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ABSTRACT 

S c i e n t i f i c  i n t e r e s t  i n  r a d i o  astronomical  observa t ions  a t  
f requencies  near  1 MHz have l e d  t o  t h e  cons idera t ion  of  l a r g e  e a r t h  

satellites as r a d i o  astronomy obse rva to r i e s ,  One such concept, a 
Kilometer Wave O r b i t i n g  Telescope (KWOT), c o n s i s t s  of a system of 

four  r i g i d  bodies  connected t o  a heavy r e fe rence  s a t e l l i t e  by f l ex -  

i b l e  cables .  

a 10-kilometer rhombic wi th  a 10-kilometer cross-member extending 

ac ross  t h e  rhombic a long  i t s  minor diagonal.  I n  operat ion,  i t  is 
des i r ed  t o  s p i n  t h e  system about t h e  r e fe rence  s a t e l l i t e  a t  1 
revo lu t ion  per hour t o  maintain cab le  tension,  and t o  p recess  t h e  

s p i n  a x i s  i n  s tepwise increments of  1 /2  degree. 

The nominal conf igura t ion  of the  system is t h a t  of 

This  r e p o r t  d i scusses  a numerical a n a l y s i s  of  t h e  p lanar  

motion of a lumped-mass model r ep resen t ing  t h e  KWOT s t r u c t u r e  

conducted t o  i n v e s t i g a t e  t he  f e a s i b i l i t y  of the  KWOT concept. 

model c o n s i s t s  of a system of p a r t i c l e s  w i t h  in te rconnec t ing  non- 

l i n e a r  sp r ings  and an  in-p lace  t a n g e n t i a l  t h r u s t  c a p a b i l i t y ,  

S p e c i f i c a l l y ,  the  e f f e c t s  of small pe r tu rba t ions  from a free-space 

condi t ion  of uniform r o t a t i o n  due t o  t h e  g r a v i t a t i o n a l  g rad ien t  

and t o  con t ro l  t h r u s t e r  a c t i v a t i o n  a r e  inves t iga t ed ,  O r b i t a l  

c o n s t r a i n t s  a r e  assumed, wi th  t h e  r e fe rence  s a t e l l i t e  desc r ib ing  

a c i r c u l a r  o r b i t  a t  synchronous a l t i t u d e .  I n  addi t ion ,  a coordin- 

a t e d  spin-up deployment method is studied.  

dimensional motion, s t r u c t u r a l  damping or  o r b i t a l  e c c e n t r i c i t y  a r e  

n o t  s tud-ied . 

The 

The e f f e c t s  of th ree-  

R e s u l t s  i n d i c a t e  t h a t  the  amplitude of t h e  s t r u c t u r a l  

o s c i l l a t i o n s  e x c i t e d  by t h e  deployment method a r e  wi th in  t h e  l i m i t s  
de f in ing  al lowable s t ructurag d i s t o r t i o n ,  and t h a t  a simple configur-  

a t i o n  con t ro l  system can counterac t  small pe r tu rba t ions  from a f r e e - ”  

space equi l ibr ium r o t a t i n g  condi t ion  for a l i f e t i m e  i n  excess  of one year. 
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Sec t ion  I: PURPOSE 

Y 

Severa l  previous i n v e s t i g a t i o n s  i n t o  the  motion of cable-connected space 

s t r u c t u r e s  have been r epor t ed  by Haddock' and C r i s t ?  

used i n  a l l  of t hese  s t u d i e s  have the  common c h a r a c t e r i s t i c  t h a t  the  motion of 

each model approximates the  motion of a po r t ion  of t he  complete s t r u c t u r e  

envis ioned f o r  t he  Kilometer Wave O r b i t i n g  Telescope (KWOT) , whose main 
f e a t u r e s  are shown i n  Figure 1. I n  p a r t i c u l a r ,  t hese  s t u d i e s  have concentrated 

heav i ly  on dumbbell con f igu ra t ions  which approximate the  motion of t he  d ipo le  

leg .  

The dynamical models 

The purpose of t he  p re sen t  i n v e s t i g a t i o n  i s  t o  s tudy t h e  motion of a model 

r ep resen t ing  the  e n t i r e  s t r u c t u r e  t o  eva lua te  i t s  f e a s i b i l i t y  f o r  use as a 

r a d i o  astronomy observa tory  from the  viewpoint of dynamics. 

s t r u c t u r a l  deformation degrades the  electromagnet ic  c h a r a c t e r i s t i c s  of t h e  

antenna, some s p e c i f i c a t i o n s  are necessary t o  de f ine  the  ex ten t  t o  which 

d i s t o r t i o n  can be permit ted.  From a dynamical s tandpoint ,  s eve ra l  important 

f e a s i b i l i t y  cons ide ra t ions  are: 

S ince  major 

(i) The type and e x t e n t  of s t r u c t u r a l  d i s t o r t i o n  which i s  produced by 

per turb ing  in f luences  i n  the  expected ope ra t ing  environment, and 

(ii) The c a p a b i l i t y  of an a c t i v e  con t ro l  system t o  prevent  t he  s t r u c t u r a l  

d i s t o r t i o n  from exceeding al lowable l i m i t s  f o r  an  extended per iod  of t i m e .  

These t o p i c s  have been i n v e s t i g a t e d  i n  the  p re sen t  study. 

The gu ide l ine  used t o  de f ine  al lowable d i s t o r t i o n  l i m i t s  states t h a t ,  t o  

maintain acceptab le  antenna c h a r a c t e r i s t i c s ,  no p a r t  of t he  s t r u c t u r e  should 

dev ia t e  more than a s p e c i f i e d  d i s t ance  from i ts  des i r ed  p o s i t i o n  during i t s  

motion i n  time, thus de f in ing  a " d i s t o r t i o n  c i r c l e "  f o r  each po in t  of t he  

s t r u c t u r e .  Since provis ion  f o r  a c t i v e  con t ro l  devices  on the  a c t u a l  s t r u c t u r e  

i s  l i m i t e d  t o  t h r u s t o r s  on the  small maneuvering s u b s a t e l l i t e  (SMS) u n i t s  and 

the  c e n t r a l  observa tory  (CO) , t he  d i s t o r t i o n  gu ide l ine  a l s o  l eads  t o  the  

cons t ruc t ion  of two s e c t o r s  r e l a t e d  t o  the  angular  p o s i t i o n  of each SMS uni t :  

(i) A " p o s i t i o n  sec tor"  r e l a t i v e  t o  the  CO def ined  by the  tangent  r ays  

t o  the  d i s t o r t i o n  c i r c l e  of t h a t  u n i t  w i th in  which motion of t he  u n i t  i s  . 

acceptable ,  and 
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(ii) A "control sector" within which the control system for the unit remains 

quiescent . 
In order to streamline the discussion, a complete glossary of terms has 

been compiled i n  Appendix A. 
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Sec t ion  11: DESCRIPTION OF MODEL 

The dynamical model s e l e c t e d  t o  s imulate  t h e  motion of t he  a c t u a l  KWOT 
s t r u c t u r e  of Figure 1 i s  a lumped-mass approximation c o n s i s t i n g  of  a set 
of 16 p o i n t  masses wi th  massless in t e rconnec t ing  spr ings,  as shown i n  

Figure 2. 

under t h e  fol lowing assumptions: 

The equat ions which govern t h e  motion of t h i s  model are der ived 

11-1. The p o i n t  mass mo, r e p r e s e n t i n g  the  mass of t he  CO, coincides  

with the  cen te r  of mass of  t he  model. 

i f  the  following i n e q u a l i t y  holds: 

Th i s  assumption i s  a v a l i d  approximation 

The t o t a l  mass of t h e  model i s  given by: 
TI6 

11-2. The s o l e  pe r tu rb ing  h f l u e n c e  e x t e r n a l  t o  the  model i s  the  

g r a v i t a t i o n a l  f i e l d  of t h e  e a r t h .  

11-3. The g r a v i t a t i o n a l  f i e l d  of t h e  e a r t h  i s  a pure inverse-square 

c e n t r a l  f o r c e  f i e l d .  

11-4. The i n i t i a l  con f igu ra t ion  of the model i s  such t h a t  a l l  t h e  p o i n t  

masses l i e  i n  a s i n g l e  plane containing t h e  cen te r  of t h e  ea r th ,  and the  

i n i t i a l  motion is  such t h a t  t he  v e l o c i t y  vector  of  each mass l ies  i n  t h i s  

plane. 

11-5. The s p r i n g  c h a r a c t e r i s t i c  of t he  j t h  s p r i n g  i s  a piecewise constant  

func t ion  of i t s  instantaneous s t r a i n  E - Ej' 

K = kj u ( E E j )  
j 

where u ( t )  i s  t h e  u n i t  s t e p  function: 
\ 

(j = 1...18) ( 2-3)  
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This  d isa l lows  the  genera t ion  of compressive f o r c e  i n  any spr ing.  

11-6. Grav i t a t iona l  f o r c e s  due t o  t h e  mutual i n t e r a c t i o n  of t he  p o i n t  

masses of t he  model a r e  n e g l i g i b l e  compared t o  the  sp r ing  forces .  

11-7. A t h r u s t o r  f o r  conf igura t ion  con t ro l ,  i n s t a l l e d  on each model mass 

which r ep resen t s  a n  SMS u n i t ,  i s  capable of b i - d i r e c t i o n a l  t h r u s t  a long a 

l i n e  l y i n g  i n  the  plane of t he  i n i t i a l  conf igura t ion  and normal t o  t h e  l i n e  

connecting m and mi, 
0 

A s  a consequence of assumptions 11-2 through 11-4, 11-7 and Newton's 

second l a w  of motion, t he  subsequent motion of t he  model i s  confined t o  the  

p lane  of i t s  i n i t i a l  configurat ion.  Thus, i t s  conf igura t ion  a t  any time is  

completely def ined by 34 independent genera l ized  coordinates ,  so t h a t  the 

system has 34 degrees of freedom. As descr ibed  by Greenwood: the  equat ions 

of motion fo r  t h i s  model may be r e a d i l y  obtained using Lagrange's equat ions 

i n  the  form: 

where 

i s  the  Lagrangian of the  system. 

the  system conf igu ra t ion  i n  ord inary  po la r  coordinates:  

The genera l ized  coord ina te  vec tor  used g ives  

9 = (r ,% 11***115, 

as i nd ica t ed  i n  F igure  2. I f  B .  r e p r e s e n t s  

m r e l a t i v e  t o  an i ne r t i a l  r e fe rence  frame 
-1 

i' 

the  p o s i t i o n  vec tor  of t h e  i t h  mass, 

f i x e d  a t  cen te r  of t he  ea r th ,  then 

2 
s i n  (pi) + (? s i n  8 + re cos 8 + l i s i n  pi + lit$% cos cp.) 

1 
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and 

The g r a v i t a t i o n a l  p o t e n t i a l  i s  obta ined  from Newton's l a w  of g r a v i t a t i o n  

due t o  t h e  mass of t he  e a r t h  mE: f o r  the  fo rce  yC. on m i -1 

so t h a t  

where 

(2-11) 

The e l a s t i c  p o t e n t i a l  V E ( q , t )  i s  obtained from the l a w  of l i n e a r  e l a s t i c i t y  

f o r  t he  fo rce  f ~ .  i n  an  e l a s t i c  spr ing:  ,J 

so t h a t  

The s p r i n g  l eng th  s i s  expressed a s  a func t ion  of the  genera l ized  coordinates .  
j 

I f y j  i s  the  p o s i t i o n  vec tor  of t he  j t h  mass, mj, r e l a t i v e  t o  a non-ro ta t ing  

r e fe rence  frame a t t ached  t o  mo, then: 
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b 

where, from t h e  l a w  of cosines:  

(j=8,9,11...14) 

(j=7) 

(j=l.. .6) 

( j = I O )  

( j=W 'r (2- 14) 

(2-15) 

Combining equat ions (2-5) through (2 - l5 ) ,  t he  Lagrangian of the  system is 

obtained. 

v i r t u a l  work of a l l  fo rces  not  der ivable  from a p o t e n t i a l  function: 

The genera l ized  fo rces  a r e  obtained from a computation of the  

( 2- 16) 

The t angen t i a l  fo rces  produced by the  con t ro l  t h r u s t o r s  a r e  t h e  only  such fo rces  

being considered, so t h a t  t he  components of t he  genera l ized  fo rce  vector  a r e  

given by: 

( P  = 4,9,12,16) 
'Q* 0 otherwise 

By d i r e c t  app l i ca t ion  of equat ion (2-4),  t he  two equat ions f o r  t he  motion of 

m become: 
0 



. 

Simi lar ly ,  t he  two equat ions f o r  t he  motion of each mass m become: i 

Equations (2-18) through (2-21) form a s e t  of 34 coupled second order  ord inary  

d i f f e r e n t i a l  equat ions f o r  t he  p lanar  motion of t he  model of F igure  2. 

t h i s  point ,  s e v e r a l  a d d i t i o n a l  assumptions a r e  introduced fo r  purposes of 

s impl i f i ca t ion :  

A t  

11-8. The p o i n t  mass mo is s u f f i c i e n t l y  l a r g e  tha t ,  i n  a d d i t i o n  t o  (2-1): 

(2-22) 

11-9. For a l l  masses m and f o r  a l l t _ >  to: i' 
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When (2-22) is  incorpora ted  i n t o  equat ions (2-18) and (2 - l9 ) ,  they reduce 

t o  the  equat ions f o r  a s i n g l e  po in t  mass i n  a c e n t r a l  fo rce  f i e l d :  

rii+2;;1 = o 

( 2- 24) 

- 
Expanding the  g r a v i t a t i o n a l  p o t e n t i a l  terms of (2-20) and (2-21) i n  Taylor 

s e r i e s  and making use of (2-23) through (2 -25) ,  equat ions (2-20) and (2-21) 

reduce to: 

0 .  a 'E i r- - : 1  3 V E  1 

li-l $3 - -1+3 cos e(e-9,); + (-) - = 0 (i=1 ... 16) (2-26) - i i 2rJ mi a i i  

T . 3PEli 1 
s i n  2(B-pi) + ( -'> ( q-- - Qi) = 0 (i=1 ... 16) 

m i l i  i 
li$i+ 21iGi- 2r3 

31i and &pi of the e l a s t i c  p o t e n t i a l  are q u i t e  "E/ Since the d e r i v a t i v e s  

long expressions,  t h e i r  exp l i c i t  forms a r e  placed i n  Appendix B. 

When assumptions 11-1 through 11-9 are j u s t i f i e d ,  equat ions (2-24) through 

(2-27) desc r ibe  the  motion of t he  lumped-mass approximate model of F igure  2. 

It should be noted t h a t  no p rov i s ion  f o r  damping i s  incorpora ted  i n  the model, 

f o r  reasons t o  be d iscussed  a t  the  end of s e c t i o n  I V .  The equat ions f o r  a 

similar model i nco rpora t ing  l i n e a r  v i scous  damping mechanisms i n  parallel  with 

each sp r ing  a r e  e a s i l y  derived, however, as shown i n  Appendix C. 

The purpose of t he  c o n t r o l  t h r u s t o r s  on the  pe r iphe ra l  masses of t h e  model 

i s  t o  provide conf igu ra t ion  con t ro l  of  t he  deformable s t r u c t u r e .  The t h r u s t o r s  

are a c t i v a t e d  by a simple con t ro l  l a w  based upon the  r e l a t i v e  angular  p o s i t i o n  

and v e l o c i t y  of  t he  pe r iphe ra l  masses only. 

as a re fe rence  s u b s a t e l l i t e .  A measure of s t r u c t u r a l  deformation i s  then 

def ined 'by an angular  p o s i t i o n  devia t ion :  

One of these  masses i s  chosen 

c 
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kpi = (Pi-(PR+’lin ( i=il, i2, i3) 

16, and 
i2= 12, i3= I f  (pR=cp4, then il=g, 

( 2- 28) 

The con t ro l  o b j e c t i v e  i s  t o  keep t h e  

s e c t o r  Pi def ined by: 

d e v i a t i o n  kpi w i t h i n  a s p e c i f i e d  p o s i t i o n  

f o r  each non-reference p e r i p h e r a l  mass m . This  is  accomplished by a c t i v a t i n g  

the  t h r u s t o r  f o r  a mass m. whenever t h e  point(  !kpi,&pi) l i e s  o u t s i d e  a c e r t a i n  

c o n t r o l  s e c t o r  R i n  the  phase plane. Both the  p o s i t i o n  s e c t o r  and 

t h e  con t ro l  s e c t o r  are shown i n  Figure 3 and are def ined by the  following 

expressions: 

i 

1 .  

i 

R L 
’i (2-31) 
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c 

where 

'+i = I ki + 6,Gi = -Edbi] 

The p o s i t i o n  s e c t o r  P i s  r e l a t e d  t o  the d i s t o r t i o n  c i rc le  of m i n  t h e  i i 
following way. Le t  6 
p o s i t i o n  of m . Then the  angle  subtended a t  m by a tangent t o  the c i r c l e  

and the l i n e  connecting m to  the d e s i r e d  p o s i t i o n  of m i s  given by: 

be the  r a d i u s  of t h e  c i r c l e  centered a t  some des i r ed  
M i  

i 0 

0 i 

For s u f f i c i e n t l y  s m a l l  values  of f3 i' 

so  t h a t  (2-39) becomes: 

- 6M i Pi : 
0 )  

li (t 

By comparison with (2-30) : 

@i edb i 

(2-41) 

(2-42) 
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I n  order  f o r  m 

must hold f o r  a l l  t t  to: 

t o  remain wi th in  i ts  d i s t o r t i o n  c i r c l e ,  t he  fol lowing equat ion i 

For s u f f i c i e n t l y  small va lues  of B (2-43) may be approximated by: 
i' 

( 2- 44) 

Since 61 ( t )  f o r  i=1.. .16 and &p.( t) f o r  i=g, 12,16 are obtained d i r e c t l y  

the  data reduct ion,  as w i l l  be explained i n  Sec t ion  I V ,  t he  fol lowing two 

s p e c i a l  cases  of (2-44) are most o f t e n  r e f e r r e d  t o  i n  the  subsequent sec t ions :  

from 
1 i 

lslpil > Cdb i (i) mi l eaves  i t s  p o s i t i o n  s e c t o r  + 

(ii) mi 

The con t ro l  

Ti 

leaves  i t s  d i s t o r t i o n  c i r c l e  r a d i a l l y  + 

l a w  f o r  t he  ith per iphe ra l  mass i s  now simply expressed as: 

161 I > bM 
i i 

h 

o r  e x p l i c i t l y  i n  terms of a switching func t ion  A. (&p &p.): i' 1 1 

P , 

(2-45) 

( 2- 46) 

(2-47) 
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and 

dez ( u )  = 
-1 

0 I +1 
A schematic diagram showing a por t ion  of t h e  c o n t r o l  system i s  shown 

4, using m4 as the r e fe rence  s u b s a t e l l i t e .  

a l l  terms i n  the corresponding equat ions of motion exclusive of  t h e  con t ro l  

f o r c e  terms. 

shown as arguments of each h,, so t h a t  t he  coupling which i s  p r e s e n t  between 

i n  Figure 

The func t ions  hq,h12 and h16 r e p r e s e n t  

Only v a r i a b l e s  which appear e x p l i c i t l y  i n  t h e  equations are 

t h e  equations i s  not  

Fuel consumption 

each pe r iphe ra l  m : i 

I 

f u l l y  i l l u s t r a t e d  i n  the f i g u r e .  

i s  e a s i l y  c a l c u l a t e d  from the  r a t e  of mass decrease f o r  

The f u e l  F i ( t )  used by a given t h r u s t o r  i n  t i m e  t i s  given by: 

A cur ren t  e s t i m a t e o f  s a t e l l i t e  l i f e t i m e ,  based on the  f u e l  capac i ty  F 

pe r iphe ra l  mass m 

of each 
C i 

i s  then given by: 

L f ( t )  = min { F ci  / [Fi(t)/ t]] 

i' 

i=4,9,12,16 

(2-51) 



Sect ion  111: COMPUTATIONAL CONSIDERATIONS 

Equations (2-24) through (2-27), toge ther  wi th  a set of i n i t i a l  conditions:  

dt0) = go> ato) = io (3-1) 

comprise an i n i t i a l  va lue  problem f o r  t h e  motion of t he  lumped mass model of 

Figure 2. 

order  Runge-Kutta numerical i n t e g r a t i o n  procedure app l i cab le  to i n i t i a l  value 

problems f o r  systems of  second order  equations,  as shown by Co l l a t z  . For the  

i n i t i a l  value problem i n  general  form: 

The algori thm chosen f o r  s o l u t i o n  of t he  equat ions was a fourth-  

4 

the Runge-Kutta a lgori thm is  given by t h e  two r ecu r s ion  formulae: 

(3-3) 

h 
-n+l .j, -n (3-4) 

The a u x i l i a r y  func t ions  k are given by: -i 

h + h %  + hak 5 + - k )  h k2 = E  ( t  + -  n 2 % 2 - n  8 -1’ -n 2-1 

= F ( t  + -  h x + - A  h + a  h2 k l , A n + - k )  h n 2’ -n 2 n 2 -2 A3 - 

= F ( t n + h , x  + h k  + ? % , i n + h k )  h2 
-n -n -3 &4 - 

(3-5) 

(3-6) 

(3-7) 

(3-8) 

I n  add i t ion  to t h e i r  use i n  t h e  r ecu r s ion  formulae, t hese  a u x i l i a r y  func t ions  
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can a l s o  be used t o  assist  i n  determinat ion of t he  proper i n t e g r a t i o n  s t e p  

s i z e  h. I f  the r a t i o :  

k, - k 
L: i 3, 

i kl - k2 i 

i s  l a r g e r  than a few percent,  a smaller  s t e p  s i z e  should be used. A s t e p  

s i ze  of h = 1 second was chosen with the  a i d  of t h i s  guidel ine.  

I n  o rde r  t o  o b t a i n  meaningful s o l u t i o n s  f o r t h e  motion of t he  model, a 

reasonable  s e t  of  i n i t i a l  condi t ions mus t  be chosen. Two s e t s  of condi t ions 

immediately suggest themselves: a condi t ion of dynamic equi l ibr ium and a 

cond i t ion  of res t .  The f i r s t  would be use fu l  f o r  an a n a l y s i s  of the e f f e c t  of 

small dis turbances from equilibrium, which p e r t a i n s  t o  s t a b i l i t y  of motion, 

while t he  second would be use fu l  i n  s tudying the problem of deployment. 

Unfortunately,  t he  equi l ibr ium condi t ion under the  in f luence  of t h e  g r a v i t a t i o n a l  

f i e l d  cannot be determined without  so lv ing  the i n i t i a l  value problem (3-2). 
However, a s e t  of a l g e b r a i c  equat ions which desc r ibe  a condi t ion of uniform 

r o t a t i o n  i n  a free-space environment can be r e a d i l y  obtained, thus de f in ing  

a configurat ion from which meaningful pe r tu rba t ion  s t u d i e s  may be conducted. 

Determination of such an equi l ibr ium conf igu ra t ion  i s  s i m p l i f i e d  by t ak ing  

advantage of t h e  s t r u c t u r a l  symmetry. It i s  s u f f i c i e n t  t o  so lve  t h e  equi l ibr ium 

problem f o r  a quadrant,  as shown i n  Figure 5. The following assumptions are 

made regarding the equi l ibr ium problem: 

111-1. The mass va lues  mi of t he  model 

d i s t r i b u t i o n  of t he  continuous s t r u c t u r e  i n  

For the quadrant of Figure 5 ,  rhe equat ions 

are determined from the  mass 

some assumed rest configurat ion.  

are: 



(sso+.) S 

?"R% 2 2 (3-11) 

( & +  - )+ -  40 w4 
g0 "4 = 'R pk 2 2 (3-12) 

The phys ica l  p r o p e r t i e s  of t he  continuous s t r u c t u r e  a r e  assumed t o  be spec i f i ed .  

111-2. The s p r i n g  c h a r a c t e r i s t i c s  k of the  model a r e  r e l a t e d  t o  the  3 
phys ica l  p r o p e r t i e s  of t h e  continuous w i r e  by t h e  equations: 

k = -  %tER ( j  = 1...6,10...15) 
S. 

3 0  j (3-15) 

( j  = 7...9, 16 ... 18) (3-16) k = -  A ~ E ~  
S 

j o  j 

111-3. The equi l ibr ium conf igu ra t ion  i s  cha rac t e r i zed  as follows: 

a. The angular  ve loc i ty ,  W, i s  s p e c i f i e d .  

b. The model rad ius ,a ,  i s  spec i f i ed .  

c. The rhombic half-angle#,  i s  spec i f i ed .  

d. 

e. 

The d i s t ance  between ad jacen t  po in t  masses on t h e  rhombic i s  uniform. 

The d i s t ance  between ad jacen t  po in t  masses of t h e  d ipo le  leg on 
and e x t e r i o r  to  t h e  rhombic i s  uniform. 

S ince  t h e  s p e c i f i c a t i o n s  of model s i z e  and spacing of t h e  po in t  masses are made 

i n  the  equi l ibr ium conf igura t ion ,  t he  rest conf igura t ion ,  which would be 

obta ined  by removing a l l  energy from the  system, i s  l e f t  unspecif ied,  and is, 

i n  f a c t  ob ta ined  as p a r t  of t he  s o l u t i o n  f o r  a p a r t i c u l a r  equi l ibr ium 

Configuration. There are s e v e r a l  advantages t o  t h i s  somewhat unconventional 

approach. F i r s t ,  i n  order  t o  eva lua te  t h e  electromagnet ic  c h a r a c t e r i s t i c s  of 

t he  a c t u a l  KWOT s t r u c t u r e  i n  i t s  ope ra t ing  environment, t h e  s p e c i f i c a t i o n  of 
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geometric p r o p e r t i e s  i n  t h e  spinning conf igu ra t ion  as given by 111-3a through 

III-3c above i s  des i r ab le .  Secondly, t he  a d d i t i o n a l  s p e c i f i c a t i o n s  I I I -3d  and 

III-3e together  w i th  111-3a through 111-3c reduce t h e  number of  a l g e b r a i c  

equat ions t h a t  must be solved simultaneously t o  o b t a i n  the equi l ibr ium 

configurat ion.  

It i s  apparent from elementary p r i n c i p l e s  t h a t  t he  rhombic l e g s  of t he  model 

cannot remain s t r a i g h t ,  as shown i n  Figure 2, i n  a state of uniform r o t a t i o n  

about m bu t  m u s t  deform i n  a manner similar t o  t h a t  shown i n  Figure 5. The 

equations which de f ine  t h e  equi l ibr ium configurat ion are of four b a s i c  types: 

i n e r t i a l ,  e l a s t i c ,  geometric and mass d i s t r i b u t i o n .  

0’ 

The i n e r t i a l  equat ions may be obtained by w r i t i n g  the equat ions of motion 

€or each po in t  mass m of the quadrant of Figure 5 .  i 

For m * 1’ al s i n  (a-e ) + mlslSW 2 = o ’ 15-* 18- 2 (3-17) 

1 

2 

T 
(7) - cos $2 - t an  p s i n  Q2 = 0 2 ( 3 -  19) 

($1 - cos 1) -t- t a n  p s i n  = o 
2 3 3 3 

For m4: 

2~ COS ( a + e )  - m 1 iu;! = 0 3 3 l+ 4 

(3-21) 

( 3 - 2 2 )  
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For m16: 

'17 - m16 1 16 W 2 = O  

The e l a s t i c  equat ions a r e  obtained from the  l a w  of l i n e a r  e l a s t i c i t y ,  

i nco rpora t ing  equat ions (3-15) and (3-16) : 

( S j  - s. ) (j=1.. .3) ARER 7 3 -  
j S jo Jo 

( S j  - s. ) (j=16.. .18) * D ~ D  T = -  
S .  Jo Jo j 

(3-24) 

(3-25) 

(3-26) 

The geometric equat ions express: (i) the  r e l a t i o n s  between the  q u a n t i t i e s  

of Figure 5 which appear i n  the  equat ions of motion and the  genera l ized  

coordinates ,  and (ii) the  s p e c i f i c a t i o n s  of assumption 111-3. 

Transformation r e l a t i o n s :  

2 
2 + 21 1 cos ( cp  -cp ) = 0 

2 3  3 2  
s - 1; - l3 2 

1 s i n  cp + s cos (a* ) - l4 = o 
3 3 3  3 

1 BOS cp, - s s i n  (M ) = o 
3 2 3  3 

1 s i n  cp - s cos (m2) = o 
2 2 1  

1 cos cp 2 1  - s s i n  (a-e2) - s18 = o 2 

p2 - cp2 + ( ~ 3 , )  = o 



3 = 0  (3-34) 2 s s i n  6 - s1 s i n  6 
-1 r if -0 + tan 

'2 cos 8 ' S  cos 6 2 2  
4 1 :  + sl$) -s3 3 1  

2 s s i n  0 - s s i n  0 
3 1  

3 3  
i_ J(14" + S182) - s3 cos e - s cos e, 3 = 0  (3-35) 

-1 r 3 
$ -6 - t an  , 

3 1  d 

Simpl i f i ca t ions :  

s -, = a t a n  0 
.I. ?; (3-37) 

(3-38) 

(3-39) 

The mass d i s t r i b u t i o n  equat ions a r e  given i n  (3-9) through (3-14). 

Equations (3-9) through (3-14) and (3-17) through (3-41) form a se t  of 38 
independent equat ions for the  38 va r i ab le s :  

m (i=1 ... 4, 15, 16) 

S i '  S i o J  i 

i 

T (i=1 ...3, 16 ... 18) 

Pi' $,,""Pi (i=2,3) 

li ( i=2 ... 4, 15, 16) 



By a lgebra ic  manipulation, these may be reduced t o  a set  of two simultaneous 

equations fo r  the  rhombic bow angles 0 and 0 which, i n  turn, are used t o  

ca l cu la t e  the remaining va r i ab le s  from the  other equations. The so lu t ion  w i l l  

be b r i e f l y  outlined. 

2 3’ 

The geometric transformation r e l a t i o n s  are rearranged 

s1 and s the  independent var iab les .  Combining (3-30), (3-31), e33’ 3 t o  make e2, 
and (3-37) yields:  

2 - 2a s1 tan  ~ 1 1  s i n  (a-e ) + a2 tan%] 12 = JCSl 2 

1 [ a tan  a - s  s i n  (a-e2) 
s cos (we2) -1 1 cp2 = t an  

1 

Combining (3-28), (3-29), and (3-36) yields:  

1 = ,. “-2a s cos (M ) ’ +  adj 3 4”s  3 3 

(3-42) 

(3-43) 

(3-44) 

(3-45) 

Using (3-43) and (3-45), p2 and p 

the  form: 

can be expressed, from (3-32) and (3-33), i n  3 

~2 ~ 2 ( e 2 > e 3 , ~ 1 9 ~ 3 )  ; ~3 = p 3 (e 2’ e 3’ s 1’ s3) (3-46) 

Using (3-42) through (3-45), s2 can be expressed, from (3-27), i n  t he  form: 

The i n e r t i a l  equations are next reduced with the help of the  geometric 

spec i f ica t ions .  

of 12,14,p3 and ’# 
(3-37) and (3-38) y ie lds ,  a f t e r  considerable manipulation: 

Combining (3-21) and (3-22) with (3-20), s u b s t i t u t i n g  values 

from (3-441, (3-361, (3-46) and (3-35) and making u s e  of 3 
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where 
8 = a - e 2  2 (3-49) 

s z = a + e  3 (3-50) 
J 

Simi lar  manipulations combining (3-19) through (3-22) with (3-18) yield:  

Incorporat ing (3-38) i n t o  (3-47) resu l t s  i n  a quadra t i c  equat ion f o r  : (%I 

whose s o l u t i o n  is  real i f  t he  fol lowing condi t ion  holds: 

s i n  0 - s i n  e2 5 1 (3-53) 3 

Of t he  two s o l u t i o n s  f o r  

s a t i s f i e d ,  t he  smaller r o o t  is  e a s i l y  seen t o  be t h e  proper choice f o r  t h i s  

model. 

mg , which are both real and p o s i t i v e  i f  (3-53) is 

This  r o o t  is given by: 

se;32a il + 2 c o ~ ( i p - c T ~  

ijcose2 -+  cos^ 3 

( 3- 54) 

c 

a - ~ ( c o s e + c o s g ~ )  + t am(s ins2+s inc  
a 

p 2  cos (e2  - e3)] - -  t 
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S u b s t i t u t i o n  of (3-54) i n t o  (3-48) and (3-51) y i e l d s  two equat ions of t he  form: 

(3-55) 

an algori thm involving 
"3' To ob ta in  the  s o l u t i o n  of (3-55) and (3-56) f o r  e2 and 

two nes ted  i t e r a t i o n s  i s  employed, the  second i t e r a t i o n  process  being c a r r i e d  

t o  completion a t  each s t e p  of t he  f i r s t .  

va lues  of mi, whi le  process  B i t e r a t e s  on the  va lues  of 8 

conf igura t ion  f o r  t he  model i s  assumed, which f i x e s  the  mi va lues  i n  

accordance wi th  equat ions (3-10) through (3-12). 

a r e  then solved numerically using a multi-dimensional form of Newton's method, 

which a p p l i e s  t o  a system of a lgeb ra i c  equat ions of t he  form: 

Process A i s  an i t e r a t i o n  on the  

A r e s t  and 8 
2 3' 

Equations (3-55) and (3-56) 

(IC) = 0 ,x Rn, f 6 C I n n  (R ,R ) 

The so lu t ion  algori thm i s  given by the  r ecu r s ion  r e l a t ion :  

and i t e r a t i o n  cont inues u n t i l  'the criteria: 

(i-1. .n) 

(3- 57) 

(3-59) 

a r e  s a t i s f i e d .  

des i r ed  s o l u t i o n  x i f  the  i n i t i a l  guess 5"' i s  s u f f i c i e n t l y  close: 

This  a lgor i thm i s  known t o  converge q u a d r a t i c a l l y  toward the  
* 
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The solution of the system 
as: 

(3-55), (3-56) by Newton’s method should be expressed 

which shows the dependence 
This completes process B. 

upon the initial guess for the rest configuration. 

Using (3-60), it is then a simple exercise to compute 
the remaining variables which completely specify the equilibrium configuration. 
In particular, this includes the variables si0(i=2,3,4) as part of the rest 
configuration corresponding to the equilibrium configuration. This completes 
the first step of process A. In general, the solution sio (k-l) is used as a 
revised initial guess for step k of process A, which continues until the 

criteria: 

is satisfied. Process A is then complete, yielding the correct equilibrium 
configuration together with the associated rest configuration corresponding to 
the assigned specifications. 
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Section IV: INVESTIGATIONS PERFORMED 

With the aid of a Scientific Data Systems (SDS)-930 digital computer, 
performing double precision arithmetic, and a CALCOMP-565 automatic plotter, 
studies of the motion of the model of Figure 2 were made. A set of programs 
were written in FORTRAN 11 to accomplish, successively, the following tasks: 

IV-1. Using a set of configuration specifications, 
a. Compute the free-space equilibrium configuration meeting the 

specifications and the corresponding rest configuration using the nested 

iterations of section 111. 
b. Select the configuration to be used for problem initial 

conditions 

IV-2. Solve the initial value problem defined by (2-24) through (2-27) 

and (3-1) using the Runge-Kutta algorithm (3-3),(3-4) and record the results 
on magnetic tape. 

IV-3. Using the magnetic tape output records, perform data reduction 
by producing: 

a. Graphical displays of certain simple functions of the generalized 
coordinates and their derivatives, and 

b. Diagrams of the model structure itself 
The following functions were calculated specifically for graphical display: 
(i) Radial distance deviation, 61i( t) and (ii) Spin rate deviation, qi( t), 
defined by: 

Six types of graphical display were produced: 

I. Radial distance deviation time history: 
11. Spin rate deviation time history: 

61i VI t, tC(O,tf) 
qi vs t, t€(O,tf) 

(i=l ... 16) 
(i=1 ... 16) 
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111. Angular p o s i t i o n  dev ia t ion  t i m e  h is tory:  bi v s  t, t E ( 0 ,  tf) (i-9,12,16) 
I V .  Angular p o s i t i o n  dev ia t ion  phase plane diagram: 8qi vs  6qi, t C ( O , t f )  

( i=9, 12,16) 
V. Control switching func t ion  time h i s to ry :  Ai v s  t, t " ( O , t f )  (i=9,12,16) 

s i 7  tsi*si) V I .  Control switching func t ion  t i m e  h i s to ry :  A .  vs t, t e ( t  
1 

( fP9, 12Y16) 
Type V I  p l o t s  a r e  simply expanded scale views of t h e  corresponding type V p l o t s  

over a po r t ion  of t h e  computational time i n t e r v a l :  ( O , t f ) .  

The i n v e s t i g a t i o n s  performed using t h e s e  programs may be c l a s s i f i e d  i n  four  

categories:  v e r i f i c a t i o n  o f ,  equilibrium, small pe r tu rba t ions  from equilibrium, 

l a r g e  pe r tu rba t ions  from equi l ibr ium and deployment. Except f o r  t he  f o u r t h  

category, t he  model conf igu ra t ion  a t  the i n s t a n t  of problem i n i t i a t i o n  was t h a t  

corresponding t o  a f r e e  space equi l ibr ium cond i t ion  of uniform r o t a t i o n .  I n  a l l  

cases, however, t he  r e fe rence  cond i t ion  f o r  computing t h e  dev ia t ions  of (4-1) and 

(4-2) w a s  the equ i l ib r ium configurat ion.  

a case i d e n t i f y i n g  l e t t e r ,  given i n  parentheses  a f t e r  t h e  case .des igna t ion ,  t o  

f a c i l i t a t e  r e fe rence  t o  them i n  the  d i scuss ion  of s e c t i o n  V. 

Each of the cases i n v e s t i g a t e d  i s  assigned 

1. V e r i f i c a t i o n  of equilibrium. (A) 
Unperturbed motion i n  a f r e e  space environment was computed. 

2. Small p e r t u r b a t i o n s  from equilibrium. 

a. F i e l d  p e r t u r b a t i o n s  

1. G r a v i t a t i o n a l  f i e l d  (B) 
Motion per turbed only by the  e a r t h ' s  g r a v i t a t i o n a l  f i e l d  was 
computed . 

b. Contact p e r t u r b a t i o n s  

Contact pe r tu rba t ions  were induced by simulation of a n  un in ten t iona l  

a c t i v a t i o n  of one of t h e  SMS u n i t  t h r u s t o r s  a t  problem i n i t i a t i o n  t i m e .  The 

pe r tu rba t ion  t h r u s t o r  was subsequently deac t iva t ed  when t h e  mass mi being 

per turbed a t t a i n e d  a s p e c i f i e d  mul t ip l e  of  i t s  i n i t i a l  angular  v e l o c i t y  W re lat ive 

t o  mo. A l l  con tac t  pe r tu rba t ion  s t u d i e s  were conducted under the  simultaneous 

in f luence  of t h e  g r a v i t a t i o n a l  f i e l d .  

1. Rhombic p e r i p h e r a l  mass (m4): l .OO5W 
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2. Dipole leg pe r iphe ra l  mass ( m  ): l.OOp 9 
(a) Free  motion 

(b)  Cont ro l led  motion: C = 60 
3. Rhombic pe r iphe ra l  mass: l.OlW 

(a) Free motion 

(b)  Cont ro l led  motion 

(i) 6 = 60 
(ii) 5 = 10 

(iii) 5 = 120 

3. Larpe pe r tu rba t ions  from euui l ibr ium. 

a. Contact pe r tu rba t ions  

1. Rhombic pe r iphe ra l  mass: 1 . 0 1 W  

(a) Free motion (K) 
(b)  Control led motion: 6 = 60 (L) 

4. Deployment (MI 
A s tudy  of one method of deployment was made, s t a r t i n g  from the  rest 

conf igura t ion  corresponding t o  f ree-space equi l ibr ium. A t  problem i n i t i a t i o n  

time, a l l  pe r iphe ra l  mass t h r u s t o r s  were a c t i v a t e d  s imultaneously providing a 
coordinated spin-up torque. When the  r e fe rence  mass, m4, reached the  des i r ed  

angular  v e l o c i t y  w re lat ive t o  mo, a l l  spin-up t h r u s t o r s  were deac t iva ted .  

r e s u l t i n g  motion was observed under the  simultaneous in f luence  of t he  

g r a v i t a t i o n a l  f i e l d .  

The 

All of the  i n v e s t i g a t i o n s  were performed using a s i n g l e  set of conf igura t ion  

These s p e c i f i c a t i o n s  and environmental condi t ions,  which a r e  l i s t e d  i n  Table 1. 

were chosen t o  approximate c l o s e l y  the  expected phys ica l  c h a r a c t e r i s t i c s  of 

t he  a c t u a l  KWOT s t r u c t u r e  and i t s  ope ra t ing  environment. 

and "con t ro l l ed  motion" a r e  t o  be i n t e r p r e t e d  i n  t h e  fol lowing sense. 

t h e  pe r tu rba t ion  s t u d i e s  cons iders  motion of t he  system d i s tu rbed  from the  f r e e  

space equi l ibr ium conf igura t ion  by c e r t a i n  combinations of f i e l d  and con tac t  

pe r tu rba t ions .  A s tudy  i n  which t h e  motion of the  system i s  allowed t o  evolve 

under t h e  in f luences  of t h e  pe r tu rba t ions  alone, r e g a r d l e s s  of  t he  amplitudes of 

t h e  r e s u l t i n g  dev ia t ions  as def ined  i n  s e c t i o n  I V ,  i s  r e f e r r e d  t o  as a s tudy of 

On the  o the r  hand, a s tudy  i n  which t h e  motion of t he  system, 

The terms " f r e e  motion'! 

Each of 

f r e e  motion". 1 1  
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evolving under the influences of the perturbations, is further affected by 

activation of the configuration control system in order to limit the amplitudes 
of the angular position deviations, as described in section 11, is referred 

to as a study of "controlled motion". 

It is unfortunate that such a large number of restrictive assumptions were 
necessary. In particular, a similar model incorporating provisions for: 

(i) Three-dimensional motion 

(ii) Variable center-of-mass position, distinct from mom 
(iii) Linear damping 

would give a better approximation to motion of the actual KWOT structure, without 
altering the mass distribution. The primary obstacle preventing study of any 
of these additional features was the word storage capacity of 8K for the 
computer used in the investigations. 



Sec t ion  V: DISCUSSION OF RESULTS 

A. General 

Before proceeding wi th  a d e t a i l e d  d iscuss ion ,  t h e  major resul ts  a r e  

summarized. 

1. Free-motion generated by t h e  g r a v i t a t i o n a l  f i e l d  pe r tu rba t ion  alone,  as 

w e l l  as i n  combination wi th  a small con tac t  pe r tu rba t ion  of a rhombic pe r iphe ra l  

mass (l.OO5W) appears  t o  be n e u t r a l l y  s t a b l e  wi th  maximum amplitudes of 

r a d i a l  and angular  p o s i t i o n  dev ia t ions  f o r  each mass i n t e r i o x  t o  the  

corresponding d i s t o r t i o n  c i r c l e s .  

2. Free  motion generated by the  combined in f luences  of t h e  g r a v i t a t i o n a l  f i e l d  

pe r tu rba t ion  and a small con tac t  pe r tu rba t ion  of a d ipole  pe r iphe ra l  mass (1.005w) 

appears  t o  be unstable ,  wi th  the  d ipo le  l e g  tending t o  deform i n  a vee shape 

with r eapec t  t o  the  rhombic major axis. 

3. Free motion generated by t h e  combined in f luences  of t h e  g r a v i t a t i o n a l  

f i e l d  pe r tu rba t ion  and a s l i g h t l y  l a r g e r  con tac t  pe r tu rba t ion  of a rhombic 

pe r iphe ra l  mass (1.01u) c o n s i s t s  of n e u t r a l l y  s t a b l e  o s c i l l a t i o n s  which 

produce angular  p o s i t i o n  dev ia t ions  t h a t  l i e  o u t s i d e  the  p o s i t i o n  s e c t o r  f o r  

pe r iphe ra l  masses on the  d ipo le  leg .  

4. The response t o  the  g r a v i t a t i o n a l  f i e l d  pe r tu rba t ion  alone, as well a s  t o  the  

combined in f luences  of t he  g r a v i t a t i o n a l  f i e l d  pe r tu rba t ion  and the  coordinated 

deployment t h r u s t i n g  i s  cha rac t e r i zed  by r a d i a l  symmetry i n  the  sense t h a t  i f  

cpi = cpJ + 
i d e n t i c a l .  

i n  t he  i n i t i a l  conf igura t ion ,  t he  subsequent motion of m and m is 
i j 

5. The response t o  the  combined e f f e c t s  of the  g r a v i t a t i o n a l  f i e l d  and 

t a n g e n t i a l  t h r u s t  pe r tu rba t ions  i s  cha rac t e r i zed  by d iv id ing  the  s t r u c t u r e  i n t o  

two regions,  whose common boundary passes  through m 

d i r e c t i o n  of t he  t h r u s t  pe r tu rba t ion .  
1 J 

on oppos i te  s i d e s  of t h i s  boundary (i.e. i n  mirror image pos i t i ons )  i n  the  

i n i t i a l  conf igura t ion ,  t h e  subsequent motion of each i s  q u a l i t a t i v e l y  similar 

wi th  two exceptions: (i) A 180°-phase s h i f t  appears  i n  the  harmonics of order  

k > 1, and (ii) The amplitude of t h e  harmonic components of order  k > 1 i s  
higher  on the  s i d e  of the  pe r tu rba t ion .  

and i s  p a r a l l e l  t o  t he  
0 

I f  m. and m .  a r e  corresponding masses 
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6. A continuous-data c o n t r o l  system sensing t h e  e r r o r  and e r r o r - r a t e  i n  

r e l a t i v e  angular p o s i t i o n  i s  a b l e  t o  maintain t h e  pe r iphe ra l  masses w i t h i n  t h e i r  

p o s i t i o n  s e c t o r s  f o r  a l l  cases i n  which f r e e  motion e x t e r i o r  t o  t h e  p o s i t i o n  

s e c t o r s  occurs.  

i s  s a t i s f a c t o r y  f o r  small t h r u s t  pe r tu rba t ions  ( 1 . 0 1 W )  bu t  no t  for l a r g e  

pe r tu rba t ions  (1.053) . 

The ex t r apo la t ed  s a t e l l i t e  l i f e t i m e  based on SMS f u e l  capac i ty  

7. The con t ro l  system i s  unstable  f o r  s u f f i c i e n t l y  small values  of t he  

e r r o r - r a t e  constant ,  j .  

8. Neither f i e l d  nor con tac t  pe r tu rba t ions  generate  a tendency f o r  

s t r u c t u r a l  c o l l a p s e  because of t h e  i n a b i l i t y  of t h e  model i n t e rconnec t ing  

sp r ings  t o  support  compressive loading. 

9. A coordinated spin-up deployment method s t a r t i n g  from a s e l e c t e d  unstressed 
res t  conf igu ra t ion  can d e l i v e r  the system i n t o  a s teady state condi t ion c o n s i s t i n g  

of  small amplitude f r e e  o s c i l l a t i o n s  about a p re - se l ec t ed  f r e e  space 

equi l ibr ium configurat ion,  i n  the presence of the g r a v i t a t i o n a l  f i e l d ,  i n  which 

a l l  masses remain wi th in  t h e i r  r e s p e c t i v e  d i s t o r t i o n  c i r c l e s .  

i s  r equ i r ed  i n  the  absence of f u r t h e r  pe r tu rb ing  inf luences.  

t h r u s t i n g  period, t h e  pe r iphe ra l  masses remain i n t e r i o r  t o  t h e i r  p o s i t i o n  

s e c t o r s ,  while the rhombic l i n e  masses temporarily l eave  t h e i r  d i s t o r t i o n  c i rc les  

r a d i a l l y .  As t he  heavier p e r i p h e r a l  masses move toward t h e i r  equi l ibr ium pos i t i ons ,  

t he  amplitudes of r a d i a l  o s c i l l a t i o n s  f o r  t he  l i n e  masses are reduced t o  values  

l e s s  than the  r a d i i  of t h e  d i s t o r t i o n  c i r c l e s .  

No a c t i v e  con t ro l  

During t h e  
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B. S p e c i f i c  

The r e s u l t s  w i l l  now be d iscussed  i n  more d e t a i l .  Due to  cons idera t ions  of 

computation t i m e  and magnetic t ape  s to rage  capac i ty ,  a uniform problem t i m e , t f ,  

as l i s t e d  i n  Table  1, was used f o r  each case  inves t iga t ed .  

motions which appear i n  the  graphica l  ou tput  as non-periodic func t ions  may i n  

f a c t  be p e r i o d i c  wi th  a per iod  etf. The amplitude and per iod  f o r  those  harmonic 

components of t he  response t h a t  a r e  v i s i b l e  from the  g raph ica l  d i sp l ays  f o r  

f r e e  motion are l i s t e d  i n  Table 3. 
a p a r t i c u l a r  frequency component. 

Consequently, c e r t a i n  

Supe r sc r ip t s  enclosed i n  parentheses  i d e n t i f y  

Label ing of t he  f i g u r e s  d isp lay ing  t h e  results is  s impl i f i ed  by using two 

i d e n t i f y i n g  charac te rs :  

(i) P l o t  i d e n t i f i e r :  a Roman numera l - le t te r  p a i r  t h a t  i d e n t i f i e s :  

( a )  t he  type of graphica l  d i sp l ay  (I. .VI), def ined  on pages 23-24 

(b)  the  condi t ions  which genera te  the  motion according t o  the  case 

i d e n t i f y i n g  l e t t e r  (A..  .M) , def ined  on pages 24-25 
(ii) Mass i d e n t i f i e r :  a subsc r ip t ed  l e t t e r  t h a t  i d e n t i f i e s  t he  po in t  mass 

of F igure  2 whose motion i s  displayed (ml  * O m 1 6 )  

1. V e r i f i c a t i o n  of equi l ibr ium 

The equi l ibr ium conf igu ra t ion  s a t i s f y i n g  the  s p e c i f i c a t i o n s  shown i n  

Table 1 i n  a f ree-space  environment, and the  corresponding r e s t  conf igura t ion  are 

l i s t e d  i n  Table 2 f o r  t he  quadrant  of Figure 5. 
placed i n  t h i s  equi l ibr ium conf igura t ion ,  the  subsequent unperturbed motion 

showed no v i s i b l e  dev ia t ion  i n  r a d i a l  d i s t ance  o r  s p i n  r a t e  f o r  any m i 
consequently no dev ia t ion  i n  angular  p o s i t i o n  f o r  any pe r iphe ra l  m when 

displayed on l a r g e  s c a l e  p l o t s .  

6qi were i d e n t i c a l  t o  those used i n  F igures  6 through 12, namely 18.18 f t / i n ,  

3.6375 x loa6 rad / sec / in  and 0.7275 deg/in, r e spec t ive ly .  

With the  system i n i t i a l l y  

and 

i 
The s c a l i n g  f a c t o r s  used f o r  b l i ( t ) ,  6&, and 

2. S m a l l  pe r tu rba t ions  from equi l ibr ium 

a. F i e l d  pe r tu rba t ions  

(1) Grav i t a t iona l  f i e l d  (F igures  6-12) 



The predominant e f f e c t  of t h e  g r a v i t a t i o n a l  f i e l d  pe r tu rba t ion  i s  a 

v a r i a t i o n  i n  the  s p i n  ra te  f o r  t he  masses m 

do not  exceed 0.55 of the  d i s t o r t i o n  c i r c l e  rad ius ,  as given i n  Table  1, during 

pe r iod ic  o s c i l l a t i o n s .  

symmetric wi th  r e s p e c t  to m : 

s i n c e  the  r a d i a l  d i s t ance  dev ia t ions  i’ 

Deviat ions i n  r a d i a l  d i s t ance  and s p i n  rate a r e  both 

0 

6 1 i ( t >  = 6 1 j W  ( i=1.. .6,8,9; j37,I-O.. .16) (5-1) 

Figure 6 shows the  fundamental o s c i l l a t i o n  of the  rhombic outer  mass, $4, while  

F igures  7 and 8 show two a d d i t i o n a l  superposed harmonics i n  the  motion of the  

rhombic l i n e  masses, @3 and q2, respec t ive ly .  

&$8 and @9, i n d i c a t e  tha t :  

Figures  9 and 10, showing 

and a l s o  

of lower 

( 2) 
show a superposed o s c i l l a t i o n  with the  same frequency as @2 

amplitude. The fol lowing empir ica l  observat ions:  

( t)  bu t  

(5-4) 

6$i‘k)( t) = @j(k)(  t) (i=5,6; j=2,3;k=lY2) ( 5 - 5 )  

Z6$i(k)( t) = *@j(k)( t)+n (i=5,6; j=2,3; k=3) (5-6) 

al low the  remaining s p i n  rate dev ia t ions  t o  be deduced from Figures  6 through 10. 
The dev ia t ions  i n  angular  p o s i t i o n  of t h e  pe r iphe ra l  masses t h a t  r e s u l t  from these  

sp in  rate dev ia t ions  remain i n t e r i o r  to the  p o s i t i o n  s e c t o r s .  For these  

deviat ions:  



and 

where &.p (t)  i s  shown i n  F igure  11. 

i s  drawn f o r  r e fe rence  on the  phase 
9 

b. Contact pe r tu rba t ions  

The du ra t ion  of unbalanced 

The con t ro l  s e c t o r  corresponding t o  6 = 60 

plane  diagram of Figure 12. 

t h r u s t  t h a t  produces each of  t he  con tac t  

pe r tu rba t ions  prev ious ly  descr ibed  i s  l i s t e d  i n  Table 4. 

(1) Rhombic pe r iphe ra l  mass: l.OO5W 
(a) Free motion 

The q u a l i t a t i v e  f e a t u r e s  of t he  f r e e  motion of t h e  model under 

s m a l l  t angen t i a l  t h r u s t  pe r tu rba t ions  of d i f f e r e n t  magnitudes app l i ed  t o  a 
pe r iphe ra l  mass of the  rhombic a r e  similar i n  t h a t  t he  same frequency components 

appear i n  the  r e s u l t i n g  motion. 

t he  r e s p e c t i v e  components. Thus, F igures  50 through 70, showing the  motion f o r  

a 1.01~ per tu rba t ion ,  t o  be discussed l a t e r ,  a r e  s u f f i c i e n t  t o  show the  

q u a l i t a t i v e  behavior f o r  t he  l.OO5W per turba t ion .  The m o s t  s i g n i f i c a n t  r e su l t  

is  t h a t  t he  r a d i a l  and t angen t i a l  motion exc i t ed  by the  l.OP5W rhombic 

pe r tu rba t ion  occurs  e n t i r e l y  wi th in  the  d i s t o r t i o n  c i r c l e  f o r  each m so t h a t  i' 
no con t ro l  i s  requi red  t o  maintain the  conf igura t ion  wi th in  al lowable l i m i t s .  

The only  d i f f e rence  l i e s  i n  the  amplitudes of 

(2) Dipole pe r iphe ra l  mass: l.OO5W 
(a) Free motion (F igures  13-29) 

Motion under t h e  in f luence  of a t a n g e n t i a l  t h r u s t  pe r tu rba t ion  of 

a pe r iphe ra l  mass on the  d ipo le  l e g  is  s i g n i f i c a n t l y  d i f f e r e n t .  

i s  an inc rease  i n  s p i n  rate of t h e  per turbed  mass, a s  shown i n  Figure 13, 
accompanied by a decrease f o r  t he  pe r iphe ra l  mass on t h e  oppos i te  end of t he  

d ipo le  leg ,  as shown i n  F igure  14. 
frequency, low amplitude o s c i l l a t i o n  superposed on a monotonically d ivergent  

fundamental. Spin r a t e  dev ia t ions  f o r  t he  o the r  m are adequately represented  

by Figures  15-23, s i n c e  motions of masses on the  rhombic l e g s  a r e  connected by 

the  fol lowing empir ica l  r e l a t i o n s :  

The primary e f f e c t  

Both of these  changes c o n s i s t  of a low 

i 

(i=2,3,5,6;  j=1k ,1~,11 ,10;  k=1,2) (5-9) 
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(i=2,3,5,4; j=14,13,11,10; k=3) (5-10) 

Masses on o r  c l o s e  t o  the  d ipo le  l e g  have a fundamental divergence wi th  superposed 

harmonics i n  sp in  r a t e  deviat ion,  while those on the rhombic l e g s  well away from 

the d ipo le  l e g s  (mi: i.=T.. .5, 11.. .l3) show a tendency toward n e u t r a l l y  s t a b l e  

o s c i l l a t i o n s .  Although the same frequency components are p resen t  f o r  

corresponding masses loca t ed  along the sane normal t o  the  rhombic major a x i s ,  

t he  amplitudes a r e  higher f o r  masses on t h e  s i d e  of t he  perturbed mass. The 

r e s u l t ,  shown i n  the f u l l  s t r u c t u r e  diagram of Figure 24, i s  major d i s t o r t i o n  of 

the d ipo le  l e g  i n t o  a vee shape while t h e  rhombic s h i f t s  i n  the d i r e c t i o n  of the 

per turbat ion.  

m undergo l a r g e  changes, t h e i r  r e l a t i v e  magnitudes a r e  such t h a t  major d i s t o r t i o n  

of the rhombic shape does not  occur. I n  view of the following empir ical  

observat ions : 

Although the r a d i a l  d i s t ance  dev ia t ions  61i f o r  rhombic masses 

i 

6 1 i ( t )  5 0 (i=l, 7.. .9,l5,16) ( 5- 12) 

81i( t) &-slj(  t) (%=2.. .6; j = l O . .  .14) (5-13) 

the  p l o t  of 61, i n  Figure 25 i s  s u f f i c i e n t  t o  i n d i c a t e  the q u a l i t a t i v e  cha rac t e r  

of  a l l  t he  61i. 

l e g  and t h e i r  corresponding phase plane t r a j e c t o r i e s  leave t h e  p o s i t i o n  s e c t o r s  

very r a p i d l y , =  shown i n  Figures  26 through 29. 

the c o n t r o l  s e c t o r  f o r  5 = 60 i s  given f o r  reference,  show t h a t  t h e  angular 

dev ia t ions  approach exponential  func t ions  as t approaches 4 with t i m e  cons t an t s  

Y = 22 minutes, 

omitted since: 

The angular dev ia t ions  of t h e  pe r iphe ra l  masses on the d ipo le  

The phase plane p l o t s ,  on which 

= 27.55 minutes, r e spec t ive ly .  The p l o t  f o r  i s  
yl 6 9 
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(b)  Control led motion: c = 60 (Figures  30-49) 
Use of t h e  con t ro l  system descr ibed i n  s e c t i o n  11 t o  maintain 

conf igu ra t ion  con t ro l  produces r a p i d  changes i n  t h e  s p i n  rate dev ia t ion  of t h e  

m 

p o i n t  resembling a jump d i s c o n t i n u i t y  corresponds to a po in t  of  c o n t r o l  system 

a c t i v a t i o n ,  as seen by comparison with the  graph of  t he  switching func t ion  A 
Figure 31. The f i r s t  cluster of con t ro l  pu l se s  i s  expanded i n  Figure 32 f o r  

c l a r i t y .  Th i s  c l e a r l y  shows the  na tu re  of t h i s  switching func t ion  as c o n s i s t i n g  

l a r g e l y  of a s e t  of one-second pulses ,  separated by i n t e r v a l s  of a t  l eas t  4 seconds. 

Figures  33 through 35 d i s p l a y  the  corresponding information f o r  m except t h a t  

Figure 35 expands the  f i n a l  c luster  of con t ro l  pu l se s  of Figure 34, r a t h e r  than t h e  

i n i t i a l  c l u s t e r .  The e f f e c t  on the s p i n  rate dev ia t ions  f o r  t h e  remainder of  t h e  

s t r u c t u r e  i s  seen by comparison of Figures  36 through 44 with Figures  15 through 

23, r e spec t ive ly .  I n  p a r t i c u l a r ,  Figures  36 and 37 show the d i r e c t  e f f e c t  of 

t he  con t ro l  on the s p i n  r a t e  dev ia t ion  of l i n e  masses ly ing  on t h e  d ipo le  l e g  

between the  rhombic and the  l e g  periphery.  The primary e f f e c t  of t he  c o n t r o l  i s  

an arrestment  of  t he  divergent  fundamental motion t h a t  previously appeared i n  t h e  

dev ia t ions  f o r  masses on o r  c l o s e  t o  the dipole  leg,  so t h a t  t he  pe r iphe ra l  masses 

m 

of Figure 45 and the  t a n g e n t i a l  motion shown i n  Figures  46 through 49. 
t h e  monotonic cha rac t e r  of t h e  fundamental f r e e  motion f o r  &p and &p 

con t ro l  i s  u n i d i r e c t i o n a l  f o r  each c o n t r o l l e d  mass: 

f o r  which t h e  c o n t r o l  i s  ac t iva t ed ,  as shown i n  Figure 30 f o r  &$ . Each 
i 9 

i n  
9 

16' 

now remain wi th in  t h e i r  d i s t o r t i o n  c i r c l e s  as ind ica t ed  by the  radial motion i 
Due t o  

the 
9 16 9 

A 2 0  
9 

A < o  
16 - 

(5-15) 

The phase plane t r a j e c t o r i e s  of Figures  47 and 49 i n  conjunction with the  graphs 

of  the switching func t ions  i n  Figures  31 and 34 show t h a t  the con t ro l  is  app l i ed  

i n  a s e r i e s  of pu l se s  r a t h e r  than continuously f o r  a c e r t a i n  durat ion,  similar 

t o  the "chat ter ing" phenomenon observed i n  second o rde r  bang-bang con t ro l  systems. 

The f u e l  requirements are summarized i n  Table 4, using the  c a l c u l a t i o n s  based on 

equations (2-49) through (2-51). 
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(3) Rhombic pe r iphe ra l  mass: 1 . 0 1 W  

(a) Free motion (Figures  50-70) 

If the pe r tu rba t ions  remain small, t h e  q u a l i t a t i v e  f e a t u r e s  of  

t he  n a t u r a l  response t o  t a n g e n t i a l  t h r u s t  pe r tu rba t ions  of  one of  t he  pe r iphe ra l  

rhombic masses are the  same f o r  d i f f e r e n t  s i z e  pe r tu rba t ions .  The r a d i a l  d i s t ance  

dev ia t ions  r e p r e s e n t a t i v e  of t h e  response a r e  shown i n  Figures  50 through 54. 
Since these  dev ia t ions  f o r  masses on the  d i p o l e  l e g  a r e  very small (5 0.0104 6Mi), 
they a r e  not  shown. The empir ical  observations:  

61i (k) ( t )  = 6 i j ( k ) ( t )  (i=2,3,1lc,13; j=6,5,10,11; k=l) (5-18) 

allow the remaining b l i  of the rhombic masses t o  be deduced from Figures  50 through 

54. The higher harmonics of t he  rhombic l e g  masses a r e  superposed on the  

fundamental o s c i l l a t i o n  of t h a t  rhombic pe r iphe ra l  mass on t h e  same s i d e  of t h e  

d ipo le  leg,  and have much lower amplitudes on t h e  s i d e  away from the pe r tu rba t ion .  

The s p i n  rate dev ia t ions  f o r  rhombic masses a r e  markedly d i f f e r e n t  on opposi te  

s i d e s  of the d i p o l e  leg,  as shown in Figures  55 through 64, the  primary d i f f e r e n c e  

being t h e  g r e a t e r  amplitude of t h e  second harmonic f o r  masses on the  per turbed 

s i d e  of t h e  d ipo le  leg.  The r e l a t i o n  between t h e  s p i n  ra te  dev ia t ions  of t h e  

rhombic t i p  masses: 

is observed t o  hold, where both dev ia t ions  o s c i l l a t e  about a fundamental motion 

E ( t )  given approximately by: 
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The s p i q  r a t e  dev ia t ions  of  t h e  remaining rhombic masses, i n  turn,  con ta in  higher 

harmonics superposed on the rhombic t i p  mass motion. 

dev ia t ions  of t he  t i p  masses and t h e  corresponding phase plane t r a j e c t o r i e s ,  shown 

i n  Figures  65 through 70, show a non-periodic fundamental motion with the  

superposed harmonic &p 
s e c t o r  f o r  the d ipo le  t i p  masses. 

rhombic t i p  mass, i s  a pure s inuso ida l  o s c i l l a t i o n ,  as seen from Figures  67 and 

68. 

The angular p o s i t i o n  

( t ) ,  which combine t o  exceed t h e  l i m i t s  of  t h e  p o s i t i o n  
12 

The harmonic &p12(t), f o r  t he  unperturbed 

Since the d i p o l e  l e g  pe r iphe ra l  masses leave t h e  p o s i t i o n  s e c t o r  i n  f r e e  

motion under a 1.010, rhombic pe r tu rba t ion ,  a c t i v a t i o n  of the c o n t r o l  system i s  

needed f o r  conf igu ra t ion  con t ro l .  

chosen f o r  comparison of con t ro l  system performance. 

Several  values  of t he  e r r o r  rate cons t an t  5 were 

(b)  Control led motion: 6 = 60 (Figures  71-95) 
The s tudy of t h e  f r e e  motion €or t h i s  case shows t h a t  dev ia t ions  i n  

r a d i a l  d i s t ance ,  s p i n  r a t e  and angular p o s i t i o n  c o n s i s t  gene ra l ly  of a non-periodic 

fundamental motion modulated by one o r  more harmonics. 

con t ro l  system i s  t o  change t h e  cha rac t e r  of t he  fundamental motion. 

the frequencies  of t he  superposed harmonicsare n o t  a f f ec t ed ,  t h e i r  amplitudes are 

changed, t h e  l a t te r  e f f e c t  being most pronounced f o r  s p i n  rate dev ia t ions  of 

masses on t h e  d ipo le  l e g  e x t e r i o r  t o  the  rhombic. The r a d i a l  d i s t ance  dev ia t ions  

shown i n  Figures  71 through 75 show t h a t  t he  moderate changes i n  each 6 

compared t o  t h e  f r e e  motion of Figures  50 through 54 do n o t  c a r r y  any mass 

ou t s ide  of  i t s  d i s t o r t i o n  c i r c l e  r a d i a l l y .  

Figures  76 through 81, 84, 85, 88, and 89, while  t he  c o n t r o l  switching func t ions  

are shown i n  Figures  82, 83, 86, and 87. 
dev ia t ion  due t o  c o n t r o l  a p p l i c a t i o n  f o r  masses on the  d ipo le  l e g  are c l e a r l y  

shown i n  Figures  80 and 84. 
i n  c o n t r a s t  t o  case D, A i  assumes both s igns.  The angular p o s i t i o n  dev ia t ions  

and t h e  a s soc ia t ed  phase plane t r a j e c t o r i e s  of Figures  g0 through 95 show t h a t  

a l l  c o n t r o l l e d  t a n g e n t i a l  motion f o r  t h e  pe r iphe ra l  masses occurs wi th in  t h e  

c losu re  of t h e  p o s i t i o n  s e c t o r .  The f i n a l  b u r s t  of c o n t r o l  pu l se s  shown f o r  

h 
16 . 

due t o  t h e  presence of  a l a r g e  magnitude of  &p 

The primary e f f e c t  of t h e  

Although 

li 

The s p i n  r a t e  dev ia t ions  are shown by 

The amplitude changes i n  s p i n  ra te  

Since the  f r e e  motion of t he  qi i s  not  monotonic, 

i n  Figure 86 and expanded i n  Figure 87 is  seen from Figures  94 and 95 t o  be 

near t h e  boundary of  R I G .  
1% 



Table 4 shows the  f u e l  consumption da ta  f o r  t h i s  case, where it i s  seen t h a t  m 

governs the  s a t e l l i t e  l i f e t i m e  i n  accordance with (2-51) s i n c e  it r e q u i r e s  t h e  

most t h r u s t i n g  time of  the pe r iphe ra l  masses. 

16 

(c)  Control led motion: C = 10 (Figures  96-120) 
Reduction of t he  value of t he  e r r o r - r a t e  constant  by a f a c t o r  of 6 

more c l o s e l y  approximates a c o n t r o l  package employing pure p o s i t i o n  con t ro l .  

resu l t s  indicatc! t h a t  t h i s  r educ t ion  i s  undesirable.  The r a d i a l  d i s t a n c e  

dev ia t ions  of Figures  96 through 100 show a l a r g e  peak reaching an 
amplitude of 0.51 gtIi €or a l l  masses. 

func t ion  graphs f o r  t h i s  case, corresponding t o  Figures  76 through 89, are given 

i n  Figures  101 through 114. 
Figures  105 through 112, i n d i c a t e  an i n s t a b i l i t y  of t h e  c o n t r o l  system which 

The 

The s p i n  rate dev ia t ion  and switching 

The p l o t s  €or t h e  d ipo le  l e g  masses, however, i n  

causes the  switching funct ion to  a l t e r n a t e  i n  sign, with an inc reas ing  pu l se  durat ion.  - 

The angular p o s i t i o n  dev ia t ion  and phase plane t r a j e c t o r i e s  of Figures  115 through 

120 show the high &.pi rates near t h e  con t ro l  s e c t o r  boundaries which generate  t h e  

l a r g e  con t ro l  pu l se s  r equ i r ed  t o  maintain the t a n g e n t i a l  motion w i t h i n  the 

p o s i t i o n  sector .  

the unperturbed rhombic pe r iphe ra l  mass has been a l t e r e d .  The f u e l  consumption 

da ta  i n  Table 4 shows t h a t  t he  con t ro l  of m 

s a t e l l i t e  l i f e t i m e .  

Figure 118 shows t h a t  t h e  former pure s inuso ida l  motion of 

is  now the  governing f a c t o r  f o r  
9 

The t i m e  h i s t o r y  and phase plane t r a j e c t o r i e s  of 6rp i n d i c a t e  i 
t h a t  con t ro l  pu l se s  of long du ra t ion  a r e  generated by allowing l a r g e  magnitudes 

of sCpi t o  occur near  t h e  boundary of the con t ro l  s e c t o r .  

t h i s  s i t u a t i o n  i s  t o  inc rease  the  value of the e r r o r - r a t e  constant,<.  

One way of improving 

(d) Control led motion: 6 = 120 (Figures  121-145) 
Inc reas ing  t h e  e r r o r - r a t e  cons t an t  by a f a c t o r  of 2 from the  o r i g i n a l  

choice i n  case G improves Lhe c o n t r o l  system performance markedly. Figures  121 

through 125 show t h a t  the r a d i a l  d i s t a n c e  dev ia t ions  compared with Figures  71 
through 75 a r e  only s l i g h t l y  a f f ec t ed .  The s p i n  ra te  dev ia t ion  and switching 

funct ion graphs of Figures  126 through 139 i n d i c a t e  t h e  con t ro l  system is 

s t a b l e .  The amplitudes of t h e  harmonics induced by the  con t ro l  p u l s e s  are 

g r e a t l y  reduced f o r  masses on t h e  d ipo le  l e g  e x t e r i o r  t o  t h e  rhombic. The 

angular p o s i t i o n  dev ia t ions  and phase p l ane  p l o t s  given i n  Figures  140 through 

145 show t h a t  t h e  &pi r a t e s  near t h e  boundary of  R i  have been reduced i n  magnitude, 

and t h a t  pure s L n u s o i d a l  motion f o r  kp has been r e -e s t ab l i shed .  
12 
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3. Large pe r tu rba t ions  from equi l ibr ium 

a. Contact pe r tu rba t ions  

(1) Rhombic pe r iphe ra l  mass: l.O5W 

(a) Free motion 

The f r e e  motion of t he  model under t h i s  l a r g e  p e r t u r b a t i o n  

was observed t o  be very similar q u a l i t a t i v e l y  to  t h a t  observed f o r  t h e  smaller 

1 . 0 1 W  per turba t ion .  Accordingly, no f i g u r e s  f o r  t h i s  case are presented.  

Quan t i t a t ive ly ,  the  r a d i a l  d i s t ance  dev ia t ions  f o r  a l l  masses are i n t e r i o r  t o  

t h e i r  d i s t o r t i o n  c i r c l e s ,  al though the  peak amplitudes f o r  t he  rhombic l i n e  

masses inc rease  by nea r ly  a f a c t o r  of 5. The angular  p o s i t i o n  dev ia t ions  

extend beyond the  p o s i t i o n  s e c t o r  boundaries f o r  a l l  of the  non-reference 

pe r iphe ra l  masses, so t h a t  conf igura t ion  con t ro l  i s  required.  

(b)  Cont ro l led  motion: 5 = 60 (F igures  146-157) 
Figures  146 through 157 show the  angular  p o s i t i o n  dev ia t ion  

time h i s to ry ,  phase plane diagram and switching func t ion  time h i s t o r y  f o r  m 

m , and m r e spec t ive ly .  The pe r tu rba t ion  i s  s u f f i c i e n t l y  l a r g e  t h a t  t he  

con t ro l  systems f o r  the  d ipo le  l e g  pe r iphe ra l  masses a r e  both a c t i v a t e d  wi th in  

5 seconds a f t e r  pe r tu rba t ion  cu t -of f ,  and t h a t  f o r  the  unperturbed rhombic 

pe r iphe ra l  mass wi th in  20 seconds. The f u e l  consumption, from Table 4, i s  such 

t h a t  the  e f f e c t i v e  s a t e l l i t e  l i f e t i m e  i s  reduced by nea r ly  a f a c t o r  of 10 

compared t o  case  E. The u t i l i t y  of t h i s  r e s u l t  l i e s  i n  i t s  r e l a t i o n  t o  the  

deployment problem. L e t  t he  l a r g e  t angen t i a l  d i s turbances  of a re fe rence  

s a t e l l i t e  be viewed, n o t  as a per tu rba t ion  from some nominal conf igura t ion ,  b u t  

r a t h e r  as a method of changing t h e  s t e a d y  state s p i n  r a t e ,  wi th  conf igura t ion  

con t ro l  maintained by the  s u b s a t e l l i t e  con t ro l  system. 

when t h e  i n i t i a l  sp in  rate i s  zero, one has t h e  deployment problem of spin-up 

from r e s t .  These r e s u l t s  i n d i c a t e  t h a t  a spin-up method t h a t  a p p l i e s  t h r u s t  

exc lus ive ly  t o  a r e fe rence  s a t e l l i t e  i s  i n e f f i c i e n t .  Th i s  observa t ion  i s  the  

motivat ion f o r  a coordinated t h r u s t i n g  procedure which a p p l i e s  uniform t h r u s t  

t o  each s u b s a t e l l i t e  dur ing  the  t h r u s t i n g  phase. 

9’ 

12 16’ 

I n  t h e  extreme case, 



4. Deployment (Figures  158-1851 
Coordinated t a n g e n t i a l  t h r u s t  app l i ed  t o  each pe r iphe ra l  mass i n  spin-up 

from the  rest  conf igu ra t ion  results i n  o s c i l l a t o r y  motion about t he  f ree  space 

equi l ibr ium conf igu ra t ion  t h a t  i s  symmetric r e l a t i v e  t o  m i n  t he  same sense t h a t  

w a s  observed f o r  case B, s o  t h a t  equat ions (5-1) and (5 -2 )  a r e  va l id .  

158 through 165 show t h a t  t h e  r a d i a l  d i s t a n c e  dev ia t ions  d i s p l a y  a l a r g e  

t r a n s i e n t  peak t h a t  approaches 300 f e e t  f o r  rhombic l i n e  masses near the d ipo le  leg,  

h u t  subsequently assume o s c i l l a t i o n s  about the f r e e  space equi l ibr ium d i s t a n c e  

with amplitudes t h a t  a r e  i n t e r i o r  t o  t h e i r  r e spec t ive  d i s t o r t i o n  c i r c l e s  

measured from equilibrium. The cause of these l a r g e  t r a n s i e n t  peaks and t h e i r  

' 'apparent damping" t o  a s a t i J f a c t o r y  s teady s t a t e  amplitude i s  seen, by a 

comparison of Figure 158, fo r  the motion of t he  rhombic pe r iphe ra l  mass, with 

Figures  159, 160, 164, and 165 f o r  the l i n e  masses. The rhombic pe r iphe ra l  

masses, which i n i t i a l l y  move inward toward m 

zero sp r ing  tension, g iv ing  r i s e  t o  negat ive s t r a i n  values  f o r  the rhombic l e g s  

and the  r e s u l t a n t  l a r g e  changes i n  r a d i a l  d i s t ance  deviat ions,  m u s t  even tua l ly  

move r a d i a l l y  outward toward the f r e e  space equi l ibr ium conf igu ra t ion  

corresponding to  the  f i n a l  s p i n  r a t e  W and the  parameters of the i n i t i a l  res t  

conf igu ra t ion  t o  s a t i s f y  the  laws of motion. 

t ens ion  i s  increased, providing t h e  mechanism f o r  t h e  "apparent damping" observed. 

Figures  166 through 173 show the  r e p r e s e n t a t i v e  sp in  r a t e  dev ia t ions  which 

d i s p l a y  s l i g h t l y  d i f f e r e n t  behavior. 

t runcated ramp funct ions,  given by: 

0 

Figures  

from the  r e s t  configurat ion with 
0 

When t h i s  happens, the s p r i n g  

The motion of t h e  pe r iphe ra l  masses are 

R T ( t )  = (A,' + A2){u(t)  - u ( t - t T ) )  

where 

A 0.976 x 10-6sec-2 
1 

-1 A =-1.745 x 10-3sec 
2 

(5-22) 

with u ( t )  def ined as i n  equat ion (2-3). 
o s c i l l a t e  about RT( t) without d i sp l ay ing  a t r a n s i e n t  peaking as observed i n  the  

6 i i ( t )  p l o t s .  

The remaining sp in  ra te  dev ia t ions  

A very encouraging resul t  i s  t h a t  the angular p o s i t i o n  dev ia t ions  
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do not  l eave  t h e i r  r e s p e c t i v e  p o s i t i o n  s e c t o r s  during o r  a f t e r  spin-up th rus t ing .  

Since t h e  symmetric r e l a t i o n s  (5-7) and (5-8) hold f o r  t h i s  case a l so ,  Figures  

174 and 175 rep resen t  t h e  time h i s t o r y  and phase plane diagram f o r  t h e  angular 

p o s i t i o n  deviat ion,  and c l e a r l y  i l l u s t r a t e  t h i s  resu l t .  Consequently no 

a c t i v a t i o n  of t he  c o n t r o l  system a f t e r  t h r u s t  terminat ion is  required.  Figures  

176 through 183 are f u l l  s t ruc ture  diagrams of t h e  s t r u c t u r e  a t  designated 

i n s t a n t s  during the  t h r u s t i n g  phase, and show t h a t  t h e  major s t r u c t u r a l  d i s t o r t i o n  

due t o  t h e  e a r l y  t r a n s i e n t  peaking i n  s,.(t) disappears  by t h r u s t  terminat ion 

t i m e .  The f u e l  and t h r u s t i n g  time r equ i r ed  f o r  spin-up deployment are shown 

i n  Table 4. 

1 
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Sec t ion  V I :  APPLICABILITY 

The r e s u l t s  obtained f o r  t h e  lumped mass model are encouraging. One can 

s p e c i f y  c e r t a i n  c h a r a c t e r i s t i c  parameters of a d e s i r e d  ope ra t iona l  configurat ion,  

compute the  exact f r e e  space equi l ibr ium configurat ion and t h e  a s soc ia t ed  res t  

configurat ion corresponding t o  t h e s e  s p e c i f i c a t i o n s ,  and then d e l i v e r  t he  system, 

i n  the  presence of t he  g r a v i t a t i o n a l  f i e l d ,  from the rest  conf igu ra t ion  i n t o  

a conf igu ra t ion  which i s  s u f f i c i e n t l y  c i o s e  t o  t h e  s p e c i f i e d  conf igu ra t ion  that :  

(i) the  allowable s t r u c t u r a l  d i s t o r t i o n  l i m i t s  a r e  n o t  exceeded, and 

(ii) no a c t i v e  con t ro l  f o r  conf igu ra t ion  adjustment i s  r equ i r ed  i n  t h e  absence 

of  f u r t h e r  pe r tu rba t ions ,  a t  l e a s t  f o r  high ope ra t iona l  a l t i t u d e s .  

The e f f e c t  of t h r u s t  pe r tu rba t ions  l i k e l y  t o  be encountered i f  a l l  t h r u s t o r s  

a r e  no t  terminated simultaneously has been determined by a s tudy of con tac t  

pe r tu rba t ions ,  and a simple con t ro l  system which can counteract  small 

pe r tu rba t ion  e f f e c t s  f o r  a s a t i s f a c t o r y  ope ra t iona l  l i f e t i m e  has been demonstrated. 

Several  remarks should now be made concerning the  e x t e n t  t o  which one may 

view t h e  r e su l t s  obtained f o r  t h i s  lumped mass model as app l i cab le  t o  the a c t u a l  

KWOT s t r u c t u r e .  F i r s t ,  t he  du ra t ion  of t i m e  f o r  which the  motion has been 

s tud ied  i s  only a few hundredths of  one percent  of  t he  l e a s t  u se fu l  l i f e t i m e  

envisioned f o r  KWOT. 

c e r t a i n  motion, such as t h e  fundamental motion of many of t h e  deviat ions,  is 

e v i d e n t l y  premature. The conclusion of a n  " i n f i n i t e "  l i f e t i m e  f o r  t h e  model 

under t h e  in f luence  of  those pe r tu rba t ions  which d id  n o t  produce f r e e  motion 

e x t e r i o r  t o  t h e  d i s t o r t i o n  c i r c l e s  of each mass, such as the  pure g r a v i t a t i o n a l  

f i e l d  pe r tu rba t ion ,  i s  s i m i l a r l y  premature. 

Thus, a c l a s s i f i c a t i o n  of "non-periodic" app l i ed  t o  a 

Second, the o s c i l l a t i o n s  t h a t  occur due t o  f i e l d  o r  contact  pe r tu rba t ions  

from equi l ibr ium p e r s i s t  i n  most cases i n  a s t eady  state cond i t ion  resembling 

n e u t r a l  s t a b i l i t y  f o r  t h e  model, which does no t  i nco rpora t e  p rov i s ions  f o r  

damping. The actual s t r u c t u r e ,  however, w i l l  undoubtedly have some degree of 

n a t u r a l  damping. Th i s  can be expected t o  reduce t h e  amount of f u e l  r equ i r ed  

f o r  conf igu ra t ion  con t ro l  due t o  po r t ions  of t he  s t r u c t u r e  exceeding t h e i r  

d i s t o r t i o n  l i m i t s .  
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Third,  t h e  assumption t h a t  t he  r e l a t i v e  motion of t he  s t r u c t u r e  does n o t  

a f f e c t  t he  motion of the  center  of mass i s  equiva len t  t o  t h e  assumption t h a t  

t he  c e n t r a l  observatory has i n f i n i t e  mass, which i s  c l e a r l y  not  t rue .  

t he  r a t i o  mi /mo  of equat ion  (2-1) computed f o r  one of the  SMS u n i t s  a lone  is 
expected t o  be of t h e  order  of lo-’ f o r  t he  actual s t r u c t u r e ,  so t h a t  assumptions 

11-1 and 11-8 are not  r e a l l y  j u s t i f i e d .  

t he  one which appears  most s e n s i t i v e  t o  the  v a l i d i t y  of t hese  assumptions i s  

the  r e su l t  f o r  case  D which i n d i c a t e s  i n s t a b i l i t y  of t he  d ipo le  l e g  to  t a n g e n t i a l  

t h r u s t  pe r tu rba t ions .  

coupl ing through the  c e n t r a l  mass m 

mass pos i t i on ,  as t h e  motion evolves  i n  time, dev ia t e s  a s i g n i f i c a n t  d i s t ance  

from i t s  assumed p o s i t i o n  co inc ident  wi th  mo. 

on the  i n s t a b i l i t y  conclusion f o r  s t r u c t u r e s  similar t o  the  model wi th  r e l a t i v e l y  

l a r g e  mi/mo r a t i o s .  

I n  f a c t ,  

Of the  resul ts  obtained f o r  t h e  model, 

The motion t h a t  occurs  i s  cha rac t e r i zed  by a l ack  of 

and by the  f a c t  t h a t  t he  actual cen te r  of 
0’ 

These cons idera t ions  c a s t  doubt 

F ina l ly ,  i t  should be observed t h a t  these  r e s u l t s  have been obtained wi th  

a very simple con t ro l  system, f o r  which no sys temat ic  op t imiza t ion  s t u d i e s  have 

been conducted. Other con t ro l  concepts,  such as a sampled da ta  system, could be 

expected t o  perform as w e l l ,  i f  no t  b e t t e r .  
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Appendix A: GLOSSARY OF TERMS 

Roman l e t ' t e r s  - lower case 

Radius of model i n  equi l ibr ium conf igura t ion  

Rate of f u e l  e j e c t i o n  from th rus to r  a s soc ia t ed  with mi 

C h a r a c t e r i s t i c  of  l i n e a r  damper i n  p a r a l l e l  wi th  jth sp r ing  

Unit vec tor  a c t i n g  i n  d i r e c t i o n  of instantaneous s t r a i n  

Component of  t o t a l  fo rce  a t  a p o i n t  i n  d i r e c t i o n  of p o s i t i v e  xi 
Force vector  due t o  ith spr ing  

Force vec tor  a c t i n g  on m due t o  

Grav i t a t iona l  acce le ra t ion  a t  su r face  

Step s i z e  f o r  Runge-Kutta i n t e g r a t i o n  

Function r ep resen t ing  the  equation of 

i 
of e a r t h  

f r e e  motion f o r  mi 

ith a u x i l i a r y  vector  func t ion  f o r  Runge-Kutta i n t e g r a t i o n  

Linear  c h a r a c t e r i s t i c  of jth sp r ing  

Distance of m i  from mo 

Reference d i s t ance  of mi from mo 

Mass of e a r t h  

ith po in t  mass of lumped mass model 

Generalized coordinate  vector  

Distance of mo from e a r t h  center  

Laplace transform v a r i a b l e  

Leitgch of jth sp r ing  

Value of sj a t  zero s t r a i n  

Time 

Problem terminat ion t i m e  

Value of t a t  kth s t e p  of Runge-Kutta i n t e g r a t i o n  

Problem i n i t i a t i o n  time 

S t a r t  t i m e  f o r  p l o t  type V I  of Ai 
Thrust  dura t ion  f o r  t h r u s t  pe r tu rba t ions  

S t a t e  vec tor  x a t  kth s t e p  of Runge-Kutta i n t e g r a t i o n  

Vector ,X a t  kth s t a g e  of Newton's method i t e r a t i o n  

Car tes ian  p o s i t i o n  coordinate  

P o s i t i o n  vector  of m i  r e l a t i v e  t o  mo 

Pos i t i on  vec tor  of mi r e l a t i v e  t o  e a r t h  center  
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Roman l e t t e r s  - upper case 

Cross-sec t iona l  area of continuous w i r e  comprising d ipo le  l e g s  

Cross-sec t iona l  a r e a  of continuous wire  comprising rhombic l e g s  

Ray1 eigh d i s s i p a t i o n  func t ion  

Modulus of e l a s t i c i t y  of continuous wire  comprising d ipo le  l e g s  

Modulus of e l a s t i c i t y  of continuous wire comprising rhombic l e g s  

Vector func t ion  r ep resen t ing  genera l  second order  equat ion of motion 

Fuel capac i ty  of SMS u n i t  a s soc ia t ed  wi th  m i  

Fuel  used fo r  conf igura t ion  c o n t r o l  

Fuel  used fo r  t h r u s t  pe r tu rba t ions  

Universal  g r a v i t a t i o n a l  cons tan t  

S p e c i f i c  impulse of t h r u s t o r  p rope l l an t  

Non-linear c h a r a c t e r i s t i c  of jth sp r ing  

Lagrangian func t ion  

To ta l  mass of lumped mass model 

P o s i t i o n  s e c t o r  a s soc ia t ed  wi th  mi 

General ized fo rce  vec tor  

General ized fo rce  no t  de r ivab le  from a p o t e n t i a l  o r  d i s s i p a t i o n  func t ion  

Generalized f o r c e  der ivable  from a d i s s i p a t i o n  func t ion  

Control s e c t o r  a s soc ia t ed  wi th  mi 

Region e x t e r i o r  t o  R i  r e q u i r i n g  A i  > 0 

Region e x t e r i o r  t o  Ri r e q u i r i n g  Ai < C 

Tota l  k i n e t i c  energy 

Thrus t  level f o r  t h r u s t o r  a s soc ia t ed  wi th  mi 

Thrus t  produced by t h r u s t o r  a s soc ia t ed  wi th  mi 

Total p o t e n t i a l  energy 

P o t e n t i a l  energy a s soc ia t ed  wi th  e l a s t i c  f o r c e s  

P o t e n t i a l  energy a s soc ia t ed  wi th  g r a v i t a t i o n a l  fo rces  

Work 

Weight of SMS u n i t  a s soc ia t ed  wi th  mi 
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Greek letters - lower case  

Rhombic ha l f -angle  def ined  by Q-m4-m i n  the  equi l ibr ium conf igura t ion  

Half-angle subtended by d i s t o r t i o n  circle of mi a t  mo 

Time cons t ac t s  f o r  motion of & p i  
Radial  d i s t ance  dev ia t ion  f o r  m i  

Radius of d i s t o r t i o n  c i r c l e  f o r  mi 

Spin r a t e  dev ia t ion  f o r  mi 

jth harmonic component of &$i 

Angular p o s i t i o n  dev ia t ion  f o r  mi 

Convergence parameter f o r  i t e r a t i o n  process  A 

Convergence parameter f o r  ith equat ion f o r  i t e r a t i o n  process  B 

Radius of p o s i t i o n  s e c t o r  f o r  t angen t i a l  motion of m i  

Instantaneous s t r a i n  of j th  sp r ing  

Angle between rhombic major a x i s  and sp r ing  connecting mi t o  a 

p r i n c i p a l  a x i s  of t he  s t r u c t u r e  i n  equi l ibr ium 

Radius of b a l l  about t he  t r u e  s o l u t i o n  conta in ing  i n i t i a l  guesses 

f o r  which Newton's method converges 

Error  r a t e  cons tan t  f o r  con t ro l  system for m i  

Angular p o s i t i o n  of % measured a t  e a r t h  center  

Acute angle  de f in ing  the  dev ia t ion  from a s t r a i g h t  rhombic l e g  

conf igura t ion  f o r  t he  s p r i n g  connecting a rhombic l e g  mass m i  t o  a 

p r i n c i p a l  a x i s  of t he  s t r u c t u r e  i n  equi l ibr ium 

Ear th  g r a v i t a t i o n a l  cons tan t  

Acute angle  def ined by yi  and t h e  normal t o  the  sp r ing  which connects 

mi t o  a p r i n c i p a l  axis of the  s t r u c t u r e  i n  equi l ibr ium 

Volume d e n s i t y  of continuous wire  comprising d ipo le  l e g s  

Volume dens i ty  of continuous wire comprising rhombic l e g s  

Uniform spacing of p o i n t  masses along rhombic l e g  i n  equi l ibr ium 

conf igura t ion  

Cumulative a c t i v a t i o n  time f o r  t h r u s t o r  a s soc ia t ed  with m i  

T i m e  du ra t ion  for p l o t  type V I  of Ai 

Tension i n  jth sp r ing  

Angular p o s i t i o n  o f  mi measured a t  mo 

Reference va lue  f o r  cpi 

1 
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Acute angle  between two adjacent  sp r ings  a t  mi 

Angular v e l o c i t y  of model about % i n  the  equi l ibr ium conf igura t ion  

Reference sp in  r a t e  for mi r e l a t i v e  t o  mo 

gfi 
w 

WR 

Greek l e t t e r s  - u w e r  case 

L e f t  boundary of Pi 

Right boundary of Pi 
hi 
hi 
r+i L e f t  boundary of  R i  

r- i 
A i  

Right boundary of Ri 

Control switching func t ion  f o r  con t ro l  t h rus to r  a s soc ia t ed  wi th  m i 

Specia l  svmbols 

4 Phase angle  

1 Id I Euclidean norm of the  vec tor  x defined by ?I *c,r%z* 
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Appendix B: ELASTIC POTENTIAL DERIVATIVES 

The elastic potential VE(g.,t) is defined by equations ( 2 - 3 ) ,  (2-l3), (2-14), and 

(2-15). The derivatives aVE/aqi, expressed in terms of the generalized 

coordinates are listed below for completeness: 

av,/aii ( i=1.. .i6) : 



48 



49 

3 r S I 

- 1 , k  u s -s '(l-e)!-l s i n ( c p * - [ p 3 ) ~ - k 4 W ~ s ~ - s 4 0 ~ ( l - ~ ) ~ l  sin(q, -cp )j) 
- 3  5 6 4  

3 4 
aVE/'4- 4 { 3  3 30) 
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Appendix C: Incorporat ion of A r t i f i c i a l  Dampinq 

I n  t h i s  appendix, the equat ions governing the  motion of  a model similar 

t o  t h a t  of Figure 2 inco rpora t ing  damping are derived. 

of Figure 2 with the  a d d i t i o n a l  f e a t u r e  t h a t  a l i n e a r  damper with c h a r a c t e r i s t i c  

cj i s  connected between each p o i n t  mass i n  p a r a l l e l  with the s p r i n g  k j .  Although 

equation (2-4) may be used d i r e c t l y  t o  generate  the equat ions of motion, with the 

viscous d i s s i p a t i o n  f o r c e s  computed as p a r t  of the general ized f o r c e  vec to r  4, 
another form of (2-4) may be obtained by introducing the  Rayleigh d i s s i p a t i o n  

funct ion D(q,{, t ) ,  def ined by: 

Consider t h e  s t r u c t u r e  

- f  D ( g , & t )  = .s1Rate of  energy d i s s i p a t i o n  i n  

as descr ibed i n  r e fe rence  3 .  The general ized fo rces  due t o  viscous d i s s i p a t i o n  may 

thus be separated as: 

wai 4, = - 

s o  t h a t  

La.grange's equat ions may now be expressed i n  the form: 

The d i s s i p a t i o n  func t ion  f o r  t h e  model descr ibed i s  given by: 

I f  s i s  the  l eng th  of t h e  s p r i n g  connecting m and m i t  i s  expressed i n  terms 

of t h e  gene ra l i zed  coordinates  by equat ions (2-14) and (2-l5),  and i t s  d e r i v a t i v e  

i s  given by: 

k i j' 
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When t h e  necessary manipulations are  completed) i n  accordance with equat ion 

( C - 3 ) )  t he  equat ions of motion f o r  each mass m become: i 

The fo rces  Q 

are l i s t e d  below f o r  completeness: 

a re  given by equat ion (2-17). The d e r i v a t i v e s )  ""/ai 
R i  

a D / a  1 j (i=1 ... IS) 

c s  1 c s  
3D/3i = (Yfl 3 2  -1 cos(cp3-cp2)J+(y)[l 3 4  -1 cos(cp 4 3  -cp ) ]  - 

3 
3 

'5 

c s  

r S 4 3  
3 4 
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aD/a i  = (a), c s  r 1 -1 cos(cpg-(p8), 
9 S - 9  8 

Q 
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Table 1 .- Confinuration S p e c i f i c a t i o n s  and Environmental Conditions 

Configuration SDecif icat ions 

1. Mate r i a l  p r u p e r t i e s  of rhombic wire 

Radius, rR 

Modulus of e l a s t i c i t y ,  ER 

Volume densi ty ,  PR 

2. Mate r i a l  p r o p e r t i e s  of r a d i a l  wire 

Radius, rD 
Modulus of e l a s t i c i t y ,  ED 

Volume densi ty ,  0 ‘ R  

3 .  SMS u n i t  c h a r a c t e r i s t i c s  

Weight, Wi (i=4,9,1S., 16) 
Thrust  l eve l ,  T, (i=4,9,12,16) i 

4. Equilibrium condi t ion requirements 

Angular ve loc i ty ,  u: 

Model r ad ius ,  a 

Rhombic half-angle ,  CX 

Environmental Conditions 

1. Grav i t a t iona l  F i e l d  c h a r a c t e r i s t i c s  

G r a v i t a t i o n a l  constant ,  p 

2. O r b i t a l  s p e c i f i c a t i o n s  

Eccentr i c i  ty, e 

Period, T 

Other Parameters 

Dead band r ad ius ,  “bi (i=9,12,16) 

Problem terminat ion t i m e ,  tf 

D i s t o r t i o n  c i rc le  r ad ius ,  & M i  (i=l.. .16) 

0.01 in .  
260,000 #/in.  2 

70 #/f t .3  

0.01 in .  

260,000 #/in.2 

70 # / f t . ”  

200 # 
0.1 # 

1 rev/hr .  

5 km. 
13.3 deg. 

1.40’7775. 10l6 f t” /sec2 

0 

24 hr.  

0.01 rad. 

1.5 hr. 

50 meters 
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Table 2 - Configuration Solutions 

Free Space Equilibrium 
1. Rhombic leg shape 

8 = 0.10891716 deg. 
= 0.10920864 deg. 

2 

@3 

G/a = 0.34252052 

2. Spring tension 
z = 0.16113813 # 
T = 0.16075628 # 
T = 0.15992107 k' 
T = 0.31144620 # 
T = 0,31053510 if 
T = 0.23849823 # 

1 

2 

3 

16 

17 

18 

Rest ConfiRuration 

1, Unstressed sprinp lengths 

s = 5599.4398 ft. 
lo 

20 

30 

160 

170 

180 

s = 5599.4659 f t. 

s 5599.5231 ft. 
s = 3860.7950 ft. 
s = 6230.2?06 ft. 
s = 6230.2798 ft. 

2, Point mass values 
m = 0.050486223 slugs 
m = 0.026556764 slugs 
m = 0.026556961 slugs 
m = 6.2377372 slugs 
m =. 0.029548449 slugs 
m = 6.2259544 slugs 

1 

2 

3 

4 

16 

16 

3. Generalized coordinates 
l1 = 3872.0680 ft. 

= 6046,1208 ft. 
= 10999.684 ft. 

1 = 16380.000 ft. 
= 10126,034 ft. 

1 = 16380.000 ft. 
64.617149 &g 

% = 83.206874 deg 

4 

5 

16 

q2 

3. Generalized coordinates 
= 3840.7950 ft. 5 r 

1 = 6026.8044 ft. 2r 
= 10974.835 ft. 

'3 r 
= 16348.745 ft. 

'4 r 

1 = 16321,285 ft. 
cp2, = 64.718194 deg. 
q3r = 83.265827 deg. 

= 10091.006 ft. 
5r 

161 

4. Rhombic mass deviation from 
rest - 

m : 22.055669 ft., d: 
2 

35.807569 deg. 

58.774144 deg. 
m : 27.300447 ft., 3 
3 
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Table 3 - Spectral Characteristics of Free Motion 

Case 
Identifier 

B 

D 

Am litude -8 '1) (10 sec 

0.431 

0.431 

0.718 

0.718 

0.1437 

0.1437 

2.87 

r.87 

2.87 

0.718 

2.87 

0.319 

8.s2 

4.59 

2.865 

2.865 

1.438 

1.438 

2.155 

2.155 

1.438 

1.438 

Period 
( sec) 

293 5 

212.; 

293 5 

212.; 

212.; 

212.5 

1800 

i6oo 

1800 

109 

1800 

109 

1800 

1800 

1518 

212.5 

1518 

212.5 

1518 

212.5 

1518 
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Perturbation 

Table 4 - Fuel Consumption Data 

(@i @i i f T )  tT 
see (set ) ( set> 

Propulsion System Parameters 

‘W 1.005 LU 9 0.001~5 

I?) 1.01 UJ 18 0.009 

equi l l i j r  iam cu 1.05 w 97 0 .oM5 

Perturbation) 

Spin-up from r e s t  0 !U 1788 3.566 
L 

Tipi = 0.1 # ( i=4,9,12,16) 

Fci = 50 # ( i=h ,  9,12,16) 

go = 32.2 f t / sec2  

I = 200 sec 
SP 

0 

0 

T h r u s t  Perturbations 

21 

16 

294 

Configuration Control System 

17 305 

Case 
[dentif i e r  

J 

L 

4 
26 1 0 1 26 

55 

12 

F 
cf 1 

0.026 

0.020 

0.038 

0.014 

0.309 

JJ f 
(months) 

8.02 

6.30 

3.875 

13.04 

0.683 
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Figure 183. Structure diagram, t = 1800 sec, Case M 


