ,  t h e  d i f f e r e n c e s  be- 
tween T and 0.111111 range f rom 2 p e r c e n t  t o  0.04 p e r c e n t ,  b u t  t h e  accuracy 
i s  g r e a t l y  reduced by  removing t h e  c o n s t r a i n t .  For  t h e  l a t t e r  c o n d i t i o n ,  
t h e  d i f f e r e n c e  ranges f r o m  a maximum o f  57 pe rcen t ,  f o r  t h e  s m a l l e s t  d a t a  
a r c  i n  t h e  s e r i e s  (30 m inu tes ) ,  t o  a minimum o f  0.1 p e r c e n t ,  f o r  t h e  60-min- 
u t e  d a t a  a r c .  

T h i s  t r e n d  i s  s i m i l a r  t o  t h e  one observed f o r  t h e  case o f  a l o n g - t r a c k  t h r u s t ;  

i . e . ,  f o r  t h e  case o f  d a t a  w i t h  measurement no i se ,  t h e  f i n a l  t h r u s t  est ima- 

t i o n  accuracy i s  v e r y  s e n s i t i v e  t o  t h e  d a t a  a r c  l e n g t h  when t h e  a p r i o r i  

s t a t e  i s  a l s o  b e i n g  est imated.  These genera l  t r e n d s  a r e  con f i rmed  by  t h e  
ephemeris comparisons, which a r e  v e r y  l a r g e  f o r  t h e  s h o r t e r  d a t a  a r c s  w i t h  
no cova r iance  c o n s t r a i n t  and a r e  s m a l l e r  and r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  

d a t a  a r c  l e n g t h  f o r  t h e  case o f  a c o n s t r a i n e d  a p r i o r i  s t a t e .  
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3.3 CONCLUSIONS 

The f o l l o w i n g  conc lus ions  can be made f rom t h e  s tudy  o f  a t t i t ude -dependen t  

t h r u s t  e s t i m a t i o n  p resen ted  above: 

I n  t h e  case o f  a t t i t ude -dependen t  t h r u s t ,  t h e  use o f  a cova r iance  
m a t r i x  t o  f i x  t h e  i n i t i a l  s t a t e  v e c t o r  ensures a r e l i a b l e  e s t i m a t i o n  
o f  t h e  t h r u s t  s c a l e  f a c t o r  u s i n g  a 10-minute TDRS-W t r a c k i n g  pass 
b e g i n n i n g  15 minutes f rom i g n i t i o n .  

I f  t h e  s t a t e  v e c t o r  and T a r e  b o t h  es t ima ted  ( i . e . ,  no a p r i o r i  
s t a t e  cova r iance  c o n s t r a i n t  i s imposed), n o i  s e  has a c o n s i d e r a b l e  
e f f e c t  on t h e  r e l i a b i l i t y  o f  t h e  s o l u t i o n .  
v e c t o r  i s  cons t ra ined ,  however, n o i s e  has v e r y  l i t t l e  e f f e c t .  

If t h e  i n i t i a l  s t a t e  

To o b t a i n  r e l i a b l e  es t ima tes  o f  t h e  s t a t e  v e c t o r  and T, an obser-  
v a t i o n  t imespan o f  a t  l e a s t  50 minutes i s  g e n e r a l l y  needed. 

4 .  FUTURE DEVELOPMENTS I N  THRUST ESTIMATION 

Many f u t u r e  m iss ions  w i l l  make g r e a t e r  demands on t h e  t h r u s t  e s t i m a t i o n  

c a p a b i l i t y  o f  t r a j e c t o r y  d e t e r m i n a t i o n  systems. 
o f  s p a c e c r a f t  t r a c k i n g  s y s t e m s ,  s t r i c t e r  accuracy requi rements,  and more 
comp l i ca ted  a t t i t u d e  and t h r u s t  schedules w i l l  r e q u i r e  t h r u s t  e s t i m a t i o n  

s y s t e m s  t o  p r o v i d e  c a l i b r a t i o n  f a c t o r s  on a n e a r - r e a l t i m e  b a s i s  and f o r  more 
genera l  a t t i t u d e  a c q u i s i t i o n  scenar ios.  I t  would be d e s i r a b l e  t o  have a 

s y s t e m  capable o f  h a n d l i n g  a t t i t u d e  i n f o r m a t i o n  f r o m  a v a r i e t y  o f  sources. 

The inc reased  s o p h i s t i c a t i o n  

The conc lus ions  s t a t e d  he re  a p p l y  s t r i c t l y  t o  o n l y  t h e  l o w - t h r u s t ,  long-burn 

case. For t h e  case o f  h i g h - t h r u s t  p e r t u r b a t i o n s ,  numer ica l  problems, asso- 

c i a t e d  w i t h  t h e  s t a r t  and end of  t h e  burn p e r i o d ,  can be a n t i c i p a t e d .  

A n a l y s i s  i s  c u r r e n t l y  b e i n g  performed t o  determine i f  t h e  s t a t u s  o f  low-burn 
t h r u s t  e s t i m a t i o n  i n  GTDS a p p l i e s  t o  t h e  h i g h - t h r u s t  case. 
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