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Preface  

Th i s  f i n a l  r e p o r t  documents t h e  d e t a i l e d  r e s u l t s  of  a  system a p p l i c a t i o n  

s tudy,  invo lv ing  t h e  7-se of  t h e  Hughes S t e l l a r  Tracking A t t i t u d e  Reference 

System (STARS) a s  t h e  a t t i t u d e  r e f e r e n c e  f o r  p r e c i s i o n  p o i n t i n g  (wi th  -001 

degree accuracy)  of a n  EOS s p a c e c r a f t .  The STARS accomplishes p r e c i s i o n  e a r t h  

po in t ing  by u t i l i z i n g  a  s i n g l e ,  c l u s t e r e d  s t a r  t r a c k e r  assembly mounted on a  

non-orthogonal , two gimbal mechanism, d r i v e n  s o  a s  t o  unwind s a t e l l i t e  o r b i t a l  

and o r b i t  p recess ion  r a t e s .  

The fundamental o b j e c t i v e  of t h e  system a p p l i c a t i o n  s t u d y  was t o  e x p l o r e ,  

by means of  r e a l i s t i c  pre l iminary  des ign ,  a n a l y s i s ,  and s imula t ion ,  t h e  l i m i -  

t a t i o n s  p laced upon STARS performance i n  a  t y p i c a l  low a l t i t u d e ,  inc l ined  o r b i t  

e a r t h  obse rva t ion  mission by t h e  non-ideal  c h a r a c t e r i s t i c s  of t h e  system hardware 

and s p a c e c r a f t  behavior.  A b a s i c  ground r u l e  of  t h e  s tudy  was t h a t  gyros were 

not  t o  be used t o  provide  s h o r t  per iod s t a b i l i z a t i o n .  

The o v e r a l l  conclus ion reached i n  t h i s  study i s  t h a t  a  r e l a t i v e l y  s t r a i g h t -  

forward p r e c i s i o n  p o i n t i c g  system des ign ,  u t i l i z i n g  STARS on a n  EOS type space- 

c r a f t ,  and cons ide r ing  t h e  c h a r a c t e r i s t i c s  of  r e a l  sens ing and c o n t r o l  components, 

c-n achieve t h e  d e s i r e d  0.001 degree po in t ing  c a p a b i l i t y .  It was found t h a t  the  

lower limit on long term po in t ing  p r e c i s i o n  was determined p r imar i ly  by t h e  

accuracy ob ta inab le  from t h e  s t a r  t r a c k e r s .  Shor t  term p o i n t i n g  p r e c i s i o n  

( j i t t e r )  was e a s i l y  reduced t o  below 0.2 arcseconds by proper  c o n t r o l  system 

des ign ,  and both good j i t t e r  s t a b i l i t y  snd e x c e l l e n t  t r a n s i e n t  response c h a r a c t e r -  

i s t i c s  were obta ined without t h e  use o f  gyros.  S ince  a l l  ana lyses  and s imula t ions  

s o  f a r  have shown STARS t o  be capable  of t h e  d e s i r e d  po in t ing  p r e c i s i o n  and 

s t a b i l i t y ,  t h e  next s t e p  i n  b r ing ing  STARS up t o  t h e  l e v e l  of  a  f l i g h t  q u a l i f i e d  

system is t h e  development of  a n  engineer ing model and i t  is  t h e r e f o r e  recommended 

t h a t  t h i s  be undertaken next .  
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1. Introduct ion 

The requirements of various projected s c i e n t i f i c ,  comnercial, and 

defense or ien ted  s a t e l l i t e  missions i nd i ca t e  a s t rong  need f o r  a s t r a i g h t -  

forward, conceptually simple, mechanically and e l e c t r o n i c a l l y  uncomplicated, 

and h ighly  r e l i a b l e  a t t i t u d e  reference and prec is ion  pointing system, which 

has t h e  po t en t i a l  of achieving and the  p o s s i b i l i t y  of  eventual ly  exceeding 

0.001 degree point ing capabi l i ty .  I n  response t o  t h i s  need, Hughes A i r c r a f t  

Company has evolved the  STARS ( S t e l l a r  Tracking At t i t ude  Reference System) 

concept which avoids many of t he  problems associated with t he  prec is ion  

point ing schemes by the  use of a compact. mltistar t racker  and a simple, 

unconventional two-gimbal assembly. The advantages of t h i s  approach are 

a s  follows: 

1) The s t e l l a r  reference is  a s ing l e ,  c lus te red  s t a r  t racker  

assembly on a s ing l e  gimbal mount, thus providing a uni- 

form thermal environment f o r  i t s  components, minimum d i s -  

t o r t i on ,  and involving minimum i n t e r a c t i o n  with other  space- 

c r a f t  component s. 

2) The STARS concept is not dependent upon high prec is ion  gyros, 

with t h e i r  a t tendant  r e l i a b i l i t y  and cos t  disadvantages. 

3)  The s t a r  t racker  concept provides a high l eve l  of redundancy 

i n  i t s  basic  design, being ab l e  t o  t r ack  more than the  minimum 

required number of stars most of the t i m e .  I n  addi t ion ,  i t  pro- 

vides gradual degradation of performance i n  case of f a i l u r e  of 

one o r  more individual  t rackers .  

4 )  The s t a r  t racker  design and the  p a r t i c u l a r  scanning technique 

used avoid t h e  usual requirements for  c r i t i c a l  alignment of the  

scanning device t o  t he  boresight ax i s .  

5) The STARS concept operates  with e s s e n t i a l l y  constant r a t e s  about 

both ginbal  axes,  thereby avoiding many of the more s ign i f i can t  

sources of angular e r r o r  normally associated with gimbal systems 

and t h e i r  dr ives .  

6 )  The STARS concept minimizes the  amount of computational capab i l i t y  

required of the  on-board computer. 



FIGURE 1-1. STARS - A GYROLESS INERTIAL PLATFORM 



7 )  The STARS concept can opera te  without t h e  conven t iona l ly  requ i red  

on-board star c a t a l o g  s i n c e  t h e  l o c a t i o n s  of on ly  e i g h t  p r e s e l e c t e d  

stars a r e  required.  

Th is  concept was i n v e s t i g a t e d  i n  NASA funded f e a s i b i l i t y  s tudy  ( c o n t r a c t  

- NAS 5-21508) which ended i n  June 1971. The des ign  conf igura t ion ,  developed 

i n  the f e a s i b i l i t y  s tudy,  u t i l i z e d  a c l u s t e r e d  s e t  of e i g h t  star t r a c k e r s  

mounted on t h e  i n n e r  gimbal of a nonorthogonal two-axis gimbal system. A s  

i l l u s t r a t e d  diagrammatically i n  Figure  1-1, t h e  inner  gimbal is h e l d  essen-  

t i a l l y  p a r a l l e l  t o  the  e a r t h ' s  po la r  a x i s ,  whi le  t h e  o u t e r  gimbal is  p a r a l l e l  

t o  t h e  s a t e l l i t e  p i t c h  a x i s .  Under i d e a l  cond i t ions ,  t h e  s a t e l l i t e  may r o t a t e  

about i t s  p i t c h  a x i s  whi le  keeping t h e  yaw axis pointed p r e c i s e l y  v e r t i c a l ,  

and t h e  star t r a c k e r s  cont inue t o  po in t  a t  t h e i r  ass igned s t a r s  whi le  t h e  o r b i t  

p recesses  about the  p o l a r  a x i s .  The star t r a c k e r s  a r e  arranged and t h e i r  s i g n a l s  

processed so  t h a t  two a r e  t r a c k i n g  s t a r s  a t  any one time r e g a r d l e s s  of e a r t h  and 

s a t e l l i t e  body o c c u l t a t i o n  d i r e c t i o n s .  Physical  motion of t h e  star t r a c k e r s  i n  

i n e r t i a l  space t o  permit  t h e  t r a c k i n g  func t ion  is  accomplished by c o n t r o l l i n g  

v e h i c l e  a t t i t u d e .  P r e c i s i o n  p o i n t i n g  of t h e  s a t e l l i t e  v e r t i c a l  i s  achieved 

by commanding t h e  proper p i t c h  and p o l a r  a x i s  gimbal ang les ,  based on ground- 

determined and r e g u l a r l y  updated ephemeris d a t a .  An on-board d i g i t a l  computer 

keeps t r a c k  of l o c a l  satel l i te  t i m e ,  c a l c u l a t e s  and sets proper gimbal ang les ,  

and performs t h e  a t t i t u d e  c o n t r o l  s i g n a l  process ing and connnand func t ions  t o  

enable  star t r a c k i n g  as requ i red .  

Th is  one year  s tudy showed t h a t  STARS appears t o  be a f e a s i b l e  

a t t i t u d e  re fe rence  system a ~ d  t h a t  no t h e o r e t i c a l  o b s t a c l e s  e x i s t  t o  a 

p r a c t i c a l  implementation. Systems a c a l y s i s  showed t h a t  a set of e i g h t  stars 

could indeed be found t h a t  would provide a continuous a t t i t u d e  re fe rence  f o r  

any a r b i t r a r y  o r b i t .  A s t r a igh t fo rward  a t t i t u d e  a c q u i s i t i o n  procedure w a s  

developed, and t h e  on-board computational requirements were e s t a b l i s h e d .  A 

conceptual  des ign and layout  of a s u i t a b l e  gimbal system f o r  t h e  s t a r  t r a c k e r s  

was dev?loped and t h e  a v a i l a b i l i t y  of t h e  requ i red  components was e s t a b l i s h e d .  

Servo a n a l y s i s  and s imula t ion  of t h e  gimbal pos i t ion ing  systems showed t h a t  

p r e c i s e  p o s i t i o n i n g  a t  t h e  requ i red  p o s i t i o n  a c c u r a c i e s  and r a t e s  is t h e o r e t i c a l l y  

f e a s i b l e .  I n  a d d i t i o n ,  assembly and t e s t  methods f o r  t h e  STARS gimbal system 

were explored a s  an  e s s e n t i a l  p a r t  of a n  o v e r a l l  f e a s i b i l i t y  study. 



A d e t a i l e d  a n a l y s i s  and prel iminary des ign  of a s t a r  t r a c k e r  system 

was performed i n  the  f e a s i b i l i t y  study. This  involved a system a n a l y s i s  of 

t h e  proposed t r a c k e r  system including o p t i c s ,  s i g n a l  process ing,  and sunshade 

design.  A mechanical des ign  s tudy r e s u l t e d  i n  a  d e t a i l e d  pre l iminary mechanical 

layout of a t r a c k e r  c l u s t e r  and v e r i f i c a t i o n  t h a t  t h e  des ign concept was f e a s i -  

b le .  I n  a d d i t i o n  a  d e t a i l e d  e r r o r  a n a l y s i s  of t h e  t o t a l  system, based on a n t i c i -  

pated thermal and s t r u c t u r a l  c h a r a c t e r i s t i c s ,  showed t h a t  t h e  STARS mechanism is 

inheren t ly  s u i t a b l e  f o r  h igh p r e c i s i o n  a t t i t u d e  re fe rence  purposes. 

An a r e a  excluded from cons idera t ion  i n  t h e  f e a s i b i l i t y  s tudy was t h e  

p r e c i s i o n  po in t ing  c a p a b i l i t y o f  a real s p a c e c r a f t  employing STARS f o r  sens ing ,  

s i n c e  such a  s tudy  is  s p a c e c r a f t  conf igura t ion  dependent. A p re l iminary ,  

l i n e a r i z e d  a n a l y s i s  f o r  a t y p i c a l  s p a c e c r a f t ,  performed s i n c e  t h e  completion of 

t h e  f e a s i b i l i t y  s tudy,  has  ind ica ted  however t h a t  under i d e a l i z e d  sensing and 

torquing cond i t ions ,  wi th  pure  angular  r a t e  feedback a v a i l a b l e  , p r e c i s i o n  v e r t i c d  

po in t ing  t o  0.001 degree is p r a c t i c a l .  The ques t ions  t h a t  were not answered 

a t  t h a t  time,and t h a t  r equ i red  f u r t h e r  d e t a i l e d  s tudy,  concerned t h e  l i m i t a t i o n s  

placed on p r e c i s i o n  po in t ing  by r e a l i s t i c  star sensor  c h a r a c t e r i s t i c s ,  s i g n a l  

processing requirements,  c o n t r o l  system bandwidth l i m i t a t i o n s  due t o  sensor  

no i se ,  and t h e  requirement t o  generate  a t t i t u d e  r a t e  damping information from 

star sensor  s i g n a l s  r a t h e r  than  a b u i l t - i n  gyro. These a r e  t h e  p r i n c i p a l  

ques t ions  t h a t  were addressed by t h i s  system a p p l i c a t i o n  study. 

The s tudy can be d iv ided  e s s e n t i a l l y  i n t o  t h r e e  p a r t s :  s t a r  t r a c k e r  i n v e s t i -  

g a t i o n s ,  a t ~ i t u d e  c o n t r o l  system design,  and performance a n a l y s i s  and s imulat ion.  

Each o f  these  a i t a s  is  discussed i n  i u r n  on t h e  following pages. 



2. S t a r  Tracker Performance 

In  order t o  develop more confidence i n  the  a b i l i t y  of the STARS t racker  

t o  achieve the  required performance i n  the  postulated envi roment ,  t he  t racker  

noise model developed during the  f e a s i b i l i t y  study was re-examined. Concurrently,  

t o  provide improved in s igh t  i n t o  photomultiplier na i se  c h a r a c t e r i s t i c s  obtained 

experimentally on another program, and t o  confirm the a n a l y t i c a l  approach, ad- 

d i t i o n a l  tests were performed on three  photomult<plier tubes.  The ana lys i s  and 

che experimental r e s u l t s  a r e  discussed below. 

2.1 Analysis 

The s t a r  de tec t ion  process bas i ca l l y  cons is t s  of s e t t i n g  a threshold l eve l  

and def ining voltages below tha t  l eve l  "noise" and vol tages  above tha t  l eve l  a s  

"signal". The determination of the  apprapriate  threshold leve l  s e t t i n g  requi res  

a s t a t i s t i c a l  evaluat ion of t he  probabi l i ty  of a noise pulse  being g rea t e r  than 

t h i s  level  ( f a l s e  alarm) and a s igna l  + noise  pulse  bein& smaller than t h i s  l eve l  

(missed pulse).  This ana lys i s  i s  based Ln t he  asirunption t h a t  a f a l s e  alarm is 

equivalent t o  a missed pulse  i n  respect  t o  th; per turbat ion it causes t o  the  

system's t racking loop. 

The STARS s t a r  t racker  uses photomultiplier tubes a s  o p t i c a l  de tec tors .  

The model t h a t  bes t  descr ibes  the  pulse amplitude d i s t r i b u t i o n  of the photomulti- 

p l i e r  tube ' s  noise  output has been the  pr inc ipa l  subject  of t h i s  ana lys i s .  It is 

t h i s  model t ha t  permits a determination of where t o  set the  de tec t ion  threshold and 

pred ic t ion  of t he  f a l s e  alarm and missed pulse r a t e s  f o r  t h i s  threshold. I n  e a r l i e r  

analyses ,  gaussian s t a t i s t i c s  were used t o  descr ibe both t h e  s igna l  and noise  

c h a r a c t e r i s t i c s  of t he  PMT output. Experience on the  Space Precis ion At t i t ude  

Control System (SPACS) s t a r  sensor program found t h a t  t h i s  assumption yielded 

extremely op t imis t ic  r e s u l t s  i n  comparison t o  laboratory measured performance. 

The noise  output cf a F W  is  pr imari ly  a r e s u l t  of PMT leakage cur ren t ,  s t a r  

background i r rad iance ,  and i l l un ina t ion  from off-axis  b r igh t  sources such as sun, 

e a r t h  o r  moon being r e f l ec t ed  and sca t t e r ed  by the sun shade in to  the  f i e l d  of  

view. Of these,  the r e f l ec t ed  and sca t t e r ed  so l a r  i l lumina t ion  was considered 

t o  be t h e  dominant performance l imi t ing  noise source a s  discussed i n  t he  STARS 

f i n a l  report .  

1.. addi t ion  t o  these sources of noise;  space r ad i a t i on ,  i n  p a r t i c u l a r  high 

energy ga l ac t i c  p a r t i c l e s ,  may contr ibute  t o  the  PMT sritput noise.  



A study that was perforced to explain the discrepancy between the 

measured and expected false alarm rates on the SPACS program found that the 

amplitude of the PMT output noise pulses exhibited an exponential distribution 

rather than paussian. This distribution results in much higher false alarm 

*at.es as will be shown. 

The present analysis includes an examination of the pulse amplitude 

distribution of three representative photomultiplier tubes operated at the 

conditions of background illumination and electrical bandwidth anticipated 

for the STARS sensor. 

The solar irradiance that is scattered and reflected from the sun shade 

will result in an average (d.c.> output I at the PKT anode. This current can 
B 

be related to an equivalent signal irradiance at the entrance aperture of the 

optics by 

where R = Photocathode Responsivity 

G = Photomultiplier Gain 

Ae ff = Effective Optical Aperture 

The variation of background noise pulse amplitudes is generally described 

by a gaussian distribution for which the la standard deviation or rms noise is 
given by 

Aeff R HB G~ ~f (amp) 

where 

6 = average gain of an individual dynode 

G = multiplier overall gain 

A£ = noise equivalent bandwidth 

The effective signal irradiallce equivalent of this noise current is gi~rss, 

by 

in -2  
6 ' (watt cm ) 

Aeff RG 



The b a s e l i n e  des ign parameters,  a p p l i c a b l e  t o  t h i s  a n a l y s i s ,  f o r  t h e  

STARS sensor  a r e  shown i n  Table 2-1. 

TABLE 2-1 BASELINE DESIGN 

Photocathode Responsivity,  R = .075 ampiwatt 

E f f e c t i v e  C o l l e c t i n g  Aper ture ,  Aef f  = 6.4 cm 
2 

1 Noise Equivalent Bandwidth, bf = 350 hz 

Gain of a s i n g l e  dynode, 8 = 2.5 

Background I r r a d i a n c e ,  4 = 1.1 x 10-13 xlcm 2 

Minimum STAR Ir radiance,  = 1. i x 10-l3 wlcm 2 

Pulse  V i s i b i l i t y  Fac to r ,  V /Vss = .75 
---- 

P -- 

Normalizing i r r a d i a n c e  l e v e l s  and no i se  c u r r e n t s  t o  t h e  appropr ia te  value  

of 0 provides  a s i m p l i f i e d  means of comparing d a t a  taken under d i f f e r e n t  con- 

d i t i o n s  and r e l a t i n g  it t o  t h e  a n a l y s i s  us ing  b a s e l i n e  des ign parameters. 

For t h e  above design parameters,  it i s  found t h a t  , = 6.52 x watt  - 2 cm . The minimum star t h e r e f o r e  can be expressed a s  

For a gauss ian d i s t r i b u t i o n  of noise  p u l s e  amplitudes,  t h e  p r o b a b i l i t y  

of a p u l s e  exceeding t h e  mean value  by an  amount T can b e  descr ibed by 

The gauss ian  func t ion  i s  genera l ly  used t o  desc r ibe  no i se  ampiitudes g r e a t e r  

than and l e s s  than t h e  mean value  w i t h  equal  p r o b a b i l i t y .  Far  the  purpose o f  t h e  

a n a l y s i s  o f  fa1 s e  alarms, only p o s i t i v e  amplitudes need by considered,  r e s u l t i n g  
1 

i n  t h e  f a c t o r  a t  t h e  beginning o f  t h e  above equation.  

I f  t h e  output  no i se  e x h i b i t s e x p o n e n t i a l  behavior t h e  d i s t r i b u t i o n  of no i se  

amplitudes g r e a t e r  than t h e  mean l e v e l  can be descr ibed by 



I f  the  assumption is  made tha t  the  output noise amplitude is g rea t e r  than 

the mean l eve l  half  the time, then the  prababi l i ty  of a f a l s e  alarm a s  a 

function of threshold s e t t i n g  above the  mean l eve l  can be expressed by 

I n  the  base l ine  STARS concept, each photomultiplier tube is only ac t ive  
0 during two 90 windows. This r e s u l t s  i n  a f ac to r  of 2 reduction i n  the  

number of e f f ec t ive  f a l s e  alarms. 

The probabi l i ty  of missing a pulse is  described by the probabi l i ty  t ha t  

the amplitude of the s igna l  plus  noise k i l l  be l e s s  than the threshold level .  

One must be c e r t a i n  t o  include the noise because of the  f i n i t e  probabi l i ty  

t h a t  the  d i r ec t ion  of  t he  noise pulse at the  time of a s igna l  pulse w i l l  sub- 

t r a c t  from the  s igna l  thus  increasiqg its probabi l i ty  of f a l l i n g  below thres-  

hold. Since both pos i t ive  and negative deviat ions of s igna l  and noise from 

t h e i r  mean values must be considered i n  t h i s  port ion of the  ana lys is ,  use of 

a gaussian d i s t r i bu t ion  i s  most appropriate.  Data obtained on the SPACS 

system supports use of the gaassian model. 

The standard deviat ion o r  rms value of the  s igna l  + noise i s  given by 

and the corresponding s igna l  i r radiance by 
. 0  
1 n -2 

u' ' (watt crn ) 
Aeff 

For the basel ine case i n  which Hetf = l#,, = , T o  

The missec! pulse r a t e  is given by 

MPR =' PElp . N 
where N i s  the normally expected r a t e  of s igna l  pulses which fo r  a STARS 

sensor is  four per second. 



2.2 Experimental Results 

A t e s t  was s e t  up i n  which a l igh t  source provided a background irradiance 

a t  the PMT photocath.de. The doc. o r  average and the  rms noise currents  were 

measured a t  the output of a 300 hz (3 db) cutoff f i l t e r .  A ttxeshold was s e t  

a t  the average and the number of frequency of pulses exceeding t h i s  value were 

lneasured on a counter. This zero threshold (T = 0) level  was found t o  yield 

a f a l s e  alarm r a t e  tha t  could be approximately described by 

FAR ,2Pfa ~f 

The e a r l i e r  SPACS study reported a s imilar  finding; however, ce r t a in  as- 

pects of that  study appear t o  indicate tha t  noise amplitudes below the mean 

noise level  were neglected, which may imply fa l se  alarm ra tes  a factor  of two 

greater  than those abserved i n  these t e s t s .  

The threshold voltage level  was increased and data was collected of the 

frequency of pulses tha t  exceeded each threshold level.  These frequencies o r  

count r a t e s  were divided by the zero threshold r a t e  t o  provide the probabil i ty 

of f a l se  alann a s  a function of threshold and normalized t o  a value of .5 for  

the Pfa (T = 0). 

The three tubes used in t h i s  test had the sme type of photocathode and 

were laanufactured by the same manufacturer. One tube, 7762E, has a s l i g h t l y  

larger photocathode area  than the  other tubes and was manufactured around nine 

years ago. A second tube, 13873, w a s  manufactured around four years ago and 

has been used quite  extensively for  SPACS engineering tests. The th i rd  tube, 

19391, is of very recent manufacture and has not been used other than for 

acceptance type t e s t s .  

A s  seen i n  Figure 2-1, one tube (13873) behaves i n  an almost perfect expo- 

nential  manner and the other two tubes a re  closer  t o  gaussian. P m  19391 shows 

a tendency toward exponential behavior for  large amplitude pulses. 

The nature of the measurement techniques used t o  obtain the above data 

necessitated using data taken over extended periods, many days i n  some cases. 

This caused some concern over the accuracy of applying the  data  t o  shcrrt time 

i n t e r - ~ a l s .  A solut ion t o  t h i s  shortcoming was found t o  be through the use of 

a multichannel analyzer tha t  samples noise and counts the d is t r ibut ion  of samples 
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FIGURE 2-1. FALSE ALARM DATA FOR THREE PHOTOMULTIPLIER TUBES 





a s  a function of t h e i r  amplitude. 

A Northern Sc i e n t i f  i c  , Model NS-900-LA m~~l t i channe l  analyzer was employed 

fo r  t h i s  d i r e c t  photomulitplier dark and background d i s t r i b u t i o n  analysis .  

I n  addi t ion  a Tektronfi. 547 osci l loscope with a 1A7A plugin was u t i l i z e d  t o  

pruuuce a +B coincidence ga te  allowing t h e  analyzer t o  be operated i n  a multi-  

channel AID conversion mode f o r  ana lys is  of the  slowly varying f i l t e r e d  wave- 

f oras. 

An examination of  the  da t a  co l lec ted  i n  t h i s  t e s t  (See Figure 2-2) con- 

firms the  previous conclusion t h a t  t he  d i s t r i b u t i o n  of l a rge  amplitude pulses  

diffelsmarkedly between tubes of t he  same family. Even a f t e r  subs t an t i a l  f i l -  

t e r ing  (300 hz bandwidth) some of the photomultipliers show an exponential 

form of t a i l  d i s t r i b u t i o n  t h a t  is not iceably a f f ec t ing  the  background d i s t r i bu t ion .  

The exact cause of t h i s  va r i a t i on  i n  behavior among tubes is  not known a t  

t h i s  time. It is  speculated t h a t  the  presence of gas i n  the  tubes may s ign i f i can t ly  

a£ f ec t  these d i s t r i bu t ions ,  i n  pa r t i cu l a r ,  the  la rge  amplitude pulses. 



2.3 Results and Conclusions 

Figure 2-3 describes the  several probabi l i ty  funct ion d i s t r i b u t i o n s  

t h a t  have been discussed i n  t h i s  repor t  f o r  both t h e  noise and s igna l  + 
noise cases. Using these curves, the  f a l s e  alarm and missed pulse r a t e s  

were computed f o r  the exponential  d i s t r i b u t i o n  as a worst case  condit ion 

and f o r  PMT 19391 as a more opt imis t ic  case t h a t  can probably be real k e d  

through p h o t o m l t i p l i e r  tube se lec t ion .  Tables 2-2 and 2-3 summarize 

the  predicted f a l s e  alarm and missed pulse rates as a funct ion of threshold 

s e t t i n g  f o r  the  above two cases. 

The s igna l  t o  noise r a t i o  of the  STARS sensor as is used i n  the deter-  

mination of i ts  s e n s i t i v i t y  and s t a b i l i t y  is given by 

SNR = 
("~'"ss) 

For the  base l ine  design parameters, a SNR of 8.95 is obtained f o r  the  minimum 

r e ~ u i r e d  star. 

It must be kept i n  mind t h a t  the performance c h a r a c t e r i s t i c s  described 

a r e  a function of the  angk between the  point ing d i r ec t ion  of the  star t racker  

and the loca t ion  of br ight  sources,  which i n  t h i s  ana lys is  w a s  l!iO f o r  the 

e a r t h  and 30° f o r  the sun. Performance w i l l  improve a t  g rea t e r  angles  u n t i l  

other sources become the l imi t ing  noise factor .  In  the SPACS program i t  w a s  

determined t h a t  ga l ac t i c  p a r t i c l e s  probably provide t h i s  lower l i m i t .  

I n  the  course of the  experimental por t ion  of t h i s  study, the  background 

source was turned o f f  and a count was made of f a l s e  alarms from a l l  other  

sources. For a typ ica l  threshold se t t i ng ,  the  count r a t e  w a s  around two orders  

of magnitude lower than t h a t  obtained with a br ight  source background. 

In  surmrary, t h i s  study indica tes  t h a t  a s  a worst case s i t ua t ion ,  a 

f a l s e  alarm and missed pulsed r a t e  of 75 per hour can be ant icipated.  A more 

opt imis t ic ,  yet  r e a l i s t i c  condit ion p red ic t s  around 4 f a l s e  alarms and missed 

pulses per hour. It should be noted from the probabi l i ty  values l i s t e d  i n  

Tables 2-2 and 2-3 t h a t  the occurrence of two consecutive perturbat ions has 

very low probabi l i ty .  It is a l s o  very obvious t h a t  an order  of magnitude 

improvement is  obtainable i f  desired ( a t  t he  expense of e l ec t ron ic  complexity) 

i f  time gat ing of the star pulses i s  applied as pa r t  of the s igna l  processing. 
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TABLE 2-2 

False Alam & Missed Pulsed Predictions. Exponential 

Case 

TABLE 2-3 

False Alarm 6 Missed Pulse Rates, PMT 19391 





3. Att i tude  Control S;rstem Design 

3.1 Spacecraft Dynamics 

The spacecraf t  dynamics used i n  t he  simulation included nonlinear 

dynamics t o  obta in  a more accurate  representat ion OF the spacecraf t  dynamics 

for  the STARS applicat ion.  The high degree of accuracy desired i n  the 

dynamics model complements the high degree of accuracy expected from STARS. 

Nonlinear terms as wel l  as  product of i n e r t i a s  a r e  included i n  the ana lys is  

t o  formulate a more representa t ive  dynamics model of the spacecraf t .  

The i n e r t i a  matrix for  the spacecraf t  is shown below. The coordinates,  

x, y ,  z a r e  i n e r t i a l l y  referenced general orthogonal coordinates.  

where 

I i  =-J i . j dm 

2 2 
Ii i  = J ( j  + k ) d m  

i, j, k = coordinates, o r ig in  c.g. 

q = m t j s  

The angular ve loc i ty  and acce lera t ion  matrices for  the vehic le  a r e  
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FIGURE 3-1. BLOCK DIAGRAM FOR VEHICLE DYNAMICS 



dm 
where =2 F9. = angle r o t a t i o n  about q-axis,  q = x, y,  z 

q 

The moment torque equation is 

- - 
where H = I m  

The moment equation f o r  t he  EOS veh ic l e  can be ca lcu la ted  t o  be (See Appendix 5-1) 

Figure 3-1 shows the  block diagram for  the  spacecraf t  dynamics based on 

the  s e t  of equations above. The torque exerted on the  spacecraf t  produces 

r o l l ,  yaw, and p i tch  angles  d,  Y, and 8, respect ively.  The torque input is  

supplied by t h e  cont ro l  system t h a t  receives  a t t i t u d e  e r r o r  information 

from STARS. The spacecraf t  a t t i t u d e  angles ,  0 Y ,  and 8 a r e  then r e f l ec t ed  

i n  the  e r r o r s  sensed by the s t a r  sensor/telescope. 

3.2 Disturbance Torques 

Sources of dis turbance torques on an e a r t h  s-Zellite a r e  environmental 

(external)  o r  i n t e rna l .  Those sources,  due t o  i n t e r ac t i ons  of the  spacecraf t  

with t he  environment, a r e  g rav i t a t i ona l  g rad ien t ,  so la r - rad ia t ion  pressure,  

aerodynamic pressure,  meteorite impact and magnetic i n t e r ac t i on  between the 

e a r t h ' s  f i e l d  and spacecraf t  e l e c t r i c  cur ren ts .  I n t e rna l  sources a r e  the 



expulsion of matter (e.g., t h rus t e r s ) ,  a c t iva t ion  of spacecraf t  elements 

or  appendages and in t e rax i s  coupling. 

ilisturbanze torques can be e i t h e r  cyc l i c  o r  secular  a s  reierenced from 

i n e r t i a l  space. Moc ntum s torage  devices (e.g., react ion wheels) can be 

u t i l i z e d  t o  accomnodate angular momentum due t o  cyc l ic  disturbance without 

requir ing unloading and exceeding minimal a t t i t u d e  e r ror .  Secular torques 

require  unload1 - 9  of s tored  momentum per iodica l ly  because of continuous' 

aomentum buildup. 

SOLAR PRESSURE TORQUE 

The r e su l t an t  s o l a r  pressure torque is  a  function of the e f f ec t ive  

area of the spacecraf t  exposed to  the sun, the r e f l e c t i v i t i e s  of the 

ex t e r io r  surfaces,  and the  d is tance  between the center  of mass and center  

of pressure.  

The basic  equations f o r  s o l a r  pressure forces a re :  

(Diffuse Rcflec tion 
Forces) 



where t he  terms a r e  given a r :  

vl = re f lec tance  coe f f i c i en t  over the  i t h  su r f ace  

b i  
= d i f f u s i v i t y  coe f f i c i en t  over the  sur face  (p = 1 for  specular  

i 
re f l ec t i on )  

A 
n = u n i t  vector d i r ec t ed  outward normal t o  dA 

i 

0 
= s o l a r  rad ia t ion  pressure constant  fo r  the normal incidence ($.a) 

= 1 and complete absorp t iv i ty  ( v  = 0)  = 9.4 x poundlfoat 2 

Ai = the  area of the i t h  surface 

9 = u n i t  vector  d i r ec t ed  t o  sunl ine  

The torque produced by the s o l a r  r a d i a t i o n  pressure i s  

where z, is  a vector  from t h e  vehic le  cen te r  of mass t o  the  sur face  (dA ) i i 

center  of pressure.  

Normal force e f f e c t s  were considered adequate f o r  the generalized EOS 

spacecraf t  configurat ion used i n  the  study. The s o l a r  panel is  sun or iented 

and cont r ibu tes  heavi ly  t o  the  normal force ,  while the remaining surfaces  tend 

t o  produce cance l la t ion  of shear  force and/or have low e f f e c t i v e  re f lec tances .  

The maxirmun s o l a r  pressure torque has  been ca lcu la ted  t o  be 1.0 x 10 -5 

foot-pound f o r  the  9:00 A.M. o r b i t .  

For t he  computer simulation, the  sun l i n e  i s  assumed t o  be along the 

vernal  equinox and the  spacecraf t  i s  assumed t o  be syametric about the  p i t c h  

ax i s  such tha t  t he  cen te r  of pressure is  located along the  p i t ch  ax i s .  Torque 

about each a x i s  i s  approximeted by a s inusoid based on t h e  o r b i t  r a t e .  The 

approximat ions used a r e  : 



T ~ o l l  = 1.0 x loo5 COB . t foot-pound 
0 

T~itch = 0.0 foot-pound 

T ~ a w  - 1.0 log5 . foot-pcund 
0 



vhere 

@o = radianlnecod 

The so la r  torque presented above should provide a representat ive 

disturbance torque for  obnervind STARS performance. 

AERODYNAMIC PRESSURE TORQUE 

The aerodynamic pressure e f fec t  on the spacecraft a t  an a l t i t u d e  c f  

1000 km produces a torque on the order of 2 x 10'~ foot-pound, primarily 

i n  the pi tch d i rec t ion  for  an angle of a t tack  of eight  (8) degrees. The 

general equation for  aerodynallic torque is 

where 

TA = torque due t o  aerodynamic pressure, fwt-pound 

PA = a m s p h e r i c  pressure, pound1 f oot 
2 

AA = surface area exposed t o  aerodynamic pressure, f m t L  

cr = vehicle angle of attack, radiam, 

Compared t o  so lar  pressure torque, aerodynamic pressure torque is small. 

GRAVITY GRADIENT TORQUE 

A spacecraft with non-equal principal  moments of i n e r t i a  tends t o  

al ign i t s e l f  i n  the gravitv f i e l d  s o  tha t  its principal  axis  of minimum 

ine r t i a  l i e s  along the gravitational ve r t i ca l .  The torque components due 

to  gravity gradient a re  

- -3 2 - - 
Ts r o l l  2 rno ( Ip  

- ly) s i n  2 1 

T pi tch = - -3 * ( I ~  - 5)  s i n  2 0 
8 2 rno 

Tg yaw = 0 



- 3 
where 1 10 radianlsecond o r b i t a l  r a t e  

U1o 

IR' IPS 4 a r e  the vehicle moments of i n e r t i a  about r o l l ,  pi tch and yaw, 

foot-pound-srond2; I and O a r e  t h e  r o l l  and pi tch e r ro r  angles, radians. 

The gravity gradient e f fec t  produces a torque about the pi tch axis  

-8 
equal t o  2.6 x 10 foot-pound, which is small compared t o  the so la r  

pressure torque. 

MAGNETIC PRESSURE TORQUE 

The ~ a g n e t i c  f i e l d  of the ear th  exerts  magnetic pressure on the  space- 

c r a f t  through an in terac t ion  with e l e c t r i c  currents  on the  spacecraft,  The 

torque applied t o  the spacecraft is given by 

- -6 - 
T = 6.86 x 10 IY x g  foot-pound 

where 
- 
U = magnetic moment, amp-turn-foot 2 

- 
B = magnetic f lux density due t o  ear th ' s  magnetic f i e ld ,  gauss 

The magnitude of the  ear th ' s  magnetic f i e l d  can be expressed as  

B = 
2 112 

lolo (sin2 y + 4 cos y )  
r 3 

where 

r = distance from dipole center t o  f i e l d  point,  radius of o r b i t  

(nautical r i l e s )  

= angle r makes with the earth 's  north-south dipole centerl ine 

(radians) o r  y = t,,ot where mo is the o r b i t  ra te .  

The distance r is the sum of the earth 's  radius (3444 nm) and hl the  

a l t i t u d e  of the  orbi t .  For an a l t i t u d e  of 540 nm, the magnetic f lux 

density of the  ear th  is 4.6 x gauss. Assuming 600 ampere-turns-foot 
2 

for  the spacecraft 's  magnetic moment, the  peak value of magnetic pressure 

torque is 1.9 x 10-5 foot-pound. The torque varies with Fosition along the 

orbi t .  

24 



3.3 Coepenrration 

The vehicle control subsy+tem that  receives a t t i tude  reference data 

from the STARS sensor and gimbal subsystems must prwide the proper 

compensation for the overall STARS at t i tude control s y s t w  i n  order for 

the vehicle's response t o  be s table  and have the desired pointing 

characteristics. The compensation that  provides the control l a w  for th is  

$;stem has two major tasks; i t  must hold the vehicle pointing error  due to  

disturbance torques t o  within 2-20 arcseconds, and i t  ~ u s t  also attenuate 

the STARS sensor noise. The disturbance torques acting on the vehicle 

occur a t  o rb i t  frequency, uhi le  the STARS sensor noise occurs a t  

frequencies a couple of magnitudes higher than orbi t  frequency. 



A s impl i f ied  block diagram of the  overa l l  STARS a t t i t u d e  cont ro l  

system is shown below. 

dis turbance torques is l e s s  than .20 arcseconds; places a magnitude 

cont ra in t  on the  t r ans fe r  function, @ / T ~  

e 
b 

10'~ 1 %.id- = ,) = -  radian 
10 foot-pound 

L 

Compensation Vehicle 

1 

S ta r s  
Sn 

The requirement t h a t  the vehic le  point ing e r r o r  due t o  maximum 

e 
2 

@c 

From the f igure  

1 



This expression y i e lds  a gain of 10 f o r  G a t  o r b i t  frequency. 1 

To reduce point ing e r r o r  due t o  STARS sensor noise,  t he  ga in  of B/Tn 

should be made a s  small a s  possible  a t  the  higher frequencies. With 

these  gain cons t r a in t s  and other  considerations i n  mind, the  foll-ing 

compensation was chosen: 

K (T, s + 1) 2 

T = 67 seconds 
1 

T = 6.7 seconds 
2 

The gain K i s  chosen,as described above, t o  achieve the  required 

point ing accuracy i n  the presence of dis turbance torques. The double 

lead is required t o  obta in  s u f f i c i e n t  gain and phase margins f o r  system 

s t a b i l i t y .  An in tegra tor  was added t o  a l l e v i a t e  a s teady-s ta te  e r ro r ,  

a r e s u l t  of the  annual precession of the o r b i t  plane about the  center  of 

t he  ear*., k%ich was encountered during simulation. The l a g  is used t o  

produce a r o l l  o f f  a t  higher frequencies t o  f i l t e r  out STARS sensor 

noise. 

3.4 Control System Configuration 

The cont ro l  system torques the spacecraf t  t o  produce a t t i t u d e  

changes. Torquing can be produced by m~mentum exchange between the 

vehic le  and a momentum srorage device, such as the  reac t ion  wheel. Three 

reac t ion  wheels can be used t o  handle three a t t i t u d e  angles of the 

spacecraf t .  
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Other means of applying torque a r e  ava i lab le ,  but  fo r  the sample 

example of torquing separa te ly  i n  each of t he  three  ax is  and of making 

use of the cyc l ic  na ture  of torque disturbance from the  environment, 

the reac t ion  wheel torquing system is a good candidate. J e t  t h rus t e r s  

a r e  a l s o  used, and they t r ans fe r  momentum from the wheels during the  

unloading of the wheel momentum. 

The cont ro l  t ha t  produces s igna l s  t o  conmand the  reac t ion  wheel 

includes a shaping network or  compensation t o  give good cont ro l  

cha rac t e r i s t i c s  t o  the  cont ro l  system. The compensation is designed t o  

a t tenuate  sensor noise and t o  enable the  cont ro l  system t o  maintain 

+.20 arcsecond vehicle  point ing accuracy under the e f f e c t s  of disturbarlce - 
torques. 

The simulation uses t h i s  r e l a t i v e l y  simple cont ro l  law. The 

r e s u l t s  show t h a t  t h i s  cont ro l  law is e f f ec t ive  i n  providing good 

response cha rac t e r i s t i c s  i n  .on t ro l l ing  the nonlinear sn?cecraf t  dynamics. 

Figure 3-2 shows the cont ro l  system configurl t ion.  Included i n  the f igure  

is  the logic  box for  unloading the wheels. Various torques tha t  the 

vehic le  experiences a r e  a l so  shown. 

The use of a r e l a t i v e l y  simple con t ro l  law was des i rab le  to show 

tha t  STARS can operate with a simple cont ro l  system ra the r  than only 

with a l imited and/or complex type of cont ro l  law. The use of a simple 

cont ro l  law a l so  allows for  the use of more spec i f i c  o r  prec ise  control ,  

i f  needed. A more complex cont ro l  law can be designed t o  handle more 

d i f f i c u l t  cont ro l  problems i f  such problems should a r i s e .  





4. Per formcrnce Analysis and S i rmlat  ion  

4.1 Precis ion Gimbal Systeat 

Figure 4-1 show the configurat ion of the prec is ion  gimbal point ing 

cont ro l  system. This configurat ion is iden t i ca l  fo r  both the  p i tch  and 

polar  axes. 

The command t o  t he  system (Bc) is a binary number t h a t  repreeents 

t he  desired gimbal pos i t ion  which is ca lcu la ted  on board and updated a t  

predetermined in t e rva l s  using ephermis data.  The a c t u a l  pos i t ion  of the  

gimbal is monitored by use of an Inductosyn. The output of the  Inductosyn, 

a binary s igna l ,  is fedback and a binary subt rac t ion  is made between t h i s  

s igna l  and the  command. The r e su l t i ng  e r ro r  s igna l  is passed f i r s t  through 

a d i g i t a l  t o  analog converter and then through a shaping network. The 

output of the shaping network is a vol tage  t h a t  dr ives  an Inland brush dc 

motor which posi t ions the gimbal sha f t .  The posi t ioning of the  gimbal 

s h a f t  by the motor is corrupted by bearing noise. This bearing noise which 

is due t o  mechanical tolerances and some uncer ta in t ies  is described i n  

Table 4-1. The other no ise  source i n  t h e  gimbal system is on the fnductosyn's 

measurement of the ac tua l  gimbal posi t ion.  This is described i n  Table 4-2 .  

Both noise  sources a r e  assumed t o  be white with zero mean. 

4.1.1 Pi tch Gimbal Simulation 

The p i tch  gimbal s+rvo is  used t o  unwind the  o r b i t a l  r a t e  of the  space- 

c r a f t  about the ear th ;  t h i s  must be performed i n  order t o  maintain the p i tch  

ax is  of the telescope fixed i n  i n e r t i a l  space. The conmand angle t o  the 

p i tch  servo i s  the o r b i t a l  r a t e  of the spacecraf t  about the  ear th.  This 

command i a  approximately 240 arcseconds per second and is  updated every .015 

seconds. Due t o  t h i s  r e l a t i v e l y  high angular r a t e  and t o  the high load 

i n e r t i a  of the p i tch  ax is ,  a s t i c k - s l i p  f r i c t i o n  model can be avoided and 
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TABU 4-1 

(CONTINUED) 

L J 

Extension 

Z = 5 (errors) 

R s s  = 3.24 microradians 

- 0 . 7  arcsec 

C = 37.8 (uncertainties) 

R ~ n s  = 

.. ' C = 2 . 1 7  rnic roradians 
. . 

" 0 . 4 5  arcsec 

- 
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I 
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1) 
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11 
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13 

14 
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Therefore: Total error and uncertainty contributions (maximum) = 
Y 

0.70 t 0.45 = 1.15 arcsec 

Error Quantity, 
mic ro radians 

1.5 

3 . 0  

1.5 

t 1.5 

1.00 

4 .5  

1.. 5 

0. 50 

0.50 

0.50 

3.0 

Quantity 
Squared, 

mic ro radia ns 

SUMMARY 

1.5 

9.0 

2.25 

2.25 

1.00 

20.3 

2.25 

0.25 

- 0.25 

0.25 

9.00 



TABLE 4-2 

INDUCTGSYN ERRORS 

A. Errors  systematic with poles 
(512 per revolution) 

0 .45  arcseconds 

B. Errors  sys tems  per ;-evolution 

1 .  Centering indication on Inductosyn d i scs  0 . 6 8  

2. Effect of bearing bias 

3. Rotor to  housing alignment 

4. Stator to  shaft alignment 1.00 

5. Wobble 0 . 2 0  

I 6. Bearing random effcct  0 . 1 0  

( RSS TOTAL 1 . 7 2  arcseconds i 



a conventional coulomb f r i c t i o n  model used. 

A separate  computer simulation of the  p i tch  gimbal servo was per- 

formed using the  MIMIC language. The computer l i s t i n g  of t h i s  p i tch  

simulation cdn be found i n  Appendix 5.2. Because the  command angle t o  

the p i t ch  gimbal is updated every .015 seconds, a very small in tegra t io-  

s t e p  i s  required, thus only shor t  simulation runs (approximately 20 

seconds) were economically feasible .  The p l t ch  gimbal system response is 

shown i n  Figures 4-2, 4-3, and 4-4. In  a l l  th ree  f igures ,  the independent 

ax i s  i s  scaled t o  seconds of time and the dependent axis is scaled t o  arc-  

seconds. 

Figure 4-2 shows both the command angle (dashed l i n e )  and the ac tua l  

angle ( so l id  l i n e )  as a function of time. Both curves l i e  on top of one 

another,  making the  qimbal e r r o r  barely v i s i b l e  on t h i s  s ca l e .  Figure 4-3 

shows the  d i f fe rence  between the command angle and the ac tua l  angle on a 

much smaller s ca l e .  The gimbal e r r o r  is seen t o  s t a y  almost completely 

within a plus or  minus two arcsecond e r ro r  band. The RMS value of the  

gimbal point ing e r ro r  i s  shown by Figure 4-4 t o  be 1 . 2  arcseconds. This 

point ing e r ro r  i s  obviously well  wi th in  the  1.80 arcescond er ror  budget 

a l l o t t e d  t o  each gimbal system. . 
4.1.2 Polar Gimbal Simulation 

The polar  axis  servo i s  used t o  unwind the annual precession of the 

o r b i t  plane, which must be performed i n  order t o  maintain the polar  axis  

of the  telescope fixed i n  i n e r t i a l  space. The command t o  the polar ax is  

servo corresponds t o  a one revolut ion o r  360 degrecs per year r a t e .  This 

command i e  updated only every 90 seconds. Unlike the  p i t ch  gimbal, the 

slow ro t a t ion  and small angle incremental motion of the polar gimbal c a w e  



a n  e l a s t i c  behavior  between t h e  moving s u r f a c e s  of t h e  gimbal. A s  a  

consequecce, t h e  p o l a r  gimbal s i m u l a t i o n  u t i l i z e s  an e l a s t i c  f r i c t i o n  

model, based on exper imenta l  d a t a  obta ined on another  Hughes program. F igure  4-5 

shows t h e  e l a s t i c  f r i c t i o n  c h a r a c t e r i s t i c s  observed on the  Hughes OSO 

Program. The STARS p o l a r  gimbal opera t ing  r e g i o n  i s  s h a m  i n  t h e  lower 

? e f t  hand p o r t i o n  of t h e  f i g u r e .  For t h i s  r eg ion ,  t h e  f r i c t i o n  torque is 

d i r e c t l y  p r o p o r t i o n a l  t o  t h e  angular  displacement.  The e l a s t i c  f r i c t i o n  

model t h a t  was used i n  t h e  s i ~ u l a t i o n  is shown i n  t h e  r i g h t  h a l f  p o r t i o n  of 

the  same f i g u r e .  The e l a s t i c  f r i c t i o n  torque i n  t h e  s imula t ion  model is 

equal  t o  K, t imes A @ ,  when A0 is  no t  equal  t o  ze ro ,  and ze ro  when A 8  is  

equa l  t o  zero .  Where A 8  is t h e  incrementa l  change i n  t h e  command a t  each 

update i n t e r v a l .  

k s e p a r a t e  computer s imula t ion  of t h e  p o l a r  gimbal s e n v o  was per-  

formed u s i n g  t h e  M I M I C  language. The computer l i s t i n g  can be found i n  

Appendix 5.2. Figures  4-6, 4-7, and 4-8 show t h e  p o l a r  gimbal system 

response.  I n  a l l  t h r e e  f i g u r e s ,  t h e  independent a x i s  is  s c a l e d  t o  seconds of  t i n e  

and t h e  dependent axia  is s c a l e d  t o  arcseconds.  

Figure  4-6 shows both  t h e  comand ang le  (dashed l i n e )  and the  a c t u a l  

ang le  ( s o l i d  l i n e )  a s  a func t ion  of time. The gimbal ang le  is  seen  t o  

follow t h e  s t a i r c a s e  type motion of t h e  conmtand ang le ;  however, i t s  ampli- 

tude  is  corrupted by noise .  Figure  4-7 shows t h e  e r r o r  between t h e  

commanded ang le  and the  gimbal 's  a c t u a l  p o s i t i o n .  Most of t h e  e r r o r  is  

seen  t o  f a l l  i n t o  a p lus  o r  minus 2 arcsecond r e g i o n  about zero.  Figure  

4-8 shows t h e  RMS value  of t h e  p o i n t i n g  e r r o r  t o  be 1.83 arcseconds ,  which 

is e x a c t l y  t h e  a l l o t t e d  arcount of e r r o r  f o r  t h e  p o l a r  gimbal system. 



The pitch md polar gimbal s i u l a t i o n s  described above demonstrate 

that the precision gimbal of Figure 4-1 can wet the high accuracy require- 

ments of STARS. 



FIGURE 4-2. PITCH GIMBAL RESPONSE 



FIGURE 4-3. PITCH GIMBAL ERROR 



FIGURE 44. RMS PITCH GIMBAL ERROR 
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FIGURE 4-5. ELASTIC FRICTION CHARACTERISTICS 
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FIGURE 4-6. POLAR GIMBAL RESPONSE 
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4.2 Control  System 

Figure  4-9 shows t h e  c o n t r o l  system conf igura t ion  b'iock diagram. 

The cornand t o  t h e  c o n t r o l  system is t h e  d e s i r e d  s p a c e c r a f t  a t t i t u d e .  The space- 

c r a f t  p o i n t i n g  e r r o r ,  which is obta ined by comparing t h e  r e f e r e n c e  a t t i t u d e  

t o  t h e  a c t u a l  s p a c e c r a f t  a t t i t u d e  measured by STARS, is  passed through a  

shaping network t h a t  commands a  to rquer  t o  to rque  t h e  s p a c e c r a f t  i n  

o r d e r  t o  produce t h e  required a t t i t u d e  c o r r e c t i o n .  Th i s  system con ta ins  

two major d i s tu rbance  sources  ; t h e  s p a c e c r a f t  d i s t u r b a n c e  torques  and the  

sensor  n o i s e  on t h e  STARS measurement of s p a c e c r a f t  a t t i t u d e .  The shaping 

network is designed t o  a t t e n u a t e  the STARS sensor  n o i s e  and compensate f o r  

the  d i s tu rbance  torques .  

The c o n t r o l  system of Figure  4-9 was s imulated under t h e  assumptions 

t h a t  the  to rquer  is i d e a l  (no dynamics) and t h a t  STARS gives  a  p e r f e c t  

measurement of t h e  s p a c e c r a f t  a t t i t u d e .  The purpose of t h i s  s i m u l a t i o n  was 

t o  i n v e s t i g a t e  t h e  system's a b i l i t y  t o  c o n t r o l  t h e  s p a c e c r a f t  dynamics and 

compensate f o r  t h e  d i s tu rbance  torques .  

Figures  4 - l 0 t h r u  4-12 show t h e  c o n t r o l  system response when no d i s t u r -  

bances a r e  a c t i n g  on t h e  system. Figure  4-10 shows t h e  s p a c e c r a f t  

a t t i t u d e  o-?er one o r b i t  t o  be p e r f e c t .  F igures  4-11 and 4-12 show t h e  

s p a c e c r a f t ' s  body r a t e s .  From t h e  d e f i n i t i o n  o f  t h e  coord ina te  systems 

( s e e  Figure  4-13), t h e  body r a t e s  f o r  p e r f e c t  p o i n t i n g  should be: 

arcsecond 
UI = B s i n  y s i n  cr = .04 s i n  CY t 

yaw s ec ond 

arcsecocd 
Ut r o l l  

= fl s i n  y cos a = .04 cos  6 t seccnd 

= @ cos  y + cr = 206 arcsecond/second 

where & = o r b i t  r a t e  



From examination of the  t h r ee  f igures ,  it can be s t a t e d  t h a t  under 

i dea l  condi t ions and no dis turbances,  t he  cont ro l  system can point  t he  

spacecraf t  pe r f ec t l y  . 
Figures 4-14 th ru  4-16 show the  con t ro l  system response when d i s t u r -  

bance torques a r e  ac t i ng  on the  system. Figure 4-14 shows the  spacecraf t  

a t t i t u d e  time h i s to ry  fo r  one o r b i t  period. The la rge  peak i n  t he  r o l l  

response is  an i n i t i a l  t r ans i en t  due t o  the  manner i n  which the  simulation 

was i n i t i a l i z e d .  The point ing e r r o r  caused by the  dis turbance torque is 

wel l  wi th in  t he  prescribed accuracy of STARS. Figures 4-15 and 4-16 show 

the  spacecraf t  body r a t e s .  The body r a t e s  a r e  seen t o  be unaffected by 

the disturbance torques.  

It can be concluded from the  above simulations t h a t  t he  cont ro l  system 

design of Figure 4-9 can con t ro l  t he  spacecraf t  dynamics and a l s o  compensate 

fo r  any dis turbance torques ac t i ng  on the  spacecraf t .  

DISTURBANCE 
T O R Q U E  

I 

i STARS 

FIGURE 4-9. CONTROL SYSTEM CONFIGURATION 
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FIGURE 4-10. SPACECRAFT ATTITUDE, ZERO DISTURBANCE TORQUES 
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FIGURE 4-12. PITCH BODY RATE, ZERO DISTURBANCE TORQUES 



FIGURE 4-13. STARS GEOMETRY 



FIGURE 4-14. SPACECRAFT AlTITUDE, DISTURBANCE TORQUES PRESENT 



i:GURE 4-1 5. ROLL-YAW BODY RATES, DISTURBANCE TORQUES PHESENT 



FIGURE 4-16. PITCH BOUY RATE, DISTURBANCE TORQUES PRESENT 



4.3 S t a r  Tracker 

A block diagram of the t racker  m d e l  i l lus t r a t ing  the relat ionships of 

its coaplaent f u ~ ~ t i o a s  is shown i n  Figure 4-17. 

The time in te rva l  (At) between a pos i t ian  reference pulse coming from a 

pickoff on the  opt ica l  wedge a d  the  pulse produced by the  s t a r  image crossing 

the  r e c t i c l e  slit within the  telescope is stored i n  a r eg i s t e r  for  use by the  

tracker system. The r e g i s t e r  is updated every 250 milliseconds. A sinusoidal 

r e l a t ion  e x i s t s  between the  t i m e  in te rva l  and the corresponding e r r o r  angle, 

given the  scan circle radius a d  its period. Thus, the  s t a r  line-of -sight 

e r ror  angle is derived d i r e c t l y  from the  pulse tilee in te rva l  measurement. 

The r e a l i s t i c  t racker model includes inputs for  the two major disturbances 

t o  the  system; missed (or fa lse)  pulses and pulse j i t t e r .  Both photon noise frem 

the  s t a r  background and dark current noise of the photomultiplier tube w i l l  cause 

missed (or fa lse)  pulses, This subject was t rea ted  i n  Section 2 of t h i s  report .  

With respect t o  t h i s  type of disturbance, the  following assumptions were made i n  

conjunction with the  s i m l a t i o n  model: 

1) Hissed o r  f a l s e  pulses w i l l  perturb the  system i n  the same manner. 

2) An exponential noise d is t r ibut ion  is assumed, yielding the  worst case 

condition of 72 missed and 75 fa l se  pulses per hour. 

3) By the use of e lec t ronic  gating, detect ion of missed and fa l se  pulses 

w i l l  be possible. 

4) I f  a missed (or fa lse)  pulse occurs on one of the s t a r  s ignals ,  the 

system w i l l  ignore that  s ignal  and use the  l a s t  stored value of e r ro r  corres- 

ponding t o  t h i s  signal.  

Resolution of a pulse i n  t i m e  (pulse j i t t e r )  and hence the angular e r ro r  

associated with detection of the signal  depends d i rec t ly  on pulse (or s l i t )  width 

and inversely on signal-to-noise r a t io .  Using the baseline s t a r  tracker parameter 



GIMBAL 

r-  -------- JITTER 

STAR 
LOS SENSORS T IMlNG 

ELECfRONtCS 

VEHICLE 
DYNAMICS 

FIGURE 4-17. STAR TRACKER CONFIGURATION 



values given i n  t he  STARS F e a s i b i l i t y  Study, t he  lo value of t r ack  loop angle 

noise (pulse j i t t e r )  is 1.15 arcseconds. 

Figures 4-18 th ru  4-21 show the  STARS system response when the  s t a r  t racker  

simulation model is added t o  the  cont ro l  system simulat ion o f  Sect ion 4.2. In  

t h i s  case,  no dis turbance torques a r e  ac t i ng  on t h e  spacecraf t  and t h e  torquer  

is s t i l l  ideal .  Figure 4-18 shows the  spacecraf t  a t t i t u d e  time h i s to ry  f o r  ha l f  

an  o r b i t  period. A peak t o  peak e r r o r  of approximately .20 arcsecond is observed 

i n  a l l  th ree  axes. This  is obviously w e l l  wi thin t h e  accuracy requirements of 

the  STARS system. Figure 4-19 shows the s t a r  t racker ' s  estilnate of t h e  spacecraf t  

pointing e r ror .  I f  t h e  est imate  were per fec t  Figure 4-18 and 4-19 would be 

i den t i ca l .  However, by a comparison, the  measurement is seen to be very noisy, 

yet the  spacecraf t  e r r o r  i s  very small. The important point demonstrated here 

is tha t  t he  e r r o r  i n  t h e  s t a r  t r acke r ' s  es t imate  is f i l t e r e d  by the  large i n e r t i a  

of t he  vehicle .  Figures 4-20 and 4-21 show the  body r a t e s .  These r a t e s  contain 

a small mgni tude ,  high frequency component ia adui t ion  t o  the  required per fec t  

pointing ra tes .  

In  conclusion, t h i s  simulation shows tha t  t h e  present s t a r  t racker  design 

w i l l  provide the required high accuracy performance. 
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FIGURE 4-18. SPACECRAFT ATTITUDE WITH TYPICAL STAR TRACKER NOISE BUT NO 
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FIGURE 4-19. STAR TRACKER ESTIMATE OF POINTING ERROR, ZERO DISTURBANCE 
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FIGURE 4-20. ROLL-YAW BODY RATES WITH TYPICAL STAR TRACKER NOISE BUT 
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4.4 STARS System Model 

A s i g n a l  f low diagram of the  complete STARS system, i l l u s t r a t i n g  the  

f u n c t i o n a l  i n t e r f a c e s  between t h e  computer, t e l e scope  assemk .y, and t h e  

s p a c e c r a f t  a t t i t u d e  c o n t r o l  s y s  t e m  is shown i n  Figure  4-22. The f u n c t i o n a l  

d e s c r i p t i o n  of t h e  i n d i v i d u a l  components of the  system have been discussed 

previous  l y  . 
The t o t a l  system was s imulated on a GE635 d i g i t a l  computer using the  

MIMIC s imula t ion  language. The computer s imula t ion  flow diagram is  given i n  

Figure  4-23. The complete STARS system s imula t ion  i s  a combination of the  

s imula t ion  models of the  p r e c i s i o n  gimbals,  the  star t r a c k e r ,  and t h e  c o n t r o l  

system d i scussed  p rev ious ly ,  w i t h  some a d d i t i o n a l  modell ing added f o r  t h e  

on-board computer requirements.  A l l  major d i s t u r b a n c e s  were included.  The 

computer l i s t i n g  can be found i n  Appendix 5.2. 

F igures  4-24 through 4-27 show t h e  complete STARS system response  f o r  

one o r b i t  per iod.  The s p a c e c r a f t  a t t i t u d e  is shown i n  Figure  4-24 . The 

response  c o n s i s t s  of an  e r r o r  component a t  o r b i t  frequency due t o  t h e  d i s t u r b -  

ance torques  and a high frequency e r r o r  component due t o  t h e  s t a r  t r ackerk  

e s t i m a t e  of s p a c e c r a f t  a t t i t u d e .  The maximum peak t o  peak e r r o r  i n  space- 

c r a f t  po in t ing  is  observed t o  be  w e l l  l e s s  than h a l f  of an arcsecond. The 

s t a r  t r a c k e r ' s  e s t i m a t e  of  the  s p a c e c r a f t  a t t i t u d e  is  shown i n  Figure  4-25. 

By comparing t h i s  f i g u r e  t o  4-25, the  f i l t e r i n g  e f f e c t  of the  l a r g e  mass 

of  the  s p a c e c r a f t  is observed once again .  Figures  4-26 and 4-27 show the  

s p a c e c r a f t  body r a t e s .  Thesc r a t e s  conta in  a smal l  magnitude, high frequency 

component, due t o  STARS sensor  n o i s e ,  i n  a d d i t i o n  t o  the  requ i red  p e r f e c t  

p o i n t i n g  rates. This s imuia t ion  shows convincingly  t h a t  the  STARS system 

h a s  t h e  a b i l i t y  of h igh p r e c i s i o n  spacecra f t  po in t ing .  
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FIGURE 4-23. COMPUTER FLOW D I A G R A M  
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FIGURE 4-27. PITCH BODY RATE. DISTURBANCE TORQUES AND STAR TRACKER 
NOISE INCLUDED 



Three add i t i ona l  runs were made using t h e  complete STARS system simulat ion 

t o  inves t iga te  t he  e f f e c t  o f  gimbal a x i s  misalignment, the  e f f e c t  of a non-ideal 

torquer ,  and the  i n i t i a l  a cqu i s i t i on  a b i l i t y  of STARS. 

1) Gimbal a x i s  misalignment 

The e f f e c t  of an e r r o r  i n  the bu i l t - i n  angle  between the  p i t ch  

and polar  ax i s  of the telescope assembly w a s  considered. A 

th ree  arcsecond e r r o r  i n  t h i s  angle was assumed t o  be representa-  

t i v e  of t h i s  type of an e r ro r .  The t o t a l  STARS system simulat ion 

described above was run with t h i s  th ree  arcsecond gimbal 

misalignment. The system response t o  t h i s  e r r o r  was not v i s i b l e ,  

thus y ie ld ing  a conclusion tha t  t h i s  type of e r r o r  w i l l  no t  a f f e c t  

the STARS system performance. 

2) Non-ideal Torquer 

A one second deadband region was added t o  the torquer model shown 

i n  Figure 4-9. The system response t o  t h i s  e r r o r  is  very small. 

Figure4-28 shows the spacecraf t  a t t i t u d e  f o r  t h i s  simulation run. 

When comparing t h i s  f i gu re  with Figure 4-24, an increase i n  the 

peak t o  peak magnitude of the point ing e r r o r  of .1 arcsecond is 

observeo This type of e r r o r  has a g rea t e r  e f f e c t  on spacecraf t  

point ing than the gimbal misalignment e r r o r ,  however even with 

t h i s  e t r o r ,  the STARS cont ro l  system is wel l  within i ts  accuracy 

requirements. 

3) I n i t i a l  Acquisit ion 

The acquis i t ion  problem o f .  the STARS system begins when the s t a r  ' s 

image is f i r s t  seen i n  the  telescope. The image w i l l  f i r s t  appear 

when the e r r o r  between the telescope boresight  ax i s  and the l ine-  

o f - s igh t  t o  the star is l e s s  than . 5  degrees (1800 arcseconds).  
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This condition was simulated by giving the spacecraft an appropriate i n i t i a l  

a t t i t u d e  so  tha t  the e r ro r  i n  the  telescope £ram was approximately .5 degrees. 

The STARS system response fo r  t h i s  simulation is shown i n  Figures 4-29 through 

4-31. Figure 4-29 shims tha t  the spacecraft pointing e r ro r  is brought t o  zero 

i n  approximately 300 seconds. Figures 4-30 and 4-31 show the spac-craft 's  body 

ra te s ,  which a r e  a l s o  brought t o  t h e i r  respective perfect pointing values i n  

approximately 300 seconds. 
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4.5 Conclusions 

A number of conclusions may be reached, based on the analynes, experi-  

ments, and sinnrlations performed i n  t h i s  study. These cover s t a r  t racker  

c h a r a c t e r i s t i c s  and performance, t he  c a p a b i l i t i e s  of the  precis ion gimbal 

system, con t ro l  loop design, acquis i t ion  perfornauce, point ing prec is ion  and 

point ing s t a b i l i t y .  

S t a r  t racker  analyses,  based on experimental da t a  from several  photomultiplier 

tubes,  ind ica te  t h a t  without using elaborate  e l ec t ron ic  processing, the  f a l s e  

alarm and missed pulse r a t e  t o  be an t ic ipa ted  l i e s  between 75 per  hour and 4 

per hour. Even though these  r a t e s  appear qui te  acceptable,  an addi t iona l  order 

of magnitude improvement is ava i lab le  i f  needed by applying time gat ing of the 

s t a r  pulses a s  pa r t  of the  s igna l  processing. 

.I de ta i l ed  simulation of STARS gimbal c h a r a c t e r i s t i c s  shows tha t  the  gim- 

ba ls  may be positioned with a prec is ion  of b e t t e r  than two arcseconds, using 

shaf t  angle transducers with a reso lu t ion  of 19 b i t s .  Since the gimbal posi t ioning 

prec is ion  appears t o  be limited ch ie f ly  by t h e  reso lu t ion  of the feedback t rans-  

ducer, the  prospects of higher pecis ion i n  t h i s  a rea  ( i f  desired)  a r e  very good. 

Simulation of the spacecraf t  control  system shows tha t  a r e l a t i v e l y  uncom- 

p l ica ted  cont ro l  system design can reduce the e f f e c t  of various ex terna l  d i s t u r -  

bance torques on pointing prec is ion  t o  negl ig ib le  values while simultaneously 

keeping pointing j i t t e r  due tosensor noise a t  acceptable levels .  It was found 

t h a t  a pointing e r r o r  of 0.5 arcsecond due t o  disturbance torques and l e s s  than 

0.2 arcsecond j i t t e r  due t o  sensor noise i s  achievable without placing s ign i f i can t  

demands on system gains o r  bandwidth. A t  the  same tiine the  t r ans i en t  response of 

the  ove ra l l  system appears qu i t e  adquate, with acqu i s i t i on  from the edge of the 

f i e l d  of view occurring i n  l e s s  than 300 seconds: 

The ove ra l l  conclusion t h a t  may be drawn from the  r e s u l t s  of the STARS 



System Application Study i s  t h a t  a r e l a t i v e l y  straightforward precis ion point ing 

system design ~ ~ t i l i s i n g  STARS on an EOS type s?acecraf t ,  and considering the 

c h a r a c t e r i s t i c s  of r e a l  sensing and cont ro l  hardware, can achieve the desired 0.001 

degree e a r t h  point ing capabi l i ty .  The STARS approach should therefore  be a 

s t rong contender i n  any appl ica t ion  where a la rge  payload must be pointed ear th-  

ward with high precis ion from any a r b i t r a r y  o r b i t .  



5 .  APPENDIX 





5 . 1  Spacecraft Equations of Motion 

The spacecraft angular momentum i s  

or ,  i n  expanded form 

For the EOS configuration specif ied by GSFC, the only non-zero crossproduct 

of inert ia  i s  I 
RY 

(= IyR). Therefore 

and 

The moment equation i s  



Thus the expanded moment equations are 
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