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FOREWORD 

Thi s  F i n a l  Report is submi t ted  i n  
accordance g i t h  t h e  Statement  o f  
Work, Exh ib i t  "A" f o r  Con t r ac t  
NAS8-32660. The s tudy  was d i r -  
e c t e d  from t h e  Guidance Systems 
Div i s ion  (GSD) of The Bendix 
Corporat ion.  The program manager 
a t  t h i s  l o c a t i o n  f o r  most of t h e  
c o n t r a c t u r a l  p e r i o d  was Mr. James 
Jennings .  Con t r ibu to r s  from GSD 
were M r .  Raymond Kaczynski ( S e c t i o n s  
1 through 4 )  and Dr. F rede r i ck  
Ch iches t e r  (Sec t ion  7 ) .  Other  
t a s k s  were completed by personne l  
from t h e  Bendix Research Labora to r i e s  
Div is ion  (BRL) and t h e  Bondix Energy, 
Envirosment and Technology Off ice 
(BEETO). Material i n  S e c t i o n s  5 and 
6 was c o n t r i b u t e d  by D r .  Kelvin  Smith,  
Don Johnson and Dave S id losky .  Mr. 
A r t  Co rne l l  o f  BRL genera ted  t h e  
dynamic mathemat i z a l  models f o r  t h e  
Space Cons t ruc t ion  Base and Mr. 
Donald Lipski of ELL wrote t h e  
programs f o r  d i g i t a l  s imu la t i on .  Mr. 
Calv in  Rybak of BEET0 wrote  a tech-  
n i c a l  paper  which provides  t h e  b a s i s  
f o r  t h e  m a t e r i a l  p r e sen t ed  i n  Sec t ion  
8. The guidance of  D r .  Michael B o r e l l i  
of MSFC throughout  t h e  s tudy  is 
g r a t e f u l l y  achnowledged. 



Many a s p e c t s  of an a t t i t u d e  c o n t r o l  system a r e  s t u d i e d  and de- 
veloped f o r  a  l a r g e  space base  t h a t  is s t r u c t u r a l l y  f l e x i b l e  and 

whose mass p r o p e r t i e s  change r a t h e r  d r a m a t i c a l l y  du r ing  its 

o r b i t a l  l i f e t i m e .  Topics  of d i s cus s ion  i n c l u d e  t h e  fo l lowing:  

Space base  o r b i t a l  p o i n t i n g  and maneuvering 

Angular momentum s i z i n g  of a c t u a t o r s  
Momentum d e s a t u r a t i o n  s e l e c t i o n  and s i z i n g  

Mul t i l eve l  c o n t r o l  t echnique  app l i ed  t o  

con f igu ra t i on  1 
One-dimensional model s imu la t i on  

N-body d i s c r e t e  coo rd ina t e  s imu la t i on  

S t r u c t u r a l  a n a l y s i s  math model fo rmula t ion  
Discussion o f  c o n t r o l  problems and c o n t r o l  

met hods 
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SECTION 1 

1 . 0  INTRODUCTION 

T h i s  r e p o r t  is s u b m i t t e d  i n  compl iance  w i t h  t h e  

S ta tement  o f  Work c o n t r a c t  NAS8-32660 E x h i b i t  "A."  

The p e r i o d  o f  pe r fo rmance  c o v e r e d  by t h e  r e p o r t  is 
t h e  c a l e n d a r  y e a r  o f  J u l y  27, 1977 t o  J u l y  27, 1978.  

The submiss ion  and a p p r o v a l  o f  t h i s  r e p o r t  c o n s t i t u t e  
t h e  s u c c e s s f u l  comple t ion  of  t h e  E x h i b i t  "A" p o r t i o n  

o f  t h e  c o n t r a c t .  A d d i t i o n a l  s t u d i e s ,  b a s i c a l l y  a 

c o n t i n u a t i o n  o f  t h e  p r e s e n t  work e f f o r t ,  w i l l  be 

conduc ted  under  a n  E x h i b i t  "B" Scope o f  Work. 

1.1 OBJECTIVES 
The s e c t i o n s  t h a t  f o l l o w  summarize t h e  e f f o r t  expended 
on t h e  Space  C o n s t r u c t i o n  Base (SCB) C o n t r o l  System 

Study c o n t r a c t .  The t o p i c s  d i s c u s s e d  a r e  d i v e r s e  i n  

c o n t e n t  b u t  a l l  r e p r e s e n t  a  p o r t i o n  o f  t h e  o v e r a l l  
s t u d y .  The pr imary  o b j e c t i v e  o f  t h e  s t u d y  was t o  

deve lop  a c o n t r o l  sys tem and f l e x i b l e  c o n t r o l  t e c h -  

n i q u e s  t h a t  w i l l  s t a b i l i z e  a  l a r g e  and growing s p a c e  
s t a t i o n  o f  t h e  f u t u r e .  

1 . 2  SCOPE 
The t h r u s t  of  t h e  program o c c u r r e d  i n  s e v e r a l  un ique  

d i r e c t i c n s .  A h y p o t h e t i c a l  s p a c e  m i s s i o n  was developed 
u s i n g  t h e  b a s i c  i n f o r m a t i o n  g e n e r a t e d  by NASA, and 
r e q u i r e m e n t s  and  t i m e l i n e  were f o r m u l a t e d .  From t h i s  

i n i t i a l  b a s e l i n e  t h e  e f f o r t  branched i n t o  s e v e r a l  
c a t e g o r i e s :  



1. D e f i n i n g  a mathemat ica l  model t o  b e  used  i n  an 

a l l  up  and l i m i t e d  s t a b i l i t y  model.  

2. I n v e s t i g a t i o n  of  modern c o n t r o l  t e c h n i q u e s  as a n  

i n t e g r a l  part o f  t h e  c o n t r o l  sys tem.  
3. Development o f  a mathemat ica l  model t h a t  would 

d e s c r i b e  t h e  f l e x i b l e  s t r u c t u r e  c h a r a c t e r i s t i c s  o f  

a  l a r g e  v e h i c l e  assuming t h e  model c h a r a c t e r i s t i c s  
o f  t h e  i n d i v i d u a l  p i e c e s  a r e  known. 

4. Determine  s i z i n g  r e q u i r e m e n t s  f o r  a momentum 

s t o r a g e  sys tem t a k i n g  i n t o  accoun t  g r a v i t y  g r a d i e n t ,  
m a g n e t i c ,  aerodynamic and r a d i a t i o n  t o r q u e s .  

Requirements  were d e t e r m i n e d  f o r :  

a .  A l l  c o n f i g u r a t i o n s ,  v a r i o u s  o r i e n t a t i o n s  
(X-POP, X-LV, XP-POP, e t c . )  

b .  I n e r t i a l  p o i n t i n g  modes anywhere i n  t h e  
celest jal  s p h e r e  ( c o n f i g u r a t i o n s  4 t h r o u g h  7 ) .  

c. E a r t h  p o i n t i n g  modes ( c o n f i g u r a t i o n  1 2 ) .  

The r e s u l t s  o f  t h e s e  s t u d i e s  have  become t h e  bas  s f o r  

t h e  development o f  t h e  c o n t r o l  s y s t e m .  A t  p r e s e L i ,  

t h e  s i m u l a t i o n  e f f o r t  is i n  p r o g r e s s  and is e x p e c t e d  
t o  c o n t i n u e  i n t o  t h e  e x t e n s i o n  e f for t .  The s t r u c t u r a l  
math model e f f o r t  w i l l  a l s o  b e  c o n t i n u e d .  An attempt 

w i l l  b e  made t o  v a l i d a t e  t h e  model by u s i n g  known 
s p a c e c r a f t  d a t a .  Othe r  t a s k s  such a s  t h e  m i s s i o n  
p r o f i l e ,  m u l t i l e v e l  a n a l y s i s  and a n g u l a r  momentum 
s i z i n g  art! e s s e n t i a l l y  comple te  i n  t h e m s e l v e s ,  and w i l l  

be used o n l y  a s  r e f e r e n c e  m a t e r i a l  d u r i n g  t h e  c o n t i -  

nua t i o n .  
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1.3 GENERAL 
S e v e r a l  a p p e n d i c e s  c o n t a i n i n g  d e t a i l e d  e q u a t i o n s  and \ 

model ing  are i n c l u d e d  a t  t h e  end o f  t h e  report. When 

n e c e s s a r y ,  s e q u e n c e s  o f  e q u a t i o n s  are i n c l u d e d  i n  t h e  
1 + 
i 

body of t h e  r e p o r t .  

The RF'Q r e q u e s t e d  t h a t  t h e  I n t e r n a t i o n a l  System o f  
u n i t s  ( d e s i g n a t e d  as SI) be used  i n  t h e  program and 
i n  any r e p o r t i n g .  E x p r e s s i o n  i n  customary u n i t s  would 

b e  a c c e p t a b l e  i f  it is u s e f u l  t o  t h e  p r imary  r e c i p i e n t s ,  
b u t  SI s h o u l d  b e  s t a t e d  first w i t h  t h e  customary u n i t s  
a f t e r w a r d s ,  i n  p a r e n t h e s i s .  I n  t h e  r e p o r t ,  SI u n i t s  

are o f t e n  used (magne t i c  and r a d i a t i o n ) ;  t o r q u e s ,  

a n g u l a r  momentum, moments o f  i n e r t i a  and d i s t a n c e s ,  
however,  are s t a t e d  ir! E n g l i s h  u n i t s  s i n c e  t h i s  was 

t h e  method used  i n  p r e s e n t i n g  a l l  oF t h e  d a t a  i n  t h e  

RFQ 

A l i b e r a l  approach was a l s o  t a k e n  i n  t h e  numbering of 

SCB c o n f i g u r a t i o n s .  The RFQ i n i t i a l l y  used Roman 
numera l s ,  b u t  t h e  t e x t  h e r e  uses Arab ic  numerals  i n  

most c a s e s  -- e x c e p t  wher,e m a t e r i a l  is r e p r i n t e d  from 

t h e  RFQ. 



SECTION 2  

MISSION DEFINITION 

A m i s s i o n  p r o f i l e  is d e f i n e d  which i d e n t i f i e s  t h o s e  
p a r a m e t e r s  which are t h e  n e c e s s a r y  i n p u t s  t o  t h e  con- 

t r o l  sys tem d e f i n i t i o n .  Those  p a r a m e t e r s  a r e  d e f i n e d  

i n  r e f e r e n c e  2-1 u s i n g  i n f o r m a t i o n  o b t a i n e d  from 

a .  t h e R F P d a t a  package ( r e f e r e n c e  2-2) 

b .  c o n v e r s a t i o n  w i t h  MSFC and o t h e r s  
c. b e s t  estimates. 

PHYSICAL CONFIGURATION 
The Space  C o n s t r u c t i o n  Base concep t  c o n s i s t s  of  a  

b a s e l i n e  c o n f i g u r a t i o n  shown i n  F i g u r e  2-1. T h i s  

c o n f i g u r a t i o n ,  which is la ter  expanded,  i n c l u d e s  a  
H a b i t a b i l i t y  Module ( c rew q u a r t e r s ) ,  Subsystem Module 

( c o n t r o l  c e n t e r ) ,  T u r r e t  Assembly ( r o t a t i n g  member 

and s t r u c t u r a l  s u p p o r t  f o r  t h e  s o l a r  w i n g s ) ,  S o l a r  

Wings A and B, and a Docking Module. The docking 

mcLle p l a y s  a  major  r o l e  i n  t h e  b u i l d u p  t o  a l a r g e r  

s t r u c t u r e  s i n c e ,  i n  many c o n f i g u r a t i o n s ,  i t  becomes 
t h e  a t t a c h m e n t  p o i n t  f o r  t h e  n e x t  module. 

The s p a c e  b a s e  modules a r e  t r a n s p o r t e d  t o  o r b i t  by t h e  
S h u t t l e  O r b i t e r .  The O r b i t e r  Remote Manipu la to r  System 

e x t . . c t s  t h e  p a y l o a d s  from t h e  o r b i t e r  pay load  bay and 

. ,  ' d s  i n  t h e  dock ing  ( b e r t h i n g )  and connec t  on of  t h e  
modules.  
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AP - 
BFM - 
CCM - 
DM - 
HAB - 
HM - 
LM - 
MM - 
MSM - 
PSP - 
RP - 
SM - 
SPM - 
SW - 
SWA - 
TA - 

TABLE 2-1 
MODULE ACRONYMS 

Applicat ions  P a l l e t  

Beam Fabricat ion Module 

Construction Control Module 

Docking Module 

H a b i t a b i l i t y  Module 

Hab i tab i l i t y  Module 

L o g i s t i c s  Module 
Manipulator Module 

Mission Support Module 

Publ ic  Serv i ce  Platform 

Research P a l l e t  

Subsystem Module 

Space Process ing Module 
So lar  Wing 

So lar  Wing Array 

Turret Assembly 



F i g u r e s  2-2 th rough  2-12 i d e n t i f y  t h e  b u i l d u p  beyond 

t h e  i n i t i a l  c o n f i g u r a t i o n  to  t h e  f i n a l  Space Base .  

I t  s h o u l d  b e  n o t e d  t h a t  f o r  e a c h  c o n f i g u r a t i o n  t h e r e  is 

a  p e r i o d  o f  t i m e  i n  which t h e  O r b i t e r  is e i t h e r  docked 

ar  connec ted  t o  t h e  b a s e  v i a  t h e  RMS. F o r  t h e s e  cases 
i t  s h o u l d  b e  assumed t h a t  t h e  O r b i t e r  R e a c t i o n  C o n t r o l  

Systerr  (HCSj 2 r o v i d e s  t h e  s t a b i l i z a t i o n  and c o n t r o l  o f  

t h e  e n t i r e  s t r u c t u r e .  P r i m  t o  a t t ~ c h m e n t  t h e  Space  

B a s e l o r b i t e r  c o n f i g u r a t i o n  will b e  manetfvered t o  a 

minimum momentum b u i l d u p  o r i e n t a t i o n  u x e d  upon t h e  

s e l e c t e d  a t t a c h  p o i n t .  T h i s  o r i e n t a t i o n  w i l l  b e  

accompl ished by t h e  Base and t h e  O r b i t e r  s e p b r a t e l y  

p r i o r  t o  dock ing ,  i n  o r d e r  t o  minimize  O r b i t e r  RCS 

usage  . 

2 . 1 . 1  Module D e f i n i t i o n  

The b a s i c  modules a s s o c i a t e d  w i t h  t h e  s p a e e  b a s e  a r e  

d e s c r i b e d  b r i e f l y .  Acronyms f o r  e a c h  are l i s t e c i  i n  

T a b l e  2-1. 

0 Subsystem Module - b a s i c a l l y ,  t h e  c o n t r o l  c e n t e r  

f o r  t h e  s p a c e c r a f t  o p e r a t i o n s .  I t  houses  a l l  l i f e  

s u p p o r t ,  communicat ions and  o t h e r  e l e c t r o n i c  equip-  

ment .  F u l l y  h a b i t a b l e .  

0 
H a b i t a b i l i t y  Module - P r o v i d e s  crew q u a r t e r s ,  exe r -  

cise f a c i l i t i e s ,  h e a l t h ,  s l e e p i n g  and d i n i n g f a c i l i t i e s .  

0 
T u r r e t  Assembly - The e l e c t r o m e c h a n i c a l  s t r u c t u r e  f o r  

mounting t h e  s o l a r  p a n e l s .  Assume it h a s  f u l l  freedom 

abou t  t h e  ZV a x i s  and can b e  s e r v o e d  t o  a  sun s e n s o r  



n u l l .  This s t r u c t u r e  a l s o  c o n t a i n s  a p r e s s u r i z e d  

passageway t o  i n t e r connec t  ad j acen t  modules. 

O S o l a r  Wings A&B - S o l a r  pane l  assembl ies  t h a t  w i l l  

p rov ide  a l l  s p a c e  base  power requi rements  u n t i l  t h e  

beam b u i l d i n g  equipment is u t i l i z e d  ( c o n f i g u r a t i o n  

1 0 ) .  Assume 50% o c c u l t a t i o n  w i l l  p rov ide  adequa te  
power. 

Docking Module - Simply, a s t r u c t u r e  t h a t  w i l l  a l low 
a maximm of  s i x  s e p a r a t e  modules t o  be  a t t a c h e d  i n  

d i f f e r e n t  d i r e c t i o n s .  This  module c o n t a i n s  p res -  

s u r i z e d  passageways f o r  crew o p e r a t i o n s .  The docking 
p o r t s  on t h i s  module s h a l l  be cons idered  t o  be  f l e x -  

i b l e  and s h a l l  b e  s imu la t ed  by a hinge-spr ing j o i n t .  

Axial  r o t a t i o n  s h a l l  a l s o  b e  cons idered  i n  t h e  con- 
t rol  s y s t e m .  

0 Mission Support  Module - A module t h a t  c o n t a i n s  
a d d i t i o n a l  equipment such a s  exper imenta l  hardware,  

conswnables, s p a r e  s u b s y s t c -  equipment, r e p a i r  shop,  

test f a c i l i t y .  

0 L o g i s t i c s  Module - A p r e s s u r i z e d  h a b i t a b l e  module 

con ta in ing  consumable p r o v i s i o n s  and equipment f o r  
f u r t h e r i n g  t h e  space  base  bu i ldup .  

0 
Space Process ing  Module - A l a b o r a t o r y  s e t u p  f o r  t h e  
exper imenta t ion  o f  manufactur ing hardware and pharma- 
c e u t i c a l s  i n  a z e r o  g r a v i t y  environment.  



O A p p l i c a t i o n  P a l l e t  - T h i s  module is e s s e n t i a l l y  a 
storage u n i t  f o r  equipment n e c e s s a r y  i n  f u r t h e r i n g t h e  

f u n c t i o n  o f t h e  Space  P r o c e s s i n g  Module. The equip-  
ment is e x t e r n a l l y  f a s t e n e d  t o  a s t r u c t u r e  whose 

o u t l i n e  is c y l i n d r i c a l  ( t o  b e  c o m p a t i b l e  w i t h  t h e  

O r b i t e r ) .  The pal let  equipment must be r e t r i e v e d  by 
E x t r a  V e h i c u l a r  A c t i v i t y  (EVA) .  

0 Research  P a l l e t  - S i m i l a r  t o  t h e  A p p l i c a t i o n s  P a l l e t  

b u t  e s s e n t i a l l y  h o l d s  equipment f o r  f u r t h e r  s p a c e  
e x p e r i m e n t a t i o n .  I t  c o u l d  i n c l u d e  a gimballed o r  

f l o a t i n g  s t r u c t u r e  f o r  deep s p a c e  telescope ( h i g h  

e n e r g y ,  W) e x p e r i m e n t s .  

0 C o n s t r u c t i o n  C o n t r o l  Module - T h i s  module is d e f i n e d  

as t h e  c o n t r o l  c e n t e r  f o r  t h e  c o n s t r u c t i o n  p h a s e  of 

t h e  l a r g e  a n t e n n a  a r r a y  s y s t e m .  

0 Manipu la to r  - During t h e  main s t a g e s  o f  a c t u a l  con- 
s t r u c t i o n  o f  s t r u c t u r e s  i n  s p a c e  t h e  O r b i t e r  s u p p l i e s  

t h e  space b a s e  w i t h  two s t r u c t u r e s  i d e n t i f i e d  as 

Manipu la to r s .  These  m a n i p u l a t o r s  a r e  viewed a s  mecha-. 
n i c a l  arms t h a t  have  f u l l  r o t a t i o n a l  freedom about  t h e  

XV a x i s  and 90' o f  "L-BOW" mot ion .  The XV r o t a t i o n a l  

freedom is s u p p l i e d  by two i d e n t i c a l  t u r r e t  a s s e m b l i e s  
l i k e  t h o s e  s u p p o r t i n g  t h e  s o l a r  wings .  These  Mani- 

p u l a t o r s  a r e  c o n t r o l l e d  th rough  t h e  C o n s t r u c t i o n  
C o n t r o l  Module. 



O Ex te rna l  Tanks - During t h e  l a t t e r  s t a g e s  o f  ba se  

bu i ldup  t w o  O r b i t e r  b o o s t e r  t a n k s  are added t o  t h e  

c o n f i g u r a t i o n .  These t anks  a r e  empty, u n i n h a b i t a ~ l e  
and s e r v e  on ly  as s t rongbacks  ( suppor t  s t r u c t u r e s )  

f o r  t h e  c o n s t r u c t i o n  o f  beams. 

O Beam F a b r i c a t i o n  Module - The Beam F a b r i c a t i o n  Module 

c o n t a i n s  t h e  raw make r i a l s  and machinery f o r  t h e  beam 

manufacturing.  I t  i s  assumed t h a t  t h e  space  base  crew 
o p e r a t e s  t h e  equipment from wi th in  t h e  module and 

s t o r e s  t h  s e c t i o n s  e x t e r n a l l y ,  on t h e  e x t e r n a l  t anks  

u n t i l  f i n a l  assembly beg ins .  

O 150KW Arrays - These a r e  l a r g e  s o l a r  a r r a y s  t h a t  w i l l  

p rov ide  t h e  power necessary  t o  o p e r a t e  t h e  beam con- 
s t r u c t  ion eqlli Iment and u l t i m a t e l y  t h e  f i n a l  space  

base  c o n f i g u r a t i o n .  Assume t h e  s t r u c t u r e  has  un l imi ted  

freedom about ZV and can be  sun servoed.  

O P u b l i c  S e r v i c e  P l a t fo rm - The P u b l i c  S e r v i c e  P la t form 

is t h e  antenna comnunication a r r a y  a long  wi th  o t h e r  
equipment capable  of moni tor ing  items such a s  h u r r i -  

canes ,  ea r thquakes ,  weather  t r a f f i c  c o n t r o l ,  pe r sona l  

communication, e t c .  

Mass P r o p e r t i e s  

The c o o r d i n a t e  system t o  be used f o r  a n a l y s i s  and 
d e f i n i t i o n  purposes  is shown i n  F igu re  2-13. I t  is 

r ight-handed,  wi th  t h e  o r i g i n  be ing  p l aced  a t  t h e  Sub- 

system Module/Habi tabi l i ty  Module i n t e r f a c e ,  
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TABLE 2-3 

ELEUENTS OF THE INERTIA MATRIX 
o GIVEN IN  VEHICLE COORDINATES ( X V ,  W ,  ZV) 

CONFIG 

NO. 



Table 2-2 lists the module dimensions, weight and 

center of mass for each component. More detailed moment 

of inertia properties for each module is given in 
reference 2 -2. 

Moments and products of inertia and the weight of each 

configuration &re listed in Table 2-3. Reference 2-2 is 

the source of more detailed configuration information. 

It lists the configuration breakdown summaries, includi.ng 

radius of gyration (K), total weight, configuraiion CG 
with respect to the coordinate system origin, vehicle 

axis moments of inertia, principal axis moments of 

inertia, direction cosines and angles between the ve- 

hicle axes and principal axes. 

2,2 ORBITAL PARAMETERS 

The initial Space Base configuration will be launched 

into a 270 nautical mile orbit of either 28.5 or 55 

degree inclination. The entire mission of buildup and 

operation will be in Low Earth Orbit (LEO). Orbit decay 

may require periodic reboost but this problem shall not 

be addressed in this study. The orbit will be assumed 

to be circular. If we then assume a spherical earth, 

the orbital period will be 5668.2 seconds. The corres- 

ponding orbit a1 rate will be l.l0850xl0-~ rad/sec. The 

linear velocity for this altitude is approximately 

24,975 ft/sec. 

I.. 



2 . 3  OPERATIONAL UQUIREb4ENTS 

O p e r a t i o n a l  Requ i r emen t s  o f  t h e  S p a c e  C o n s t r u c t i o n  Base  

were n o n - e x i s t e n t  i n  t h e  d a t a  package  c o m p i l i n g  t h e  

s t u d y  c o n t r a c t .  I n  o r d e r  t o  d e t e r m i n e  a f e a s i b l e  con- 

t r o l  s y s t e m  f o r  t h e  SCB, c e r t h l n  a s s u m p t i o n s  w i l l  be 

made r e g a r d i n g  i ts  o p z r a t i o n  and  m i s s i o n  a c c u r a c i e s .  

A l l  o f  t h e s e  a s s u m p t i o n s  a r e  l i s t e d  h e r e .  A s  t h e  s t u d y  

p r o g r e s s e s ,  t h e s e  p a r a m e t e r s  may be a l t e r e d  b z s e d  upon 

new i n f o r m a t i o n  o r  d r i v e n  by o t h e r  c o n s t r a i n t s .  

2 . 3 . 1  Mis s ion  T i m e l i n e  

The p e r i o d  o f  b u i l d u p  and  o p e r a t i o n  o f  t h e  Space  Base 1s 

shown i c  F i g u r e s  2-14 a a n d  b .  T h i s  t i m e l ' n e  is hypo- 

t h e t i c a l  b u t  c a n  be r s e d  a s  a  b a s e l l n e  f o r  c o n s i d e r a t i o n  

i n  d e t e r m i n i n g  d u r a t i o n  o f  e a c h  c o i ~ f  i g u r a t i o n  i n  ~ r b i t  

a n d  t h e  o r b i t a l  m a i n t e n a n c e  and  l i ie t ime of s u b s y s t e m  

components .  The  l i f e t i m e  o f  c o n f i g u r a t i o n  12 can  be 

e v e n t u a l l y  cc ns i d e r e d  open-ended f o r  p u r p o s e s  o f  t h e  

s t u d y .  Note t h a t  e a c h  c o n f i g u r a t i o n  j s  e x p e c t e d  t o  have  

n l i f e t i m e  of a p p r o x i m a t e l y  4 months .  

Along w i ~ , ~  t h e  t i m e l i n e  p r e s e n t e d ,  t h e  crew is c ~ p e c t e d  

t o  grow i n  numbers a s  shown i n  T a b l e  2-4. 

2 . 3 . 2  A t t i t u d e  P o i n t i n g  and  Maneuvering 

l ? t t i t u d e  p o i n t i n g  and  maximum s l e w i n g  r e q u i r e a e n t s  are 

l i s t e d  i n  T a b l e  2-5 a s  a  f u n c t i o n  o f  c o n f i g ~ r a t i ~ . .  
number. The  maximtin s l e w i n g  rates are  r e d u c e d  for l a t e r  

c o n f i g u r a t i o n s  t o  bound t h e  a n g u l a r  momentum r e q u i r e -  

men ts . 
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TABLE 2-4 

. CREW REQUIREMENTS 
FOR THE SCB MISSION 

CONF I GURAT I 3N CREW 
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TABLE 2-6 

GENERAL REQUIREMENTS 

FOR THE SCB MISSION 

O Both t u r r e t  a s s e m b l i e s  have f u l l  freedom 

about  ZV an6  c a n  b e  s e r v o e d  t o  t h e  s u n l i n e .  

0 Assume 50% of  s o l a r  p a n e l  a r e a  can  be  o c c u l t e d  

w i thou t  l o s s  o f  r e q u i r e d  power t o  s p a c e c r a f t  

f u n c t i o n s .  

0 There  is no requi rement  f o r  p e r i o d i c  r o t a t i o n  

of  t h e  s p a c e c r a f t  abou t  any a x i s  f o r  t h e  

pu rpose  o f  t h e r m a l  c o n t r o l  (no  "barbecue" mode). 

0 Every docking  module j o i n t  is t o  b e  c o n s i d e r e d  

" f l e x i b l e "  ( s i m u l a t e d  by a  s p r i n g - h i n g e ) .  

0 S o l a r  p a n e l  bending  modes a r e  e s t i m a t e d  by 

u s i n g  t h e  r e s u l t s  o f  a  s t u d y  o f  t h e  SEPS 

S o l a r  Array Dynamic A n a l y s i s  (May 1976) .  

0 I t  is most l i k e l y  t h a t  docking  w i l l  be  r e f i n e d  

t o  " b e r t h i n g "  i n  which t h -  impulse  impar ted  

t o  t h e  s p a c e c r a f t  w i l l  b e  less t h a n  t h e  p r e s e n t  

docking  f o r c e s .  However, w e  w i l l  u s e  docking  

d a t a  f o r  a n a l y s e s  s i n c e  i t  w i l l  b e  wors t  

c a s e  d a t a .  



TABLE 2-7 
CONFIGURATION PECULIAR REQUIREMENTS 

FOR THE SCB MISSION 
0 IN ADDITION TO GENERAL REQUIREMENTS 

REQUIREMENTS 

a) Entire configuration is prefab and delivered 

to orbit by the shuttle orbiter. Solar panelr 

unfold. 

b) Turret assembly joint to spacecraft main body 

should be considered to be identical to a 

docking module joint. 

- -- - - - - - 

a) No peculiar requirements. 

a) Space processing module added; crew may 

double in size (from 3 to 6 men). 

b) Assume that electromechanical equipment can 

impart impulses to the spacecraft of 100 

times a typical crew motion (wall push-off). 

a) Assume Research Pallet contains a separately 

stabilized experiment. 

b) This is the first configuration to require 

inertial pointing capability. 

c) Must consider solar panel occultation by 

Research and Application Pallets. 

a) First configuration with modules placed in 

YVZV plane. 

a) Additional modules in YVZV plane. 

b) Assume additional crew members (max of nine). 



CONFIGURATION 

7 

C 

8 

9 

10 

11 

TABLE 2-7 ( C o n t ' d )  

REQU IREMENTS 

a )  No a d d i t i o n a l  special r e q u i r e m e n t s .  

a )  Major  i m b a l a n c e  i n  v e h i c l e  a x i s  i n e r t i a s .  

b )  Tank is a s t r o n g b a c k .  

c )  C o n s i d e r  a n  a l t e r n a t e  c o n f i g u r a t i o n  where  t h e  

s i n g l e  t a n k  is placed a l o n g  -XV d i r e c t i o n  
u n t i l  t h e  s e c o n d  t a n k  is added. 

d )  B u i l d i c g  m a n i p u l a t o r  arms a p p e a r .  

a )  Second t a n k  is added .  

b )  S o l a r  p a n e l  o c c u l t a t i o n  may be s i g n i f i c a n t  
t o  a l t e r  t h e  main v e h i c l e  o r i e n t a t i o n .  

a )  L a r g e  s o l a r  a r r a y s  are added.  

b )  Assume same a r t i c u l a t i o n  as s m a l l e r  solar  

a r r a y s .  

c )  Assume l a r g e  s o l a r  a r r a y s  supp lement  smaller 

u n i t s .  
d )  Assume large a r r a y  c o n n e c t i o n  t o  main space- 

c r a f t  body is a s p r i n g - h i n g e  j o i n t .  

a )  Beam c o n s t r u c t i o n  b e g i n s  f o r  large a n t e n n a  

s l ~ u c t u r e  o f  1 2 .  



TABLE 2-7 (Cont'd) 

REQUIREMENTS 

a) Antenna structure is completed. 

b) Subsystems are added for information gatherin1 

and transmission. 

c) Assume antenna st~ucture is earth pointing 

continuously. 

d) Examine a configuration where the X principal 
axis of inertia is the rcmtrolled axis. 

e) The combination of the antenna structure 
and subsystems module equipment form the 

"Public Service Platform". 



The time duratioc for inertial hold modes during con- 

figurations 4 ,  5 ,  6 and 7 may be limited by the 
capability of selected momentum exchange actuators and 

the desaturation system. 

2.3.3 General Requirements 

The general requirements for the SCB mission are listed 

in Table 2-6. It should be noted that these general 
requirements apply to all configurations unless other- 

wise stated. 

2.3.4 Configuration Peculiar Requirements 

In addition to the general requirements, Table 2-7 

lists requirements which are peculiar to individual 
configurations. 

REFERENCES 
2- 1 Jennings, J., MT-40,801, Definition of 

Space Base Buildup, 21 October 1977 

2-2 Space Construction Rase Buildup Summary, 
Data Package Attachmeut to Exhibit A 

Scope of Work, Request for Quotation 

1-7-ED-07552-AP131D, Marshall Space 
Flight Center, 10 March 1977 



SECTION 3 

ACTUATOR SIZING 

I t  is presumed t h a t  t h e  SCB a c t u a t o r  system is composed 

of  momentum exchange d e v i c e s ;  i n  p a r t i c u l a r ,  double  

gimbal c o n t r o l  moment gyros  (DGCMGVs). One i n h e r e n t  

advantage is  t h e  s p h e r i c a l  a n g u l a r  rcomentum envelope.  
Modified SKYLAB-type DGCMG1s a r e  assumed: 2300 f t - l b - s e c  
each and w i t h  gimbal s t o p s  removed. The number o f  DGCMG 

u n i t s  r e w i r e d  w i l l  b e  a  f u n c t i o n  o f  a momentum p r o f i l e  

based on t h e  magnitude of d i s t u r b a n c e  t o r q u e s  t o  which 

t h e  SCB is  s u b j e c t e d .  In  g s n e r a l ,  t h i s  CMG requirement  
is based upon t h e  long  term c y c l i c  v a r i a t i o n  i n  a n g u l a r  
momentum d i s t u r b a n c e s .  The angu la r  momentum bu i ldup  

due t o  b i a s  d i s t u r b a n c e  t o r q u e s  w i l l  b e  used t o  s i z e  and 

s e l e c t  momentun d e s a t u r a t i o n  schemes i n  S e c t i o n  4 f o r  t h e  

v a r i o u s  SCB c o n f i g u r a t i o n s .  

Both long and s h o r t  term d i s t u r b a n c e s  on t h e  SCB w i l l  be 

de f ined  i n  t h e  fo l lowing  pa rag raphs ,  w i t h  CMG s i z i n g  
be ing  p r i m a r i l y  a f u n c t i o n  of  t h e  long  term e f f e c t s .  

LONG TERM DISTURBANCES 

Most of t h e  long  term angu la r  momentum v a r i a t i o n s  a r e  

caused by t o r q u e s  due t o  g r a v i t y  g r a d i e n t  and aerodynamic 
e f f e c t s  on t h e  SCB. These are d e s c r i b e d  i n  r e f e r e n c e s  
3-1 and 3-2, r e s p e c t i v e l y .  Other  less important  s o u r c e s  

a r e  magnetic and r a d i a t i o n  t o r q u e s ,  which a r e  d e s c r i b e d  
i n  r e f e r e n c e s  3-3 and 3-4. Each w i l l  b e  d e s c r i b e d  and 

then  combined i n t o  a  composite angu la r  momentum r e q u i r e -  
ment f o r  each c o n f i g u r a t i o n .  



3.1.1 Gravity Gradient 

The largest torques,which a spacecraft is subjected at 

the altitude of interest, are ordinarily those due to 

forces from earth gravitational effects, Various space 

base orientations are also examined to determine those 

which are more practical with respect to minimizing the 

gravity gradient angular momentum requirements. These 

gravity gradient torques are obtained for all twelve 

space base configurations for the following orientations: 

1. X-POP (XV perpendicular to the orbital plane) 

2. Y-POP 

I .  YV Solar Inertial (wopst case B = 45O) 

The last listed orientation was included to obtain a 

worst case inertial pointing requirement for space base 

configurations 4 ,  5 ,  6 and 7 .  Pointing experiments from 

the Application Pallet or the Research Pallet will 

probably be most expedient at these times. From con- 

figurations 8 and on, the space base becomes cumbersome 

~ n d  the many large appendages may occult the field of 

view of any pointing experiments. It is assumed that 
for these experiments, the +ZV axes may be called upon - 
to point anywhere in the celestial sphere; and item (4) 

above is a worst case orientation with respect to 

gravity gradient bias torques. 



The geometry of the space base in earth orbit is shown 

in Figure 3-1; the orientation shown is YV solar inertial. 
Some of the assumptions used in computing gravity 

gradient torques were the following: 

1. Orbital altitude - 270 N.mi. 
2. Orbital inclinations up to 55 degrees 

3. Spherics: earth (non-oblate) 

4 .  Circular orbit 

One other assumption is used for determining feasibile 

space base orientations: 

Solar wings and the 150 KW Solar Arrays are rotatable 

about the BV axis. 

Space base mass data is available in Section 2. It is 
presented in the following form: 

1. Moments of inertia about the three vehicle axes 

CXv, yv, zv). 
2. Principal moments of inertia. 

3. Transformation from vehicle to principal axis. 

Vehicle moment of inertia matrix IV is obtained by 

using the following similarity transformation: 

where each term is a 3x3 matrix, and ip  is a diagonal 

matrix of the principal moments of inertia. The resulting 





moment of inerti~ matrix w i l . l  be: 

where - 
IYX 

- 
IXY 

IZY - - IYZ 

Ixz - - Izx 

The gravity gradient torques about the vehicle axes 

were calculated using the following expressio-s from 

reference 3-5: 

3k 2 2 .  L = I - I  )azax+IzX(az -a,)+l a a -1  a a 
gy R zz yx y z y z  y x (3 -3 )  I 

where 
16 3 k is the gravitational constant = 1.407654~10 ft / s e c  

2 

R is the distance from the planet mass center to the 

spacecraft mass center = Ho+h 

'ij with i,j = x, y ,  z are the components of the inertial 

dyadic 



ai with i = x,y,z are the direction cosines of the 

vector R with respect to the Xv, Yv, Zv coordinate 
frame (see Figure 3-1) 

and 

Ro = earth's radius = 3440.0756 N.mi (mean) 

The magnitude of R is thus obtained, 
7 R = Ro+h = 3710.076 N.mi = 2.254285~10 ft 

The coefficient outside the bracket of (3-3)can also be 

defined as: 

where Wo = orbital rate = 1.10850x10-3rad/sec 

The orbital period To is also obtained and calculated 

xs 5668.2 seconds. 

The equations of (3-3) were implemented on the digital 

computer for X-POP, Y-POP and Z-POP orientations and were 

also integrated as a function of time to obtain angular 

momentum changes due to gravity gradient torquee. The 

angular momentum was then expressed in cyclic and bias 

buildup terms. 

An additional configuration was added by eliminating 
the asyrnmotry of the single external tank of configuration 

8. The tank was temporarily repositioned along the +Xv 



SPACE BASE 
:ONF I GURAT 101 

NO. 

TABLE 3-1 

ANGULAR MOMENTUM REQUIREMENTS 
DUE TO GRAVITY GRPJIENT TORQUES 

o ORIENTATION: YV LOCAL VERTICAL WITH0 = 45' 

o ALTITUDE: 270 N. Mi. 

o HT ( H ~ ~  + Hy2 + HZ 2)*  AT EACH INSTANT OF TIME, 

MAXIMUM MAGNITUDE IS PRESENTED 

BUILDUP H 
(FT-LB-SECIORBIT) 

CYCLIC H 
(FT-LB-SEC) 



axis by using the middle docking module. The mass 

characteristics were recomputed and the symmetric structure 

is designated as configuration 8 A .  All of these results 

are tabulated in reference 3-1 and the X-POP orientation 
was selected for configuration 1 through 11. It is 

presently planned that configuration 12 will operate in 

the Xv local vertical orientation with the microwave 

antennas pointing towards earth. 

The angular mn:entum magnitudes for the selected 

orientations are summarized in 3.1.6. Angular momentum 

magnitudes are shown in Table 3-1 for a Y\, solar inertial 

orientation for configurations 4 ,  5, 6 and 7 .  The B 
angle was a worst case of 45'. This, of course, is not 

a preferred orientation. If the sizing of the CMG 

system is based upon a preferred, low torque orientation, 

its capacity may not be quite enough to handle this 

worst case Yv solar orientation - - except for a very 
limited time. 

Aerodynamic 

Aerodynamic forces, torques about the c.m. and angular 

momentum are obtained for each for all twelve orbital 

configurations. This effort was concentrated on those 

vehicle modules having large surface areas at some dis- 

tance from the overall center of mass (c.m.). The 

portions of the vehicle in this classification are the 

following: the solar wings, the solar arrays and the 

external tanks. The tank(s) are included in configurations 

10, 11 and 12. 



Worst c a s e  aerodynamic t o r q u e s  are o b t a i n e d  u s i n g  t h e  

"free molecu la r  f low" t h e o r y  which is recommended f c r  

a l t i t u d e s  above 65 N . m i .  (120 K M ) .  Normal f o r c e s  on  

f l a t  a r e a s  (solar  wings  and a r r a y s )  are t h e n  o b t a i n e d .  

Angles o f  a t t a c k  on f l a t  s u r f a c e s ,  and "shading" e f f e c t s  

a r e  much more complex and are n o t  i n c l u d e d  i n  t h i s  r e p o r t .  

I n  a n  a tmosphe r i c  envi ronment ,  t h e  aerodynamic f o r c e  

would be 

where 

F = t h e  aerodynamic f o r c e  

'D = d r a g  c o e f f i c i e n t  fo r  t h e  body of  t h e  i n t e r e s t  

A = p r o j e c t e d  a r e a  of  t h e  s p a c e  b a s e  e lement  normal t o  

t h e  i n c i d e n t  f low.  
q = 4 pv2 = dynamic p r e s s u r e  

p = mass d e n s i t y  o f  t h e  a tmosphere  
V = s p a c e  base v e l o c i t y ,  o r  r e l a t i v e  v e l o c i t y  of t h e  

s p a c e  b a s e  e lement  r e l a t i v e  t o  t h e  l o c a l  a tmosphere  

Reference  3-6 i n c l u d e s  a table f o r  d e t e r m i n i n g  t h e  CD 
f o r  s e v e r a l  basic hody s h a p e s  i n  a hyper thermal  free 

molecu la r  f l o w  c o n d i t i o n .  CD is a l s o  a f u n c t i o n  of  t h e  

speed  of  r e e m i t t e d  mo lecu l e s  and whether  a d i f f u s e d  
r eemis s ion  o r  a s p e c u l a r  r e f l e c t i o n  o c c u r s .  The worst 

c a s e  was t a k e n  and C is c o n s e r v a t i v e l y  s p e c i f i e d  a s  D 
b e i n g  2 .6  f o r  a f l a t  p l a t e  and 2 . 5  f o r  a c y l i n d e r .  



The f l a t  p l a t e  areas f o r  t h e  twa s o l a r  wings and t h e  two 
2 

s o l a r  a r r a y s  are 5,408 it2 and 31, i60 f t  , r e s p e c t i v e l y .  

The c y l i n d e r  s i d e  a r e a  p e r  e x t e r n a l  t ank  i s  4250.4 f t  
2 

each.  For a 270 N . m i  (564 Km; o r b i t ,  t h e  space  base  

v e l o c i t y  is 24,975 f t / s e c ,  and t h e  worst  c a s e  mass 
d e n s i t y  ( r e f e r e n c e  3-7) is  1 . 5 3  x 10-l4 s l u g s / f t 3 .  A 

l i s t i n g  of mass d e n s i t i e s  a s  a f u n c t i o n  of n i g h t  and day 

and a l s o  high/low s o l a r  a c t i v i t y  is given i n  Table 3-2. 

Using (3-5) f o r  t h e  worst c a s e  atmospheric  d e n s i t y ,  
2 F = (4.772 x  i b / f t  ) CDA 

For f l a t  p l a t e s ,  

F = (1.241 x  l b / f t 2 )  A 

For c y l i n d e r s ,  
2 F = (1.193 x 1 0 - ~ l b / f t  )A 

Using t h e s e  express ions ,  

F = 0.0671 l b  ( s o l a r  wings) 

F = 0.3866 l b  ( s o l a r  a r r a y s )  

F = 0.0507 l b  (each e x t e r n a l  t a n k )  

Both t h e  s o l a r  wings and s o l a r  a r r a y s  were assumed t o  be  

r o t a t a b l e  around t h e  ZV a x i s .  With t h e  pane l s  f a c i n g  

towards t h e  forward v e l o c i t y  and t h e  i n i t i a l  YV a x i s ,  

t h e  moments would be  a s  fo l lows:  

=xv = 0 (because of ba lancing ae ro  f o r c e s ,  except f o r  

c o n f i g u r a t i o n  8 )  



TABLE 3-2 
ATMOSPHERIC MASS DENSITY 

ALTITUDE OF 270 Naut. Mi (500 a) 
0 FROM NASA SP-8021, MODEL OF THE EARTH'S ATMOSPHERE 

I I ATMOSPHERIC MASS DENSITY 1 
I NORMAL1 ZED 

SLUGS/ F T ~  TO MAXIMUM 
HIGH NIGHT 1.53 x 1 

SOLAR ACTIVITY DAY 9.70 x 1/1.58 

LOW NIGHT -- 1162.7 
SOLAR ACTIVITY DAY 6.40 x 10 -17 11239 * 



L W - O  
LZV = v e r y  h i g h  

With a l l  s o l a r  p a n e l s  f a c i n g  t o w a r d s  t h e  o r i g i n a i  - +XV 
a x i s  w i t h  e d g e s  i n t o  t h e  r e l a t i v e  "windt ' ,  

f o r  c o n f i g u r a t i o n  8)  L~~ o ( e x c e p t  

Lw = 0 
2, LZV = 0 

The effort  h e r e  w l l l  t h e r e f o r e  c o n c e n t r a t e  o n  t h e  f o r m e r  

case where  LZV becomes v e r y  h i g h .  I n  g e n e r a l ,  

where  

FW = e a c h  v e c t o r  f o r c e  p a r a l l e l  t o  t h e  YV a x i s  

XCP = e a c h  aerodynamic  c e n t e r  of p r e s s u r e  l o c a t i o n  i n  
t h e  XV d i r e c t i o n  

XCM = t h e  v e h i c l e  c e n t e r  o f  mass  l o c a t i o n  a l o n g  t h e  XV 
a x i s  

The a n g u l a r  momentum c a n  t h e n  be computed as f o l l o w s :  

F o r  a s o l a r  i n e r t i a l  c o n d i t i o n ,  t h e  LZV t o r q u e  w i l l  b e  

c y c l i c  and  



where 

To = o r b i t a l  period = 5668.2 sec 

For an XV loca l  v e r t i c a l  condition the  momentum on the 

so la r  wings and ar rays  w i l l  be a s  i n  (3 -8 ) ;  but f o r  the  
external tanks: 

H~~ (BUILD UP PER ORBIT) = ToLZV(BIAS) ( 3-9 

The assumptions fo r  these aerodynamic cha rac te r i s t i c s  

a re  r e i t e ra ted  a s  follows: 

( a )  On ly  space base modules w i t h  la rge  surface areas  

a t  a large moment arm from the  c.m. a re  considered 

(b )  No "shading" of the  airstream by one sect ion of 

the  vehicle on another is considered 

( c )  Aerodynamic force computations a re  based on a 

space base veloci ty  along i ts  YV ax i s  (assumes the  
sun is a lso  along t h i s  a x i s )  

( d )  Surface drag coe f f i c i en t s  used were fo r  t h e  worst 

case hyperthemal f r e e  molecular flow 
( e )  Worst case atmospheric density was assumed ( h i g h  

so lar  a c t i v i t y  a t  nighttime).  

With regard t o  t h i s  l a s t  item, it  must be pointed out 

tha t  the atmospheric mass density ( p )  can a l so  be 
approximately 240 times l e s s  than tha t  used i n  t he  
calculat ions of aerodynamic force.  For low so la r  

a c t i v i t y  a t  daytime, a l l  computed forces ,  torques and 
angular momentum magnitudes would be reduced by a 

fac tor  of about 240.  



The (XCp - XCM) radius arms, aerodynamic forces, LZV 
torques and HZV angclar momentum levels for the solar 

wings, solar arrays and -the external tanks are tabulated 

in reference 3-2. The composite aerodynamic angular 
momentum magnitudes are summarized in section 3.1.6. 

The results are given for the worst case atmospheric 

density (high solar activity at night) and also when 

normal (actuallp minimum when low solar activity and in 

daytime) . 

Magnetic 

The peak cyclic magnetic torques are obtained using the 

following vector expression: 

where 

L = torque vector (N-m) - 
2 

p = spacecraft magnetic moment vector (A-m ) - 
2 B = peak of the earth's flux density (tesla or webers/m ) - 

above the magnetic poles 

Reference (3-8) presents an approach for estimating u ,  
the magnitdde of a spacecraft's magnetic moment, on the 

basis of two factors: 

1. The degree of control aver current loops, magnetic 

materials, quality control of potettial moment 

sources, test and magnetic compensation. 

4' .." / . I . .  



2. The size of the vehicle, specifically its mass. 

Minimal control of (1) above is designated Class 111. 

An estimate of the dipole magnetiz moment per unit mass 
2 for a Class I11 spacecraft would be approximatelv O.01A-m /KG. 

A model of the earth's magnetic field (B) in orbit is 
available in reference (3-9). The magnetic flux is 

given in terms of a spherical harmonic expansion series. 

Only the first term or so is required to obtain an estimate 

of the maximum magnetic torques. At an orbit altitude 

of 270 N.mi., the magnitude over the magnetic poles is 

approximately 0.60 gauss or 6 x tesla in the vertical 

direction. The magnitude at the magnetic equator is 

0.30 gauss or 3 x tesla, and the direction of the 

flux is horizontal to the earth's surface towards the 

south magnetic pole. An orbit parallel to the plane 

of the magnetic equator would therefore result in a 

constant spacecraft torque for an inertially oriented 

vehicle. A higher torque is possible over the magnetic 
pales, but the result is cyclic. 

The peak magnetic torque is calculated above the magnetic 

poles for each space base configuration for the following 

assumptions: 

a. The orbit passes over the magnetic poles 
2 b. The space base magnetic moment magnitude is O.01A-m /KG; 

and the direction is always normal to B in the magnetic 

polar region. 



TABLE 3-3 

MAGNETIC TORQUES AND ANGULAR MOMENTUM 

FOR THE BPACE BASE 

SPACE BASE MAGNETIC MOMENT IS BASED ON CLASS I11 OF NASA 
2 SP-8018 (SPACECRAFT MAGNETIC TORQUES) l~ = .OlA-m /KG 

@ EARTH'S MAGNETIC FIELD IN MAGNETIC POLAR REGION AT 270 N.MI. 

ALTITUDE IS .60 GAUSS, OR 6 X TBSLA 

SPACE BASE IS INERTIALLY ORIENTED IN AN ORBIT OVER THE MAGNETIC! 

POLES 

I I WEIGHT 1 MASS 
PEAK 
ANGULAR 

MOMENT I,I L = p X B  

I ( A - M ~  (N-M) (FT-LB) (FT-LB-SEC) 



The calculated cyclic magnetic torques and angular 

momentum are listed in Table 3-3. 

For the unique condition of having an orbit parallel 

to the mgnetic equator, the steady magnetic torque can 

be calculated by multiplying each torque item in Table 

3-3 by one-half. The magnetic angular momentum buildup 

per orbit can be obtained by multiplying each HCyCLIC 
in Table 3-3 by 2n. This was done in summary tabulations 

given in section 3.1.6. 

The results indicate that magnetic contributions are 

negligible and will not have to be considered for 

simulation modeling or for sizing attitude control actua- 

tors and momentum excknge systems. If a magnetic 

desaturation syFtem is used on the space base, any 

residual magnetic moment dipole will be automatically 

compensated. 

3.1.4 Radiation 

Sources of electromagnetic radiation that cause forces 

and possible torques to act on the space base (reference 

3-10) are the following: 

1. Direct solar photon radiation 

2. Solar radiation reflected by the earth and its 

atmosphere 

3. Radiation directly from i m  earth and its atmosphere 

4 .  Radiation from portions 2f the space base itself. 



The most important cause of radiation is (I) bbove. 

The intensity of the radiation, or solar fl:ix, is given 

in terms of energy per unit time through a cross-sectional 
unit area: 

The percentage is not a. tolerance, but a seasonal variation 

because of the earth's orbit about the sun, The worst 
2 case magnitude is then I1 = 1398 w/m . The forces caused 

by other sources are usually at least an order of 

magnitude smaller. 

Radiation due to the earth's reflectance is maximum at 

the subsolar point (high noon). It reduces to zero on 

the night side. The peak magnitude when at 270 N.mi. 

(500  Km) and assuming the earth's planetary albedo of 

0.34 is 

I2 = 600 w/m2 (peak) 

The mean magnitude of Iq for a 50% daylight orbit is 
2 approximately 191 w/m . 

Rad$ation 2irectly from the earth and its atmosphere at 
2 sea level has a mean emission intensity of 243 w / m  . 

With clear skies and at the lower latitudes, the worst 
case intensity at a 270 N.mi. orbit is 



Radiations and reflections fron the space base itself, 

item (4),are the least important and will be assumec! 

as negligible. 

For each of the (:) through (3) radiation sources, the 

radiation force is calculated as a function of whether 

the radiation is 

a. Completely absorbed 

b. Completely specularly reflected 

c. Completely diffusely reflected. 

The worst case turns out to Se vhen the surface is such 

that a complete specular reflection is obtained. The 

expression defining this force (reference 3-10) is 

where 

1 = radiation intensity 
8 c = speed of light = 2.997925 x 10 m/s 

'rs = coefficient of reflectivity, assumed to be 1 f o r  

the worst case 

0 = angle between the surface normal and the direction 

of radiation 

n = unit normal vector - 
s = unit vector along the surface - 
A = area of the surface 



For crS = 1, 

FN = 2 A I / a  = normal force 

*N = 6.671281 x loe9 A1 

Using the numerical value 

when 8 is zero (3-12) 

(3-13) 

of flux intensity estimated 

for 11, I2 and 13, the normnl forces are 

F3 = 1.0007E-6 A(worst case) 

where F is in newtons and A is in m2 units. 

F1, F2 and F3 are computed for the surfaces of three 

vehicle modules: the solar wings, sdar arrays and 

external tank(s). All other module surfaces are smaller 

and/or are a, z chorter moment arm. and are assumed to 

be negligible in computing torquing moments. 

Table 3-4 is a listing of maximum F1, F2 and Fg forces 

for each of i4e three modules. The nunerical magnitudes 

are given in pounds. The areas for the solar wings, 

solar arrays and for one external tank are Aw, Aa and 

At, respectively : 

2 A (projected) = 4250.4 ft (each) t 



Table.  3-4 

Radiation Forces 

on 

Large Surfaces of Space Base 

A l l  fo rces  given i n  l b s  

Forces normal t o  plane surfaces  

o r  project ion of non-planar bodies 

- -- 

F~ - 2.03341 x lo-' A 1  (pounds) 

I1 = 1398w/m2 = 95.794 lb / f t - s ec  

I2 = 600r/m2 = 41.113 lb / f t - s ec  

I3  = 150n/m2 = 10.278 lb / f t - s ec  

Radiation Solar  Solar  External External 

Type Wings Arrays Tank (One) Tanks 

N 

1 

2 

3 

( s )  
1.0534E-3 

4.52113-4 

1.13023-4 

( a )  
6.06963-3 

2.60503-3 

6.51223-4 

( t )  
8.27933-4 

3.55333-4 

8.88313-5 

( t t )  
1.65593-3 

7.10663-4 

1.77663-4 



For two external tanks, Att = 8500.8 it2 

Radiation torques are computed for two vehicle orienta- 

tions: XPOP inertial aad X local vertical. Intensity 

of radiations causing both bias and cyclic torques are 

given in Tables 3-5 and 3-6 for the two orientations. 

In some cases, these would modify the forces given 

in Table 3-4. 

Peak torques, L1, L2 and L3 are computed using moment 

arms available from Section 2. These are listed in 

Table 3-7 for erch section of the space base. The 

moment arm in each case is XCp-XCM, where 

XCP = center of radiation pressure on the module of 

interest along the vehicle's X axis 

XCM = space base center of mass location along the X 

axis 

Bias and cyclic angular momentum components can then be 

computed from these torques. For the XPOP inertial 

orientation, all maximum torques would be about the Z 

axis. The Z axis angular momentum components would then 
be as follows: 

where L1, L2,and L3 are tcrqucs for solar wings, solar 

arrays and external tanks as each are included in a 

vehicle configuration. 



Table 

In tens i ty  of 
fo r  

I n e r t i a l  XPOP 

3-5 
Radiation 

Orientation 
c. 

~ 1 1  u n i t s  i n  w/mz 
0 Results  i n  Z axis torques 

I2 I 191 f o r  panels +300 f o r  panels I - 

Radiation 
Source 

'I 1 

I - +I50 f o r  tanks - 1 

4 

Magnitude Used f o r  Computation: 

I3  

Table 3-6 

Bias Torques 

1398 f ~ r  panels 
1398 f o r  tanks 

In tens i ty  of Radiation 

Cyclic Torques 
- 
- 

191 f o r  tanks 
- 

fo r  

+300 f o r  tanks - 
+150 f o r  panels - 

X Local Vert ical  Orientation 
0 ~ 1 1  u n i t s  i n  w/m2 
0 Results i n  maximum Z axis  to. .?es 

Radiation 
Source 

I 

I1 

P 

I2 

Magnitude Used f o r  Computation: 

I3 

Bias Torques 
1398 fo r  panels(0=90~)+1398 
1398 f o r  tanks lf 

191 fo r  panels 

Cyclic Torques 
- f o r  p a n e l s ( ~ = ~ V ) '  
+I398 fo r  tanks " - 
- +300 fo r  panels 

0  fo r  tanks 
- 
- 

0 f o r  tanks 
+150 f o r  panels - 
0 f o r  tanks 
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Table 3-8 

Angular Momentum 
Due t o  

Radiation Forces  

Space Construction Base Surfaces  Considered are 
So lar  Wings, So lar  Arrays and External Tank(s) 

H, ANGULAR MOMENTUM 
Ll 

XPOP INERT1 AL 

H c ~ c ~ ~ ~  
(FT-LB-SEC) 

X LOCAL VERTICAL 

*HXl % are  a l s o  p o s s i b l e  because of asymmetric conf igura t ion .  

For XPOP: HBIAS - 2 8 8 . .  HCyCLIC = - + 2 6 . 1  f t - l b - s e c .  For X 

Local V e r t i c a l  : %IAs = 288.  , HCyCLIC = - +87.8  f t - l b - s e c .  

%YCLIC 
(FT-LB-SEC 



For an X local vertical orientation, the external tanks 
will not contribute to a Z axis torque for radiations 
from the earth (I2 and 13) The Z axis angular momentum 
components were based on vehicle and solar panel orien- 

tations as determined in reference 3-4 . The resulting 

components, therefore, are the following: 

where the first term includes contributions from solar 

wings, solar arrays and the tanks. Also 

- (To/2n)[~,12 + L3J 
TANKS 

where the first term again includes all contributions. 

The results of equations (3-14) through (3-17) are illu- 

strated in Table 3-8 for all space construction base 

configurations. These angular momentum magnitudes are 

included in the summaries given in Section 3.1.6. 

Although these momentum levels are less than gravity 

gradient and worst case aerodynamic angular momentums, 

radiation effects appear to be greater than those obtained 

from magnetic torques. For a sizing estimate of a momentum 
r. ,. 

exchange or a momentum desaturation system, torques and 

angular momentum causad by radiation may be considered 

negligible . 
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T r a n s f o r m a t i o n s  may t h e n  be g e n e r a t e d  between t h e  

a n d  - I c o o r d i n a t e  s y s t e m s  as a f u n c t i o n  o f  t h e  a n g l e s .  

I n  o r d e r  f o r  t h e  s o l a r  p a n e l s  t o  p o i n t  t o w a r d s  t h e  

s u n ,  t h e  f o l l o w i n g  must  b e  t r u e :  

O t h e r  r e l a t i o n s h i p s  which a l s o  must  be t r u e  are 

The r o l l  a n g l e  $ and t h e  s o l a r  p a n e l  a n g l e  6 was t h e n  
d e t e r m i n e d  i n  r e f e r e n c e  3-11 u s i n g  t h e  f u n c t i o n s  o f  

(3-18) a n d  (3 -19) :  

s i n a  t a n +  = -  t anB 

where t h e  n o t a t i o n  was s i m p l i f i e d  by e l i m i n a t i n g  t h e  

a n g l e  s u b s c r i p t s :  



Equa t ions  (3-20) acd  (3-21) are p l o t t e d  i n  F i g u r e  3-3 

a s  a  f u n c t i o n  of  t h e  p o s i t i o n  i n  o r b i t  ( a )  and t h e  
a n g l e  between t h e  e c l i p t i c  and bile o r b i t a l  p l a n e  ( 8 ) .  
For a c i r c u l a r  o r b i t ,  a is d i r e c t l y  p r o p o r t i o n a l  t o  
t ime . 

Obse rva t ion  o f  F i g u r e  3-3 f o r  very  sma l l  B a n g l e s  
i n d i c a t e s  a p o t e n t i a l  problem. T h e o r e t i c a l l y ,  t h e  
v e h i c l e  must r o l l  180' about  Xv i n  a  very  s h o r t  p e r i o d  
o f  t i m e .  I f  t h e  montent of i n e r t i a  of t h e  v e h i c l e  about  

Xv i s  a p p r e c i a b l e ,  ex t remely  h igh  changes  of  a n g u l a r  
momentum w i l l  be r e q u i r e d  twice p e r  o r b i t  - once  p o s i t i v e  

m d  t h e n  n e g a t i v e .  The a n g u l a r  momentum swing about  
t h e  X a x i s  of  c o n f i g u r a t i o n  i 2  is l i s t ~ d  i n  T a b l e  3-9 

a s  a f u n c t i o n  o f  t h c  f3 a n g l e .  The ampl i tude  ~f t h e  

a n g u l a r  momentum is d e f i n e d  b y  t h e  fo l lowing :  

where 'PMAX is o b t a i n e d  by t a k i n g  t h e  t i m e  d e r i v a t i v e  o f  
! 3-20) : 

and Wo = o r b i t a l  r a t e  f o r  t h e  270 N . m i .  o r b i t  = 1 . 1 0 8 5 ~ 1 0 -  3 

r a d / s e c  . 

Tab le  3-9 i n d i c a t e s  t h e  consequence of  having  a  s i n g l e  

a x i s  a r t i c u l a t i o n  of t h e  s o l a r  p a n e l s  when t h e B  a n g l e  

h a s  a  sma l l  magnitude: t h e  requi rement  f o r  ex t remely  



VEHICL! ROLL ANGLE 4 

sina 
tan@ GiE 

PIPl'RL 3-3 VEHICLE ROLL ANGLE ( 9 )  AND SOLAR I'AXEL 
ANGLE ( 6 )  FOR ONE O?E;LETE ORBIT AS d 

FI'NCTION OF THE ORBIT PLANE TO SU! ASGLE ( r ' )  



Table 3-9 

ANGULAR ROLL RATE 
AND MOMENTUM REQUIREMENTS 

X local vertical orientation 
Ixx = 7.044512~10' ~ t - ~ b - ~ e c l  for configuration 12 

An equivalent CMG unit has an angular momentum of 
2300 Ft- Lb-Sec 

Assumes sun ?ine is perfectly normal to the solar 

panels for all B angles 

MAGNITUDE OF EQUIVALENT 
MAX. ROLL RATE I NUMBER OF 

CMG UNITS 



high magnitudes of angular momentum about the X axis. 

Solutions to this problem of small $ angles, which 

should be considered are one of the following: 

1. Double axis articulation of the solar paneid. 

2 .  Set a fixed 4 = - + 90 degrees ~ l t k  the % axis per- 

pendicular to th? orbit (see Figure 3-2) and with 6 being 

co~trolled by sun sensors to keep Ys aligned as close 

as possible to XT (r~tating once per ort,,) for srtlall 

B angles. 

The problem with 1. is the complexity of the additional 

solar panel contrcl hardware. The disadvantage of 2. 

is the loss of some solar power: e . g . ,  -:o 86.6% of 

nominal for B = 30 deg or 70.7% of nominal for 6 = 45 

deg. This power reduction can be minimized by adding 

dedicated control or momentum exchange devices for 

the Xv vehicle axis (reaction wheels) such that two 

axis pointing can be resumed for 13 angles less t h z n  30 

degrees. 

3.1.6 Summary 

All long term angular momentum requirements are combined 

to determine: 

o A total momentum envelope for prospective momentum 

exchange devices 

o Maximum momentum buildu,~ due to bias torque for 

sizing momentum desatu rttion devices in Section 4. 



Angular momentum requirements for gravity gradients, 

aerodynamic, magnetic and radiation torques were determined 

in sections 3.1.1 through 3.1.4, respectively. These 
are combined on a vehicle-axis basis to determine 

maximum components of total angular momentum vectors. 

A summary of cyclic angular momentum requirements are 
given in Table 3-10 for all twelve apace construction 

base confignrations. The recommended attitude orienta- 

tion for each c m f  igurazion is given. Alternate, 

modified orientations are also listed for configura- 

tions 8 through 11 where 8M, 9M, 10M and IhM are rotated 

 slight!^ about the W axis (from the nominal XPOP 

attitudej until the XP axis (principal X axisj is 

normal to the or9ital plane. 12M is an alternate to 

configuration 12 (XV local ve~iic~l) whele the XP axis 

is always along the local vertical. Alphabetical symbols 

after numerical magnitudes identjiy the source of the 

angular i..~~menturr contribution : 

A Aerodynamic torque 

G Gravity gradient torque 

M Magnet5c torque 

R Radiation torque 

Maximum components along each of the -ehiclets axes are 

labelled as Hx, H and HZ. The magnetic angular momentum, 
Y 

which is computed as s direct -unction of the vehicle 

niass, is given as a spherical component H since the 
XYZ 

ma_.qetic moment of the vehicle has no preCsrred oriznta- 



Table 3-10 

Summary of  Angular Momentum 

Due t o  Long Term Cycl ic  Torques 

Max Total is f o r  Period o f  High Solar Act iv i ty  

ATXTIt!RE1 % 3 MAX N(3RMAL 

XWP ' 194.G 0 693. A 4.M 730. 198. 

I 

(Continued) 



Table 3-10 (Continued) 

( t )  a minor trace of  angular mmentum exists 

( I )  & 2 25O to put the XP axis no-1 t o  the orbit plane 
I 

(11) $ <5O to put the W axis normal t o  the orbit plane 

(111) h A L < 1 o 0  t o  put the W axis along the local ;;srtid 

(IV) ?his entry Qes NOT include an Y( conponent requ id  for rn leuvering 

about the X axis. 
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TABU3 3-11 

sUbMmy(IF-- 

IKIETO-TElPABM'ImQtJm 
MAX TWl?AL IS F(3R PERIOD OIF HIGH SOhdR ACTMTY 

- ' mAIS 
MAX NmdA 

380. 181 

- 20650. G 600. AB 260.M 20937. 20915. 

453.R 
- 0 600. AB 

I 
260.M 1313. i 716. 

453. R 
L 

(Continued) 



TABLE 3-11 (Continued) 

( t  ) a minor trace of angz1_ar munentum exists 
( T ) % 2 25O to pu; the XP axis wnnrl to the orbit plane 

(11) f+ '5' to put the W axis normal to +L? orbit plane 

(111) gmM, <lo0 to put the XP axis along the local vertical 
AB caused by half-wave rectification of aerodynamic cyclic torques 



The magnitudes listed under components are for maximum 

aerodynamic torques obtained for the rare, periodic 

occasions of high solar activity which results in max- 

imum atmospheric densities (at nighttime). Totals are 

listed for this maximum and also the normal, where 

aerodynamic torques are at their normal levels. 

Angular momentum buildups due to bias torques are 

presented in a similar manner in Table 3-11. Here 

AB Represents aerodynamic bias torques cause by 

rectificati~a of cyclic torques, where the vehicle 

is in daytime or nighttime for one-half of the orbit, 

the difference in air density causing an apparent 

half-wave rectification of aero torques. 

The resulting angular momentum listings given in Tables 

3-9 and 3-10 will be used to select actuator groupings 

in 3.3, while those listed in Table 3-11 will be used 

for determining a momentum desaturation system in 

Section 4. 

SHORT TERM DISTURBANCES 

Short term disturbances were defined mainly as forcing 

functions for the computer simulation of the SCB. 

Disturbances being considered are crew disturbances 

and Shuttle Orbiter docking. These disturbances can 

also be used in sizing the torqu: capability of the 

attitude actuator system. 



Other disturbances which cannot and will not be considered 

at this time are: 

a. Moving parts of equipment (such as cameras, manipulator 

arms) 

b. Rotational wheel unbalanccs 

c. Attitude control system noise from sensors, quantiza- 

tion, etc. 

Locations of disturbances to be applied to the SCB simu- 

lations are listed in Table 3-12. All possible docking 

andlop crew disturbance force directions are noted on 

the table. Module locations and section numbers were 

defined in Section 2. 

3.2.1 Crew Disturbances 

Crew disturbance torques are basically caused by 

I : forces generated at a radius arm from the vehicle body 
center of mass. In vectcr form, 

where 

L = resultant torque disturbance - 
R = radius arm from the center of mass to the point of - 

application 2f the crew disturbance force 

F = crew disturbance force - 
M = any disturbance moment generated as a couple. - 

I :  

i i i  
i . .  
* - J  I 



TABLE 3-12 
DISTURBANCE LOCATIONS ON THE SCB 

MODULE 

DM1 

DM2 

DM3 

DM4 

v 

HM3 

(at t h e  
end i n  t h e  
- v  d i r e c t i o n )  

BODY 

SECTION 
FORCE 
AXES 

CONF IGURATIONS 
FOR DOCKING DISTURBANCES 

CREW 
J 
J 
J 

DOCKING 

*crew d i s t u r b a n c e s  o n l y  



A time history of a "wall push off" crew disturbance 
force is shown in Figure 3-4; this was obtained from 

reference 3-12. The force can be restricted as being 

along the vehicle X, Y or Z axis, and the resulting 
scalar equations are 

Radius arm components (RX,Ry,RZ) were obtained frc'u 

Section 2, and are listed in Tables 3-13 and 3-14. The 

conditions in Table 3-13 are for an ideally rigid SCB 

while Table 3-14 represents a flexible vehicle where 

modules are divided into bodies as in reference 3-13. 

Each body normally contains one or more modules. Table 
3-14 also lists the body number, SCB configurat,ion number, 

body mass and the moment of inertia about its center of 

mass. Each body moment of inertia was computed about 

its i-th axis as follows: 

where 

m = the body mass 

K1 = radius of gyration about the i-th axis 

r r = module location along j-th and k-th axes with 
j' k 

respect to the origin of SCB axis definition 



F 

FORCE 

~ O O N  = 22,48 LBS 

IMPULSE LB-SEC 

FIGURE 3-4 WALL PUSHOFF CREW DISTURBANCE 

ma 
ORBITER 

FIGURE 3-5 DOCKING DISTURBANCE 

3-4 3 



TABLE 3-13 

PHYSICAL CKARACTERISTICS OF SCB VEHICLE 
DISTURBANCE LOCATIONS 

o RIGID BODY 

o i = x ,  y ,  z AXES -. 

I DISTURBANCE 
L T A  

MODULE 

DM1 

DM2 

DM3 

I 

DM4 

'843 

VEHICLE 1 Ri 1 Bmb I Jii I VEHICLE 

OF MASS I ARIl I I INERTIA IAPPLICABLE 

. , 
i s .  



TABLE 3 -14 
PHYSICAL CHARACTERISTICS OF D'STURBANCE LOCATIONS 

FOR SCB BODIES 

o FLEXIBLE BODY 

DISTURBANCE LOCATION I BODY 
Jii BODY 

grnb YOMFXT OF CONFLG. 
WEIGHT INERTIA APPLICABLE 

Iii 
RADIUS 

ARM 

(FT) 
-24.011 

3 

0 

I CENTER - 
MODULE 

- 
DM 1 

- 
BODY 

- 
1 

I INERTIA 1 

45,089 3.5866E4 8 

7.454535 
'' 't73E5 

! .  
. - I... - 

9 



c j , ck  locat ions of the center  o i  masr of t h e  tody 

along the j - th  and k-th axes with respect t o  

the or ig in  of the SCB ax i s  de f in i t ion  

Also, k(mnrni 
n-1 

C " m 

and m = 

where n = module number 

N = t o t a l  number of modules forming tts body of 

in te res t  

3.2.2 Docking 

Docking disturbances t o  SCB w i l l  he a s  an i n l t i a l  

condition o? angular r a t e ,  - W(o). Equatic~ns for  the 

solut ion of - W(o) a r e  generated i n  reference 3-14 u t i l i z i n g  

Figure 3-5. k generalized sca la r  equation t o  be 

simulated for  each case follows: 



where 

V,, Vy, VZ = linear relative velocity 3f the docking - 
vehicle along the SCB X, Y, Z axes 

ma = mass of the docking vehicle 

Jxx , J y y  ' %z = the moments of inertia of the space base 

about the vehicle or secijon of interest, 

about the center of mass of the vehicle 

-r its section of interest 

Equation 3-29 assmes that the impzdt of docking is 

completely inelastic due to :i:e operation of the docking 

latching mechanism. Also, the docking vehicle is 

assumed to be a point mass (or particle) once it is 

docked to the space base. A more complete derivation 
of thes ;uations would have irxluded inertia dyadics 

for both bodies and the inertial translational and 

rotational velocities at the instant of impact. The 

resulting equations, however, would then be extremely 

complex. Thc docking condition would be assumed for a 

fully loaded Shuttle Orbiter at a relative velocity of 

0.5 ft/sec. The orbiter mass, ma, will be assumed to be 

7200 slugs (equivalent to a weight of approximately 

23?,000 lbs.). The maggitudes of Jii, R. and hk can be 
J 

found in Tabic., 3-13 or 3-14, dependent upon whether 

a rigid or flexible SCB is being simulated. Based upon 

conditions shown in Table 3-12, only one component, 

either V or Vk, can exist during dockl,g. This can 3 
further simplify equation (3-29) by eliminating one 

of the terms in the numerator. 



If transldtional docking disturbances on a body are of 

interest, the initial condition of a SCB linear velocity 

can be defined as: 

Components of the x2 vector are scaled to 1 in a 

proportiona:e manner as shown in (3-30) 

where 

mb = mass of the space base 

3.3 MOMENTUM EXCHANGE ACTIJATORS 

On the basis of data presented in Sections 3.1.5 and 

3.1.6, the number and size of momentum exchange 

actuators can now be determined. An ideal momentum 

exchange actuator for a vehicle and mission of this type 
would be a double-gimbal control moment gyro (DG CMG). 

Each CMG unit would have a spherical momentum envelope, 

with modifications previously recommended to remove 

all gimbal stops. Assuming the same type as used for 

Skylab, the angular momentum for each DG CMG is 2300 

ft-lb-sec. The number of DG CMG units required for 

each configuration is given in Table 3-15. The largest 

number of DG CMG units in the Table is 24 for configura- 

tions 10 and 11. All 24 of these CMG units wouid also 



TABLE 3 -15 

NUMBER OF DCXMG UNITS REQUIRED FOR ANGULAR MOMENTUM ENVELOPE 

CWG H = 2300 FT-LB-SEe EACH 

0 ASSC'MES NO REDUNDANCY 
SPHERICAL CMG ENVELOPE 

ATTITUDE 

i UNITS 

NORMAL 
DGC 

MAXIMUM 

XPOP 
T I  

I t  

1 1  

I I 

I v 

I 1  

XP-POP 

XPOP 

XP-POP 

XPOP 

XP-POP 

XPOP 

XP-POP 

XLV 

XP-LV 

*MINIMU!! REQUIRED FOR CONTROL OF VEHICLE 
#DOES NOT INCLUDE ANGULAR MOMENTUM REQUIREMENTS FOR ROLL AXIS 
MANEUVERING WHICH IS NECESSARY FOR POINTING SOLAR WINGS AND 
ARRAYS DIRECTLY AT THE SUN 



be a v a i l a b l e  f o r  c o n f i g u r a t i o n  1 2 ,  a l t h o u g h  o n l y  11 

u n i t s  would be r e q u i r e d  f o r  t h e  worst ease c o n d i t i o n s .  

ROLL AXIS MANEWERING 

The a d d i t i o n a l  13 u n i t s  would be a v a i l a b l e  for  a s s i s t a n c e  

i n  c y c l i n g  t h e  r o l l  a x i s  o f  t h e  v e h i c l e  abou t  t h e  v e r t i c a l  

a x i s  f o r  a c c u r a t e  p o i n t i n g  o f  solar  p a n e l s  t h roughou t  

e a c h  o r b i t ,  i f  d e s i r a b l e .  

Re fe rence  t o  T a b l e  3-9, however, i n d i c a t e s  t h a t  a t o t a l  
o f  59 or 34 e q u i v a l e n t  CMG u n i t s  would be  r e q u i r e d  f o r  

v e h i c l e  r o l l  abou t  t h e  local v e r t i c a l  w i t h  @ a n g l e s  o f  

30  and 4 5  d e g r e e s ,  r e s p e c t i v e l y .  For B=45 d e g r e e s ,  t h e  
a d d i t i o n a l  a n g u l a r  momentum abou t  t h e  X a x i s  can  b e  i n  

t h e  form o f  10 r e a c t i o n  whee l s  (2300 f t - l b - s e c ) ,  10 

s i n g l e  gimbal ( S G )  CMG u n i t s  o r  10 a d d i t i o n a l  DG CMG 

u n i t s .  The r e a c t i o n  whee ls  (RW1s) would e x t e n d  t h e  

momentum enve lope  o f  t h e  sys t em to  i h e  e q u i v a l e n t  o f  

34 CMG1s i n  t h e  - + X d i r e c t i o n ,  w h i l e  24 a c t u a l  CMG1s 

would still  b e  a v a i l a b l e  f o r  c o n t r o l  abou t  t h e  Y and 

Z a x e s .  

If 10 s i n g l e  gimbal CMG u n i t s  were used ,  n e e d l e s s  
momentum would b e  a v a i l a b l e  f o r  t h e  Y and Z a x e s  (beyond 

t h e  24 DG CMG u n i t s  which a r e  a l r e a d y  r e d u n d a n t ) .  The 
10 SG CMG u n i t s  would weigh more t h a n  t h e  1 0  R W 1 s  b e c a u s e  

o f  t h e  g imba l s  and gimbal s e r v o s .  Also,  a d d i t i o n a l  
s o f t w a r e  would b e  r e q u i r e d  f o r  t h e  RW s t e e r i n g  c o n t r o l  
laws. 

If  10 a d d i t i o n a l  DG CMG u n i t s  were added to  t h e  sys t em,  

t h e y  would weigh more t h a n  t h e  R W ' s  o r  t h e  EG CMG u c i t s  
because  of  t h e  g i m b a l l i n g  and c o n t r o l s .  The s t e e r i n g  



control law software, however, is easily integrated 

into the software existing (reference 3-15) for the 

original 24 DG CMG units. The full spherical momentum 

envelope of 34 DG CMG units would then be available 

and no additional steering control laws would be 

required. On that basis, the addition of the 10 DG CMG 
units appears to be the most attractive approach. 

The fixed roll angle approach (with the Y vehicle axis 
IN the Orbital Plane and with the Z axes NORMAL to the 
Orbital Plane) would be used for B angles less than 
45 degrees. For a Bangle just slightly less than 45 

degrees, only 71% of the solar power would be available 

at the solar panels. For smaller B angles, the efficiency 
would improve up to 100% when B = 0. For B angles 
larger than - + 45 degrees, the roll about vertical 
maneuvering would be required and 100% of the solar 

panel electrical power would be available. 

if the roll control transition I s  to take place at B=30 

dekrees, then the minimum solar power efficiency would 

be improved to 86.6%; but 35 additional DG CMG units 
(or SG CMG's or R W 1 s )  would be required for configuration 

12. Figure 3-6 summarizes the trade off between solar 

power efficiency and the number of additional DG CMG 
units as a function of the $ angle. The horizontal 

straight line is when the vehicle maneuvers in roll 

about the local vertical. The curved portion (actually 

a cosine $ function) is for when the roll angle is fixed 

and the Z, or solar drive, axis is normal to the orbital 
plane. 
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I 3 . 3 . 2  ALTERNATE NON-ROLLING SOLAR POINTING APDROACH 
f ,- li An a l t e r n a t e  approach would comple t e ly  e l i m i n a t e  r o l l  

maneuvers around t h e  local v e r t i c a l  f o r  a l l  B a n g l e s  -- 
t 
t - .  
: p w i t h  a s l i g h t  i n c r e a s e  i n  t h e  ave rage  s o l a r  power 
I i 1 ..& e f f i c i e n c y .  For  f3 a n g l e s  w i t h  magni tudes  less t h a n  36 
t 
i - .  d e g r e e s ,  t h e  same t e c h n i q u e  a s  p r e v i o u s l y  d e s c r i b e d  
i / !  

! . -- would be used :  t h e  v e h i c l e  r o l l  a n g l e  would b e  set a t  

90 d e g r e e s  ( r e l a t i v e  t o  t h a t  shown i n  F i g u r e  3-2) and  
F 

' 1 .  " 1 t h e  s o l a r  p a n e l s  would be c o n t r o l l e d  t o  p o i n t  t a x a r d s  

t h e  Xo a x i s  on t h e  diagram. The e f f i c i e n c y  would t h e n  

i be e q u a l  t o  cosS .  

For  B a n g l e s  l a r g e r  t h a n  36.1 d e g r e e s ,  t h e  v e h i c l e  r o l l  

a n g l e  would be set t o  0 d e g r e e s  ( Y  a x i s  normal t o  t h e  
o r b i t  p l a n e )  and t h e  s o l a r  pane l  d r i v e  would a t t e m p t  t o  
p o i n t  towards  t h e  s u n  (maximize YSeXI). T h i s  can  be accom- 

p l i s h e d  by u s i n g  s o l a r  a s p e c t  s e n s o r s  on t h e  s o l a r  p a n e l s  

t o  set XSoXI=O. O r d i n a r i l y  t h e  s o l a r  power e f f i c i e n c y  would 

vary  i n  a  c y c l i c  manner as a  f u n c t i o n  o f  o r b i t  p o s i t i o n  
a n g l e  a .  The r e s u l t i n g  i n s t a n t a n e o u s  s o l a r  power 
e f f i c i e n c y  would b e  

- 

n = yS.x1 = [l - ( cosp  s i n a )  (3-31) 

Also , 

cosa  t an6  = - t a n 6  

where 6 = s o l a r  pane l  p o s i t i o n  a n g l e .  

An e x p r e s s i o n  can a l s o  be g e n e r a t e d  f o r  t h e  ave rage  s o l a r  

power e f f i c i e n c y  as a f u n c t i o n  o f  t h e  B a n g l e  u s i n g  (3-31) :  
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FIGURE 3-7 SOLAR POWER AVERAGE EFFICIENCY vs. BETA ANGLE 

FOR THE ALTERNATE NON-ROLLING APPROACH 



The i n t e g r a l  p o r t i o n  o f  (3-33) ( t a b u l a r  d a t a  was o b t a i n e d  

i n  r e f e r e n c e  3-16) is an  e l l i p t i c  i n t e g r a l  which r e s u l t s  

i n  c u r v e  C of F i g u r e  3-7. Curve A is f o r  t h e  c a s e  when 

t h e  s o l a r  p a n e l s  p o i n t  t owards  Xo (when + = 90' o r  t h e  

Z a x i s  of t h e  v e h i c l e  is p e r p e n d i c u l a r  t o  t h e  o r b i t  

p l a n e ) .  A compos i te  of c u r v e s  A and C would t h e n  b e  

u t i l i z e d ;  t h e y  c r o s s  a t  ~ = 3 6  .lo where t h e  a v e r a g e  

s o l a r  power e f f i c i e n c y  is app rox ima te ly  80.8%. T h i s  is 
a n  a p p a r e n t  improvement o v e r  t h e  method d e s c r i b e d  i n  

3 . 3 . 1  s i n c e  no c o n t i n u o u s  r o l l  a x i s  maneuvering o r  

a d d i t i o n a l  CMG u n i t s  are r e q u i r e d .  T h i s  s h o u l d  b e  t h e  

p r e f e r r e d  approach .  The CMG u n i t s  i n d i c a t e d  i n  Tab le  

3-15 would t h e n  a p p l y .  



3.4 REFERENCES 

Kaczynski ,  R .  F . ,  Space  Base Angular Momentum 

Requirements  f o r  G r a v i t y  G r a d i e n t  Torques ,  

MT 40 ,802 ,  24 October  1977 

Kaczynski ,  R .  F . ,  Space  Base Angular  Momentum 

Requirements  f o r  Aerodynamic Torques ,  MT 40 ,803 ,  

1 7  November 1977 

Kaczynski ,  R .  F . ,  Space Base Angular  Momentum 

Requirements  f o r  Magnetic Torques ,  MT 40 ,804 ,  

22 November 1977 
Kaczynski ,  R .  F . ,  Space Base Angular  Momentum 

Requirements  f o r  R a d i a t i o n  Torques ,  MT 40 ,805 ,  

Feb rua ry  1, 1978 

NASA SP-8024, S p a c e c r a f t  G r a v i t a t i o n a l  Torques ,  

NASA Space V e h i c l e  Design C r i t e r i a  (Guidance 

and C o n t r o l ) ,  May 1969 

NASA SP-8058, S p a c e c r a f t  Aerodynamic Torques ,  Anon., 

J anua ry ,  1971 

NASA SP-8021, Model o f  t h e  E a r t h ' s  Atmosphere, 

Anon., May, 1969 

NASA SP-8018, S p a c e c r a f t  Magnetic Torques ,  Anon., 

March 1969. 

NASA SP-8017, Magnetic F i e l d s  - E a r t h  and Ex t r a -  

t e r r e s t i a l ,  Anon., March 1969 

NASA SP-8027, S p a c e c r a f t  R a d i a t i o n  Torques ,  

October  1969 

Kaczynski ,  R .  F , ,  S o l a r  Pane l  P o s i t i o n  a ~ d  V e h i c l e  

R o l l  O r i e n t a t i o n  During X Loca l  Vertical Mode, 

MT 40 ,806 ,  February  1978 



3-12 Fritz, C. G.; Howell, J. T.; Mcaise, P. D. and 
Parker, J. R., NASA TM X-64972, A Miniaturized 
Pointing Mount for Spacelab Missions, November 

25, 1975 

3-13 Cornell, G. A., Space Base Mathematical Model, 
Benclix Research Laboratories Report, Program 

BRL-SB-1, December 14, 1977 

3-14 Kaczynski, R. F., Short Term Disturbances on the 

Attjtude of the Space Construction Base, MT 40,809, 
May 8, 1978 

3-15 Kennel, H. F., Steering Law for Parallel Mounted 

Double-Gimballed Control Moment Gyros, NASA 

TM X-64930, February 1975. 
3-16 CRC Standard Mathematical Tables, 18th Edition, 

The Chemical Rubber Co., 1970 (see page 537). 



4 . 0  MOMENTUM DESATURATION 
4 . 1  DESATURATION REQUIREbiENTS 

D e s a t u r a t i o n  r equ i r emen t s  are based upon t h e  longterm bias  

t o r q u e s  de t e rmined  i n  t h e  p r e f e r r e d  o r i e n t a t i o n s  or' dac. ?CB 
c o n f i g u r a t i o n .  The r equ i r emen t s  f o r  momentum d e s L L c u r a t i o :  are 
l i s ted  i n  T a b l e  4-1, The worst case ave rage  t o r q u e  f o r  one  
o r b i t a l  p e r i o d  is a l s o  t a b u l a t e d .  A l m o s t  a l l  o f  t h e  d i s t u r b a n c e  
t o r q u e  is abmt t h e  s p a c e  c o n s t r u c t i o n  base (SCB) Z a x i s  f o r  
a l l  twe lve  c o n f i g u r a t i o n s .  A l l  o f  t h e s e  are summarized i n  

r e f e r e n c e  4-1, 

Magnetic t o r q u i n g ,  r e a c t i o n  c o n t r o l  (RCS) and g r a v i t y  g r a d i e n t  
(GG) d e s a t u r b t i o n  were e v a l u a t e d  f o r  t h e  XPOP o r i s n t a t i o n s  and 
a l s o  f o r  t h e  X l o c a l  v e r t i c a l  a l ignment  f o r  c o n f i g u r a t i o n  12N. 
C h a r a c t e r i s t i c s  o f  t h e s e  approaches  were independen t ly  d e t e r -  
mined i n  r e f e r e n c e  4-2. They w i l l  be reviewed i n  t h e  f o l l o w i n g  
pa rag raphs  and t h e n  compared a t  t h e  end  of  t h i s  s e c t i o n .  

4 .2  MAGNETIC DESATURATION 
A c o u n t e r a c t i n g  magnet ic  t o r q u e  Lm is g e n e r a t e d  on t h e  v e h i c l e  
b y  M, a  t o r q u e  co i l  system magnet ic  moment, i n t e r a c t i n g  w i t h  
t h e  e a r t h ' s  m a c ~ e t i c  f i e l d  B a c c o r d i n g  t o  t h e  p h y s i c a l  law 
g iven  by : 

where each  v e c t o r  i n  (4-1) can  be pu t  i n  v e h i c l e  c o o r d i n a t e s .  
SI u n i t s  f o r  Lm, M and B a r e  N-m, ~ - m ~  and t c s l a ,  r e s p e c t i v e l y .  
The ave rage  L, t o rque  v e c t o r  p e r  o r b i t  s h o u l d  be e q u a l  and 
o p p o s i t e  t o  t h e  ave rage  d i s t u r b a n c e  t o r q u e  o f  t h e  p r e v i o u s  
o r b i t ,  as measured from t h e  momentum exchange c o n t r o l  sys tem.  
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A basic orientation of four magnetic torques relat~ve to vehicle 

axes is given in Figure 4-1. If X is set at 35.26 degrees, each 

component of the magnetic momemt vector m - = [ml m2 mg m4IT 

has direction cosines of equal magnitude with the X ,  Y and Z axes. 
A block diagram for the typical implementation of a magnetic 

torquing system is shown in Figure 4-2. Both the minimum energy 

(ME) and cross product contrbl laws are described. The cross 

product law is easier to comp~~hend and implement, but the ME law 
is expected to use less electrical energy andcould be a candidate 

for the SBC application. 

An explanation of some of the symbols follows: 

B = predicted magnetic field of the earth at the instantaneous - 
location of the SCB in orbit, in vehic,d coordinates (tesla) 

B = actual B (tesla) -a 

B = measured B (tesla) I n  

A V G  = average bias torque (previous or p-ssently predicted orbit) 

in vehfcle coordinates (h-m) 

L = generated magnetic torque in vehicle coordinates (N-m) -m 

m , s  = actual and commanded magnetic moments, respectively, in - 
2 coil coordinates (A-m ) 

M,M = actual and commanded magnetic moments, respectively, in - -C 2 vehicle coordinates (A-m ) 

T = time period of ME control law solutiog (sec) 

AH = angular momentum vector change (or commanded dump) over the 

period T (N-m-sec) 



SECTION AA I 
BASIC ORIENT.4TION OF MAGNETIC TORQUERS 

FIGURE 4-1 

PLANE 





Note t h a t  t h e  diagram assumes m = rnc. The f i r s t  two b locks  
on t h e  diagram must b e  implemented i n  t h e  computer, whi le  
the second two b locks  a r e  i n h e r e n t  t o  t h e  i n d i v i d u a l  o r i e n t -  

a t i o n s  and t h e  opera t ion  of t h e  t o r q u e r  c o i l s .  

Table 4-2 is a  summary of t h e  magnetic to rqu ing  system char- 
a c t e r i s t i c s .  An average e a r t h ' s  magnetic f i e l d  f l u x  magnitude 
of 0.1 x  t e s l a  is assumed t o  b e  a v a i l a b l e  on e i t h e r  t h e  
v e h i c l e  X o r  Y a x i s .  T h i s  is a f a i r l y  conse rva t ive  e s t i m a t e  
f o r  a l l  o r b i t s .  

From t h e  b lock diagram w e  see t h a t  

g i v e s  t h e  Z-axis magnetic to rque  i f  t.he d i r e c t i o n s  of t h e  mag- 
n e t i c  moments a r e  p roper ly  ob ta ined  from t h e  c o n t r o l  law. 
U t i l i z i n g  t h e  to rque  requirements  from Table 4-1, t h e  r e q u i r e d  
magnetic moment p e r  c o i l  (m) was c a l c u l a t e d .  I t  was a l s o  re- 

c a l c u l a t e d  f o r  t h e  case  when one c o i l  ( a s  shown i n  F igure  4-1) 
has  malfunct ioned.  A magnetic t o r q u e r  size of 3300 ~ - m ~  w a s  
s e l e c t e d  f o r  c o n f i g u r a t i o n s  1 through 7. 

Each c o i l  is es t ima ted  t o  be  84 inches  long  and 3.1 inches  i n  
diameter. The weighL of each magnetic t o r q u e r  w i l l  be  90 pounds 
and w i l l  r e q u i r e  22.5 w a t t s  f o r  a  maximlm magnetic moment. 

The magnetic to rqu ing  system was t r i p l e d  f o r  c o n f i g u r a t i o n s  
8 M  and 9M, and m u l t i p l i e d  by another  t e n f o l d  f o r  c o n f i g u r a t i o n s  
10M and 1 1 M .  If magnetic to rqu ing  were t o  be used f o r  con- 
f i g u r a t i o n  12M ( X  l o c a l  v e r t i c a l )  wi thout  any a d d i t i o n a l  g r a v i t y  
g rad ien t  o r  RCS a s s i s t a n c e ,  t h e  s y s t e m  would have t o  be  mul t i -  
p l i e d  130-fold when compared t o  t h e  o r i g i n a l  system f o r  t h e  e a r l i e r  
c o n f i g u r a t i o n s ,  t h e  reason f o r  t h i s  be ing  t h e  l a r g e  s o l a r  panel  
s u r f a c e s  be ing l o c a t e d  s o  f a r  from t h e  c e n t e r  of mass. 
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4 . 3  RCS Desa tu ra t ion  
An RCS d e s a t u r a t i o n  s y s t e m  would be opera ted  on demand, i , e .  
whenever t h e  momentum envelope of t h e  CMG system is approached 

o r  whenever t h e  oppor tun i ty  e x i s t s .  RCS t h r u s t e r  l o c a t i o n s  
a r e  assumed t o  be  a v a i l a b l e  a t  t h e  l a r g e s t  r a d i u s  arms along 
t h e  X-axis and t o  o p e r a t e  a s  a  couple  ( f o r  a l l  except  con- 
f i g u r a t i o n  1 ) .  A s p e c i f i c  impulse ISp was assumed t o  be 300 

seconds. The  t i m e  p e r i o d  A t  f o r  each c o n f i g u r a t i o n  was as- 
sumed t o  be  f o u r  months each,  a l s o  t h e  worst  c a s e  average 
to rque  was assumed t o  e x i s t  over  t h e  complete A t  pe r iod  of 
opera t ion .  The p r o p e l l a n t  weights  p e r  c o n f i g u r a t i o n  and t h e  
t o t a l  accumulation were then computed. A l l  o f  t h e s e  char- 
a c t e r i s t i c s  were t a b u l a t e d  i n  Table 4-3. Although t h e  propel-  

l a n t  weights  do not  inc lude  tankage,  va lv ing ,  p i p i n g  and 
t h r u s t e r s ,  they  appear  t o  be very compet i t ive  wi th  magnetic 
to rque  d e s a t u r a t i o n .  The weight numbers a r e  q u i t e  low con- 
s i d e r i n g  t h a t  t h e  f u e l  is  consumed over  a  f o u r  y e a r  p e r i o d .  

4 . 4  Gravi ty  Gradient  Desa tu ra t ion  
Whenever t h e  SCB is not  i n  a  p r e c i s e  p o i n t i n g  p e r i o d  dur ing  
its miss ion ,  it can be t i l t e d  s l i g h t l y  from i t s  nominal 
o r i e n t a t i o n  t o  genera te  a g r a v i t y  g r a d i e n t  to rque  which is 

equal  and oppos i t e  t o  t h e  cumulative b i a s  e f f e c t s  of aero-  
dynamic, r a d i a t i o n ,  magnetic and a l s o  g r a v i t y  g r a d i e n t  d i s -  
turbances .  For example, i n  t h e  XPOP mode a s l i g h t  t i l t  about 
t h e  Y o r  Z v e h i c l e  axes  w i l l  genera te  d e s i r e d  g r a v i t y  g r a d i e n t  
b i a s  to rques  about t h e  Y and Z axes ,  r e s p e c t i v e l y .  Torques 
may a l s o  be genera ted  about t h e  X axes  through a combination 
of  Y and Z axes  t i l t s ;  t h i s  e f f e c t ,  however, w i l l  be much 
weaker because of t h e  a c t u a l  i n e r t i a  p r o p e r t i e s  of  t h e  SCB. 

The approximate ( smal l  a n g l e )  g r a v i t y  g r a d i e n t  b i a s  to rque  
equa t ions ,  which assume a c i r c u l a r  o r b i t  and neg lec t  product 
of i n e r t i a  terms,  fo l lows :  



L, = KX SIN 0 SIN Y 

Ly = K SIN 9 
Y 

LZ = KZ SIN Y 

2 where Kx = 3Xo ( I Z m  - Igy)  

I Ixx'  yy' I Z Z  
= moments of i n e r t i a  Bbodt v e h i c l e  axes  

Wo = o r b i t a l  r a t e  ( r a d l s e c )  

8 ,  Y = smal l  tilt ang les  about t h e  v e h i c l e s  Y and Z axes ,  

r e s p e c t i v e l y .  

A s i m i l a r  r e l a t i o n s h i p  a l s o  e x i s t s  f o r  t h e  X l o c a l  v e r t i c a l  

a t t i t u d e  dur ing  c o n f i g u r a t i o n  12. 

O r d i n a r i l y ,  t h e  t i l t  a n g l e s  w i l l  be cons tan t  over  t h e  whole 
o r b i t  and w i l l  be updated every o r b i t  o r  s o .  But when an 

i n e r t i a l  o r i e n t a t i o n  

a r e  some problems i n  

( a )  Large angular  
ang les  dur ing  

i 
is r e q u i r e d  f o r  c e l e s t i a l  viewtng, t h e r e  

us ing  g r a v i t y  g r a d i e n t  d e s a t u r a t i o n :  

momentum build-ups may r e q u i r e  l a r g e  t i l t  
occu l t ed  p o r t i o n s  of t h e  o r b i t .  



( b )  An a d d i t i o n a l  momentum c a p a b f l i t y  would be r e q u i r e d  

f o r  s l e w i n g  th rough  l a r g e  a n g l e  maneuvers. 
\ 

( c )  Most of t h e  d i s t u r b a n c e  bias t o r q u e s  w i l l  b e  due t o  
g r a v i t y  g r a d i e n t  and aerodynsunic e f f e c t s ;  i f  t h e  ae ro -  

dynamic b ias  t o r q u e s  change a p p r e c i a b l y  fo r  l a r g e  
tilt a n g l e s ,  i t  is  p o s s i b l e  t h a t  an a n g u l a r  momentum 
b u i l d u p  may n o t  be bounded by simple g r a v i t y  g r a d i e n t  
c o n t r o l  . 

( d )  More complex s o f t w a r e .  

Fo r  t h e  r e a s o n s  stated above,  i t  is  recommended t h a t  a n o t h e r  
d e s a t u r a t i o n  scheme (magne t i c )  be a v a i l a b l e  f o r  SCB conf igu -  
r a t i o n s  r e q u i r i n g  o r i e n t a t i o n s  o t h e r  t h a n  XPOP o r  X l o c a l  
v e r t i c a l .  G r a v i t y  g r a d i e n t  d e s a t u r a t i o n ,  however,  does  have 
some advan tages  f o r  t h e s e  p r e f e r r e d  o r i e n t a t i o n s :  

( a )  I t  is v i r t u a l l y  w e i g h t l e s s  and r e q u i r e s  no power ( n o  
a d d i t i o n a l  hardware) .  

( b )  So f tware  f o r  c o n t i n u o u s  t i l t i n g  is f a i r l y  s imp le  

( c )  No con taminan t s  are released i n  t h e  immediate v i c i n i t y  
o f  t h e  v e h i c l e .  



Siinimary 
The t h r e e  d e s a t u r a t i o n  schemes which were d i s c u s s e d  may be 

compared by l i s t i n g  some o f  t h e  d i s a d v a n t a g e s  o f  each  as 
l is ted i n  T a b l e  4-4. The magnet ic  t o r q u i n g  sys tem a p p e a r s  
t o  be t h e  most f l e x i b l e  approach.  For  t h e  l as t  few con- 
f i g u r a t i o n s  (lOM, 1 1 M ,  12M), however, t h e  magnet ic  sys tem 
gets ex t r eme ly  heavy i n  weight .  Fo r  c o n f i g u r a t i o n s  10M and 
1 1 M  RCS t h r u s t e r s  maybe mounted on t h e  CCM and LM1 modules. 
The RCS w i l l  t h e n  be t h e  pr imary  d e s a t u r a t i o n  approach f o r  
10M and 1 1 M ,  w i t h  some a s s i s t a n c e  from t h e  magnet ic  t o r q u i n g  
s y s t e m .  I t  would a c t u a l l y  be recommended t h a t  t h e  RCS sys tem 
be i n s t a l l e d  prior  t o  c o n f i g u r a t i o n  8 M  o r  9M and be a v a i l a b l e  
as a backup o r  f o r  an emergency d e s a t u r a t i o n  c o n d i t i o n .  

No a d d i t i o n a l  d e s a t u r a t i o n  equipment would b e  r e q u i r e d  f o r  
c o n f i g u r a t i o n  12M, s i n c e  a  " f ixed"  g r a v i t y  g r a d i e n t  t ilt 
a n g l e  from t h e  local v e r t i c a l  can b e  used t o  c o u n t e r a c t  a 
l o n g  term a n g u l a r  momentum b u i l d u p .  One a d d i t i o n a l  compli- 
c a t i o n  w i t h  12M, however, is t h e  c o n t i n u a l  c y c l i c  r o l l i n g  about  
t h e  l o c a i  v e r t i c a l  f o r  B a n g l e s  g r e a t e r  t h a n  30 o r  40 degrees. 

The CMG a n g u l a r  momentum b u i l d u p  s h o u l d  b e  s e p a r a b l e  from t h e  
cyclic momentum f o r  c o n t r o l l i n g  t h e  r o l l  a n g l e  about  t h e  l o c a l  
v e r t i c a l ;  t h i s  b u i l d u p  would be an i n p u t  s i g n a l  t o  t h e  g r a v i t y  
g r a d i e n t  moment management c o n t r o l  law. 

A summary o f  recommendations f o r  SCB momentum management is 

shown i n  Tab le  4-5. A magnet ic  t o r q u i n g  s y s t e m  can b e  used  
f o r  c o n f i g u r a t i o n s  1 through 9 ~ ' ,  w i t h  t h e  RCS sys t em used  as 
a backup f o r  8 M  and 9M. The l o g i s t i c s  of  p r o p e l l a n t  f u e l  re- 
p len ishment  and t h r u s t e r  r e l o c a t i o n  f o r  an RCS d e s a t u r a t i o n  
s y s t e m  's t h u s  c i rcumvented f o r  t h e  f i r s t  seven  c o n f i g u r a t i o n s .  
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Rather than a tenfold increase of the magnetic torquers for 

configurations 10M and 11M, the RCS system can become the 

primary desaturation system at that point, Progressing to 

configuration 12M would ordinarily require a larger increase 

in propellant weight. But fortunately configuration 12M is 

in an X local vertical orientation. A fixed small tilt angle 

from local vertical can be utilized such that a fixed gravity 

gradient torque cancels the large Z axis aerodynamic torque. 
The twelve magnetic torquers and the existing RCS thrusters 

can be used for backup and for short term assistance in de- 

saturation. 

b-' 

4.6 Refcrences 

4-1 Kaczynski, R. F., Bendix MT-40,837, Total Angular 
Momentum Requirements for the Space Construction Base, 

March 17, 1978. 

4-2 Kaczynski, R.F., Bendix MT-40810, Angular Momentum 

Desaturation of the Space Construction Base, August, 1978. 



SECTION 5 

Thir s e c t i o n i r  part of rtudy of control  r y r t m  concepta fo r  the  

Space Construction Base, This e f f o r t  i s  directed t o  i rrvert igrte  control  

durinu buildup, I.@., w?ile the  Space Construction Base is being resembled 

i n  low ear th  o rb i t .  Study emphasio is on coupling control  and control  

coordination s ince  these a r c  ident i f ied  a s  problem arcas peculiar t o  t h i s  

application. Thissect ion prerento a c l a r i f i c a t i o n  of ant icipated design 

problems and axit101 ccmcepts. 

Within the  next 10 years, ear th  t m t e l l i t e s  a r e  expected t o  include 

a new breed of la rge  s t ruc tures  constructed in apace. Each one may rerve 

a wide range of functions from ~ c i e n t i f  i c   experiment^ t o  manufacturing 

i n  the  zero-g environment. Others may have special  purpores much a s  

col lec t ing  solar  energy and e i t h e r  retranernitting it t o  ear th  via micro- 

wave o r  servicing other space systems. Many of there  r a t e l l i t e r  w i l l  be 

constructed f rmscc t ions t ranspor ted  by the Space Shutt le .  

--- - 
These large r t ruc turee  introduce n w  challenges t o  control rye tern 

design. The changing physical s t ruc tu re  during conrt tuct  ion a f  f e c t r  the 

optimum dis t r ibut ion  of sensors, the  control system s t ruc ture ,  and con- 

t r o l  parameters. h e  la rge  s i z e  and requirements fo r  minimizing veight 

can bring e t ruc tura l  mdea within the  control  ry r t ca  bandwidth - r e r u l t -  

ing i n  r t a b i l i t y  problem and coupling effectc.  



The Space Conrtructian Bore provideo a conceptual bare l ine  f o r  

variour eyrtem r tud ies  r e l a t ed  t o  t h e m  la rge  rpace r t ruc turer .  It i r  of 

"intermcdirte r ize" with outer dimsnrionr of 320 by 420 tt. LC i r  
conceived to  be conrtructed in a requence of twelve configurationr w c r  

r period of four years o r  longer. 

The object ive of the  r tudy d e u c r i b d  i n  t h i s  = ' ; . ionis  t o  invest i-  

ga te  Space Conrtmct ion Bare control  problem throughor- buildup and 

during any dynamic t e r t f n g  while in lw u r t h  o r b i t  CLEO) . R e  control 

ayrtem m o t  mnintafa overa l l  r t o b i l i t y ,  include vernier control  for at 

lumt one eleaent o r  mdule ,  urd provide l~ rnewer ing  capabil i ty.  

The empharir i n  t h i e  work i r  on those control  problew vhich are 

pocu'iar t o  v e h i c l u  ruch u t he  Space Conatructioo Bare. Tmir includes 

appendage and mdule  stabilizing control i n  vhich the  coupling betveen 

mdulcs  and appendages, ahape of individual modules or appendages, and 

the  damping of r t ruc tu ra l  d e s  a r e  controlled. This a lso  lncludeo t h e  

vehicle control coordinator which must vary control parameters and 

#elec t  rensorr according t o  configuration and performblnce changes. Spe- 

c i a l  problems d s o  include model uncertainty and r e l i a b i l i t y .  



Eventually, i t  is desired t o  def ine  a cont ro l  system concept which 

w i l l  s t a b i l i z e  t he  Space Construction Base a t t i t u d e ,  i n  whole and i n  pa r t ,  

and provide vernier ,  maneuvering, and momentum management capab i l i t y .  

Such a system must be designed i n  l i g h t  of model uncertainty,  adapt t o  

conf:guration changes, funct ion in the  presence of s t rong  intermodule 

in te rac t ions  and low s t r u c t u r a l  damping, and have a high degree of system 

i n t e g r i t y  with respect  t o  poss ib le  component f a i l u r e s .  

The Space Construction Base concept introduces a spec i a l  s e t  of 

control  problems. The cont ro l  system must accommodate i t s e l f  t o  changes 

in  the s t r u c t u r e  during buildup. I t  must be r e l a t i v e l y  i n s e n s i t i v e  t o  

uncer ta in t ies  i n  t he  s t r u c t u r a l  dynamics s ince  they w i l l  not be known 

precisely.  The s t r u c t u r e  amst be regarded a s  being f l e x i b l e  due t o  i t s  

large s i z e  and due t o  t he  need t o  minimize i ts weight. I t  must be recog- 

nized tha t  the Space Construction Base w i l l  b e  used f o r  a wide va r i e ty  

of purposes. 

The purpose of t h i s  sec t ion  i s  t o  o u t l i n e  a cont ro l  system concept 

for t h e  Space Construction Base. gmphasis is given t o  those elements 

which a re  pecul iar  t o  t h i s  appl ica t ion .  The ca tegor ies  of cont ro l  and 

control  r e q u i r e ~ ~ e n t s  a r e  discussed i n  Sect ion 5.3. This is followed 

in  Section 5 . 4 b y  a descr ip t ion  of t h e  ove ra l l  con t ro l  system concept. 

Important problems spez i a l  t o  t he  Space Construction Base a r e  ou t l ined  

in Section 5.5. Sectio.ls b.6 and 5 . 7 o u t l i n e  approaches f o r  two cont ro l  

functions of importance f o r  l a rge  spacecraf t ,  

5.3 CONTROL FUNCTIONS 

As a convenience, t h e  cont ro l  of t he  Space Construction Base may 

be divided in to  severa l  funct ional  a reas :  



Appendage and module s t a b i l i z i n g  con t ro l  includes coupling 

con t ro l ,  shape cont ro l ,  and a r t i f i c i a l  damping of s t r u c t u r a l  

modes.. Coupling control  ranges from complete decoupling t o  

a r t i f i c i a l  s t i f f e n i n g  i n  which one module is slaved t o  

another.  These funct ions must be accomplished while t he  

Space s h u t t l e  i s  docking, station-keeping o r  maneuvering. This 

func t iona l  a r ea  i s  somewhat analogous t o  t h -  s t a b i l i t y  augmen- 

t a t i o n  function of an a i r c r a f t .  

At t i tude  cont ro l  holds a given ove ra l l  o r i en t a t i on  of t he  

spacecraf t .  This would be  referenced t o  an i n e r t i a l  frame 

or  l o c a l  v e r t i c a l .  Typical accuracy requirements would be 

on t h e  order  of 0.5 deg. 

Vernier cont ro l  holds an instrument,  element, o r  module t o  a 

prec ise  a t t i t u d e .  Typical accuracy requirements a r e  1 t o  

10 arc-s. 

Maneuvering cont ro l  changes t h e  ove ra l l  o r i en t a t i on  of t h e  

Space Construction Base such a s  required f o r  docking o r  f o r  

minimizing grav i ty  gradient  torque a f t e r  a module has  been added. 

Momentum desa tura t ion  i s  required with moment exchange devices 

such a s  reac t ion  wheels (Ws)  and cont ro l  moment gyros (CMGs). 

Thus, secondary ac tua to r s  a r e  used along with CMGs and Ws. 

The funct ional  s t r u c t u r e  of t he  cont ro l  system design r e f l e c t s  

t h e  philosophy and complexity of t h e  cont ro l  system. It must express 

t h e  delegat ion of computer au tho r i t y ,  a d e f i n i t i o n  of cont ro l  loops,  

and guide l ines  f o r  sensor and ac tua tor  d i s t r i b u t i o n .  Further  de f in i t i on  

of t h e  funct ional  design would include control  loop parameters such a s  

gain f ac to r s ,  f i l t e r  cons tan ts  and sensor and ac tua tor  dynamic require- 

ments (bandwidth, pos i t ion  and r a t e  l i m i t s ,  e t c . )  

The delegat ion of computer au tho r i t y  is t i e d  t o  t h e  use of cen t ra l -  

ized o r  decent ra l ized  cont ro l .  The viewpoints of h i e r a r ch i ca l  and multi-  

l e v e l  cont ro l  may be adapted t o  t h i s  appl ica t ion .  Decentral izat ion has  



bc *one mare a t t r a c t i v e  f o r  d i g i t a l  control  s y s t e m  recently v i t h  the  

g r w t h  of micracmputer technology. Intervention from ground control 

rhould be an in tegra l  par t  of the  concept. 

The extent  of coupling among control  loops is  an important part  

of the  functional design. A r t i f i c i a l  s t i f f en ing  is an attempt t o  force  

the  space vehicle t o  a c t  a s  a s ingle  r i g i d  body, i.e., control  act ion 

subs t i tu tes  f o r  a very heavy r i g i d  s t ruc ture .  Complete decoupling is an 

attempt t o  cancel in terac t ions  between the  control  loops. P a r t i a l  de- 

coupling l i m i t s  the  in terac t ions  t o  assume su f f i c i en t  s t a b i l i t y  margins. 

A r t i f i c i a l  s t i f f en ing  betveen modules vould be desirable during nraneu- 

vering so a s  t o  r o t a t e  the  vehicle a s  a unit .  Decoupling control ,  how- 

ever, may be more des i rable  while holding a given a t t i t u d e  s o  a s  t o  

d n i m i z e  the  coupling of disturbances. Notch f i l t e r s  serve t o  decrease 

the  in terac t ions  between control  loops and the  s t ruc tu ra l  modes but make 

the  design sens i t ive  t o  model uncertaint ies .  

Guidelines should be established f o r  sensor and actuator  d i s t r i -  

bution. These w i l l  es tabl i sh  t h e  re la t ionship  of locat ion se lec t ion  

t o  mode shapes, function of t h e  given module, and center  of gravity.  

The number of sensors and actuators  on a given module a l s o  depends on 

these considerations. The poss ib i l i ty  of including pore sensor locat ions 

than actuators  should a l s o  be considered s ince  d a y  sensors a r e  of l igh te r  

weight md lower cost  than the  actuators .  Also, optimum sensor loca- 

t ions  may then be selected according t o  changes i n  s t ruc tu ra l  mdes .  

The aechanioat ion concept vould include many hardware r e l e c t  ions. 

For example, there would be some consideration of using d i g i t a l  or  analog 

computers a t  each l eve l  of control .  Sensor choices may include d i f fe ren t  

clasees of gyros and accelerometers, a s  v e l l  a s  s t r a i n  gages. Actuators 

may include CMCs, torquers/motors, and/or react ion jets.  Possibly the  

ear th ' s  magnetic f i e l d  combined v i t h  local  electromagnete ray be used 

f o r  mmentum management. 



5.4 SYSTEM CONCEPT 

~ i ~ u r e % - l  i l l u s t r a t e s  a functional concept fo r  the  Space Cinstruc- 

t i o n  Base control  rystem. It is intended t o  f u l f i l l  all of the  categorier 

of control  outlined in Section 5.3. Each block v i l l  be changed as the  

Space Construction Base is assembled. 

The Vehicle Control Coordinator would change control parameters 

a s  the  configuration changes. The selected parameters may be predeter- 

mined nominal values corresponding t o  each configuration, values based 

on sensed behavior of the  system, and/or values remotely coammnded by 

a ground s ta t ion .  S t  vould a l s o  be capable of se lec t ing  o r  weighting 

sensor outputs based on estimated modal shapes. The coordinator m y  

include an i d e n t i f i e r  for  estimating the  dynamics of the  vehicle. The 

i d e n t i f i e r  may simulate an adjustable model which is updated based on 

observations of the  actuator  commands and sensor outputs. Some of the 

coordinator functions may be performed in a ground computer. The 

vehicle control coordinator i s  discussed fur ther  in  Sect ion 5.7.  

The Vehicle Attitude Reference Unit m a y  be located i n  the  Eabita- 

b i l i t y  Module o r  the  Subsystems Module s ince  these a r e  included in a l l  

configurations. It would include gyros, a fixed reference system such 

as a s t a r  t racker,  and a computer (or computer segment) for  s t r a p d m  

guidance computations. 

The Vehicle Hanuevering and Att i tude Control unit  seeks t o  maintain 

a desired overa l l  vehicle a t t i t u d e  or n l w  r a t e .  Primary control  w i l l  

l i k e l y  be achieved through use of t h e  double gimbal contrbl  moment gyros 

(DG(=m;s) 

The primary actuators  fo r  momentummanagement a r e  asaumed t o  be  elec- 

tromagnetic. Thrusters should p r o d  de backup. A megnetometer is l i k e l y  

needed t o  determine ambient mngnetic f2eld so tha t  electromagnetic re- 

quirements pey be computed t o  achieve a given mment. 

Vernier controls  a r e  eeparate functions. A separa te  8et of censors, 

control  logic  and CHCe i r  required. Theee would be  localzed t o  vehicle 

elemente ruch as the  research pa l l e t .  
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The control  concepts described i n  the  above discussion a r e  s imi lar  

t o  those found on m m y  exis t ing  spacecraft.  The coordinator functions 

a r e  probably more important and complicated than i n  many other space 

vehicles. However, the  newest fea ture  is the  Appendage and Module 

Stabi l iz ing  Control (or j u s t  s t a b i l i z i n g  control) .  This fea ture  is 

discussed i n  Section 5.6with supporting simulaLion and analysis  r e s u i t s  

given i n  Section 6. 

The Force and Torque Sensing and Processing Units provide primary 

inputs  t o  the  s t ab i l i z ing  controls .  The applicable sensors a r e  s t r a i n  

gages from which coupling t o r w e s  and r e l a t i v e  angles a r e  computed. 

The coupling torques a re  a t  the interconnections between modules and 

between nndules and appendages such a s  the  so la r  p a n ~ l s ,  external  tanks, 

and antenna support s t ruc ture .  The s t r a i n  gages vill a l s o  be used t o  

provide vibrat ion modal data fo r  the  Vehicle Control Coordinator and 

Ground Control. The number of  sensor locat ions may be l imited by such 

considerations a s  computer capacity and ca l ibra t ion  requirements. Al- 

t e rna te  sensors such as op t i ca l  devices may a l s o  be considered f o r  etabi-  

l i z i n g  control . 
The primary ac tuators  for  the  coupling control  function of the 

s t a b i l i z i n g  controls  a r e  appendage to,;ue motors. Shape control  and 

a r t i f i c i a l  damping may also  be  accomplished v i t h  torque motors. Por 

l a rge r  appendages such a s  the  la rge  so la r  panels, CMGs may be used fo r  

actuat ion providing there i s  another type of actuator  fo r  momentum 

desaturat ion and f o r  balancing l a rge  constant torques. 

5.5 SPECIAL PROBLEM AREAS 

Because of i ts  large s i t e  and its buildup i n  o r b i t ,  t h e  Space 

Construction Base presents specia l  control  problems. These must be 

considered i n  any trade s tud ies  and in design development. 

One of the  primary considerations is model uncertainty. It 

-. i s  not prac t ica l  t o  conduct meaningful pref l ight  dynamic tests of the  
'r\ 

e n t i r e  s tructure.  In  f ac t ,  the ftnal configuration may be unknown 

when t h e  f i r s t  sect ions a r e  placed in orb i t .  Modes of multiple-connected 



Table 5-1 - Control System Design Trades and Considerations 
-- - 

h c t  ional  
Elements 

Vehicle Control 
Coordinator 

Sensors 

Appendage and 
Module S t a b i l i -  

zing Controls 

Design Feature 
Trades 

Functional assignments 
t o  ground control or 
vehicle 

which control parameters 
should be adjustable 

which sensors should 
be se lec table  

Application of rotary 
ac tuators  versus 
CMGs t o  appendage 
and module s t a b i l i -  
zing 

Actuators for  desatu- 
ra t ion  of ( M G s  
(passive devices 
versus mass expul- 
s ion  thrus ters)  

S t ra in  gages versus 
op t i ca l  devices fo r  
r e l a t i v e  angle data 

where t o  inse r t  
coupling controls  

where t o  i n s e r t  
shape controls  

where t o  inse r t  
a r t i f i c i a l  damping 

Considerations 
- --  - 

Space computer requirements 
Response time 
F lex ib i l i ty  i n  adapting 

t o  configuration and 
operational changes 

Rel iabi l i ty  
Design s e n s i t i v i t y  t o  model 

uncertaint ies  
Capability t o  influence 

dynamic performance 
Cost 

Capability t o  improve dynamic 
behavior 

Availabil i ty of appropriate 
actuators  

Power requirements 
Size and weight 
Rel iabi l i ty  
Cost 
Desaturation requirements 
Resupply requirements 

Size and weight 
Accuracy 
Sensi t iv i ty  t o  model uncer- 

t a i n t  ies (including modal 
shapes) 

Dynamic response 
Lineari ty 
Range 
Re1 iab 11 i t y  
Cost 
Calibration requirements 
Multiple usage capabi l i ty  
Pwer  d i s t r ibu t ion  requirements 

Capability t o  improve dynamic 
behavior 

Re l i ab i l i ty  
Cost 
Actuator requirements 
Power requirements 
Sensor requirements 
Sens i t iv i ty  t o  model 

uncer ta in t ier  



l a r g e  s t r u c t u r e s  cannot be  accurately predicted ana ly t i ca l ly .  Also, 

the ana ly t i ca l  nodela used in  cont ro l  system design a r e  aeceosarUy 

simplif ied.  The cont ro l  system must be  designed t o  s a t i s f y  performance 

requiremento i n  s p i t e  of  t hese  uncer ta in t ies .  

Another considerat ion l o  that the  c m t r o l  configurat ion w i l l  change 

a s  modules a r e  added. Control of a given module may requi re  sensor da t a  

from other  modules leading t o  g rea t e r  complexity a s  o the r s  a r e  added. 

Actuator requirements on a given module m y  depend on the  number and 

s i z e  of o ther  modules, as wel l  a s  l o c a l  weight and weight d i s t r i bu t ion .  

The cont ro l  of a 8. .&n m d u l e  must adapt t o  disturbances propagated 

from other  modulee. A s  modules a r e  added, new s t r u c t u r a l  modes a r e  

added and o thers  sh i f t ed .  Fixed sensor and ac tua tor  loca t ions  on a 

given module ma9 not be optimum for a l l  configurations.  

Even i f  t he  configurat ion of t h e  Space Construction Base were 

constant ,  t he re  would st i l l  be  spec i a l  cont ro l  problems, Strong in t e r -  

ac t ion  among t h e  modules may lead t o  a need f o r  some degree of decoupling. 

Since a complex con t ro l  system can b e  highly suscept ib le  t o  component 

f a i l u r e s ,  t h e  system i n t e g r i t y  must allow s a t i s f a c t o r y  performance of 

many funct ions in e p i t e  of some loop f a i l u r e s .  Control system computa- 

t i ona l  requirements must a l s o  be considered. There a r e  r e s t r i c t i o n s  

on loca t ing  ac tua tors .  For example, t h e  small s o l a r  panels w i l l  M- 

l i k e l y  support t h e  mass of cont ro l  moment gyros (CMCs). 

Table 5-1 is a sunmary of wme cont ro l  system design considerat ions 

fo r  t h e  Space Constructlon Ease. 

5.6 APPENDAGE AND MODULE STAB IL I Z ING CONTROLS 

The cont ro ls  m d e r  diecussion i n  t h i s  sec t ion  include coupling 

con t ro l s ,  ohape cont ro l  and a r t i f i c i a l  damping. They se rve  t o  s t ab i -  

l i z e  t he  Space Construction Baee by con t ro l l i ng  e i t h e r  module inter- 

ac t ions  o r  individual  w d u l e s  d i r e c t l y .  



Potent ia l  actuator8 h c l u d e  ro tary  torquere, control  zament glrros 

(CXGs), and motor driven cable vinches. The ro tary  torquers vould be  

placed a t  the  joint6 betveen modules and used primarily f o r  coupling 

control.  Some rotary actuators  v i l l  be f r e e  t o  r o t a t e  t o  l a rge  angles - 
e .g . ,  a s o l a r  wing must ro ta te  t o  maintain pointing toward the  sun. 

CMGs may be used for  any of the  above functions but must be  eupplemented 

v i t h  other  actuators  f o r  momentum desaturation. Cable winches may be 

used i n  coupling o r  shape control i f  the  dynamic response requirements 

a r e  minimal. For example, such a s i tua t ion  would exist i f  there is  a 
large constant torque required t o  maintain a desired shape ( t o  overcome 

a spring restoring torque). . 

Coupling control  may accomplish e i the r  decoupling o r  s t i f f en ing  a t  the 

points betveen modules and between module and appendages. Both charac- 

t e r i s t i c s  may be obtained through control  mode ewitching. Decoupling 

control  would be applied when i t  is desired t o  minimize the  t ransfer  of 

disturbances. On the other hand, a r t i f i c i a l  s t i f f e n i n g  may be  applied 

during manewere so t ha t  the  s t ruc ture  v i l l  r o t a t e  a s  a whole. 

Pigure5-2 i l l u s t r a t e s  how 4 ro tary  actuator  may be interfaced t o  

an appendage hinge jo in t  v i t h  the  main body. Double Gimbaled Control 

Moment Gyros (DGCMGs) a r e  assumed t o  be cont ro l l ing  the  m i n  body. As 

shwn,  the  rotary actuator  vill apply a torque t o  both the  mein body and 

appendage. The react ion torque on the  main body may be  cancelled v i t h  

a command t o  the  DCCMGs. Alternately, the  a t t i t u d e  control  on the  main 

body could be allowed t o  make the  necessary corrections. 

. . - - .  
Decoupling control  i r  c h o n  i n  Figure5-3. The main body and 

appendage each has i ts wn control  loop ( d a  KB1 and Ke2) for  s t a b i l i z a -  

tion. The decoupling nerves t o  cancel o r  p a r t i a l l y  cancel the  coupling 

terms shown in Figure 5-2. The axtent of decoupling is governed by the  

pin fac tors ,  Kc, and Kc* (0 (o' 1). 
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A r t i f i c i a l  r t i f f e n i n g  cont ro l  is i l l u r t r a t e d  i n  Figure 5-4 In 

t h i s  care ,  t h e  appendage a t t i t u d e  comand is met t o  the main body angle.  

There is no decwpl ing  and the  cont ro l  parameters w i l l  generally hauz 

d i f f e r en t  values than v i t h  decoupling co. , rol .  The object ive is t o  

r l ave  the  appmdage angle t o  t h a t  of t h e  -in body. This vouid be 

desl rab le  during any rpeneuver . 
Both t h e  decoupling cont ro l  and a r t i f i c i a l  s t i f f e n i n g  inclrrde an 

appendage cont ro l  loop v i t h  the  pa rmte ra  K e p  and K i Z .  Th:s configura- 

t i on  has been found convenient f c r  the  study of decoupling and a r r i f i c f a l  

s t i f f e n i n g  cont ro ls ,  but it is  not necessar i ly  t he  bes t  f o r  the damping 

of s t r u c t u r a l  mdes.  Therefore, a l t e r n a t e  configurations such a s  tha t  

of Figure 5-5 ohould be inves t iga ted ,  The concept shown includes a  band- 

pass f i l t e r  t o  i s o l a t e  the  mode being damped and has a  higher rain t o  

be responsive t o  the  cont ro l led  mde .  

The use of coupling cont ro l  w i l l  c e r t a in ly  be se l ec t ive .  That i s ,  

f o r  a  given appendage and a x l s  of ro t a t ion ,  the  coupling mag b6- l e r t  

uncontrolled. For exanple, t hc  couplings from the  mlar  vings to  the  

main body about t he  Z-axis (ving tors ion)  w i l l  probably be uncontrolled 

(Kcl  
- 0 i n  Figure5-3 . lhis is because a  motion of a  so l a r  ving about 

t h i s  ax i s  w i l l  have l i t t l e  e f f e c t  on t h e  m a h  body due t o  t he  l a rge  

d i f fe rence  i n  moments of i n e r t i a .  However, coupling from the  main body 

t o  each r o l a r  ving about t he  Z-axis w i l l  probably be cont ro l led  (KCZ > 0) 

s ince  any disturbance on the  main t d y  w i l l  o t h e w i s e  propagate t o  t he  

r o l a r  wing. 

5. ? ICLE CONTROL COORDINATOR 

Due t o  i ts  la rge  r i z e  and the  buildup procesr,  t h e  Space Conetruc- 

t ion  Base cont ro l  ryotem w i l l  r equi re  some meme t o  ad jus t  control  parame- 

t a r e  and s e l e c t  smeorc .  These fcnct ions a r e  achieved through t h e  Vehicle 

Control Coordinator v i t h  oome i n t e r ac t ion  with Ground Control. 
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TWO concepts for  msktng these adjustments a r e  discussed b r i e f l y  

fn t h i s  rection. These represent two extremes i n  the  l eve l  of complexity 

of the  spaceborne control  rystem. The ac tual  configuratlcm rap Lnclude 

features of each concept but v i l l  probably be c loser  t o  the  simpler 

approach of Figure 5-6. 

Figure 5-6 i l l u s t r a t e s  a concept with a nrk~imum leve l  of on-board 

capabil i ty.  A l l  of the  cen t ra l  parameter and sensor select ions a r e  

determined on the ground through the  mission support function. The ground 

simulation is updated based on performance data received from t h e  space- 

c r a f t  and is used fo r  determining des i rable  control parameters and sensor 

locations. The cent ra l  cca t ro l  uni t  functions primarily a s  memory so as 

t o  minimize radio cop~punication requirements. There Is some capabi l i ty  

f o r  manual intervention by space personnel. Those variables which have 

e r ro r s  characterized a s  s tochas t ic  a r e  estimated with a Kalman F i l t e r  o r  

Extended Kalman Pilter. Those which a r e  characterized a s  determinist ic  

a r e  computed with an Observer. 

Figure 5 - 7 s h m  a concept v i t h  extensive on-board capabil i ty.  

The control  parameter and sensor se lec t ions  a r e  determined primarily 

from on-board computations i n  t h e  Vehicle Control Coordinator. The 

ground simulation serves t o  in te rp re t  performance data  transmitted from 

t h e  spacecraft.  Ground Control provides overa l l  ins t ruc t ions  such a s  ma- 

neuvering and docking commands. Ground Control may a lso  provide a backup 

t o  space computations. The Control Configuration Controller,  I d e n t i f i e r ,  

on-board dynamic model simulation, and es t imatcrabserver  provide a d a p  

t i v e  control  capabil i ty.  The i d e n t i f i e r  compares the  ~ y s t e m  performance 

v i t h  the  dynamic m d e l  and ad jus t s  the  model accordingly. The compari- 

sons may be made wing test s ignal  inputs o r  b e  based on t h e  response 

t o  normal disturbances. 

5.8 PISTRDBUTION OF SENSORS AND ACTUATORS 

A bas ic  par t  of the  cont ro l  system design v i l l b e  the  re lec t ion  

of actuator and rensor types and locations. This w i l l  be  based par t ly  

on the determination of torque requirements f o r  countering d i s  tuibances 

much as gravity gradient and aerodynamic drag. 



Table 5-2 2 m t m  a m e  of the tradse u e o c b t a d  with aanror .ad 

actuator distribution. The arteat to  which performance much u mtability 

md pointing r c u t a c i r r  can be irproved over uacontrol ld  brhawlor l a  of 

fundamental Importance. Certain locations such 4s the mall solar v h g s  

u e  not fearible for  re la t ively  large and heavy actuators much 40 MCs 

and the acccmpanying momentun desaturation actuators. Structural  modal 

ohapes u8t be considered ro  a s  t o  avoid rtrong actuator interactions 

and large sensor errors. 

Table 5-2 - Considerations for  Sensor and Actuator Distribution 

Item Under 
Consideration 

1. Actuator Locations 

2. Sensor Locations 

Alternatives 
- 

Nodules on main 
body 

On appendages 
A t  appendage hinge 

joints  
A t  module intercon- 

nec t ims  

Modules on main 
body 

On appendages 

Cansiderations . 

Performance require- 
ments 

Ef f ectiveness i n  ob- 
taining desired 
rarent or force 

Size and weight 
Structure mdal  shapes 
Safety 
Access for  maintenance 
Pcrwer distr ibution 

requirements 
khentum desaturation 

requirements 

Size and weight 
Sensit ivity t o  desired 

meaaur-ts 
Structural  d a l  ahapes 
Power di.trlbution 

requirements 
Access for  maintenance 



5.9 MULTIVARIABLE DESIQJ ANALYSIS 

Although the  primary t o o l  f o r  ccmtrci lryetes dcai(a 18 computer 

r i m l a t i o n ,  there a r e  s a e  analyt ica l  approaches tha t  are useful i n  the  

design derivation. )bst of the  single-loop methods a r e  well  knuwn and 

do not require review here. 

Multivariable o r  u l t i p l e - l o o p  control ,  however, is an area  of 

continuous research - warranting =re discuesion. l b l t i v a r i a b l e  

analy t ica l  approaches include: 

l lu l t i level  Control - This is a viewpoint of systems a s  con- 

s i s t i n g  of layers  of decision levels .  An overa l l  system is 

divided (or decomposed) i n t o  a hierarchy of goal-seeking 

subsystems o r  decdsian problems. 

Linear Quadratic Regulator (LQR) - This approach, a l so  hovn 

as Linear Optimal control ,  views the  system a s  a whole with 

the  performance specif ied i n  terms of a s ing le  index. 

Xult ivariable Nyquist Array (MNA) - This is an extension of 

frequency response methods t o  mult ivariable control  systeme 

and includes the  concept of p a r t i a l  decoupling. 

Characteris t ic  Loci - This is another extension of frequency 

response methods t o  mult ivariable control  systems. It is 

analogous t o  the  root  locus technique and does not require 

p a r t i a l  decoupling a s  a separate step. 

Other Algebraic Techniquee - Polelzero placement and matrix 

t r ans fe r  functions may be  analyzed from a va r i e ty  of a l t e r n a t e  

vievpointr h i c h  have appeared recently i n  the l i t e r a t u r e .  

Figure 5-8 s h w s  a typica l  applicat ion of linear optimal control .  

The design procedure i r  conceptually rtraightforward using avai lable  

computer program. The w i n  matrix b of ten  taken a s  a r teady-rtate  

constant matrix, but  It ulrt be changed as modulu a r e  a d d d  t o  rpace 
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base. An e a t i m t i o n  is required i f  the measurement noiee and disturbances 

are modeled as random processes. An obrewer i r  applicable t o  determinis- 

t ic  systems which have some s t a t e s  tha t  cannot be measured d i rec t ly ,  

In pract ice,  the  design procedure i s  i t e ra t ive .  P i ra t ,  the  choice 

of an approximate l i n e a r  model must be made. Second, a performance Index 

with desired veighting fac to r s  on each s t a t e  and control  variable must be 

selected. For s tochas t ic  representations, the  s t a t i s t i c s  must be deter- 

mined, although they a r e  generally unknown, M t e r  a deeign has been 

computed, the  r e m l t  should be evaluated on a more exact, possible non- 

l inea r  simulation. Since tha t  r e s u l t  is  unlikely t o  s a t i s f y  the  designer, 

the procedure m e t  be repeated with d i f fe ren t  performance weighting or  

a d i f f e ren t  linear model. 

Figure 5-9 shows a d i g i t a l  control  representation of the overa l l  

space construction base control system - l inearized about some reference 

condition. The control parameters f o r  the "dig i ta l  control ler"  may be 

derived using the  LQR method. The f i r s t  s t e p  would be  t o  derive a con- 

tinuous model fo r  each configuration of the  control  ac tuators  (e.g., 

CMG servo loops),  the  overa l l  ,pace base dynamics, and the  sensors. 

Each model must be l inear ized  and simplified fo r  representation of per- 

turbations about rome reference point. Each model w i l l  have a separate 

ret of control  parameters, i .e. ,  an LQR design. 

Each continuous model mst be converted t o  a d i sc re te  m d e l .  This 

MY be accomplished once a sample r a t e  has been selected. The s t a t e  

t r ans i t ion  aretrix is obtained by swmning matrices obtained from a trun- 

satad exponential s e r i e s  expansion (of eAT where A * continuous p l a t  

u t r i x  and T - sample period). For disturbances and noise, the  c o v u i -  

m c e  mntrices a r e  converted by dividing by the  rample period. 

The object ive of the  control system design i s  t o  minimize a per- 

formance cr i te r ion:  



where 

X ( i )  - colupm s t a t e  vector a t  i'ttr sample time (n compunentr) 

u ( i  - 1) - colunm control  vector at (i - 1)st sample time 

( r  components) 

F(i) - n x n symmetric posi t ive semi-definite matrix (plant 

s t a t e  variable weightings) 

G(i) - r x r symmetric posi t ive semi-definite matrix !co-trol 

variable weightings) 

E(Y) = expected value of Y 

I n  order t o  solve the  optimal control  problem, it is f i r s t  necessary t o  

se lec t  the performance weighting matrices, F and G. A convenient vay 

fo r  doing t h i s  is  t o  s t a r t  with the iden t i ty  matrices of s t a t e  and con- 

t r o l  orders. Each diagonal element i s  normalized by dividing each by 

the  square of the  maxirmrm expected value of the corresponding s t a t e ,  

e r ro r ,  or  control variable.  These veighting matrices a r e  normally 

diagonal matrices s ince any off -diagonal term would lack physical 

meaning. The normalized veighting matrix f o r  the  s t a t e  variables is 

multiplied by one constant and the  weighting matrix fo r  the  control  is 

multiplied by another constant. The r a t i o  of these constants then 

determines the  r a t i o  of control a c t i v i t y  t o  s t a t e  variable variat ion.  

Once the  solut ion is obtained f o r  several s e t s  of performance 

index parameters, it i s  necessary t o  t e s t  the  resul t ing  system design 

i n  a nonlinear elmulation. The perfonnance of the  simulated system 

is compared a s  the  performance index parameters a r e  varied. Thus the  

optimal control approach reduces the  problem from t r i a l  and e r r o r  vari-  

a t ion  of control paramaters t o  var ia t ion  of tbe  r a t i o  between control  

and s t a t e  var iable  veighting. The l i n e a r  model diPPensi0o.s m y  a l so  be 

varied fo r  evaluation through simulation. 



The H u l t i v a r i ~ b l e  Nyquist Array (MIA) method reoul t r  i n  a r y r t m  

ouch as rhown i n  Pigure 5-10. The control  would rerve t o  provide ru f f i -  

cisnt decoupling between rodulm t o  provide a given r t a b i l i t y  margin. 

This function i r  labeled "par t ia l  decoupling" and i r  derived t o  achieve 

a property cal led diagonal dominance. h e  actuator  comnrands in to  the  

%pace Base dynamics" may each influeace the  orientri:ion of # r e  than 

one module. On the  other hand, the vector components i n t o  the  "Part ial  

Decoupling" each has primary influence on a single wdule .  Tbr,  once 

p a r t i a l  decoupl %ng is inserted,  the  "Individual Loop Con t ro l l e r s"  may 

be each designed separately a s  independent control loops. This could 

be applicable t o  the  analys is  of s t ab i l i z ing  control f o r  the  Space 

Construction Base. 

Thus, i n  the MNA analysis,  the  select ion of control  parameters 

is divided i n t o  two problems (see Figure 5-11). The f i r s t  is the  par- 

t ial  decoupling of othervise s trongly in terac t ing  loops. This is 

accomplished through the proper se lec t ion  05 t he  parameters, L 
i j  

Once 

t h i s  is  accomplished, each loop is analyzed individually t o  r e l e c t  the  

parameters, 

The control lnpute t o  the  plant ,  5 and u each a f f e c t  both 2 ' 
outputs, 0 and e2. P a r t i a l  decoupling through the  proper r e l e c t i m  

1 
of Ell, Rl2, e2,, mad L22, weaken the  l inks  between u' and O2 and 1 
u; and el. That I s ,  u i  m i n l y  a f f e c t s  el a d  u; mainly affect. 02. 

The extent  of decoupling defined i n  Figure 5-11 for  t h e  2-loop c m e ,  

i e  based on a theorem by Gtrshgorin. 





Figure 5-11 - Separation of Decoupling Operation 
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SECTION 6 

6.0 DIGITAt SIMULATION 

7.v modeling approaches have been adopted f o r  t h i s  s tudy .  A s imple  

one dimeasional  s imula t ion  i s  used f o r  p r e l i a i n a r y  des ign  development 

and i n i t i a l  p r e d i c t i o n  o f  performance. A more d e t a i l e d ,  t h r e e  dimensional  

n-body s imula t ion  h a s  a l s o  been developed f o r  f u t h e r  eva lua t ion  of ex- 

pec t eC perf  o m m c e  . selected ~ituations haw been sinulated cm both 
pmgmm and cmpamd. 

The purpose of t h i s  s e c t i o n  is t o  d e s c r i b e  t h e  one dimensional  model 

. and some preliu. inary r e s u l t s  f r o e  i t s  a p p l i c a t i o n .  

6.1 DESRIFTION OF ONE-DIMENSIONAL KOEK! 

The n-body, one dimensional  systcrr i s  i l l u s t r a t e d  i n  Figure  6-1. 

I t  c o n s i s t s  of masses (J , J2 ,  . .. JR) connected by mass less  rods  having 

s p r i n g  c o n s t a n t s  (K1, K2.  ... Kn-l) and viscous  damping (a l ,  a2. ... a n- 1 1. 
Torquer a r e  app l i ed  t o  t h e  m ~ s r e s  T T2, ... T ) .  which a r e  each a sun  n 
of d i s t u r b a n c e  and c o n t r o l  to rques .  Th i s  model u y  be  e a s i l y  adapted t o  

represen t  a s  many masses a s  d e s i r e d .  

Figure 6-1 N Body, One Dimensional Hodel 



The equations of wtim are: 

For t h i s  s tudy,  J three body one dimensional model VJS e x t e n s i v c l s  

used. Yi th n = 3 i n  equrt ions  (3-1) : 



A corresponding s t a t e  variable  reprcsentrtion is: 

I ,  
i . 
I.. i 

In vector fonr, equations (3-3) may be expressed: 



and 
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Pipre  6-2 - Three Body, One Dimensional Model 



where 

lid = disturbance torque 

Tic = cont ro l  torque 

di 
= r a t e  feeaback gain 

k = pos i t ion  feedback gain 
ij 

Depending on the  cont ro l  gains(k 
i j '  

control  loop configurat ions may be rea l ized .  

s e l ec t ed ,  a var iety of 

Figure 6-3 i l l u s t r a t e s  the  v ibra t iona l  modes of t he  three dimen- 

s iona l  model. Dynamic ro t a t ion  about each of the three  axes may be 

s t d i e d  ind iv idua l ly ,  using the  one dimensional model. The two modGl 

frequencies associated with each a x i s  were chosen t o  be representa t ive  

of dynat ics  of Configuration I of the  Space Construction Base. 

In order  t o  r e l a t e  the three  dimensional model parameters t o  t h e  

one dimensional model, i t  i s  necessary t o  compute the  e f f e c t i v e  moment 

of i n e r t i a  of each body or appendage. These i n e r t i a s  a r e  zeferred t o  

the  actuat ion point .  The spring and damping constants  were ca lcu la ted  

by deri-zing expressions i o r  the eigenva2ues of [a  ] of the one dimen- 
i J  

s iona l  model, and equating these t o  the desired values.  

One dimensional aodel parameters used t o  represent  Configuration I 

a r e  summarized i n  Table 6-1. 

A f i ve  body, one dimensional model has a l s o  been developed fo r  

t h i s  study. Figure 6-4 shows various appl ica t ions  of t he  one dimen- 

s iona l  m d e l .  The th ree  body one dimensional model has been used t o  

represent  each ax i s  of t h e  main body and one a o l a r  wing of Configura- 

t i o n  I. The ving is  divided i n t o  two bodies t o  represent  NO modal 

frequencies ( 6 - W .  Four modal frequencies of t h e  s o l a r  ving my be 

represented by using the  f i v e  body version of t he  one dimensionrl model 

(6-4b)- ~ l c o ,  t h e  f i v e  body model may be used t o  represent  t h e  =in 

body with both s o l a r  v i n p  present  ( 6 - 4 ~ ) .  





TORSIONAL MODEL 

&IS BODY 

III 
!1 

Figure 6-4 - Applications of the One Dimensional k d e l  
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These one diwnsional  models my a l so  be used t o  represent the 

large so:ar panels of  Configurations X,  XI, and XI1 o f  the Space Construc- 

tion Base. In t h i s  case,  me or both of the so lar  panels u y  be repre- 
omted.  with the remainder of the structure lumped into the 'main body. ' 



6.2 SOLAR WING DMXXIPLING OOMIMt SNIDY USING THE CXSDIMENSION& MIEL 

During periods when the Space Construction Base (SCB) i s  beins 

he ld  at constant a t t i t ude ,  the dccoupling cont ro l  decreases the  propa- 

ga t ion  of disturbances between t h t  so la r  wings and main body. The t h r t t  

body one dimensional model has been used fo r  t h i s  po r t i on  o f  the  study. 

F i  gure 6-5 i 11 ust rates t h e  decoupl i nr) cont ro l  concept. Momentum ex- 

change devices i n  the main body o f  the SCB are represented by torque 

Tcl. Torque motors located a t  the hinge po in t  between the main body and 

solar  wins are represented by torque Tt2. Actuators cannot be placed on 

the outer sect ion o f  the so la r  wing ;represented by mass J 3 ) ,  hence 

Tc3 = 0, and has been omitted from the  i l l u s t r a t i o n .  A constant a t t i -  

tude i s  held when slc and @2C are constant. Y i t h  KC1 = Kc* = 1.0, 

conplete decoupling of the bodies occurs; however, due t o  imperfect 

sensors and actuators, t h i s  may not be possible t o  do i n  pract ice.  

The r a t e  and p o s i t i o n  feedback gains (Kil, Ki2, Kel, Ks2) were 

ca lcu la ted  assuming tha t  the  cont ro l  l ed  body i s  completely decoupled 

from the  r e s t  of the st ructure,  A cont ro l  loop bandwidth o f  0.3 
rad ians js  and a damping of 0.7 were chosen f o r  t h i s  control .  Thc gains 

were calculated f rorn: 

The r e s u l t i n g  gains f o r  t h e  to rs iona l ,  normsl, and l a t e r a l  8x1s con t ro l s  

are s m a r i z e d  i n  Table 6-2. 
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m 
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TABLE 6-2 DECOUPLING CONTROL GAINS 

For comparison purposes, a pcrfonnance indcx has been defined f o r  

each angle of  the one dimensional model. 

where 

K i z  

318.045 

7476.0 

7812.0 

( P I ) J  = performance index f o r  the j ' t h  angle 

e 8 value o f  the j ' t h  angle, i n  radians 
j 

T 8 duration of  computer run, i n  seconds 

' io  8 i n i t i a l  condi t ion o f  a selected angle, i n  radirns 

6 

For t h i s  p r r t  of the study, perfect rc tuators  m d  sensors are as- 

sumed. I n  further work, r e a l i s t i c  models for  there w i l l  be incorporated 

i n t o  the simulation. Disturbances are xpresented by bn i n i t i a l  condi- 

t i o n  on one of  the u r t e s  (aio i n  tquatca% 6-5) f o r  t h t  drcoupling 

Study. 

K e ~  

86449.5 

2794.05 

86449.5 

AXIS . 
TORSIONAL 

NORMAL 

LATERAL 
L I 

Ki~ 

403431. 

13038.9 

40343 1. 
- - - - - - 

Ke2 

68.152. 

1602.0 

1674.0 
- 



RUN TI=, T = 100 SECONDS 

~ i g u r e  6-6 - hcoupl in8 Performance, 'forrionrl k i s  of 
Solar Wing 





RUN TIME, T = 100 SECONDS 

el(o) - 0.01 RAOIANS 

REPRC2UCIBILm OF THE 
9RIGfiAL PAGE IS POOR 

e2(0) = 0.01 RADIANS 

Figure 6-8 - Decoupling Performance, Lateral Axis  
of Solar Wing 



I n  t he  case of the  to rs iona l  axis. J1>>J2 and J1>)JjB so t h a t  

movements of J2 have l i t t l e  e f fec t  on ,I1. For t h i s  reason, i t  was de- 

c ided t h a t  J1 not be decoupled from J2 ( K ~ ~  = 0). Decoupl i n 9  o f  d i s t u r -  

bances propagating from J1 t o  J2 i s  provided fo r ,  the w u n t  o f  decoup- 

l i n g  determined by gain KCZ. A ser ies of computer simulat ions were 

done, vary ing KC2 from 0 t o  2.0, the  r e s u l t s  o f  which are shown i n  

F igure 6 4 .  

Prrfonnance indices P I 2  and P I j  take on t h e i r  largest  value when 

KC2 = 0. This i s  t he  crse where no decoupling torque i n  appl ied and t h e  

greatest disturbance t rans fe r  occurs. 

The ind ices  increase l i n e a r l y  w i t h  Kt2. This ronge o f  gains 

represents the  case where too much decoupling torque i s  provided. The 

indices decrease 1 i nea r l y  u n t i l  KC. = 1.0. where P I 2  = P I j  = 0, 

corresponding t o  complete decoupling. As KC2 i s  increased from 1.0 t o  

2.0, the  indices increase l i n e a r l y  w i t h  KC?. Thi i range of gains 

represents the case where too much decoupling torque i: provided. 

A s i m i l a r  cont ro l  was appl ied  t o  the  normal axis. Due t o  the  fac t  

t h a t  J1, J2, and J 3  are of cmparable size. there i s  a s t rong coup1 i n g  

o f  disturbances between them. Therefore, i t  was decided t o  decouple J2 

from J1 as we l l  as t o  decouple Jl from J2. A ser ies o f  con~puter simu- 

l a t i o n s  were done. vary ing KC1 and KC2 over a range of 0 t o  1.0. Tht 

r e s u l t s  are shown i n  F igure 6-7. Good performance i s  achieved f o r  gains 

from 0.5 t o  i.0, i n d i c a t i n g  t h a t  complete decoupling i s  not necessary 

f o r  t h i s  axis. 

I n  the l a t e r a l  axis,  masses JIB ,IZ, and J3 are again o f  cunparable 

size. J3 being the largest.  This presents a p a r t i c u l a r l y  d i f f i c u l t  

con t ro l  problem, since J3 cannot be contro l led.  Simulat ion o f  t he  J1 
and J2 con t ro l s  f o r  t he  l a t e r a l  a x i s  were done, again vary ing Kcl and 

KtZ over r range o f  0 t o  1.0, t he  r e s u l t s  o f  which are shown i n  

F igure 6-8. Var iat ions i n  these con t ro l  gains have 1 i t t l e  e f f e c t  on Pll 

and P I t .  lndex PI3 shows on ly  s l i g h t  changes up t o  the  po in t  where 

KC? 1.0. where it sharply increases. It i s  not  understood a t  t h i  s 

t ime why t h i s  i s  so. The e f f e c t  of the  ou ter  con t ro l  loops ( r a t e  8 

p o s i t i o n  feedback) on t h e  decobpl i n g  cont ro l  has no t  been determined as 

yet, and t h i s  may exp la in  t h i s  r e s u l t .  This  work w i l l  be done t n  the 

future. 

6-18 



6.3 SNDIES WITH 3-DIMENSIONAL M3DELS 

A simulation is i n  t h e  development process fo r  represent ing each 

configurat ion of  t h e  Space Construction Base (Figure 6-91. It has been 

organized t o  l i m i t  the  maximum number of r i g i d  bodies t o  20. Except 

f o r  t h e  Research P a l l e t ,  t h e  bodies a r e  assumed t o  be connected by hinges. 

Each hinge 5as  t h ree  dimensional freedom i n  angular ro t a t ion .  The Research 

P a l l e t  has  t he  added f ea tu re  of being f r e e  t o  t r a n s l a t e  independently i n  

three  d i rec t ions .  

The d i g i t a l  computer simulation has been developed f o r  configura- 

t i on  I and i t  is i n  process of f i n a l  ve r f i c i a t i on .  Each hinge point has 

been t e s t ed  separa te ly  i n  t he  tors iona l ,  l a t e r a l  and normal v ib ra t iona l  

modes. Applying appropriate  i n i t i a l  condi t ions allowed one t o  neglect  

t he  e f f e c t  of  a l l  bodies except t he  two on e i t h e r  s i d e  of any hinge. The 

r e l a t i v e  i n e r t i a s  of  t he  two remianing bodies were forced t o  d i f f e r  by 

seve ra l  orders  of magnitude s o  t h a t  one body could be deflected and allowed 

t o  o s c i l l a t e  about the o ther .  Table 6-3 shows se lec ted  ana ly t i ca l  r e s u l t s  

from one such o s c i l l a t i o n  along wi th  the  corresponding simulation r e s u l t s  

fo r  a t yp ica l  hinge check. 

Since there  e x i s t s  a d i r e c t  re la t ionship  betwecw the  one dimensional 

and three  dimensional models i n  t he  tors iona l  mode, comparisons were a l s o  

made t o  check higher order o s c i l l a t i o n s  i n  the  l a t t e r  model. A t yp ica l  

comparison is shown i n  Table 6 4 .  
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Table 6-3 - Typical Hinge Point Check 
-- 

Time 
(Seconds) 

0.00 

0.15 

0.30 

0.45 

0.60 

0.75 

0.90 

1.05 

1.20 

1.35 

1.50 

1.65 

1.80 

1.95 

2.10 

Analytical Solution 
(Radians) 

0.0100000 

0.0051247 

-0 .OO3942O 

-0 .OO79993 

-0.0038890 

0.0033448 

3 .OO63922 

O.OO294OO 

-0.0028254 

-0.0051025 

-0.0022131 

0.0023772 

0.0040688 

0.0016578 

-0.0019929 

- -  - 

Simulation Result 
(Radians) 

0.0100000 

0.0051246 

-0 .OO3942O 

-0.0079993 

-0.0038890 

0.0033449 

0 .OO6392l 

0.0029399 

-0 .OO28255 

-0.0051025 

-0 .OO22l29 

0 .OO23773 

0.0040688 

0 .OOl6577 

-0.0019930 





SECTION 7 

7 . 0  APPLICATION OF MULTILEVEL CONTROL TECHNIQUES TO SPACE 

CONSTRUCTION BASE 

7.1 INTRODUCTION 

This section begins with a presentation of a state variable 

form of the sixty-six degree of freedom mathematical model, 

comprised of discrete rigid bcdies, of the Space Construction 

Base described by Cornell (7-1)* of Bendix Research Lab- 

oratories in his memorandum of December 14, 1977. This state 

variable model was decomposed into a set of decoupled first 

order scalar differential equations to render it more 

amenable to the application oP hierarchical sultilevel control 

techniques. 

In a prior memorandum by Chichester (7-2) of Bendix Guidance 

Systems Division, multilevel techniques were demonstrated by 

applying them to the optimal control of a single axis torsional 

model to which control had been applied previously by Porcelli 

(7-3) using another method. The overall multilevel approach 

was described in terms of the following sequence of steps. 

1. Express mathematical model of plant, (system to be 

controlled), in state variable form. 

2. Decompose mathematical model of plant into set of 

decoupled equations. 

3. Construct performance index. 

4. Form Hamiltonian. 

5 .  Develop costate equations with associated coordination 

equations. 

6. Develop control algorithm. 

7. Construct subproblem hierarchy. 

8. Discretize equations of each subproblem in the 

hierarchy. 

* These numbers refer to references listed at the end of 

Section 7. 



This section summarizes the application of the first 

seven steps of this sequence, and an additional step, to the 

twelve configurations of the mathematical model of the Space 

Constructio~ Base documented in the memorandum by Cornell 

7-1). The additional step cited here is the incorporation 

of special necessary conditions for optimality in the costate 

and control equations due to the non-separability of the 

performance index required for multilevel local vertical 

attitude control of the Space Construction Base. 

, . 
GENERAL DECOMPOPED MODEL 

background 

Figure 1 and Tables 7-1 and 7-2 are reproduced from cornellib 

memorandum (7-1). Figure 7-1 presents a topological tree that 

shows how the rigid bodies comprising the mathematical model 

are connected. A single line represents a three degree of 
freedom spring hinge suspension while a double line rep- 

resents a six degree of freedom suspension. Table 7-1 lists 

the number of rigid bodies associated with each configuration 

of the model. Table 7-2 1is:s the numbers of degrees of 

freedom associated with each of the twelve configurations. 

As indicated by Figure 7-2, the equations comprising the 

overall control problem in state variable form may be assembled 

into t*o related subproblem hierarchies, the translational 

hierarchy and the rotational hierarchy, 

TABLE 7-1 

CONFIGURATION NUMBER OF RIGID BODIES 

5 
6 
? 
8 
8 
8 
8 
10 
10 
19 
20 
2 0 





TABLE 7-2 - Degrees of Freedom 

I Degrees of Freedom 
Configuration Translational I Rot at ional Total -. 

18 
21 
2 4 
3 0 
30 
30 
30 
36 
36 
63 
66 
66 

7.2.2 Decomposed Translational State Equations 

The decomposed translational equations for configurations 1 

through 12 may be written in the form of equations (1) 

through (12) with the aid of equations (13) through (43). It 

should be noted that the state variables, Rix, 5" and Rlz, are 
scalar components along the Space Base axes of the translational 

displacement vector of the ith rigid body of the body acd the 

state variables VTix , V ~ i y  and '~iz are the corresponding 

scaler components of the translational velocity vector where, in 

this instance, i = 1,8. 

I Tra~slational I 
W 

I Rotational. 

Figure 7-2. Overall Control Problem Structure 

I Subproblem 

I Hierarchy 

-- 

w = (wl, w2, ---- ~ 2 0 ) ~  

4 Subproblem 

Hierarchy 



Decomposed Translational State Equations 

Scalar State Equations 

b n 

Rlx = 'Tlx 

where : 



The upper limit of the summitions in equations (13) through 

(I?), n, varies between 5 and 20 according to the specific 

configuration of the space base being modeled as shown in 

Table 7-1. It also may be seen in Table 7-1, that for 

configurations 1, 2 and 3, the translational equations of 

rigid body 8 are omitted. 

The following coordination equations are defined for each of 

the decomposed translational state equations. 



where : 

- S 1 
S18 - (S18x, S18z) is the vecter representing the 
suspension force exerted on body 1 by body 8. 

L = (Lx L LZ) is the aggregation of tcrms linear in ii , Y ,  
resulting from the summation of the translational equstions 

of all of the rigid bodies of the model except body 8. 

N NZ are components of terms along the space base axes 
Nx. Y. 
each of which is quadratic in wix w and wiZ. 

* iy 

where : 

1 1 w = (*ix* iy* iz 



where : 

where : 

- - 
0 

I 

a ~ y i x x  ' 'a~yixy 

*afy ixy 0 laTyiye (41 

I 



The subproblem hierarchy corresponding to the decomposed 

t?anslationa: state equations, (1) through (12),and the 

translational state coordination equatians,(l9) through 

(29) is shown in Figures 7-3 and 7-4. It should be noted that 

this subproblem hierarchy corresponds to the decomposed 

model without the application of control. 

I Trans1 ational I 
1 Coordination Equatiorq A 

Subpl obl em Subproblem 

Hierarchy Hj erarchy 

Figure 7-3. Translational Su5problem Hierarchy 

Without Control 



Body i Coordination Equations 

'ix,, 

Rix 

State 

I Ec,' n 

'ix, 
I 1 

'~ix 

St ate 

Eq 'n 

h 

'ig 

Ri v 
State 

Eq'n 

I ' 

V ~ i y .  

1 

v ~ i y  

St ate 

Eqln 

I 

Riz 

h 

'i z 

I 1 

Riz 

State 

, Eq'n 

Figure 7-4. Body i Translational 

SubprobZem Hierarchy for i=1,8 

7.2.3 Decomposed Rotational State Equations 

- -  I 
'~iz 

'iz 

'~i z 

State 

Eq'n 

The decomposed rotational state equations for configurations 

(1) through (12) may be written in the form of equations ( 4 4 )  

through (4e )  with the aid of rotational state coordination 

equations (50) through (55) and equations (55)  through ( 6 e ) .  

Here it should be noted that the state variables qi B i  and 
* 

qi are the Euler angles of the ith rigid body with respect 
to the space Lase coordinate axes and the state variables 
W .  w and uie are the scaler components with respect to 
1 ~ )  iy, 

the space base axes of the angular rates of the ith rigid 

body where i~: this instance i-1,2,--- ,n, the value of n 
depending upon the particular configuration being modeled 

as shown in Table 7-1. ' 





The subproblem hierarchy corresponding to the decomposed 

rotational state equations, (44) through (49) and the 

rotational state coordination equations, (50) through (66) 

is shown in Figures 7-5 and 7-6. As was the case with the 

subproblem hierarchies in Figures 7-3 and 7-4 for the 

translational equation,these hierarchies also correspond 

to the uncontrolled case. 

Inspection of the state equations (45), (47) and (49) reveals 

that they are quadratic in the state variables uix. iv and 

Oiz. Since the traditional development of multilevel control 

techniques has been concentrated on the control of linear 

systems, this form of the state equatiorsposes a special 

problem in such application. Pontryagin's maximum principle, 

upon which multilevel optimization is baced, does not 

preclude the control of nonlinear systems and some recent 

papers by Hassan and Singh (7-4), ( '7-5) ,  (7-6) and (7-7) describe 

some potentially useful approaches for effecting such control 

by multilevel techniques. 



ROTATIONAL 

COORDINATION EQUATIONS 

-- - 

Body i 

Subproblem 

Hierarchy 

. .. 

Figure 7-5. Rotational Subproblem Hierarchy Without Control 
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Figure 7-6. 
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7 . 3  CONSTRUCTION OF PERFORMANCE INDEX 

General Discussion 

After the state equations for the uncontrolled system 

(plant) have been decomposed, i.e., decoupled, the next 

step in the application of hierarchical multilevel optimal 

control is the formulation of a performance index functional 

that provides a measure of the departure of the system's 

ope~ation from the optimal condition. The most distinctive 

characteristic of a performance index utilized in the 

application of multilevel control techniques is that it 

must be either decomposed at the ontset in the same manner 

as the state equations of the plant or amenable to such 

decomposition. 

The specific form of the performance index and the variables 

utilized in it depend upon the type of control to be effected 

and the relative importance of such factors as the polarity 

of errors and minimization of the energy expended in effecting 

control in comparison with minimization of error. In the 

present section the formulation of a performance index for 

local vertical attitude stabilization involves only the 

rotational state variables c r  those rigid bodies of the 
mathematical model to which torque is applied. 

7.3.2 Performance Index for Local Vertical Attitude Stabilization 

Since the performance index of this section pertains only 

to attitude control, it is not a function of any of the 

transl~tional state variables. The following assumptions 

were utilized in constructing this performancz index. 

1) The differences (errors) between the actual and * * 
specified Euler angles of body 1, , * 
And , respecti7ely, are to be minimized. (The 

convention adopted hei, and later in this section is * 
that x is the specified or optimal value of x.) 



2) The differences between the actual and specified 

body rate components of body 1, w - wlx*, uly-oly* * IX 
and tolZ- wlz are also to be minimized. 

3) The Euler angle errors (8- Og* ,  B8- €I8* and q8- $8.' 
and bod: rate errors, w8,- ogx*, Wgy- W8y * and 
'8~-~8z *, are similarly to be minimized if body 8 is 
present in the configuration being controlled. 

4 )  T!le relative Euler angles and body rate components 

with respect to body 1 of the remaining bodies comprising 

the mathematical model are to be minimizec. 

5) Departures from specified or optimal values of the 

state variables are equally important for either 

polarit, of the same magnitude. 

6) Control is effected only by the application of torque 

to each of the rigid bodies of the model, 

7) Control actuator torque is applied to each solar wing 

otly at its interface with the rest of the space base. 

8) Control energy is proportional to the square of the 

torque applied to each rigid body of :he model. 

9) ',ach error term and each control energy term is 

multiplied by a canstant coefficient, Rip?, representing 

the rela'ive significance of that term in the performance 

index. 

10) The time interval over which tbstperformance index is 

to be optimized extends from to to tf 





(67) 
Cont Id. 

A similar performance index could be constructed for 

inertially refererced optimal attitude control. It would 

differ from that shown in equation (67) in that @ f = B f = O  and 

=w* = w ~ ~ = O .  Neither of these performance indexes is ~ f x  ly 
separable in t ~ ~ i s  form due to the generation of cross 

products of the state variables by the error terms. Hence, 

neither of them can be utilized directly in the application 

of multilevel control techniques. A paper by Singh and 

Hassan (7-7), however, presents an approach to multilevel 

optimization that utilizes non-separabls performance index 

or cost functions that are transformed to quasi-separable 

forms. The corresponding form of the local vertical attitude 

control performance index of equation (67) is presented in 

equations (68) through (118). 

The terms and coefficients introduced in equation (68) 

are defined in equations (69) through (118) 



For 1=2,3,9.10,12,13,20: 







(113) 

(114) 

(115) 

(116) 

(li l )  

(118)  



' 1  Li 7.4 
; i FORMATION OF THE HAMILTONIAN 

I 

3 \ f 7.4.1 General Discussion 
> 1 '-.- 

\ * In order to ucilize Portryagin's minimum principle in the 
% : .  , ' *  . 
~ $ 1 ;  application of optimal control to a plant, it is nec- , : 

' , ~ i  essary to construct the Hamiltonian of the plant from the 

plant's state equatiow. If the equations describing 

the plant are decomposed (decoupled), the Hamiltonian is 

cors;.;cted from the terms of the performance index, the 

right.-hand side of the state equation and the coordination 

equation associated with each of the subplants defined 

by the particul~r decomposition used. 

7.4 .2  Hamiltonian Corresponding To Local Vertical Stabilkation 

Control. 

* 2 +I kix(Taix-Illaix) +uiy(T aiy -T aig * )2 +uiZ(Taiz-T aiz * ) 2 

i=l 

CAi, 3'RiY+'i, 4 [2(aiy, iy, ip w iy ) c, , ;I  iy 

The subscript "0" denotes evaluation at a point of 

equilibrium. 



+( - I i )  22 ~ai~+'~i~(~eiy , 'iy , %iy )] 

+'i, 5'~iz'~i ,6 [a(aiz, iz, izWiz o w iz 



where Bi, and v ,j = 1,2, ..., 6 are Lagrange multipliers 
i,j , 

introduced to ensure satisfaction of the following conditions: 

=T.* 
Tiaz iaz 

2nd x i Y J  , j = 1,2, ..., 6 are the costate variables ! 

The decoupled rotational state equations, (44) through !49),  

may be obtained from the following necessary conditions for 

optimality applied to the Hamiltonian. 



The rotational state coordlnation equations, (50) through 

( 5 5 ) ,  may be derived from the application of the following 

necessary optimality conditions to the Hamiltonian. 

Development of Costate Equations 

The rotational costate equations, which are equal in number 

to the rotational state equations, may be obtained by 

application of the following necessary conditions for 

optimality 



From equations (70)  through (94) and (119) t h e  above l i s t e d  

ne-essary optimality conditions y ie ld  the  following: 

For i = 1,6 ,7 ,11:  

For i = 2 , 3 , 8 , 9 , 1 0 , 1 2 , 1 3 , 2 0 :  

For i = 1 , 6 , 7 , 1 1 :  

- 1 P (six, i x ,  iyw iy+'ix, i x ,  izw i z  o  i ,  2  

-(2aiy, i x ,  ixwix+aiy,  i x ,  iy'iy+aiy, i x ,  i z W i z ) o p i ,  4 

1 P - (2a iz ,  i x ,  i ~ ~ i x + ~ i z ,  i x ,  iyuiy+aiz ,  i x ,  i z w i z  o i . 6  



For i = 2,3,8,9,10,12,13,20 

1 P -(six, ix, iyUiyTx, ix, iz'iz 0 i,2 

P -(2aiy, ix, i~'ix+~iy, ix, iywiy+aiy? ix, izwiz o i,4 

F -(2aiz, ix, i ~ ~ix+~iz, ix, iyWig+aiz, ix, iz'iz o i , 6  

For i = 2,3,8,9,10,12,13,20 

For i = 1,6,7,11 : 

For i = 1,6,7,11: 

A1.4- -2wi', 5uiy-2(aiy, iy, iYWiY)OAi,4 

> P -(ajx, ir, iywix+2aix, iy, iyWiy+ai~, ig, izWiz o i ,2 

1 P - pi, 3-(aiy, ix, iyWiX+aiy, iy, izoiz 0 i, 4 
-, 



ix, iyWi~+2aiz, iy, iyWiy+aiz, iy, izWiz)opi,6 (151) 

For i = 2,3,8,9,10,12,13,20: 

'i ,4= -2Wi, 5Wiy-2(aiy, iy, iywiY)oAi,4 

-(ai~, ix, iyWix+2aix, iy, iyoiy+aix, iy, izWiz)cpi, 2 

-Pi, 3-(aiy, ix, iyuix+aiy, iy, izuiz)opi , 4  

> P ix, iyui~+2aiz, iy, iYWiY+ai~, iy, i z W i  o i ,6 (152) 

For i = 1,6,7,11: 

For i = 2,3,8,9,10,12,13,20 





The rotational costate coordination equations, which 
are equal i n  number to t h e  rotational state coordination 
equations, may be derived from the following necessary 
optirnality conditions 

# =  Rix o 

#'O Riz 

- 
P i ,  3 - 'i,3 

- 
P i ,  4 - ' i , 4  

. . I 

r. tar 
- C 



DEVELOPMENT OF CONTROL ALGORITHM 

The optimal control equations resulting from a gra2ient 

approach to the local vertical attitude stabilization 

control problem yields the following equations: 

where r is the iteration index and qi,, qiy aud qi, are 

constants to be chosen on the basis of the rate of 

apyrcwch of the control system to ortimal operation. 



ADDITIONAL NECESSARY OPTIMALITY CONDITIONS 



From % 
For i = 1 , 8  

For i=2,3,6,7,9,10,11,12,13,20 

From aH - - 

For i=1,8 

For i==2,3.6,7,9,10,11,12,13,20 



a H  From - = 0 :  a e; 

For i=1,8 

For !=2,3,6,7,9 

a H  From - = 0:  
aw* 

i Y 

For i=1,8 

For i=2,3J6,7,9,10,11,12,13,20 

3H From - = w; 0 

For i=1,8 



For i=2,3,6,7,9,10,11,12,13,20 

a H From -- = 0 
awLtz 

For i=1 ,8  

For i=2,3,6,7,9,10,11,12,13,20 

3H From - E 0 : 
aTfiix 

aH From - -. 0: ": iy 



7.8 CONSTRUCTION OF SUBPROBLEM HIERARCHIES 

I n  o r d e r  t o  e f f e c t  o p t i m a l  c o n t r o l  u s i n g  m u l t i l e v e l  

h i e r a r c h i c a l  t e c h n i q u e s  s e l e c t e d  s u b s e t s  of t h e  e q u a t i o n s  

p r e s e n t e d  t h u s  f a r  are assembled i n t o  subproblems which,  

i n  t u r n ,  a r e  assembled i n t o  a  h i e r a r c h i c a l  c o n f i g u r a t i o n  

s i m i l a r  i n  form t o  t h a t  d e p i c t e d  i n  F i g u r e  7-5. The 

sc'3problem h i e r a r c h y  co r r e spond ing  t o  o p t i m a l  c o n t r o l  of  

t h e  sys tem i n c o r p o r a t e s  two a d d i t i o n a l  c l a s s e s  of  sub- 

problems t o  b e  s o l v e d  on t h e  lower  l e v e l ,  t h e  c o s t a t e  

subproblems and t h e  c o n t r o l  subproblems. The a d d i t i o n  

of t h e  c o s t a t e  subproblems t o  t h e  lower  l e v e l  of t h e  

h i e r a r c h y  i n c r e a s e s  t h e  number of c o o r d i n a t i o n  e q u a t i o n s  

appea r ing  i n  t h e  c o o r d i n a t i o n  subproblem a t  t h e  apex of 

t h e  h i e r a r c h y  because  each  of t h e  c o s t a t e  v a r i a b l e s  

h a s  a  co r r e spond ing  c o s t a t e  c o o r d i n a t i o n  v a r i a b l e  a s s o c i a t e d  

w i t h  i t .  To s i m p l i f y  subsequent  d i s c u s s i o n  of t h i s  

h i e r a r c h y  a l l  o f  t h e  subproblems of  a p a r t i c u l a r  t y p e  w i l l  

b e  r ega rded  as b e i n g  grouped i n t o  a  s i n g l e  subproblem,  t h a t  

i s ,  a l l  s t a t e  subproblems i n t o  a  s i n g l e  s t a t e  subproblem, 

a l l  c o s t a t e  subproblems i n t o  a s i n g l e  c o s t a t e  subproblem 

and a l l  c o n t r o l  subproblems i n t o  a  s i n g l e  c o n t r o l  problem. 

Then each subproblem of a  p a r t i c u l a r  t y p e  w i l l  c o n s i s t  

of a l l  e q u a t i o n s  of t h a t  t y p e  w i t h  t h e i r  a s s o c i a t e d  

boundary c o n d i t i o n s .  

I n  p a r t i c u l a r ,  f o r  o p t i m a l  l o c a l  v e r t i c a l  a t t i t u d e  s t a b -  

i l i z a t i o n ,  t h e  s t a t e  sub2roblem c o n s i s t s  o f  e q u a t i o n s  ( 4 4 )  

t i ~ r o u g h  ( 4 9 )  which a r e  t h e  decomposed r o t a t i o n a l  s t a t e  

e q u a t i o n s  of  t h e  Space C o n s t r u c t i o n  Base.  The decomposed 

t r a n s l a t i o n a l  s t a t e  e q u a t i o n s ,  e q u a t j o n s  (1) th rough  ( 1 2 )  

a l s o  may b e  inc luded  i n  t h i s  subproblem a l though  t h e y  a r e  

no t  e s s e n t i a l  f o r  t h e  feedback c o n t r o l  , ~ u a t i o n s  i n  t h i s  

c a s e ,  



The costate subproblem for optimal local vertical 

attitude stabilization consists of equations (142) 

through 159) and the control subproblem consists of 

equations (169) throuzh (171). 

In addition to the coordination equations for the decomposed 

rotational state equations, equations (50) through (55) 

and the coordination equations for the decomposed trans- 

lational stable equations, if they are included in the 

state subproblem, the coordination subproblem at the apex 

of the hierarchy also includes the costate coordination 

equations, equations (160) through (165) in order to 

effect optimal local vertical attitude control. 

It should be noted that the costate equations,(142) through 

(159), incorporate the coordination variables, BiPj, 
and the control equations, (169) through (171) incorporate 

the coordination variables v ~ , ~ ,  'i,2  and^^,^. The 
additional squations required to define these variables 

are provided by equations (69),(182) through (I? and 

equations (200), (202) and (204). These additional 

equations may be incorporated in the coordination sub- 

problem at the apex of the subproblem hierarchy. This 

increases the overall dimension of the coordination sub- 

problem to a considerable extent and also greatly 

increases the number of coordination variables to be 

transmitted between the subproblems of the hierarchy 

with control compared with the number required for the 

hierarchy without control. The resulting subproblem 

hierarchy for the controlled system is portrayed in 

Figure 7-7 in which the following relationships are utilized. 



I COORDINATION EQUATIONS 

Subproblem Hierarchy For Multilevel Local 

Vertical Attitude Stabilization Control 

Without Translational Equations 
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I t  s h o u l d  b e  n o t e d  t h a t  Tei r e p r e s e n t s  t h e  e x t e r n a l  

d i s t u r b a n c e  t o r q u e  a p p l i e d  t o  t h e  i t h  r i g i d  body o f  t h e  

model and Ta i  r e p r e s e n t s  t h e  c o n t r o l  a c t u a t o r  t o r q u e  

a p p l i e d  t o  t h e  same body. 

I f  t h e  t r a n s l a t i o n a l  stete e q u a t i o n s ,  (1) th rough  ( 1 2 ) )  

are added t o  t h e  s ta te  subproblem and t h e  t r a n s l a t i o n a l  

c o o r d i n a t i o n  e q u a t i o n s ,  ( 1 9 )  t h rough  (30), are added t o  

t h e  c o o r d i n a t i o n  subproblem of t h e  h i e r a r c h y  of  F i g u r e  

7-7, i t  tssumes t h e  form shown i n  F i g u r e  7-8. For  t h i s  

h i e r a r c h y ,  t h e  f o l l o w i n g  a d d i t i o n a l  r e l a t i o n s h i p s  are 
r e q u i r e d .  



COORDINATION EQUATIONS 

Subproblem Hierarchy for Multilevel 

Local Vertical Attitude Stabilization 

Control With Translational Equations 

FIGURE 7-3 



, ' \  
The coordination variables B and v and their corresponding . ,  

equations may be eliminated from the subproblem hierarchy 

shown in Figures 7-7 and 7-8 by expressing each of them ! * 

in terms of the remaining coordination variables. Each 

of the resulting modified subproblem hierarchies for 

the controlled system contains a coordination subproble~ 

of substantially smaller dimension and requires 
transmission of many fewer coordination variables than do 

each of the original hierarchies. This approach to the 

reduction of the subproblem hierarchy consists of several 

steps. 

Expansion of the partial derivatives of G appearing 

in equations (182) through (198) defining $ i,j by 
utilizing equation (69) which defines 

wq, q,, qJ a* 1 ~ '  q, qz). 

Substitution of the results of Step 1 in equations 

(182) through (198). 

Substitution of the results of step 2 in the costate 

equations (142) through (159). 

Substitution of the equations defining v 
iJjS ( 2001, 

(202) and (204) into the control equations, (169) 
through (171). 

The costate and control equations resulting from applica- j 1 

tion of the steps listed above are presented in Appendix C .  I 

i 



Substitution of the equations of Appendix C for the 

corresponding costate and control equations in the sub- 

problems of the hierarchy depicted in Figure 7-8 leads 

to construction of the reduced subproblem hierarchy 

shown in Figure 7-9, The definitions of the variables 

given in equations (205) through (223), except for the 

variables that have been eliminated, also apply to the 

reduced hierarchy. 

For the most general Space Construction Base configuration, 

12, the range of the rigid body index, i, is given by: 

i=1,2,3,6,7,8,9,10,11,12,13,20. The range of i is 

reduced correspondingly for the 11 other configurations. 

T~ble 7-3 lists the numbers of scalar state, costate, 

coordination and control equations to be solved for 

each configuration in order to effect multilevel local 

vertical stabilization attitude control utilizing the 

reduced subproblem hierarchy of Figure 7-9. 

Inspection of the state equations, (1)-(12) and (44) 

through (49) and the costate equations of Appendix C, 
(C-1) through (C-48), reveals that they are ordinary 

first order differential equations. In general, initial 

conditions are known at the outset for the state 

variables, while final conditions are known for the co- 

state variables. The remaining equations in the sub- 

problem hierarchy, the state coordination equations, (19)- 

(30) and (50) through (551, the CE+R? P t c ~ r d i ~ z t i c ~  

equations, (160) through (165) and the control equations, 

(C-49) chrough (C-51) are algebraic. 



COORDINATION EQUATIONS 

Reduced Subproblem Hierarchy for 

Multilevel Local Vertical Attitude 

Stabilization Control With Translational 

Equations 

FIGURE 7-9 



TABLE 7-3 

Numbers of Scalar Equations To Be Solved For 
Local 

CONFIGURATION - 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Vertical ~ttitude Stabilization Control 

STATE 

36 

42 

48 

60 

60 

60 

60 

72 

72 

90 

96 

96 

CO- STATE 

24 

30 

36 

48 

48 

48 

48 

60 

60 

66 

72 

72 

CONTROL 

9 

12 

15 

18 

18 

18 

18 

24 

2 4 

33 

36 

36 

TOTAL 

129 

156 

183 

2 34 

234 

2 34 

234 

288 

288 

345 

372 

372 



Due to decomposition, the coupling between the equations 

associated with the ith rigid body and those associated 

with the remaining rigid bodies in the mathematical 

model is suppressed. The state and costate equations 

associated with the ith body, however, constitute a 

two-point boundary value (TPBV) problem to be solved 
because the initial values are known for the state 

variables and the final values are known for the costate 

variable at the outset. Such a set of equations usually 

is discretized temporally to approximate each ordinary 

differential equation with a set of finite-difference 

equations that is more amenable to numerical solution on 

a digital computer. Once this step is taken, all of the 

equations in the subproblem hierarchy are then algdbraic. 
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Section 8.0 

8.0 Structural Analysis Task - A Method for Determining 

Overall Flexible Body Characteristics for a Series 

of Connected Substructures* 

8.1 INTRODUCTiON 

This section summarizes two analytical methods by which 

a series of flexible bodies can be connected to each 
c'her. Both of the techniq~es presel !nd assume that 

the flexible body characteristics of the indi~idual 

sub-bodies comprising the total structure are known 

in terms of their free-free modes, assuming a discrete 

coordinate formulation. The first technique assumes 

that a single connection point existr between two ad- 

jacent bodies thus forming a topological tree configura- 

tion wj-thout any closed loops. This formulation does 

not require detailed modeling of the dynamics at the 

connection point and is particularly useful in modeling 

systems that have large relative angular degrees of 

freedom between adjacent sub-bodies (i.e., articulated 

antennas, etc.). The second technique allows multiple 

connection points between adjacent bodies and hence 

would also be applicable to a vehicle topological tree 

configuration having closed loops. In this formulation, 

detailed modeling of various connection points is required 

in order to specify the interface forces and torques 

between contiguous bodies at these points. Both modeling 

techniques are presented in terms of an illustrative 

*Summirized from S. C. Rybak, " A  Method For Determining 

Overal, Flexible Cody Characteristics F'or A Series of 
Connected ~ubstructures," AAS 78-104, March 10-13, 1978. 



example of a structure composed of five sub-bodies. 

With proper parameter valu?s the configuration used can 

represent vehicles that have already flown (i.e., 

Saturn, Skylab) for which the characteristics of the 

overall structure and the individual sub-bodies com- 

prising the structure are known. These data can then 
be used to determine the fidelity with which each of the 

two techniques presented models the specific vehicles 

consi iered. 

8 . 2  BACKGROUND 

To meet the requirements of large orbiting space stations 

and snlar Dower satellites, NASA is considering a 

generation of satellites that are many times larger than 

anything considered or flown to date. Attitude control 

of such large satellites presents a unique and challenging 

problem to the control engineer, no doubt requiring the 

development of new and novel control techniques to 

achieve overall satisfactory satellite control. However, 

before control sysxem design can proceed, a model of the 

vehicle to be controlled must be generated in order to 

allow the formulation of satisfactory control tech- 

niques. It is virtually a certainty that for the size 

of satellite being considered for a space base or solar 

power station, structural flexibility and its interaction 

with the on-board control system will be a prime considera- 

tion in its design. Due to the vehicle size overall 

vibration testing of the total structure in order to 

obtain its flexibility characteristics is not feasible. 

Modeling the total vehicle using a normal modal-coordinate 

approach, a1 though possible, has some serious drawbacks. 



although the comments made about the truncat . ionposs ib i1 i ty  

of the technique presented below are plausible, at the 
present state of development,they are still conjectural 

and additional work is required to establish their 

validity. 

Equations of motion assuming single and multiple connections 

between contiguous bodies are presented. Single connection 

points between bodies do nct require the modeling of 

individual connection points and henre the equations 

generated will apply equally to a series of connected 

rigid bodies or rigid bodies connected to flexible bodies. 

However, the system of equations is restricted to des- 

cribing a topological tree configuration without any 

closed loops. The equations developed for multiple 

connection points between bodies will be applicable to 

topological tree configurations containing closed loops. 

However, in the manner in which they are formulated, 

they would not be applicable to the accommodation of two 

or more rigid bodies connected to each other within the 

connection chain. 

Equations of motion for single and multiple connections 

between bodies are developed for a vehicle consisting 

of five substructures. With proper parameter values 

the structural configurations used could represent 

vehicles such as Saturn or Skylab for which detailed 

structural data are available. The analysis techniques 

presented can be applied to these data thus determining 

the degree of modeling fidelity achieved. 



8.3 EQUATIONS OF MOTION FOR SINGLE CONNECTION POINT 
BETWEEN BODIES 

Equations of motion were genera ted  f o r  F igure  8-1 shown 

below. The genera l  procedure t h a t  was fol lowed is de- 

s c r i b e d  i n  t a b u l a r  form and t h e  r e s u l t i n g  equa t ions  a r e  

i d e n t i f i e d .  The d e t a i l e d  d e r i v a t i o n  and accompanying 
assumptions may be found i n  t h e  complete paper  desc r ibed  
i n  t h e  r e f e r e n c e .  

T r a n s l a t i o n a l  Equations of Motion 

a )  Generate  e q u a t i o n s  d e s c r i b i n g  t h e  sum of  f o r c e s  on 

each body. 
b) Solve f o r  t h e  c o n s t r a i n t  f o r c e s  between bodies .  

Angular Momentumof F l e x i b l e  Body .- 

a )  Derive t h e  express ion  f o r  t h e  t o t a l  angular  momentum 

of t h e  c o n f i g u r a t i o n  shown i n  F igure  8-1. 

R o t a t i o n a l  Equations of  Motion 

a )  Derive t h e  express ions  f o r  t h e  r o t a t i o n a l  equa t ions  

of  motion us ing  t h e  r a t e  of change of angulbr  mo- 
mentum express ions  f o r  each of t h e  f i v e  bod ies  i n  

t h e  f i g u r e .  
b )  Solve f o r  t h e  c o n s t r a i n t  to rques  between bodies .  

c )  S u b s t i t u t e  t h e  c o n s t r a i n t  torque  equat ion  express ions  
i n  t h e  r a t e  of change of angu la r  momentur. express ion  
f o r  body 2 and d e r i v e  an o v e r a l l  r o t a t i o n a l  equa t ion  

of  motion f o r  t h e  v e h i c l e  s y s t e m .  

d )  Express a l l  terms of t h e  o v e r a l l  r o t a t i o n a l  equat ion  

of motion i n  body 2 coord ina tes .  



- 6- 2 2 2 W4 - 2'IT['2 + ( r )  + (r8)]  -y4(-r i )  
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b )  Modal Equation Set 





d) Overall rotational equation of motion: 
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FIGUW 8-2. TYPICAL CONNECTION POINT BETWEEN BODIES "j" AND "1" 
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NOMENCLATURE 

= Vector from inertial point to instantaneous center 

(C.M.) of body j j - 1,2, ... 5 

= Vector from inertial point to instantaneous C.M. of 

vehicle system 

= Vectbr from center of mass of total vehicle system to 

the instantaneous C.M. of body j j = 1,2,...5 

= Vector from rigid body C.M. of body 1 to C.M. of the 

connectionsubelement between bodies 1 and 2 contained 

in body 1 when it is in an undeformed state 

= Vector from the C.M. of the connection subelement 

between bodies 1 and 2 contained in body 2 to the C.M. 
of body 2 when it is in an undeformed state 

= Vector from the C.M. of body 2 to the C.51. of the 

connection subelement between bodies 2 and 3 contained 
in body 2 when in an undeformed state 

= Vector from the C.M. of the connection subelement 

between bodies 2 and 3 contained in body 3 to the 
C.M. of body 3 when it is in an undeformed state 

= Vector from the C.M. of body 2 to the connection sub- 

element between bodies 2 ;nd 5 contained in body 2 
when it, is in an undeformed state 

. e & t d  from the C.M. of the connection subelement *P' 
&between bodies 2 and 5 contained in body 5 LO the C.M. 

of body 5 when it is in undeformed state 



Vector from the  C.M. of body 2 t o  the  C.M. of the 
connection subelement between bodies 2 and 4 contained 

i n  body 2 when i t  is i n  an undeformed s t a t e  

Vector from the  C.M. of the  connection subelement 

between bodies 2 and 4 contained i n  body 4 t o  the  C.M. 

of body 4 when i t  is  i n  i ts undeformed s t a t e  

Linear deformation of body lljll a t  the  rk locat ion i n  
body lljll referenced t o  the  C.M. of body "j" when i n  
an undeformed s t a t e  

Vector from the  C.M. of body j when i n  an undeformed 

s t a t e  t o  the instantaneous C.M. of body "j" 

Vector from the  C.M. of the  connection subelement 

between bodies "j1I and llllf contained i n  body I1j" t o  

the actual  connecrion point between t h e  two bodies 

Angular r a t e  due to  deformation of body lljll a t  

location rk 

T h i s  r a t e  is  expressed i n  r i g i d  body coordinates of 

body "j " 

Mass of body j 

Mass of k th  subelement of body j 

= Transformat ion from the  kth subelement coordinates 

t o  r i g i d  body coordinates ( i . e . ,  when body j is  
undeformed) of body j 



= Transformation from rigid body coordinates of body "1" 

to rigid body coordinates of body "j" 

Fj e 
= External force applied to body "J'~~ 

T 
3e 

= External torque applied to body "j" 

J RN 
(rk) 

= Nx3 matrix of rotational modal gains of body Ifj at 

location rk 

j TN 
4 (rk) = Nx3 matrix of translational modal gains of body "jtl 

at location rk 

j 

M~ = NxN diagonal mass matrix for body "j" 

3 
C~ = NxN diagonal damping matrix for body "j" 

F i  = NxN diagonal stiffness matrix for body "j" 

S; 
= N~~ modal coordinate for body "jtl 

'cj 1 = Constraint torque between bodies "jIf and "1" 

Fcjl = Constraint force between bodies l'j" and "1" 

D 
23 

= Distance from the instantaneous C.M. of body 2 to the 

instantaneous C.M. of body "j" 

= Inertial rate of subelement k 

= Vector from C.M. of subelement "k" to differential 

mass located in subelement k 



5 
Pi( j 1 . 1  = Distance from inertial point to the C.M. of the 

connection subelement at the ith connection point 

between bodies I 1 j I t  and Illt1 contained in body lljtf 

1 
Pi(jl) = Distance from inertial point to the C.M. of the 

connection subelement at the ith connection point 

between badies I 1 j  " and ttl'l contained in body "1" 

j 

di(jl) 
= Distance from C.M. of the connection subelement con- 

tained in body lljfl at the ith connection point between 

bodies "j" and "1" tc, the actual point of connection 
between the two bodies 

1 
%jl) 

= Distance from C.M. of the connection subelement con- 
tained in body "1" at the ith connection point between 

bodies "j" and "ltl to the actual point of connection 

between the two bodies 

= Distance from the composite C.M. of the connection sub- 

elements contained in bodies "j" and "1" at the i th 

connection point to the C.M. of the connection 
subelement contained in body "jl' 

1 
Ri(~l 

= Distance from the composite C.M. of the connection sub- 

elements contained in bodies "j" and '"" at the i th 

connection point to the C.M. of the connection subelement 

contained in body ttlv 

= Linear motion of the C.M. of the connection subelement 

contained in body lljlf at the ith cumection point 

between bodies "jl' and "1" due to structural deformation 



Linear motion of the C.M. of the connection subelement 

contained in body "1" at the ith connection point 

between bodies "jV1 and 'llV due to structural deformation 

Angular rotation of the connection subelement contained 

in body "jVt at the ith connection point between bodiea 

?'j t1 and "111 due to structural deformation 

Angular rotation of the connection subelement contained 

in body '1'' at the ith connection point between bodies 
'ljcc and "1" due to structural deformation 

Location of the C.M. of the connection subelement 

contained in body "j*' ah the ith connection point 

between boidies I1jv and 11111 with respect to the rigid 

body C.M. of body "j" 



SECTION 9 

9.0 CONCLUSIONS AND RECOMMENDATIONS 

9.1 INTRODUCTION 

A brief summary of conclusions and repommendations are 
condensed in the following paragraphs. 

9.2 MISSION PROFILE 

A mission profile, defining module locations and mass 
properties, was supplied in the RFQ. Operational 

requirements of the Space Construction Base were non- 

existent in this data package and certain assumptions 

were made regarding its operatior and performance 

requirements. These many requirements are tabulated 

in section 2 and were used ns a baseline fcr subsequent 

studies described in sections 3 throdgh 8 .  

9.3 ACTUATOR SIZING 

Skylab-type double-ginbal control moment gyro (DG CMG) 

units are recommended as the primary actuators. When 

using minimum angular momentum orientations in each 

configuration, the maximum number of DG CMG's is 24 

(see Table 3-1 2). This is true when the a1 ternate 

"non-rolling" approach is used for solar pointing the 

panels during the X local vertical orientation of con- 
figuration 12. Figure 3-7 indicates that the minimum 

average solar power efficiency would be 80.8%, when B - 
36.1 degrees. 



9 . 4  MOMENTUM DESATURATION 
A momentum management approach is recommended which 

utilizes magnetic torquing as the primary desaturation 

system for configurations 1 through 9M, with an RCS system 

available for backup desaturation during configurations 

8M and 9M (see Table 4-5). 

configurations 10M and 11M, the RCS system will take 

over as the primary desaturation system, and the magnetic 

torquing system prev~ously available will be usable 

for assistance. This prevents the addition of extremely 

heavy supplementary magnetic torquing coils. 

For the local vertical oriented configuration 12M, a 

fixed tilt gravity gradient desaturation approach 

eliminates the addition of heavier desaturation equipment. 

The RCS and magnetic torquing systems used during 

configurations 10M and 11M will then be available for 

assistance and backup desaturation at this point in the 

mission. 

9.5 CONTROL SYSTEM APPROACH 

Review of control system requirements has pinpointed 

certain features which will require special attention 

during the remainder of the study. These include: 

(1) low sensitivity to model uncertainty; (2) adaptability 

to configuration changes; (3) intermodule statabjlity; and 

(4) high system integrity with respect tc component 

failures. The f~nctions of: (I) control coordination 

and (2) intermodule and appendage control require special 

attention due to their uniqueness in tLis application. 



Study  c o n c l u s i o n s  r e l a t i v e  t o  concept  s t u d i e s  a r e :  

Much o f  t h e  c o n t r o l  sys tem f o r  t h e  Space C o n s t r u c t i o n  

Base w i l l  c o n s i s t  o f  e l e m e n t s  similar t o  o t h e r  

s a t e l l i t e s .  However, t h e r e  a r e  two p a r t s  which a r e  

q u i t e  d i f f e r e n t :  module and appendage s t a b i l i t y  

c o n t r o l  and t h e  v e h i c l e  c o n t r o l  c o o r d i n a t o r .  

Coupl ing  c o n t r o l  s h o u l d  i n c l u d e  two modes: a r t i f i c i e l  

s t i f f e n i n g  f o r  u s e  d u r i n g  a  maneuver and decoup l ing  

f o r  u s e  i n  s t a b i l i z i n g  a  g iven  a t t i t u d e .  

Coupl ing  c o n t r o l  s h o u l d  b e  u sed  s e l e c t i v e l y  based  

on t h e  payof f  i n  per formance  improvement and t h e  

impact on a c t u a t o r  r e q u i r e m e n t s .  

Rota ry  t o r q u e r s  may be  used f o r  c o u p l i n g  c o n t r o l  

a c t u a t o r s  - i n c l u d i n g  l o c a t i o n s  where CMGs may n o t  

be used.  

A r t i f i c i a l  damping o f  s t r u c t u r a l  modes may b e  

d i f f i c u l t  t o  a c h i e v e ,  c o n s i d e r i n g  model u n c e r t a i n t y .  

I f  t h i s  f e a t u r e  is r e q u i r e d ,  i t  may be  n e c e s s a r y  t o  

i n c l u d e  a d a p t i v e  n o t c h  o r  bandpass  f i l t e r s  i n  t h e  

d e s i g n  i n  o r d e r  t o  a c h i e v e  s i g n i f i c a n t  damping o v e r  

t h e  r a n g e  of  s t r u c t u r a l  dynamics.  

Redundant s e n s o r s  w i l l  b e  r e q u i r e d  due t o  t h e  s h i f t i n g  

~f  s t r u c t u r a l  modes d u r i n g  b u i l d u p .  

A v e h i c l e  c o n t r o l  c o o r d i n a t o r  w i l l  be r e q u i r e d  t o  

select  s e n s o r s  ~ n d  a d j u s t  c o n t r o l  p a r a m e t e r s  a s  t h e  

m n f i g u r a t i o n  changes .  



The recommendations are: (1) continuation of this study 

should place emphasis on the vehicle control coordinator 

and the appendage and module stabilizing control with 

particular attention to minimizing sensitivity to modeling 

errors, and (2) there should be a separate effort to 

evaluate simple sensors such as strain gages and optical 

devices for measuring relative angles and angle rates. 

DIGITAL SIMULATION 

Two models are being simulated on a digital computer. 

One is a three dimensional representation of configuration 

1 of the Space Construction Base. The other is a much 

simpler one dimensional model. Although a hybrid coordinate 

model may be useful with uncontrolled flexible appendages, 

it would not be appropriate for coupling control studies. 

The selected models are satisfactory for the present work. 

MULTILEVEL CONTROL 

Results 

1. The 12 configurations of the Space Construction 

Base mathematical model developed by Bendix Research 

Laboratories have been recast into decomposed state 

variable forms each of which consists of a set of 

decoupled scalar first order ordinary differential 

equations and a set of algebraic equations. 

2. The decomposed state variable form of the mathematical 

model representing each of the configurations of the 

Space Construction Base without control is comprised 

of two sets of equations: translational equations 

and rotational equations. 



4. The r equ i r emen t  t h a t  e a c h  of  t h e  s ta te  v a r i a b l e s  b e  

e i t h e r  o b s e r v a b l e  o r  r e c o n s t r u c t e d  shou ld  b e  

i n v e s t i g a t e d  w i t h  r e s p e c t  t o  its e f f e c t  on r e q u i r e d  

computer c a p a c i t y .  

5. Should t h e  r e q u i r e d  computer c a p a c i t y  b e  e x c e s s i v e ,  

a new set o f  models f o r  t h e  12 c o n f i g u r a t i o n s  of  

t h e  Space C o n s t r u c t i o n  Base  may have t o  b e  deve loped .  

One o f  t h e  more p romis ing  app roaches  a p p e a r s  t o  

i n v o l v e  t h e  combina t ion  of  h y b r i d  c o o r d i n a t e s  w i t h  

m u l t i l e v e l  c o n t r o l  t e c h n i q u e s .  

6 .  The m u l t i l e v e l  c o n t r o l  a l g o r i t h m s  deve loped  f o r  t h e  

decomposed s t a t e  v a r i a b l e  model o f  t h e  Space 

C o n s t r u c t i o n  Base s h o u l d  b e  t r ans fo rmed  i n  such  a  way 

t h a t  t h e y  may b e  a p p l i e d  t o  t h e  d i s c r e t e  r i g i d  body 

s i m u l a t i o n  model a t  Bendix Research  L a b o r a t o r i e s .  

7. Expansion o f  t h e  e l emen t s  o f  t h e  q u a d r a t i c  c o e f f i c i e n t  

m a t r i c e s  a p p e a r i n g  i n  t h e  c o o r d i n a t i o n  e q u a t i o n s  i n v o l v e s  

l a r g e  numbers o f  terms. More e f f i c i e n t  a l g e b r a i c  

methods f o r  such  expans ions  need t o  be  deve loped .  

STRUCTURAL ANALYSIS OF FLEXIBLE BODY CHARACTERISTICS 

The f l e x i b l e  body c h a r a c t e r i s t i c s  f o r  a  series of 

i n t e r c o n n e c t e d  b o d i e s  have been model led i n  a  f r e e - f r e e  

modal form t h a t  p e r m i t s  large a n g u l a r  r o t a t i o n s  between 

con t iguous  b o d i e s  t o  accommodate l a r g e  d e f l e c t i o n s  d u r i n g  1 

deployment and o p e r a t i o n s .  The t e c h n i q u e  a p p l i e d  p r o v i d e s  

a  b a s i s  f o r  g e n e r a t i o n  of a  more e f f i c i e n t  computer 

program w i t h  a  h i g h e r  d e g r e e  of f i d e l i t y  t h a n  t h o s e  



presently being used- The unique feature of this 

technique is that the o~erali characteristics of a large 

space vehicle may be determined by combining the measured 

(or derived) characteristics of the smaller modules 

of which it is comprised. The method developed also 

should allow truncation of substructure modes before 

assembly of the total vehicle model. 

Recommendations concerning the developed mathematical 

model using the above technique are the following: 

Investigate the validity of truncation of modes. 

Establish criteria by which satisfactory truncations 

can be accomplished. 

Validate the model by applying it to a known space 
vehicle such as Skylab or Saturn. 

Continue to develop the model in such a way that the 

application to any N-body spacecraft will be simple 

and modular. 

Develop a general computer program for the model. 



APPENDIX A 

DETAILED DESCRIPTION OF N-BODY MClDEL 

Prepared by: G .  A. Cornell 
Bendix Research Laboratories 
Bendix Center 
Southfield, Michigan 48076 

December 1977 
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ABSTRACT , 

This  memorandum p r e s e n t s  a  s i x t y - s i x  degree  of freedom mathe- 

m a t i c a l  model o f  t h e  space  base  i n c o r p o r a t i n g  a l l  twelve bu i ldup  

c o n f i g u r a t i o n s .  A computer s imula t ion  of t h i s  model is  being de- 

veloped f o r  use i n  des ign ing  and e v a l u a t i n g  f e a s i b l e  space  base  

c o n t r o l  systems.  

1 .0  INTRODUCTION 

1.1 Background 

Th is  memorandum i s  w r i t t e n  under t h e  Bendix Research Labn- 

r a t o r i e s  (BRL) t a c t i c a l  program, "Space Base Support ,"  P r o j e c t  7648, 

Work Order Number 7318, Simulat ion Model Development. The memorandum 

documents t h e  e f f o r t  accomplished t o  d a t e  i n  developing a  mathematical  

model of tho  space base.  A computer s imula t ion  w i l l  be def ined from 

t h i s  mathematical model t o  a i d  i n  t h e  development and e v a l u a t i o n  of 

f e a s i b l e  space base  c o n t r o l  systems.  

1.2 Objec t ives  

The o b j e c t i v e  of  t h e  Simulat ion Model Development e f f o r t  

i s  t o  d e f i n e  t h e  equa t ions  f o r  a  d i g i t a l  computer s imula t ion .  The 

model may be used t o  examine t h e  s t a b i l i z a t i o n  and c o n t r o l  of t h e  

bui ldup and assembly phase. A s p e c i f i c  o b j e c t i v e  is t o  s t r u c t u r e  t h e  

model s o  a s  t o  a l low,  by a p p r o p r i a t e  parameter i n p u t s ,  any of  t h e  

twelve i n t e r i m  v e h i c l e  c o n f i g u r a t i o n s  t o  be s t u d i e d .  The model must 

be capable  of  d i s t r i b u t i n g  s e n s o r s  and a c t u a t o r s  about t h e  space bane 

and of  i n c l u d i n g  shor t - term e x t e r n a l  d i s t u r b a n c e s  such as those  caused 
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by docking. Vehic le  f l e x i b i l i t y  must a l s o  be incorpora ted  i n  t h e  

model. For purposes of  s tudy ing  v e r n i e r  c o n t r o l  system one module 

must be loose ly  coupled v i a  a  s i x  degree  of  freedom suspension t o  

t h e  remainder of t h e  space base.  

1 . 3  Scope 

T h i s  memorandum d e r i v e s  the  equa t ions  of motion of t h e  

twelve space base  conf igura t ions .  It i s  assumed t h a t  each configu- 

r a t i o n  c o n s i s t s  o f  a  s e r i e s  of r i g i d  bodies  connected by a  s p r i n g  

hinge suspension.  The f l e x i b i l i t y  o f  t h e  s o l a r  wings a r e  included 

by t h i s  method. 

Each Space Base c o n f i g u r a t i o n  i s  def ined i n  terms of t h e  

number of r i g i d  bodies  assumed, t h e  modules conta ined i n  each r i g i d  

body, and t h e  l o c a t i o n  o f  t h e  s p r i n g  h inges .  

The suspension equa t ions  a r e  de f ined  and p r o v i s i o n s  a r e  

made f o r  e x t e r n a l  f o r c e s  and to rques  on each body. Actuator  f o r c e s  

and to rques  on each body a r e  al.so provided bu t  t h e  c ~ n t r o l  system 

equa t ions  a r e  no t  included a s  they  a r e  y e t  t o  be  developed. 

2.0 NOTATION 

The n o t a t i o n  used i n  t h i s  memorandum is def ined below. 

Symbol D e f i n i t i o n  

Elements on t h e  l e f t  s i d e  of  t h e  equa t ions  

of motion matr ix .  

Elements on t h e  r i g h t  s i d e  of  t h e  equa t ions  

of motion mat r ix .  

Spr ing  damping c o e f f i c i e n t  o f  t h e  suspension 

to rque  v e c t o r  of  body j on body i. 
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Defini t ion 

Actuator force vector  on body I.  

External force vector  on body i - .  

Time der iva t ive  of the angular momentum 

vector  of body i. 

I n e r t i a  tensor of body i. 

Moments of i n e r t i a  of body i. 

Products of i n e r t i a  of body i. 

Moments of i n e r t i a  of the  space base modules. 

Spring s t i f f n e s s  coe f f i c i en t  of the suspension 

torque vector  of body i on body j. 

Components of spr ing s t i f f n e s s  coe f f i c i en t .  

Quantity i n  the equations of motion t h a t  i s  

a function of only m Rij .  and i ' 

Mass of body i. 

Mass of a space base module. 

Tota l  mass of space base. 

Quanti ty  i n  the equation of motion t h a t  i s  

a function of only m i .  Rij and O i -  

Hinge point  j . 
Coordinates of t h e  jth hinge point with re- 

spect  t o  t he  space base coordj.nate cystem. 
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D e f i n i t i o n  

P o s i t i o n  v e c t o r  from t h e  c e n t e r  o f  mass of 

body i t o  t h e  p o i n t  of  a p p l i c a t i o n  of  t h e  

a c t u a t o r  f o r c e .  

Pos!tion v e c t o r  from t h e  c e n t e r  o f  mass of 

body i t o  t h e  po in t  o f  a p p l i c a t i o n  of  t h e  

e x t e r n a l  f o r c e .  

Linear  a c c e l e r a t i o n  v e c t o r  of body i w i t h  

r e s p e c t  t o  i n e r t i a l  space .  

P o s i t i o n  v e c t o r  of h inge po in t  j wi th  t e s p e c t  

t o  t h e  c e n t e r  o f  mass o f  body i. 

Components of t h e  R p o s i t i o n  vec to r  i n  t h e  
i j 

body i coord ina te  system. 

Suspension f o r c e  v e c t o r  of body j on body i. 

Actuator  to rque  v e c t o r  on body i. 

External  t o r q u e  vec to r  on body i. 

Moments r e s u l t i n g  from t h e  e x t e r n a l  and ac tu -  

a t o r  f o r c e s  and moments. 

~ u s ~ e n s i o n  torque v e c t o r  of body j on body i .  

Torque motor i n p u t .  

Coordinate  t r ans fo rmat ion  from body i t o  body j. 

Components of t h e  p o s i t i o n  v e c t o r  of t h e  com- 

p o s i t e  c e n t e r  of  mass of body i measured wi th  

r e s p e c t  t o  t h e  space  base  coord ina te  system. 
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i 
8 Symbol. 

6 I Y2;;XH!pbW*, Q 

D e f i n i t i o n  

Components of t h e  p o s i t i o n  v e c t o r  of t h e  

c e n t e r  of  mass a space base module measured 

wi th  r e s p e c t  t o  t h e  sFace base  coord ina te  

system. 

Angular v e l o c i t y  vec to r  o f  body j measured 

wi th  r e s p e c t  t o  body i. 

Components of t h e  v e c t o r  Aw i n  t h e  body j 
i j 

coord ina te  system. 

Eu le r  ang les  of body j measured wi th  r e s p e c t  

t o  body i. 

Euler  ang le  r a t e s  of  body j w i t h  r e s p e c t  t o  

body i. 

Eule r  ang les  of  body i measured wi th  r e s p e c t  

t o  i n e r t i a l  apace. 

E u l e r  a n g l e  r a t e s  of  body i measured wi th  

r e s p e c t  t o  i n e r t i a l  space .  

Angular r a te  v e c t o r  o f  body i. 

Angular a c c e l e r a t i o n  v e c t o r  of body i. 

Components of v e c t o r  u i n  body 1 coord ina tes .  
i W W  i x *  i y *  W i z  . . 

'"ix' '"iy* "iz 
Components of v e c t o r  wi i n  body i coord ina tes .  
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Symbol 

BFMi 

CCM 

DMi 

ETi 

H M i  

KWA 

KWB 

la! s 

LMi 

MPi 

MSM 

P i  

PSP 

SMi 

SPM 

SWA 

SWB 

TAi 

Later No. 

K W 

KW 

KW 

ist 

S o l a r  Wing 

S o l a r  Wing 

Subsystem. 

i c s  Module 

D e f i n i t i o n  

Beam Fabr ica t  ion  Module i. 

Construct ion Control  Module i .  

Docking Module i -  

External  Tank i. 

H a b i t a b i l i t y  Module i. 

A 

B. 

Manipulator i. 

Miss ion  Support Module . 
P a l l e t  i. 

Publ ic  S e r v i c e  P l a t e .  

Subsystem Module i. 

Space Process ing  Module. 

S o l a r  Wing A. 

S o l a r  Wing B.  

Turrf:t Assembly i. 
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3.0 DERIVATION OF EQUATIONS 

3.1 General 

The Space Base is assumed t o  be divided up i n  a 

group o f  r i g i d  bodies  connected by s p r i n g  hinge suspensions .  

It i s  assembled, s t a r t i n g  w i t h  t h e  b a s e l i n e  Conf igurat ion 1, by 

adding on a d d i t i o n a l  modules. As o t h e r  modules a r e  added, a 

t o t a l  of  twelve configurat!ons a r e  def ined.  This  s e c t i o n  d e f i n e s  

f o r  each conf igura t ion  t h e  number of  r i g i d  bodies  assumed i n  model 

d e r i v a t i o n , t h e  modules comprising each r i g i d  body, and t h e  l o c a t i o n  

of t h e  s p r i n g  hinges .  

The degrees of freedom a r e  a l s o  de f ined  i n  t h i s  s e c t i o n  

a long  wi th  d e r i v a t i o n  of t h e  equa t ions  of motion. Coordinate t r ans -  

format ions  r e l a t i n g  vec to r  components t o  t h e  va r ious  body coord ina te  

systems a r e  def ined.  Euler a n g l t  r a t e  and suspension equa t ions  a r e  

a l s o  presented.  

9 block diagram of  t h e  o v e r a l l  mathematical model is 

shown i n  Figure 1. 

3.2 Descr ip t ion of t h e  Conf igura t ions  

The Space Base bu i ldup  c o n s i s t s  o f  a s e r i e s  of  twelve 

configurations. Each c o n f i g u r a t i o n  i o  d iv ided  up i n t o  a group of 

r i g i d  bodies .  Table 1 lists t h e  n u r s e r  of r i g i d  bod ies  assumed f o r  

each conf igura t ion .  

Each r i g i d  body Is a c o l l e c t i o n  of  modules o r  p a r t  of a 

module. For example, s o l a r  wing A is divided i n t o  two r i g i d  bodies .  

Table 2 d e f i n e s  t h e  breakdown of t h e  r i g i d  bodies  and modules f o r  

each conf igura t ion .  
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Table  1 

Number of Rigid Bodies 

5 

Configurat ion 

'tqure 2 p r e s e n t s  a t o p o l o g i c a l  t r e e  t h a t  shows how t h e  

r i g i d  bodies  a r e  connected. A s i n g l e  l i n e  drawn between bodies  i n d i -  

c a t e s  a t h r e e  degree of freedom s p r i n g  hinge suspension.  A double 

l i n e  i n d i c a t e s  a s i x  degree of f reedon suspension.  

l i g u r e  3 shows a ske tch  of  t h e  space  base  and l o c a t e s  a l l  

of t h e  s p r i n g  hinges .  

3.3 Degrees ocFreedom - 

A s  shown i n  Figure  2 ,  a  t h e e  degree  o f  freedom hinge i s  

assumed between each body except bodies  1 and 8. These two bod ies  a r e  

assumed t o  be connected by a s i x  degree  of freedom suspension.  A s  a  

r e s u l t ,  t h e  t o t a l  degrees  of freedom f o r  each c o n f i g u r a t i o c  a r e  def ined 

as shown i n  Table 3. 
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Figure 3 - Location of Hinge Points 
A-1 2 
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Configarat ion 

. L 
1 

Table 3 - Degrees of Freer!' 

Degrees of Freedom 

Trans la t iona l  Rotational Tot a1 

3 . 4  Equations of Motion 

3.4.1 Trans la t iona l  Equations 

The t r a n s l a t i o n a l  equations of  motion f o r  each 

r i g i d  body is derived by equating the  mass mi times t he  l i n e a r  accel- .. 
e ra t i on  vector  Ri t o  t he  eum of t he  force  vec to r s  (suspension forces  

S and ex te rna l  Fei 'nu ac tua to r  F forces ;  Fi = Fei + F .) ac t ing  
i j  a i  a i 

on t h e  body. Hecce, 
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The l i n e a r  a c c e l e r a t i o n  of body 2 (RZ) can be expressed 

i n  terms of t h e  l i n e a r  a c c e l e r a t i o n  o f  body 1 (R,) and t h e  angu la r  
I 

a c c e l e r a t i o n s  of body 1 and body 2 ( i 2 ) ,  i . e .  , 

lrhere Rij 
i s  t h e  v e c t o r  from t h e  c e n t e r  of mass of  body i t o  t h e  

j t h  h inge po in t .  The l i n e a r  a c c e l e r a t i o n  of  t h e  o t h e r  bod ies  can be 

expressed i n  t h e  same manner. 

Summing equa t ions  (1)  through (20) excluding (8 )  and sub- .. 
s t i t u t i n g  equa t ions  l i k e ( 2 ~ y i e l d s  an express ion  for  R1, i . e . ,  

I R1 = - [ZF - CM S18 - N - L1 - 

where 
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Let  

and 

Then L and N a r e  f u n c t i o n s  of  m i, a i j ,  and B i j r  i - e . ,  

.. 
As a  r e s u l t ,  t h e  l i n e a r  a c c e l e r a t i o n  R1 can b e  w r i t t e n  

i n  terms of  mi, R i j ,  Fei, Fai, SIB, ui, and o i The q u a n t i t i e s  mi 

and R a r e  given c o n s t a n t s ,  Fei is  a  g iven e x t e r n a l  i n p u t ,  
i j F a i  is 

c o n t r o i  system o u t p u t ,  S18 is  a  suspension f o r c e  o u t p u t ,  u  is  t h e  . i 
i n t e g r a l  o f  ui, and f i n a l l y  wi i s  determined i n  t h e  fo l lowing s e c t i o n  

which d e r i v e s  t h e  r o t a t i o n a l  equa t ions  of  motion. 

The suspension f o r c e s  S a r e  needed f o r  t h e  r o t a t i o n a l  
i j 

equa t ions  of  motion. They a r e  g iven by 

aij* % j )  

body 8  is  given v The l i n e a r  a c c e l e r a t i o n  of  
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3.4.2 Rota t iona 1 Equations 

The r o t a t i o n a l  equa t ions  of  motion f o r  e a ~ h  

r i g i d  body i s  der ived  by equa t ing  t h e  r a t e  of change of angu la r  

momentum t o  t h e  sum c f  t h e  moment v e c t o r s  a c t i n g  on each body. . 
The r a t e  of change of angu la r  momentum hi i s  de f ined  by 

where I i s  t h e  i n e r t i a  t e n s o r  
i 

Then f o r  each body 
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where T are  moments r e s u l t i n g  from the exter,ral and actuator forces  
i 

and moments, i . e . ,  

and where T is the spring hinge torque vector  of body j on body i .  sij  
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B e s e  eq.iations can b 
: f  
: 1 M t r i x  of the following to,: 
> .  : 5 :  

e manipulated i n t o  a scalar  

A-ZO 
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where t h e  elements a a r e  f u n c t i o n s  of m 
i j  i ' I *  I x ~ '  fi' IZI* 

421' 4i.-ei, and ql .  T h e q u a n t i t i e s  Oi, and 

a r e  t h e  Euler  ang les  of body 1. 

The elements bi a r e  f u n c t i o n s  of t h e  same 

q u a n t i t i e s  a s  a a l o n a  w i t h  Fei, Fai, Tei, 7 
i j  r i *  '18, O i *  T ~ i j '  

Rap and Rei '  

I n v e r t i n g  t h e  matr ix  provides  t h e  s o l u t i o n  f o r  

t h e  components of angu la r -acce le ra t ion  (; i x *  Wiy 
, Gir) f o r  a11 t h e  

bodies  except body 8 .  The equa t ion  f o r  t h e  angu la r  a c c e l e r a t i o n  of 

body 8 is given by 

3.5 Transformation of Coordinates  

I n  o r d e r  t o  expand the  v e c t o r  equa t ions  of  motion, de r ived  

i n  t h e  previous  s e c t i o n ,  i n t o  s c a l e r  equa t ions  a11 t h e  v e c t o r s  i n  zn 

equa t ion  must be expressed i n  a common coord ina te  system. A s  a r e s u l t ,  

p rov i s ions  mst be made t o  t ransform v e c t o r  components from one body 

c o o r d i n a t r  system t o  another .  T h i s  is accomplished u s i n g  t h e  n o t a t i o n  



and where A$ij, be i , ,  and A4 are the Euler angles  of body j w i t h  1, 
respect t o  body I .  Expanding 
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For bodies  having a l a r g e  angle  a r t i c u l a t i o n  a d i f f e r e n t  

t ransformat ion i s  required.  Hence t h e  t ransformat ions  T 
2 1' 3T1' l z T l l  

and 13Tll a r e  def ined by 

A l l  o t h e r  t ransformat ions  car. be  der ived f r o n  those  def ined 

above. 

3.6 Euler Angle Rate Equatiuns 

le Euler angle r a t e s  ( i $ i j ,  de d b  ) a r e  :elated t n  t h e  
i j '  A J  

body a n p l a ?  r a t e s  Aw by t h e  vec to r  equation 
ij 

Expanding i n t o  s c a l a r s  
r 7 
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o r 

Solving for the Euler angle rates  y i e ld  

where 

For body 1 

3.7 Suspension Equations 

The suspension torques T generated by each of the spring s i j  
hinges are assumed to  be l inear functions of the Euler angles (Allij, 

A0 A ) and the rates  (Aw 
i j *  i j  i j x '  Awijy* * % j Z  

), i.e.* 
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T,. = K  A 0  + c 
a i j y  S i j y  i j  s i j y  A*ijy 

where K and CSij a r e  t h e  s p r i n g  and damping cmis tan t s .  S i  j 

For t h e  bod ies  t h a t  have l a r g e  a r t i c u l a t i o n  ang les  

about t h e  z a x i s ,  t h e  suspension to rque  i s  given by a to rque  motor, 

i . e . ,  

= T 
T ~ i j r  Sijm 

where TSijm 

3.8 

is a torque motor i n p u t .  

&uat ions  f o r  Computing t h e  Composite 

3.8.1 Compcsite M s s e s  

The composite masses of t h e  r i g i d  bodies  a r e  com- 

puted simply by summing t h e  masses mM of t h e  modules comprising t h e  

r i g i d  body, i . e  . , 

3.8.2 

a s  fo l lows:  

I n e r t i a  Tenscr 

The e l e ~ e n t s  of t h e  i n e r t i a  t e n s o r  a r e  computed 



Internal 
Memorandum ., 

Date December 14 ,  1977 Latter No. 

- Page 26 

C 

where xM, ypl, z a r e  t h e  coord ina tes  o f  t h e  c e n t e r  of mass of module M M 
measured i n  t h e  space bzse  coord ina te  system and x i ,  Y i ,  Z i  a r e  t h e  

coord ina tes  of the  composite c e n t e r  of mass of body i measured i n  the  

space base  c o o r d i n a t e s .  

3 . 8 . 3  Hinge P o i n t s  

The hinge p r i n t  components Ri jx ,  R 
i j y '  R i j z  l o c a t e  

t h e  hinge p o i n t s  P with r e s p e c t  t o  t h e  c e n t e r  of  mass m of t h e  com- 
j I 

p o s i t e  r i g i d  body. The components a r e  computed by 

R = P  - x  
i j x  j x  i 

R = P  - 2  
i j z  j z  i 

3 .8 .4  Composite Center o f  Mass 

The l o c a t i o n  of t h e  composite c e n t e r  of inass of 

each body must be computed. The components x 
i*  "1' =i are c - ~ p a t e d  by: 
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SUMMARY 

This interim report describes some preliminary results concernirig the 

application o f  the rtultivariable Nyquist Array method to the design of an 

attitude control system for a flexible space vehicle. The system used in 

the study is the lightiy damped, three body model developed by Porcelli. 

With the exception of the open locp model description, the parameters 

res~lting fror the MNA design were obtained independent of the Porcelli 

control configuration. For design comparative purposes, an alternate single 

loop elimination design was made using root locus and Bode methods. 

An initial application of the MNA program to the full order model of 

the space vehicle sugqests a decouplinq of the control objectives. This 

result was confirmed by a CSMP study of the open loop dynamics as well as by 

physical considerations. Using this result, a reduced order model was 

developed for the design of the control units for the flexible appendages. 

Application of the MNA program to the reduced order model c1early.indicates 
0 

a need for phase lead compensation in each control loop. A CSMP simulation 

of the full order model with the Jecoupled control system design demonstrates 

the utility of the MNA design methd for flexible space vehicle systems. 



Section 1. INTRODUCTION 

A racent paper by Porcelli [l] details a multi-loop attitude con'trol 

system design for a flexible space vehicle using a three body model repre- 

sentation. Using the con :pt of mode separability, Porcelli shows that when 

some of the lightly damped closed loop dynamic modes are contained within 

the control system bandwidth,sustained oscillations may occur in the flexible 

appendages during rransient operations. To improve the dynamic response, a 

pair of auxiliary control loops are established to increase the structural 

damping by active means. 

Since the main contrcl loop is designed in accordance with the attitude 

control specifications, the auxiliary control loops may be designed independ- 

ently. The design approach propsed by Porcelli initially ignores the flex- 

ible connections between the vehicle bodies. Each auxiliary loop design is 

then based upon the rigid body dynamics of the component body to which it is 

directly related. Recognizing the conserva!ive aspects of this design 

approach, the auxiliary loop bandwidth is progressively decreased until an 

acceptable design is obtained. For the examples in [I], auxiliary loop 

bandwidths one decade below the bandwidth of the main control loop proved 

satisfactory. 

The Porcelli method is useful when dynmic modes attributed to the 

flexible appendages are either within or exterior to the control bandwidth. 

The examples in [I] demonstrate both cases. Situations may arise, however, 

where some of the modes associated with the appendages are within the main 

control bandwidth while other modes are exterior. in this situation, the 

design a2proach may not be quite as clear as in the former cases. Here it 

may be desira.le to have an appendage control unit which utilizes sensor 



information from each body simultaneously. This is particularly true if 

physical considerations limit the position and number of appendage control 

units. Further considerations regarding N-body models may prove to be 

untractable using the Porcelli method. This would certainly be the case, 

for example, if the structural modes were highly interactive. Here the 

flexibie members could not be ignored in favor of a rigid body analysis and 

design, as required by the Porcelli method. 

As an alternative to the Pcrcelli method, a Multivariable Nyquist Array 

(MNA) design was initiated for the three body models in [l]. One distinc- 

tive feature of the MNA method is the utilization of the complete system 

model at each stage of the design procedure. Any simplifying ass:-mptions in 

the model order or system characteristics, if any, are based exclusively on 

physical considerations. Thus, in terms of the satellite model, all flexible 

appendage modes are retained and accounted for. 

The next section develops the mathematical model for the three body 

system. Section 3 briefly reviews the open'loop dynamic conditioas from a 

root locus viewpoint and outlines an alternative classical control, design 

procelure by successive loop reductions. The CSMP runs using the Porcelli 

control configuration are also presented and compared with the alternate 

designs. Section 4 describes the MNA design for the lightly darped case. 



The system model for the flexible apace vehicle is presented in Figure 1 . 
vhere a11 system compon2ntr represented are considered tu be ideal elements. 

Figure 1: Full Order Model for Attitude Control 

The system inputs are represented by torque drivers (t) , 7, (t) , and vlo ( t )  

with el (t) , e2 (t) , and 9 It) selected as the measurable set of system outputs. 
3 

Using the systems graph approach, Figure 2, the following set of circuit and 

cutset equations are obtained: 

Figure 2: S y e t m  Graph 



The component equations corresponding to Figure 1 are: 

7 - drivers i = 0, 9, 10 
1 

(5 )  

Selecting the state variables as 0 e2 ,  i3, r4, r5 and el, the following 1' 

state eq~ations are obtained 



with output equations 

In vector form the above equations become 

where 



and 

from [I] the model parameters for the lightly damped case ara 

J1 = 1 J2 I . 5  Jj 1 ' 2 5  

K* = K = .0001 
5 

e, - 8 = .ooo1 
7 

Using tho Q - R algorithm, the eigenvalues of the open loop system aro 
obtained a,: 



The periods of the lightly damped modes are, respectively, 

In the next  ~ e c t i o n ,  the results of Porcelli are compared with an 

alternate s y r t h e s i s  approtrch using single loop elimination. 



Section 3 CLASSICAL CESSGN APPROACH 

For the state variable equations of Section 2, the open loop transfer 

functions of Agc?ndix A were obtained from the application of Danielevsky's 

method 121. It is interesting to examine the transfer f.mction relating the 

anguiar displacement of mass J with the input to mass 1 in closer detail. 
1 

This transfer function is repeated here as 

The poles and zeros of G (sl are obtained as 
11 

Zeros - Poles 

With this pole-zero arrangement it is apparent that the complex zeros 

virtually cancel the complex poles and the transfer flmction could be 

reasonably approximated by 

Figure 3 c o n t a i n s  a sketch of the root locus for the uncompensated 

system. Figure 4 provides the Nyquist diagram for the full order mdel. 

The large loops in Figure 4 are due to the resonant frequencjes associated 

with the appendages. Note tnat these N-7uist loops do not effect the 

stability issue for the overall system. 



Figure 3: Root Locus for Full Order. Model 

Figure 4: Nyqurst Didgram for Uncompensated Full Order Model 



Clearly to stabilize the system for high gain and to obtain the closed loop 

dynamic response desired, it is necessary to inject phase lead compengation. 

For all practical design purposes the control design from the terminals 

{el, Tgj can proceed using the approximal:ion in (19). 

Following standard phase lead design procedures, a Bode plot of 

(20) 

is made and appears in Figure 5a.  

The phase lead compensator has the form 

Selecting a = .1 to inject a large amount 

(21) 

of phase lead at the gain cross- 

over point 

1 - a  o 
Sin $m = - or @m = 54.9 

1 + a 

Since the magnitude curve is also ajjusted when the phase is modified, the 

new crossover frequency is obtain& from thg -20 log (l/G) point on the 10 

magnitude curve, i.e., 

-20 log (1/m = -10 db 
10 (23) 

The zero and pole location for the compensator are obtained from 

Thus 
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The compensated system is indicated in Figures 5a and 5b. Figure 6 . 
contains the Nyquist diagram for the compensated G ( s )  in (17). 

Figure 6: Compensated Nyquist Diagram 

For time domain analysis, the compensator of (28) is represented by 

x, = -5.62 X7- 5.058 el(t) ( 2 9  

A CSMP run using the state equations an (8 )  and (9) with the main control 

unit developed above provided a 0.1% settling time, Ts, for the vehicle of 

=S 
= 3.9 seconds (31 1 

With no control on the appendages slowly damped oscillations remained signi- 

ficant at t = SOOC seconds. Using Porcelli's compensator for the main 

control unit the 0.1% settling time is 



Ts f 10.9 seconds 

with similar oscillations occurring in the appendages. In each case,. an 

initial offset of .02 radians was assumed for all vehicle bodies. 

Based upon the above analysis, it can be concluded that the main control 

unit for the satellite is only concerned with the dynamics of the large mass. 

This is further supported by the CSMP runs wherein the angul r displacements -& 
associated vith the appendage masses at t = 3.9 seconds remain within 1.3% 

and .01% of their initial cffset;, respectively (Appendix C). Thus for the 

desiqn of the appendage control units, it can be ..ssumed that the main body 

has been returned to the equilibrium point (the origin). 

Ignoring the main body is equivalently reflected in Fiaure 7. 

Figure 7: Reduced Order Model 

Following a development similar to the full order model &OM) the state 

equations for the reduced order model (RDM) are obtained as 

x = A X + B u  

y = Cx 



where 

and 

x ( t )  

The t rans fer  f u n c t i ~ n s  for  the reduced order model appear i n  Appendix B .  An 

examination o f  the  t rans fer  function r e l a t i n g  9 (t)/rg(t) with 1 ( t )  = 0 
2 10 

r e v e a l s  the pole-zero confiquration 

Zeros - Poles  - 
5' z2 

= -.0002 + .019998 - P1' pZ = -.0000586 + j ,010824 - 
(39) 

P3' P4 
= -.0003414 + j .02613 - 



as indicated in Figure 8 with the Bode for the ROM in Figure 9. 

Figure 8: Root Locus for Reduced Order Model 

For this model, pble-zero canceliations may once again be assumed with the 

result 

With a one percent steady state error specification 

from which the open loop gain is obtained as 

- 2 
K = 1.16(10 ) 

Based upon the transfer relationship in (433 it would appear that a 

bridged-T-compensator would be significantly more effective than the simple 

lead compensator used by Porcelli. For the coefficients in ( 4 b 1 ,  the 

bridged-T-compensator has the form 
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wbich yields the open loop transfer function 

The gain K in (44) could be chosen in correspondence with a steady state 

error specification to a ramp input or to obtain a desired set of clo - 2  

loop poles with specified damping characteristics. To modify the dynamic 

characteristics farther, a lead-lag network could be cascaded with the 

bridged-T network. 

A t  this point in the design, a new state model would be developed for 

the space vehicle with both control loops closed. Using Danielevski's 

nethod, the system transfer function from 8 (s)/'f' (s) could be obtained. 
3 10 

The feedback design could then be completed in a manner similar to the design 

procedures above. CSMP runs could then be used to evaluate the dynamic 

response and adjust the appropriate compensator to correspond to the practical 

requirements of the vehicle. 

From an examination of the transfer function for B3(s)/Tlo(s) in . 
Appendix 8, it is clear that the analysis above would apply directly to the 

design of the feedback control for the third body. Experience suggests, 

however, that feedback control designs obtained for each ! .op independently 

may have a deleterious effect on the dynamic behavior when all loops are 

closed sinlultaneously. This condition io due primarily to the effects of 

system interaction among the control loops which were not incorporated into 

the above desig'ns. To obtain a measure of the interaction levels for the 

control Aesignsq, o ~sed*~abbrve as well as those due to Porcelli, Davison's Wr. 6 Y 
Interaction ~ndei' [3] could be used. 

The concerns cited above for control system designs obtained by ignoring 

the interaction effects are relieved when the Multivariable Nyquist Array 



method i s  employed s ince interaction l eve l s  are used i l .  the design procedure. 

The next sect ions present a prelimimry design for the f l ex ib l e  space vehic le  

using tho XNA daoigrr method. 



Section 4 .  MVLTIVARIABLE NYQUIST ARRAY M E T E  

The fundamental objective of the KNA design method is to decreaie  cross- 

coupled system interaction to such an extent that the closed loop system 

design reduces to a set of independent single loop design problems. Although 

simply stated, the actual redurtion procedure proposed by Rosenbrock 141 

and implemented by Munro [5] requires a high degree of desiqner intervention 

and is fundamentally a trial and e r r ~ r  process. 

In Figure 10, G(s) is an mxm transfer matrix representing the cou~linu 

of m inputs and m outputs. 

Figure 10: Mu~civariable System Configuration 

The pre- and post-comi)ensator aatrlces K ::7d L, respectively, are each of 

dimension mxm. T!le feedback gzin matrix, F ,  is assumed to be diaoonal and 

of similar dimensions. Clearly, if 

Q ( S )  = L . C ( s ) K  

is diagonal, loop closure may proceed on an rndividual loop basis with a 

quarantee of zero Ic?p interaction. It is this premise upon which the HNA 

design philosophy is based. The adherence to strict diagonalization is 

relaxed, however, w!th the substitution and explsitatlcn of the concept of 

diagonal domlnant rnatrlces. 



Definition 

A matrix Z ( s )  is diagonal dominant if either or both of the following 

condition8 are prssurt for a11 6 :  

a. 1 Izij(s) l/lzii(s) 1 < ei < 1 for all i=1,2,.. . ,m 
1-1 

Equation (46) defines row dominance while (47 )  defines the column dominance 

condition where el is the level of dominance obtained tor the ith diagonal 

element. 

Before the design process can proceed further, Q(s) for the DNA method 

or Q-~(S) in the INA method must be made dominant by manipulation of the 

elements of the compensator matrices. Once dominance is achieved the design 

process is completed using single loop theory to select the diagonal elements 

of F. This selection process is enhanced through application of the Gershgorin 

and the Ostrowski theorems for dominant matrices. 

The Gershgorin theorrrn [4] states that the eiqenvalues of a matrix 

- 1 
(either Q(s) or Q (s) 1 are located in the union of the Sands centered about 

the diagonal eiements with widths determined by the sum of the moduli of the 

off diagonal elements by row or by column. Using the envelope procedure 

developed by Crossley [G] and considering each control loop separately, a 

graphical display of open loop system interaction results. Figures 11 and 12 

indicate a typical display for an INA and DNA design formats respectively. 

The feedback gain selection for control loop i is then made in correspondence 

with the generalized Nyquist criterion and the stability theorems of 



The Ostrowski theorem may be used to further shrink the Gershgorin 

bands, thereby reducing the area of uncertainty in each loop. This s-et of 

bands is frequently referred to as a set of "fuzzy" Nyquist plots (or 

imerse Nyquist plots for the INA). Using the innermost band as a conser- 

vative estimate of the Nyquist contour in each loop, the design proceeds on 

a single loop basis. Feedback gain selection must be made exterior to the 

Gershgorin (Ostrowski) band. Thus, phase margin, gain margin and dynamic 

compensation may be used to evaluate and/or improve the loop design with a 

guarantee of low interaction from the closure of the remaining loops. 

Diagonal dominance for the Direct Nyquist Array method requires the 

selection of pre- and post-compensator matrix parameters so that (46)  is 

satisfied when ( 4 5 )  represents the open loop transfer matrix. For the 

- 1 -1 
Inverse Nyquist Array method Q (s) is used and the parameters of K and 

L - ~  must be selected. 

An efficient and reliable method for the evaluation of the matrix 

coefficients is described in [7]. The domiiance algorithm uses a conjugate 

direction function minimization algorithm to adjust the parameter set until 

a performance index composed of the dominance definitions in (46)  and (47)  

is minimized. For the INA method in a row dominance mode, the optimization 

problem can be separated into three independent optimization efforts; one 

for each row. Here the performance index by row is 

A - 1 
where q (s) is an clement of Q 1 .  For each i, the ith row of IC-l is i j 

adjusted until J.(K..) is minimized. In practice, the ratio in (48) is 
1 11 

computed for each discrete frequency point in the range of interest. This 



array is 

. -  - 

then scanned to iden 

. . . 
~tify the maximm ratio. Adjusting the elements 

- 1 of row i in K yields a set of final dominance levels 

If the dominance levels in (49) are less than unity, diagonal dominance has 

been achieved. In the event that some of the dominance levels are greater 

than one, the designer may initiate a dominance sharing search or restart 

the program using new starting values for thc unspecified compensator 

parameters. 

The concept of dominance sharing is detailed in f8J. It is funda- 

mentally a rescaling of the compensator matrices to the extent that low 

dominance levels may be intentionally increased to a point where the previous 

non-dominant levels may be shifted to a ranye of acceptability. This proce- 

dure has been automated in the latest version of the dominance algorithm 

and is initiated by the designer after the final set of dominance levels have 

been evaluated. . 
Once a set of coefficients have been determined for dominance of the 

open loop transfer matrix, each control loop may be treatec independently 

using single-input single-output control theory. The dominance algorithm 

briefly outlined above shifts the burden of establishing the dominance 

condition from the designer to an automated procedure. Thus designer inter- 

vention is only required during the actual design process and is no longer 

needed to establish the requisite dominance condition. Experience with the 

algorithm suggests that dominance may often be obtained within several CPU 

minutes or less depending upon the characteristics of G ( s ) .  



Section 5 :  MNA DESIGN 

The Multivaridble Nyquist Array method described in Section 4 was 

applied to the full order model of the space vehicle. Based upon an 

evaluation of these results, the reduced order model was used subsequent to 

the design of a control unit for the large mass. Although the design 

described herein is of a preliminary evaluation for space vehicles, the 

results clearly demonstrate the utility of the MNA method to flexible vehicle 

control system design. 

Using the transfer matrix of Appendix A as the frequency domain repre- 

sentative for the full order satellite model, a DNA design run was initiated. 

For this DNA design the postcor,,pensator matrix was prespecified as the 

identity matrix with the precompensator matrix to be selected in accordance 

with the algorithm in [7]. Figure 11 indicates the closed loop diagram for 

the satellite with 

representing the open loop transfer matrix. 

Figure 11: Closed m o p  Gatellite control ~esign 



7 .  

Direct application of the DNA method to the FOM without regard to the 

simplifying conditions described in Section 3 produced a non-dominant condition for * ' 

for dominance evaluations, it is evident from the computer printout that 

dominance for each c o l m  of Q(s) is lost in the frequency range near the 

resonant frequencies associated with the flexible appendages. Since this 

design effort is using the DNA column objective, loss of dominance is not 

particularly significant providing that feedback gains could be selected 

external to the corresponding Gershgorin bands. This condition, however, is 

non-existent for loop 1 as the Nyquist band is coincident with the negative 

real axis. This condition immediately relates the dominating influence of 

0 
the two open loop poles of Q(s) at the origin (i.e. pnase angle of 180 ). 

Thbs a confirmation of the single loop analysis from Section 3 is obtained 

directly from the DNA diagram for column 1 of Q ( s )  (see Figure 4 1. W i t h  a 

Nyquist diagram of this form, phase lead &npensation is required to provide 

ap, adequuat : phase margin for the main control loop. 

Using the phase compensator designed in Section 3, the angular displace- 

ment of mass J is returned to the equilibrium point (origin) before any 
1' 

significant motion of the appendages takes place. Hence the model configura- 

tion can be mt,dified to the reduced order model previously developed. . 

A ~ F '  'cation of the MNA program to the 2SM over the frequency interval 

O c w < . O 3  radians - - (51) 

~tields a dominant condition for each column of the ROM transfer matrix Q(s). 

Here the matrix G ( s )  in Appendix B provides the frequency domain description 

when mass J i r  clamped. 
1 



The dominance producing compensators are 

Figures 12 and 13 display the direct Nyquist diagrams for columns one and two 

respectively. The envelope of the Gershgorin bands are indicated in each 

figure. 

Since the feedback gains must be selected exterior to the Gershgorin 

bands, it is clear from the DNA diagrams that some form of phase lead 

compensation is required. This form of compensation will effectively swing 

the DNA bands down and away from the negative real axis, thus providing an 

improved phase and gain margin design. This procedure will then allow for 

an increase in the system gain space for each control loop. 

Alternatively, a bridged-T compensator could be used in each control 

loop to eliminate the lightly damped modes, in favor of two poles on the 

negative real axis. The system gain could then be selected to correspond to 

the desired degree of damping in each loop. 

Following either compensator design procedure identified above, an 

effective closed loop design for the appendage control units would be 

obtained. For purposes of illustration, each control loop was configured 

with a phase lead compensator of the form 

with a = .1 and T = 30. A CSMP run for the ROM indicates that with an 

initial angular off-set of .02 radians for each uass, the system was returned 

to their respective equilibrium points within 250 seconds as indicated in 
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Appendix D. Faster responses could be obtained by adjusting the pole- 

zero positions in ( 5 4 )  or by an increase in compensator gains. 

In contr&mt t o  th. Porcelli control units where rg(t) and rlo(t) are 

only functions of e2  (t) and (t) , respectively, the MNA control configura- 3 

tion is of the fonn 

The main control unit, however, is in correspondence with the Porcelli 

model, i.e., 

where C through C are constants deterniined from K, L and F (s) . 
1 5 

In view of the above preliminary results using the MNA design philasophy, 

the following comments are in order: 

1. The MNA design method is an effective design tool for flexible space 

vehicles. 

2 .  The MNA method applied without consideration of the physical properties 

of the syEtem, identifies the need for system decomposition. 

3. Fo,: highly interactive systems of the ROM £om, the MNA method 

clearly demonstrates the need for a design which incorporates the inter- 

action into the control configuration rather than ignoring its presence. 

4 .  As a frequency domain technique for multivariable systems, the MNA 

method identifies the need for compensation in the proper control loops and 

also indicates the fonn of compensation required. 

5 .  The MNA design is readily adapted to higher order models and could 

be easily applied to more sophisticated satellite design configurations. 

This 1s not necessarily true of the Porcelli method of design. 



Section 6: CONCLUSIOhS 

It was the intent of this report to demonstrate the feasibility'of 

the multivariable Nyquist array design method to the attitade control design 

of flexible space vehicles. Using a three body model for the vehicle with 

coefficients specified in the Porcelli paper, three design approaches were 

considered: 

1. Standard single loop elimination design by classical procedures. 

2. MNA design for the full order model. 

3. MNA design for the reduced order model. 

In each case, the design configuration independently confirm the results 

of Porcelli. 
I 

The flrst method conforms more directly to the standard compensator 

design approach identified in the traditional control texts. It is this 

design approach which is most likely to be used in the MNA compensator design. 

From the single loop elimination design in Section 3, it is readily apparent 

that this approach compares favorably with the Porcelli method. The root 

locus for the FOM G (s) transfer function clearly delineates the control 
11 

problem and bandwidth considerations which must be taken into account in the 

design of the main control unit. An additional feature of this sinyle loop 

approach lies in the recognition of subsystem interactions associated with 

the appendage control design as well as the utilization of bridged-T compen- 

sation. Thrs form of compensation does not appear in Porcelli's paper. 

The second design approach ignored any previous information pertaining 

to the pole-zero locstions in the FOM. Although system dominance was not 

obtained in the MJA form, subsequent analysis reveaied the problem to be 

associated vith the rigid body dynamics. This condition presented itself 



. . 
0 in the Nyquist diagram as a 180 phase for all frequencies not associated 

with the resonant frequencies of the appendages. Analysis of the remaining " .  
MNA diagrams clearly indicates the need for lead compensation. 

\ 

To simplify the design for the appendage control wits, the first mass I +  

was assumed to be at the equilibrium point. This assumption is easily 

justified from the time dcmain analysis v i a  CSMP. An MNA design for the 

ROM was made with results supportive of the FOM run. Lead compensation is 

clearly required for the control unit design. 
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APPENDIX A 

Transfer Matrix for Full Order Model 



APPENDIX B 

Transfer Matrix for Reduced Order Model 



APPENDIX C 

Full order model under main loop control 

uring compensator developed in Section 3. 



Theta 1 Time Response 

O < t < 2 0  - - 



Theta 2 Time Response 

O L t  - < 20 



1 Theta 3 Time Response 

' 0 5 t l . 2 0  I 



Tau 8 Time Response 



Theta 2 Time Response 

0 5 t 2 1500 



Theta 2 Time Response 

1530 5 t 5 3000 



Theta 3 Time Response 

0 5 t 5 1500 



Theta 3 Time Response 

1530 5 t 5 3000 



APPENDIX D 

%(t) from Section 3 

F.Fi;l%~\PUCXBILITY OF T ? z  
T4(t), To(t) from design . ' ,  . -., , . I t , , - t .  TIC pnq,, 

Notation: 

activated 

1 y9(t) activated 

Full Order Model with Control Units 



Theta 1 Time Response 

rwo = wl = sw2 = 1 

HNA Design 

0 < t c 1500 - - 



Theta 2 Tim Response 

roo = wl * sw2 = 1 

MNA Design 

0 f t 1500 

R*'ROI>UCIBILrn OF THE 
ORIGINAI, PACE IS POOR 



Theta 3 Time Response 

wO = sol = w2 = 1 



Theta 1 Time Responhe 

0 5 t - < 1500 

wO = 0 
s w l  = 1 
scrl2 = 1 
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Theta 1 Time Response 







Apy e n d i x  C 

C o s t a t e  and Con t ro l  Equa t ions  For 

? l o d i f i e d  Subproblem Hie ra rchy  

With Local Vert ical  A t t i t u d e  

S t a b i l i z a t i o n  C o n t r o l  
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REPRODUCIB~~~Y OF THE 
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