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PREFACE 

This  p u b l i c a t i o n  is a compi la t ion  of t h e  p a p e r s  p r e s e n t e d  a t  t h e  T h i r d  Annual 
Large Space Systems Technology (LSST) Technica l  Review conducted a t  NASA Langley 
Research Cente r  on November 16-19, 1981. The Review prov ided  p e r s o n n e l  of govern- 
ment, u n i v e r s i t y ,  and i n d u s t r y  wi th  an o p p o r t u n i t y  t o  exchange i n f o r m a t i o n ,  t o  a s s e s s  
t h e  p r e s e n t  s t a t u s  of technology developments i n  t h e  Large Space Systems Program, and 
t o  i n f l u e n c e  t h e  c o u r s e  of development of new technology f o r  l a r g e  space  systems. 

The p a p e r s  d e s c r i b e  t e c h n o l o g i c a l  o r  developmental  e f f o r t s  t h a t  were accom- 
p l i s h e d  d u r i n g  F i s c a l  Year 1981 i n  s u p p o r t  of t h e  LSST Program and were p r e p a r e d  by 
t h o s e  i n  government, u n i v e r s i t y ,  and i n d u s t r y  who performed t h e  work. These p a p e r s  
were d i v i d e d  i n t o  f o u r  major a r e a s  of i n t e r e s t :  ( 1 )  technology p e r t i n e n t  t o  l a r g e  
antenna systems,  (2) technology r e l a t e d  t o  t h e  c o n t r o l  of l a r g e  space  sys tems ,  
(3) basic technology  concern ing  s t r u c t u r e s ,  m a t e r i a l s ,  and a n a l y s e s ,  and ( 4 )  f l i g h t  
t echnology  exper iments .  

T h i s  p u b l i c a t i o n  is d i v i d e d  i n t o  two p a r t s .  P a r t  1 c o n t a i n s  i n f o r m a t i o n  on 
program s t a t u s ;  s t r u c t u r e s ,  m a t e r i a l s ,  and a n a l y s e s ;  and c o n t r o l  of l a r g e  space  sys -  
t e m s .  P a r t  2 c o v e r s  large antenna systems and f l i g h t  technology exper iments .  

Th i s  compi la t ion  p r o v i d e s  t h e  p a r t i c i p a n t s  and t h e i r  o r g a n i z a t i o n s  w i t h  t h e  
p a p e r s  p r e s e n t e d  a t  t h e  Review i n  a r e f e r e n c e a b l e  format.  Also, u s e r s  of l a r g e  space  
sys tems technology  can f o l l o w  t h e  development p r o g r e s s  wi th  t h i s  document a l o n g  w i t h  
p roceed ings  of p r e v i o u s  and f u t u r e  LSST Technica l  Reviews. (See  NASA CP-2168, 1981.) 
The LSST Program O f f i c e ,  Langley Research Cente r ,  which h o s t e d  t h e  Review, p r o v i d e s  
t h i s  i n f o r m a t i o n  a s  a n  a i d  i n  measuring performance and i n  p l a n n i n g  f u t u r e  t a s k s .  

T h i s  p u b l i c a t i o n  was exped i ted  and enhanced through t h e  e f f o r t s  of t h e  s t a f f  o f  
t h e  & s e a r c h  In format ion  and A p p l i c a t i o n s  D i v i s i o n ,  Langley Research Center .  

W i l l i a m  J. Boyer 
Manager, LSST Program O f f i c e  
NASA Langley Research Cente r  
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MATURING LSST ROLE I N  NASA PLANNING 

Richard I?. C a r l i s l e  
NASA Headquarters 
Washington, D.C. 

Large Space Systems Technology - 1981 
Third Annual Technical  Review 

November 16-19, 1981 



TRANSITION I N  PROGRAMS 

The LSST program h a s  made a  t r a n s i t i o n  from a  s t r u c t u r e s - b a s e d  program t o  a  
sys tems program a s  shown i n  f i g u r e  1 .  Systems a n a l y s i s  f o r  bo th  p l a t f o r m s  and 
an tennas  h a s  fo rmal ly  been adopted t o  i d e n t i f y  technology development r equ i rements  
of subsystems and t o  a c t  a s  a  f o c a l  p o i n t  f o r  i n t e g r a t i n g  subsystem t e c h n o l o g i e s  and 
e v a l u a t i n g  t h e i r  e f f e c t s  on o v e r a l l  sys tem performances and subsystem i n t e r a c t i o n .  
Land Mobile S a t e l l i t e  S e r v i c e  (LMSS) work, t h a t  was completed t h i s  y e a r ,  showed t h e  
need f o r  a d d i t i o n a l  f eed  technology and i d e n t i f i e d  t h e  need f o r  d i s t r i b u t e d  c o n t r o l  
t o  meet system communications requ i rements .  

Both an tennas  and p l a t f o r m s  of t h e  l a r g e  space-system c l a s s  w i l l  r e q u i r e ,  a s  a n  
i n i t i a l  s t e p ,  advanced sys tem i d e n t i f i c a t i o n  a long  wi th  d i s t r i b u t e d  c o n t r o l  t o  meet 
sys tems performance requ i rements .  Modular c o n t r o l  i s  t h e  c o r r e l a r y  technology f o r  
sys tems undergoing l a r g e  c o n f i g u r a t i o n  changes d u r i n g  c o n s t r u c t i o n  and assembly 
o p e r a t i o n s .  These i n i t i a l  s t e p s  w i l l  b u i l d  t h e  technology b a s e  t h a t  w i l l  l e a d  t o  
s e l f - d i a g n o s i n g  and compensating sys tems w i t h  a d a p t i v e  c o n t r o l .  

The LSST an tenna  program has  focused on po in t -des ign  dep loyab le  mesh an tennas  
s i n c e  i t s  i n c e p t i o n .  The technology i s  w e l l  a l o n g ,  and,  t h i s  y e a r ,  ground t e s t i n g  
w i l l  dominate t h e  e f f o r t .  A s  t h e  ground development phase  approaches  complet ion 
about  1983, sys tem f l i g h t  t e s t i n g  w i l l  be  r e q u i r e d  t o  complete t h e  technology 
development. 

A s  t h e  d e p l o y a b l e  program m a t u r e s ,  t e c h n o l o g i e s  a s s o c i a t e d  w i t h  advanced con- 
f i g u r a t i o n s  w i l l  be  i n v e s t i g a t e d .  Th i s  p a s t  y e a r ,  f o r  i n s t a n c e ,  an tenna  sys tem work 
h a s  p r o g r e s s e d  w i t h  t r u s s  and modular c o n f i g u r a t i o n s  and membrane r e f l e c t o r s  w i t h  
promis ing r e s u l t s .  ( D e t a i l s  of t h e  s t u d i e s  a r e  p r e s e n t e d  e l sewhere  i n  t h i s  document.) 

P a s t  p l a t f o r m  a c t i v i t i e s  have inc luded  a p p l i c a t i o n  s t u d i e s  ( s c i e n c e  and a p p l i c a -  
t i o n s ,  GEO communications,  and solar-powered s a t e l l i t e ) .  Cur ren t  p l a t f o r m  techno logy  
w i l l  focus  on t h e  g e n e r i c  a s p e c t s  of p l a t f o r m  systems which have commonality a c r o s s  
a p p l i c a t i o n s ,  advanced power, and manned p l a t f o r m s .  A ground program f o r  d e p l o y a b l e  
p l a t f o r m s  h a s  been i n i t i a t e d  t h a t  w i l l  u t i l i z e  ground t e s t i n g  f o r  advanced technology 
development.  Any r e s i d u a l  technology v o i d s  a t  t h e  complet ion of  t h e  ground program 
w i l l  be  r e s o l v e d  w i t h  f l i g h t  t e s t i n g .  F u t u r e  advanced p l a t f o r m  technology w i l l  
i n v e s t i g a t e  e r e c t a b l e  and f a b r i c a t e d  concep t s .  

Assembly a n a l y s i s  work i n  t h e  n e u t r a l  buoyance f a c i l i t y  a t  t h e  Marsha l l  Space 
F l i g h t  Cen te r  (MSFC) h a s  p rogressed  t o  t h e  p o i n t  where space  t e s t i n g  is  r e q u i r e d  t o  
c o r r e l a t e  o r b i t a l  assembly o p e r a t i o n s  w i t h  ground s i m u l a t i o n s .  The S t r u c t u r a l  
Assembly Deployment Experiment (SADE) i s  a  f l i g h t  exper iment  t h a t  w i l l  v a l i d a t e  t h e  
man-machine assembly a n a l y s i s  a l g o r i t h m  and p rov ide  t h e  space-to-ground c o r r e l a t i o n .  
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- STRUCTURES- SYSTEMS 
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e CONTROL 
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0 APJTENNAS 
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m GROUND DEVELOPMENT 
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0 PLATFORMS 
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- SSEMBLY ANALYSIS 

\ @  S . A , D , E ,  
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1982 LSST PROGRAM 

F i g u r e  2 shows t h e  d i s t r i b u t i o n  of t h e  FY 1982 IAST program e lements  t o  t h e  
c e n t e r s .  Primary focus  f o r  an tennas  i s  a t  t h e  Langley Research Cen te r  (LARC) and 
f o r  p l a t f o r m s  a t  MSFC. 

LARC -- - J P L  MSFC - JSC GSFC LERC 

ANTENNAS 

ANT, SYST, ANAL, X 
HOOP COLUMN X 
WRAP R I B  
ELEC. STAT,  MEM, X 
ELEC,  MAG, ANAL. X 

PLATFORMS 

PLAT.SYST.  ANAL, 
DEPLOY, P L A T .  
ASS 'Y .  ANAL, 
ASS 'Y ,  TECH, 
ASS'Y, EXPT, 

L S S  TECHNOLOGY 

CONTROL/STAB, 
DOCK/BERTH 
I AC 
ARAM I S 
M-SAT 
PROPUL/STR, 
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CURRENT PLANS 

F i g u r e  3  shows c u r r e n t  p lann ing  f o r  an tennas  and p l a t f o r m s .  Antennas and 
p l a t f o r m  systems a n a l y s i s  w i l l  be c o n t i n u i n g  e f f o r t s  t h a t  w i l l  r e c e i v e  more 
emphasis i n  FY 1982. The dep loyab le  an tenna  ground program (hoop column and wrap 
r i b )  w i l l  c o n t i n u e  i n  FY 1982 and s t a r t  phasing down about  t h e  end of FY 1983. 
I n i t i a l  p lann ing  f o r  an an tenna  system f l i g h t  exper iment  w i l l  s t a r t  i n  N 1982 and 
b u i l d  up through N 1983 i n  p r e p a r a t i o n  f o r  a  f l i g h t  i n  t h e  l a t e  FY 1987 t ime frame. 

The dep loyab le  p l a t f o r m  ground program is  a 6-year e f f o r t  t h a t  s t a r t e d  i n  
FY 1981. I t  w i l l  c o n t i n u e  t o  grow t h i s  y e a r  w i t h  component t e s t i n g  s t a r t i n g  i n  
FY 1983 and w i t h  dep loyab le  s t r u c t u r e s ,  u t i l i t i e s ,  e t c .  , s t a r t i n g  l a t e r  i n  t h e  
program. 

The assembly exper iment  (SADE) w i l l  complete exper iment  d e f i n i t i o n  i n  M 1982 
and s t a r t  f i n a l  exper iment  hardware d e s i g n  i n  p r e p a r a t i o n  f o r  a  N 1985 lzunch.  

F igure  3  

LSST THRUST/FY 
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PLATFORMS 

PLAT. SYST. ANAL, 

DEPL. GNn. PGM. 

ASS'Y. EXPT. 
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SYST. ANAL. 

TEST PHASE DOWN 

F L T .  EXPT. 

SYST. ANAL. 

6ND. PGM, 
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PRELIMINARY SCHEDULE FOR SPACE-STATION TECIINULOGY DEVELOPMENT 

F i g u r e  4 shows p r e l i m i n a r y  p l a n n i n g  and a s s o c i a t e d  m i l e s t o n e s  f o r  space- 
s t a t i o n  technology development.  With a phase  C / D  s t a r t  i n  FY 1986,  t h e r e  are 4 
y e a r s  t o  a l l o w  technology t o  be  developed t h a t  w i l l  s i g n i f i c a n t l y  advance space-  
s t a t i o n  c a p a b i l i t i e s .  

F i g u r e  4 



TECHNOLOGY FOR SPACE STATION 

I f  we look  a t  technology r e q u i r e d  f o r  a  s p a c e  s t a t i o n  and compare i t  w i t h  t h e  
LSST program, we f i n d  c o n s i d e r a b l e  s i m i l a r i t y  a s  shown i n  f i g u r e  5. Many of t h e  
t e c h n o l o g i e s  b e i n g  worked on f o r  a n t e n n a s  and p l a t f o r m s  a r e  r e q u i r e d  f o r  t h e  s p a c e  
s t a t i o n .  I n  a d d i t i o n ,  t h e  t iming  i s  abou t  r i g h t .  The a n t e n n a  ground program w i l l  
have  been completed and t h e  d e p l o y a b l e  p l a t f o r m  program w i l l  be  w e l l  underway. The 
SADE exper imen t  w i l l  have  flown and pr imary an tenna  f l i g h t - e x p e r i m e n t  hardware  
e l ement s  w i l l  have been f a b r i c a t e d  and w i l l  b e  i n  ground s i m u l a t i o n  and tes t .  

e STATION IS  A LARGE SPACE SYSTEM 

a TIME FOR TECHNOLOGY DEVELOPYENT 

ALREADY-WORK I N G  APPL ICABLE TECH/tJOLOGY 

Q F I T S  CURRENT LSS PROGRAM 

9 SPACE STATION REPRESENTS EXPANSION OF LSST 

Figure 5 



APPLICATIONS APPROACH 

The p o i n t  d e s i g n  approach  t y p i c a l l y  g roups  m i s s i o n s  by LSS c l a s s  ( e . g . ,  
a n t e n n a s ,  p l a t f o r m s ,  e t c . )  t o  d e t e r m i n e  strawman r e q u i r e m e n t s  f o r  t h e  d e s i g n .  
Another  approach  e x t r a c t s  r e q u i r e m e n t s  t h a t  are common t o  a l l  o r  t o  a m a j o r i t y  o f  
m i s s i o n s  w i t h i n  e a c h  c l a s s .  When common r e q u i r e m e n t s  a r e  e x t r a c t e d  a c r o s s  LSS 
c l a s s e s ,  g e n e r i c  LSS t echno logy  e l e m e n t s  can  b e  i d e n t i f i e d .  

ANTENNAS PLATFORMS S T A T  I ON 

COMM SASP L E O  CONF I G S  

RADIOMETRY 

VLB I 
I 
I 
I 

I COMMON t 

GEO COMM 
I 
I 
I 
I 
I 

I STRAWMAN 1 

GROWTH 

I 
I 
I 
I 
I 

d 
STRAWMAN 1 

I COMMON 1 

I 

EXTRACT COMMON 
L S S  REQMT'S 

I -1 

G E N E R I C  LSS/ 
TECHNOLOGY REQMT' s 
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LSS CHARACTERISTICS 

Common technology i s s u e s  f o r  a n t e n n a s ,  p l a t f o r m s ,  and s p a c e  s t a t i o n s  can 
c o l l e c t i v e l y  be  r e f e r r e d  t o  a s  LSS c h a r a c t e r i s t i c s .  F i g u r e  7 i d e n t i f i e s  major 
technology e lements  t h a t  a r e  common t o  all (most)  l a r g e  s p a c e  sys tems .  Technology 
development d i r e c t e d  toward t h e s e  c h a r a c t e r i s t i c s  w i l l  p r o v i d e  maximum l e v e r a g e  f o r  
l a r g e  s p a c e  s y s  terns. 

0 LARGE CONFIGURATION CHANGES 

- STOWED/DEPLOYED 

- ASSEMBLED 

8 COMPLEX STRUCTURES 

- VERY LOW FREQUENCY, DENSE MODES 

- DAMPING UNCERTAINTIES & NON-L INEARIT IES 

0 ADVANCED CONTROL SYSTEMS 

- DISTRIBUTED 

- ADAPTIVE 

a HIGHLY INTERACTIVE SUBSYSTEMS 

- STRUCTURE DYNAMICS 

- THERMAL 

- CONTROL 

Figure  7 



CONCLUSIONS 

D i s c i p l i n e  and sys t em t echno logy  must  be  worked t o g e t h e r ,  i n  an  i n t e g r a t e d  
f a s h i o n ,  f o r  maximum b e n e f i t  t o  LSST a s  shown i n  f i g u r e  8. System pe r fo rmance  can  
be  a f f e c t e d  n o t  o n l y  by i n d i v i d u a l  d i s c i p l i n e  per formance  b u t  a l s o  by d i s c i p l i n e  
i n t e r a c t i o n s .  I n t e g r a t e d  sys t em s t u d i e s  and t r a d e s  assess i n d i v i d u a l  and combined 
subsys t em e f f e c t s  on o v e r a l l  per formance  and e s t a b l i s h  t echno logy  r e q u i r e m e n t s  and 
d r i v e r s  w i t h i n  and be tween subsys t ems .  C u r r e n t  t echno logy  programs t h a t  i n c l u d e  
ground development and t e s t i n g  w i l l  s t i l l  l e a v e  t echno logy  v o i d s .  Space  t e s t i n g  
i s  r e q u i r e d  t o  overcome g r o u n d - t e s t  e f f e c t s ,  and an  i n t e g r a t e d  s y s t e m  is r e q u i r e d  
t o  a s s e s s  sys t em pe r fo rmance  and subsys t em i n t e r a c t i o n .  

An a n t e n n a  i s  chosen  a s  t h e  r e p r e s e n t a t i v e  l a r g e  s ? a c e  s y s t e m  f o r  f l i g h t  
t e s t i n g  b e c a u s e  i t  e x h i b i t s  c h a r a c t e r i s t i c s  common t o  most  l a r g e  s y s t e m s  and i s  
t h e  most ma tu re  LSS c o n f i g u r a t i o n .  A s  a n  i n t e g r a t e d  s y s t e m s  e x p e r i m e n t ,  sys t em 
and d i s c i p l i n e  t echno logy  and i n t e r a c t i o n  can  b e  v a l i d a t e d  s i m u l t a n e o u s l y .  I n  
a d d i t i o n ,  common t echno logy  i s s u e s  a p p l i c a b l e  n o t  o n l y  t o  a n t e n n a s  b u t  a l s o  t o  
p l a t f o r m s  and s p a c e  s t a t i o n s  can  b e  v a l i d a t e d .  

e DlSC IPL INES OUTPIIT LSS APPLICABLE GENER I C  TECHNOLOGY 

LSST SUPPORTS SYSTEVS TECHM@LOGY/APPLICAT I ONS 

a LSST REQUIRES INTEGRATED SYSTEMS TO CONPLETE TECHNOLOGY DEVELOPMENT 

@ ANTEPNA FLIGHT EXPER !MENT SATISF!ES 

- SYSTER PERFORMANCE 

- SUBSYSTEM INTERACT! ON ( STRlJCTIIRE/CONTROL/THERrlAL/RF 1 

Q SYSTENS TECHNOLOGY FROM ONE APPLICATION APPLIES TO OTHERS 

- ANTENNA 

a STRUCTURE DYNAM I CS/SYSTEM I DENT I F  I CAT I ON PLATFORMS 

e D I STR I BlJTED CONTROL STAT I ON 

a SUBSYSTEM I WTERACT I ON 

F i g u r e  8 
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COVER SHEET OF ORIGINAL PLAN 

The l a r g e  space-systems technology program was fo rmal ly  i n i t i a t e d  i n  N 1979 
a s  a )-year e f f o r t .  F i g u r e  1 shows t h e  cover  s h e e t  of t h e  o r i g i n a l  t e c h n i c a l  p l a n .  

Space 

Techno 

TECHNICAL PLAN (M-79 - FY-83) 

LSST Program Office 

Langley Research Center 

Harnpton,Virginia 23665 

Figure  1 



LARGE ANTENNA-SYSTEM TECHNOLOGY DEVELOPMENT PLAN 

The task elements of the original development plan are ongoing today as shown 
in figure 2. Of particular interest are the hoop column and wrap rib antenna 
efforts. These antenna technology developments were planned with analytical and 
ground-test activities to output a comprehensive data base in the Pi 1983 time frame. 
This information was to be used to assess technology status at ground-program com- 
pletion and define additional flight testing to complete technology development. 

With antenna ground-development hardware being completed in FY 1981, and test 
and evaluation occupying most of FY 1982, the program has significantly matured. 
The original scheduling is pretty much on track too, with phase down expected to 
start in EY 1983. This, coupled with a firm understanding of ground-test limitations 
and associated technology voids, necessitates planning for subsequent flight 
experimentation. 

Figure 2 



CURRENT LSST GROUND PROGRAM 

The current antenna ground program that is funded by LSST is depicted in 
figure 3. (complimentary discipline technology programs in dynamics, control, and 
RF that support these efforts are not shown,) 

The ground-development hardware is being utilized to assess mesh management and 
surface characterization, deployment/kinematics, structural characterization and 
effects of RF performance due to surface distortion, and aperture blockage. 

MESH MANAGEMENT 

DEPLOYMENT 

FEED MAST 

" R F 

HOOP COLUMN (19842 

50 M SURFACE A D J U S T .  

MODEL 

1 5 M  MODEL W I T H  SURFACE 

MRAP R I B  (1983) 

55M SURF.  A D J U S T .  

5 5 M  MODEL W I T H  

4 R I B ,  3 GORE, HUB 

STRUCTURAL MODEL 

BREADEOARD P I L L O W  8 

CABLE E F F E C T S  

Figure 3 



TECHNOLOGY VALIDATION AND TRANSFER 

Technology transfer implies validation of analytical tools, ability to predict 
and understand interactions between subsystems, and finally the ability to predict 
and achieve system performance confidently with minimal risk. To accomplish this, 
simulation and test activities with both hardware and software elements are required 
as seen in figure 4. Within the limitations of ground testing, simulations are 
updated and software and analytical tools are validated. 

Subsequent flight testing is required when the ground environment restricts the 
validation process. Hardware commonality between ground and flight programs 
eliminates uncertainties associated with different sets of hardware and yields a cost 
benefit . 

.. i 

S I M U L A T I O N  GROVND - F L T G H T  
T E S T  

- HARDWARE 
T E S T  VALIDATION 

J 

I 

VAL I D A T I O N  

0 TOOLS \ 
o S Y C T .  TECH. 

I N T E R A C T  I O N  
TRANSFER 

0 PERFOPM 
P R E D I C T  ) 

Figure 4 



REVIEW OBJECTIVES 

In February 1981, an LSST Antenna Review was convened at LaRC to review program 
status and identify additional ground and required flight activities required to 
complete deployable antenna technology development. The objectives are stated in 
figure 5. 

r EXAMINE THE DEVELOPMENT LOGIC FOR THE GROUND-BASED LSST HOOP/ 

COLUMN AND OFFSET WRAP-RIB ANTENNA PROGRAMS 

a IDENTIFY ADDITIONAL WORK THAT NEEDS TO BE UNDERTAKEN TO BRING 

CONCEPTS TO A SYSTEMS TECHNOLOGY READINESS STATE 

IDENTIFY NEED FOR GROUND-TEST TECHNIQUES AND F A C I L I T I E S  

e I DENT I FY NEED FOR FLIGHT VAL I DAT I ON INCLUDING SPEC I AL I ZED I NSTRUMENTAT I ON 

r FORMULATE TECHNICAL PLANS AND RESOURCES REQUIRED TO COMPLETE THE 

TECHNOLOGY DEVELOPMENT FOR THESE CONCEPTS 

Figure 5 



REVIEW COMMITTEE CONCLUSIONS 

The review committee was composed of system and discipline technologists and 
included participation by the structures/dynamics, controls, thermal, and RF sub- 
systems from the NASA Centers. As shown in figure 6, they concluded that flight 
testing was required to fill residual technology voids at the completion of the 
ground programs in order to complete technology development and validate the simu- 
lation process. They also concluded that a flight-experiment system was required to 
assess system and subsystem performance and effects of discipline interactions. 

FLIGHT TESTING REQUIRED TO: 

0 F I L L  GROUND-TEST VOIDS 

- DAMPING EFFECTS 

- 1 G EFFECTS 

- DYNAMICS/CONTROL INTERACTION 

- RF/FEED/REFLECTOR INTERACTIONS 

a CORRELATE GROUND TO FLIGHT 

- VAL I DATE S I MULAT I ON 

SYSTEM FLIGHT EXPERIMENT TO PROVIDE: 

a SYSTEM TEST 

DISC I PL I NE INTERACTIONS - STRUCT/THERMAL/CONTROL/RF 

a RF PERFORMANCE 

a SYSTEM PERFORMANCE 

LOW-R I SK TECHNOLOGY VAL I DAT ION 

Figure 6 



STRUCTURE DYNAMICS 

Structural characteristics and analytical and ground-test uncertainties make 
structure dynamics (see fig. 7) a high-risk technology element. Zero-g flight 
testing is required to characterize the structural plant adequately for the structure 
and control subsystems and to validate the technology of systems identification. 

@ VERY LOW FREQUENCY DENSE MODES 

e PREC I SE KNOWLEDGE OF FREQUENC I E S  AND SHAPES REQUIRED 

e A N A L Y S I S  R E L I A B L E  FOR - 1 S T  20 MODES 

- NEED CHARACTER I Z A T I O N  OF - 1 S T  I00 MODES 

o L S S  NON-LINEAR I T I E S  VERSUS L I N E A R  SYSTEMS A N A L Y S I S  

A B I L I T Y  TO MEASURE AND S P E C I F Y  DAMPING 

GROUND-TEST UNCERTAINTIES 

- 1-G EFFECTS 

- TEST CONFIGURATION (COMPONENT AND SCALED) 

- BOUNDARY CONDIT IONS 

- AERODYNAMIC ENVIRONMENT EFFECTS 

I SYSTEMS I DENT I F I CAT I ON - 1  
Figure 7 



CONTROLS 

Deployable antenna control requirements include precision control of the 
reflector surface and feed-mast motion compensation as shown in figure 8. Since the 
dynamics of the dish structure, feed mast, and mesh are highly interactive and the 
structure and control subsystems are so intimately related, a complete system 
including all of the structural elements and a control system is required for flight 
testing. In addition, in order to achieve system performance, both the hoop column 
and wrap-rib configurations require distributed control with actuators at the 
reflector hub and mast tip. 

r GROUND-BASED TESTS VALIDATE THEORY 

r FLIGHT EXPERIMENT TO DEMONSTRATE: 

- MODAL DAMPING/VIBRATION SUPPRESSION 
STRUCTURAL ( 

I N T E R A C T I O N  f - FEED MOTION COMPENSATION 
MESH 

- PRECISION SlIRFACE/SHAPE CONTROL 

REQUIRES A STRUCTURAL SYSTEM 

r DISH STRUCTURE 

a FEED MAST i 
@ MESH 

WANT GROUND-DYNAMICS STRUCTURE TEST PRECEEDlNG FL IGHT EXPERIMENT 

a FLIGHT EXPERIMENT REQUIRES MULTIPLE DISTRIBUTED SENSORS 

r FLIGHT EXPERIMENT REQUIRES ACTUATORS AT FEED R D I S H  FOR MODAL/ 

VIBRATION SUPPRESSION 

MIN IMUM DISTRIBUTED CONTROL 
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SYSTEM FLIGHT-TEST REQUIREMENTS 

F igure  9 i d e n t i f i e s  d i s c i p l i n e  v a l i d a t i o n  requ i rements  t o  be  s a t i s f i e d  by t h e  
antenna-system f l i g h t  test. The system t e s t  w i l l  a l s o  a s s e s s  d i s c i p l i n e  i n t e r a c t i o n s  
and t o t a l  sys tem performance. Note t h a t  s t r u c t u r e  dynamics, sys tems i d e n t i f i c a t i o n ,  
and d i s t r i b u t e d  c o n t r o l  are technology i s s u e s  t h a t  can b e  s a t i s f i e d  by an  an tenna  
f l i g h t  experiment t h a t  i s  a p p l i c a b l e  t o  l a r g e  space  sys tems a c r o s s  t h e  board.  

0 RF PERFORMANCE VALIDATION 

SURFACE ACCURACY 

FEED ALIGNMENT 

FEED PERFORMANCE 

ELECTROMAGNETIC SYSTEM PERFORMANCE 

0 POINTING AND CONTROL VALIDATJON 

DYNAMIC MODELING 

PARAMETER I DENT IF I CAT I ON 

0 DEPLOYMENT DYNAMICS VALIDATION 

KINEMATICS 

LOADS 

RELIABILITY 

CONTOUR ACCURACY 

MULTI-ELEMENT INTERACTION 
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RELATED ISSUES 

Other issues that affect planning for the antenna flight test are highlighted 
in figure 10. Due to t h e  complexity of the antenna system, an in-depth assessment 
of interactions with the Shuttle and its capability must be made. An instrumenta- 
tion and data-collection system that satisfies integrated system and subsystem 
requirements is needed. T h e  flight test must address technologies that relate to the 
maximum number of applications. Finally, the experiment must choose a configuration 
that maximizes technology benefit for reasonable cost. 

a SHUTTLE C A P A B I L I T Y / E X P E R I M E N T  INTERACTION 

a INSTRUMENTATION AND DATA COLLECTION 

a AFFORDABIL  I T Y  

a A P P L I C A T I O N S  

a CONFIGIJRATION 

Figure 10 



MISSION REQUIREMENTS OF ANTENNA FLIGHT TEST 

Technology is  be ing  developed f o r  f u t u r e  miss ion  a p p l i c a t i o n s  a s  shown i n  
f i g u r e  11. The antenna f l i g h t  exper iment  must be conf igured  t o  advance technology 
t h a t  c a p t u r e s  a s  many m i s s i o n  requ i rements  a s  p o s s i b l e .  Cost w i l l  be t h e  f a c t o r  t h a t  
l i m i t s  t h e  number and r e s o l u t i o n  t o  which t h e s e  requ i rements  can  be met. 

MISSION REQUIREMENTS: 

a FUNCTION 

a FREQUENCY 

a RESOLUTION 

a FEED 

a BEAM 

a ORBIT 

e LIFETIME 

a OPERATIONAL 
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CANDIDATE CONFIGURATIONS OF ANTENNA FLIGHT TEST 

The an tenna  f l i g h t  experiment must be  a  c o n f i g u r a t i o n  t h a t  b e s t  s a t i s f i e s  
technology o b j e c t i v e s  and maximizes technology advancement f o r  t h e  l e a s t  c o s t .  
L i s t e d  i n  f i g u r e  1 2  a r e  c a n d i d a t e  c o n f i g u r a t i o n s  t h a t  must be  a s s e s s e d  a g a i n s t  t h e s e  
c r i t e r i a  t o  de te rmine  t h e  optimum f l igh t -exper iment  c o n f i g u r a t i o n .  

CANDIDATE CONFIGURATIONS 

e HOOP AND COLUMN 

a WRAPPED RAD I AL- R I B  

e WIRE WHEEL 

a TRUSS RADIAL-RIB 

0 BOX R I N G  

e BOX TRUSS 

a TETRAHEDRAL TRUSS 

PARABOLIC ERECTABLE-TRUSS 

0 SUNFLOWER 

Figure  1 2  



PREPARATION FOR ANTENNA FLlGHT TEST 

Planning f o r  t h e  antenna f l i g h t  t e s t  i n  t h e  FY 1987 t i m e  frame i s  being 
i n i t i a t e d  t h i s  y e a r  as shown i n  f i g u r e  13. PY 1982 a c t i v i t i e s  w i l l  f o c u s  on prepara-  
t i o n s  f o r  t h e  phase  B procurement which i s  t o  s t a r t  i n  mid FY 1983. I n  phase B 
f l igh t -exper iment  s e l e c t i o n  c r i t e r i a  ( s e e  f i g .  14)  w i l l  be developed and procurement 
documentation prepared.  The compet i t ion  w i l l  b e  open t o  a l l  concep t s  w i t h  a con- 
f i g u r a t i o n  be ing  s e l e c t e d  f o r  maximum technology b e n e f i t  w i t h  t h e  w i d e s t  miss ion  
a p p l i c a b i l i t y ,  A s i n g l e  c o n t r a c t o r  w i l l  be chosen f o r  phases B and C / D  t o  c o p a r t i -  
c i p a t e  i n  t h e  experiment development w i t h  NASA in-house t e c h n o l o g i s t s .  Phase B 
funding w i l l  b e  a p p r o p r i a t e d  by t h e  S p a c e c r a f t  Systems O f f i c e  (OAST, NASA 
Headquar ters)  and phase C / D  funding w i t h  new s t a r t  budgetary  a l l o c a t i o n s  beg inn ing  
i n  N 1985. I n i t i a l  ground hardware des igned and f a b r i c a t e d  d u r i n g  phase B w i l l  r o l l  
o v e r  i n t o  t h e  phase  C / D  program a s  p r o t o f l i g h t  hardware t o  a c c e l e r a t e  t h e  C/D s t a r t  
and e l i m i n a t e  hardware r e p l i c a t i o n  c o s t s .  

S E L E C T  ANTENNA 
COiJCEPT 

PROCII '3FMFNT 
P R E P .  

A 
F L I G H T  T E S T  

I 

GFiQllND 
F A B R I C A T I O N  

F I N A L  D E S I G N  k 
F A B R I C A T I O N  

D A T A  
A N A L Y  S I S  

Figure  13 



e DEVELOP SELECTION CRITERIA 

OPEN-CONCEPT COMPETITION 

e CHOOSE CONFIGURATION FOR MAXIMUM TECHNOLOGY BENEFIT 

CONSIDERING: MISSION APPLICABILITY/AFFORDABILITY 

o EXPERIMENT DEVELOPMENT: 

- IN-HOIJSE NASA 

- INDUSTRY 

SINGLE CONTRACTOR - PHASE B, C, D 

e FUNDING: 

- RSS - THROUGH g ( B )  

- BALANCE BUDGETARY 
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OBJECTIVES AND APPROACH 

R a d i a t i o n  e f f e c t s  on epoxy-based m a t e r i a l s  a r e  being s t u d i e d  a t  Nor th  
C a r o l i n a  S t a t e  U n i v e r s i t y  under a g r a n t  (NSG-1562) from the  M a t e r i a l s  D i v i s i o n  
of the  NASA Langley Research Center .  The r e s e a r c h  i s  conducted by members of 
t h e  School of T e x t i l e s ,  Department of T e x t i l e  Chemistry and Department of 
F i b e r  and Polymer Sc ience ,  and the  School of P h y s i c a l  Sc iences  and Applied 
Mathematics,  Department of Phys ics  and Department of Chemistry. The o b j e c t i v e s  
of t h i s  work a r e  t o  e v a l u a t e  the  e f f e c t s  of r a d i a t i o n  on the  mechanical  
p r o p e r t i e s  of epoxy-based s t r u c t u r a l  m a t e r i a l s  and t o  measure t h e  fundamental  
r a d i a t i o n - g e n e r a t e d  e v e n t s  which cause  the  changes i n  mechanical  p r o p e r t i e s .  
The approach t o  t h e s e  o b j e c t i v e s  is  t h e  exposure of specimens of g raph i t e /epoxy  
composites and epoxy r e s i n s  t o  e l e c t r o n  and gamma r a d i a t i o n ,  fo l lowed by 
mechanical  p r o p e r t y  and fundamental  measurements. This r e p o r t  w i l l  p r e s e n t  a 
p o r t i o n  of the  d a t a  which has been ga the red  t o  da te .  

OBJECTIVE 

EVALUATION OF THE EFFECTS OF R A D I A T I O N  ON THE MECHANICAL 
PROPERTIES OF EPOXY-BASED STRUCTURAL MATERIALS. 

MEASUREMENT OF THE FUNDAMENTAL, RAD I AT1 ON-GENERATED EVENTS 
W H I C H  CAUSE THE CHANGES I N  MECHANICAL PROPERTIES. 

APPROACH 

EXPOSURE OF SPECIMENS OF GRAPHITE EPOXY COMPOSITE AND 
EPOXY RESIN  TO ELECTRON AND GAMMA RADIATION. 

MEASUREMENT OF CHANGES I N  THE VALUES OF MECHANICAL AND 
FUNDAMENTAL PROPERTIES. 

F i g u r e  1 



RADIATION EFFECTS ON FLEXURAL PROPERTIES OF A GRAPHITE/EPOXY COMPOSITE 

The f l e x u r a l  p r o p e r t i e s  of m i n i a t u r e  (25 m x 13 mm x 0.51 mm) 
u n i d i r e c t i o n a l  specimens of T300/5208 composite f o r  e l e c t r o n  r a d i a t i o n  
exposures  i n  vacuum f o r  doses  up t o  and i n c l u d i n g  8  x l o 9  rads  a r e  shown i n  
f i g u r e s  2a and 2b. The specimens were f a b r i c a t e d  a t  Langley Research Center  
from prepreg  m a t e r i a l .  The f i b e r  d i r e c t i o n  was i n  the  d i r e c t i o n  of specimen 
l e n g t h  ( l o n g i t u d i n a l ) ,  so t h e  f l e x u r a l  p r o p e r t i e s  were f iber-dominated.  Each 
datum p o i n t  is t h e  mean of t e n  specimens. The 95 pe rcen t  conf idence-of - f i t  
bands f o r  t h e  mean a r e  a l s o  shown. The s t r e n g t h  appears  t o  s l i g h t l y  i n c r e a s e  
wi th  dose ,  approximate ly  f o u r  pe rcen t  a t  8 x  10' r a d s ,  whi le  t h e  modulus 
a p p e a r s  u n a f f e c t e d .  However, the  s i z e  of t h e  conf idence  band i s  s u f f i c i e n t l y  
l a r g e  t h a t  the  l o c a t i o n  of t h e  mean is u n c e r t a i n  t o  t h e  e x t e n t  t h a t  l a r g e r ,  
perhaps  s i g n i f i c a n t ,  changes i n  f l e x u r a l  p r o p e r t i e s  w i t h  r a d i a t i o n  could  have 
occurred.  The a p p r e c i a b l e  u n c e r t a i n t y  i n  the  l o c a t i o n  of t h e  mean does s u g g e s t  
t h a t  a n  a d d i t i o n a l  emphasis on q u a l i t y  c o n t r o l  of specimen p r e p a r a t i o n  and /o r  
t e s t i n g  procedures  may be necessary .  

FLEXURAL MODULUS FOR FOUR-PLY. UNlDlRECTlONAL T30015208 

COMPOSITE SPECIMENS. LONGITUDINAL FIBER DIRECTION 

+ MEAN OF 10 SPECIMENS 
1. 5 x loll A LIMITS FOR 95 PERCENT CONFIDENCE 

r 

1.301 i i i 4 i i i i x i o 9  

DOSE. rads 

FLEXURAL 
MODULUS. 
PASCALS 

1. 4 

FLMURAL STRENGTHS FOR FOURPLY, UNIDIRECTIONAL T300h208  
COMPOSITE SPECIMENS. LONGITUDINAL FIBER DIRECTION. 

@ MEAN OF 10 SPECIMENS 
A LIMITS FOR 95 PERCENT CONFIDENC 

24 x 10' v F QB LOCATlQN OF THE MEAN 
r 

n 

" A 

" A 

A * '  * *  * * 
I! 

* 
V v " v * 

, I  V 

1 i i 4 i i i i Ax109 
DOSE, rads 
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RADIATION EFFECTS ON FLEXURAL PROPERTIES OF A GRAPHI'I'E/POLYIMIDE COMPOSITE 

S i m i l a r  exposures  t o  e l e c t r o n  r a d i a t i o n  have been made on f l e x u r a l  
u n i d i r e c t i o n a l  C6000/PMR15 composi te  specimens ,  w i t h  a  l o n g i t u d i n a l  f i b e r  
o r i e n t a t i o n .  The e f f e c t s  on f l e x u r a l  p r o p e r t i e s  were v e r y  s i m i l a r  t o  
t h o s e  j u s t  shown f o r  t h e  g r a p h i t e / e p o x y  composite m a t e r i a l .  I n  f i g u r e s  3a and 
3b, f l e x u r a l  d a t a  f o r  specimens of t h e  ~6000/PMR15 composite wi th  a  t r a n s v e r s e  
f i b e r  o r i e n t a t i o n  a r e  shown f o r  r a d i a t i o n  doses  a l s o  up t o  and i n c l u d i n g  8 x  
10' rads .  The specimens were f a b r i c a t e d  a t  Langley Research C e n t e r  from n e a t  
r e s i n  and tows of g r a p h i t e  f i b e r .  For t h e  t r a n s v e r s e  f i b e r  d i r e c t i o n ,  t h e  
means sugges t  no change i n  e i t h e r  modulus o r  s t r e n g t h .  But, a g a i n  t h e  
u n c e r t a i n t y  i n  the  l o c a t i o n  of the  mean may have masked a  more a p p r e c i a b l e ,  
perhaps  s i g n i f i c a n t ,  change due t o  the  r a d i a t i o n .  Transverse -o r ien ted  f i b e r ,  
u n i d i r e c t i o n a l  f l e x u r a l  specimens of the  g raph i t e /epoxy  composite w i l l  be 
s t u d i e d  i n  t h e  f u t u r e .  Specimen p r e p a r a t i o n  and t e s t i -ng  procedures  w i l l  be a n  
impor tan t  c o n s i d e r a t  i o n  whi le  p lanning and conduct ing t h e s e  t e s t s .  

FLEXURAL MODUU FOR FOUR-PLY, UNlOlRLCTIONAL C60001PMM5 

COMPOSm SPECIMENS. TRANSVERSE FIBER DIRECTION. 

! 

I A n 
FLEXURAL 
MODULUS, 1 
PASCALS * 

+ MEAN OF 10 SPECIMENS 
- -  L I M I T S  FOR 95 PERCENT CONFIDENCE 7 

FOR LOCATION OF THE MLAFL 

._i --d ; 5 6  i 8 x 1 0 ~  
DOSE, rads 

FLEXURAL STRENGTHS FOR FOUR-PLY, UNIDIRECTIONAL C6000/PMRl5 

COMPOSITE SPECIMENS. TRANSVERSE FIBER DIRECTION 

12 o 107 + MEAN OF 10 SPECIMENS 
L I M I T S  FOR 95 PERCENT CDNF IDENCE 
FOR LOCATENOFTHE %Ahi 

A 

* 
V 

8.0 

(b 1 V 

7.00 I u i i 4 5 6 7 8x109 
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SCANNING ELECTRON MICROSCOPY OF FIBER/RESIN COMPOSITES 

Photographs from scanning e l e c t r o n  mic roscop ic  a n a l y s i s  of t h e  f a i l u r e  edge 
of a f l e x u r a l  specimen are shown i n  f i g u r e  4a f o r  ~ 3 0 0 1 5 2 0 8  and i n  f i g u r e  4b 
f o r  C6000lPMR15. N e i t h e r  p a i r  of photographs shows a  d i f f e r e n c e  i n  the  f a i l u r e  
mode a t  the  f i b e r - r e s i n  i n t e r f a c e  due t o  r a d i a t i o n  exposure.  S ince  t h e  
f i b e r - r e s i n  i n t e r a c t i o n  is more mechanical  i n t e r l o c k i n g  than chemical  
i n t e r a c t i o n ,  t h e  l ack  of change i n  t h e  f a i l u r e  mode had, t o  a  c e r t a i n  e x t e n t ,  
been a n t i c i p a t e d ,  

SCANNING ELECTRON PHOTOGRAPHS OF TYE FAILURE EUGE OF 

FLEXURAL SPECIMENS OF GRAPHIWEPOXY COMPOSITE. 

DOSE = 0 rads DOSE = 8 x lo9 rads 

SCANNING ELECTRON PHOTOGRAPHS OF THE FAILURE EDGE OF 

FLEXURAL SPECIMENS OF GRAPHITVPOLY IMlDE COMPOSITE 

DOSE = 0 rads (b DOZE = 5 x lo9 rads 
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X-RAY DIFFRACTION ANALYSIS OF GRAPHITE/EPOXY COMPOSITE 

F igure  5a is a  p a i r  of X-ray d i f f r a c t i o n  photographs of T300/5208 composi te  
w i t h  no r a d i a t i o n  exposure and wi th  a  r a d i a t i o n  dose of 8 x 10' rads .  There i s  
no change i n  e i t h e r  the  d i f f u s e  s c a t t e r  due t o  the  r e s i n  o r  t h e  broad d i f f u s i o n  
peak a long t h e  equa to r  due t o  t h e  g r a p h i t e  f i b e r .  There fo re ,  t h e  r a d i a t i o n  d i d  
not a f f e c t  t h e  c r y s t a l l i n i t y ,  e i t h e r  of the  amorphous r e s i n  o r  of the  g r a p h i t e  
f i b e r  which o r i g i n a l l y  c o n s i s t e d  of e i t h e r  very smal l - s i ze  c r y s t a l l i n e  
s t r u c t u r e  o r  numerous d e f e c t s .  A l ack  of change i n  c r y s t a l l i n i t y  conf i rms t h a t  
a tomic  displacement  i s  not one of the  e f f e c t s  of e l e c t r o n  r a d i a t i o n .  F igure  5b 
is  a mic rodens i tomet r i c  t r a c e  of the  photographs.  The ampl i tudes  of t h e  t r a c e s  
conf i rm t h a t  no d i f f e r e n c e s  e x i s t .  

WlDE ANGLE X-RAY PHOTOGRAPHS OF T300f5208 COMPOSITE 

WITH AND WITHOUT amsuRE TO ELECTRON RADIATION. 

DOSE = 0 rads DOSE = 8 x lo9 rads 

MICRODENSITOMETER TRACES OF WlDE ANGLE X-RAY 
PHOTOGRAPHS OF T300/5208 

w 
DOSE = 8 x lo9 cads 

"Ilc,J,pW, 
DOSE = 0 rads 

F i g u r e  5 



ELECTRON SPIN RESONANCE SPECTROSCOPIC ANALYSIS OF RADIATION EFFECTS 

The major e f f e c t  of r a d i a t i o n  upon polymeric m a t e r i a l s  i s  t h e  c r e a t i o n  of 
chemical  r a d i c a l s ,  which a r e  groups wi th  unpaired e l e c t r o n s  i n  molecu la r  
o r b i t a l s .  The p resences  of these  unpaired e l e c t r o n s  i n  a  specimen a r e  measured 
by e l e c t r o n  s p i n  resonance ( o r  e l e c t r o n  paramagnet ic  resonance)  spec t roscopy .  
The specimen i s  s imul taneous ly  s u b j e c t e d  t o  a  f i x e d  f requency s i g n a l  and a  
sweeping magnetic f i e l d .  A t  a  p a r t i c u l a r  combination of s i g n a l  and f i e l d ,  
c h a r a c t e r i s t i c  of the  e l e c t r o n ' s  environment,  t h e  unpa i red  e l e c t r o n ' s  s p i n  i s  
f l i p p e d  and a  ne t  a b s o r p t i o n  of energy i s  d e t e c t e d .  Usua l ly ,  the  a b s o r p t i o n  i s  
d e t e c t e d  i n  i t s  f i r s t  d e r i v a t i v e  form, a s  shown i n  f i g u r e  6a f o r  t e t r a g l y c i d y l  
diamino d ipheny l  methane, TGDDM, which has  been cured wi th  diamino d ipheny l  
sulphone,  DDS. The s i g n a l  of d i p h e n y l p i c r y l h y d r a z y l ,  DPPH, is  a l s o  shown 
because i t  i s  inc luded  wi th  t h e  specimen f o r  c a l i b r a t i o n  purposes.  The epoxy 's  
s i g n a l  shown i n  f i g u r e  6a is due t o  r a d i a t i o n - g e n e r a t e d  r a d i c a l s ,  t h e  number of 
which v a r i e s  wi th  dose. The s i g n a l  magnitude, p o s i t i o n ,  and s t r u c t u r e  vary  
w i t h  r a d i a t i o n  dose a s  shown i n  f i g u r e  6b. 

ELECTRON SPIN RESONANCE SPECTRA OF ELECTRON-IRRADIATED EPOXY 

DPPH 
g ; 2.0036 

ELECTRON SPIN RESONANCE OF ELECTRON-IRRADIATED EPOXY (TGDDM-DDS) 

EPOXY (TGDDM-DDS) 
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ELECTRON RADIATION-GENERATED RADICAL CONCENTRATIONS AND DECAYS I N  EPOXY RESINS 

The v a r i a t i o n  of r a d i c a l  c o n c e n t r a t i o n  i n  the  cured epoxy r e s i n  TGDDM-DDS 
wi th  dose a f t e r  room tem e r a t u r e  exposures  t o  e l e c t r o n  r a d i a t i o n  is shown i n  is f i g u r e  7a. For 1.3 x 10 r a d s ,  t h e  r a d i c a l  c o n c e n t r a t i o n  a t  t h e  end of 
exposure  is  approximate ly  1.9 x lo1* s p i n s f g ,  o r  one s p i n  f o r  eve ry  55 
molecules.  F igure  7b shows t h e  decay i n  r a d i c a l  c o n c e n t r a t i o n  a t  room 
tempera tu re  wi th  t ime a f t e r  exposure.  Two r a d i c a l  d i s t r i b u t i o n s  a r e  p r e s e n t ,  
a s  sugges ted  by the  sha rp  change i n  t h e  s l o p e s  of the  curves  i n  f i g u r e  7b,  one 
w i t h  a  h a l f - l i f e  on the  o r d e r  of twelve minutes and ano the r  wi th  a  much longer  
h a l f - l i f e .  Consequent ly ,  the  t o t a l  number of s p i n s  per gram which o c c u r r e d  
over  a  long exposure pe r iod  was much l a r g e r  than  t h e  va lue  a t  t h e  end of 
exposure  and may have amounted t o  only  s e v e r a l  molecules p e r  sp in .  The c u r r e n t  
l i t e r a t u r e  s u g g e s t s  t h a t  each s p i n  would probably ,  i n  the  end, g e n e r a t e  a  
c r o s s - l i n k  o r  cha in  s c i s s i o n .  I n  c o n t r a s t ,  based upon the  mechanical  d a t a  
d i s c u s s e d  e a r l i e r ,  t h e  r a d i c a l s  w i t h i n  t h i s  epoxy may have decayed i n  a  p rocess  
of s e l f - h e a l i n g .  But, we must a l s o  p o i n t  ou t  t h a t  the  EPR d a t a ,  because of t h e  
l a r g e  r a d i c a l  concent r a t  i o n ,  can be sugges t ing  a  review of the  t echn iques  used 
f o r  t h e  measurements of mechanical  p r o p e r t i e s .  

INITIAL RADICAL CONCENTRATIONS IN EPOXY RESIN AFER ELECTRON IRRADlATlON 
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GAMMA RADIATION-GENERATED RADICAL CONCENTRATIONS AND DECAY I N  EPOXY RESIN 

Rad ica l  c o n c e n t r a t i o n s  i n  epoxy r e s i n  f o r  a  range of doses  from gamma r a d i -  
a t i o n  a r e  shown i n  f i g u r e  8a. The c o n c e n t r a t i o n s  up t o  t h e  maximum dose  
s t u d i e d ,  6 x lo7 r a d s ,  a r e  approx imate ly  twice  t h a t  f o r  e l e c t r o n  r a d i a t i o n .  
The h i g h e r  d e n s i t y  may be due t o  t h e  f a c t  t h a t  t h e  gamma exposures  were 
conducted a t  c ryogen ic  t empera tu res ;  hence,  s h o r t - l i v e d  s p e c i e s  were t r apped .  
T h i s  appears ,  t o  an  e x t e n t ,  t o  be t h e  c a s e  from t h e  decay d a t a  shown i n  f i g u r e  
8b. P r e s e n t l y ,  t h r e e  r a d i c a l  d i s t r i b u t i o n s ,  each wi th  d i f f e r e n t  h a l f - l i v e s ,  
a r e  b e l i e v e d  t o  be w i t h i n  t h e s e  decay da ta .  The c o n c e n t r a t i o n  a t  
end of exposure  and t h e  decay dur ing  exposure  s u g g e s t ,  a s  i n  t h e  case  of t h e  
e l e c t r o n  r a d i a t i o n ,  t h a t  t h e  t o t a l  s p i n  fo rmat ion  was s u f f i c i e n t  t o  cause  
changes i n  mechanical  p r o p e r t i e s ,  u n l e s s  s e l f - h e a l i n g  was the  dominant 
p rocess .  A d d i t i o n a l  s t u d i e s  u s i n g  EPR f o r  t h e  s t u d y  of epoxy r e s i n  a f t e r  
e l e c t r o n  and gamma r a d i a t i o n  w i l l  be conducted t o  measure r a d i c a l  d e n s i t i e s  a t  
h i g h e r  doses  and r e l a t e d  t o  t h e  mechanical  d a t a ,  both  f o r  t h i s  and o t h e r  epoxy 
systems.  

INITIAL RADICAL CONCENTRATIONS I N  EPOXY RESIN 
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SUMMARY 

The s tudy  a t  North Caro l ina  S t a t e  U n i v e r s i t y  has ,  t o  d a t e ,  shown l i t t l e  o r  
no change i n  f l e x u r a l  p r o p e r t i e s  of m i n i a t u r e  specimens of a  g raph i t e /epoxy  
composite due t o  exposure t o  e l e c t r o n  and t o  gamma r a d i a t i o n .  ( A  s tudy of j u s t  
the  f l e x u r a l  p r o p e r t i e s  of specimens of a  g r a p h i t e / p o l y i m i d e  composite a l s o  
showed l i t t l e  o r  no change due t o  exposure t o  r a d i a t i o n . )  I n  a d d i t i o n ,  no 
change i n  f a i l u r e  mode a t  t h e  f i b e r - r e s i n  i n t e r f a c e  and i n  the  c r y s t a l l i n i t y  of 
t h e  f i b e r  and t h e  r e s i n  has  been found. The absence of changes a t  t h e  
f i b e r - r e s i n  i n t e r f a c e  and i n  the  c r y s t a l l i n i t i e s  was expected.  However, t h e  
o b s e r v a t i o n  of only  a  smal l  change i n  f l e x u r a l  p r o p e r t i e s  was a  p l e a s a n t  
s u r p r i s e .  Some doubt i n  t h e  o b s e r v a t i o n  of s t a b l e  f l e x u r a l  p r o p e r t i e s  i s  c a s t ,  
though, by e l e c t r o n  paramagnet ic  resonance s p e c t r a  of a r e l a t i v e l y  l a r g e  number 
of r a d i a t i o n - g e n e r a t e d  r a d i c a l s .  The l a t t e r  g e n e r a l l y  l ead  t o  a  change i n  
c r o s s - l i n k i n g  and i n  c h a i n - s c i s s i o n i n g  which should  a l t e r  mechanical  
p r o p e r t i e s .  Consequent ly ,  the  measurements of f l e x u r a l  p r o p e r t i e s  w i l l  
c o n t i n u e ,  both  f o r  the  epoxy d i s c u s s e d  i n  t h i s  r e p o r t  and f o r  s i m p l e r  epoxy 
systems.  Also,  fundamental  a n a l y s i s  w i l l  be conducted f o r  the  h i g h e r  doses  
used i n  t h e  mechanical  p r o p e r t y  s t u d i e s .  EPR and o t h e r  fundamental  methods 
w i l l  be used t o  b e t t e r  unders tand the  chemical  changes and mechanisms caused by 
t h e  r a d i a t i o n .  

SUMMARY 

RESULTS 

I. - NO MAJOR CHANGES I N  FLEXURAL PROPERTIES OF SPECIMENS OF A 
GRAPHITE EPOXY COMPOSITE FOR R A D I A T I O N  DOSES UP TO 5 x lo9 rads. 

2. - NO CHANGES I N  THE FA l LURE MODE AT THE F I  BER-RESI N l NTERFACE OR 
I N  THE CRYSTALLINITY OF THE FIBER OR THE P E S l N  FOR R A D I A T I O N  
DOSES U P  TO 5 x 109 rads. 

3. - A H I G H  CONCENTRATION OF RADIATION-GENERATED RADICALS W I T H  
MULTIPLE DECAY CONSTANTS FOR DOSES U P  TO 130 Mrads. 

FUTURE WORK 

I. - CONTINUED STUDY OF FLEXURAL PROPERTIES OF EPOXY-BASED 
MATER l ALS FOR SEVERAL EPOXY SYSTEMS. 

2. - FUNDAMENTAL ANALYSIS  FOR CHARACTER I Z A T I O N  OF R A D I A T I O N  
EFFECTS ON THE CHEMICAL STRUCTURE OF EPOXY RESINS 

P i g u r e  9 
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SPACE RADIATION PHYSICS AND CHEMISTRY 

Space i o n i z i n g  r a d i  a t  ion- induced changes i n  a  s t r u c t u r a l  rnater i  a1 are 
i n i t i a t e d  by ene rge t i c  charged p a r t i c l e  impact which t r a n s f e r s  k i n e t i c  
energy o f  t he  p a r t i c l e  v i a  i t s  coulomb f i e l d  i n t o  e l e c t r o n i c  e x c i t a t i o n  
energy o f  t h e  m a t e r i a l .  I n  complex molecules,  t he  e l e c t r o n i c  energy i s  
u s u a l l y  shared among var ious  v i b r a t i o n a l  modes through p o t e n t i a l  su r face  
c ross i ng  phenomena which depend i n t i m a t e l y  on t.he mo lecu la r  s t r u c t u r e  
( r e f .  1) . Radica l  s  produced through bond r u p t u r e  are usual  l y  p l  aced on a 
h i g h l y  r e p u l s i v e  p o t e n t i a l  su r face  which may subsequent ly lead t o  r e a c t i o n s  
no t  access ib le  a t  thermal energ ies i n  the  e a r l y  phases. The t ime progres-  
s i on  proceeds under c o n d i t i o n s  o f  near thermal e q u i l i b r i u m  a f t e r  <1 nsec 
and reac t i ons  are ak i n  t o  t h e  more usual  chemical processes ( r e f .  2 ) .  I n  
t h e  s o l i d  s t a te ,  long l i v e d  r a d i c a l s  r e s u l t  f rom t h e i r  l a ck  o f  m o b i l i t y  and 
chemical a c t i v i t y  ends o n l y  a f t e r  l ong  t ime per iods  which depend on t h e  
temperature.  It i s  n a t u r a l  f o r  l a b o r a t o r y  s t ud ies  t o  begin  w i t h  f i n a l  
chemical products  t o  i n f e r  events lead ing  t o  t h e i r  p roduc t ion .  I t  i s  more 
n a t u r a l  f rom a p h y s i c i s t ' s  p o i n t  o f  view t o  cons ider  the i n i t i a l  impact and 
energy hand1 i n g  processes. I n  t h e  f u t u r e  we should meet i n  t h e  m idd le  of 
t he  diagram w i t h  some unders tanding o f  the  r a d i a t i o n  degradat ion o f  p o l y -  
mers. I n  t he  present  r e p o r t  we are i n t e r e s t e d  ma in l y  i n  t he  energy absorp- 
t i o n  and t he  immediate ly  f o l l o w i n g  events .  
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ENERGY ABSORPTION 

There are t h r e e  major  quest ions concern ing t h e  energy absorp t ion  
event.  F i r s t  we should cons ider  how t h e  energy i s  imparted t o  t he  molecu le  
f o l l owed  by t he  second ques t ion  o f  how the  energy was handled by  t h e  system 
l ead ing  t o  t he  f i n a l  c o l l i s i o n  p roduc ts .  These f i n a l  c o l l i s i o n  p roduc ts  
are t he  chem ica l l y  a c t i v e  species which lead  t o  t h e  u l t i m a t e  change i n  t h e  
m a t e r i a l .  O f  n e a r l y  equal importance t o  what i s  produced i s  t he  t h i r d  
quest i o n  r e1  a t  i n g  t o  t he  spat i a1 d i s t r i b u t i o n  o f  va r ious  p roduc t  types i n  
r e l a t i o n  t o  t h e  charged p a r t i c l e  t r a j e c t o r y .  We s h a l l  cons ider  these 
quest ions  i n  more d e t a i  1. 

ENERGY ABSORPTION 

A)  INTO WHAT MOLECULAR MODES OF THE POLYMER I S  THE ENERGY DEPOSITED? 

8 )  WHAT ARE THE CORRESPONDING COLLISION PRODUCTS? 

C )  WHAT I S  THE SPATIAL DISTRIBUTION OF THESE COLLISION PRODUCTS? 



COLLISIONAL ENERGY LOSS I N  POLYMERS 

The energy t r a n s f e r r e d  per u n i t  d i s tance  t r a v e l e d  by a  passing charged 
p a r t i c l e  t o  molecules as de r i ved  by  Bethe ( r e f .  3)  i s  shown. That t he  
passing coulomb f i e l d  appears as a  f i e l d  of v i r t u a l  photons i s  evidenced by 
t h e  s t rong  dependence o f  t he  s topping power on t he  o p t i c a l  d i p o l e  o s c i l l a -  
t o r  s t reng ths ,  fn, and t he  corresponding e x c i t a t i o n  enery  l eve l s ,  En. 
As chemical bonds are a l t e red ,  t he re  i s  a  s h i f t  i n  the  e x c i t a t i o n  energies,  
En, and a  s h i f t  i n  o s c i l l a t o r  s t r eng ths  as w e l l  ( r e f .  4 ) ,  consequent ly  
t h e  energy depos i t  depends on t he  s p e c i f i c  molecu lar  s t r u c t u r e .  The energy 
depos i t ,  dE, over a  d is tance ,  dx, o f  the  t r a j e c t o r y  i s  spread l a t e r a l l y  
f rom the  p a r t i c l e  path accord ing t o  c y l  i n d r i c a l  symmetry. Ehren fes t  ' s  
theorem r e q u i r e s  t he  i n t e r a c t i o n  t ime t o  be shor t  compared t o  the  o s c i l l a -  
t o r ' s  pe r i od  and e m p i r i c a l l y  the  photon t r a n s f e r  p r o b a b i l i t y  t o  a  l e v e l  
En i s  g i ven  ( r e f .  5 )  by Pn. C l e a r l y  the  most ene rge t i c  mo lecu la r  
s t a t e s  are e x c i t e d  near t h e  p a r t i c l e  path and the  l a t e r a l  ex ten t  o f  e x c i t a -  
t i o n  expands w i t h  i nc reas ing  p a r t i c l e  v e l o c i t y .  Note t h a t  the  h i gh  energy 
i o n i z a t i o n  processes ( i  .e. l a r g e  En) l i e  nearest  the p a r t i c l e  pa th  bu t  
t h e  ene rge t i c  secondary e l e c t r o n s  m ig ra te  f a r  from t h e  i n i t i a l  p a r t i c l e  
t r a j e c t o r y  ( r e f .  6 ) .  A fundamental q u a n t i t y  i s  the mean e x c i t a t i o n  energy, 
I, which i s  r e l a t e d  t o  d i p o l e  o s c i l l a t o r  s t reng ths ,  fn, and energy 
l e v e l s ,  En, as shown. Th is  q u a n t i t y  w i l l  be s tud ied  f o r  e f f e c t s  due t o  
chemical  bonding. 
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LOCAL PLASMA MODEL FOR POLYMERS 

The c a l c u l a t i o n  of e x c i t a t i o n  e n e r g i e s  and o s c i l l a t o r  s t r e n g t h s  o f  
polymers i s  beyond p r e s e n t  day compu ta t i ona l  a b i l i t y .  Cons ide rab le  s i m p l i -  
f i c a t i o n  can be made t h r o u g h  rep lacement  of t h e  mo lecu le  by  an e q u i v a l e n t  
s p a t i a l  dependent plasma ( r e f .  7 ) .  The s t o p p i n g  power i s  now expressed i n  
terms o f  t h e  l o c a l  plasma d e n s i t y ,  p ( r ) ,  and t h e  co r respond ing  plasma f r e -  
quency, up. The l a t e r a l  e x t e n t  o f  t h e  energy  d e p o s i t ,  Pp, and t h e  mean 
e x c i t a t i o n  energy, I ,  are  now a l s o  g i v e n  i n  terms o f  t h e  l o c a l  plasma 
model .  To e f f e c t i v e l y  use t h i s  model f o r  m o l e c u l a r  c a l c u l a t i o n s ,  means o f  
s imp le  approx ima t ion  t o  t h e  e l e c t r o n  d e n s i t y  o f  t h e  m o l e c u l e  must be 
found.  For  t h i s  purpose we used t h e  Gordon-Kim e l e c t r o n  gas model ( r e f .  8) 
o f  m o l e c u l a r  bonds f o r  t h e  e s t i m a t i o n  o f  chemica l  bond e f f e c t s  ( r e f s .  9- 
10) .  The main v a l u e  of t h e  l o c a l  plasma model i s  i t ' s  u t t e r  s i m p l i c i t y .  
The accuracy  o f  t h e  l o c a l  plasma model i s  t e s t e d  he re  b y  a p p l y i n g  t h e  r e l a -  
t i o n  between t h e  mean e x c i t a t i o n  energy, I, and t h e  l o c a l  plasma d e n s i t y  as 
a fundamental  q u a n t i t y  t o  i o n i z i n g  r a d i a t i o n  i n t e r a c t i o n .  

STOPPING POWER 
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CHEMICAL BOND EFFECTS ON MEAN EXCITATION ENERGIES 

The mean e x c i t a t i o n  energ ies o f  severa l  molecules r e l a t e d  t o  t he  po l y -  
mer problem have been c a l c u l a t e d  according t o  t he  l o c a l  plasma approxima- 
t i o n .  The va lues l abe led  "atomic" are those obta ined us ing t h e  Bragg 
r u l e  ( r e f .  l l ) ,  i n  which chemical bond e f f e c t s  are neglected, w i t h  t h e  
accurate  atomic va lues o f  I n o k u t i  and coworkers ( r e f .  12) .  The present  
t h e o r e t i c a l  r e s u l t s  are shown f o r  comparison. I n  add i t i on ,  exper imenta l  
r e s u l t s  are a lso  shown f o r  which t h e  m e r i t  o f  the present  t heo ry  i s  c l e a r l y  
d isp layed .  We conclude from these comparisons t h a t  the  1.ocal plasma model 
g i ves  an adequate r ep resen ta t  i o n  o f  p a r t i c l e  impact w i t h  t h e  polymer, 
a l though the coup l i ng  between t he  e l e c t r o n i c  mode e x c i t e d  and t he  remain ing 
v i b r a t  i o n a l - r o t a t  i o n a l  modes o f  t he  polymer are y e t  undetermined. I n  
search o f  e m p i r i c a l  evidence o f  t he  po lymer 's  r e a c t i o n  t o  t h e  impact we 
have examined s p e c i f i c  f ragmenta t ion  da ta  from mass spectroscopy. 

ATOHIC PRESENT THEORY EXPERIMENTAL 



STRUCTURE OF AN EPOXY POLYMER 

A r epea t i ng  u n i t  i s  shown i n  t h e  s t r u c t u r e  of an epoxy res i .n  produced 
by  c u r i n g  t e t r a g l y c i d y l  me thy l ened ian i l i ne  w i t h  diamino d ipheny l  su l f one  
( r e f .  1 3 ) .  Th is  r e s i n  i s  one o f  t h e  r e s i n s  t h a t  are r epo r t ed  t o  be under 
i n v e s t i g a t i o n  f o r  p o s s i b l e  use i n  composite m a t e r i a l s  f o r  a p p l i c a t i o n s  
rang ing  from Army m a t e r i e l  t o  a i r c r a f t  and space s t r u c t u r e s .  An i n t e r e s t -  
i n g  c h a r a c t e r i s t i c  o f  t h i s  polymer i s  t he  presence of severa l  t e r t i a r y  
amino f u n c t i o n a l  groups i n  t he  r epea t i ng  u n i t  t h a t  impa r t  c e r t a i n  chemical  
p r o p e r t i e s  t o  the  polymer l i k e ,  e. g., those o f  a  weak base. These chemi- 
c a l  p r o p e r t i e s  may lead  t o  degradat ion o f  t h e  mechanical p r o p e r t i e s ,  i n  
a d d i t i o n  t o  increase i n  weight,  on chemical r e a c t i o n  (e.g. ,  w i t h  C02 and 
atmospheric po l  l u t a n t s )  . The assoc ia t i on  and subsequent r e a c t  i o n  of t he  
amino groups w i t h  molecu les o f  water may have an e f f e c t  on t he  NMR l i n e  
observed w i t h  t h e  soaked polymer t h a t  was r e c e n t l y  asc r ibed  t o  a  s t a t e  o f  
t he  water molecules "perhaps hydrogen bonded t o  t he  polymer" ( r e f .  1 4 ) .  I n  
a d d i t i o n  t o  t he  amino f u n c t i o n a l  group t h e r e  are two a d d i t i o n a l  f u n c t i o n a l  
groups i n  the  r epea t i ng  u n i t :  the  -OH ( h y d r o x y l )  and t he  -SO2 ( s u l f o n y l )  
f u n c t i o n a l  groups. The presence o f  f u n c t i o n a l  groups may a lso  be impor tan t  
i n  t he  de te rm ina t i on  o f  t r a n s i e n t s  formed a f t e r  the  t r a n s f e r  of energy f rom 
i o n i z i n g  r a d i a t i o n  t o  a  polymer. Since e l e c t r o n s  pene t ra te  i n t o  ma t t e r  
deepest and are t he  p r ima ry  c o n s t i t u e n t s  o f  t h e  space i o n i z i n g  r a d i a t i o n ,  
and s ince  a l l  i o n i z i n g  r a d i a t i o n  i n  space leads t o  the  f o rma t i on  o f  second- 
a r y  e l e c t r o n s  on i n t e r a c t i o n  w i t h  mat te r ,  i t  i s  o f  general  i n t e r e s t  t o  
i n v e s t i g a t e  t h e  e f f e c t  o f  e l e c t r o n  impact on molecu les f i r s t .  From t h i s  
v iewpo in t  it i s  o f  i n t e r e s t  t o  s tudy the  r o l e  o f  f u n c t i o n a l  groups i n  e l ec -  
t r o n  impact f ragmentat  i o n  o f  molecules.  Because o f  t he  predominant produc- 
t i o n  o f  p o s i t i v e  ions  ( u s u a l l y ,  bu t  no t  always, by  orders  o f  magnitude) 
over t h a t  o f  nega t i ve  ions on e lec t ron- impac t  and t he  l a r g e r  a v a i l a b i l i t y  
o f  mass spec t ra  f o r  p o s i t i v e  ions,  t h i s  i n v e s t i g a t i o n  s t a r t e d  w i t h  p o s i t i v e  
ions f i r s t .  However, t h e  p o s s i b i l i t y  o f  an impor tan t  r o l e  f o r  nega t i ve  
ions should no t  be d iscounted.  



E L E C T R O N - I M P A C T  MASS S P E C T R A  OF MOLECULES WITH AN A M I N O  GROUP 

Mass spec t ra  o f  some molecules t h a t  con ta i n  amino f u n c t i o n a l  groups 
are shown ( r e f .  1 5 ) .  It has been observed expe r imen ta l l y  t h a t  among sever-  
a l  chemi c a l  f u n c t i o n a l  groups, i n c l u d i n g  t he  hydrox.yl and amino groups, 
t h a t  are present  as s u b s t i t u e n t s  i n  a l i p h a t i c  chemical compounds t he  amino 
f u n c t i o n a l  group i n f l uences  t h e  chemical bond s c i s s i o n  and i o n i z a t i o n  on 
e l e c t r o n  impact the  most s t r o n g l y  ( r e f s .  16-17) .  The ex ten t  o f  s u b s t i t u -  
t i o n  on t he  amino group i t s e l f  appears t o  increase t he  i n f l u e n c e  o f  t he  
amino group on the  d i s s o c i a t i v e  i o n i z a t i o n .  The dominant' bond s c i s s i o n  i s  
t h a t  between a and 6 carbon atoms i n  hydrocarbon chains,  l ead ing  t o  t he  
fo rmat ion  o f  imonium i ons .  I n  a romat i c  amines w i t h  no a and B carbon 
atoms i n  a l i p h a t i c  groups the  parent  ion o r  t he  a l k y l  s u b s t i t u t e d  amino 
group ion  may be formed predominant ly .  

93 CsH7N 
Benzenamine 

149 CioHisN 
Benzenamine, N,N-diethyl- 
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177 Ci2H19N 53927-61-0 
Benzenamine, N-(2,2-dimethylpropy1)-N-methyl- 

loo, I I 



ELECTRON-IMPACT MASS SPECTRA OF LARGE MOLECULES WITH AMINO GROUPS 

S t r u c t u r a l  f o rmu l  ae and e l e c t r o n - i m p a c t  mass s p e c t r a  are  shown f o r  
a d d i t i o n a l  molecu les  t h a t  have amino f u n c t i o n a l  groups as t h e i r  s u b s t i t u -  
e n t s  and, i n  a d d i t i o n ,  appear t o  be c o n s t i t u e n t s  t o  some e x t e n t  of t h e  
r e p e a t i n g  u n i t  i n  t h e  s t r u c t u r e  o f  the po lymer .  The f r a g m e n t a t i o n  p a t t e r n  
on e l e c t r o n - i m p a c t  o f  these  and o t h e r  compounds t o  be i n v e s t i g a t e d  may lead 
t o  t h e  i d e n t i f i c a t i o n  o f  some o f  t h e  s i t e s  o f  bond s c i s s i o n  and o f  i o n s  and 
r a d i c a l s  t h a t  may be formed under t h e  a c t i o n  o f  i o n i z i n g  r a d i a t i o n  on t h e  
polymer.  

198 C13Hi4N2 
Benzenamine, 4,4'-methylenebis- 

268 Ci7H2oNZO 90-94 -8 
Methanone, bis[4-(dimethylamino)phenyl]- 



ELECTRON-IMPACT MASS SPECTRA OF MOLECULES WITH A HYDROXYL GROUP 

The e l e c t r o n -  impact mass spec t ra  o f  severa l  molecules t h a t  con ta i n  the  
hydroxy l  f u n c t i o n a l  group are shown. The hydroxy l  group i n  a l i p h a t i c  com- 
pounds appears t o  f avo r  i o n i z a t i o n  and s c i s s i o n  o f  the  bond between a and f3 
carbon atoms w i t h  respec t  t o  t h e  hydroxy l  group, al though much l e s s  domi- 
n a n t l y  compared t o  t he  amino group. 

198 CirHirO 614-29-9 
Benzeneethanol, cr-phenyl- 

PhCH2 C H ( 0 H ) P h  

192 Ci3H200 766 1-43-0 
Phenethyl alcohol, a--butyl-@-methyl- 



ELECTRON-IMPACT MASS SPECTRA OF MOLECULES 
WITH BOTH A HYDROXL AND AN AMINO GROUP 

When both an amino group and a hydroxy l  group are present  i n  a mole- 
cu le ,  t he  amino group appears t o  form a more abundant, i f  no t  t h e  most 
abundant, fragment ion  on e lec t ron- impac t ,  namely t h e  =C=NH+ (irnonium 
i o n )  compared t o  t h e  =C=OH+ (oxonium i on ) ,  t he  ion  f rom the  hydroxy l  
group. 

75 C3HgNO 
2-Propanol, l-amino- 



ELECTRON-IMPACT MASS SPECTRA OF MOLECULES WITH A SULFONYL GROUP 

The e l e c t r o n  
-SO2- f u n c t i o n a l  
S - 0  bonds appear 
s u b s t i t u e n t s  i n f l  

- impact mass spec t ra  o f  c e r t a i n  molecules t h a t  c o n t a i n  t h e  
group are a l s o  shown. Ions formed by s c i s s i o n  o f  C-S and 
t o  form i n  a d d i t i o n  t o  t h e  parent  i o n .  The n a t u r e  o f  t h e  
uences t h e  d i s s o c i a t i v e  i o n i z a t i o n  i n v o l v e d .  

248 C12H12N202S 80-08-0 
Benzenamine, 4,4'-sulfonylbis- 

2 18 Ci2H 1002s 127-63-9 
Benzene, 1 ,l'-sulfonylbis- - 



SITES OF MAJOR DISSOCIATIVE IONIZATION ON THE POLYMER ACCORDING TO 
ELECTRON-IMPACT MASS SPECTRA 

S i t e s  o f  p o s s i b l e  ma jo r  i o n i z a t i o n  and bond s c i s s i o n  are  shown on a  
r e p e a t i n g  u n i t  o f  t h e  polymer formed b y  c u r i n g  t e t r a g l  yc i d y l  methy lene-  
d i a n i l i n e  w i t h  d iamino d i p h e n y l  s u l f o n e .  The d e t e r m i n a t i o n  o f  p o s s i b l e  
s i t e s  i s  based on e l e c t r o n - i m p a c t  mass s p e c t r o m e t r i c  ev idence.  

srrEs OF MAJOR DISSOCIATIVE IONIZATION 
ACCORDING TO ELECTON-IMPACT MASS SPECTRA 



LONGITUDINAL ENERGY ABSORPTION FOR PROTONS PENETRATING INTO THE POLYMER 
AND A COMPOSITE MATERIAL OF THE POLYMER 

The d e n s i t y  o f  chem ica l l y  a c t i v e  species i s  o f  utmost importance i n  
de te rmin ing  t h e  chemical products  w i t h i n  an a c t i v a t e d  r e g i o n  s i nce  they  
a f f e c t  t he  r a t e s  o f  va r i ous  competing chemical r e a c t i o n s .  We s h a l l  now 
cons ider  t h e  s p a t i a l  inhomogeneity o f  t h e  i n i t i a l  energy d e p o s i t .  The 
energy absorp t ion  as a  f u n c t i o n  o f  pene t ra t i on  depth i s  shown f o r  monoener- 
g e t i c  p ro tons  o f  t h ree  energy l e v e l s .  It has been c a l c u l a t e d  accord ing t o  
t he  s topping power o f  Anderson and Z ieg le r  ( r e f .  18 ) .  The energy depos i t  
per u n i t  volume i s  q u i t e  h i g h  due t o  the  p r o t o n ' s  low speed and l i m i t s  the  
p e n e t r a t i o n  t o  s h o r t  d i s tances  ( n o t e  t h a t  t he  p e n e t r a t i o n  depth i s  
expressed i n  u n i t s  o f  a rea l  d e n s i t y  which i s  t he  d i s t ance  o f  p e n e t r a t i o n  
t imes t he  m a t e r i a l  d e n s i t y ) .  Pene t ra t ion  depths and energy depos i t  i n  t h i s  
qraph f o r  low energy p ro tons  should be compared w i t h  e l e c t r o n  da ta  o f  t he  
f o l l o w i n g  graph. 

2 Penetration depth (g l  cm 



LONGITUDINAL ENERGY ABSORPTION FOR PASSAGE OF ELECTRONS THROUGH 
THE POLYMER AND A  COMPOSITE MATERIAL OF THE POLYMER 

The energy  a b s o r p t i o n  f o r  e l e c t r o n s  i s  more d i s p e r s e d  i n  t h e  m a t e r i a l  
as a  r e s u l t  of t h e  e l e c t r o n ' s  s m a l l e r  mass and h i g h e r  v e l o c i t y .  Shown he re  
i s  t h e  d i s t r i b u t i o n  o f  energy  d e p o s i t  as a  f u n c t i o n  o f  p e n e t r a t i o n  d e p t h  
c a l c u l a t e d  acco rd ing  t o  t h e  e l e c t r o n  t r a n s m i s s i o n  c o e f f i c i e n t  and average 
t r a n s m i t t e d  energy  ( r e f .  19 ) .  The d e c l i n i n g  peak va lues  as a  f u n c t i o n  o f  
dep th  r e s u l t s  f rom t h e  i n c r e a s e d  m u l t i p l e  s c a t t e r i n g  o f  t h e  e l e c t r o n s  r a n -  
domiz ing t h e i r  d i r e c t i o n  o f  t r a v e l  a t  l a r g e r  dep ths .  Such e f f e c t s  are  o f  
p r i n c i p a l  impor tance i n  d e f i n i n g  dose p r o f i l e s  w i t h i n  t h e  m a t e r i a l .  

2 Penetration depth (g/ cm 1 



EXCITATION AND IONIZATION DENSITY N E A R  A 100-KeV-PARTICLE PATH 

The l a t e r a l  dispersion of the energy deposit extends over two energy 
absorption regions, the core and the penumbra. In the core, the energy 
transferred from a  passing charged par t i c le  to  a material shows radial  
dependence that  depends on the mechani sm of the coulombic in te rac t  ion con- 
sidered.  One process involves the coulombic interaction between the  
charged par t i c le  and the electron of one individual atom or molecule, in 
which case the radial  dependence of the energy transferred i s  qiven 
approx imately ( r e f .  5a) by equation (1).  Another process involves the 
co l l ec t ive  longitudinal excitat ion of valence electrons of the atoms or 
molecules in the condensed phase, in which case the radial  dependence i s  
given approximately ( r e f .  5b) by equation ( 2 )  ( f o r  s ingly charged projec- 
t i l e s )  

Clearly, the highest energy t rans fe r s  are r e s t r i c t ed  t o  small radia l  
distances.  Even so the highest energy t ransfers  resu l t  i n  energetic secon- 
dary electrons which generally travel  f a r  from the i r  s i t e s  of production 
and deposit t h e i r  energy f a r  from the t ra jec to ry  of the original  passing par- 
t i c l e  forming a  penumbra of energy deposited outside the core region. The 
core and penumbra of 100 KeV protons and electrons are shown c l ea r l y  i n  the 
graph. The core region of the proton i s  limited to a  few atomic distances 
by the proton's low velocity while the electron core t o  about 6 nm accord- 
i n g  t o  equation (1 ) .  The proton-produced penumbra i s  limited by the secon- 
dary electron mass to  proton mass r a t i o ,  which l imi ts  the energy trans-  
ferred t o  secondary e lect rons .  The electron produced penumbra extends f a r  
off the graph t o  the r i gh t .  There are great differences between the exci- 
ta t ion dens i t i e s  achieved by the passage of the two pa r t i c l e s .  Without 
doubt, rapid recombination will characterize the chemistry in the proton's  
core region. A more deta i led  analysis i s  required t o  be t t e r  define the 
chemistry of these various regions of exposure. 

Radial distance ( n m l  



EXCITATI3N AND IONIZATION DErJSITY NEAR A 1000-KeV-PART1 CLE PATH 

A t  h i ghe r  p a r t i c l e  energy the  same fea tu res  are apparent i n  t he  t r a c k  
s t r u c t u r e  but  the  r a d i a l  d i s t ances  are expanded. The p ro ton  core r e g i o n  
s t i l l  appears on t h e  graph bu t  t h e  e l e c t r o n  core extends t o  t h e  r i g h t  o f  
t h e  present  graph. Q u a l i t a t i v e l y ,  we a n t i c i p a t e  t h e  p ro ton  core  chem is t r y  
t o  be r a d i c a l l y  d i f f e r e n t  f rom t h e  remainder o f  the exposed reg ions .  The 
chemical change i n  any s o l i d  m a t e r i a l  w i l l  be l i m i t e d  t o  a  smal l  c y l i n d r i -  
c a l  r eg i on  around t he  i n d i v i d u a l  p a r t i c l e  t r a j e c t o r y .  E a r l y  i n  the  expo- 
sure these c y l i n d r i c a l  r eg i ons  w i l l  no t  ove r l ap  and t h e i r  e v o l u t i o n  w i l l  
develop independent l y  o f  one another.  La te  i n  t he  exposure of h i g h l y  
i r r a d i a t e d  m a t e r i a l  t he  chemis t ry  o f  l a t e r  t r a c k s  w i l l  g e n e r a l l y  be a l t e r e d  
b y  the  p r i o r  change of t he  m a t e r i a l  caused by a  p rev ious  t r a c k .  
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GEOSTATIONARY DOSE I N  ORGANIC COMPOSITES SHOWING GEOMETRIC AND MODEL 
UNCERTAINTIES 

The accumulated 30 year  dose f o r  g e o ~ t a t i ~ y n a r y  o r b i t  i s  shown i n  t h e  
graph. It i s  r e p r e s e n t e d  b y  ex osu re  o f  = 10 r a d  a t  = 0.5 LI depths  due Q t o  low energy  p r o t o n s  and = 5x10 r a d  a t  50 u due t o  e l e c t r o n s .  A t  t hese  
va lues,  each p o r t i o n  o f  m a t e r i a l  r e c e i v e s  energy  b y  t h e  near  passage o f  
s e v e r a l  p a r t i c l e s .  Two e f f e c t s  c o u l d  r e s u l t  f rom such m u l t i p l e  t r a c k  expo- 
sure :  ( a )  i f  s u f f i c i e n t l y  c l o s e  i n  t ime,  then  c h e m i c a l l y  a c t i v e  spec ies  o f  
t h e  two t r a j e c t o r i e s  may a l t e r  t h e  chemical  end p roduc t ;  ( b )  even i f  l o n g  
t i m e s  e lapsed between t h e  passage o f  t h e  two p a r t i c l e s  t h e n  t h e  second 
passes t h r o u g h  p r e v i o u s l y  a l t e r e d  m a t e r i a l .  O f  i n t e r e s t  i s  t h e  number o f  
t r a v e r s a l s  wh ich  o v e r l a p  w i t h i n  a g i v e n  t i m e  i n t e r v a l  f o r  an a c c e l e r a t e d  
t e s t  o f  t h e  30-year g e o s t a t i o n a r y  exposure.  

Thickness, mi ls .  



PROBABILITY OF OVERLAP OF TWO-PARTICLE TRACKS WITHIN $IME A t  
(30-YEAR GEOSTATIONARY EXPOSURE ACCELERATED BY 10 ) 

The p r o b a b i l i t y  o f  o v e r l a p  o f  two p a r t i c l e  t r a c k s  w i t h i n  a t i m e  i n t e r -  
v a l  A t  i s  shown f o r  an a c c e l e r a t e d  t e s t  a t  30 year  g e o s t a t i o n a r y  exposure 
l e v e l s .  The t e s t  i s  assumed completed i n  one day ( 2 4  h o u r s ) .  I t  i s  seen 
t h a t  t h e  more a c t i v e  chemica l  spec ies  ( ~ t  = 1 psec) w i l l  r a r e l y  be a f f e c t e d  
b y  such even ts .  A sma l l  e f f e c t  i s  expected f o r  t h e  s low chemica l  p rocesses 
( ~ t  1 msec) i n  t h e  penumbra r e g i o n  o f  t h e  e l e c t r o n  exposure.  E f f e c t s  on 
l ong  1 i v e d  r a d i c a l s  ( ~ t  = 1 sec) a r e  l i k e l y  i n  n e a r l y  a l l  r e g i o n s .  !lost o f  
t h e  exposure i s  seen t o  t a k e  p l a c e  i n  p r e v i o u s l y  d i s t u r b e d  m a t e r i a l  ( ~ t  = 
1 day ) .  What i s  c l e a r  f rom these  f i g u r e s  i s  t h a t  m a t e r i a l  changes r e s u l t  
f r o m  t h e  combined e f f e c t s  of s p a t i a l l y  compact i n d i v i d u a l  p a r t i c l e  t r a c k s .  

PROTON ELECTRON 

AT CORE PENUMBRA CORE PENUMBRA 

1 USEC 3x10-" 3x10" 5x10- 2~ 10- 

1 MSEC 3~ lo-' 3~ 10- 5~ 10- 2x10- * 

1 SEC 3~ 10- 3~ 10- 5x10- ' - 1  

1 DAY .. 1 - 1  - 1  a 1 



SUMMARY AND CONCLUSIONS 

A u s e f u l  model o f  charged p a r t i c l e  impact  w i t h  t h e  polymer has been 
p resen ted .  

P r i n c i p a l  pa ths  o f  m o l e c u l a r  r e 1  a x a t i o n  have been i d e n t i f i e d .  

The r a d i a t i o n - i n d u c e d  changes w i l l  be c o n f i n e d  t o  l o c a l  r e g i o n s  about  
i n d i v i d u a l  p a r t i c l e  t r a c k s .  

The main a d d i t i o n a l  e f f e c t s  o f  a c c e l e r a t e d  t e s t i n g  may r e s u l t  f rom 
e f f e c t s  because o f  p o s s i b l e  h i g h e r  tempera tu res  and l o n g - l i v e d  f r e e  
r a d i c a l s .  

Chemical l y  a c t i v e  source terms are now reasonab ly  d e f i n e d .  A t t e n t  i o n  
must now be g i v e n  t o  subsequent processes.  
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Abs t rac t  - Models o f  p r imary  processes l e a d i n g  t o  d e a c t i v a t i o n  o f  energy depos i ted  
by a  pu l se  o f  h i g h  energy e l e c t r o n s  have been de r i ved  f o r  epoxy m a t r i x  m a t e r i a l s  and 
p o l y [ l  - v i n y l  naphtha lene] .  The bas i c  conc lus i on  i s  t h a t  recombina t ion  o f  i n i t i a l  l y  
formed charged s t a t e s  i s  complete w i t h i n  1 nanosecond, and subsequent degrada t ion  
chemis t ry  i s  c o n t r o l l e d  by  t h e  r e a c t i v i t y  o f  these e x c i t e d  s ta tes .  Exc i t ed  s t a t e s  
i n  bo th  systems form complexes w i t h  ground s t a t e  molecules.  These excimers o r  e x c i -  
p lexes have t h e i r  c h a r a c t e r i s t i c  emiss ive  and abso rp t i ve  p r o p e r t i e s  and may decay t o  
form separated p a i r s  o f  ground s t a t e  molecules,  c ross  over  t o  t h e  t r i p l e t  m a n i f o l d  
o r  emi t  f luorescence.  ESR s t u d i e s  and chemical  analyses subsequent t o  pu l se  r a d i o -  
l y s i s  have been performed i n  o rde r  t o  es t ima te  bond cleavage p r o b a b i l i t i e s  and n e t  
r e a c t i o n  r a tes .  The energy d e a c t i v a t i o n  models which have been proposed t o  i n t e r -  
p r e t  these da ta  have l e d  t o  t h e  development o f  r a d i a t i o n  s t a b i l i z a t i o n  c r i t e r i a  f o r  
these systems. 

I n t r o d u c t i o n  - R e l i a b l e  p r e d i c t i o n  o f  chemical and mechanical s t a b i l i t y  o f  l a r g e  
space s t r u c t u r e s  over  pe r i ods  of  up t o  t h i r t y  years  r e q u i r e s  t h a t  a  fundamental un- 
ders tand ing  o f  damage mechanisms be b u i l t  i n t o  models f o r  p r e d i c t i o n  o f  l o n q  term 
damage f o r  each cand ida te  m a t e r i a l  and t h e  cor responding system. Methodology of  
p r e d i c t i v e  model development i n v o l v e s  adop t ion  o f  a  dual  approach i n  which enq ineer -  
i n g  t e s t i n g  on hardware i s  complemented by mechan is t i c  model ing o f  t h e  e f f e c t  o f  r a -  
d i a t i o n  s t r esses  on t h e  m a t e r i a l s  and subsequent v a l i d a t i o n  o f  these models by means 
of acce le ra ted  t e s t s .  Th is  m a t e r i a l  sc ience approach a l l ows  b e t t e r  d e f i n i t i o n  o f  
eng ineer ing  t e s t s  and t e s t  f a c i l i t i e s  and may a l s o  be used t o  i n t e r p r e t  eng ineer ing  
t e s t  data i n  terms o f  changes i n  chemical s t r u c t u r e  o f  t h e  m a t e r i a l  caus ing a  spec i -  
f i c  f a i l u r e  mode. Development o f  mechan is t i c  models r e q u i r e s  an unders tanding of  t h e  
p r imary  processes which occur on impact o f  t h e  ene rge t i c  spec ies ( i n  our  work, 600- 
KeV e l e c t r o n s )  on t h e  m a t e r i a l .  These p r imary  processes c o n t r o l  t h e  subsequent cas- 
cade of  energy d e a c t i v a t i o n  paths some o f  which i n v o l v e  bond cleavage and consequent 
chemical change. Pr imary processes can be i n f e r r e d  from an i n v e s t i q a t i o n  o f  t h e  ne t  
chemical  change; however, i t  i s  necessary t o  use t ime  reso lved  techniques i n  o rde r  
t o  d i r e c t l y  observe them and s tudy t h e i r  mechanisms. I n  t h i s  work, t h e  e x c i t a t i o n  
source i s  a  nanosecond pu lsed  e l e c t r o n  beam, which a l l ows  t i m e  r e s o l u t i o n  down t o  
1-2 nsec. Time and s p e c t r a l l y  r eso l ved  f luo rescence  and t r a n s i e n t  abso rp t i on  have 
been recorded on a  model aromat ic-polymer p o l y [ l - v i n y l  naphthalene] and a  t y p i c a l  
epoxy m a t r i x  m a t e r i a l  , namely t h e  t e t r a g l y c i d y l  4,4 ' -d iaminodiphenyl  methane- 
d iaminodiphyeny l  s u l f o n e  (TGDDM-DDS) system. Chemical a n a l y s i s  has been performed 
on PlVN subsequent t o  pu lsed e x c i t a t i o n  and ESR s t u d i e s  have been performed on t h e  
epoxy r e s i n  as a  f u n c t i o n  o f  c u r i n g  and t h e  number o f  beam pulses i n c i d e n t  on t h e  
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m a t e r i a l .  I n  t h i s  paper, we r e p o r t  t h e  s t a t u s  of degrada t ion  model ing on t h e  epoxy 
system. An account o f  t h e  work on PlVN has been pub l i shed  and w i l l  no t  be d iscussed 
here. 

Exper imental  Methods and Resu l t s  - The source o f  e x c i t a t i o n  i s  a  Feber t ron  (Hewle t t -  
Packard) which generates 3-ns pu lses  (FWHM) o f  600-KeV e l e c t r o n s  w i t h  approx imate ly  
10 j o u l e s  per  pu lse.  S o l i d  samples were p laced  i n  an evacuated sample chamber. 
Fluorescence was c o l l e c t e d  by a  qua r t z  l e n s  and was t r a n s m i t t e d  v i a  a  f i  ber  o p t i c s  
assembly t o  a  1/4-m monochromator. The s p e c t r a l l y  reso lved  emiss ion was then  moni- 
t o r e d  by a  1P-28 phototube, t h e  ou tpu t  o f  which was d i sp l ayed  on a  Tek t ron i x  f a s t -  
r i s e  scope. T rans ien t  abso rp t i on  measurements were c a r r i e d  o u t  by us ing  a  xenon 
f l a s h  lamp (2-ps pu l ses )  as a  probe beam i n c i d e n t  on t h e  sample approx imate ly  20° t o  
t h e  e-beam. A f t e r  pass ing  th rough  t h e  e-beam e x c i t e d  volume, t h e  probe beam was 
c o l l e c t e d  and t r a n s m i t t e d  v i a  t h e  f i b e r  o p t i c s  assembly, s p e c t r a l l y  reso lved  and 
analyzed as before.  F igure  1 shows t h e  exper imenta l  s e t  up. Pure ( nea t )  samples o f  
TGDDM, DDS, t h e i r  m ix tu res ,  and cured specimens were s tud ied  by t h i s  technique,  nDS 
was exhaus t i ve l y  methyl  a ted  t o  form NN' te t ramethy l  d iaminodipheny l  su l  fone (TMDDS). 
A r e c r y s t a l l i z e d  sample o f  TMDDS was cha rac te r i zed  by I R  and NMR spect roscopy and 
a l s o  by elemental  ana l ys i s .  TMDDS may be used as a  model f o r  DDS a f t e r  i t  has be- 
came p a r t  o f  t h e  f u l l y  c r o s s - l i n k e d  network.  Under ac tua l  c o n d i t i o n s  a more r e a l i s -  
t i c  model w i l l  be some weighted s t a t i s t i c a l  m i x t u r e  o f  TMDDS, T r i -M DDS and DMDDS, 
when Tr i -M DDS and DMDDS are  t h e  t r i m e t h y l a t e d  and d ime thy l a ted  analoqs of TMDDS. 
Synthes is  o f  these model compound i s  i n  progress.  To o b t a i n  cured specimens, m ix -  
t u r e s  o f  TGDDM and DDS i n  app rop r i a t e  mole r a t i o s  were heated i n  a  vacuum oven a t  
1750C f o r  f i v e  hours, and pumped ove rn i gh t  t o  remove any v o l a t i l e  mat te r .  O p t i c a l l y  
e x c i t e d  f l uo rescence  spec t ra  o f  these samples were recorded on a  Perkin-Elmer MPF-3A 
s p e c t r o f l  uo r imete r .  
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Fluorescence spec t ra  were a l s o  recorded on d i l u t e  s o l u t i o n s  o f  t h e  pure m a t e r i a l s  
and t h e i r  m i x tu res  i n  CH2C12. F i gu re  2  shows abso rp t i on  spec t ra  o f  TGDPM, DDS and 
TMDDS i n  d i l u t e  s o l u t i o n .  F igure  3a shows t h e  emiss ion spec t ra  o f  DDS, TMDDS and 
TGDDM i n  d i l u t e  CH2C12 s o l u t i o n  w h i l e  F i gu re  3h shows t h e  same spec t ra  taken on 
TGDDM and DDS i n  neat  form. F igure  4 shows t h e  emission spec t ra  o f  t h e  uncured mix -  
t u r e  and t h e  r e s i n  cured a t  180°C (350F) f o r  5  hours. F i gu re  5 shows emiss ion spec- 
t r a  taken a t  0-5-ns de lay  f o l l o w i n g  pu lsed e-beam e x c i t a t i o n  on DDS, uncured m i x t u r e  
and t h e  cured r e s i n .  F igure  6 shows t y p i c a l  t ime  p r o f i l e s  f o r  t h e  uncured m i x t u r e  
as a  f u n c t i o n  o f  wavelength. Table 1 g ives f luorescence decay l i f e t i m e s  measured on 
these systems. 

D iscuss ion  - Since t h e  emission i n t e n s i t y  f rom TGDDM i s  80-150 t imes  weaker than 
t h a t  from DDS o r  TMDDS, i t  i s  expected t h a t  t h e  e m i s s i o ~  of t h e  m i x t u r e  (cu red  o r  un- 
cured)  w i l l  be dominated by TMDDS o r  DDS f luorescence. Comparison o f  emiss ion spec- 
t r a  o f  DDS i n  d i l u t e  s o l u t i o n  w i t h  t h e  spectrum o f  neat  DDS shows t h a t  i t  i s  cons id -  
e r a b l y  red  s h i f t e d  i n  neat  DDS. While t h e  same e f f e c t  i s  a l s o  observed i n  case o f  
TGDDM, i t  i s  n o t  n e a r l y  as l a r g e .  Th i s  r e s u l t  has been a t t r i b u t e d  t o  f o rma t i on  o f  
e x c i t e d  s t a t e  complexes o r  excimers i n  these systems i n  which an e x c i t e d  molecu le  
i n t e r a c t s  w i t h  a  ne ighbor ing  molecu le  i n  t h e  ground s t a t e  i n  approximate p a r a l l e l  
c o n f i g u r a t i o n  w i t h  t h e  e x c i t e d  mol ecu l  e. I n t e r a c t i o n  between mol ecu l  es o f  t h e  same 
spec ies forms excimers, w h i l e  i n t e r a c t i o n  between two d i f f e r e n t  spec ies forms e x c i -  
p lexes. Excimers a re  no t  e f f i c i e n t l y  formed w i t h i n  t he  e x c i t e d  s t a t e  l i f e t i m e  of 
DDS i n  d i l u t e  s o l u t i o n ,  s ince  t h e  format ion o f  excirners i s  a  b imo lecu la r  process and 
requ i r es  m u l t i p l e  d i f f u s i v e  encounters. Excimer fo rmat ion  i s  found t o  be no t  n e a r l y  
as impor tan t  i n  case o f  TGDDM as i t  i s  f o r  DDS. The uncured m ix tu re  should  then  
show evidence o f  f o rma t i on  o f  two excimers as w e l l  as a  heterogeneous complex, t h e  
e x c i p l e x  hetween DDS and TGDDM. The emission envelope o f  t h e  uncured m i x t u r e  ( F i q -  
u r e  3b) does indeed have t h r e e  seqments approx imate ly  cor responding t o  emissions 
NORMALIZED 

TIME (nsec) 

F i g .  6. Time-resolved emiss ion f rom 
uncured NARMCO 5208 epoxy 
f o r m u l a t i o n  f o l  l ow ing  3-nsec 
pu l  sed e l e c t r o n  beam 
e x c i t a t i o n .  



from these t h r e e  species.  However, d i f f u s i v e  encounters o f  two molecu les o r  sub- 
s t a n t i a l ,  r a p i d  mo lecu la r  r o t a t i o n  i s  e l i m i n a t e d  on network format ion,  and hence 
o n l y  a t r a c e  amount o f  excimer f o rma t i on  i s  expected i n  cured specimens, when t h e  
e x c i t i n g  photon happens t o  be i n c i d e n t  on a methy la ted  DDS molecu le  i n  a preformed, 
c o n f i g u r a t i o n  p o s i t i o n  w i t h  a TGDDM o r  another  methy la ted  DDS molecule.  Hence t h e  
emiss ion spectrum o f  t h e  cured system i s  b lue  s h i f t e d  and l a r g e l y  resembles a com- 
b i n a t i o n  o f  emiss ion spec t ra  f rom methy la ted  DDS molecules. Scheme 1 may be p ro -  
posed t o  i n t e r p r e t  t h e  o p t i c a l  e x c i t a t i o n  data,  

~ l *  + R - [ R R ] ~ *  
+--- 

RI* - R  + h v l  (345 nm) 

e t c  

[ R R ] ~ *  - 2R + hv2 (360 nm) 

A l *  - A  + hv3 (330 nm) 

e t c  

[ A A ] ~ *  ---+ 2A + hvq (385 nm) 
I 
1-4 e t c  

~ l *  + R o r  RI* t A CAR-$* 

[ARI1*  -+ A + R  + hvcj (445 nm) 

Scheme 1 

where A  i s  DDS and R i s  TGDDM scheme 1. I n  scheme 1, [ A A ] ~ *  i s  t h e  DDS excimer, 
[ R R ] ~ *  i s  t h e  TGDDM excimer,  w h i l e  [ A R ] ~ *  i s  t h e  exc i p l ex .  These e x c i t e d  s t a t e  com- 
p lexes have no ground s t a t e  coun te rpa r t ,  s i nce  t h e r e  i s  no ground s t a t e  complex f o r -  
mat ion i n  t h i s  system, as determined by m o n i t o r i n g  e l e c t r o n i c  spec t ra  as a f u n c t i o n  
o f  concen t ra t ion .  I n  o t h e r  words, t h e  excimers and t h e  e x c i p l e x  have p o t e n t i a l  



of concen t ra t ion .  I n  o t h e r  words, t h e  excimers and t h e  e x c i p l e x  have p o t e n t i a l  
minima i n  t h e  e x c i t e d  s t a t e  b u t  no such minimum i n  t h e  ground e l e c i r o n i c  s t a t e .  The 
na tu re  o f  e l e c t r o n i c  i n t e r a c t i o n  l e a d i n g  t o  s t a b i l i z a t i o n  o f  [ A R ] ~  i s  no t  under-  
s tood c l e a r l y ,  b u t  i t  seems t h a t  t h e r e  i s  a  cons iderab le  de ree  o f  charge t r a n s f e r ,  9 * a1 l ow ing  m i x i n g  o f  h i ghe r  e x c i t e d  s t a t e s  o f  A and R i n  CAR]  . llnder favorab le  con- 
d i t i o n s ,  [ A R ] ~  may be d i s s o c i a t e d  t o  form r a d i c a l  c a t i o n s  and anions. Th is  expe r i -  
ment i s  i n  progressI and i f  success fu l ,  w i l l  produce use fu l  i n s i g h t  i n t o  t h e  na tu re  
o f  bonding i n  [ A R ] ~  and hence i t s  r e a c t i v i t y  and l i f e t i m e .  

The p r imary  p roduc ts  o f  e-beam e x c i t a t i o n  a re  r a d i c a l  c a t i o n s  and anions. Recombin- 
a t i o n  takes p lace  th rough  t h e  back t r a n s f e r  o f  an e l e c t r o n  f rom t h e  an ion t o  t h e  ca- 
t i o n .  W i t h i n  t h e  spur,  t h e  i ons  a re  nearest  neighbors and recombinat ion i s  u l t r a -  
f a s t ,  be ing  e s s e n t i a l l y  complete i n  l e s s  than 10 ps. Outside o f  t h e  spur,  recombin- 
a t i o n  r equ i r es  m i g r a t i o n  o r  hopping o f  t h e  e l e c t r o n s  from t h e  an ion u n t i l  i t  encoun- 
t e r s  a  ca t i on .  Normal1 t h i s  recombinat ion would l ead  t o  t h e  f o rma t i on  o f  e x c i t e d  

!* s t a t e s  such as R l *  o r  A . However i n  t h a t  case, t h e  emiss ion spec t ra  f o l l o w i n g  
pu lse  r a d i o l y s i s  would be i d e n t i c a l  t o  t h a t  observed on o p t i c a l  e x c i t a t i o n ,  except 
f o r  perhaps a  measurable t ime  de lay  i n  t h e  onset o f  f luorescence f o l l o w i n g  pu l se  r a -  
d i o l y s i s .  Th is  i s  found t o  be t h e  case f o r  TGDDM, DDS and t h e  uncured m ix tu re ,  b u t  
t h e  emiss ion spectrum of t h e  cured r e s i n  i s  cons iderab ly  r e d  s h i f t e d  f o l l o w i n g  e -  
beam e x c i t a t i o n .  This red  s h i f t  may be r a t i o n a l i z e d  as be ing  due t o  d i r e c t  forma- 
t i o n  o f  exc ip lexes  when ad jacen t  i o n i c  species i n t e r a c t  and seek t o  recombine w i t h i n  
t h e  r i g i d  network, p a r t i c u l a r l y  s i nce  t h e  exc i p l ex  i s  expected t o  i n c o r p o r a t e  a  con- 
s i d e r a b l e  degree of  charge separat ion.  Hence Scheme 2 may be proposed t o  i n t e r p r e t  
pu l  se r a d i o l y s i s  da ta :  

RI* - e t c  
e  - 

A A + ' + A - '  

~ l *  - e t c  

A-• + R + *  [ A R ] ~ *  - e t c  

Scheme 2 

Fluorescence decay o f  uncured m ix tu res  i s  found t o  have t h r e e  s i n g l e  exponen t ia l  de- 
cay components (Table  1). The f as t  component ( T  - 5 ns )  increases i n  ampl i tude a t  
s h o r t e r  wavelengths (300-390 nm) and i s  assigned t o  t he  TGDDM monomers (R1*). There 
i s  a s low component o f  v a r i a b l e  l i f e t i m e  ( 7  = 70-90 ns)  o c c u r i n q  a t  l onge r  wave- 
l eng ths  (400-500 nm) which may be assigned t o  t h e  e x c i p l e x  ( R A ~  ) .  A t h i r d  com- 
ponent hav ing a l i f e t i m e  o f  10-25 ns, occurs a t  i n t e rmed ia te  wavelengths and 
i s  t e n t a t i v e l y  assigned t o  t h e  DDS excimer AA1*. 

The mechanism o f  excirner and e x c i p l e x  fo rmat ion  from ~ l *  and RI* as observed on op- 
t i c a l  e x c i t a t i o n  o r  d i r e c t l y  f rom A- and R f  as observed on pu l se  r a d i o l y s i s  on t h e  
cured system, r equ i r es  t h e  p o s t u l a t i o n  o f  f a s t  m i g r a t i o n  o f  e x c i t e d  s t a t e s  and e l e c -  
t r ons ,  s i nce  d i f f u s i v e  encounter r a t e s  even i n  uncured m a t e r i a l s  a re  n o t  s u f f i -  
c i e n t l y  f a s t  t o  e x p l a i n  t h e  observed r a t e  o f  onset o f  excimer and e x c i p l e x  f l u o r -  
escence. P re l im ina ry  e s t i m a t i o n  o f  these hopping f requenc ies  pu t  them a t  o r  above 



fl rescence. P r e l i m i n a r y  e s t i m a t i o n  o f  these  hopping requenc ies p u t  them a t  o r  above 
10Y8 sec-I .  Such f a s t  hopping processes a l l o w  t h e  p o s s i b i l i t y  o f  quenching o r  t r a p -  
p i n g  t h e  e x c i t a t i o n  energy as w e l l  as charges by p l a c i n g  quenchers o r  accep to rs  i n  
t h e  m a t r i x .  Less than  2 mole percen t  o f  quencher concen t ra t i on  i s  s u f f i c i e n t .  Then 
t h e  m a t r i x  can be dep le ted  o f  i t s  e x c i t a t i o n  energy be fo re  bond cleavage can t ake  
p lace.  I n  p r e l i m i n a r y  exper iments > 90% quenching o f  energy i n  P l V N  was demon- 
s t r a t e d  by us i ng  1 mole percen t  o f  anthracene t r aps .  Add i t i ves  f o r  r a d i a t i o n  s t a -  
b i l i z a t i o n  may be developed accord ing  t o  these quenching c r i t e r i a .  For t h e  TGDDM- 
DDS system, t h e  i n i t i a l  a d d i t i v e  be ing  t e s t e d  i s  TMDDS, which i s  compat ib le  t o  t h e  
network,  does n o t  change i t s  chemist ry ,  and a c t s  as a sha l l ow  t r a p  o f  e x c i t a -  
t i o n  and e l ec t r ons .  
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DIMENSIONAL STABILITY OF SPACE STRUCTURES 

The performance c h a r a c t e r i s t i c s  of many l a r g e  space s t r u c t u r e s  a r e  depend- 
e n t  upon t h e i r  d imensional  s t a b i l i t y .  One example of t h i s  i s  a  space communi- 
c a t i o n s  an tenna ,  a s  shown i n  f i g u r e  1,  i n  which smal l  d imensional  changes may 
cause  a  defocusing of the  antenna and a  cor respond ing  l o s s  i n  e f f i c i e n c y .  The 
m a t e r i a l s  t o  be used i n  t h e s e  s t r u c t u r e s  inc lude  g r a p h i t e  c a b l e s ,  o r g a n i c  
m a t r i x  composi tes ,  and meta l -matr ix  composites.  Composites a r e  s e l e c t e d  
because of t h e i r  i n h e r e n t  d imensional  s t a b i l i t y  (h igh  s t i f f n e s s ,  low CTE) and 
t h e i r  l i g h t  weight.  The primary f a c t o r s  c o n t r o l l i n g  the  d imensional  s t a b i l i t y  
of t h e s e  m a t e r i a l s  a r e  l i s t e d  i n  the  f i g u r e .  For organic-matr ix  composi tes ,  
microcracking is  one of t h e s e  primary f a c t o r s .  Permanent changes i n  t h e  
t h e r m o e l a s t i c  p r o p e r t i e s  and /o r  permanent r e s i d u a l  s t r a i n s  can r e s u l t  from t h i s  
type of damage. The p r e s e n t  r e s e a r c h  was concerned with t h e  e f f e c t  
mic roc rack ing  has  on the  thermal  expansion of graphite-epoxy composites.  

DIMENSIONAL STABILITY OF SPACE STRUCTURES 
FACTORS CONTROLL ING D IMENS IONAL STAB l L  ITY 

HOOPICOLUMN ANTENNA 

CABLES 

THERMAL CYCLING 

MECHAN ICAL LOADING 

ORGAN l C  MATR l X  COMPOS ITES 

MOISTURE DESORPTION 

THERMAL CYCLING 

MECHAN ICAL LOAD ING 

M ICROY IELD ING (CAUSED BY 
MATRIX  MICROCRACKING)  

RAD IATION 

METAL MATR l X  COMPOS ITES 

THERMAL CYCLING 

MECHAN ICAL LOAD ING 

F i g u r e  1 



MICROCRACKING IN COMPOSITES 

Microcracks  i n  o rgan ic -mat r ix  composites a r e  smal l  c r a c k s  i n  t h e  m a t r i x  
m a t e r i a l  which extend p a r a l l e l  t o  the  f i b e r  d i r e c t i o n .  They occur when t h e  
i n t e r n a l  s t r e s s e s  exceed t h e  t r a n s v e r s e  s t r e n g t h  of an  i n d i v i d u a l  lamina. The 
two primary causes  of mic roc rack ing  a r e  mechanical  and thermal  loads .  

A l i m i t e d  amount of r e s e a r c h  has been conducted concerning the  causes  and 
e f f e c t s  of microcracking i n  composites.  Repeated thermal  c y c l i n g  has been 
shown t o  cause  microcracking i n  graphi te-epoxy l a m i n a t e s  which c a u s e s  t h e  CTE t o  
approach t h a t  of the  u n i d i r e c t i o n a l  m a t e r i a l  ( r e f .  1 ) .  A t y p i c a l  example of 
t h i s  thermal  microcracking i s  shown i n  f i g u r e  2. Research has a l s o  shown t h a t  
r e s i d u a l  s t r a i n s ,  due t o  mic rocrack ing ,  of up t o  20 PE may develop i n  
graphi te-epoxy dur ing  the  f i r s t  c o o l i n g  c y c l e  t o  130 K ( r e f .  2 ) .  What has  been 
l a c k i n g  i n  p a s t  r e s e a r c h  i s  a q u a n t i t a t i v e  r e l a t i o n s h i p  between t h e  amount of 
microcracking and changes i n  CTE. Th i s  was the  main focus  of t h e  c u r r e n t  
r e s e a r c h .  

MICROCRACKING DUE TO THERMAL CYCLING 
IN GRAPHITE-EPOXY 

(REF. 1) b 7 5 ~ l m - - I  
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RESEARCH OEUECTIVE AND APPROACH 

The o b j e c t i v e  of t h i s  r e s e a r c h  was t o  s tudy t h e  e f f e c t  of microcracking on 
t h e  CTE of graphite-epoxy. To accomplish t h i s  o b j e c t i v e ,  the  approach o u t l i n e d  
i n  f i g u r e  3 was used. Specimens from two q u a s i - i s o t r o p i c  ( [ 0 / + 4 5 / 9 0 ] s  and 
[ 0 / 9 0 / + 4 5 ]  ,) l a m i n a t e  con£ i g u r a t i o n s  were mechanical ly  loaded s t a t i c  
t e n s i o n  t o  produce va ry ing  amounts of microcracking i n  s e l e c t e d  p l i e s .  The 
load ing  d i r e c t i o n  was p e r p e n d i c u l a r  t o  the  90' p l i e s .  Mechanical  load ing  was 
s e l e c t e d  a s  t h e  method f o r  producing microcracks  i n  t h e  specimens because t h e  
amount of damage could be e a s i l y  c o n t r o l l e d .  The amount of microcracking was 
c h a r a c t e r i z e d  by computing an average c rack  d e n s i t y  i n  t h e  damaged p l i e s .  CTE 
measurements were then made on the  damaged specimens t o  c o r r e l a t e  CTE v a l u e s  
w i t h  c rack  d e n s i t y .  An a n a l y s i s  was a l s o  proposed and implemented t o  model t h e  
e f f e c t .  

RESEARCH PROGRAM 

OBJECTIVE - STUDY THE EFFECT OF TRANSVERSE MATRIX MICROCRACKING 
ON THE CTE OF GRAPHITE-EPOXY 

APPROACH - PRODUCE VARYING AMOUNTS OF MICROCRACKING WITH 
STAT1 C TENSION TESTS ON TWO QUASI -I SOTROPI C 
LAMINATES ([01*45190I s AND [ 0 / 9 0 1 ~ 4 5 1 S )  

CHARACTER l ZE THE AMOUNT OF DAMAGE I N  TERMS OF 
CRACK DENSITY 

CORREIATE THE AMOUNT OF MI CROCRACKI NG WITH THE 
CHANGE I N  CTE 

PROPOSE ANALYSIS TO MODEL THE EFFECT 
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MECHANICALLY INDUCED MICROCRACKING 

A photomicrograph of a t y p i c a l  microcracking p a t t e r n  i n  one of t h e  
mechanical ly  loaded specimens is shown i n  f i g u r e  4. For t h i s  p a r t i c u l a r  
specimen, c r a c k s  formed i n  t h e  c e n t r a l  90° p l i e s  a s  w e l l  a s  t h e  a d j a c e n t  
45O p l i e s .  Loading was a t  73% of ultimate i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  
t h e  900 p l i e s .  Microcrack p a t t e r n s  were recorded whi le  under load us ing  an 
edge r e p l i c a t i o n  technique.  From prev ious  r e s e a r c h ,  it was found t h a t  
microcracks  formed i n  t h i s  f a s h i o n  d id  extend through the  e n t i r e  width (25 mm) 
of t h e  specimen and t h e r e f o r e ,  damage viewed a long  the  edge was r e p r e s e n t a t i v e  
of t h e  e n t i r e  specimen. Crack d e n s i t i e s  were computed by observing the  edge 
r e p l i c a  i n  a s t a n d a r d  mic rof iche  card  r e a d e r  and count ing t h e  number of c r a c k s  
i n  a p a r t i c u l a r  p ly  over a 25 mm l eng th .  Loads v a r i e d  from 0 t o  82% of 
u l t i m a t e  t o  produce specimens wi th  crack d e n s i t i e s  ranging from 0 t o  2.0 c racks  
per mm. 

TYPICAL MICROCRACKING DUE TO MECHANICAL LOADING 

90' PLY CRACK 

-45' PLY CRACK 

APPLIED STRESS=73% ULT. 
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CTE MEASUREMENTS 

CTE measurements were made using a moire interferometry technique, the 
details of which may be found in reference 3. A schematic diagram of the 
experimental arrangement is shown in figure 5. This is an optical inter- 
ference technique in which thermal strain values are determined by computing 
the change in the number of interference fringes over a 25-mm gage length 
between any two temperatures. Thermal strain measurements were taken for 
each specimen between roop. temperature and 422 K. All specimens were con- 
ditioned at 422 K for 18 hours prior to testing to remove any moisture. 

EXPERIMENTAL ARRANGEMENT 

SPECIMEN AND 
SPECIMEN GRATING 

REFERENCE 
GRATING 

APERTURE 

I I L L U  

THERMOCOUPLE LENS CAMERA 

BODY 
OVEN 

Figure 5 



TYPICAL THERMAL EXPANSION DATA 

A typical thermal expansion curve is shown in figure 6. These data repre- 
sent both heating and cooling data for one cycle between 300 and 422 K .  No 
differences were observed between heating and cooling or from cycle to cycle. 
CTE values are not directly obtained from the measurements but are computed 
from the slope of the AL/L versus temperature curve. All of the specimens 
exhibited a slightly nonlinear thermal strain response. A 2nd order least- 
squares polynomial was found to fit the data and an average CTE was computed 
for the entire temperature range by computing the slope at the average tempera- 
ture (360 K ) .  This average CTE value will be used in all subsequent discussions. 

TYPICAL THERMAL EXPANSION DATA - - - - -  

STRAIN AS A FUNCTION OF TEMPERATURE 
FOR [01 k451901 s LAM I NATE 

C 0 HEATING DATA 

300 0 COOL1 NG DATA 

ALIL, 
ME 

TEMPERATURE. K 

Figure 6 



EXPERIMENTAL RESULTS 

The r e s u l t s  of CTE measurements p l o t t e d  a s  a  f u n c t i o n  of c rack  d e n s i t y  i n  
t h e  900 p l i e s  a r e  shown i n  f i g u r e  7.  An e x p l a n a t i o n  f o r  t h e  s c a t t e r  i n  CTE 
v a l u e s  f o r  t h e  [0/90/-t-45]s l amina te  a t  ze ro  crack d e n s i t y  i s  t h a t  only t h e  
d a t a  p o i n t  wi th  t h e  l a r g e s t  CTE t r u l y  r e p r e s e n t s  z e r o  crack d e n s i t y  s i n c e  i t  
had no load a p p l i e d .  The o t h e r  two d a t a  p o i n t s  r e p r e s e n t  specimens t h a t  had 
l o a d s  app l i ed .  Although no c racks  were v i s i b l e ,  some smal l  amount of damage 
was thought t o  e x i s t .  Maximum r e d u c t i o n s  i n  CTE of 21 and 25% occur red  i n  
specimens w i t h  c rack  d e n s i t i e s  of 1.10 and 2.05 mm-l, r e s p e c t i v e l y .  These 
two specimens had been loaded t o  73 and 82% of u l t i m a t e ,  r e s p e c t i v e l y ,  wi th  
some microcracks  forming i n  t h e  a d j a c e n t  45O p l i e s  a s  we l l  a s  the  90° 
p l i e s .  

EXPERIMENTAL RESULTS 
CTE AS A FUNCTION OF CRACK DENSITY 

CTE , CRACKS I N  + 45' PLIES 
- 1 

2.0 
CRACKS IN -45' PLIES, 

DELAMI NATIONS P 
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LAMINATE ANALYSIS 

Laminate a n a l y s i s  i s  a u s e f u l  t o o l  f o r  p r e d i c t i n g  t h e  i n p l a n e  CTE of 
composite l amina tes .  It has  been sugges ted  ( r e f .  2) t h a t  l amina te  a n a l y s i s  may 
a l s o  be s u i t a b l e  f o r  p r e d i c t i n g  the  CTE of composi tes  when microcracks  a r e  
p r e s e n t ,  i f  a p p r o p r i a t e  m o d i f i c a t i o n s  a r e  made. These m o d i f i c a t i o n s  i n c l u d e  
reduc ing  t h e  t r a n s v e r s e  s t i f f n e s s ,  E2, t h e  t r a n s v e r s e  CTE, a2 ,  and t h e  
s h e a r  modulus, G12, of the  cracked p l i e s .  These reduced v a l u e s  a r e  then  used 
a s  i n p u t  parameters  t o  the  l amina te  a n a l y s i s .  The e f f e c t  of reducing E2  by 
v a r i o u s  amounts on t h e  l amina te  CTE of a q u a s i - i s o t r o p i c  c o n f i g u r a t i o n  is  shown 
i n  f i g u r e  8. I f  E2 is  reduced by 100% i n  a l l  p l i e s ,  t h e  l amina te  CTE 
approaches  the  va lue  f o r  t h e  u n i d i r e c t i o n a l  ( [ O ] )  l amina te  i n  t h e  f i b e r  
d i r e c t i o n .  A s i m i l a r  e f f e c t  on t h e  l amina te  CTE would r e s u l t  i f  a2 were 
reduced from its o r i g i n a l  value .  For t h i s  p a r t i c u l a r  l amina te  c o n f i g u r a t i o n ,  
[0 /+45/901, ,  - a r e d u c t i o n  i n  G12 has n e g l i g i b l e  e f f e c t  on CTE. 

LAMINATE ANALYSIS TO INCLUDE EFFECT OF MICROCRACKING 
LAM I NATE CTE A S  A FUNCTI ON OF LAM I NA TRANSVERSE 

ST1 FFNESS. E2, FOR [01*45190Is LAMINATE 
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RELATIONSHIP BETWEEN CRACK DENSITY AND REDUCTION I N  LAMINA PROPERTIES 

The r e l a t i o n s h i p  between crack d e n s i t y  and r e d u c t i o n  i n  lamina p r o p e r t i e s  
must be known i n  o rde r  t o  use l amina te  a n a l y s i s  t o  p r e d i c t  t h e  e f f e c t  of 
mic roc rack ing  on t h e  CTE. Lockheed under NASA c o n t r a c t  NAS1-16406 ( r e f .  4)  has  
been s tudy ing  the  e f f e c t  of microcracking and de lamina t ion  on l a m i n a t e  
s t i f f n e s s  r educ t ion .  I n  t h e  course  of t h e i r  r e s e a r c h ,  they developed a  
r e l a t i o n s h i p  between c rack  d e n s i t y  and the  r e d u c t i o n  i n  lamina t r a n s v e r s e  
s t i f f n e s s ,  E2. A f i n i t e  element a n a l y s i s  was used t o  f i r s t , d e t e r m i n e  t h e  
e f f e c t  of crack d e n s i t y  on l amina te  s t i f f n e s s  r educ t ion .  Then s imple  l amina te  
a n a l y s i s  was used t o  determine t h e  amount of r e d u c t i o n  i n  lamina s t i f f n e s s  
needed t o  account f o r  t h e  r e d u c t i o n  i n  l amina te  s t i f f n e s s .  From t h e s e  two 
a n a l y s e s ,  the  r e l a t i o n s h i p  between crack d e n s i t y  and reduc t  i o n  i n  lamina E2 
was determined.  A p l o t  of t h i s  r e l a t i o n s h i p  is shown i n  f i g u r e  9. For t h e  
maximum crack  d e n s i t i e s  produced i n  the  c u r r e n t  r e s e a r c h ,  t h e  r e d u c t i o n  i n  E2 
was approximate ly  35%. 

MASTER CURVE FOR REDUCTION IN LAMINA VALUES OF E q  

REDUCTION I N  E2 AS A FUNCTION OF CRACK DENSITY 
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COMPARISON OF EXPERIMENTAL RESULTS AND ANALYTICAL PREDICTIONS 

A comparison of the  exper imenta l  d a t a  wi th  the  a n a l y t i c a l  p r e d i c t i o n s  based 
on t h e  approach p r e v i o u s l y  d e s c r i b e d  is  shown i n  f i g u r e  10.  The p r e d i c t i o n s  f o r  
z e r o  c rack  d e n s i t y  a g r e e  w e l l  wi th  t h e  measured values .  Two d i f f e r e n t  schemes 
were used t o  account  f o r  microcracks .  The f i r s t  c o n s i s t e d  of reducing only  
E2 of t h e  cracked p l i e s .  I n  t h e  second, both  E2 and a2 of t h e  cracked 
p l i e s  were reduced. The c o r r e l a t i o n  between c rack  d e n s i t y  and t h e  amount of 
r e d u c t i o n  i n  E2 t o  be used i n  t h e  l amina te  a n a l y s i s  was determined from the  
p l o t  i n  f i g u r e  9. For t h e  scheme where both  E2 and a2 were reduced ,  t h e  
amount of r e d u c t i o n  i n  each p roper ty  was assumed t o  be t h e  same. The dashed 
l i n e s ,  shown i n  the  p l o t  below a t  c rack  d e n s i t i e s  of 1.10 and 2.05 mm-l, a r e  
t h e  p r e d i c t i o n s  i n c l u d i n g  t h e  e f f e c t  of c r a c k s  i n  t h e  45O p l i e s .  I n  g e n e r a l ,  
t h e r e  is  good agreement between the  p r e d i c t i o n  u s i n g  reduced v a l u e s  of both  
E2 and a2 and the  exper imenta l  r e s u l t s .  

COMPARISON OF EXPERIMENTAL DATA 
WITH ANALYTICAL PREDICTIONS 

LAMINATE CTE AS A FUNCTION OF CRACK DENSITY 
0 [O/ *451901 s 
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- 

REDUCTI ON I N E2 AND a2 
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CONCLUSIONS AND FUTURE WORK 

The r e s u l t s  of t h i s  r e s e a r c h  i n d i c a t e  t h a t  microcracking does a f f e c t  t h e  
CTE of composite l amina tes .  The amount of r e d u c t i o n  i n  CTE was a f u n c t i o n  of 
t h e  c rack  d e n s i t y .  A maximum r e d u c t i o n  of approximate ly  25% occur red  i n  a 
q u a s i - i s o t r o p i c  specimen wi th  a c rack  d e n s i t y  of 2.05 mm-l i n  t h e  90° 
p l i e s .  Also l amina te  a n a l y s i s  wi th  a p p r o p r i a t e  r e d u c t i o n s  i n  E2 and a2 of 
t h e  damaged p l i e s  appears  t o  be capab le  of modeling t h e  observed change. These 
conc lus ions  a r e  summarized i n  f i g u r e  11. 

Future  work w i l l  i n c l u d e  c h a r a c t e r i z i n g  the  amount of microcracking due t o  
the rmal  l o a d s  ( i . e .  thermal  c y c l i n g )  and measuring t h e  e f f e c t  on CTE, both  
above and below room temperature .  Work w i l l  a l s o  con t inue  i n  improving t h e  
modeling c a p a b i l i t y  t o  p r e d i c t  CTE degrada t ion  due t o  damage formation.  

CONCLUSIONS 

MI CROCRACKI NG DOES AFFECT THE CTE OF THE COMPOSITES TESTED 

a EXPERIMENTAL DATA SHOWS THAT THE CHANGE I N  CTE I S A FUNCTION 
OF CRACK DENSITY 

LAMINATE ANALYSIS WITH A REDUCTION I N  E2AND a2OFTHE DAMAGED 
PLIES APPEARS TO BE CAPABLE OF MODEL1 NG THIS OBSERVED CHANGE 

FUTURE WORK 

STUDY THE EFFECT OF MICROCRACKING ON THE CTE BELOW ROOM 
TEMPERATURE 

IMPROVE ANALYSI S TO RELATE THE AMOUNT OF MICROCRACKING TO 
CHANGES IN LAMI NA THERMOELASTI C PROPERTI ES AND LAMI NATE CTE 

a STUDY THE EFFECT OF THERMALLY I ND UCED M I CROCRACKI NG ON 
CHANGES I N  CTE 

F i g u r e  11 
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STUDY OaJECTIVES 

The dimensional stability of materials used in large space structures must 
be established at both low and high temperatures. The Moire interferometer 
system, ref. 1, developed and currently used at the NASA Langley Research 
Center is limited to making thermal expansion measurements above room 
temperature. The objective of the present study was to develop and demonstrate 
an interferometer technique to measure small thermal strains associated with 
graphite-epoxy (Gr/Ep) composites over the temperature range of 116 K to 366 
K. A series of tests was conducted to determine the effects of variability 
within a set of specimens on the thermal strain of Gr/Ep. Since specimen edge 
effects may be important for quasi-isotropic laminates, the effects of specimen 
width on thermal strain were investigated. All work was sponsored by NASA 
under Cooperative Agreement NCCZ-15. 

DEVELOP A DEVl CE TO MEASURE THE SMALL THERMAL STRAl NS 
ASSOCIATED WITH GrlEp AND OTHER LOW EXPANSION MATERIALS 
BETWEEN 116 K AND 366 K 

CONDUCT A TEST PROGRAM TO : 

DEMONSTRATE RANGE AND RESOLUTION OF THE DEVICE 

DETERMINE VARIABIL ITY W I T H I N  A SAMPLE OF GrlEp 
SPEC I MENS 

COMPARE THERMAL RESPONSE OF 0.6 cm AND 2.5 cm 
WIDE GrlEp SPECIMENS 

Figure 1 



MEASUREMENT OF SMALL THERMAL STRAINS 

The composite l a m i n a t e s  used i n  s t r u c t u r e s  where d imensional  s t a b i l i t y  is  
c r i t i c a l  w i l l  have c o e f f i c i e n t s  of thermal  expansion approaching ze ro .  
T h e r e f o r e ,  any d i l a t o m e t e r  used t o  c h a r a c t e r i z e  t h e  d imensional  s t a b i l i t y  of 
t h e s e  composites must d e t e c t  s t r a i n s  on the  o r d e r  of one m i c r o s t r a i n  (1  UE).  

I n  t h e  p r e s e n t  s t u d y ,  a  l a s e r  P r i e s t  i n t e r f e r o m e t e r  was chosen a s  a  
p r a c t i c a l  approach t o  meet the  measurement and t e s t i n g  requirements .  A 
comparison of the  f e a t u r e s  of the  P r i e s t  i n t e r f e r o m e t e r  wi th  the  i d e a l  
measuring dev ice  is shown i n  f i g u r e  2. For t h e  P r i e s t  i n t e r f e r o m e t e r ,  
measurement r e s o l u t i o n  i s  X/10 ( A  is t h e  wavelength of the  l a s e r ) ;  f l a t ,  
r e c t a n g u l a r  specimens a r e  cu t  t o  l e n g t h ;  specimen ends a r e  rounded t o  p rov ide  
two-point c o n t a c t  only;  and thermal  s t r a i n  is measured wi th  r e s p e c t  t o  a  
r e f e r e n c e .  

MEASUREMENT OF SMALL THERMAL STRAINS 

I S  CRIT ICAL  TO A N  EXPERIMENTAL PROGRAM FOR DIMENSIONAL 
STAB1 L l T Y  RESEARCH 

@ MEANS DETECT1 NG STRAINS ON THE ORDER OF 1 VE 

REQUIRES A MEASURING DEVICE WITH FEATURES SUCH AS:  

1 DEAL PR l EST l NTER FER OMETER 

INFINITE RESOLUTION All0 RESOLUTION 

CONTACTLES S TWO POINT CONTACT 

UNRESTR I CTED SPEC IMEN FLAT, RECTANGULAR SPECIMEN 
GEOMETRY SPECIMEN CUT TO LENGTH 
No SPECIMEN REFERENCE TO NRS STANDARD 
ABSOLUTE STRAl N 
MEASUREMENT 

F i g u r e  2 



PRIEST INTERFEROMETER 

A P r i e s t  i n t e r f e r o m e t e r  measures the  d isplacement  of an  unknown specimen 
r e l a t i v e  t o  two p a r a l l e l  rods of a  known r e f e r e n c e  m a t e r i a l .  A schemat ic  of 
t h e  l a s e r ,  P r i e s t  i n t e r f e r o m e t e r  developed i n  t h i s  s tudy  i s  shown i n  f i g u r e  
3. The i n t e r f e r o m e t e r  was enc losed  i n  a  chamber i n  which t h e  t empera tu re  of 
c i r c u l a t i n g  a i r  was c o n t r o l l e d  by a  r e s i s t a n c e  h e a t e r  and l i q u i d  n i t r o g e n .  A 
helium neon l a s e r  i l l u m i n a t e d  t h e  i n t e r f e r o m e t e r  through a  window i n  t h e  top  of  
t h e  chamber. The f r i n g e  p a t t e r n  was recorded by a camera. 

The specimen displacement  wi th  r e s p e c t  t o  t h e  r e f e r e n c e  rods  i s  
p r o p o r t i o n a l  t o  t h e  i n c l i n a t i o n ,  0,  of the  top o p t i c a l  f l a t .  For two n e a r l y  
p a r a l l e l  o p t i c a l  f l a t s ,  % = n X / 2 ~ ~  where n  i s  the  number of f r i n g e s  a c r o s s  
t h e  gauge l e n g t h ,  L g ,  and X is  t h e  l a s e r  wavelength .  A change i n  t h e  
r e l a t i v e  d isplacement  of t h e  specimen from one temperature  t o  t h e  n e x t ,  is  
e q u a l  t o  (n-no)h/2 where n  and no a r e  t h e  number of f r i n g e s  a t  t h e  new and 
o l d  t empera tu res ,  r e s p e c t i v e l y .  The r e l a t i v e  thermal  s t r a i n ,  E ~ ,  i s  ob ta ined  
by d i v i d i n g  t h e  d isplacement  by t h e  specimen l e n g t h ,  Ls. The t o t a l  a b s o l u t e  
specimen s t r a i n  i s  ob ta ined  by adding E~ t o  the  known displacement  of t h e  
r e f e r e n c e  rods ,  cq. 

PAR ALLEL 
REF. RODS 

NUMBER OF FR INGES 
1 2  ... n 

I 
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TYPICAL FRINGE PATTERNS 

T y p i c a l  f r i n g e  p a t t e r n s  a t  two d i f f e r e n t  t empera tu res  a r e  shown i n  f i g u r e  4 
w i t h  sample c a l c u l a t i o n s  f o r  t h e  thermal  s t r a i n .  The r e l a t i v e  specimen s t r a i n ,  
E r ,  was c a l c u l a t e d  wi th  t h e  e q u a t i o n  from f i g u r e  3. The t o t a l  a b s o l u t e  
specimen s t r a i n  was o b t a i n e d  by add ing  c r  = 37 y~ t o  t h e  s t r a i n  of  t h e  
r e f e r e n c e  r o d s ,  

9 
= 1 3  L ~ ~ .  The s t r a i n  o f  t h e  r e f e r e n c e  r o d s  was o b t a i n e d  

from manufac tu re r  s c a l i b r a t i o n  d a t a .  

F i g u r e  4 



TEST PROGRAM 

The t e s t  program used i n  t h i s  s tudy  is  shown i n  f i g u r e  5. The range and 
r e s o l u t i o n  of the  P r i e s t  i n t e r f e r o m e t e r  were determined wi th  molybdenum and 
composite specimens. The e f f e c t s  of m a t e r i a l  v a r i a b i l i t y  on the  the rmal  s t r a i n  
w i t h i n  a  s e t  of specimens t aken  from the  same panel  were determined w i t h  
composite specimens. The e f f e c t s  of specimen width on thermal  expansion were 
a l s o  determined wi th  composite m a t e r i a l s .  Specimens widths of 0.6 cm and 2.5 
cm were s e l e c t e d  s i n c e  t h e s e  two a r e  commonly used ,  r e s p e c t i v e l y ,  wi th  
d i l a t o m e t e r s  and i n  mechanical  t e s t s .  

Each specimen was the rmal ly  cyc led  t h r e e  t imes from room tempera tu re  t o  366 
K ,  cooled t o  116 K, and rehea ted  t o  room temperature .  Expansion d a t a  were 
taken a t  28 K increments  a f t e r  e q u i l i b r i u m  had been reached a t  predetermined 
t empera tu res .  The composite specimens were d r i e d  a t  395 K t o  c o n s t a n t  weight 
p r i o r  t o  t e s t i n g .  

DEMONSTRATE RANGE AND RESOLUTION 
OF APPARATUS 

I. D. 
SPEC I MEN # OF 

[o,] T30015208. GrlEp, MOLYBDENUM TYPE TESTS 
TESTS 

DETERMINE V A R I A B I L I T Y  OF GrlEp 
SPECIMENS 

CYCLING OF 2 . 5 c m  WlDE SPECIMENS 

COMPAR I SON OF "I DENTICAL" 
SPECIMENS 

CONDUCT A COMPARATIVE STUDY OF 
W l  DTH EFFECT 

COMPARISON OF RESULTS FROM TESTS 
ON 2.5 c m  AND 0.6 c m  WlDE GrlEp 
SPECIMENS 
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RANGE AND RESOLUTION 

The o p e r a t i n g  range and r e s o l u t i o n  of the  P r i e s t  i n t e r f e r o m e t e r  were 
a s s e s s e d  w i t h  a molybdenum specimen and an 8-ply u n i d i r e c t i o n a l  graphi te-epoxy 
specimen. Over t h e  t empera tu re  range of 116 K t o  366 K, t h e  thermal  s t r a i n  can 
be reso lved  t o  w i t h i n  about  l r r  over  a t o t a l  s t r a i n  range of a s  much a s  1500 
PC 

MOLYBDENUM 
THERMAL STRAI N. 

PE 

TEMPERATURE, K 

F i g u r e  6 



CYCLING REPEATABILITY 

F i g u r e  7 shows t h e  t h e r m a l  s t r a i n  d u r i n g  each  of t h r e e  the rma l  c y c l e s  on 
t h e  same q u a s i - i s o t r o p i c ,  graphi te -epoxy specimen. Each c y c l e  r e s u l t e d  i n  
e s s e n t i a l l y  t h e  same the rma l  s t r a i n .  The d a t a  do not  i n d i c a t e  any r e s i d u a l  
s t r a i n  o r  h y s t e r e s i s  which h a s  been r e p o r t e d  f o r  graphi te -epoxy by o t h e r  
i n v e s t i g a t o r s .  The absence  of h y s t e r e s i s  i n  t h i s  s t u d y  may be a  r e s u l t  of 
s t r e s s  r e l a x a t i o n  which may have o c c u r r e d  d u r i n g  a g i n g  a t  room t empera tu re .  

0 
THERMAL 
STRAIN, 

P C  

-200 

SPECIMEN @ 
1 * I I I I I 

200 300 

TEMPERATURE, K 
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SPECIMEN VARIABILITY 

The thermal s t r a i n s  of t h r e e  q u a s i - i s o t r o p i c  composite specimens c u t  from 
the  same panel a r e  compared i n  f i g u r e  8 t o  e v a l u a t e  the  e f f e c t s  of specimen 
v a r i a b i l i t y  on thermal response.  Each curve r e p r e s e n t s  the  average thermal  
s t r a i n  f o r  t h r e e  thermal c y c l e s ,  There were no s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  
response of two specimens. The thermal  s t r a i n  of a t h i r d  specimen d i f f e r e d  
from the  o t h e r  two by about 10% and 20% a t  t h e  high and low tempera tu res ,  
r e s p e c t i v e l y .  

2.5 cm WIDE. T30015208 SPECIMENS 

THERMAL 
STRA I N , 

CLE 
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SPECIMEN WIDTH EFFECT 

The thermal  r e sponses  of specimens 0.6 cm and 2.5 cm wide a r e  compared i n  
f i g u r e  9. The dashed l i n e s  show the  d a t a  s c a t t e r  band f o r  t h e  2.5 cm wide 
specimens ( f i g u r e  8) .  The response  of one of two 0.6 cm wide specimens f a l l s  
w i t h i n  t h e  s c a t t e r  band f o r  t h e  2.5 cm wide specimen. The response  a t  e l e v a t e d  
t empera tu re  of the  second 0.6 cm wide specimen a l s o  f e l l  w i t h i n  t h e  s c a t t e r  
band. However, a t  low tempera tu res  the  response  of t h i s  specimen was very 
d i f f e r e n t  from the  2.5 cm wide specimen. There fo re ,  t h e r e  appears  t o  be a 
s i g n i f i c a n t  width e f f e c t  a t  low tempera tu res .  Since  only two' 0.6 cm wide 
specimens were t e s t e d ,  t h e  r e s u l t s  a r e  inconc lus ive .  

THERMAL 
STRAIN, 

CIE 

0.6cm WIDE 
ON 2.5 cm 

BAND 
DATA 
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COEFFICIENT OF THERMAL EXPANSION 

The coefficients of thermal expansion (CTE) determined in this study for 
two different laminate configurations at two temperatures are shown in the 
table. For the unidirectional laminate, the CTE varies significantly over the 
temperature range. For the isotropic laminate, the CTE is about constant over 
the temperature range, The values of CTE are similar to those reported by 
other investigators. 

T 30015208 G rlEp LAM l NATE 

Figure 10 



SUMMARY 

A P r i e s t  l a s e r  i n t e r f e r o m e t e r  has been developed t o  measure t h e  thermal  
s t r a i n  of composite l amina tes .  The s a l i e n t  f e a t u r e s  of t h i s  i n t e r f e r o m e t e r  
a r e  t h a t  (1) i t  o p e r a t e s  between 116 K and 366 K, ( 2 )  i t  is easy t o  o p e r a t e ,  
( 3 )  minimum specimen p r e p a r a t i o n  is  r e q u i r e d ,  ( 4 )  c o e f f i c i e n t s  of thermal  
expansion i n  t h e  range 0-5 P E / K  can be measured, and ( 5 )  t h e  r e s o l u t i o n  of 
thermal  s t r a i n  i s  on the  order  of 1 PE. The thermal response  of 
q u a s i - i s o t r o p i c ,  T300/5208, graphite-epoxy composite m a t e r i a l  was s t u d i e d  wi th  
t h i s  i n t e r f e r o m e t e r .  Th i s  s tudy showed t h a t  (1) f o r  t h e  m a t e ' r i a l  t e s t e d ,  the rmal  
c y c l i n g  e f f e c t s  a r e  n e g l i g i b l e ,  ( 2 )  v a r i a b i l i t y  of thermal response  from 
specimen t o  specimen may become s i g n i f i c a n t  a t  cryogenic  t empera tu res ,  and ( 3 )  
t h e  thermal  response  of 0.6 cm and 2.5 cm wide specimens a r e  t h e  same above 
room temperature .  
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INTRODUCTION 

The f l i g h t s  o f  Columbia have g i ven  added impetus t o  l a r g e  space s t r u c t u r e s  
research. I n  t h e  nex t  few years  l a r g e  o r b i t i n g  s t r u c t u r e s  w i l l  be deployed o r  
cons t ruc ted  i n  o r b i t .  One s t r u c t u r a l  concept under development a t  t h e  NASA-Langley 
Research Center i s  t he  t e t r a h e d r a l  t r u s s .  The l a r g e  s i z e  o f  these t r usses  and 
s t r i n g e n t  ope ra t i ona l  requirements f o r  a l l owab le  deformat ions have p laced  emphasis 
on e f f e c t i v e  a n a l y s i s  methods. The purpose o f  t h i s  paper i s  t o  desc r i be  an i n t e -  
g ra ted  f . i n i t e  element (FE)  t h e r m a l - s t r u c t u r a l  approach f o r  accura te  and e f f i c i e n t  
model ing o f  l a r g e  space s t r u c t u r e s .  

The paper w i l l  f i r s t  desc r ibe  d i f f e r e n c e s  between t h e  conven t iona l  FE approach 
as implemented i n  l a r g e  programs and an i n t e g r a t e d  FE approach c u r r e n t l y  under 
development ( r e f s .  1 - 3 ) .  Cons iderat ions f o r  thermal model i n g  o f  t r u s s  members w i  11 
be d iscussed nex t ,  and t h r e e  thermal t r u s s  f i n i t e  elements w i l l  be presented.  The 
performance o f  these elements w i l l  then be eva luated f o r  t y p i c a l  t r u s s  members 
n e g l e c t i n g  j o i n t  e f f e c t s .  F i n a l l y ,  a  s imple t r u s s  w i t h  m e t a l l i c  j o i n t s  and 
composite members w i l l  be s t ud ied  t o  eva lua te  t he  e f f ec t i veness  o f  t h e  approach f o r  
r e a l i s t i c  t r u s s  des igns.  

MOTIVATION 

- S I Z E  OF STRUCTURES 

- ACCURATE P R E D I C T I O N  OF HEAT LOADS AND TEMPERATURE 

- CONTROL OF DEFORMATION 

- D E S C R I B E  INTEGRATED F I N I T E  ELEMENT (FE) THERMAL-STRUCTURAL 
MODEL ING OF LARGE SPACE TRUSSES 

.SCOPE 

- C H A R A C T E R I S T I C S  OF INTEGRATED APPROACH 

- O R B I T I N G  STRUCTURES THERMAL MODEL ING 

- D E S C R I P T I O N  AND COMPARISON OF F I N I T E  ELEMENTS 

- CONDUCTANCE E F F E C T S  ON TEMPERATURES 

- J O I N T  E F F E C T S  ON TEMPERATURES AND DEFORMATIONS 



CONVENTIONAL THERMAL-STRUCTURAL TRUSS ANALYSIS 

I n  o r b i t ,  a  t r u s s  member exper iences a n o n l i n e a r  temperature d i s t r i b u t i o n  due 
t o  t h e  combined heat  t r a n s f e r  modes. T y p i c a l l y ,  t h e r e  a r e  s i g n i f i c a n t  temperature 
g rad ien t s  near  the  j o i n t s  and i n t e r i o r  temperatures may be h ighe r  o r  lower  than t h e  
j o i n t  temperatures. To represen t  t h i s  temperature d i s t r i b u t i o n ,  severa l  conven t iona l  
two node f i n i t e  elements based on a l i n e a r  temperature v a r i a t i o n  a r e  requ i red .  Addi- 
t i o n a l l y ,  d i f f e r e n t  t he rma l - s t r uc tu ra l  models a re  requ i red  s i nce  a s i n g l e  conven- 
t i o n a l  two-node element can be used f o r  t h e  s t r u c t u r a l  ana l ys i s .  S ince most programs 
compute o n l y  nodal temperatures, Ti, i n t e g r a t i o n  o f  t he  member temperature d i s t r i  bu- 
t i o n  i s  r e q u i r e d  between analyses t o  o b t a i n  t he  equ i va len t  nodal f o r ces  f o r  t h e  
s t r u c t u r a l  ana l ys i s .  Thus, use o f  conven t iona l  f i n i t e  element Programs such as 
NASTRAN and SPAR f o r  t h e r m a l - s t r u c t u r a l  a n a l y s i s  o f  o r b i t i n g  t r usses  leads t o  d i f f e r -  
e n t  thermal - s t r u c t u r a l  model s  and r e q u i r e s  e x t r a  data process i nq between t he  thermal 
and s t r u c t u r a l  analyses. 
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INTEGRATED THERMAL-STRUCTURAL TRUSS ANALYSIS 

The purpose o f  t h e  i n t e g r a t e d  t h e r m a l - s t r u c t u r a l  a n a l y s i s  approach i s  t o  
improve t h e  accuracy and e f f i c i e n c y  o f  t h e  combined analyses. Improvement i n  
accuracy ( f o r  comparable number o f  unknowns) i s  ob ta ined  by us i ng  improved thermal 
elements t o  represen t  member n o n l i n e a r  temperature d i s t r i b u t i o n s .  The improved 
thermal elements a re  fo rmu la ted  w i t h  two nodes t o  pe rm i t  a common d i s c r e t i z a t i o n  f o r  
thermal and s t r u c t u r a l  models. L a t e r  f i g u r e s  w i l l  show t h a t  t h e  t ype  o f  thermal 
element r e q u i r e d  depends on t h e  thermal p r o p e r t i e s  o f  t h e  member. A f t e r  temperatures 
a re  computed, t h e  member temperature d i s t r i b u t i o n  i s  i n t e g r a t e d  w i t h i n  t h e  thermal 
a n a l y s i s  program and t r a n s f e r r e d  d i r e c t l y  t o  t h e  s t r u c t u r a l  program. Thus t h e  
thermal and s t r u c t u r a l  models use a common d i s c r e t i z a t i o n  w i t h  no da ta  p rocess ing  
r e q u i r e d  between analyses. Observe t h a t  a1 though a common d i s c r e t i z a t i o n  ( i  . e. 
common nodes and element connect ions)  i s  used, t he  mathematical  f o rmu la t i on  of t he  
thermal and s t r u c t u r a l  elements a re  d i f f e r e n t .  Th is  i s  an impo r tan t  d i s t i n c t i o n  
between t h e  conven t iona l  and i n t e g r a t e d  approaches, and t he  d i f f e r e n t  f o r m u l a t i o n  of 
t he  elements i n  t h e  i n t e g r a t e d  approach i s  t he  bas is  f o r  improvement i n  accuracy and 
e f f i c i e n c y .  
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ORBITING STRUCTURES THERMAL MODELING 

A t r u s s  member exper iences conduct ion heat  t r a n s f e r  combined w i t h  em i t t ed  
r a d i a t i o n  and r a d i a t i o n  hea t i ng  f rom bo th  nearby t r u s s  members and o t h e r  sate1 1 i t e  
components. I n  t h i s  s tudy  of fundamental concepts of  t h e r m a l - s t r u c t u r a l  modeling, a  
number o f  s i m p l i f y i n g  assumptions a re  made. Rad ia t ion  exchanges between members a r e  
neg lec ted  because computat ional  exper ience ( r e f .  4 )  has shown t h a t  t h e  member-to- 
member r a d i a t i o n  heat  exchanges i n  a  t r u s s  a r e  n e g l i g i b l e  i n  comparison t o  t h e  
i n c i d e n t  hea t i ng  and em i t t ed  r a d i a t i o n .  Al though member-to-surface r a d i a t i o n  
exchanges may be impor tan t ,  they  a re  n o t  considered. I n  genera l ,  bo th  m a t e r i a l  and 
su r f ace  p r o p e r t i e s  a re  temperature dependent and vary  throughout  an o r b i t ,  bu t ,  
here in ,  member p r o p e r t i e s  a re  assumed cons tan t .  Member-to-member shadowing e f f e c t s  
may a l s o  be s i g n i f i c a n t ,  b u t  they a re  n o t  considered. Temperature g rad ien ts  through 
t h e  member th ickness  a r e  l i k e w i s e  neg lec ted  so t h a t  t h e  temperature i s  assumed t o  
vary  o n l y  a long  t he  member l eng th .  The bas i c  heat  t r a n s f e r  problem i s  i n h e r e n t l y  
n o n l i n e a r  because o f  t h e  em i t t ed  r a d i a t i o n  and t r a n s i e n t  because of t h e  s t r ong  t ime-  
dependence of t h e  heat loads. Heat l oad  computations a re  descr ibed  b r i e f l y  i n  
Reference 3. 

emitted radiation 
1 

solar & earth heating 

conduction 

Considerations 
-conduction combined with radiation 
-nonlinear, transient 
-member-to-member radiation exchanges 
-member-to-surf ace radiation exchanges 
-temperature dependence o f  material and 

surf ace properties 



ROD ELEMENT THERMAL MODELS 

Three thermal models o f  a t r u s s  member a r e  considered: (1) a conven t iona l  two 
node element w i t h  a l i n e a r  temperature d i s t r i b u t i o n ,  ( 2 )  a nodeless v a r i a b l e  h i ghe r  
o rde r  element w i t h  a quad ra t i c  temperature d i s t r i b u t i o n ,  and ( 3 )  an i so therma l  
element. The f i r s t  two elements a re  u s e f u l  i n  model ing members w i t h  s i g n i f i c a n t  
member temperature g rad ien t s  due t o  conduct ion,  and t h e  l a s t  element i s  usefu l  f o r  
model i n g  members w i t h  neg l  i g i  b l e  conduct ion.  The i so therma l  element i s  s i m i l a r  t o  
t r a d i t i o n a l  lumped heat  t r a n s f e r  models and does n o t  t r a n s f e r  hea t  v i a  conduc t ion  
between ad jacen t  members as w i t h  t he  f i r s t  two elements. Thus w i t h  i so therma l  
elements, t h e  s o l u t i o n  o f  s imultaneous equat ions i s  avoided, and t h e  t r a n s i e n t  
response o f  each member i s  computed separa te ly .  

ROD ELEMENT THERMAL MODELS 

conventional element 
I 

higher order element x 

Neglects conduction 

L , t =  t I No adjacent connection members t o  
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* 

isothermal element X 



EFFECTS STUDIED 

To eva lua te  t he  t h ree  thermal f i n i t e  elements, s t ud ies  were made t o  determine: 
(1) t h e  e f f e c t  o f  thermal conductance on temperature d i s t r i b u t i o n s ,  and ( 2 )  t h e  
e f f e c t s  o f  m e t a l l i c  j o i n t s  on temperatures and displacements f o r  composite members. 
The s tud ies  were performed by f i r s t  computing d e t a i l e d  temperature d i s t r i b u t i o n s  
f o r  a three-member t r u s s  w i t h  a r e f i n e d  model of convent ional  elements. Then, t he  
performance o f  each thermal element was eva lua ted  by comparing one element pe r  
member s o l u t i o n s  w i t h  t he  r e f i n e d  model r e s u l  t s  . 

A t r u s s  member temperature d i s t r i b u t i o n  depends on t h e  member conductance kA/L 
where k i s  t h e  thermal c o n d u c t i v i t y ,  A i s  t h e  c ross -sec t i ona l  area and L i s  t h e  
member l eng th .  Two cases o f  conductance a r e  considered: h i g h  conductance, which i s  
c h a r a c t e r i s t i c  of m e t a l l i c  members, and low conductance, which i s  c h a r a c t e r i s t i c  o f  
composi t e  members. I n  t h i s  s tudy  member j o i n t s  a re  neglected.  

I n  t h e  second s tudy,  model ing o f  composite members w i t h  m e t a l l i c  j o i n t s  was 
considered. Both t h e  thermal and deformat ion response a r e  computed, and an 
approximate method f o r  i n c l u d i n g  m e t a l l i c  j o i n t  e f f e c t s  i n  s imp le  f i n i t e  element 
model s i s presented. 

@THERMAL CONDUCTANCE (KA/L)  ON TEMPERATURES 

- NEGLECT J O I N T S  

- H I G H  CONDUCTANCE MEMBERS (METALLICS) 

- LOW CONDUCTANCE MEMBERS (COMPOSITES) 

@METALLIC JOINTS W I T H  COMPOSITE MEMBERS 

- TEMPERATURE RESPONSE 

- DEFORMATIONS 

- APPROXIMATE A N A L Y S I S  APPROACH 



H I G H  CONDUCTANCE TRUSS MEMBER TEMPERATURE DISTRIBUTIONS 

The s imp le  three-member t r u s s  shown i s  sub jec t  t o  d i f f e r e n t  hea t i ng  r a t e s  and 
undergoes s teady -s ta te  hea t  t r a n s f e r .  Each member o f  t h e  t r u s s  was f i r s t  modeled 
w i t h  e i g h t  conven t iona l  elements, and t h e  computed temperatures (shown as t h e  s o l  i d  
l i n e )  serves as t h e  re fe rence  "exac t "  s o l u t i o n  f o r  t h e  eva lua t i on .  Member conduc- 
tance was based on a l l  aluminum members. The t r u s s  was then analyzed w i t h :  (1) one 
conven t iona l  e l  ement p e r  member, ( 2 )  one h i  gher-order  node1 ess v a r i a b l e  element Der 
member, and ( 3 )  one i so therma l  element pe r  member. 

The f i g u r e  shows t h a t  one conven t iona l  element per member p r e d i c t s  t he  nodal 
temperatures q u i t e  w e l l  b u t  e i t h e r  under- o r  overest imates i n t e r i o r  member tempera- 
t u r e s .  Since member f o r ces  depend on t h e  i n t e g r a t i o n  o f  member temperature d i s t r i -  
bu t i ons ,  use o f  a  s i n g l e  convent iona l  element p e r  member i n t r oduces  se r i ous  e r r o r s  
i n  t h e  s t r u c t u r a l  a n a l y s i s  and i s  n o t  recommended. The i so therma l  element p r e d i c t s  
n e i t h e r  accura te  nodal temperature nor  average member temperatures and i s  c l e a r l y  
inadequate.  The s i n g l e  nodeless v a r i a b l e  element pe r  member does an e x c e l l e n t  j o b  of 
p r e d i c t i n g  t h e  nodal and member i n t e r i o r  temperatures and i s  t h e  s u p e r i o r  element f o r  
t h i s  h i g h  conductance case. 
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LOW CONDUCTANCE TRUSS MEMBER TEMPERATURE DISTRIBUTIONS 

The three-member t r u s s  i n  t h e  p rev ious  f i g u r e  was re-analyzed w i t h  a conductance 
based on a l l  graphi te-epoxy members. 

The "exac t "  s o l u t i o n  based on e i g h t  convent ional  elements p e r  member shows 
ext remely  sharp temperature g rad ien t s  near  t he  j o i n t s  b u t  n e a r l y  u n i f o r m  temperature 
ove r  most o f  t he  member leng th .  A s i n g l e  conven t iona l  element p r e d i c t s  c o r r e c t  
nodal temperatures, bu t  i n c o r r e c t l y  p r e d i c t s  t he  temperature d i s t r i b u t i o n  w i t h i n  an 
element. The i so therma l  element, however, does an e x c e l l e n t  j o b  o f  p r e d i c t i n g  t he  
n e a r l y  u n i f o r m  member temperatures. The h igher -o rder  element d i d  b e t t e r  than t h e  
s i n g l e  conven t iona l  element b u t  tended t o  under- o r  overest imate member i n t e r i o r  
temperatures. 

For computat ion o f  t he  s t r u c t u r a l  response, t h e  r e s u l t s  f rom t h e  i so therma l  
elements a r e  s u p e r i o r  f o r  t h i s  low c o n d u c t i v i t y  m a t e r i a l  s i n c e  t he  average member 
temperature i s  p r e d i c t e d  q u i t e  w e l l .  Use o f  these  elements g i ves  improved s t r u c t u r a l  
accuracy and a l s o  a l lows  sma l le r ,  uncoupled thermal models w i t h  s i g n i f i c a n t  computa- 
t i o n a l  advantages. 
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THREE-MEMBER ORBITING TRUSS USED I N  JOINT EFFECTS STUDY 

The p rev ious  f i g u r e  showed t h a t  one i so therma l  element pe r  member was capable o f  
p r e d i c t i n g  member temperatures o f  graphi te-epoxy members. To i n v e s t i g a t e  t h e  e f f e c t s  
o f  m e t a l l i c  j o i n t s ,  a three-member t r u s s  based on t he  LRC oc te t r uss ,  r e f .  5, was 
analyzed. Each member cons i s t s  o f  two t r unca ted  cones made o f  graphi te-epoxy tubes 
connected w i t h  aluminum j o i n t s  and i s  5.42 meters (213 inches)  l o n g  f rom end t o  end. 
The t r a n s i e n t  t h e r m a l - s t r u c t u r a l  response was computed f o r  t h e  t r u s s  i n  a  geo- 
synchronous o r b i t  i n  t h e  e c l i p t i c  p lane.  The t r u s s  i s  ea r t h - f ac i ng ,  b u t  t h e  t r u s s  
p lane  i s  o r i e n t e d  o b l i q u e l y  so t h a t  each member rece ives  d i f f e r e n t  s o l a r  hea t ing .  
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TRUSS TEMPERATURE DISTRIBUTIONS AT TYPICAL ORBIT POSITION 

The t r u s s  i s  shown r e c e i v i n g  s o l a r  hea t i ng  a t  a t y p i c a l  o r b i t  p o s i t i o n  p r i o r  t o  
e n t e r i n g  t h e  e a r t h ' s  shadow. Truss temperatures were computed u s i n g  a  d e t a i l e d  model 
o f  twenty-one conven t iona l  elements pe r  member t a k i n g  i n t o  account t h e  d i f f e r e n t  
thermal p r o p e r t i e s  of t h e  aluminum and graphi te-epoxy members and v a r y i n g  c ross -  
s e c t i o n a l  area. Temperatures were a l s o  computed w i t h  one i so therma l  element pe r  
member n e g l e c t i n g  t h e  j o i n t s .  

For  t h i s  t y p i c a l  o r b i t  w i t h  d i r e c t  s o l a r  hea t i ng ,  j o i n t  e f f e c t s  a re  sma l l .  
Member temperatures a re  n e a r l y  un i form except  t he  j o i n t s  have s l i g h t l y  h i g h e r  
temperatures due t o  d i f f e r e n t  su r face  p r o p e r t i e s .  A l l  temperatures a r e  ve ry  c l o s e  t o  
r a d i a t i o n  e q u i l i b r i u m ;  surface absorp t i veness  and emi t tance  c o n t r o l  t h e  temperatures.  
Member temperatures a re  p r e d i c t e d  q u i t e  w e l l  by a  s i n g l e  i so therma l  element p e r  
member . 
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TRUSS TEMPERATURE DISTRIBUTIONS I N  EARTH SHADOW 

Once t h e  t r u s s  en te r s  t h e  e a r t h  shadow, t h e r e  i s  a  r a p i d  drop i n  temperatures 
s i n c e  t h e  o n l y  i n c i d e n t  hea t i ng  i s  due t o  e a r t h  emission, which i s  q u i t e  sma l l .  The 
composi te member temperatures drop q u i t e  r a p i d l y ,  b u t  t h e  j o i n t  temperatures f a l l  
more s l o w l y  due t o  t h e i r  l a r g e r  thermal capac i tance which c o n t r o l s  t h e  t r a n s i e n t  
thermal response. Thermal capac i tance i s  de f i ned  as pcV where p i s  t h e  d e n s i t y ,  c  
i s  t h e  s p e c i f i c  heat ,  and V i s  volume. 

Member temperatures a r e  equal due t o  t h e  smal l  e a r t h  hea t i ng  and a re  p r e d i c t e d  
accu ra te l y  by t he  i so therma l  elements. 
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TRUSS MEMBER AXIAL DISPLACEMENT ORBITAL HISTORY 

The a x i a l  d isplacement h i s t o r y  o f  a  t y p i c a l  t r u s s  member i s  shown d u r i n g  a 
geosynchronous o r b i t  per iod .  Deformat ions a re  based on a noon p o s i t i o n  re fe rence  
temperature when t he  member rece ives  l a r g e  s o l a r  heat ing.  The member f i  r s t  c o n t r a c t s  
and then expands s l i g h t l y  d u r i n g  t h e  f i r s t  twe lve  hours o f  t h e  o r b i t  as t h e  i n c i d e n t  
heat  drops and then r i s e s  w i t h  changing member o r i e n t a t i o n .  The member l i e s  i n  an 
o b l i q u e  e a r t h - f a c i n g  p lane  and rece ives  maximum s o l a r  hea t i ng  a t  t = 11 hours when 
t h e  smal l  thermal expansion occurs.  Dur ing e a r t h  shadow t r a n s i t  t h e r e  i s  a  r a p i d  
c o n t r a c t i o n  o f  the  t r u s s ,  and i t  experiences i t s  maximum d i s t o r t i o n .  

The s t r u c t u r a l  response based on t h e  i so therma l  element temperature h i s t o r y  and 
a s i n g l e  s t r u c t u r a l  element w i t h  on l y  t h e  graphi te-epoxy c o e f f i c i e n t  o f  expansion 
tends t o  underest imate t h e  s t r u c t u r a l  deformat ions.  The nex t  f i g u r e  shows t h e  
v a r i a t i o n  o f  t h e  a x i a l  d isplacement a long  t he  member l e n g t h  a t  t ime  t = tl on t h e  
graph be1 ow. 
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TRUSS MEMBER AXIAL DISPLACEMENT DISTRIBUTIONS 

The d e t a i l s  o f  t h e  a x i a l  d isplacement v a r i a t i o n  a long  member l e n g t h  i s  shown 
a t  t ime  t = tl. The conven t iona l  twenty-one element s o l u t i o n  shows t h e  r e l a t i v e l y  

l a r g e r  d i s t o r t i o n s  exper ienced by t h e  member a t  t h e  t h r e e  aluminum j o i n t s  due t o  
t h e i r  h i ghe r  thermal expansion c o e f f i c i e n t s .  As mentioned p r e v i o u s l y ,  a  s i n g l e  
s t r u c t u r a l  element w i t h  o n l y  t h e  g raph i  te-epoxy c o e f f i  c i e n t  o f  expansion unde res t i  - 
mates t h e  deformat ion s i nce  i t  neg lec t s  t h e  aluminum joints; 'maximum member con t rac -  
t i o n  i s  underest imated by  18 percent .  

To compensate f o r  t h e  aluminum j o i n t s ,  ano ther  i so therma l  a n a l y s i s  was performed 
w i t h  e q u i v a l e n t  member capaci tances and thermal expansion c o e f f i c i e n t s  based on 
weighted averages o f  member a1 uminum and graphi  te-epoxy p r o p e r t i e s .  Th i s  a n a l y s i s  
overes t imated  t h e  member c o n t r a c t i o n  by 8 percent .  

There a r e  s i g n i f i c a n t  computat ional  sav ings t o  be gained by us i ng  one i so therma l  
element and one s t r u c t u r a l  element p e r  t r u s s  member. I n  a  l a r g e  t r u s s  w i t h  hundreds 
o f  members, t he  one element per  member approach i s  p robab ly  t he  o n l y  t r a c t a b l e  
s o l u t i o n  method. The above s tudy shows, however, t h a t  aluminum j o i n t s  can have 
s i g n i f i c a n t  e f f e c t s  on deformat ions.  A d d i t i o n a l  s tudy i s  needed t o  d e f i n e  c l e a r l y  
t he  r o l e  o f  j o i n t  e f f e c t s  o f  deformat ions o f  l a r g e  t russes .  
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CONCLUDING REMARKS 

Th i s  paper demonstrates t h e  c h a r a c t e r i s t i c s  o f  an i n t e g r a t e d  t h e r m a l - s t r u c t u r a l  
a n a l y s i s  approach which employs a geometr ic  model w i t h  a comon  d i s c r e t i z a t i o n  f o r  
a l l  ana lyses.  I t  uses improved thermal elements and t h e  r e s u l t s  from t h e  thermal  
a n a l y s i s  d i r e c t l y  i n  t h e  s t r u c t u r a l  a n a l y s i s  w i t h o u t  any i n t e r v e n i n g  da ta  process ing.  

Comparative c a l c u l a t i o n s  f o r  t h r e e  thermal elements show t h a t  a h i ghe r -o rde r  
element works bes t  f o r  h i g h  c o n d u c t i v i t y  m a t e r i a l s  and t h a t  an i so therma l  element 
works bes t  f o r  low-thermal c o n d u c t i v i t y  m a t e r i a l s .  These elements g i v e  a good 
r e p r e s e n t a t i o n  o f  member temperatures and y i e l d  t h e  b e s t  member f o r ces .  Convent ion- 
a l  two-node elements a v a i l a b l e  i n  NASTRAN and SPAR p r e d i c t  ternoeratures w e l l  i n  a 
r e f i n e d  mesh w i t h  severa l  elements pe r  member, bu t  they  would n o t  be e f f e c t i v e  i n  
l a r g e  t r u s s  a n a l y s i s  due t o  p r o h i b i t i v e  computat iona l  cos t s .  Analyses w i t h  i s o -  
thermal elements would be p r e f e r a b l e  f o r  t r usses  w i t h  composi te members s i nce  member 
temperatures can be computed e f f i c i e n t l y  and accu ra te l y .  

A s tudy  of t h e  e f f e c t s  o f  aluminum j o i n t s  on t h e  thermal deformat ions o f  a 
s imple,  p l ane  t r u s s  w i t h  composite members showed t h a t  j o i n t  e f f e c t s  may be s i g n i f i -  
can t .  When aluminum j o i n t s  were neglected,  member deformat ions were underest imated 
by 18 percen t .  F u r t h e r  s tudy i s  needed t o  assess t h e  r o l e  o f  j o i n t  e f f e c t s  on t h e  
de fo rmat ion  o f  l a r g e  t r usses .  
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INTRODUCTI ON 

Many proposed l a r g e  space s t r u c t u r e s  make use o f  t h e  low mass and d e p l o y a b i l i t y  
o f  pretens ioned s t r u c t u r e s  t o  achieve e f f i c i e n t  designs. These s t r u c t u r e s  use 
t e n s i o n  elements (cables,  rods and membranes) t o  p rov ide  s t i f f n e s s  and s t a b i  1  i t y  
t o  s t r u c t u r a l  systems. To understand t h e  fundamental s t r u c t u r a l  c h a r a c t e r i s t i c s  
o f  pretens ioned s t r u c t u r e s ,  analyses and t e s t s  o f  some s imple c o n f i g u r a t i o n s  
have been performed. The b u c k l i n g  and v i b r a t i o n  behavior  o f  a  pretens ioned 
s tayed column have been s tud ied  i n  d e t a i l .  

F i g .  1  shows severa l  areas which have been i d e n t i f i e d  as needs i n  pretens ioned 
s t r u c t u r e  research. The f i r s t  f o u r  w i l l  be discussed w i t h  t h e  a i d  o f  data 
ob ta ined  d u r i n g  analyses and t e s t s  o f  t h e  s tayed column. Deployment w i l l  no t  
be discussed. 

0 A N A L Y T I C A L M O D E L I N G A N D V E R I F I C A T I O N  

0 EFFECTS OF FABRICATION IMPERFECTIONS 

0 OPTIMUM PRESTRESS LEVEL 

0 EFFECTS AND ANALYSIS OF NONLINEARITIES 

0 CONTROLLED SEQUENT I A L  DEPLOYMENT 

F igure  1 



Pretens ioned Stayed Column 

The t e s t  a r t i c l e ,  shown i n  F ig .  2, c o n s i s t s  o f  24 cables o r  s tays  a t tached 
t o  a c e n t r a l  tube. The column l e n g t h  i s  5.2 m and t h e  mass, i n c l u d i n g  j o i n t s  and 
f i t t i n g s ,  i s  0.504 kg. Three (3 )  s tay  planes c o n s i s t i n g  o f  e i g h t  ( 8 )  s tays  and 
one r a d i a l  spoke a r e  used t o  p rov ide  i s o t r o p i c  s t i f f n e s s .  L a t e r a l  s t i f f n e s s  
p rov ided  t o  t h e  c e n t r a l  tube  by t h e  s tays  was designed t o  i n s u r e  Eu le r  b u c k l i n g  
i n  i n d i v i d u a l  bays. Impe r fec t i on  a n a l y s i s  was used t o  determine t h e  p res t ress  
l e v e l  r e q u i r e d  t o  prevent  s tay  s lacken ing  due t o  s t a t i c  compressive loading.  

F i gu re  2 



Constant-Force Spr ing  Capsules Used t o  Reduce Imper fec t ions  

To p rov ide  a x i a l  s t i f f n e s s ,  t h e  s tays must be i n  t e n s i o n  a t  a l l  t imes. 
The p re tens ion  f o r c e  f o r  each s e t  o f  s tays  i s  p rov ided  by a  constant  f o r c e  
s p r i n g  capsule as shown i n  F igu re  3. Th i s  capsule uses t h e  E u l e r  l oad  o f  t h r e e  
buck led s t a i n l e s s  s t e e l  s t r i p s  t o  mai n t a i n  t h e  sum o f  t h e  a x i a l  components o f  
t e n s i o n  i n  t h e  t h r e e  s tays  t o  be constant .  I f  t h e  c e n t r a l  tube bending s t i f f n e s s  
i s  n e g l i g i b l e ,  t h e  s p r i n g  capsule w i l l  absorb e r r o r s  i n  s tay  l e n g t h  and d i s t r i b u t e  
an equal f o r c e  t o  each stay.  However, t h e  c e n t r a l  tube bending s t i f f n e s s  i s  no t  
n e g l i g i b l e  i n  most cases and prevents  t h e  f o r c e  from be ing  evenly  d i s t r i b u t e d .  
Nevertheless, t h e  use o f  a  s p r i n g  capsule t o  p re tens ion  t h e  s tays  reduces t h e  
e f f e c t s  o f  f a b r i c a t i o n  imper fec t ions  by a l l o w i n g  t h e  s tays  t o  move a long  t h e  
c e n t r a l  tube  ax is .  R i g i d l y  a t t a c h i n g  t h e  s tays  t o  t h e  c e n t r a l  tube  would p re -  
c l ude  a x i a l  mot ion  and r e s u l t  i n  l a r g e r  f a b r i c a t i o n  imper fec t ions .  

1- S t a y s  ( 3 1  

L Buttress Note: Sliding menoer A butts into slialng member B 
on deployment causing compresszon force in 
buckled s p r ~ n g s  to pretension the set of rtabc. 

Figure  3 



Buckl ing and V ib ra t i on  Test F i x t u r e  

A l l  buck l i ng  and v i b r a t i o n  t e s t s  o f  t h e  stayed column were performed i n  
t h e  t e s t  f i x t u r e  shown i n  Fig. 4 .  Non-contacting p rox im i t y  probes were used t o  
measure s t a t i c  and dynamic def lect ions.  S t a t i c  a x i a l  load was app l ied  t o  t h e  
column by adding weight t o  t he  load pan. Only the  l a t e r a l  v i b r a t i o n a l  
c h a r a c t e r i s t i c s  o f  t h e  column were analyzed. Consequently, t he  electrodynamic 
shaker was always o r i en ted  perpendicular  t o  t h e  column axis .  V ib ra t i on  t e s t s  
were performed w i t h  and w i thout  a x i a l  load. 

LEVER ARM 7 1 BUCKLING 
PROXIMITY PROBE 

COUNTER 
BALANCE 

1 5  VIBRATION 
PROXIMITY PROBES 

PAN 

- 
FLOOR 
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Buck l i ng  Behavior and Analyses 

As mentioned e a r l i e r ,  t h e  column was designed t o  produce E u l e r  b u c k l i n g  
between bays. The mode shape, shown i n  F igure  5, was computed by f i n i t e  element 
ana l ys i s  and shows indeed t h a t  t h e  des ign r e s u l t s  i n  such a mode. The i n i t i a l  
precompression i s  h ighes t  i n  t h e  cen te r  bays and can be no t i ced  by l a r g e r  
de f l ec t i ons  i n  these bays. Two f i n i t e  element analyses were used t o  analyze t h e  
b u c k l i n g  load:  Model 1 used l i n e a r  s t i f f n e s s  terms and model 2 used "exac t "  t r a n s -  
cendental  s t i f f n e s s  terms. Both analyses agreed w i t h i n  2 percent  o f  t h e  observed 
b u c k l i n g  l oad  of 277.4 N. The use o f  sp r i ng  capsules permi ts  a h i g h l y  determinate 
l oad  pa th  w i t h  t a u t  s tays  and permi ts  accura te  c a l c u l a t i o n s  o f  b u c k l i n g  loads. 

ANALYTICAL AND EXPERIMENTAL BIFURCATION BUCKLING LOAD 
1 

BUCKLING LOAD, N 

MODEL 1 280.67 

MODEL 2 277.22 

EXPERIMENTAL 277.4 

MODE SHAPE 

F igure  5 



Unusual Post Buck l i ng  Behavior  Observed 

The end sho r ten ing  t h a t  occurs a f t e r  b u c k l i n g  r e s u l t s  i n  s lacken ing  o f  t h e  
s tays.  When t h e  s tays become s lack ,  they  no l onge r  p rov ide  t h e  l a t e r a l  s t i f f n e s s  
r e q u i r e d  t o  form nodes i n  t h e  c e n t r a l  tube. Stay s lacken ing  r e s u l t s  i n  t h e  
c e n t r a l  tube  b u c k l i n g  i n  an o v e r a l l  bending mode. Since t h e  b u c k l i n g  l o a d  o f  
t h e  s lack  s tay  mode i s  much l e s s  than  t h e  l o a d  assoc ia ted  w i t h  t h e  t a u t  s t ay  
mode, t h e  column e x h i b i t s  a  pos t  buck1 i n g  r e s t o r i n g  f o r c e  o f  approx imate ly  
1/64 t h e  o r i g i n a l  b u c k l i n g  load. F i g u r e  6 shows a  g raph ica l  r ep resen ta t i on  o f  
t h e  s tayed column's l oad  d e f l e c t i o n  pa th  i n  t h e  pos t  b u c k l i n g  r e g i o n  . To 
r e t u r n  t o  t h e  o r i g i n a l  shape t h e  column compressive l oad  must be reduced below 
t h e  s lack  s tay  b u c k l i n g  load. Th i s  behav io r  w i l l  r e q u i r e  t h e  des igner  t o  
i n s u r e  a  sa fe  marg in  between t h e  des ign ope ra t i ng  l oad  and t h e  b u c k l i n g  load. 

LOAD 

RESTORING FORCE 

/ STAY SLACKENING 

I 
SLACK STAY RESTORING FORCE 

END SHORTENING 

Figure  6 



Frequency Spectrum 

Response o f  t h e  column t o  dynamic e x c i t a t i o n  i s  d i f f i c u l t  t o  analyze due 
t o  t h e  l a r g e  number of n a t u r a l  f requenc ies o r  h i g h  modal d e n s i t y  o f  t h e  s t r u c t u r e .  
F i g u r e  7 shows t h e  quadature component o f  d isplacement a t  t h e  15 p r o x i m i t y  probe 
l o c a t i o n s  i n d i c a t e d  i n  F i gu re  4 .  A f requency sweep u s i n g  s i nuso ida l  e x c i t a t i o n  was 
performed t o  access t h e  number o f  n a t u r a l  f requenc ies  from 10 t o  60 Hz. Whereas 
o n l y  t h r e e  modes dominated by c e n t r a l  t ube  d e f l e c t i o n s  were found, a  l a r g e  number 
o f  l a t e r a l  s t ay  resonances occur  because f a b r i c a t i o n  impe r fec t i ons  i n t r o d u c e  
d i f f e r e n t  t e n s i o n  l e v e l s  i n  each stay.  Many l o c a l i z e d  modes o f  v i b r a t i o n  occur  
i n  t h e  s t r u c t u r e  as noted by almost random d i s t r i b u t i o n  o f  peaks. The l a r g e  
number o f  l o c a l i z e d  modes may be advantageous s i nce  energy may be d i s s i p a t e d  i n  
l o c a l  responses r a t h e r  t han  g l oba l  t y p e  modes. 

QUADAT URE 
COMPONENT 

0 F 
DISPLACERENT 

STATION 

1 
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F a b r i c a t i o n  Impe r fec t i on  E f f e c t s  on Stay Frequencies 

As ment ioned e a r l i e r ,  f a b r i c a t i o n  impe r fec t i ons  can i n t r o d u c e  d i f f e r e n t  
t e n s i o n  l e v e l s  i n  i n d i v i d u a l  s tays.  The s tayed  column was designed assuming 
one stay would be t o o  s h o r t  by €1, and t h e  two oppos i t e  s tays  t o o  l o n g  by 
€ I n .  (Where E i s  a  measure o f  f a b r i c a t i o n  t o l e rances ,  1 .16~10-4~ / ,  f o r  
t h ~ s  design, and 1, i s  t h e  s t a y  l e n g t h  o f  t h e  nth se t . )  These impe r fec t i ons  
r e s u l t e d  i n  t h e  des ign t e n s i o n  l e v e l s  shown i n  F i g .  8. Ca l cu l a ted  s t a y  f r e -  
quencies based on t h e  des ign t e n s i o n  l e v e l  and measured s tay  f requenc ies  f o r  
the  f i r s t  l a t e r a l  mode o f  v i b r a t i o n  a re  a l s o  shown i n  F ig .  8. These da ta  show 
t h e  d e v i a t i o n  i n  f requency o f  i n d i v i d u a l  s t ays  c rea ted  by f a b r i c a t i o n  imper fec-  
t i o n s .  S ince impe r fec t i ons  occur  randomly, and t h e  impe r fec t  i ons  were no t  
measured, t h e  ac tua l  f a b r i c a t i o n  t o l e r a n c e  ( E )  has no t  been determined. 

STAY FORCE, N 

N= 3 
N=4 10.6 

BOTTOM HALF 
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Verificat ion of Dynamic Models 

Verification of the  stayed column dynamic models was performed by measuring 
the  frequency and shapes of the  central  tube vibration modes. Two dynamic 
models were used t o  predict the  central  tube modes: Model 1 used l inear  f i n i t e  
elements with s ingle  element representation of the stays and model 2 used a t rans-  
cendental frequency determinant which accounts f o r  the l a t e r a l  i ne r t i a  of the 
s tays .  Correlation between analysis  and t e s t  data of the  f i r s t  three  modes i s  
shown in Figure 9. The experimental data i s  d i f f i c u l t  t o  analyze because of 
modal coupling between stay and central  tube resonances. Nevertheless, both 
analyses predict  the central  tube modes with reasonable accuracy. Model 1 and 
Model 2 predict approximately the  same frequency since the  s tays  only represent 
8 percent o f  the  t o t a l  column mass. When the  stay mass i s  not small compared 
t o  the  e f fec t ive  member mass i t  i s  connected t o ,  l a t e r a l  cable i ne r t i a  should 
not be neglected. This i ne r t i a  can reduce the e f fec t ive  s t i f f n e s s  of the  s t ruc -  
t u r e  and lead t o  unconservative designs i f  neglected. 

MODE 1 MODE 2 MODE 3 

FREQUENCY,  Hz 

MODEL 1 19.45 36.71 54.64 

MODEL 2 19.63 36.09 54.21 

EXPERIMENTAL 19.9 34.1 56.5 

MODE SHAPES 

Figure 9 



Nonl inear Vibrat ion-Load I n t e r a c t i o n  

An important c h a r a c t e r i s t i c  o f  any s t r u c t u r e  i s  t he  behavior t he  s t r u c t u r e  
e x h i b i t s  under load. The previous f i g u r e  showed t h e  v i b r a t i o n  modes o f  t h e  
c e n t r a l  tube w i t h  no load. F igure 10 shows t h e  change i n  frequency o f  these 
modes t h a t  occurs when a s t a t i c  compressive load i s  app l ied  t o  the  column. 
A l l  th ree  modes are reduced i n  frequency w i t h  increas ing  compressive load. 
However, t h e  t h i r d  mode, which has the  same mode shape as the  buck l i ng  mode, 
i s  most a f fec ted  by the  compressive load. The data po in t s  o f  F igure  10 were 
obta ined exper imenta l ly  i n  order  t o  v e r i f y  t h e  analys is .  A t  loads below 50 
percent o f  the  buck l i ng  load the  data agree w i t h  ana lys is  reasonably w e l l .  
Above 50 percent o f  t he  buck l ing  load non l inear  o s c i l l a t i o n s  occurred. This  
non l inear  behavior i s  a t t r i b u t e d  t o  i s o l a t e d  s tay  slackening r e s u l t i n g  from 
beam-col umn i n t e r a c t  ion. I n  a dynamic envi ronrnent , v i  b r a t  ion-1 oad i n t e r a c t i o n  
may produce premature co l lapse o f  the  column due t o  s tay slackening. Consequently, 
t he  dynamic environment should be considered i n  designing the  pres t ress  l e v e l .  

MODE 1 - --  MODE 2 - - - -  MODE 3 

FREQUENCY, 

Hz 

0 50 100 150 200 250 
'cr 

300 

AXIAL COMPRESSIVE LOAD, N 
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E f f e c t s  o f  P res t r ess  

To prevent  s t a y  s lackening,  t h e  s tays  a re  p re tens ioned  d u r i n g  deployment. 
These p re tens ion  f o r ces  c r e a t e  precompression i n  t h e  c e n t r a l  tube  and spokes. 
The e f f e c t  o f  p r e s t r e s s  on t h e  b u c k l i n g  and v i b r a t i o n  c h a r a c t e r i s t i c s  o f  t h e  
column was s t u d i e d  by ana l yz i ng  t h e  column a t  va r ious  p r e s t r e s s  l e v e l s .  F i gu re  
11 shows t h e  change i n  b u c k l i n g  l o a d  w i t h  s t ay  p re tens ion  and a l s o  t h e  change 
i n  f requency o f  t h e  f i r s t  t h r e e  c e n t r a l  tube  modes. I nc reas ing  p re tens ion  
inc reases  precompression i n  t h e  c e n t r a l  tube  and thus  lowers t h e  b u c k l i n g  l o a d  
p r o p o r t i o n a t e l y .  A r e d u c t i o n  i n  t h e  f requency o f  t h e  c e n t r a l  tube  v i b r a t i o n  
modes a l s o  occurs w i t h  i nc reas ing  p re tens ion .  The reduced b u c k l i n g  l o a d  and 
reduced f requenc ies  o f  v i b r a t i o n  a re  u s u a l l y  cons idered undes i r ab le  cha rac te r -  
i s t i c s .  Consequently, p res t r ess  l e v e l s  a re  designed t o  m in im ize  these  e f f e c t s .  
However, designs based on m i n i m i z i n g  s tay  t e n s i o n  a re  l ess  conserva t i ve  s i nce  
s t a y  s lacken ing  i s  more 1 i k e l y  t o  occur. 
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Summary 

Resu l ts  o f  analyses and t e s t s  of a  s imp le  pretens ioned s t r u c t u r e  have been 
presented. L i n e a r  f i n i t e  element a n a l y s i s  c o r r e l a t e d  w e l l  w i t h  exper imenta l  
smal l  amp l i tude  v i b r a t i o n  data. The b i f u r c a t i o n  b u c k l i n g  l oad  was a l s o  p r e d i c t e d  
accura te ly .  Pos tbuck l ing  behavior  of t h e  column was unusual and r e s u l t s  i n  a  
pos t  buck l  i n g  r e s t o r i n g  f o r c e  of on l y  1/64 t h e  b i f u r c a t i o n  buck l  i n g  load. 
I n t e r a c t i o n  between l a t e r a l  acce le ra t i ons  and compressive l oad  c rea tes  i s o l a t e d  
s tay  s lacken ing  a t  loads above 50 percent  o f  t h e  b u c k l i n g  load. F i gu re  12 
shows severa l  genera l i zed  conc lus ions  rega rd ing  p re tens ion  s t r uc tu res .  More 
research w i  11 be requ i red  t o  f u l l y  understand t h e i r  impact on t h e  use o f  
p re tens ioned  s t r u c t u r e s  as l a r g e  space s t r uc tu res .  

0 EXPERIMENTAL VERIFICATION OFANALYTICALMODELS I S  D IFF ICULT  

0 IMPERFECT1 ONS CREATE UNKNOWN TENSIONS I N  I ND I VIDUAL STAYS 

0 DYNAMIC LOADING MUST BE CONSIDERED I N  S I Z I N G  PRESTRESS LEVELS 

0 STAY SLACKEN I NG MAY PRODUCE S I GN I F I  CANT NONLINEAR I T 1  ES 

F igu re  12 
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INTRODUCTION 

Characterization of the vibration damping properties of fiber reinforced 
composites is important for several reasons. If the dynamic behavior of composite 
material components is to be estimated during the design stage, it is necessary to 
know something about the damping in the materials. Indeed, one of the advantages of 
fiber reinforced composites over conventional structural metals is their enhanced 
damping characteristics. Another advantage is the potential for designing materials 
which have predetermined damping, strength and stiffness properties. It is also 
known that damping is sensitive to microstructural detail, so that the potential 
exists for using damping measurements to study such things as microstructural damage 
and fiber-matrix bond integrity. A logical extension of such studies would be the 
development of non-destructive damping measurement techniques for use in quality 
control and in-service inspection of composite components. 

Previous work by researchers at NASA Langley has resulted in the development of 
nestable tapered columns and tetrahedral truss elements for orbital assembly of 
large space structures (refs. 1 and 2). In order to satisfy constraints on Space 
Shuttle payloads and on deflections of the assembled structures due to physical 
loading and solar heating, a [90 /0  /90]  graphite fiber reinforced epoxy laminate has 

3 been selected as the material to be used in the columi~s. Although the design of the 
columns has been based primarily on static loading, it is now desirable to investi- 
gate the dynamic behavior as well. Dynamic response of such components is governed 
by their stiffness, mass and damping properties. On earth, such a structure would 
be subjected to significant damping due to aerodynamic drag and/or acoustic radiation. 
In the vacuum of space, however, vibrational energy must be dissipated by either 
internal damping in the structural material, by friction in the connecting joints, 
or by active control (refs. 3 and 4). The intent of this investigation was to 
measure the internal damping and dynamic stiffness of the graphite/epoxy composite 
material used in the columns, and to study the relationships between dynamic 
properties derived from tests of small specimens and tliose of full-scale columns. 
Such relationships are important because, if it can be shown that small specimens 
are representative of full-scale components, the effects of loading and environmental 
conditions can be assessed more readily by testing sma:l specimens. 

Based on previous experience with structural vibrdtions of truss networks and 
experiments with small models, it is expected that transient vibration of a large 
space structure will cause both extensional and flexural vibrations of the column 
elements. Extensional vibrations of the columns would occur primarily at the lowest 
natural frequency of the structure, which is expected to be well below 1 Hz. The 
dominant flexural modes have been found to occur in the range 10 - 1000 Hz. 
Accordingly, the techniques used to measure material damping involve both extensional 
and flexural vibration in the appropriate frequency ranges. 

Flexural damping was measured by using a forced vibration technique developed 
and used previously by the author (refs. 5 and 6). The technique is based on 
resonant flexural vibration of shaker excited double cantilever specimens. 

Extensional damping was measured by subjecting similar specimens to low frequency 
sinusoidal oscillation in a servohydraulic tensile testing machine while plotting 
load versus extensional strain. The size of the resulting hysteresis loop is 
directly related to the damping in the material. The reason for using such a 

technique is that the vibration exciters such as thosc used in the flexural damping 
tests will not operate at the low frequencies requirec for extensional vibration 
testing. 



DESCRIPTION OF MATERIALS 

The current version of the basic graphite/epoxy nestable column element is a 
tapered tube 2.6 m (102 in.) long with a 0.635 mm (0.025 in.) thick [90/03/90] 
laminated wall. The large end of the tube has a diameter of 102 nun (4 in.) while 
the small end has a diameter of 51 mm (2 in.). The 90" plies are of 0.127 mm 
(0.005 in.) thick T-300 fiberlepoxy, while the 0" plies are 0.127 mm (0.005 in.) 
thick VSB-32 pitch fiberlepoxy. Two types of epoxies have been used. Early tubes 
were made using prepreg tape with Hexcel F-263 (or equivalent) epoxy resin, while 
current tubes are made using a dry fiber resin impregnation procedure with Hysol 
ADX-16/Epotuf 37-619 resin. The aim of this investigation was to test small flat 
samples of both types of composites and both types of resins. Resin data is needed 
for the micromechanics analysis of the composite in terms of constituent material 
properties (ref. 6). At this writing, only the graphite/~-263 composites and the 
ADX-16 neat resin samples have been fabricated and tested. All specimens were 
fabricated by Lockheed Missiles and Space Company, Sunnyvale, California (ref. 7). 
Test specimens 300 mm long x 25 mm wide x 0.635 mm thick were cut from cured 
300 mm x 300 mm panels. Neat resin samples were typically 300 mm x 25 mm x 2.5 mm. 

EXTENSIONAL VIBRATION 

Global motions of large space structures are expected to occur at extremely 
low frequencies (< 1 Hz). These motions will generate corresponding low frequency 
extensional oscillations of the column elements. This type of deformation was 
simulated on small strain-gaged specimens (Fig. 1) by using a MTS servohydraulic 
tensile testing machine, and damping was found from the resulting load-strain (or 
stress-strain) hysteresis loops, on an x-y plotter. Loading was applied through 
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6.35 mm (0.25 in.) diameter steel clevis pins which were inserted through the holes 
in the ends of the specimens, as shown in Fig. 1. Clevis type loading fixtures were 
used rather than flat friction grips in order to minimize parasitic energy losses 
due to clamping friction. A tensile mean stress was applied so that the specimen- 
loading fixture assembly was always in tension and possible nonlinearities associated 
with load reversal were avoided. The amplitude of the alternating load was 60-80% of 
the mean load. The two active gages on each specimen were wired into the bridge 
circuit on opposite sides, so that bending strains were cancelled out and the 
resulting bridge output was twice the extensional strain. 

Data from the measured hysteresis loops was converted to damping in terms of 
the loss factor, or loss coefficient (refs. 8 and 9). The loss factor is defined as 

where D = energy dissipated per cycle 

U = energy stored at maximum vibratory displacement 

For a single-degree-of-freedom model (which is generally acceptable for lightly 
damped systems near resonance) the loss factor is rel-ated to other damping defini- 
tions as follows: 

where 

E" = loss modulus 

E ' = storage modulus 

6 =logarithmicdecrement 

Af = bandwidth of the 3 db down or half-power points 

f = undamped natural frequency 
0 

Q = quality factor 

C 
= damping ratio 

C 
cr 



R e f e r r i n g  t o  Fig .  2 ,  t h e  energy d i s s i p a t e d  p e r  c y c l e  i s  s imply t h e  a r e a  enc losed  
by t h e  e l l i p t i c a l  h y s t e r e s i s  loop  

The energy s t o r e d  a t  maximum d i sp lacement  may be  approximated by t h e  t r i a n g u l a r  
a r e a  

1 b  
U = ?  ( 2 )  d cost3 (4)  

Note t h a t  U i s  t h e  energy a s s o c i a t e d  w i t h  t h e  v i b r a t i o n  on ly ,  n o t  t h e  t o t a l  a r e a  under  
t h e  c u r v e  ( i . e . ,  t h e  energy due t o  t h e  mean s t r e s s  is no t  i n c l u d e d ) .  According t o  
Eq. (1)  t h e  l o s s  f a c t o r  i s  t h e n  

Specimens were s u b j e c t e d  t o  s e v e r a l  c y c l e s  of l o a d i n g  t o  s t a b i l i z e  t h e  h y s t e r e s i s  
l o o p s ;  then  t h e  load  c e l l  o u t p u t  was p l o t t e d  v e r s u s  t h e  s t r a i n  gage b r i d g e  o u t p u t  on 
a n  x-y r e c o r d e r  and t h e  d imensions  a and b  were used t o  f i n d  t h e  l o s s  f a c t o r ,  Q , 
a c c o r d i n g  t o  Eq. ( 5 ) .  Although t h e  MTS c o n t r o l l e r  h a s  a  f requency range of  
0.01-100 Hz, t h e  HP 7045A x-y p l o t t e r  i n t r o d u c e d  i t s  own phase  l a g  a t  f r e q u e n c i e s  
above approx imate ly  0 . 1  Hz. T h i s  was checked by p l o t t i n g  l o a d  v e r s u s  l o a d  f o r  
v a r i o u s  f r e q u e n c i e s .  The r e s u l t i n g  p l o t  w a s  a s t r a i g h t  l i n e  ( i n d i c a t i n g  no phase  l a g )  
f o r  0 .01 - 0.1 Hz, b u t  a  narrow e l l i p s e  of s t e a d i l y  i n c r e a s i n g  s i z e  f o r  f r e q u e n c i e s  
above 0 . 1  Hz. Thus, w i t h  t h e  equipment used,  t h e  f requency range  f o r  t h e  damping 
measurements was l i m i t e d  t o  0.01 - 0 .1  Hz. 

HYSTERESIS LOOP 

F i g u r e  2 



Loss factor data for the previously described materials are shown in Figs. 3 
and 4, along with data from flexural vibration tests (to be described in the next 
section). It was expected that damping would approach zero as the frequency 
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approaches zero, but the rate of decrease appears to be very low. Neat resin 
damping is greater than composite damping, as expected from micromechanics analysis 
(i.e., most of the energy dissipation occurs in the resin, and the fibers contribute 
little damping). Since the neat resin is essentially isotropic, the extensional 
damping is consistent with flexural damping, as it should be. The composite is 
anisotropic, however, and the flexural damping depends on the laminate stacking 
sequence, whereas the extensional damping should not (e.g., a high damping layer is 
more effective on the outer surface than on the neutral axis in flexure). Thus, 
the flexural damping for the [90/0 1901 layup should be greater than the extensional 

3 damping. Only the upper bound is shown for the composite extensional damping, 
because the hysteresis loop was very "noisy." This was due to the fact that the 
composite extensional modulus was much higher (and the resulting strains were much 
lower) than those for the neat resin, so the strain signals for the composite 
samples were more susceptible to electrical noise. 

FLEXURAL V I B R A T I O N  

Flexural vibrations of column elements are expected to occur in the intermediate 
frequency range 10-1000 Hz. Experiments with small structural models under transient 
excitation show that flexural vibrations of the columns continue long after the 
global motion of the structure has been damped out. Thus, flexural damping is 
needed in order to minimize flexural fatigue problems. 

Flexural damping of the previously described specimens was found by using a 
forced vibration, resonant dwell technique (ref. 5). As shown in Figs. 5 and 6, 
the specimen is mounted in a double cantilever arrangement on an electrodynamic 
shaker. Damping is found by measuring the ratio of base amplitude to tip amplitude 
at resonance. Unlike other techniques, this method allows precise control over both 
frequency and amplitude, so that the effects of these parameters can be studied. 
Considerable effort has been made to minimize parasitic losses in the apparatus which 
could cause errors in measured damping. For example, the balanced double cantilever 
arrangement serves to minimize frictional losses at the specimen clamping surfaces, 
and the specimen is tested at very low amplitude to minimize aerodynamic damping. 

It is shown in ref. 5 that the loss factor is related to the resonant amplitude 
ratio of the cantilever specimen by 

where C = dimensionless coefficient which depends on resonant mode number, r 
r 

a = resonant amplitude at base of specimen (x=O) 
b 

a = resonant amplitude at tip of specimen (x=L) 
t 

If the base acceleration and the displacement at some arbitrary point, x are 
0 ' 

measured, it is shown in ref. 5 that Eq. (6) reduces to 
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where @r(~o), ar(L) = mode shape function evaluated at x = x and x = L, 
0 

respectively 

z(o) = base acceleration amplitude (x = 0) 

ur = resonant frequency of rth mode 

a(x ) = displacement amplitude at x = x 
0 0 

The present apparatus differed from the one reported in ref. 5, in that tracking 
filters were used for both the accelerometer and displacement probe signals, and 
data was generated in digital form by using a digital RMS voltmeter and a computer- 
printer system. 

Flexural loss factors are shown in Figs. 3 and 4, along with previously 
described extensional data. Specimens of several lengths were tested at frequencies 
up through the fifth mode. Beyond the fifth mode, the displacement probe signals 
dropped to the noise level, making the data questionable. The rate of increase in 
the loss factor with increasing frequency is not as great for the composite as for 
the neat resin, although it should be pointed out that the resin tested is not the 
same as the resin in the composite tested. It is hoped that testing of the F263 
resin and the ADX-16 composite at a future date will shed further light on this 
matter. Along with small specimen data in Fig. 4, some limited data (unpublished) 
for assembled full-scale columns are shown. S. A. Leadbetter (Structural Mechanics 
Branch, Langley Research Center) obtained this data in 1976 by using the Kennedy- 
Pancu method on free-free columns vibrated in flexure with an electrodynamic exciter. 
Due to nonlinear behavior in the connecting joint, no column damping values were 
found for the first mode, and the data plotted in Fig. 4 is for modes 2-5. Compari- 
son of small specimen loss factors with column loss factors in Fig. 4 shows that 
there is no significant difference. It is believed that the graphite/F263 composite 
is representative of the early model columns tested by Leadbetter. Thus, it appears 
that for the frequencies and amplitudes used in these tests, the material damping is 
much greater than the joint damping. This contradicts the widely held notion (based 
on accumulated experience with metallic structures) that joint damping is more impor- 
tant than material damping. Additional data on both columns and small specimens is 
needed before definite conclusions can be drawn, however. 

CONCLUSIONS 

Limited data on extensional and flexural damping of small specimens of graphite/ 
epoxy and unreinforced epoxy resin have been obtained. The experimental techniques 
and data reduction techniques have been described, and the limitations explained. 
Damping was found to vary slowly and continuously over the frequency range 0.01 - 
1000 Hz, and no drastic transitions were observed. Composite damping was found to 
be less than neat resin damping, as expected from micromechanics theory. Comparison 
of small specimen damping values with assembled column damping values seems to 
indicate that, for these materials, material damping is more important than joint 
damping. Additional tests of current model columns and current specimens with the 
ADX-16 resin are needed before definite conclusions can be drawn, however. Addition- 
al extensional testing is also needed in order to examine frequency and amplitude 
effects beyond the limited range reported here. The data reported here was limited 
not by the test apparatus, but by signal conditioning and data acquisition. It is 
believed that filtering of the strain gage signals and the use of digital storage 
with slow playback will make it possible to extend the frequency and amplitude 
ranges significantly. 
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D Y N A M I C  C O N S I D E R A T I O N S  F O R  S P A C E  S T R U C T U R E S  

The des ign  and a n a l y s i s  o f  l a r g e  space s t r u c t u r e s  f o r  dynamic l oads  r e q u i r e  t h e  
c o n s i d e r a t i o n s  o f :  wave p ropaga t ion ,  t r a n s i e n t  response and s t e a d y - s t a t e  v i b r a t i o n  
problems. The d e s i r a b l e  i n t r i n s i c  s t r u c t u r a l  c h a r a c t e r i s t i c s  t o  these  problems a r e  
good d i s p e r s i v e  p r o p e r t i e s ,  r a p i d  decay o f  t h e  t r a n s i e n t s  and an optirnum d i s t r i b u t i o n  
o f  f requency spectrum, r e s p e c t i v e l y .  The t r u s s  l a t t i c e s  proposed so f a r  f o r  
c o n s t r u c t i n g  l a r g e  space p l a t f o r m s  a r e  based on e i t h e r  t e t r a h e d r o n s  o r  o c t e t r u s s  
e lements.  A l though t h e y  a r e  easy t o  c o n s t r u c t  and t h e i  r e q u i v a l e n t  cont inuum models 
can be developed as  p e r i o d i c  s t r u c t u r e s ,  t h e  space p l a t f o r m s  made o f  such p e r i o d i c  
l a t t i c e s  can have two major  drawbacks o f  t h e  t h r e e  dynamics c o n s i d e r a t i o n s .  F i r s t ,  
p e r i o d i c  s t r u c t u r e s  can be cons ide red  t o  be w e l l  tuned. There fore ,  t hey  do n o t  
possess good wave d i s p e r s i o n  c h a r a c t e r i s t i c s .  Second, i f  t h e  dimensions o f  t h e  
p l a t f o r r n  a r e  f i x e d  then  t h e  f requency spectrum o f  t h e  s t r u c t u r e  i s  a l s o  f i x e d ,  t hus  
l e a v i n g  no room f o r  f requency m o d i f i c a t i o n s  o t h e r  than t h r o u g h  redes ign  and /o r  
e f f e c t i v e  v i b r a t i o n  c o n t r o l  devices.  

OMECTIVE  OF PRESENT STUDY DYNAM I (; CONS I UERAT I ONS FOR SPACE STRUCTURES 
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NONPERIODIC LATTICES FOR IMPROVED DYNAMIC PERFORMANCE 

The o b s e r v a t i o n s  f rom t h e  p r e c e d i n g  s e c t i o n  m o t i v a t e  us t o  seek means f o r  
i m p r o v i n g  wave d i s p e r s i o n  p r o p e r t i e s  and f o r  i n t r o d u c i n g  d e t u n i n g  p r o v i s i o n s  w i t h i n  
t h e  s t r u c t u r e s .  T h i s  c a l l s  f o r  t h e  a d o p t i o n  o f  n o n p e r i o d i c  l a t t i c e  s t r u c t u r e s .  I n  
a d d i t i o n ,  one would l i k e  t o  have room f o r  rear rangements  o f  i n t e r n a l  l a t t i c e  members 
so t h a t  t h e  d e s i r e d  f requency spectrum can be r e a l i z e d  t o  a  maximum e x t e n t .  T h i s  
paper  e x p l o r e s  an a l t e r n a t i v e  approach f o r  t h e  c o n s t r u c t i o n  o f  l a r g e  space p l a t f o r m s  
by  a d o p t i n g  n o n p e r i o d i c  l a t t i c e  c o n f i g u r a t i o n s .  T h i s  i s  i n  t h e  hope o f  i m p r o v i n g  t h e  
two  a fo remen t ioned  dynamic c h a r a c t e r i s t i c s ,  v iz . ,  wave d i s p e r s i o n  and c o n t r o l l a b l e  
f requency  spectrum, by t h e  i n t e r n a l  rear rangements  o f  t h e  n o n p e r i o d i c  l a t t i c e s  
w i t h o u t  changes i n  m a t e r i a l  p r o p e r t i e s  and dimensions o f  t h e  l a t t i c e  members. 

TWO TECHNIQUES FOR ALTER I NG WNAMI C 

CHARACTER1 ST ICS OF A GIVEN STRUCTURE 

F I XED-MTER I AL/VARY I NG LATT ICE ARRANGEMENTS (TECHNIQUE ADOPTED HERE 

F IXED-LATT I CE ARRANGEMENTNARY I NG MEMBER PROPERT I ES 

WHY IRREGULAR LATTICE TRUSSES FOR SPACE STRUCTURES 

DETUNE THE STRUCTURES TO IMPROVE 

WAVE D I SPERS I VE PROPERT I ES 

TAILOR THE LATTICE GEOMETRY (OR EMBER 

PROPERT I ES ) TO IMPROVE FREQUENCY SPECTRUM 

AND MODE SHAPES FOR EASIER VIBRATION CONTROL 

FROM CONTINUUM POINT OF VIEW, WE WISH TO 

EXPLOIT AN I SOTROPY TO IMPROVE WNAM I C 

PERFORMANCE OF LARGE SPACE STRUCTURES 



NONPERIODIC LATTICE TRUSS PLATFORM 

It i s  n o t e d  t h a t  s t a b l e  l a t t i c e s  c o n s i s t  b a s i c a l l y  o f  t r i a n g l e s  and/or  
quadrang les .  I n  t h e  search  o f  s t a b l e  n o n p e r i o d i c  l a t t i c e  t r u s s  p l a t f o r m s  i t  i s  
h i g h l y  d e s i r a b l e  t o  make t h e  t o p  and bot tom s u r f a c e s  o f  i r r e g u l a r  t r i -  and/or  
quad rangu la r  p a t t e r n s  whi 1  e  a1 1  t h e  v e r t i c a l  c o n n e c t i n g  members a r e  i d e n t i c a l  . The 
s i m p l e s t  p o s s i b l e  n o n p e r i o d i c  l a t t i c e  c o n f i g u r a t i o n s  t h a t  meet t h e s e  requ i remen ts  
t u r n  o u t  t o  be t h e  ones shown i n  F i g u r e s  1 and 2. I n  t h i s  paper t h e y  w i l l  be c a l l e d  
d i  penta-dodecahedron ( o r  DPD-hedron) and p e n t a t  r i  angul  a r -oc tahedron  ( o r  PTO-hedron) , 
r e s p e c t i v e l y .  The DPD-hedron and PTO-hedron a r e  t h e  two b u i l d i n g - b l o c k  l a t t i c e s  used 
t o  f o rm n o n p e r i o d i c  l a t t i c e  t r u s s  p l a t f o r m s .  F i g u r e  3 shows f i v e  d i f f e r e n t  i n t e r n a l  
arrangements o f  t h e  DPD-hedron by u t i l i z i n g  f o u r  s t a b i l i z i n g  members on t h e  two 
pentagona l  t o p  and bo t tom su r faces .  Simi 1 a r l y  , t h r e e  d i  s t i  n c t  i n t e r n a l  arrangements 
a r e  p o s s i b l e  f o r  t h e  PTO-hedron. A  p l a t f o r m  segmerit made o f  t h e  two l a t t i c e s  i s  
shown i n  F i g u r e  4. Note t h a t  i n  o r d e r  t o  emphasize t h e  f reedom t o  a r r a n g e  t h e  
s t a b i l i z i n g  members as d e s i r e d  t h e y  have been o m i t t e d  f rom F i g .  4. I n c i d e n t l y ,  t h e  
two l a t t i c e s  can, i f  p r o p e r l y  reshaped, be used t o  c o n s t r u c t  s p h e r i c a l ,  c y l i n d r i c a l  
and p a r a b o l i c  su r faces .  

MODEL 
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FIG. 2 PTO-HEDRON 

Fig. 3 Five different internal arrangements of DPD-hedron 
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Fig. 4 Flat  platform made of DPD and PTO-hedrons (diagonal members a r e  absen t )  
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OYNAMICS OF NONPERIOOIC TRUSS BEAMS 

I n  o r d e r  t o  assess t h e  dynamic c h a r a c t e r i s t i c s  of  t r u s s  s t r u c t u r e s  made of  t h e  
n o n p e r i o d i c  l a t t i c e s ,  a  c a n t i l e v e r  t r u s s  beam as shown i n  F i g u r e  5 was ana lyzed  f o r  
v i b r a t i o n s .  I n  a d d i t i o n ,  t h r e e  a d d i t i o n a l  l a t t i c e  c o n f i g u r a t i o n s  were a l s o  c o n s t r u c t -  
ed a l o n g  w i t h  two beams made o f  t e t r a h e d r o n s  ( F i g .  6 ) .  F i g u r e  7 shows t h e  r e l a t i v e  
f requency v a r i a t i o n s  of t h e  s i x  c a n t i l e v e r  t r u s s  beams f o r  t h e i r  f i r s t  mode. To make 
t h e  compar ison mean ing fu l ,  t h e  beam l e n g t h ,  t h e  number o f  l a t t i c e  j o i n t s  and t h e  
t o t a l  we igh t  were chosen t o  be i d e n t i c a l  w i t h i n  2 pe rcen t  d i f f e r e n c e s .  Note f rom 
F i g u r e  7 t h a t  t h e  f r e q u e n c i e s  o f  t h e  f o u r  n o n p e r i o d i c  t r u s s  beams v a r y  o v e r  60 
p e r c e n t  w h i l e  t h o s e  o f  t h e  two beams o f  t e t r a h e d r o n  l a t t i c e s  va ry  o n l y  about  13 
pe rcen t .  Such wide f requency  v a r i a t i o n s  o f  t h e  proposed n o n p e r i o d i c  t r u s s  beams 
i n d i c a t e  t h a t  t h e  i n t r o d u c t i o n  o f  n o n p e r i o d i c  l a t t i c e s  c o u l d  be e f f e c t i v e l y  used t o  
improve t h e  c o n t r o l  l a b i  1  i t y  o f  s t e a d y - s t a t e  v i b r a t i o n  as we1 1  as improved wave 
d i s p e r s i o n  c h a r a c t e r i s t i c s .  

WDE 1 - E.BllE+BB CPS 
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V I B R A T I O N  OF FREE-FREE TRUSS PLATES 

F r e e - f r e e  v i b r a t i o n  a n a l y s i s  o f  an o c t e t r u s s  p l a t e  as  shown i n  F i g .  8 was pe r fo rmed  
as  a  benchmark prob lem and t h e  v i b r a t i o n  noda l  l i n e s  f o r  t h e  f i r s t  f i v e  modes a r e  
de te rm ined  as i n d i c a t e d  i n  F ig .  8. I n  o r d e r  t o  examine t h e  e f f e c t  o f  d i f f e r e n t  
l a t t i c e  p a t t e r n s ,  s e v e r a l  arrangements were c o n s t r u c t e d .  Two o f  t h e  p r e s e n t  l a t t i c e  
arrangements a r e  shown i n  F i g s .  9 and 10 a l o n g  w i t h  t h e i r  v i b r a t i o n  nodal  l i n e s .  
Note  t h e  s i g n i f i c a n t  changes i n  t h e  v i b r a t i o n  noda l  p a t t e r n s .  As f o r  f requency 
magni tudes,  t h e  p r e s e n t  l a t t i c e  arrangements g i v e  a b o u t  1 5  25 % f r e q u e n c y  
v a r i a t i o n s .  

FREE-FREE VIBRATION OF TRUSS PLATES 

TETRAHEDRON PRESENT LATTICES 

ASPECT RATIO 1.0002 1 - 0723 

WEIGHT RATIO 1 - 000 1 - 0 3  

MEMBER LENGTH 1.078 1.000 

NO. OF JOINTS 628 631 

NO- OF ELEMENTS 2646 2463 

NO. OF EQUATIONS 3762 3780 

AREA RATIO 1.000 1.0106 

MODE 1 

MODE 2 

MODE 3 

MODE 4 

MODE 5 

Fig. 8 Vibration Nodal Lines of Free-Free Octetruss Plate 



MODE 1 

MODE 2 

MODE 3 

MODE 4 

MODE 5 

Fig. 9 Vibration Nodal Lines of  Free-Free Irregular True8 Plate 

MODE 1 

MODE 2 

MODE 3 

MODE 4 

MODE 5 

Fig. 10 Vibration Nodal Lines of Free-Frem Irregular Truam Plate 



SUMMARY 

NONPERI ODIC (OR I HREGULAR) LATT ICE-TRUSS STRUCTURES CAN IMPROVE WAVE DISPERSION PROPERTIES 

FOR BEAM BENDING, NONPERIODIC (PRESENT) LATTICES CAN VARY ABOUT 65% OF THE FUNDAMENTAL 

FREQUENCY 

FOR FREE-FREE PLATE, NONPERIODIC LATTICES CAN ALTER THE MODE SHAPES AS DESIRED. I N  

PARTICULAR MAY BE ABLE TO CUIE UP WITH AN OPTIMUM m3UE SHAPES FOR PASSIVE AND ACTIVE 

CONTROL-PO I NT LOCAT IONS 

FOR FREE-FREE PLATE, A SELECTED FREQUENCY RANGE CAN BE VARIED ABOUT 15 - 25% 

FUTURE STUDY 

CONDUCT TRANS I ENT ANALYS I S TO ASSESS THE EFFECT1 VENESS OF INTRODUC I NG 

IRREGULAR (OR AN1 SOTROPIC)  PATTERNS TO LARGE SPACE PLATFORMS 

DEVELOP DESIGN ( P R E L I M I N A R Y )  TECHNIQUES FOR ALTERING DYNAMIC CHARAC- 

T E R I  ST I C S  FOR GIVEN DESIGN REQUIREMENTS 

INVEST I GATE THE F E A S I B I L I T Y  OF INTRODUCING DEN-HARTOG TYPE V I B R A T I O N  

CONTROLLER E I T H E R  BY U T I L I Z I N G  V E R T I C A L  ST IFFENERS OR PLACING 

ADD I T  I ONAL UNL INKED STRUCTURAL MEMBERS 
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SUMMARY AND CURRENT STATUS 

This paper describes activities and software resulting from NASA Contract 
NAS5-25767, "Integrated Analysis Capability (IAC) for Large Space Systems." This 
contract is part of the NASA LSST program supporting effort, with direction by the 
Goddard Space Flight Center (J. P. Young, Technical Monitor). 

The Phase I IAC contract effort produced a pilot computer code and a general 
development plan. That work was reported on at the previous (1980) LSST Technical 
Review. The ongoing Phase I1 effort is scheduled to produce an initial operational 
capability, designated as IAC Level 1, by the end of CY 82. 

In the present paper, the first four figures deal with the current IAC status 
and some planned technical requirements and objectives. The remainder of the paper 
reports on the development of an intermediate prototype capability, accomplished 
during FY 81 and designated as IAC Level "0". 

The current status of the IAC development activity is summarized in Figure 1. 
The listed prototype software and documentation have been delivered, and details 
have been planned for development of the Level 1 operational system. The planned 
end product IAC is required to support LSST design analysis and performance evaluation, 
with emphasis on the coupling of required technical disciplines. A recently formal- 
ized requirement is for the long-term IAC to effectively provide two distinct 
features: 1) a specific set of analysis modules (thermal, structural, controls, 
antenna radiation performance and instrument optical performance) that will function 
together with the IAC supporting software in an integrated and user friendly manner 
and 2) a general framework whereby new analysis modules can readily be incorporated 
into IAC or be allowed to communicate with it. 

Ongoing Phase I I Contract 

Prototype software delivered 

- Technical modules - MSC NASTRAN~ DISCOS, TRASYS, 
SINDA, ORACLS 

- Solution paths - standalone, thermal/structural, structural/control, 
thermal/structural/control 

- Execu tive/data managernent/graph ics/module interfaces 

Draft documentation delivered 

- User manual for prototype system 

- Functional specs document 

Details planned for operational system 

Figure 1 



IAC REQUIRED CAPABILITIES 

Much of the required technical capability of IAC can be described as being part 
of one or more distinct "solution paths." Each path is actually a class of solutions, 
which consists of a number of selectable options and variations, rather than a 
rigidly predefined and automated process. An engineer-in-the-loop mode of operation 
is therefore possible and, in fact, emphasized. Currently, five such solution paths, 
as shown in Figure 2, have been defined. The solid lines of paths I to IV indicate 
capabilities which have been implemented and are available for use and evaluation 
within the current prototype software package. The standalone (uncoupled) operation 
of each technology or major technical module is defined to be Solution Path I. Paths 
I1 through V involve an increasing degree of interdisciplinary coupling and cor- 
responding greater complexity. Solution Path I1 provides thermal deformations via 
the coupling of a thermal analyzer such as SINDA or NASTRAN with a structural analyzer 
such as NASTRAN or SPAR. A prototype modeling integration module (MIMIC) has been 
implemented during FY 81 to handle data flow between the generally incompatible 
thermal and structural models. Path 111 accomplishes a structural/control analysis, 
in either the frequency or time domain, by providing required modal data from a 
structural analyzer to the DISCOS system dynamics module. Solution Path IV has been 
implemented during IT 81. It provides a time domain thermal/structural/control 
analysis, including a time varying but quasi-static thermal loading, i.e., thermal 
loads are unaffected by the dynamic motions. Finally, Path V is to provide a fully 
coupled analysis in the frequency domain and is directed at problems such as thermal 
flutter of long spacecraft members. 

I I  TIME DOMAIN [ I l l  TIME OR FREQUENCY DOMAIN 

I 

QUASI-STATIC THERMAL FULLY COUPLED 
STRUCTURAL/CONTROL 

I STANDALONE (UNCOUPLEDI 1 INTERDISCIPLINARY 
I V  TlME DOMAIN 

V FREQUENCY DOMAIN 

THERMAL 

'-. 

I 

I 
I 

<FULLY COUPLED THERMAL, nUASI-STATIC THERMAL 
STRUCTURAL/CONTROL FULLY COUPLED STRUCTURAL1 

CONTROL 

Figure 2 



IAC SELECTED TECHNICAL MODU1,ES 

The technical modules currently defined for implementation within IAC are shown 
in Figure 3. These modules are classified into four technical groups - system 
dynamics, structural, thermal and controls. The solid lines indicate capabilities 
which have been incorporated into the prototype software system, while dashed lines 
indicate planned capabilities which have not yet been implemented. DISCOS (Dynamic 
Interaction Simulation of Controls and Structures) is a primary computationai back- - 
bone of the IAC system. TG selected tsermal and structural modules are generally 
well known within the technical community. ORACLS (Optimal Regulator Algorithms for 
the Control of Linear Systems) is a package of selectred subroutines which emphasizes 
modern control theory design. SAMSAN (SAMpled - System ANalysis capability) is a 
similar package which emphasizes classical control methods and is currently under 
development at GSFC. The MODEL controls program will consist of several special- 
purpose interactive or batch versions, which in general create FORTRAN code to 
numerically solve a set of user defined differential equations. 

It will be readily apparent to those familiar with the designated structural and 
thermal modules that there is some duplication of capability, e.g., NASTRAN/SPAR and 
SINDAINASTRAN. This is due in part to a Phase I study and conclusion that both 
finite difference and finite element thermal codes should be available within IAC. 
More importantly, it is the result of a conscious effort to provide alternate 
technical modules within several areas of IAC in order to support as wide an exist- 
ing user community as practical. The list of IAC technical modules will continue to 
grow as additional user groups define LSST requirements and as technology and data- 
coupling are implemented in areas such as antenna radiation and instrument optical 
performance. 

SYSTEM DYNAMICS STRUCTURAL 

THERMAL 

1 MSC NASTRAN 1 ---------- 
I COSMIC NASTRAN ---------- I 
-- -- 
I SPAR I - - -- 

. i 

MSC NASTRAN 1 
------ 

COSMIC NASTRAN -1 C - - - - - - - 
1-SPAR -1 ---- 

A 

CONTROLS 

I 

Figure 3 



IAC SYSTEM INTEGRATION PHILOSOPHY 

The solution paths already discussed define basic technical requirements of the 
IAC system. The selected technical modules provide major components for supporting 
the individual technologies represented within these paths, and required interdis- 
ciplinary couplings are largely being implemented via new interface software which 
bridges between the different technologies and mathematical modeling techniques. 

At the overall system level, Figure 4 summarizes the philosophy for integration 
of the entire IAC package. Key characteristics required of IAC are shown on the 
right, and corresponding components of the supporting software and hardware are given 
on the left. First, the computational complexities inherent in most LSS problems led 
to an early decision that IAC must operate in an engineer-in-the-loop fashion, rather 
than in a highly automated "button pushing" mode of operation. A specialized 
executive program is used to make all capabilities available to the engineer, in a 
modular but consistent and engineer friendly manner. Second, in order to accomplish 
in-depth analyses with the selected technical modules, in a reasonably efficient and 
natural manner, a file oriented data management system has been developed. In order 
to provide effective user access to data, some enhancements to the file oriented 
system, relative to data identification and display, have been implemented. For the 
same reason, considerable emphasis is being given to interactive graphics. The IAC 
target host computers are state-of-the-art machines with significant virtual memory 
capability. At the present time such machines are largely in the super-minicomputer 
class, but new mainframes can be expected to increasingly satisfy this target require- 
ment. The DEC VAX 11/780 super-minicomputer is being used for the current IAC 
development. 

IAC COMPONENTS IAC CHARACTERISTICS 

SPECIALIZED 
EXECUTIVE PROGRAM 

ENHANCED FILE ORIENTED 
DATA MANAGEMENT SYSTEM 

INTERACTIVE GRAPHICS s 
STATE-OF-THE-ART 
HOST COMPUTERS 

ENGINEER-IN-THE-LOOP 
INTERACTION 

COMPUTATIONAL EFFICIENCY 

EFFECTIVE USER ACCESS 
TO DATA 

BENEFIT FROM NEW 
HARDWARE SYSTEM 
TECHNOLOGY 

Figure 4 



COMPLETED LEVEL 0 ARCHITECTURE 

A schemat ic  of t h e  Level  0 ( p r o t o t y p e )  a r c h i t e c t u r e  i s  shown i n  F i g u r e  5. The 
e x e c u t i v e  p r o v i d e s  t h e  u s e r  w i t h  a  common i n t e r f a c e  t o  a l l  of  t h e  d i v e r s e  t e c h n i c a l  
modules and t o  t h e  I A C  s u p p o r t i n g  s o f t w a r e .  The e x e c u t i v e  s o f t w a r e  i n c l u d e s  a  com- 
mand i n t e r p r e t e r ,  module d r i v e r ,  and d a t a  hand l ing  and g r a p h i c s  d i s p l a y  c a p a b i l i t i e s .  
The s o f t w a r e  i s  programmed i n  FORTRAN ' 7 7 ,  and t h e  g r a p h i c  c a p a b i l i t i e s  a r e  based 
on t h e  DI-3000 SIGGRAPH Core s t a n d a r d  s u p p o r t  package.  The e x e c u t i v e  p r o v i d e s  f o r  
a c c e s s  t o ,  and communication between,  t h r e e  t y p e s  of d a t a  s t o r a g e  a r e a s :  ( 1 )  a  f i l e  
o r i e n t e d  d a t a b a s e ;  ( 2 )  a u s e r - s p e c i f i c  v i r t u a l  memory workspace;  and ( 3 )  t h e  h o s t  
f i l e  system. The major t e c h n i c a l  modules c u r r e n t l y  i-mplemented w i t h i n  I A C  a r e  
DISCOS, MSC NASTRAN, ORACLS, SINDA, and TRASYS. The i n t e r f a c e  modules I N D A ,  e t c .  
p rov ide  r e q u i r e d  data-f low l i n k a g e s  between I A C  and t h e  t e c h n i c a l  modules.  The 
M I M I C  i n t e r f a c e  module i s  a  p r o t o t y p e  mesh v a r i a b l e  t r a n s f o r m a t i o n  c a p a b i l i t y  des igned  
t o  a i d  t h e  u s e r  i n  h a n d l i n g  modeling i n c o m p a t i b i l i t i e s ,  e . g . ,  between the rmal  and 
s t r u c t u r a l  a n a l y s e s  i n  I A C  s o l u t i o n  P a t h s  I1 and I V .  

INTERPRETER 
MOOULE 
DRIVERS 

TRANSFORMATIONS 

F i g u r e  5 



EXECUTIVE J O B  FLOW 

The e x e c u t i v e  i n t e g r a t e s  o t h e r  components of t h e  sys tem i n t o  a  u n i f i e d  package,  
and p r o v i d e s  t h e  pr imary i n t e r f a c e  between I A C  and t h e  u s e r .  A schemat ic  of execu- 
t i v e  f u n c t i o n s  i s  shown i n  F i g u r e  6 .  The emphasis i s  on i n t e r a c t i v e  o p e r a t i o n ;  
however, modules a r e  o f t e n  executed i n  e s s e n t i a l l y  a  b a t c h  mode. The u s e r  accom- 
p l i s h e s  t h e  mainst ream of h i s  t a s k s  w i t h i n  t h e  IAC "primary job . "  Within  t h i s  job  he /  
s h e m a y r e q u e s t  t h e  e x e c u t i v e  t o  e x e c u t e  a  module, w i t h  u s e r  s p e c i f i e d  paramete rs .  H e /  
s h e m a y a l s o  r e q u e s t  t h a t  a  sequence of commands ( i n c l u d i n g  module e x e c u t i o n s )  be 
i n i t i a t e d  a s  a  s e p a r a t e  "secondary job,"  i n  a  b a t c h  mode c o n c u r r e n t l y  w i t h  t h e  
pr imary job.  I n  a d d i t i o n ,  t h e  u s e r  may e x e c u t e  many d i r e c t  commands, e . g . ,  r e l a t i n g  
t o  h e l p  i n f o r m a t i o n ,  d a t a  hand l ing  o r  g r a p h i c s  t a s k s .  C e r t a i n  d i r e c t  commands c a u s e  
t h e  e x e c u t i o n  of lower l e v e l  e x e c u t i v e  r o u t i n e s ,  which may then  be d r i v e n  by u s e r  
t u t o r i a l s  o r  menus. I n  o r d e r  t o  f u l l y  u t i l i z e  t h e  h o s t  o p e r a t i n g  system f e a t u r e s ,  
a  c a p a b i l i t y  h a s  a l s o  been developed t o  e x e c u t e  any h o s t  (computer o p e r a t i n g  system) 
command, o r  sequence of h o s t  commands, from w i t h i n  t h e  I A C  e x e c u t i v e .  The broken 
connec t ing  l i n k s  i n  t h e  f i g u r e  deno te  temporary t r a n s f e r s  of c o n t r o l  between I A C  
and t h e  h o s t  o p e r a t i n g  system. 

COMMAND COMMAND 
EXECUTION EXECUTION 

EXECUTIVE 

MODULE 
EXECUTION 

JOB 
I INITIATION I 

IAC PRIMARY JOB EXECUTION (INTERACTIVE) 

-------------- 
(AC SECONDARY JOB EXECUTION [BATCH) -! 1 

COMMAND 

I 
I 
I 

EXECUTIVE TASKS 
INTERPRET COMMANDS 
EXECUTE DIRECT COMMANDS 
EXECUTE HOST COMMANDS 
EXECUTE MODULES 
INITIATE JOBS 
PASS PARAMETERS 
TRANSFER DATA 
QUERY DATA 
PLOT DATA 

SOLUTION I 
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DATA HANDLING 

IAC provides a variety of data handling tools which support data computation, 
manipulation and evaluation. Figure 7 lists some typical processes which are sup- 
ported by these tools. 

The IAC data handling system has been designed with a primary emphasis on 
computational efficiency (in generation and use of new bulk analysis results) and 
a secondary emphasis on informational type query (for processing and display of 
existing items of information). The host file system is utilized to a large degree 
to provide an efficient and natural interface to many of the IAC computational 
modules. The database and associated data structures facilitate communication by 
providing standard data organizations and formats. The virtual memory workspace 
provided by the IAC executive allows for detailed user query of data. 

IAC currently provides three types of data structures - array, relation, and TOC 
(table of contents). These data structures may contai11 integer, real, double preci- 
sion, and/or text type data. An IAC array consists of a general matrix (arbitrary 
order and index dimensions), and optional labeling data associated with each index. 
A typical array of node/time/temperature data is illustrated in Figure 7. Such 
arrays can be used to communicate between different modules (e.g., provide thermal 
analyzer results as loadings to a static deformation analyzer). They also permit 
user query, e.g., display of temperature ranges for a given set of nodes, or plot- 
ting of temperature versus position for selected times and nodes. A relation is a 
2-dimensional table, where each column has an associated name and each row represents 
a particular occurrence of values. A TOC is a special form of relation, which 
catalogs the characteristics of other data structures. 

TYPICAL DATA HANDLING PROCESSES 

DEFINING SELECTlONiTALLY MERGlNGIJOlNlNG 
LOADING PRINTING E XT RACTIONIPARTITIONING 
CHANGING SORTING DATA-STRUCTURE TRANSFORMATIONS 
DELETING STATISTICAL COMPUTATIONS HOST FILE INTERFACING 

TIME 

8 TYPICAL ARRAY DATA STRUCTURE 

NODE X Y Z TEMP 

Figure 7 



GRAPHICS DATA DISPLAY 

It is  u s e f u l  t o  c l a s s i f y  g r a p h i c s  a p p l i c a t i o n s  w i t h i n  a sys tem such  a s  I A C  i n t o  
t h e  a r e a s  o f  geometry,  math models ,  g r a p h s ,  and f i e l d  d e s c r i p t i o n s .  The Leve l  0  
development h a s  produced a  g e n e r a l  g raph ing  c a p a b i l i t y ,  by which r e l a t i o n s h i p s  
between v a r i a b l e s  i n  a n  IAC d a t a b a s e  o r  workspace may b e  d i s p l a y e d .  Geometry and 
math-model g r a p h i c s  a p p l i c a t i o n s  can  be  handled by a v a r i e t y  of  a v a i l a b l e  b u t  u s u a l l y  
i n s t a l l a t i o n  dependent  packages f o r  CAD and model g e n e r a t i o n / d i s p l a y  ( e . g . ,  NASCAD, 
AD-2000, SUPERTAB, PATRAN). I A C  w i l l  b e  c a p a b l e  of i n t e r f a c i n g  w i t h  such  packages .  
I A C  w i l l  a l s o  u t i l i z e ,  wherever p o s s i b l e ,  t h e  a v a i l a b l e  g r a p h i c s  c a p a b i l i t i e s  of  
i n d i v i d u a l  t e c h n i c a l  modules. F i e l d  d e s c r i p t i o n  r e f e r s  t o  t h e  d i s p l a y  o f  a n a l y t i c a l  
f i e l d  v a r i a b l e s  ( e . g . ,  t e m p e r a t u r e ,  s t r e s s )  a s  a f u n c t i o n  of t i m e ,  g e o m e t r i c a l  o r  
math-model a s s o c i a t e d  p o s i t i o n ,  e t c .  Recent advancements i n  c o l o r  raster g r a p h i c s  
hardware a r e  e s p e c i a l l y  a p p l i c a b l e  t o  f i e l d  d e s c r i p t i o n  t y p e  d i s p l a y s .  

F i g u r e  8 shows a  schemat ic  of t h e  c u r r e n t  I A C  g raph ing  c a p a b i l i t y  f o r  d i s p l a y  of 
X-Y c u r v e s ,  b a r  g r a p h s ,  c o r r e l a t i o n  t a b l e s ,  e t c .  Data i s  s e l e c t e d  from t h e  d a t a b a s e  
o r  workspace by t h e  u s e r  v i a  a  t u t o r i a l  prompting r o u t i n e ,  and a  c a r d  image p l o t  
f i l e  i s  c r e a t e d .  The p l o t  f i l e  i s  a  complete  and device- independent  numer ica l  
r e p r e s e n t a t i o n  of  a  g raph .  The p l o t  f i l e  p r o v i d e s  a  u s e f u l  i n t e r f a c e  between t h e  
r a w  d a t a  and t h e  p i c t o r i a l  d i s p l a y ;  t h e  p l o t  f i l e  c a n  a l s o  be  d i r e c t l y  c r e a t e d  o r  
modi f i ed  by t h e  h o s t  e d i t o r ,  and s t o r e d  o r  r e t r i e v e d  v i a  t h e  u s e r ' s  h o s t  f i l e  
d i r e c t o r y .  The a c t u a l  CRT graph  d i s p l a y  i s  g e n e r a t e d  from t h e  p l o t  f i l e ,  v i a  a 
DI-3000 based i n t e r a c t i v e  p l o t t i n g  package.  DI-3000 i s  a n  ACM SIGGRAPH Core s t a n d a r d  
g r a p h i c s  s u p p o r t  package,  which I A C  h a s  u t i l i z e d  i n  i t s  g r a p h i c s  s o f t w a r e  development.  

(CARD IMAGE FORMAT) 

GRAPHICS APPLICATIONS 
GEOMETRY 
MATH MODELS r------------- 
IFIELD DESCRIPTIONS] 
L 

IGRAPHSJ 
TUTORIAL 

TO SELECT/DEFINE 
PLOT DATA 

EDITOR 

Dl-3000 BASED 
2-D PLOT 

SOFTWARE 

DISPLAY 
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TECHNICAL MODULE ACCOMPLISHMENTS 

The FY 81 accomplishments related to technical modules are summarized in 
Figure 9. The new MSC NASTRAN Version 61 was implemented within IAC. This required 
modification of several IAC/NASTRAN interface modules because of some NASTRAN upward 
incompatibilities in solution procedures and DMAP modules. The DISCOS program was 
enhanced to include effects of time varying quasi-static. thermal and mechanical 
loadings (IAC thermal/structural/control solution path). The TRASYS radiation ana- 
lyzer was implemented, with some streamlining in the user/JCL .interface and in the 
handling of TRASYS scratch files. The associated graphics module TRASPLOT was also 
implemented within IAC. The SINDA module (including the SINFLO fluid flow ca- 
pability) was implemented with some modifications similar to those for TRASYS. The 
ORACLS software package was converted from the CDC to VAX host computer, consistent 
with FORTRAN '77 language syntax. The IAC/ORACLS implementation provides for execu- 
tion of both standard and user-defined driver programs for selected groups of ORACLS 
routines. A particular standard driver has been developed for design of a continuous 
or discrete regulator. 

As stated earlier, one of the long-term IAC objectives is to provide a general 
framework which simplifies the incorporation of new modules into the system. This 
objective can best be met by an evolutionary process, and some initial results have 
been achieved during the Level 0 development. Ageneraltable-driven set of module 
execution software has been developed, which reduces the executive code required to 
implement a new module. Some improved techniques have been devised for handling 
module scratch storage and output listing file requirements. Standard JCL procedures 
have been developed, which have general applicability to many FORTRAN '77 oriented 
modules. 

MSC NASTRAN 
- New version 61 implemented 
DISCOS 
- Mods to include quasi-static thermal loadings 
TRASYS 
- Computational module T RASY S implemented 
- Graphics module TRASPLOT implemented 
SINDA 
- Computational module Sl N DA implemented 

@ ORACLS 
- Conversion from CDC to VAX 
- Provision for both standard and user-defined drivers 
- Driver developed for continuous or discrete regulator 

Techniques to simplify incorporation of new modules 

Figure 9 



DATA-FLOW ACCOMPLISHMENTS 

A primary task of IAC is to integrate (or interface) various existing technol- 
ogies and capabilities, via establishment of appropriate data flow between them. The 
FY 81 accomplishments related to data flow are summarized in Figure 10. 

Interface modules have been developed or extended for NASTRAN thermal, dynamics 
and statics solutions. These modules accomplish the transfer of data between NASTRAN 
and the IAC database, and in some cases provide automated generation for portions of 
a NASTRAN input file. DISCOS is capable of obtaining input data arrays directly from 
the IAC database. The Level 0 development has provided the capability for DISCOS to 
obtain time varying modal thermal displacement data from the database. The IAC/ORACLS 
implementation emphasizes direct communication with the database and utilizes many 
of the IAC data handling tools for matrix definition, manipulation and display. The 
Level 0 development has provided the capability for ORACLS to transfer arbitrary 
matrices to and from the IAC database. A SINDA interface module has been developed 
to transfer particular output results to the database. A subroutine has been added 
to TRASYS which allows radiation results to be created in NASTRAN consistent input 
format. A mesh-point interpolator (MIMIC) has been implemented which aids in trans- 
forming field variables from one math model to another. The interfaces necessary to 
support the IAC thermal/structural/control solution path have been completed. 

Looking to the future, there will undoubtedly be some useful technical modules 
which do not execute within IAC or communicate with an IAC database. Therefore, 
some prototype IAC tools have been developed to provide general data flow between 
module formatted host files and an IAC database. 

IAC module interfaces 
- NASTRAN THERMAL 
- NASTRAN DYNAMICS (normal modes) 
- NASTRAN STATICS 
- DISCOS 
- ORACLS 
- SINDA 
- TRASYWNASTRAN 
Non-IAC module interfaces 
- Host-f ile/l AC-database transformation capabilities 
Modeling integration 
- MIMIC (mesh point interpolator) implemented 
Solution Path IV (thermal/structural/control) completed 

Figure 10 



The IAC thermal/structural/control solution path was accomplished during FY 81. 
It provides a time-domain system dynamics analysis, including the effects of time- 
varying but quasi-static thermal loads (dynamic changes in configuration are assumed 
not to affect the thermal loading). Four major technical modules are involved in 
this solution path-- transient thermal, dynamic normal modes, static deformation, and 
system dynamics (including controls effects). 

Operation of the last part of this solution path is illustrated in Figure 11, 
including only NASTRAN and DISCOS as the last two above mentioned technical modules. 
(Required data from the transient thermal and the normal modes analyses are assumed 
to be already existing in the database.) As shown, the user supplies a NASTRAN 
statics partial input file, containing a nodal-based math model. Interface software 
is then executed which creates an enhanced input file, using mode shapes and transient 
nodal temperatures from the database. This process automatically generates NASTRAN 
thermal load sets, and converts the model from a nodal to a modal basis via an 
approach similar to static condensation. The NASTRAN statics analyzer is then 
executed and the computed time-varying modal thermal displacements are stored in the 
database. Nodal displacements can also be made available for user evaluation and 
display. A DISCOS time-domain analysis is finally performed, using the modal thermal 
displacements as quasi-static loadings along with mode shapes and modal character- 
istics also in the database. 

It should be noted that although this solution path is primarily oriented 
toward quasi-static thermal loadings, it is equally applicable to quasi-static 
mechanical loadings since general time varying modal displacement loadings are 
passed to the system dynamics analyzer. 

USER-DEFINED 
MODEL AND 
LOADS DATA 

NASTRAN PARTIAL 
INPUT FILE 

BASIS TRANSFORMATION 

THERMAL LOADCASE 

NASTRAN TIME VARYING 
STATICS MODAL THERMAL 

TECHNlCAL MODULES ANALYSIS DISPLACEMENTS 
TFlANSlENT THERMAL 
NORMAL MODES 
STATIC DEFORMATION 
SYSTEM DYNAMICS 
- TIME-DOMAIN 
- Ot..jASl-SlATlC THERMAL DATABASE 

u 
MODE SHAPES SYSTEM DYNAMICS 

TIME-DOMAIN 
CHARACTERISTICS 

Figure 11 



PLANNED LEVEL 1 ARCHITECTUKE 

P a r t  6f t h e  FY 81 a c t i v i t y  h a s  i n v o l v e d  t h e  p l a n n i n g  o f  d e t a i l s  f o r  t h e  
i n i t i a l  o p e r a t i o n a l  ( L e v e l  1 )  s o f t w a r e  t o  b e  comple t ed  d u r i n g  CY 8 2 .  The p l a n n e d  
L e v e l  1 a r c h i t e c t u r e  i s  d e s c r i b e d  i n  f i g u r e  1 2 .  

L i m i t e d  e v a l u a t i o n  and  t e s t i n g  pe r fo rmed  t h u s  f a r  on t h e  Level  0 s o f t w d r e  
i n d i c a t e s  t h a t  i t  w i l l  p r o v i d e  a  s o l i d  f o u n d a t i o n  f o r  d e v e l o p i n g  t h e  o p e r a t i o n a l  
s y s t e m .  However, i t  must b e  r e c o g n i z e d  t h a t  L e v e l  0 LAC is  o n l y  a p r o t o t y p e  
p r o d u c t ,  and  c o n s i d e r a b l e  v i t a l  work r ema ins  t o  be  done d u r i n g  FI 82 i n  p r o v i d i n g  
a g e n e r a l l y  u s a b l e  c a p a b i l i t y .  T h i s  work i n c l u d e s  advancement  of t h e  module d a t a -  
f l o w  l i n k s  ( S o l u t i o n  P a t h s  IL t o  I V )  t o  l a r g e - p r o b l e m  o p e r a t i o n a l  s t a t u s ,  c o m p l e t i o n  
o f  c r i t i c a l  s u p p o r t i n g  c a p a b i l i t i e s  i n  t h e  e x e c u t i v e  and d a t a  h a n d l i n g  a r e a s ,  imple-  
m e n t a t i o n  of a d d i t i o n a l  modules ,  code  debugg ing ,  and  f u r t h e r  documen ta t ion  of  t h e  
s y s t e m .  

The l i s t  o f  a v a i l a b l e  I A C  t e c h n i c a l  modules w i l l  b e  expanded th rough  a j o i n t  
e f f o r t  by Boe ing  and  NASA GSFC, w i t h  t h e  i m p l e m e n t a t i o n  of  t h e  SPAR s t r u c t u r a l  and 
t h e r m a l  c a p a b i l i t i e s  , ~ n d  t h e  c o n t r o l s  modules SMISAN and PIODEL. Some a d d i t i o n a l  
c a p n b i l i t i e s  w i l l  b e  added t o  ORACLS and  DISCOS, i n c l u d i n g  improved d a t a  communi- 
c a t i o n  w i t h  o t h e r  c o n t r o l s  programs.  The R I M  ( R e l a t i o n a l  I n f o r m a t i o n  Management) 
module w i l l  b e  implemented w i t h i n  I A C .  T h i s  w i l l  make a v a i l a b l e  t h e  RIM q u e r y  p ro -  
c e s s i n g  c a p a b i l i t i e s  and a l s o  p r o v i d e  f o r  a  l i n k  t o  a v a i l a b l e  IPAD ( I n t e g r a t e d  - 

Programs - f o r  Aerospace  - - Des ign )  s o f  twa rc .  

MODULE PLOTZD 
DRIVERS 

SYSTEM DYNAMlCS 

INTERACTIVE I] 1-1 
2r 
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T h e  :)lultiOl>t imal I) i  t ' f e r c ~ i t  i :11 Lquation I, ,~tigu:~gc p ro \  i d c s  a  means f o r  gencrat ing 
numerical s o l u t i o n s  t o  systems of d i f f e r e n t i a l  equat ions using a  d i g i t a l  computer. 
The no ta t ion  of  t h i s  language i s  s imi l a r  t o  t h a t  u sua l ly  used i n  descr ib ing  
phys ica l  systems by d i f f e r e n t i a l  equat ions.  Thus, t h e  learn ing  process  i s  
s impl i f ied ,  programming becomes e a s i e r ,  and debugging i s  more r e a d i l y  accomplished. 
Programs w r i t t e n  i n  the ' l u l t  iOpt imal L ) i  f f c r c n t  i a l  i q i i ; ~ t  ion Language a re  machine 
t r a n s l a t e d  i n t o  FORTRAN 4 code which i s  optimal i n  severa l  r e s p e c t s .  

The i n t e r a c t i v e  vers ion  of MODEL makes use  of  i n t e r a c t i v e  system r o u t i n e s  so  t h a t  
t h e  use r  may observe t h e  s o l u t i o n  a s  it i s  being generated and i n t e r a c t  with t h e  
program i n  a  manner s imi l a r  t o  t h a t  assoc ia ted  with analog s imula t ion .  

The DISCOS-Control ve r s ion  of t h e  MODEL s imulat ion language i s  used t o  desc r ibe  
t h e  con t ro l  system f o r  a  p l a n t  which i s  modelled by the  DISCOS program. DISCOS 
p l a n t  v a r i a b l e s  may be referenced i n  t h e  con t ro l  system d e s c r i p t i o n  and a l l  t h e  
sensor  s igna l s ,  coupling torques (e .g . ,  motors),  momentum devices  ( e . ~ . ,  f lywheels) 
and ex te rna l  loads ( j e t s ,  magnetics, e t c . )  a r e  au tomat ica l ly  l inked t o  t h e  DISCOS 
p l a n t  model. 

A l l  MODEL development work i s  being done a t  NASA CSFC by Benjamin G .  Zimmerman. 
This  in-house work i s  proceeding on schedule; however, assoc ia ted  documentation 
i s  not  y e t  ready f o r  general  r e l e a s e .  

A F A M I L Y  OF PROGRAMS WHICH OUTPUT O P T I M A L L Y  WRl TTEN FORTRAN 
PROGRAMS AND SUBROUTINES FOR DYNAMICS A N A L Y S I S  

INPUT' :  NCIN-LINEAR ORDINARY D I F F E R E N T I A L  EQUATIONS ( O D E ' S )  I N  
STANDARD MATH EMAT l CAL NOTAT l ON 

-- - FOR EXAMPLE --- 

D E R I V E D  EQUATIONS INPUT TO MODEL 

i = E  t a n ( x j )  X '  = E * T A N ( X * Y ' )  

END 



THE MODEL FAMILY OF PROGRAMS 

MODEL i s  n o t  a  new program a t  NASA/GSFC; v a r i o u s  v e r s i o n s  o f  it have been i n  u s e  
s i n c e  1971. These v e r s i o n s  however i n t e r f a c e d  o n l y  w i t h  hardware used by t h e  
Guidance and Cont ro l  Branch a t  GSFC. The IAC program h a s  p rov ided  t h e  impetus t o  
n o t  on ly  r e w r i t e  t h e  program i n  a  more machine p o r t a b l e  form b u t  t o  a l s o  c r e a t e  a  
fami ly  o f  MODEL programs. Th is  f a m i l y  o f  programs w i l l  s i g n i f i c a n t l y  expand 
a n a l y s i s  c a p a b i l i t i e s  v i a  use  o f  a  s i m u l a t i o n  language program. 

MODEL-I i s  i n  e f f e c t  t h e  MODEL program t h a t  has  been used f o r  p r o j e c t  suppor t  work 
by t h e  GEC Branch s i n c e  1971. I t  i s  now c o n s i d e r e d  t o  be f u l l y  checked o u t  and 
bug f r e e .  

MODEL-C i s  a r e s p o n s e  t o  u s e r s  t h a t  d e s i r e  a  more u s e r  f r i e n d l y  i n t e r f a c e  between 
t h e  e q u a t i o n s  which d e f i n e  c o n t r o l  system dynamics and t h e  DISCOS program. I t  i s  
now p o s s i b l e  t o  use  MODEL-I f o r  s t a n d a l o n e  c o n t r o l s  a n a l y s i s  and t h e n  t o  u s e  t h e  
FIODEL-I i n p u t  f i l e  a s  i n p u t  t o  MODEL-C t o  o b t a i n  s u b r o u t i n e  CONTRL f o r  a  coupled 
c o n t r o l s  s t r u c t u r e  i n t e r a c t i o n  a n a l y s i s  v i a  DISCOS. 

MODEL-S is n e a r i n g  t h e  f i n a l  complet ion s t a g e .  I t  i s  designed t o  a l l o w  t h e  u s e r  t o  
r e a d i l y  i n p u t  sampled d a t a  c o n t r o l  e q u a t i o n s .  While MODEL-I can and has  been used 
f o r  sampled d a t a  c o n t r o l s  a n a l y s i s ,  u s e r s  had t o  s e t  up ze ro  o r d e r  h o l d s  and d i g i t a l  
computat ional  d e l a y s  a s  l o g i c  f u n c t i o n s .  With MODEL-S, u s e r s  will be capab le  o f  
d e f i n i n g  sampled d a t a  c o n t r o l l e r s  i n  a  much more u s e r  f r i e n d l y  manner. 

MODEL-I  I N P U T :  NON-LINEAR T I M E  DOMAIN O D E ' S  

OUTPUT : FORTRAN PROGRAM FOR "TRUE" I N T E R A C T I  V E  
T l M E  DOMAIN A N A L Y S I S  

MODEL-C I NPUT : NON-L I NEAR ODE ' S WH l CH DEF l  N E  CONTROL SYSTEM 
DYNAMICS FOR THE D I S C O S  PROGRAM 

O U T P U T :  FORTRAN SUBROUTINE COMPATIBLE W I T H  D I S C O S  CONTROL 
SYSTEM D E F I N I T I O N  NEEDS 

MODEL-S I N P U T  : NON-L I  NEAR SAMPLED DATA CONTROL SYSTEM EQUAT I  ONS; 
NDN-LINEAR O D E ' S ,  ZERO ORDER HOLDS AND D I G I T A L  
COMPUTATIONAL DELAYS 

OUTPUT : FORTRAN PROGRAM F O R  "TRUE" INTERACT I Y E  
T l M E  DOMAIN A N A L Y S I S  



TRIVIAL DEMONSTRATION PKORl.,EM 

? h e  a d m i t t e d l y t r i v i a l  demons t ra t ion  problem i s  p r e s e n t e d  t o  d r a m a t i z e  t h e  
s i m p l i c i t y  o f  s e t t i n g  up t h e  i n p u t  d a t a  r e q u i r e d  by any o f  t h e  MODEL f a m i l y  o f  
programs. Line  1 d e f i n e s  which o f  t h e  MODEL f ami ly  i s  t o  be used,  on l i n e  2 
t h e  e q u a t i o n  which d e f i n e s  t h e  sys tem i s  w r i t t e n  and on l i n e  3 an END s t a t e m e n t  i s  
p rov ided .  

Users  need n o t  s p e c i f y  i n p u t  pa ramete r  v a l u e s  f o r  K ,  D ,  \5 o r  any i n i t i a l  c o n d i t i o n .  
MODEL w i l l  p rov ide  d e f a u l t  v a l u e s  f o r  a l l .  The u s e r  i s  f r e e  t o  o v e r r i d e  them when 
i n p u t  d a t a  i s  r e a d  i n t o  t h e  MODEL w r i t t e n  program. Far thermore  i f  no o u t p u t  
s e l e c t i o n  commands a r e  g i v e n ,  MODEL o u t p u t s  a11 t iniv va ry ing  s t a t e  v a r i a b l e s  t o  t h e  
l i n e p r i n t e r .  "True" i n t e r a c t i v e  p l o t  and a n a l y s i s  c a p a b i l i t i e s  are  a v a i l a b l e  by 
i n s e r t i o n  o f  one more l i n e  o f  i n p u t  d a t a .  

ZOH ZERO ORDER HOLD 
COD ( D  I G I  T A L )  COMPUTAT I O N A L  DELAY 

T 

MODEL PROGRAM I N P U T  
M O D E L - I  /&CQNT I N U O U S  SYSTEM] 
X "  = S I N ( W * T )  - K*X - D * x '  
END 

MODEL-S &SAMPLED D A T A  S Y S T E ~  
xu = S I N ( W * T ) -  C O D ( K * Z O H ( X )  + O * Z O H ( X ~ )  
END 
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DISCOS 

A DIGITAL PROGRAM FOR THE DYNAMIC INTERACTION SIMULATION 
OF CONTROL AND STRUCTURE 

The prime emphasis wi th  r e s p e c t  t o  DISCOS ( r e f  1) o v e r  t h e  p a s t  y e a r  h a s  been i n  
responding t o  t h e  d e s i r e s  o f  s e v e r a l  u s e r s  f o r  a  more u s e r  f r i e n d l y  i n p u t  d a t a  
i n t e r f a c e .  

I t  i s  c u r r e n t l y  p o s s i b l e  t o  e n t e r  a l l  s t a n d a r d  DISCOS i n p u t  d a t a  v i a  keyboard 
response  t o  t u t o r i a l  prompts,  g e n e r a t e d  by t h e  DISCOS t u t o r i a l  i n p u t  program 
w r i t t e n  by Joan  Sanborn a t  GSFC. 

With r e s p e c t  t o  t h e  " u s e r  s u p p l i e d  s u b r o u t i n e s "  f o r  DISCOS, i t  has  been demonstra ted 
a t  GSFC t h a t  t h i s  need can t o  a  major e x t e n t  b e  e l i m i n a t e d .  The breadboard 
demons t ra t ion  program which proved t h i s  a b i l i t y  i s  c u r r e n t l y  being i n c o r p o r a t e d  
i n t o  DISCOS. 

I n  t h e  p r o c e s s  o f  c o n v e r t i n g  DISCOS from t h e  I B M  computer t o  t h e  VAX, a  documentation 
program was w r i t t e n .  ALL DISCOS program documentation i s  now c o n t a i n e d  w i t h i n  t h e  
s o u r c e  code.  The documentation program i s  c a p a b l e  o f  r e c o g n i z i n g  d e l i m i t e r s  w i t h i n  
t h e  s o u r c e  code and g e n e r a t i n g  t h e  f u l l  DISCOS REFERENCE GUIDE. Up t o  d a t e  
documentation i s  now always a v a i l a b l e  t o  DISCOS u s e r s  v i a  a  r e r u n  o f  t h e  
documentation program. 

**** NEW C A P A B I L I T I E S  **** 

T U T O R I A L  PROGRAM TO SET U P  I N P U T  DATA 

D I S C O S  TO MODEL-C INTERFACE 

DISCOSJVAX CREATED FROM D I S C O S / I B M  (COSMIC STANDARD) 

PROGRAM T O . W R I T E  D I S C O S  REFERENCE G U l O E  



SAMSAN 

Controls analysts have access to a vast array of published algorithms to solve an 
equally large spectrum of controls related computational problems. Unfortunately 
the subroutines which implement the algorithms do not always readily interface with 
each other, and furthermore they are frequently less applicable than their 
creators imply in accompanying documentation (ref 2). 

SAMSAN is an attempt to collect together in one self-consistent library a complete 
set of computational algorithms which are applicable for large order classical 
controls analysis. The SAh1SAN library is biased toward numerical accuracy; 
computational speed is important but accuracy is given higher priority. An 
attempt is made to include only those algorithms which are backed up by rigorous 
numerical error analysis and are applicable for large order control system 
analysis, i. e. , order less than about 200. 

The limit of about 200 is arrived at from practical computational speed 
considerations and more importantly from the fact that most .i-terative algorithms 
associated with non-symmetric matrices yield results which are exact for some 
matrix A+E where E is viewed as error in knowledge of A .  Furthermore if the 
associated computing problem is well-conditioned t h e  norm of E is usually given as: 

P - B 
NORF.I(E) < K * N * 2 * NORhI(A)  

K is about equal to 10.0 
N is the order of the non-symmetric matr ix  "A" 
P is about equal to 2.0 
B is about equal to 52 (DOUBLE PRECISION ON IBM) 

In application when N exceeds about 200 and "A" contains a fair spread in numeric 
magnitudes, the norm of I I  gets disturbingly 1 a rgc  . 

A COLLECTION OF NUMERICALLY SUPERIOR ALGORITHMS 

FOR SAMPLED DATA CONTROL SYSTEM ANALYSIS 

WHY? 

A SELF-CONSISTENT SET OF NUMERICALLY RELIABLE ALGORITHMS 

FOR LARGE ORDER CONTROL SYSTEM ANALYSIS DOES NOT EXIST  

MANY STANDARD CONTROLS ANALYSIS METHODS ARE BASED UPON THE 

NEED TO SET UP AND SOLVE AN ILL-CONDITIONED COMPUTING PROBLEM 



ILL-CONDITIONED COMPUTING PROBLEMS 

The most common function appearing in classical controls analysis literature is 
the polynomial in power series form. Unfortunately if one desires to analyze 
large order control system problems via use of polynomials in power series form, 
one will almost assuredly encounter numerical computation problems. This fact 
is one of the most important results of numerical error analysis. It is also one 
of the most consistently ignored facts in frequency domain analysis. 

The symmetric matrices arrived at in structures analysis are guaranteed to have 
a linearly independent eigenvector for every eigenvalue. This fact leads to the 
ability to generate reduced order dynamic models via modal analysis. 

The non-symmetric matrices of controls and structures-controls analysis do not 
necessarily and usually do not have a full set of linearily independent eigen- 
vectors. This fact prohibits a complete decoupling of the system equations via 
eigen analysis. Theoretically the best that can be done is to almost decouple the 
equations by reducing the associated matrix to Jordancanonical form. This 
cannot be done using floating point arithmetic. Furthermore if one unsuspect- 
ingly requests all eigenvectors for a matrix which does not have a full set, the 
net result will be either a singular or a near singular eigenvector matrix and 
hence one useless for modal analysis. 

MODERATE DEGREE POLYNOMIALS I N  POWER S E R I E S  FORMAT, ( N  .GE. 15)  

COMPUTAT l ON OF POLYNOM l AL ROOTS 

EVALUATION OF POLYNOMIAL NEAR A ROOT 

NON-SYMMETRIC MATRICES 

l NVERS l ON OF NEAR S INGULAR E l  GENVECTOR MATR l  CES 

REDUCTION OF M A T R I X  TO JORDAN CANONICAL FORM 



SAMSAN 

****  NEW CAPAaILiTIES * * * *  

The most common o r i g i n  o f  h igh  degree  polynomials  i n  c o n t r o l s  a n a l y s i s  i s  from 
t h e  expansion o f  de te rminan ts  o f  polynomials  i n  e i t h e r  t h e  Laplace v a r i a b l e  "S" 
o r  t h e  Z- t ransform v a r i a b l e  "Z". Bru te  f o r c e  expansion and combination o f  l i k e  
power terms l e a d s  n a t u r a l l y  t o  power s e r i e s  polynomials .  

SW1SAN has  an a l g o r i t h m  which w i l l  de termine a l l  e igenva lues  o f  a  m a t r i x  o f  
low t o  moderate degree  polynomials .  By us ing  t h i s  L ~ l g o r i t h m  i t  is p o s s i b l e  t o  
o b t a i n  polynomials  a s s o c i a t e d  w i t h  d e t e r m i n a n t a l  e x p r e s s i o n s  i n  f a c t o r  polynomial 
form, a  more d e s i r a b l e  form from t h e  s t a n d p o i n t  o f  numerical  a n a l y s i s  ( r e f  3 ) .  

SAMSAN c o n t a i n s  t h e  a l g o r i t h m s  a s s o c i a t e d  wi th  t h e  program BLOCK IT d i s t r i b u t e d  
by COSMIC. These a l g o r i t h m s  enab le  one t o  reduce a  non-symmetric m a t r i x  t o  block 
d iagona l  form v i a  a  r e a l  n o n - s i n g u l a r  t r a n s f o r m a t i o n  m a t r i x .  The n e t  r e s u l t  i s  
t h a t  SAMSAN u s e r s  have t h e  a b i l i t y  t o  a lmost  decouple a  f u l l  s e t  o f  system 
e q u a t i o n s  and o b t a i n  rcduced o r d e r  models v i a  a q u a s ~  -modal a n a l y s i s  method. 

Frequency domain a n a l y s i s  merhods have been a  mainstay o f  c o n t r o l s  d e s i g n  methods 
f o r  t h e  p a s t  s e v e r a l  decades .  S u r p r i s i n g l y ,  a l g o r i t h m s  f o r  g e n e r a t i n g  f requency 
response  d a t a  a r e  no t  widely  d i s t r i b u t e d .  

SAMSAN u s e r s  have a f u l l  f requency response  comput:ition c a p a b i l i t y .  Frequency 
response i n  t h e  "S", "Z"  o r  "W" domain i s  a v a i l a h l ~ ~  v i a  a l g o r i t h m s  wi th  advanced 
s t e p p i n g  l o g i c .  

COMPUTE ALL EIGENVALUES OF A MATRIX OF LOW DEGREE POLYNOMIALS 

COMPUTE THE REAL NON-SINGULAR TRANSFORMATION MATRIX WHICH WILL 

REDUCE A REAL NON-SYMMETRIC MATRIX TO BLOCK DIAGONAL FORM 

FOR TRANSFER FUNCTIONS DEFINED AS POLYNOMIAL RATIOS I N  EITHER 

THE " s " ,  OR " 2 "  DOMAIN, COMPUTE BODE, NICHOLS, NYQUIST  & ROOT 

LOCUS FREQUENCY RESPONSE DATA I N  E l  THER * s *  , *z" OR " w "  OOMA l N 
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INTRODUCTION 

LSS preliminary and conceptual design requires extensive iterative 
analysis because of tlle effects of structural, thermal, and control inter- 
coupling. Langley Research Center is developing a comput'er aided design 
program that will permit integrating and interfacing of required large 
space system (LSS) analyses. The primary objective of this program is the 
implementation of modeling techniques and analysis algorithms that 
permit interactive design and trade-off studies of LSS concepts. This 
paper presents an overview of the status of the program and the capa- 
bilities added through performance of contract NAS1-16447 by the Denver 
Division of Martin Marietta Aerospace. This contract was sponsored by 
the LRC Systems and Experiments Branch. Contract officer was U.M. Lovelace 
with computer-aided design activity monitored by Dr. L. B. Garrett. 



LARGE ADVANCED SPACE SYSTEM (LASS) DESIGN COMPUTER PROGRAM 

Figure 1 shows the capabilities of the Langley Systems and Experi- 
ments Branch Large Advanced Space Systems (LASS) compu t c r-aicicd design 
program before performance by Martin Marietta of Task 3 of Contract NAS1- 
16447. The LASS program initially was implemented on a CDC main frame. 
It is an analysis tool to be used in preliminary and conceptual design 
of LSS. The analysis modules shown use algorithms that will permit 
interactive analysis. Thus they each take only a few seconds of computer 
time for execution. Besides instantaneous outputs they also combine to 
create dynamic analysis program inputs for off-line (or batch) structural 
analysis. 
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System 
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Avid Analog 
Data Base 

Structural 
Analysis 

Avid Data General Program 
Management 

Truss Structure 
Static Loads 

Necessary 
Static Thrust 

Figure 1 



LASS WITH EXPANDED CAPABILITY 

Figure 2 details the capabilities of the LASS program upon completion 
of the contract. Eight new software modules were added to the program. 
The existing rigid body controls module was modified to include solar 
pressure effects. The new model generator modules and appendage synthe- 
sizer module are integrated (interfaced) to permit interactive definition 
and generation of LSS concepts. The mass properties module permits 
interactive specification of discrete masses and their locations. The 
other new or modified modules permit interactive analysis of orbital 
transfer requirements, antenna primary beam gain, and attitude control 
requirements. In its present configuration, the program is best used 
with a graphics terminal compatible with a Tektronix model 4014 although 
other standard terminals may be used. Extensive outputs are automatically 
w r i t t e n  o n t o  files for o f f - l i n e  printing. 

User Terrn~nal 

Executive L-,] . . . . 
Mass Appendage 
Propert~es Synthes~zer 

Generators 
Synthes~zer 

Box R ~ n g  0 0  

Radial Rib.. Job E xecut~on Hard Output 

NASTRAN 

Data Base -& 4 Modified Module 
0. New Module 

Figure 2 



AUTOMATED MODEL GENERATOR INPUT~OUTPUT 

Each new automated model generator module provides the user with 
the ability to interactively specify the configuration inputs to permit 
automatic modeling of a LSS structure. The truss model generators 
create only the reflective surface support model, while the hoop- 
column and radial rib modules have options to include center feed 
masts, stays, and hoop elements. Figure 3 shows the general types of 
parameters that must be input for model generation and the outputs that 
result. Each model generator creates geometry, element, and property 
model data in NASTRAN format. A 1.RC-dcvcl oped post processor ref ormats 
this data for SAP structural analysis program execution. The output 
files are used and may be modified upon subsequent execution of the 
Appendage Synthesizer Module and/or Mass Properties Module to permit 
rapid and efficient creation and analysis of different LSS concepts. 

Figure 3 

Dynamic Model File 
'L 

Mass Properties File 
b 

Data Base File * 

Structural Entity Definition * 

Overall Size Definition 
) 

DensityIMass Definition 
h 

Properties Definition 
L 

Model 

Generator 

Module 



APPENDAGE SYNTHESIZER MODULE INPUT/OUTPUT 

The Appendage Synthesizer Module provides the capability of inter- 
actively specifying and modeling the structural elements and masses 
associated with the feed beam and feed support masts. Figure 4 shows 
the input parameters to be specified by an interactive user for creating 
models of these appendages and for updating the dynamic model and mass 
property matrices files to reflect the appendages' addition to the 
structure. There are six automated mast element model generators 
included in the module. A user may select the type of element and he 
is then prompted to specify the appropriate mass parameters. This 
module provides the capability of comparing effects of different 
types of feed configurations with the same or different base structures. 
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MASS PROPERTIES MODULE INPUT/OUTPUT 

The final stage in LASS modeling of a complete LSS spacecraft 
involves the Mass Properties Module. The module permits modification 
of concentrated masses at model grid points and thus provides the 
capability of analyzing effects of placing auxiliary equipment at 
different locations on the LSS. This module also performs the cal- 
culations required to determine total dry S I C  mass, center of mass 
coordinates, and inertias. In addition, a mass breakdown is output 
identifying the contribution to total mass of the various structural 
elements in the particular model. Figure 5 shows the general input 
and output capabilities of this module. The module data base contains 
configuration information (e.g. the type of basic structure). The mass 
properties matrices contain node, connectivity, and property data in 
unformatted form. These data may be used to calculate overall areas 
needed for force and torque calculations in the controls analysis 
module. 

* New or Modified 

Data Base File + 

Mass Properties File 
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Dynamic Model File 
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RCD MODULE INPUT/OUTPUT 

Upon c o m p l e t i o n  o f  model g e n e r a t i o n  t h e  u s e r  can  pe r fo rm o n e  o f  
t h e  i n t e r a c t i v e  a n a l y s e s  o r  can  choose  t o  pe r fo rm a  b a t c h  e x e c u t a b l e  
a n a l y s i s  u s i n g  NASTRAN o r  SAP. The i n t e r a c t i v e  a n a l y s e s . a d d e d  d u r i n g  
t h e  c o n t r a c t  i n c l u d e  o r b i t a l  t r a n s f e r  and r f  a n a l y s i s  p l u s  t h e  a b i l i t y  
t o  d e t e r m i n e  a t t i t u d e  c o n t r o l  sys t em r e q u i r e m e n t s  t h a t  r e s u l t  f rom s o l a r  
f l u x ,  a e r o  d r a g ,  and g r a v i t y  g r a d i e n t .  The o r b i t a l  t r a n s f e r  model 
migh t  b e  used  f i r s t  i n  o r d e r  t o  d e t e r m i n e  wet  s p a c e c r a f t  mass and t o  
t h e n  r e c a l c u l a t e  t h e  mass p r o p e r t i e s .  T h i s  would l e a d  t o  r i g i d  body 
c o n t r o l s  (RCD) a n a l y s i s  u s i n g  t h e  RCD Module. F i g u r e  6 shows t h e  i n p u t /  
o u t p u t  c h a r a c t e r i s t i c s  of t h i s  module. I n t e r n a l  t o  t h e  module are t h e  
c a l c u l a t i o n s  t o  d e t e r m i n e  p e r t u r b i n g  f o r c e s  and t o r q u e s  and r e s u l t a n t  
momentum and f o r c e  b u i l d u p .  The i n p u t  d a t a  shown i s  c a r r i e d  i n  a  d a t a  
b a s e  f i l e  c r e a t e d  th rough  e x e c u t i o n  of  t h e  modules d e s c r i b e d  p r e v i o u s l y  
o r  by i n t e r a c t i v e  i n p u t .  O r b i t  d e f i n i t i o n  may be m o d i f i e d  t o  p e r m i t  
a n a l y s i s  o f  a  c o n c e p t  a t  d i f f e r e n t  o r b i t s .  Another  mode i s  a n a l y s i s  
of  c o n t r o l  r e q u i r e m e n t s  f o r  s e v e r a l  compet ing  s t r u c t u r a l  c o n c e p t s .  

Figure 6 
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LASS USER SCENARIO 

F igure  7 shows a  s c e n a r i o  r e p r e s e n t a t i v e  of  t h e  o p e r a t i o n s  t h a t  
might occur  when t h e  LASS program i s  used f o r  LSS concep tua l  d e s i g n .  
The feedback p a t h  from t h e  " I t e r a t e "  d e c i s i o n  b l o c k  shows t h a t  a  
u s e r  may go t o  any module i n  t h e  program. T h i s  i s  a  key f e a t u r e  
of t h e  i n t e r a c t i v e  c a p a b i l i t y  of LASS. A t  t h e  e x i t  from any module t 
u s e r  can e x e c u t e  any o t h e r  module o r  r e e x e c u t e  t h e  c u r r e n t  one.  
The "user  f r i e n d l y "  e x e c u t i v e  of  LASS r e a d i l y  p e r m i t s  i t s  use  by 
p e r s o n n e l  who a r e  n o t  c u r r e n t l y  mot iva ted  t o  u s e  a v a i l a b l e  s o f t w a r e  
t o o l s .  I ts  i t e r a t i v e ,  i n t e g r a t e d  a n a l y s i s  c a p a b i l i t y  makes i t  
a t t r a c t i v e  a s  a  sys tems a n a l y s i s  t o o l  t h a t  p r o v i d e s  q u a n t i t a t i v e  
e v a l u a t i o n  of competing concep t s .  The f a s t  r e sponse  of an  i n t e r -  
a c t i v e  environment l e n d s  i t s e l f  t o  i n c r e a s e d  c r e a t i v i t y  i n  t h a t  more 
c o n c e p t s  may be c r e a t e d  and ana lyzed  t h a n  i n  a  "batch" o p e r a t i n g  
mode. 

F i g u r e  7 
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DESIGN CONCEPTS FOR LARGE ANTENNA REF1,ECTOR STRUCTURES 

During t h e  p a s t  y e a r ,  As t ro  h a s  been working on t h e  d e s i g n  and a n a l y s i s  of t r u s s -  
t y p e  r e f l e c t o r  s t r u c t u r e s  u s i n g  expandable  mesh a s  an  r f  r e f l e c t i n g  s u r f a c e .  Th i s  
work, which is suppor ted  by a  c o n t r a c t  from Langley Xesearch C e n t e r ,  i s  mot iva ted  by  
t h e  e x c e l l e n t  accuracy  and s t i f f n e s s  performance i n d i c a t e d  by p r e v i o u s  a n a l y s e s  of  
t h e s e  t y p e s  of  s t r u c t u r e s .  

I n  o r d e r  t o  a c h i e v e  t h e  o b j e c t i v e ,  a number of ground r u l e s  were e s t a b l i s h e d  
which a r e  aimed a t  s i m p l i f y i n g  t h e  mechanizat ion of  t h e  t r u s s  c o n f i g u r a t i o n .  Most of 
t h e s e  ground r u l e s  a r e  b e i n g  used i n  o u r  work on s p a c e f l i g h t  hardware sys tems .  They 
have proven t o  be  v e r y  h e l p f u l  i n  keep ing  t h e  development,  f a b r i c a t i o n ,  and t e s t  c o s t s  
of d e p l o y a b l e  s t r u c t u r e s  under c o n t r o l .  The on ly  new one a r i s i n g  from t h e  c u r r e n t  
a p p l i c a t i o n  is  t h a t  of mesh a t t achment .  It i s  d e s i r e d  t o  f a s t e n  t h e  mesh d i r e c t l y  t o  
t h e  s u r f a c e  s t r u t s  of t h e  t r u s s  and avo id  i n t r i c a t e  sys tems of  s h a p i n g  w i r e s ,  t i e -  
downs, o r  h a r n e s s e s .  

OBJECTIVE 

CONCEIVE AND DEFINE A SPACE-DEPLOYED/ASSEMBLED 

REFLECTOR ANTENNA STRUCTURE U T I L I Z I N G  STOWABLE 

MESH AS THE REFLECTING SURFACE 

GROUND RULES 

SEQUENTIAL DEPLOYMENT 

METRIC DEPLOYMENT WITH CANISTER-MOUNTED ACTUATORS 

AUTOMATED DEPLOYMENT WITH ON-OFF CONTROL 

EFF IC IENT PACKAGING 

NO ADJUSTMENTS AFTER FABRICATION 

SIMPLE MESH ATTACHMENT 

L 
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TETRAHEDRAL TRUSS STRUCTURE 

The geometry investigated most intensively has been the triangular tetrahedral 
truss shown here. A square-type truss having the same topology has also been 
investigated. 

Figure 2 



TETRAHEDRAL TRUSS NOMENCLATURE 

The t e t r a h e d r a l  t r u s s  i s  composed of  s u r f a c e  s t r u t s  and c o r e  members. I n  t h e  
p a r t i c u l a r  d e p l o y a b l e  form i n v e n t e d  i n  t h i s  c o n t r a c t ,  t h e  e n t i r e  t r u s s  i s  viewed a s  
b e i n g  m d e  up o f  a number of p a r a l l e l  t r u s s  " r i b s "  conriected t o  each o t h e r  by i n t e r r i b  
s t r u t s  and members a s  shown on t h i s  f i g u r e .  

TRUSS-RIB UPPER  CHORD-^ 
T R U S S - R I B  DIAGONAL 
T R U S S - R I B  LOWER CHORD 

F i g u r e  3 



PARTIALLY DEPLOYED STRUCTURE 

I n  t h i s  new concept  of deployment, t h e  t r u s s  r i b s  a r e  deployed f i r s t  a l o n g  t h e i r  
l e n g t h ,  and t h e n  t h e  i n t e r r i b  members a r e  deployed.  T h i s  s k e t c h  shows f i v e  deployed 
t r u s s  r i b s  s t i l l  packaged t o g e t h e r  w i t h  f u l l y  deployed s t r u c t u r e  on e i t h e r  s i d e .  
These f u l l y  deployed t r u s s e s  have h i g h  s t i f f n e s s  and t h e  t r u s s  r i b s  sandwiched between 
them a r e  w e l l - c o n t r o l l e d  s imply by c o n t r o l l i n g  t h e  p o s i t i o n s  o f  t h e  two f u l l y  deployed 
p o r t i o n s .  The p o s i t i o n i n g  of t h e  f u l l y  deployed p o r t i o n s  i s  accomplished by deploy- 
ment mechanisms a t  t h e  two boundar ies  of  t h e  s t r u c t u r e .  

DEPLOYED 

DEPLOY ER 

PACKAGED DEPLOYED 

F i g u r e  4 



MID-DEPLOYMENT 

The deployment mechanisms a r e  i n d i c a t e d  i n  t h i s  f i g u r e  by t h e  s m a l l  h a l f  c i r c l e s .  
Appropr ia te  a c t u a t o r s  w i l l  g r a s p  t h e  f u l l y  deployed p o r t i o n s ,  move them a p a r t ,  and 
a l l o w  t h e  r e q u i r e d  amount of f u l l y  packaged t r u s s  t o  l e a v e  t h e  deployment mechanism. 

F i g u r e  5 



TRUSS R I B  WITH INTERRIB ELEMENTS 

A f u l l y  deployed s i n g l e  t r u s s  r i b  w i t h  i t s  a s s o c i a t e d  i n t e r r i b  e lements  is  shown 
i n  t h i s  f i g u r e .  Of c o u r s e ,  t h e  r i b  i t s e l f  packages n e a t l y  by a l l o w i n g  m i d s t r u t  j o i n t s  
t o  f o l d  outwards  a l l o w i n g  t h e  d i a g o n a l s  t o  l i e  a l o n g s i d e  each o t h e r .  The d i f f e r e n c e  
between t h e  p r e s e n t  packaging method and t h e  " s t andard  method," which i n v o l v e s  syn- 
chronous  deployment,  is  t h e  manner i n  which t h e  i n t e r r i b  e lements  a r e  packaged. 

F i g u r e  6 



SECOND-STAGE DEPLOYMENT 

This  s k e t c h  shows t h e  deployment of t h e  i n t e r r i b  e lements .  Note t h a t  o n l y  one of 
t h e  i n t e r r i b  s t r u t s  on each s u r f a c e  i s  f o l d e d  outward.  The o t h e r  s u r f a c e  s t r u t  f o l d s  
over  a g a i n s t  t h e  a p p r o p r i a t e  t r u s s  chord.  It i s  t h i s  a c t i o n  which a l l o w s  s e q u e n t i a l  
deployment. 

( a )  STOWED ( b )  P A R T I A L L Y  DEPLOY ED ( c )  DEPLOYED 

Figure  7 



CENTRAL JOINT 

The p r e v i o u s l y  d e s c r i b e d  t y p e  of deployment r e q u i r e s  s p e c i a l l y  des igned  j o i n t s .  
The c e n t r a l  j o i n t  a t  which n i n e  members i n t e r s e c t  i s  a  p a r t i c u l a r l y  tough d e s i g n  
problem. A f t e r  a c o n s i d e r a b l e  amount o f  e f f o r t ,  we have been a b l e  t o  d e s i g n  t h e  j o i n t  
shown h e r e  which h a s  a l l  t h e  p roper  a r t i c u l a t i o n s  and i n c o r p o r a t e s  b u t t r e s s e s  a s  
n e c e s s a r y  t o  s t a b i l i z e  t h e  j o i n t  when f u l l y  deployed.  Note t h a t  a l l  mot ions  a r e  
s i n g l e  h inge- type r o t a t i o n s .  

F i g u r e  8 



NINE-MEMBER CENTRAL J O I N T  

The f i r s t  example of t h e  nine-member c e n t r a l  j o i n t  i n  hardware form i s  shown i n  
t h e  photographs  h e r e .  The v a r i o u s  s t a g e s  o f  deployment of t h i s  j o i n t  a r e  shown. 

( a )  STOWED ' 3 j F I R S T - S T A G E  DEPLOYMENT 

( c )  ONE-SI?: SECOYO-STAGE DEPLOYllENT ( d )  FULLY DEPLOYED 

F igure  9 



MIDSTRUT HINGE 

The m i d s t r u t  h i n g e  is  a  re f inement  of  a  d e s i g n  which h a s  a l r e a d y  been f l i g h t  
proven on t h e  S e a s a t  S y n t h e t i c  Aper tu re  Radar E x t e n d i b l e  Suppor t  S t r u c t u r e .  The main 
problem s o l v e d  h e r e  was t o  squeeze  t h e  packaged h i n g e  i n t o  a  c r o s s - s e c t i o n a l  a r e a  no 
l a r g e r  t h a n  t h e  members t o  which i t  i s  a t t a c h e d .  

F i g u r e  1 0  



PACKAGING EFFICIENCY 

Each of  t h e  nine-member j o i n t s  package i n t o  a t r i a n g u l a r  c l u s t e r  shown h e r e .  The 
r a t i o  of deployed-to-stowed dimensions  is  determined by t i g h t l y  packaging t h e s e  
c l u s t e r s  t o g e t h e r .  Note t h a t  f o r  a c i r c u l a r  deployed s t r u c t u r e  t h e  package i s  s m a l l e r  
i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  r i b  t h a n  i t  i s  i n  t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  
r i b .  These packaging r a t i o s  a r e  c o r r e c t  f o r  f l a t  t r u s s  s u r f a c e s .  For doubly curved 
t r u s s  s u r f a c e s ,  t h e r e  may be  a necessa ry  i n c r e a s e  i n  package s i z e  caused by t h e  r e q u i r e -  
ment t o  a d j u s t  member l e n g t h s  s o  a s  t o  a c h i e v e  t h e  des igned geometry bo th  deployed and 
packaged. The amount of i n c r e a s e d  package s i z e  h a s  been s t u d i e d  f o r  a s p h e r i c a l  t r u s s  
s u r f a c e .  S e v e r a l  d i f f e r e n t  s t r a t e g i e s  of  l a y i n g  o u t  t h e  s t r u c t u r e  on t h e  s p h e r i c a l  
s u r f a c e  have been s t u d i e d ,  and one h a s  been s e l e c t e d  which minimizes t h e  p e n a l t y  i n  
package s i z e .  
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PACKAGED S I Z E  FOR SPHERICAL SURFACE 

The package s i z e  a long  and p e r p e n d i c u l a r  t o  t h e  t r u s s  r i b  d i r e c t i o n s  f o r  a  
s p h e r i c a l  s u r f a c e  a r e  shown h e r e .  The package s i z e  i s  nondimensional ized w i t h  r e s p e c t  
t o  t h e  t h e o r e t i c a l  v a l u e s  i n  t h e  t r u s s  r i b  d i r e c t i o n  f o r  z e r o  c u r v a t u r e .  The a b s c i s s a  
is t h e  r a t i o  of  f o c a l  l e n g t h  t o  d i a m e t e r .  The s m a l l e r  t h e  v a l u e  of  F /D,  t h e  more 
curved t h e  s u r f a c e  is. With t h e  p a r t i c u l a r  s t r a t e g y  used ,  t h e  i n c r e a s e  i n  package 
s i z e  due t o  c u r v a t u r e  a l o n g  t h e  t r u s s  r i b  is  g r a d u a l  and i s  caused by t h e  f a c t  t h a t  
t h e  s i z e  of  t h e  s u r f a c e  t r i a n g l e s  t e n d s  t o  g e t  s m a l l e r  a s  t h e  s u r f a c e  s l o p e  i n c r e a s e s .  
I n  t h e  c r o s s - r i b  d i r e c t i o n ,  t h e  geometry d i c t a t e s  i n e q u a l i t i e s  i n  t h e  deployed and 
packaged l e n g t h s  of  t h e  i n t e r r i b  c o r e  members. These l e n g t h  i n e q u a l i t i e s  a r e  a d j u s t e d  
by a p p r o p r i a t e l y  moving t h e  h i n g e  l o c a t i o n s .  A s  long  a s  t h i s  r e l o c a t i o n  a l l o w s  t h e  
h i n g e  t o  s t a y  w i t h i n  a  member, no packaging p e n a l t y  i s  i n c u r r e d .  However, f o r  s l e n d e r  
members a t  low enough F/D, t h e  h i n g e s  must go o u t s i d e  of t h e  member and t h e r e f o r e  
s t a r t  dominat ing t h e  package s i z e .  Thus, f o r  a  v e r y  s l e n d e r  member t h e r e  may be  s i g -  
n i f i c a n t  p e n a l t y  due t o  c u r v a t u r e .  However, f o r  a  s l e n d e r n e s s  of s a y  100 ,  v e r y  l i t t l e  
p e n a l t y  would be  expec ted .  

PACKAGE SIZE 
(3 dS/t)D DIRECTION 

CROSS-TRUSS-RIB DIRECTION 
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SEQUENTIALLY DEPLOYABLE TRUSS ANTENNA STRUCTURES FOR SPACE 

The accomplishments to date, the work planned next year, and what we recommend 
for the following year are shown here. It is the long-range intent of the effort to 
make the sequential deployable truss antenna available to potential users. 

PROGRAM SCHEDULE 

Table 1 

RECONMENDED 1983 

AUGMENT I1EDIUI l -SCALE MODEL TO 
INCLUDE TRUSS R I M  AND MORE BAYS 

INTEGRATE SIMULATED I lESH W I T H  
l lODEL 

D E T A I L  DESIGN AND F A B R I C A T E  
OPERATING DEPLOYER AND INTEGRATE 
W I T H  AUGllENTED I:EDIUF:-SCALE MODEL 

B U I L D  A FULL-LENGTH DEPLOYABLE 
TRUSS SEGl lENT L!ITH CURVED- 
SURFACE GEOFIETRY 

PERFORl l  SUPPORTING A N A L Y S I S  

i 

ACCOllPL ISHMENTS 

S E Q U E N T I A L  DEPLOYIlENT CONCEPT, 
GENERALIZED EXAFIPLES 

GENERALIZED TETRAHEDRAL 
TRUSS T R I A N G L E  TO SQUARE 

D E S I G N  FOR l1ESH FACETING ACCURACY 

HINGE-GE0I"ETRY A N A L Y S I S  

CONCEPT DEI40NSTRATION MODEL 

PACKAGE S I Z E  A i l D  LIEIGHT A i l A L Y S I S  

SHELL V I B R A T I O N  A N A L Y S I S  

H I G H - F I D E L I T Y  MODEL DESIGN AND 
COi iSTRbCTION 

SEOMETKICAL DETERMINATION 
FOR SPHERICAL SURFACES 

PLANNED 1982 

CONSTRUCT MEDIUM-SCALE DEPLOYAdL 
IODEL ( 1 - m  STRUT LENGTH) FROY 

1 / 2 - I N C H - D I A M E T E R  GRAPHITE-COMPOSITE 
T U B I N G  S U I T A B L E  FOR T E S T I N G  

DETERMINE GEOt1ETRY FOR PARABOLOI!)AL 
SURFACE 

DETERMINE FlETHODS FOR INTEGRAT 1 " ' ~  
REFLECTOR i lESH W I T H  STRUCTURE 

DESIG1.I H I N G E  GEOIIETRY FOR T P U S S - ? I l l  
P O I N T S  

DESIGN DEPLOYER ( P R E L I M I N A R Y )  

B U I L D  DEPLOYER V I S U A L I Z A T I O l l  ' ICgEL 

PERFORM SUPPORTING A N A L Y S I S  
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LARGE SPACE TRUSS STRUCTURE 

Previous s t u d i e s  have i d e n t i f i e d  truss structure such a s  i l l u s t r a t e d  i n  
Fig. 1 a s  a prime candida te  f o r  low-mass, large-area spacecraf t .  
and e r e c t a b l e  trusses have received cons iderable  a t t e n t i o n  f o r  this purpose, and 
both have their unique advantages and disadvantages.  
a r e  intended t o  be preassembled on e a r t h ,  packaged by f o l d i n g  for  t r a n s p o r t a t i o n  
t o  o r b i t  i n  the Space S h u t t l e ,  and unfolded on-orbi t  can become s t r u c t u r a l l y  
complex and a r e  d i f f i c u l t  t o  package e f f i c i e n t l y .  Erec tab le  structures, on the 
other hand, w h i c h  a r e  intended t o  be assembled piece by piece on-orb i t ,  a r e  
cha rac t e r i zed  by h igh  packaging e f f i c i e n c y  and r e l a t i v e  s t r u c t u r a l  s impl i c i ty .  
They, however, r equ i r e  development and demonstration o f  rap id  on-orbi t  assembly 
methods employing quick-attachment j o i n i n g  techniques before  advantage o f  such 
b e n e f i t s  can be rea l i zed .  
Langley Research Center vers ion t h a t  i s  intended t o  enhance a s t ronau t  assembly 
of truss structure t h a t  is either t o o  l a r g e  o r  complex t o  fold f o r  efficient 
S h u t t l e  de l ive ry  t o  o r b i t .  

Both deployable  

Deployable trusses which  

The  Mobile Work S t a t i o n  concept presented herein is  a 

Figure 1 
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FEATURES OF ERECTABLE SPACE STRUCTURE 

Two impor tan t  f e a t u r e s  of e r e c t a b l e  space s t r u c t u r e  ( r e f .  1) a r e  presented 
i n  F ig .  2. The f i r s t  i s  t h a t  minimum-mass e r e c t a b l e  designs, based on s t i f f n e s s  
requirements,  a r e  approx imate ly  equal i n  mass t o  deployable designs. Thus, 
mass-wise, t h e r e  i s  no advantage o f  one concept over  t h e  o ther .  However, i t  i s  
a l s o  shown i n  r e fe rence  1 t h a t  e r e c t a b l e  s t r u c t u r e s  f e a t u r i n g  nes tab le  s t r u t s  
a r e  s u p e r i o r  t o  deployables from a  packaging s tandpo in t .  Th i s  packaging advan- 
tage  o f f e r s  a p o t e n t i a l  economic payof f  i n  terms o f  reduced S h u t t l e  d e l i v e r y  
f l i g h t s  p rov ided  e f f i c i e n t  o n - o r b i t  methods of assembly f o r  e r e c t a b l e  s t r u c t u r e  
a r e  a v a i l a b l e .  

) MINIMUM-MASS DESIGNS EQUAL I MASS TO OEPLOYABLES 

b ERECTABLE STRUCTURES SUPERIOR TO DEPLOYABLES FOR PACKAGIW 6 
Figure  2 



MODEL OF MOBILE WORK STATION 

Fig .  3 is  a photograph of a model of the Mobile Work S t a t i o n  t h a t  was used 
t o  study the problem. 
components: (1) work p la t forms ,  (2)  e l e v a t o r  towers ,  ( 3 )  conveyor r a i l s ,  and ( 4 )  
t r o l l e y  beds. These components a r e  shown a t t a c h e d  t o  the Shu t t l e  cargo  bay and 
suppor t ing  a t e t r a h e d r a l  truss beam which  represents a l a r g e  space structure 
being assembled. 
a s t r o n a u t s  t o  make the s t r u c t u r a l  connections.  Each a s t r o n a u t  works from one of 
the  moveable platforms loca ted  on each side of the structure being assembled. 
The a s t r o n a u t s  a r e  secured by f o o t  r e s t r a i n t s  i n  the work platforms a t  a l l  times 
dur ing  the assembly and are moved w i t h i n  a prescribed plane a s  required. The 
platforms can move up  and down on the towers ,  and the towers can move l e f t  and 
r i g h t  on the t r o l l e y  beds. 
sembling the structure without expending g r e a t  amounts of energy manually moving 
themselves and m a t e r i a l .  
truss i s  conveyed along the conveyor r a i l s  away from the work a rea  t o  make room 
f o r  add i t iona l  structure t o  be assembled. For a l l  tests a beam-like truss simi- 
l a r  t o  t h a t  shown i n  F i g .  3 was assembled u s i n g  5.4-m-long nes t ab le  struts. 
Although the Mobile Work S t a t i o n  i s  shown a t t ached  t o  the  S h u t t l e ,  i t  could a l s o  
be a t t ached  t o  a Space Operations Center o r  i t  could even be a free f l y e r .  This 
concept i s  simply a space vers ion  of an assembly l ine.  
repeti t ive;  many, if not a l l  struts can be i d e n t i c a l ,  and quick-attachment 
j o i n t s  e l i m i n a t e  the need f o r  t o o l s .  

The Mobile Work S t a t i o n  c o n s i s t s  of f o u r  p a i r s  of major 

The Mobile Work S t a t i o n  concept r e q u i r e s  two p res su re - su i t ed  

T h i s  al lows the a s t r o n a u t s  t o  concen t r a t e  on as -  

Upon completion of p e r i o d i c  s t a g e s  of assembly, the 

Construction t a s k s  a r e  

'Figure 3 
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MOBILE WORK STATION 

Fig. 4 i s  a photograph of the Mobile Work S t a t i o n  a1 hardware. I t  
weighs about 1360 kg. Much o f  this weight and volume 
t o  support  the two tes t  s u b j e c t s  i n  an up r igh t  p o s i t i o n  while performing the 
1-g assembly ope ra t ions  and t o  meet the requirements of underwater opera t ion .  A 
space  vers ion  of the concept would have an e n t i r e l y  d i f f e r e n t  conf igu ra t ion  than  
the one shown i n  Fig. 4 because i t  would not have these r e s t r i c t i o n s  and would 
be made l i g h t e r  and less voluminous. 

ructure was r equ i r ed  

Figure 4 

197 



MOBILE WORK STATION 1-G ASSEMBLY TEST 

Fig. 5 shows the Mobile Work S t a t i o n  1-g assembly tes t  i n  progress. The two 
tes t  subjects are installing a transverse strut. The movement of the platforms 
as well as the conveyor is  powered by a i r  motors which  are operated by a t h i r d  
subject a t  a console using "joy stick" controllers. The a i r  motors and control 
console are not representative o f  f l i g h t  hardware, b u t  were used for economy 
reasons and t o  faci l i ta te  underwater operation i n  the neutral buoyancy tests. 
All of the  hoses shown i n  the figure are a i r  lines and would not be present in 
an actual f l i g h t  versione 

Figure 5 
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MOBILE WORK STATION 0-G TEST SETUP 

Fig. 6 shows the Mobile Work Station simulated 0 est setup i n  Marshall 
Space F1 i g h t  Center's Neutral Buoyancy Faci 1 i ty .  The uts were stored i n  
racks on each side o f  the tes t  subjects. Each subject had 19 struts w i t h i n  
reach, all  of o f  which were neutrally buoyant as were bo th  tes t  subjects. 

F,igure 6 
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MOBILE WORK STATION 0-G TEST SETUP 
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racks on each side o f  the tes t  subjects. Each subject had 19 struts w i t h i n  
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38-STRUT TRUSS ASSEMBLY IN MOBILE WORK STATION 

Fig .  7 shows the truss completely assembled. The final structure was approx- 
imately 16.5 m i n  length and 4.5 m each side. I t  consisted of 38 struts. The 
assembly procedure was predetermined and was f o l  1 owed precisely through use of a 
t h i r d  t es t  subject located a t  a control console outside the t a n k .  This third 
subject was i n  voice contact w i t h  the tes t  subjects and controlled the location 
of the work platforms with the a i d  of video monitors. Only the struts spanning 
the truss w i d t h  could be installed by both subjects simultaneously as shown i n  
F ig .  7. The horizontal  and diagonal struts on each side of the truss required 
installation by one tes t  subject alone. This task was not difficult in the 
neutral buoyancy environment. 
only one end of the strut a t  a time, and since no c l imbing  on the structure was 
required, the  strut remained i n  place while the tes t  subject was translated t o  
connect the opposite end. 
permitted this redundant structure t o  go together w i t h  relative ease. 

Weightlessness a1 lowed the tes t  subject t o  connect 

Preset precision lengths of the interchangeable struts 

Figure 7 
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ASSEMBLY RATES 

Assembly r a t e s  u s i n g  t h e  Mob i l e  Work S t a t i o n  i n  t h r e e  ground t e s t  e n v i r o n -  
ments a re  shown i n  F ig .  8. Also shown i s  a  p r o j e c t e d  assembly r a t e  t h a t  r ep resen t s  
an es t ima te  f o r  space ope ra t i on  o f  t h e  Mob i l e  Work S t a t i o n .  The 1 -g  assembly i n  
s t r e e t  c l o t h e s  and a i r  took an average of 24 seonds per  s t r u t .  Maneuvering t h e  
s t r u t s  i n  a i r  i s  more r e a l i s t i c  o f  space o p e r a t i o n  than  i n  water  based on d rag  
e f f e c t s ;  however, t h e  t e s t  sub jec t s  were no t  impeded by pressure s u i t s  f o r  these  
t e s t s .  The e f f e c t s  o f  g r a v i t y  were o f  l i t t l e  consequence because t h e  s t r u t s  
were so l i g h t - - o n l y  about 1.6 kg  apiece. The assembly performed i n  n e u t r a l  
buoyancy i n  SCUBA averaged 39 seconds pe r  s t r u t .  Thus, wa te r  d rag  added about 
15 seconds p e r  s t r u t  t o  t h e  assembly r a t e  i n  a i r .  F i n a l l y ,  t h e  n e u t r a l  buoyancy 
and p ressure  s u i t  t e s t  y i e l d e d  an average o f  53 seconds pe r  s t r u t .  Thus, t h e  
p ressure  s u i t  encumberance added ano ther  14 seconds pe r  s t r u t  t o  t h e  n e u t r a l  
buoyancy assembly r a t e  ob ta ined  i n  SCUBA. An assembly r a t e  f o r  space o p e r a t i o n  
can be approximated by e i t h e r  s u b t r a c t i n g  t h e  15 seconds per  s t r u t  which i s  
appa ren t l y  t h e  r e s u l t  o f  water  d rag  f rom t h e  53 seconds per  s t r u t  assembly 
r a t e ,  o r  by adding t h e  14 seconds pe r  s t r u t  which i s  apparen t l y  t h e  r e s u l t  o f  
p r e s s u r e - s u i t  r e s t r i c t i o n s  t o  t h e  24 seconds pe r  s t r u t  assembly r a t e .  I n  e i t h e r  
case, t h e  p r o j e c t e d  space assembly r a t e  appears t o  be about 38 seconds pe r  s t r u t .  

TEST ENVIRONMENT ASSEMBLY RATE 
S EC/STRUT 

1-6, STREET CLOTHES, AIR 

TEST 0-6, SCUBA, WATER 

0-6, PRESSURE SUIT, WATER 

PROJECTED 0-6, PRESSURE SUIT, SPACE 

F igu re  8 



COMPARISON OF ON-ORBIT ASSEMBLY METHODS 

A comparison o f  o the r  o n - o r b i t  assembly methods w i t h  t h e  Mob i le  Work S t a t i o n  
da ta  i s  g iven  i n  F ig .  9. The o n - o r b i t  assembly t ime  i n  days i s  p l o t t e d  aga ins t  
assembly r a t e  i n  s t r u t s  per  day f o r  va r ious  s i ze ,  hexagonal, t e t r a h e d r a l  t r u s s  
p l a t f o rms  o f  maximum span D. Curves a re  p l o t t e d  f o r  D of 200, 400, 600, and 800 
meters. Also shown by t h e  dashed l i n e  i s  t h e  present, f ive-day,  o n - o r b i t  opera- 
t i o n a l  l i m i t  o f  t h e  Space Shu t t l e .  The shaded v e r t i c a l  bars  represent  assembly 
r a t e s  assuming 8-hour days f o r :  (1) a l l  manual, E V A  assembly based on da ta  ob ta i n -  
ed from n e u t r a l  buoyancy assembly t e s t s  o f  a  s i x  s t r u t  t e t r a h e d r a l  t r u s s  s t r u c t u r e  
( r e f . 2 ) ,  ( 2 )  t h e  Mobi le  Uork S t a t i o n  data presented here in ,  and (3 )  automatic 
machine assembly r a t e s  der i ved  from t h e o r e t i c a l  t i r ne l i nes  assuming 24-hour-per- 
day ope ra t i on  ( r e f .  3 ) .  It i s  shown i n  F i g .  9 t h a t  t h e  Mob i le  Work S t a t i o n  
assembly r a t e  i s  approx imate ly  a  f a c t o r  o f  f i v e  f a s t e r  than  manual assembly and 
approaches p r e d i c t i o n s  f o r  automatic assembly. It should be noted, however, t h a t  
manual assembly requ i res  manual t r a n s l a t i o n  which increases as t h e  s i z e  o f  t h e  
s t r u c t u r e  increases. With t h e  Mob i le  Work S ta t i on ,  as t ronau t  t r a n s l a t i o n  r e q u i r e -  
ments depend on l y  on t h e  l eng th  o f  t h e  s t r u t s  and no t  t h e  s i z e  o f  t h e  s t r u c t u r e .  
Thus, l ong  t r a n s l a t i o n  t imes a r e  e l i m i n a t e d  and e x t r a v e h i c u l a r  t i m e  i s  devoted 
p r i m a r i  l y  t o  s t r u c t u r a l  assembly. 

ON -ORBIT 
ASSEMBLY 

TI  ME,  10  

DAYS 5 

OBlLE WORK STATION 

SHUTTLE 5-DAY ON- 
OPERATIONAL LI  

ORB 
M I T  

ASSEMBLY RATE, STRUTS/DAY 

Figure  9 



CONCLUDING REMARKS 

The p o t e n t i a l  o f  augmented as t ronau t  assembly can be i l l u s t r a t e d  by a p p l y i n g  
t h e  r e s u l t  o f  t h i s  t e s t  program t o  a "barebones" assembly o f  t h e  t r u s s  s t r u c t u r e  
shown i n  F ig .  1. I f  t h i s  s t r u c t u r e  were assembled from t h e  same nes tab le  s t r u t s  
t h a t  were used i n  t h e  Mob i le  Work S t a t i o n  assembly t e s t s ,  t h e  spacecra f t  would 
be 55 meters i n  d iameter  and c o n s i s t  o f  about 500 s t r u t s .  The s t r u t s  c o u l d  be 
packaged i n  l e s s  than  112 % o f  t h e  S h u t t l e  cargo-bay volume and would t a k e  up 
approx imate ly  3 % o f  t h e  mass l i f t  c a p a b i l i t y .  They cou ld  be assembled i n  approx- 
i m a t e l y  f o u r  hours. Thus i t  appears t h a t  t h i s  r a t h e r  s imple bu t  r a p i d  o n - o r b i t  
assembly concept f o r  e r e c t a b l e  s t r u c t u r e s  i s  n o t  on l y  f e a s i b l e ,  bu t  cou ld  be used 
t o  s i g n i f i c a n t  economic advantage by p e r m i t t i n g  t h e  supe r i o r  packaging f e a t u r e  
o f  e r e c t a b l e  s t r u c t u r e s  t o  be e x p l o i t e d  and thereby  reduce expensive S h u t t l e  
d e l i v e r y  f 1  i ghts. 
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HANDLING AND P O S I T I O N I N G  A I D  I N  USE 

Many o r b i t e r  based a c t i v i t i e s  need equipment to hold a pay- 
l o a d  s t eady  whi le  i t  i s  be ing  worked on. T h i s  work may b e  con- 
s t r u c t i o n ,  updat ing ,  repa i r ,  s e r v i c e s ,  check-out, o r  r e f u r l i n g  
o p e r a t i o n s  i n  p r e p a r a t i o n  f o r  r e t u r n  to Earth.  The Handling and 
P o s i t i o n i n g  A i d  ( H P A )  shown he re  i s  in t ended  f o r . u s e  as g e n e r a l  
purpose equipment. It i s  i n i t i a l l y  conceived as be ing  s i m p l e  to 
o p e r a t e ,  r e l a t i v e l y  s t i f f ,  and having the  c a p a b i l i t y  of ho ld ing  
t h e  i t e m s  to b e  worked on c l e a r  o f  t h e  cargo b a y ,  w i t h i n  t h e  
view f i e l d  of  t h e  a f t  f l i g h t  deck and w i t h i n  the  envelope of the  
RMS. The b a s i c  HPA has a t u r n t a b l e  a t  i t s  t i p ,  which can r o t a t e  
t h e  work-piece f o r  easy  a c c e s s .  It can suppor t  an EVA work p l a t -  
form w i t h  a large envelope - a d j u s t a b l e  both  f o r  p o s i t i o n  a long  
t h e  HPA and f o r  d i s t a n c e  f r o m  i t .  The HPA base, which spans 
t h e  cargo bay  from longeron to k e e l  to longeron,  which-spans 
ness  and s t r e n g t h  t q  suppor t  t h e  shoulder .  It can b e  ground 
a d j u s t e d  to many s t a t i o n s  a long  t h e  l e n g t h  of  t h e  o r b i t e r  cargo 
bay  e 
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HPA REQUIREMENTS SUMMARY - TWO CATEGORIES 

From an  a n a l y s i s  o f  t e n  r e f e r e n c e  m i s s i o n s ,  we have  d e t e r m i n e d  
t h a t  two t y p e s  o f  HPA m o b i l i t y  a r e  n e e d e d :  a  t i l t  t a b l e ,  which 
s i m p l y  swings  o u t  o f  t h e  c a r g o  bay ,  p i v o t i n g  a b o u t  a n  a t h w a r t -  
s h i p s  " y "  a x i s ,  and a n  a r t i c u l a t e d  arm w i t h  t h e  g e n e r a l  f e a t u r e s  
o f  t h e  p r e v i o u s  i l l u s t r a t i o n .  These  two t y p e s  o f  HPA d i f f e r  i n  
t h e i r  r e a c h ,  d e g r e e s  of  f reedom,  l o c a t i o n  w i t h i n  t h e  bay ,  s t i f f -  
n e s s  r e q u i r e m e n t s ,  and  t h e  amount o f  c a r g o  t h e y  might  be  c a l l e d  
upon t o  s u p p o r t  d u r i n g  s h u t t l e  a s c e n t  and d e s c e n t .  

T h i s  p a p e r  w i l l  d i s c u s s  some o f  t h e  more d e t a i l e d  r e q u i r e -  
men t s ,  p a r t i c u l a r l y  a s  t h e y  a p p l y  t o  t h e  a r t i c u l a t e d  arm v e r s i o n .  

MOBILITY 

REACH 
DO F 
ANGULAR RANGE 

LOCATION VARIES 

ARM STIFFNESS 

CARGO SUPPORT 

BERTHING DEVICE 

SPACECRAFT INTERFACES 
- POWER 

- DATA 

- FLUID 

WORK ZONE 
PREFERENCE 

+ 

T ILT TABLE 

N A 
1 OR 2 
90 TO +-100" 

MID TO AFT BAY 

1.8 x 10' NmJRAD 

2000/4000 kg 

SINGLE STANDARD? 

ARTICULATED ARM 

4.5 - 5.5 m 
3 T 0  5 
130TO k180° 

FORWARD TO MID BAY 

@1.15 x 10' ~ . m ~  EFFECTIVE E l  

0 TO 10 000 kg 

SOME STANDARDIZATION BUT 
NOT COMPLETE 

) AUTOMATIC CONNECT 81 DISCONNECT. REQUIRED. 

N A MANUAL CONNECT & DISCONNECT. 
FEASIBLE 

WITHIN THE VIEW PYRAMIDS 
INSIDE THE 80% RMS RADIUS 
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HPA MODULAR C O N C E P T  

The f u l l  H P A  c o n c e p t  h a s  t i l t  t a b l e  v ? r s i o n s  and a n  a r t i c u -  
l a t e d  arm v e r s i o n .  Each mounts  v a r i o u s  end  e f f e c t o r s  t o  s u i t  
t h e  d i f f e r e n t  m i s s i o n s .  To s i m p l i f y  change  o f  c o n f i g u r a t i o n  
on  t h e  g round  and  t o  m in imize  c o s t s ,  a  mc )d i~ l a r  a p p r o a c h  i s  u s e d .  

A b a s e  f r ame  niounts t h e  H P A  t o  t h e  a r b i t e r  'and s u p p o r t s  t h e  
a c t i v e  p a r t s  o f  t h e  s y s t e m .  F o r  i n b o a r d  o p e r a t i o n s ,  movement 
o f  t h e  b e r t h i n g  f i x t u r e  f r om s towed  t o  o p e r a t i o n a l  p o s i t i o n  i s  
a c h i e v e d  by moun t ing  a t i l t  t a b l a  t o  tfje base  f r a m e .  I n  one  
v e r s i o n ,  t h e  t a b l e  i s  a  r i n g  s u p p o r t e d  c r f  t h e  b a s e  f r ame  by 
a u x i l i a r y  s t r u t s .  The b e r t h i n g  c a p a b i l i t y  i s ,  i n  f a c t ,  i n c o r -  
p o r a t e d  i n  t h i s  r i n g  and  i s  p o s i t i o n e d  fur o p e r a t i o n s  when t h e  
t a b l e / r i n g  i s  t i l t e d  f rom i t s  s t owed  position. An a l t e r n a t i v e  
v e r s i o n  o f  t h e  t i l t  t a b l e  h a s  a f u l c r u r i  s c a n n i n g  t h e  b a s e  f r a m e .  
The c e n t e r  o f  t h e  f u l c r u m  mounts a b e r t l l i ~ g  s p i d e r  wh ich  g o e s  
f rom s towed  t o  o p e r a t i o n a l  p o s i t i o n  by r c t a t i n g  t h e  f u l c r u m .  
E i t h e r  t i l t  t a b l e  v e r s i o n  c a n  be  mounted to t h e  b a s e  f r a m e .  

F o r  a n  o u t b o a r d  HPA, a two p i e c e  a r 2 i c u l a t i n g  a r m  i s  
mounted t o  t h e  same b a s e  f r a m e .  A l t h c 7 ~ g k  commonal i ty  o f  arm 
p i e c e  l e n g t h  i s  a n  o b j e c t i v e ,  e a c h  c a n  be v a r i e d  a t  g round  
a s semb ly  i f  a  p a r t i c u l a r  m i s s i o n  demands I t .  The t i p  o f  t h e  
o u t b o a r d  arm p i e c e  accommodates t h e  b e r t h i n g  f i x t u r e  r e q u i r e d  
f o r  t h e  m i s s i o n .  

The b a s e  f r ame  may, on o c c a s i o n ,  be  ~ i s e d  w i t h o u t  e i t h e r  
t i l t  t a b l e  o r  a r t i c u l a t e d  a rm,  as a c a r g o  s u p p o r t  - s p a n n i n g  
a r o u n d  t h e  l o w e r  p a r t  o f  t h e  c a r g o  b a y .  I:n t h i s  way,  modu la r  
components  c a n  be  g round  a s s e m b l e d  t o  p r ; v ide  t h e  v a r i o u s  HPA 
c o n f i g u r a t i o n s .  



CONTROL COMPLEXITY - ARTICULATED ARM 

Rou t ine  o p e r a t i o n  o f  t h e  a r t i c u l a t e d  arm c o m p r i s e s ,  t y p i c a l l y ,  
uns towing t h e  arm, p o s i t i o n i n g  t h e  t i p  i n  a p rede te rmined  p o s i t i o n ,  
r o t a t i n g  t h e  t i p ,  moving t o  some o t h e r  p o s i t i o n ,  e t c . ,  and f i n a l l y ,  
r e s t o w i n g  t h e  arm. A f t e r  e a c h  movement, t h e r e  i s  u s u a l l y  one 
f a i r l y  l o n g  p e r i o d  - ( h o u r s ,  a  whole s h i f t )  - w h i l e  work i s  
per formed on t h e  payload  and t h e  arm remains  s t i l l .  The f i v e  
d e g r e e s  o f  f reedom a f f o r d  a c c e s s  t o  anywhere i n  a  5 . 5  m r a d i u s  
hemisphere .  The o n e - j o i n t - a t - a  t i m e  c o n t r o l  mode a l l o w s  t h e  
c o n t r o l  sys t em t o  be k e p t  s i m p l e .  Even though t h e  c o n t r o l  speed  
i s  s l o w ,  t h e  b a s i c  arm movements do n o t  consume many minu tes  e a c h .  
To keep  arm checkout  s i m p l e ,  s u f f i c i e n t  power i s  s u p p l i e d  t o  a l l o w  
f o r  ground o p e r a t i o n s .  

The HPA may be r e q u i r e d  t o  p l a y  an a c t i v e  r o l e  i n  pay load  
b e r t h i n g .  P r e s e n t  a n a l y s i s  shows t h a t  t h e  f i v e  d e g r e e s  o f  freedom 
w i l l  be a d e q u a t e  f o r  t h i s  f u n c t i o n ,  i f  t h r e e  o f  t h e  j o i n t s  can  be 
coupled  i n  t h e  lunge  mode ( s e e  s k e t c h ) .  This c o o r d i n a t e d  
l i n e a r  movement does  n o t  r e q u i r e  any s i g n i f i c a n t  i n c r e a s e  i n  con- 
t r o l  complex i ty .  

ROUTINE OPERATIONS 

5 DEGREES OF FREEDOM -SHOULDER 2, ELBOW 1, WRIST 2 
CONTROL FROM AFT FLIGHT DECK - ONE JOINT AT A TIME 
CONTROL RATES - 1 DEG PER SECOND, MAX - 113 DEG PER SECOND MIN 
POWER FOR GROUND CHECK-OUT WITHOUT SPECIAL EQUIPMENT 

ADDITIONAL CAPABILITY FOR ACTIVE BERTHING ROLE 

THE LUNGE MODE SIMULTANEOUS OPERATION 
OF SHOULDER 81 WRIST AT ONE SPEED & ELBOW AT 
TWICE THAT SPEED PROVIDES LINEAR MOTIONS 

I 
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THE EFFECT OF HPA ARM STIFFNESS O N  COUPLED BODY FREQUENCY - 
SPACECRAFT WEIGHT & SIZE VARIED PARAMETRICALLY 

T h i s  c h a r t  p r o v i d e s  some i n s i g h t  i n t o  t h e  fundamen ta l  f r e -  
quency o f  a s i z e a b l e  p a y l o a d  and  a n  O r b i t e r  coup led  t o g e t h e r  by 
a  medium l e n g t h  arm mounted 1 2  m ( 4 0  f t . )  f rom t h e  O r b i t e r  c g ,  
a s  shown on t h e  uppe r  r i g h t .  

B e f o r e  c o n s i d e r i n g  t h e  p a r a m e t r i c  v a r i a b l e s ,  v a r i o u s  f r e -  
quency b o u n d a r i e s  s h o u l d  be  n o t e d .  The O r b i t e r  Prime R e a c t i o n  
C o n t r o l  Subsys tem (PRCS) p r o v i d e s  "easy"  c o n t r o l  down t o  a  f re -  
quency o f  2 c y c l e s  p e r  s e c o n d ;  by s o f t w a r e  m o d i f i c a t i o n s ,  c o n t r o l  
a u t h o r i t y  c o u l d  be  e x t e n d e d  down t o  abou t  0 . 3  c p s .  The V e r n i e r  
R e a c t i o n  C o n t r o l  Subsys tem (VRCS) c a n  c u r r e n t l y  c o n t r o l  down t o  
0 . 1  c p s  and  a g a i n ,  by m o d i f i c a t i o n ,  i t s  c a p a b i l i t y  c o u l d  be  ex- 
t e n d e d  down t o  0 .02  c p s .  

B e s i d e s  s p a c e c r a f t  we igh t  - t h e  h o r i z o n t a l  o r d i n a t e  - t h e r e  
a r e  two p a r a m e t e r s  t r e a t e d  i n  t h e  p l o t :  '1) E f f e c t i v e  r m  s t i f f -  
n e s s ,  w i t h  a  l o w e r  v a l u e  o f  E I  = 1 . 2  x  lo' ~ - m 2  (4 x 1 0 g  l b - i n 2 )  
and a  h i g h e r  v a l u e  f o u r  t i m e s  a s  h i g h .  The lower  v a l u e  r e s u l t s  
i n  a r e l a t i v e l y  modest s t r u c t u r a l  we igh t  - t h e  h i g h e r  v a l u e  
b o r d e r s  on t h e  u n a c c e p t a b l e .  ( 2 )  S p a c e c r a f t  s i z e ;  e x p r e s s e d  i n  
t e r m s  o f  h ,  t h e  o f f s e t  be tween  t h e  arm pick-up and t h e  space -  
c r a f t  c g  and  r ,  t h e  s p a c e c r a f t  r a d i u s  o f  g y r a t i o n .  These q u a n t i t i e s  
a r e  t o  some e x t e n t  i n t e r c h a n g e a b l e .  Three  s e t s  o f  h and r v a l u e s  
have  been  chosen  t y p i c a l  o f  a s m a l l  s a t e l l i t e ,  a medium s i z e d  
space  s t r u c t u r e ,  and  a  l a r g e  s p a c e  p l a t f o r m .  The arm l e n g t h  o f  
5 . 6  m ( 1 8 . 3  f t )  i s  chosen  t o  s u i t  a  spec t rum o f  r e p r e s e n t a t i v e  
p a y l o a d s .  

The t h r e e  f r e q u e n c y  bands  r e f l e c t i n g  t h e s e  s p a c e c r a f t  s i z e s  
and  arm s t i f f n e s s  v a l u e s  c u t  a c r o s s  t h e  3CS b o u n d a r i e s  a s  a  
f u n c t i o n  o f  s p a c e c r a f t  w e i g h t .  Upon s t u d y  o f  t h i s  p l o t  we have  
s e l e c t e d  t h e  l e s s e r  e f f e c t i v e  arm s t i f f n e s s  f o r  t h e  f o l l o w i n g  
r e a s o n s .  

o  I t  i s  l i g h t e r  

o  The VRCS i s  l i k e l y  t o  be t h e  s y s t e m  o f  c h o i c e  d u r i n g  s e r v i c e  
and c o n s t r u c t i o n  a c t i v i t i e s ,  w h i c h  w i l l  p e r m i t  h a n d l i n g  a  
s t r u c t u r e  o f  a b o u t  50,000 kg w i t h o u t  RCS m o d i f i c a t i o n .  

o  Any l a r g e  s p a c e  p l a t f o r m  t o  which t h e  O r b i t e r  i s  a t t a c h e d  
may have a  CMG/Inertia Wheel c o n t r o l  which would make t h e  
u s e  o f  t h e  VRCS moot.  

A s  a  p o i n t  o f  i n t e r e s t ,  t h e  perfcrri lance o f  t h e  RMS s u p p o r t i n g  
a  s m a l l  s a t e l l i t e  i s  shown i n  t h e  lower  l e f t  c o r n e r  o f  t h e  p l o t .  



THE EFFECT OF HPA ARM STIFFNESS ON 
COUPLED BODY FREQUENCY - SPACECRAFT 
WEIGHT & SIZE VARIED PARAMETRICALLY 

FREQUENCY - CPS 1 
- -  

MEDIUM SPACE t STRUCT 

1 
EFFECTIVE AR 

0.1 

0.01 1 1 I 1 1  I I 1 1  I 1 I ,  I 

1000 10,000 Ib 100,000 1,000,000 
SPACECRAFT WEIGHT 



PRELIMINARY OPTIMIZATION OF ARTICULATED ARM 
FOR STIFFNESS WITH M I N I M J l l  WEIGHT 

T h i s  c h a r t  shows an  arm d e s i g n e d  :c r ,roduce an  e f f e c t i v e  
s t i f f n e s s  between i t s  s h o u l d e r  j o i n t  and t i p  ( i n c l u s i v e )  o f  1 . 2  
x 107 N-m2 (4 x 109 l b - i n . 2 )  E I .  

A s  shown by t h e  p l o t  of  s t i f f n e s s  d i s t r i b u t i o n ,  t h e  s h o u l d e r  
and elbow g e a r s  a r e  t h e  weak l i n k s  i n  p r o 7 ~ i d i n g  h i g h  s t i f f n e s s .  
The g e a r  boxes a r e  ve ry  heavy f o r  t h e  s t i f f n e s s  t h e y  p r o v i d e .  
They r e p r e s e n t  on ly  6 %  of  t h e  t o t a l  s t r ~ c t u r a l  l e n g t h ,  b u t  accoun t  
f o r  4 0 %  o f  t h e  w e i g h t .  

The t a b l e  a t  t h e  t o p  l e f t  hand c o r r l e r  o f  t h e  c h a r t  shows t h e  
c o n t r i b u t i o n  of e a c h  e lement  t o  t h e  t i p  i e f l e c t i o n .  

DEFLECTION AT TIP DUE TO: 
0.35m 

SHOULDER GEAR 23% 
ELBOW GEAR 
ARM 
BASE 

STIFFNESS DISTRIBUTION 
EI - ~ . m *  

--- 

MASS DISTRIBUTION 
k glm 



BERTHING AND DOCKING FIXTURES - FIRST APPRAISAL 
The chart illustrates three berthing fixtures that could be 

used with a tilt table and four berthing/docking fixtures to be 
used with an articulated arm. Also shown is our first appraisal 
of which reference mission will use which fixture. 

Considering first the five tilt table users, four are initially 
listed as employing the open center version, which is borrowed 
from the MMS/FSS hardware. The fifth, the Geostationary Plat- 
form, requires a tilt table with latches s~aced to pick up on an 
Orbit Transfer Vehicle of nearly 4.6 m (15-ft.)diameter. This 
is mission dedicated equipment and does not suit any other 
reference mission. 

Three missions employing an articulated arm use a center 
bearing spider fixture, possibly having more than one size. The 
SOC mission is shown twice. In one case the reference mission is 
assumed to involve docking, and, in another case, berthing. In 
both cases the fixture includes a center hole for the passage of 
shirtsleeved astronauts. It should be noted that the SOC (berth- 
ing) mission fixture will quite possibly be mounted not on an 
HPA but on the so-called Orbiter Docking Tunnel. In this event 
it should not, properly speaking, appear on this chart. 

In endeavoring to reduce the number of fixtures it was noted 
that the four tilt table missions initially shown as using the 
open-center turntable do not make significant use of the hole 
in the middle. They could therefore interface with a spider 
turntable of the same latch pitch circle diameter (1.8m). 
Further examination of the Large Space Structure (LSS) mission 
shows that its interface device can also be adjusted to use the 
1.8-m diameter size spider. 

Seven of the nine reference missions shown would then use an 
essentially common spider structure, some in a tilt table version, 
some on an articulated arm. 

The two logical exceptions to this standardization initiative 
are the large diameter interface for an OTV and the "hole-in-the 
center" astronaut interface for the SOC whether berthing or docking. 



BERTHING AND DOCKING FIXTURES - 
STANDARDIZATION? 

TILT TABLE 

LATCH PITCH 

REP MISSIONS GEO PLATFORM 

LATCH PITCH 
CIRCLE DIA 

ORB SERV RTFM 



SUPPORT EQUIPMENT 

I t e m s  of  s u p p o r t  equ ipmen t  i d e n t i f i e d  d u r i n g  a n a l y s i s  o f  t h e  
r e f e r e n c e  m i s s i o n s  a re  l i s t e d .  Certain items are shown t o  be  
r e q u i r e d  r e p e a t e d l y ,  e v e n  i n  t h i s  l i m i t e d  s amp le  o f  f u t u r e  m i s s i o n s .  
The i t e m s  i n d i c a t e d  i n  t h e  f i n a l  column w i l l  h ave  m e a s u r e a b l e  
i m p a c t  on  t h e  u s e  o f  t h e  c a r g o  bay volume;  t h e r e f o r e ,  s t o w a g e  
p r o v i s i o n s  and  l o c a t i o n s  s h o u l d  be  s e l e c t e d  c a r e f u l l y .  It may 
be  p o s s i b l e  t o  p r o v i d e  s t o w a g e  f o r  many o f  t h e  commonly u s e d  
p i e c e s  of equ ipmen t  w i t h i n  t h e  f ramework o f  t h e  HPA b a s e  s t r u c t u r e .  



OVERALL PROGRAM STATUS 

To p l a c e  t h e  H P A  i n  i t s  p r o p e r  t ime  {:o?Cext, t h e  o v e r a l l  
program and i t s  s t a t u s  a r e  shown. 

There a r e  two t y p e s  o f  hardware :  t h e  f l i g h t  a r t i c l e  and a  
ground development t e s t  a r t i c l e .  I n  phase  1, which i s  j u s t  drawing 
t o  a c l o s e ,  a n  i n i t i ? l  l ook  a t  f l i g h t  artLc1.:  c o n c e p t s  has been 
fo l lowed  b y  d e s i g n  o f  t h e  ground t e s t  a r t i c l e .  Phase 2 w i l l  s e e  
t h i s  t e s t  a r t i c l e  manufac tu red ,  after w h i c n  s i m u l a t i o n  a t  Beth- 
page and a t  N A S A  JSC w i l l  commence. 

I f  a l l  goes  a c c o r d i n g  t o  p l a n ,  f l i g h t  a r t i c l e  a c t i v i t y  w i l l  
resume when s i m u l a t i o n  r e s u l t s  s t a r t  t o  accumula te .  

PHASE 2 [ = I  
DDT&E 

FLIGHT ARTICLE 

DEV TEST 
ARTICLE r I 

DESIGN ' 1 

I ---- 
I ---- 

MANUFACTURE 

PHASE 1 OBJECTIVES: PHASE 2 OBJECTIVE: 

FOR ORBITER BASED CONSTRUCTION & SERVICE SUPPORT EQUIPMENT: BUILD DEV TEST ARTICLE 

DEFINE TECHNOLOGY ADVANCEMENTS NEEDED ON TIME AND WITHIN 
BUDGET 

DEVELOP HANDLING & POSITIONING A ID  CONCEPTS 

PREPARE PRELIMINA~Y DESIGN OF DEVELOPMENT TEST ARTICLE 



HPA CHARACTERISTICS 

In summary, the HPA provides a wide choice of work station 
positions, both immediately above the orbiter cargo bay and be- 
yond. It can act in a primary docking role and, if required, can 
assist actively in the berthing process. 

The HPA is intended to be stiff; it can, therefore, be ro- 
bust. In addition, its control philosophy is simple. For these 
reasons we believe it can be made inherently reliable. 

Finally, it is modular to provide several configurations to 
serve many missions. 

ACTIVITIES FEATURES 

WORK STATION 
- INBOARD 
- OUTBOARD 

ASSIST WITH BERTHING? 

PRIMARY DOCKING DEVICE 

ST1 FF/ROBUST 

SIMPLE 

RELIABLE 

MODULAR 
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FUNCTIONAL PLAN 

The  f l o w  c h a r t  shows  t h e  i n t e r a c t i o n  b e t w e e n  t h e  d i f f e r e n t  a s p e c t s  
o f  p l a t f o r m  s y s t e m s  t e c h n o l o g y .  I n  o r d e r  t o  p e r f o r m  t e c h n o l o g y  i n  
t h e  d i f f e r e n t  d i s c i p l i n e  a r e a s ,  shown b e l o w  the d a s h e d  l i n e ,  g e n e r i c  
p l a t f o r m  s y s t e m s  m u s t  b e  e s t a b l i s h e d  a n d  used a s  r e f e r e n c e  i n  d e f i n i n g  
a n d  e x e c u t i n g  t e c h n o l o g y  work i n  t h e  d i s c i p l i n e  areas shown.  S p e c i f i c  
o u t p u t s  o f  t h e  a c t i v i t y  are i n d i c a t e d  t o  the r i g h t  of t h e  c h a r t .  

DETERMINES VIABLE 
NEAR TERM PROJECTS 

VALIDATED 
TECHNOLOGY 
BASE DATA 

PLATFORM 
SYS. ANALYSIS 

, ANALYSES . AND LIMITATIONS 

FUNCTIONAL PLAN 
' 

. 

I I 
TECHNOLOGY TRANSFER TECHNICAL GROWTH 

EVALUATION PROCESS 

GENERIC 
PLATFORM 
SYSTEMS 
TRADE 

ENGLER BUCHANAN WATTERS WAGNON 

I I I 

GENERATES 
TECHNOLOGY 
GROWTH 

DEFINES CAPABILITY 

I 
GROWTH EMPHASIS 

GENERIC SYSTEMS 

TECHNOLOGY NEEDS . 

DEFINES 
TECHNOLOGY 
"ROADBLOCKS" 

- - - -  
a PROVIDES GUIDELINES 

FOR TECHNOLOGY 

DEPLOYABLE 
PLATFORM 
STRUCTURAL 
STUD1 ES 

DEFINES VALIDATION 
81 REQUIREMENTS 

I I I I I I I 

PLATFORM 
POWER 

~ ~ ~ ~ f ~ ~ y  

ASSESS VALUE 
ADDED TECHNICAL 
STUDIES 

PLATFORM 
CONTROL 81 
STABILITY 
STUDIES 

PLATFORM 
ASSEMBLY 
TECHNOLOGY 

J 

PLATFORM 
AUTOMATION 
TECHNOLOGY 

OTHER 
RELATED 
RTOP'S 

A 



LONG RANGE O B J E C T I V E  

The l o n g  r a n g e  o b j e c t i v e  i s  t o  a c h i e v e  t e c h n o l o g y  r e a d i n e s s  f o r  
one  o r  more d e p l o y a b l e  p l a t f o r m  s y s t e m s  by 1 9 8 6 .  A l l  t e c h n o l o g y  a r e a s  
r e q u i r e d  f o r  d e p l o y a b l e  p l a t f o r m  s t r u c t u r e s  w i l l  be i d e n t i f i e d  and 
worked .  

APPROACH 

A two-phase  program is p l a n n e d  t o  i n s u r e  a t t a i n m e n t  o f  t h e  
deve lopmen t  o b j e c t i v e .  I n  P h a s e  I ,  e n g i n e e r i n g  s t u d i e s  are  p e r f o r m e d  
t o  i d e n t i f y  v a r i o u s  d e p l o y a b l e  p l a t f o r m  s t r u c t u r e s  c o n c e p t s ,  and  
b a s e d  on e s t a b l i s h e d  s e l e c t i o n  c r i t e r i a ,  o n e  o r  two v i a b l e  c o n c e p t s  
a re  chosen  f o r  a fo l l ow-on  c o n c e p t  d e s i g n  e f f o r t .  G e n e r i c  p l a t f o r m  
d e s i g n  r e q u i r e m e n t s  a r e  u s e d  i n  t h i s  e f f o r t .  P h a s e  I1 w i l l  expand  
t h e  t e c h n o l o g y  work i n t o  h a r d w a r e  v e r i f i c a t i o n  o f  t h e  s e l e c t e d  d e p l o y -  
a b l e  s t r u c t u r e  c o n c e p t  ( s ) .  I n  an i n c r e m e n t a l  p rog ram,  an o r d e r l y  
p r o g r e s s i o n  f rom component t o  s u b s y s t e m  deve lopment  and f i n a l l y  t o  an  
o v e r a l l  s y s t e m  v e r i f i c a t i o n  w i l l  t a k e  p l a c e .  F l i g h t  e x p e r i m e n t s  re-. 
q u i r e d  t o  augment t h e  g r o u n d  tes t  w i l l  b e  i d e n t i f i e d  d u r i n g  t h i s  
program p h a s e .  

LONG RANGE OBJECTIVE 

DEVELOP TO TECHNOLOGY READ I NESS ONE OR MORE DEPLOYABLE 
PLATFORM SYSTEM CONCEPTS BY 1986 

APPROACH 

E X E C U T E  TWO PHASED PROGRAM TO INSURE ATTAINMENT OF DEVELOPMENT 
OBJECTIVE 

PHASE I ENGINEERING STUDY ACTIV ITY 

CONCEPT DEVELOPMENT AND SELECTION 

CONCEPT DES IGN 

PHASE I1 HARDWARE DEVELOPMENT, TEST AND EVALUATION 

COMPONENTS AND SUBSYSTEMS 

SYSTEMS 

FLIGHT EXPERIMENT DEFINITION 



OVERALL STUDY GUIDELINES 

The g o a l  of t h e  D e p l o y a b l e  P l a t f o r m  System Technology  program is 
t o  pe r fo rm an i n t e g r a t e d  program w i t h  d e m o n ~ t ~ a t e d  t e c h n o l o g y  r e a d i -  
n e s s  i n  1986 t h r o u g h  tes t  p roven  ha rdware  on t h e  sys t em l e v e l .  I n  
o r d e r  t o  a c h i e v e  v e r s a t i l i t y ,  p o i n t  d e s i g n  of' t h e  s y s t e m  is a v o i d e d ,  
and a  g e n e r i c  p l a t f o r m ,  i n c o r p o r a t i n g  f e a t u r e s  o f  p r e s e n t l y  c o n c e i v e d  
p l a t f o r m s  (LEO and  GEO), i s  u t i l i z e d .  O t h e r  a p p l i e d  m a j o r  g u i d e l i n e s  
i n c l u d e  t h e  a d a p t a t i o n  of  a  b u i l d i n g  b l o c k  app roach  w i t h  s e l f - c o n t a i n e d  
a u t o m a t i c  d e p l o y e d  modules  and minimum EVA f o r  assembly  and  m a i n t e -  
n a n c e .  The b a s i c  l a u n c h  v e h i c l e  is  assumed t o  b e  t h e  Space  S h u t t l e  
(STS) .  

F Y  1986 TECHNOLOGY READ I NES S 

TEST PROVEN HARDWARE 

@COMPLETE SYSTEM - NOT JUST A STRUCTURE 

GENER I C  - NOT A BASEPOI NT DES I GN 

@VERSATIL ITY 

@ C A N  BE USED TO BUILD PLATFORMS OF DIFFERENT CONFIGURATIONS 

"BU I LD I NG BLOCK" APPROACH - SELF-CONTA I NED MODULES 

@ D I S T I N C T I O N  BETWEEN LEO AND GEO DESIGNS 

A D A P T A B L E  FOR A WIDE RANGE OF PAYLOADS 

@AUTOMATIC DEPLOYMENT 

.MINIMUM EVA 

BASED ON STS C A P A B I L I T I E S  



MAJOR TECHNICAL CONCERNS 

A l i s t i n g  of  m a j o r  t e c h n i c a l  c o n c e r n s ,  which w i l l  b e  a d d r e s s e d  
i n  t h e  t e c h n o l o g y  program,  is shown. S p e c i a l  emphas i s  w i l l  be g i v e n  
t o  t h e  a r e a s  i n d i c a t e d .  

v' @ DEPLOYMENT METHODS 

STRU CTURAL CONCEPTS 

d UTILITIES INTEGRATION 

STRUCTURAL PERFORMANCE 

4 COMPATIBIL ITY W I T H  ENVIRONMENTS 

DESIGN FLEXIBIL ITY 

CONTROL SYSTEM HARDWARE INTEGRATION 

CONTROL SYSTEMISTRUCTURAL SYSTEM INTERACTION 

4 PACKAGING EFFICIENCY 

DEPLOYMENT ASSEMBLY 

POWER AND THERMAL SYSTEM INTEGRATION 

PROPULS I ON SYSTEM I NTERACTI ON & INTEGRATION 

d @ SPACECRAFT OPERATIONS AND SERVICING 

@ PAYLOAD INTEGRATION 

@ MATER I A L  SELECTION 

@ COST TRADES 



DEPLOYABLE PLATFORh! SYSTEMS, PHASE I 

T h i s  s c h e m a t i c  d e p i c t s  t h e  s t u d y  f l o w  f o r  t h e  f i r s t  p h a s e  o f  t h e  
t e c h n o l o g y  program.  N o  h a r d w a r e  tests a re  p l a n n e d  d u r i n g  t h i s  seg -  
ment o f  t h e  e f f o r t  which  i s  pe r fo rmed  i n  two p a r t s .  

DEPLOYABLE PLATFORM SYSTEMS 

PHASE l 

I 
PLATFORM i 
REQUIREMENTS - PART A ,-*PART 0 - 

I 
1 I 1 

PLATFORM b EVALUATIONS + PLATFORM 
AND SELECTION 

I SELECTION / EVALUATION, 
RISK ANALYSIS & INTEGRATION 
;TRADE STUDIES , 

A L 

COMPONENT & 

REQUIREMENTS 



GENERIC DEPLOYABLE PLATFORM REQUIREMENTS 

A m a t r i x  of  r e q u i r e m e n t s  w i l l  b e  e s t a b l i s h e d  t o  d i r e c t  t h e  d e s i g n  
o f  t h e  g e n e r i c  s p a c e c r a f t  c o n f i g u r a t i o n  and t h e  deve lopment  o f  c o n c e p t s  
f o r  t h e  p l a t f o r m  d e s i g n .  I n f o r m a t i o n  w i l l  b e  e x t r a c t e d  f rom t h e  MSFC 
summary document o f  t h e  t h r e e  f o c u s  m i s s i o n s .  O t h e r  s o u r c e s  of  r e q u i r e -  
m e n t s  a r e  J S C  0770 ,  Vo l .  XIV, Space  S h u t t l e  System P a y l o a d  Accornrnoda- 
t i o n s ,  and CR-160861, S h u t t l e  C o n s i d e r a t i o n s  f o r  t h e  Des ign  o f  La rge  
Space  S t r u c t u r e s .  The m a t r i x  w i l l  d i s t i n g u i s h  be tween  LEO and GEO 
r e q u i r e m e n t s ,  whe re  p e r t i n e n t ,  and w i l l  i n c l u d e  s t r u c t u r a l  s t r e n g t h  
and  s t i f f n e s s ;  p a y l o a d s  m a s s e s  and  s izes ;  m a t e r i a l s  e n v i r o n m e n t s  and  
t e m p e r a t u r e s ;  u t i l i t i e s  q u a n t i t y ,  s i z e s ,  and f u n c t i o n ;  o r b i t e r  i n t e -  
g r a t i o n ;  s p a c e  o p e r a t i o n s  f u n c t i o n s  and m i s s i o n  e q u i p m e n t ,  s u c h  a s  
TT&C, s o l a r  a r r ays ,  b a t t e r i e s ,  and c o n t r o l  s y s t e m  components .  

GENERIC DEPLOYABLE PLATFORM REQUIREMENTS 

STRUCTURAL 

SUITABLE FOR EITHER AREA OR LINEAR PLATFORM 

STRUCTURAL ELEMENT SIZE: 

STRUCTURAL FREQUENCY 
l STRENGTH OF BEAM 

l STIFFNESS OF BEAM 
MATERIAL 

DEPLOYMENT/STOWAGE/R ETRACTION 
MUST DEPLOY AUTOMATICALLY 
SHOULD BE ABLE TO RETRACT 

a PACKAGING RATIO 10 TO 30:1 (DEPLOYEDISTOWED) 

MUST OBSERVE SHUTTLE ORBITER PAYLOAD BAY CONSTRAINTS 

UTILITY INTEGRATION AND INTERFACES 
POWER RANGE 

DATA RATE 
THERMAL CONTROL 

UTILITIES CABLES, AND LINES, MUST BE FULLY INTEGRATED INTO THE 
DEPLOYED TRUSS WORK 
UNIVERSAL INTERFACE HARDWARE ADAPTER CAPABILITY AS A GOAL 



GENERIC PLATFORM REQUIREMENTS 
(CONT'D) 

SUBSYSTEM INTEGRATION 

POWER SYSTEM SOLAR ARRAYS : AUTOMATICALLY DEPLOYED 

PROPULSION SYSTEM : ALTITUDEIATTITUDE CONTROLIREBOOST 

THERMAL CONTROL : AUTOMATICALLY DEPLOYED OR MOUNTED ON 
DEPLOY ED STRUCTURE 

PAYLOAD INTEGRATION 

PAYLOAD MASS AND 
POSITION SENSITIVITY 

ACCESSABILlTY/SERVICEABlLlTY REQ'TS 

OPERATIONS AND SERVICING 

PLATFORM MUST BE COMPATIBLE WITH ORBITER DOCKING AND BERTHING 
METHODS AND HARDWARE 

MISSION 

PRIMARY ORBIT 

ORBITAL MANEUVERS 

30 YEAR LIFE 

: LOW EARTH ORBIT (400 TO 600 km) VJlTH 
GEOSYNCHRONOUS ACCESS. 

: ALTITUDE CHANGES 
ORBIT REBOOST 

: LONG TERM ENV. EFFECTS, MATERIALS & SUBSYSTEMS 



MATURED STRUCTURAL CONCEPTS 

A p p l i c a b l e  s t r u c t u r a l  c o n c e p t s  w i l l  b e  compi l ed  f o r  structures 
system s e l e c t i o n .  Both  new and m a t u r e  c o n c e p t s ,  a s  shown, w i l l  be 
i n v e s t i g a t e d .  

Nlllllt W lEn QlLllO USE 
W ClE MTERIALS 

CROSS-sECTK)( 

O L W I I S T R A T I ~  MODu UlllCllElUlElllAl 
W I m  YtlLlTlK 



ADDITIONAL DEPLOY ABLE STRUCTURES COfJCEPTS 

A p p l i c a b l e  s t r u c t u r a l  c o n c e p t s  w i l l  be compi led  f o r  s t r u c t u r e s  
svs t em s e l e c t i o n .  Both new and m a t u r e  c o n c e p t s ,  a s  shown, w i l l  be 
i n v e s t i g a t e d .  

Truss - [sm 
1 @ Cable 

Cross-Braced - 
imnsvene I Fold 

Cross-Braced - 
Transverse 
and Longitudinal 1 Fold 

( @ K B m e  - 1 Longitudinal 
11 Fold 

race - 
Longitudinal 
Fold 



UTILITIES INTEGRATED WITH STRUCTURE 

The o v e r a l l  s p a c e c r a f t  d e s i g n  w i l l  b e  b r o k e n  down i n t o  s e p a r a t e  
d e s i g n  a r e a s ,  and s e v e r a l  c o n c e p t s  w i l l  b e  d e v e l o p e d  f o r  e a c h  a r e a .  
The a r e a s  which  w i l l  b e  d e v e l o p e d  a r e :  

o  F o l d i n g / d e p l o y a b l e  s t r u c t u r a l  t r u s s e s - - i n c l u d i n g  t h e  e x i s t i n g  
diamond t r u s s  and d o u b l e - c e l l ,  d o u b l e - f o l d .  

o  D e p l o y a b l e  methods  and  mechanisms .  

o I n s t a l l a t i o n ,  a t t a c h m e n t ,  and  deployment  o f  u t i l i t i e s .  

o  E x p a n s i o n / c o n t r a c t  i o n  i n  f l u i d  l i n e s .  

o I n t e r f a c e s  be tween  s t r u c t u r e  and  modules  ( p a y l o a d s ,  c o n t r o l  
modu le ,  RCS,  e t c . ) .  

o  I n t e r f a c e s  be tween  u t i l i t i e s  and  modu le s .  

A t y p i c a l  d e s i g n  p rob lem,  i n t e g r a t e d  u t i l i t i e s ,  is  d e p i c t e d  i n  t h i s  
p i c t u r e .  

*Truss With Utilities Double Looped 



ELEMENTS O F  DEPLOYABLE PLATFORM SYSTEM 

A g e n e r i c  l i n e a r  and a r e a  s h a p e d  d e p l o y a b l e  s p a c e c r a f t  c o n f i g u -  
r a t i o n  w i l l  b e  d e v e l o p e d  f rom t h e  r equ i r emen t  e s t a b l i s h e d .  The 
p u r p o s e  of  t h e  s p a c e c r a f t  c o n f i g u r a t i o n s  is  n o t  t o  f r e e z e  t h e  d e s i g n ,  
b u t  t o  h e l p  u n d e r s t a n d  and  s o l v e  t h e  l o c a l i z e d  p rob lems  which  w i l l  b e  
e n c o u n t e r e d ,  i . e . ,  t o  see t h e  f o r e s t  i n  a d d i t i o n  t o  s e e i n g  t h e  t rees.  
The s p a c e c r a f t  c o n f i g u r a t i o n  w i l l  b e  c o n f i g u r e d  t o  s u p p o r t  t h e  
r e f e r e n c e  p a y l o a d  g r o u p  ( s e l e c t e d  from t h e  t h r e e  f o c u s  m i s s i o n s )  f o r  
LEO o r  GEO a p p l i c a t i o n s .  The drawing  of  t h e  g e n e r i c  d e p l o y a b l e  s p a c e -  
c r a f t  c o n f i g u r a t i o n  shows t h e  f o l l o w i n g  t y p i c a l  e l e m e n t s :  

o  S t r u c t u r e  o D o c k i n g l b e r t h i n g  p r o v i s i o n s  

o  C o n t r o l  module o  Pay loads - - the  r e f e r e n c e  
p a y l o a d  g r o u p  

o  P r o p u l s i o n  s y s t e m  o  R a d i a t o r s  

o R C S - - d i s t r i b u t e d  t h r u s t e r s  o I n t e r f a c e s  be tween  s t r u c t u r e  
a n d  modules /pag load/RCS 

o  S o l a r  a r r a y  o  Module-to-module i n t e r f a c e  

o  E l e c t r i c  power d i s t r i b u -  o F l u i d  l i n e  r o u t i n g  
t i o n  

lNT  ERFACES WITH PAYLOADS 

0EPLOYABLE)RETRACTABLE 
STRUCTURE 

SUBSYSTEMS6REBOOST 
INTERFACES 

EVA INTERFACES 



SYSTEM LEVEL CONCEPT DEVELOPMENT TRADES 

The c o n c e p t s  f o r  s e p a r a t e  components  o r  s u b s y s t e m s  w i l l  b e  
s c r e e n e d  a n d  t h e n  matched  t o  e a c h  o t h e r  t o  fo rm i n t e g r a t e d  p l a t f o r m  
s y s t e m s .  F o r  example ,  e a c h  f o l d a b l e  t r u s s  w i l l  b e  ma tched  w i t h  t h e  
t y p e  dep loyment  mechanism t o  which i t  is b e s t  s u i t e d .  S i m i l a r l y ,  t h e  
v a r i o u s  c o n c e p t s  o f  u t i l i t i e s  i n s t a l l a t i o n  w i l l  b e  matched  w i t h  
s t r u c t u r e s  and dep loyment  me thods .  The o b j e c t i v e  is t o  p r o d u c e  i n t e -  
g r a t e d  s y s t e m s ,  e a c h  c a p a b l e  o f  d e p l o y i n g  a  s t r u c t u r a l  t r u s s  c o m p l e t e  
w i t h  ( a s  f a r  a s  p o s s i b l e )  a l l  o f  t h e  u t i l i t i e s ,  p l u s  i n t e r f a c e s  and  
i n t e r c o n n e c t s  f o r  p a y l o a d s  and  modu le s .  The e m p h a s i s  is p l a c e d  on  
t h e  s y s t e m ,  n o t  i n d i v i d u a l  p i e c e s  o r  s u b s y s t e m s .  A s u b s y s t e m ,  however 
i n g e n i o u s  it may b e ,  w i l l  be d i s c a r d e d  i f  i t  c a n n o t  p e r f o r m  i ts  r o l e  
a s  p a r t  of t h e  i n t e g r a t e d  s y s t e m .  An i n t e g r a t e d  s y s t e m  f o r m s  t h e  
b a s i s  of  a  series of b u i l d i n g  b l o c k s  wh ich  can  be a s sembled  t o  con- 
s t r u c t  d e p l o y a b l e  p l a t f o r m s  of  v a r i o u s  c o n f i g u r a t i o n s .  The i n t e g r a t e d  
p r o c e s s  w i l l  be s u p p o r t e d  by a n a l y s e s  i n  a l l  o f  t h e  p e r t i n e n t  a r e a s :  

o  Deployment methods/mechanisms--external mechanisms ,  s t r a i n  
e n e r g y .  

o  S t r u c t u r e s - - s t r e n g t h ,  s t i f f n e s s ,  member s h a p e  and s i z e ,  
a t  t a ch rnen t s .  

o  U t i l i t i e s  i n s t a l l a t i o n - - c a b l e  bend  r a d i i ,  f l e x i n g ,  f a t i g u e .  

o  Ma te r i a l s - - a luminum,  c o m p o s i t e s ,  s t r u c t u r e s ,  u t i l i t i e s .  

ELEMENT 
CONCEPTS 

DEPLOYABLE 
SYSTEM 
CONCEPTS 

PLATFORM SYSTEM 
GENERIC TRADE ELEMENTS 

STR. CONCEPT 
SYS. TRADES AND DEVEL. 



SYSTEM LEVEL CONCEPT DEVELOPMENT TRADES (Con t fd )  

The c r i t e r i a  f o r  s e l e c t i o n  of a  deployable platform system w i l l  
encompass b a s i c  s t r u c t u r e  performance, subsystem accommodation, space 
assembly opera t ions ,  o r b i t e r  in t eg ra t ion  impl ica t ions ,  and development 
c o s t .  With these  c a t e g o r i e s ,  the  s p e c i f i c  c r i t e r i a  w i l l  be developed; 
f o r  example, such s t r u c t u r e s  performance c r i t e r i a  as thermal s t a b i l i t y ,  
weight, packaging e f f i c i e n c y ,  e t c .  For each s e t  of c r i t e r i a ,  t h e  
methodology t o  be used i n  t h e  screening process involving a combination 
of numerical da ta  (where f e a s i b l e )  and engineering judgments t o  apply 
a  point r a t i n g  scheme and summary comparisons w i l l  be developed. For 
each type of c r i t e r i a ,  a  wr i t t en  d e f i n i t i o n  of what c o n s t i t u t e s  accept- 
ab le  numerical or  q u a l i t a t i v e  l i m i t s  w i l l  bc prepared. Detai led 
engineering da ta  from t h e  concept c h a r a c t e r i s t i c s  matrix w i l l  be com- 
bined t o  form a  s e t  of o v e r a l l  r a t i n g s ,  bascd on t h e  s e l e c t i o n  
c r i t e r i a .  T h e  sum of poss ib le  po in t s  and t o t a l  c o s t s  f o r  each concept 
w i l l  then be compared on summary screening c h a r t s ,  and one o r  two 
s t r u c t u r a l  concepts se lec ted  f o r  design and ana lys i s  t o  complete 
Phase I of t h e  Technology program. 



DEPLOYABLE PLATFORM SYSTEM TECHNOLOGY SCHEDULE 

The s c h e d u l e  shows t h e  o v e r a l l  program c o n s i s t i n g  of two p h a s e s .  
P h a s e  I was d i s c u s s e d  i n  d e t a i l .  Phase  I1  e f f o r t  w i l l  d e a l  i n  
component,  s u b s y s t e m ,  and sys t em deve lopmen t .  E x t e n s i v e  ha rdware  
d e s i g n ,  f a b r i c a t i o n ,  and  v a l i d a t i o n  e f f o r t  is  p l a n n e d  t o  a c h i e v e  t h e  
d e m o n s t r a t e d  t e c h n o l o g y  r e a d i n e s s  by 1986. 





TECHNOLOGICAL NEEDS OF ADVANCED 

EARTH-OBSERVATION SPACECRAFT 

A. L. Brook 
M a r t i n  M a r i e t t a  Corpora t ion  

Denver, Colorado 

Large Space Systems Technology - 1981 
T h i r d  Annual Technica l  Review 

November 16-1 9, 1981 

Because t h i s  paper was n o t  a v a i l a b l e  a t  t ime  
o f  p u b l i c a t i o n ,  o n l y  s l i d e s  a r e  presented. 



EOS Study Objective 

Provide Design and Analys is  Data o n  
Microwave Radiometer Satellites, Augmented 
w i t h  Addit ional Earth Surface a n d  
A t  rnospheric Observation Sensors. 

EOS Study Outline 

- Analyze Miss ion  Scenarios 
Develop Sensor Sets 

- Develop Conceptual Spacecraft Designs 
Per for  m Spacecraft Analyses 

- Evaluate and  Rank EOS Concepts 
Ident i fy  CompropiseslAdvantages fo r  Mul t id isc ip l ine  EOS 

- Per fo rm Parametr ic  Subsystem Analyses 
Ident i fy  New Technology Requirements'  

- Expand LaRC l ntegrated Analys is  Progra rn 



EOS - Systems to be Considered 

- Microwave Radiometer Satel l i te (MRS) 
- 50 - 200 m Diameter 
- 700 k m  Al t i tude 

- MRS P l u s  Supplementary l ns t rumen ts  f o r  
- Earth Observations, o r  
- Ocean Observations, o r  
- Atmospheric Observations, o r  
- Combinat ions of t h e  Above 

120 Meter x 60 Meter Radiometer 



120 Meter by 60 Meter Radiometer Design Parametric 
Size - 
- 8 Bay by 4 Bay Reflector 
- 8 Bay by 2 Bay Feed Mast 

- 15 Meter Boxes 

Member Sizes 
- Surface 8.9 cm (3.5 in. Diameter by 0.089 crn (0.035 in. 
- Vert icals 6.35 cm (2.5 in. Square by 0.089 crn (0.035 in. 

- (6900 Ib) 3130 Kg Reflector, Feed, and Mesh 
- (1000 Ib) 454 Kg Feed Mass Allocation 

Dynamics - First  Five Fundamental Frequencies 

Typical Measurement Requirements for MRS 

,Measurand 

Soil  Moisture 

Water Surface , 
Tempe rat  u r e  

Water Roughness 
(Wind) 

Sal in i ty  

Water Po l lu t ion  
(Oil  Sl icks) 

Probable Operating Frequency: 1-5 GHz 

Range 

5-40%, 10-25-cm Depth 

270-310°K 

0-60 mls 

0-40 PPT 

O-l-cm Thickness 

Observable at, 
GHz 

1-10 

1-8 

1-37 

1-2 

1-10 

Resolution, 
k m  

1-10 

1-10 

1 

1-10 
- 

1 

Repeat, 
days 

1-3 

1-3 

3-7 

1-3 

1 



Typical Supplementary Observations 

Ea rth Su rface \ 
Resource Identif ication 

and Mapping 
Land Mass I maging 
Geological Feature 

l dentification 

Atmosphere 

Composition 
Dynamics 
Energy Transfer 

Spectra 

U It raviolet 
z Visible 

I nf ra red. 
LIX-Band SAR 

Ocea n 

Color 
Currents  
Wave State 
I ce 

Remote-Sensing Spectral Distribution 

Air Pollution 
Atmospheric Trace Species 
Lyman-Alpha Emissions 

Atmospheric 
Earth Radiation Budget 

50p m - 
Earth Resources 
Chlorophyll Pigmentation1 
Biomass Moisture 
Cropstress 
Sample Temperature 
Rock Type Discrimination 
Hydrology 

Wavelength, p m 

- 
- - 

Oceanography 
Ocean Color 
Sea Surface Temperature 
Biological Activity 

rn 

- 
L I I I I 1 I I I I I I I I I I 1 I 
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Typical Instrument Characteristics 

Mass: 10-500 kg (2/3 in 50-250 kg Range) 

Alt itude: 700 k m  Okay f o r  Most, (SARs a re  Large at 700 km) 

Orb i t  I nc l i na t i on :  60 deg Okay fo r  Most, Some Require 98 deg 

Po in t ing  Accuracy: - +O. 1 deg fo r  A l l  

Po in t ing  Stabil i ty: +30 - a rc-s fo r  A l  I 

Unobstructed LOS 
Access: NADIR - 9 0  deg along and across Track 

Average Power: 500 w l l n s t r u m e n t  Except fo r  SAR (Several kW) L I  DAR (2.6 kW), 

A l l  28 Vdc 

Data Rates: 1 kbps - 120 Mbps per  I n s t r u  ment Real Ti me, Near Real Ti  me 



LSS CONTROL TECHNOLOGY 

A.F. T o l i v a r  
J e t  P r o p u l s i o n  Laboratory  

Pasadena,  C a l i f o r n i a  

Large Space Systems Technology - 1981 
Third  Annual Techn ica l  Review 

November 16-19, 1981  



LSST CONTROLS TECHNOLOGY DEVELOPMENT 

The o b j e c t i v e  of LSS C o n t r o l s  i s  t o  d e f i n e  and develop t h e  n e c e s s a r y  c o n t r o l  tech-  
n o l o g i e s  r e q u i r e d  by a  v a r i e t y  of f u t u r e  l a r g e  p la t fo rm and an tenna  miss ions .  

The p l a n  shows technology developments i n  t h r e e  main a r e a s .  The t o p  p a r t  of c h a r t  
shows t h e  SYNTHESIS t a s k s  which suppor t  t h e  d e f i n i t i o n ,  development and e v a l u a t i o n  
of c o n t r o l  sys tems f o r  c l a s s e s  of p l a t f o r m  and antenna a p p l i c a t i o n s ,  l e a d i n g  t o  t h e  
s e l e c t i o n  and e v a l u a t i o n  of p r e f e r r e d  mechanizat ion.  

The c e n t e r  of t h e  c h a r t  shows t h e  ADVANCED TECHNOLOGY DEVELOPMENT t a s k s  which 
develop t h e  fundamental  technology needed t o  a c h i e v e  p r e c i s e  a t t i t u d e ,  p o i n t i n g ,  
and shape c o n t r o l  r e q u i r e d  by LSS, a s  w e l l  a s  t h e  a s s o c i a t e d  hardware concep t s .  

The TECHNOLOGY VALIDATION t a s k s  a d d r e s s  t h e  v e r i f i c a t i o n  of c o n t r o l  technology 
through ground demons t ra t ions  of c o n t r o l  technology and t h e  d e f i n i t i o n  of f l i g h t  
exper iments  r e q u i r e d  f o r  v e r i f i c a t i o n  and f o r  e s t a b l i s h i n g  technology r e a d i n e s s .  

FY -83 FY -82 FY -81 FY -79 

DEFINE MODELS FOR DEFINE 
AND PERFORMANCE ADVANCED CONTROL 
REQUIREMENTS OF CONCEPTS TO MEET 
SELECTED ANTENNA MISSION PERFORMANCE 
& PLATFORM REQUIREMENTS 

FY -80 

EVALUATE 

CONTROL SYS. 

IDENTIFY DESIGN 
MECHANIZATIONS FOR 
CONTROL OF SELECTED 
ANTENNA & PLATFORM 

A A A 

CONDUCT STATE OF THE ART 
PERFORMANCE ASSESSMENT 

+ 
PARAMETRIC 
EVALUATION OF 
MECHANIZATIONS + 

IDENTIFY NEED FOR 
ADVANCED CONTROL 
CONCEPTS 

7 
DOCUMENTED 
TECHNIOUES & SW 
FOR LSS CONTROLS 
DESIGN 

v + 
SELECT CONCEPTS 

DEVELOP ADVANCED CONDUCT LAB. SIMULATIONS 
CONTROL CONCEPTS DEFINE FLIGHT EXPERIMENTS 

v t 
DEFINE SENSOR & 
ACTUATOR 

1 



JPL LSS CONTROLS PROGRAM ELEMENTS 

The LSS C o n t r o l s  program a t  JPL a d d r e s s e s  t h e  s y n t h e s i s  t a s k s  f o r  l a r g e  an tennas  
and p l a t f o r m s ,  a s  w e l l  a s  t h e  Technology Development and V a l i d a t i o n  areas. I n  t h i s  
p r e s e n t a t i o n  I w i l l  summarize b r i e f l y  t h e  o v e r a l l  LSS C o n t r o l s  program a t  JPL. The 
f o l l o w i n g  f o u r  s p e a k e r s ,  Y.H. L in ,  J . M .  McLauchlan, R.S. Edmunds, and D.B. 
Schaech te r ,  w i l l  f o l l o w  w i t h  d e t a i l e d  r e p o r t s  on Antenna C o n t r o l ,  Shape and Vibra- 
t i o n  Sensors ,  P l a t f o r m  Cont ro l ,  and Advanced Cont ro l  Technology and V a l i d a t i o n ,  
r e s p e c t i v e l y  . 

W R A P - R I B  REFERENCE PLATFORM D I ST R I BUTED CONTROL 

HOOP-COLUMN SHAPE CONTROL 

TECHNOLOGY VAL IDAT ION 

SENSOR CONCEPTS 

CONTROLS 

I 1 
ANTENNA CONTROL PLATFORM CONTROL ADVANCED TECHNOLOGY 

DEVELOPMENT 



F'Y'81 ACCOMPLISHMENTS - ANTENNA AND PLATFORM CONTROL 

(1)  Updated c o n t r o l  r equ i rements  and dynamic models t o  r e f l e c t  t h e  l a t e s t  conf ig -  
u r a t i o n s  f o r  p l a t f o r m s  and a n t e n n a s  (3-dimensional  p l a t f o r m  models w i t h  4  pay- 
l o a d s ,  64m Hoop-Column an tenna ,  and a  55m Wrap-Rib a n t e n n a ) .  

( 2 )  Defined and developed a  h i e r a r c h y  of c o n t r o l  sys tems needed t o  meet t h e  per-  
formance requ i rements  of v a r i o u s  c l a s s e s  of  miss ions .  Th i s  h i e r a r c h y  con- 
s t i t u t e s  a n  i n v e n t o r y  of c o n t r o l  technology which p r o v i d e s  s p e c i f i c  c o n t r o l  
s o l u t i o n s  of v a r y i n g  complexi ty  depending upon t h e  s p e c i f i c  m i s s i o n  r e q u i r e -  
ments. 

( 3 )  A s t u d y  was completed t o  d e f i n e  t h e  c o n t r o l  subsystem f o r  t h e  Land Mobile 
S a t e l l i t e  S e r v i c e  (LMSS) miss ion.  The s p e c i f i c  LMSS d i s t u r b a n c e  environment 
and c o n t r o l  r equ i rements  were d e f i n e d  and p r e l i m i n a r y  c o n t r o l  subsystems were 
developed f o r  bo th  t h e  s i n g l e - a p e r t u r e  o f f s e t - f e d  wrap r i b  and t h e  quad- 
a p e r t u r e  hoop column implementa t ions .  The subsystems d e f i n e d  inc luded  c o n t r o l  
c o n c e p t s  a s  w e l l  a s  d e t a i l e d  equipment l i s t s  ( t y p e ,  d imensions ,  we igh t ,  power, 
e t c , ) .  T h i s  s t u d y  is  covered i n  d e t a i l  i n  a s e p a r a t e  paper  ( a l s o  i n c l u d e d  i n  
t h e s e  p roceed ings  i n  t h e  s e c t i o n  on an tennas )  e n t i t l e d  " A t t i t u d e  Cont ro l  Sub- 
system Study f o r  t h e  LMSS S p a c e c r a f t " .  

( 4 )  A key accomplishment i n  t h e  p l a t f o r m  and an tenna  c o n t r o l  a r e a  h a s  been t h e  
q u a n t i t a t i v e  assessment  and i d e n t i f i c a t i o n  of s e n s o r  and a c t u a t o r  r equ i rements ,  
performance regime a c h i e v a b l e ,  t h e  s e n s i t i v i t y  of t h a t  performance t o  system 
( s t r u c t u r e / c o n t r o l )  u n c e r t a i n t i e s ,  and t h e  i d e n t i f i c a t i o n  of key technology 
d r i v e r s .  

UPDATED D Y N A M I C  MODELS AND CONTROL REQUI REMENTS 

DEFINED AND DEVELOPED ADVANCED CONTROL CONCEPTS TO MEET MI SS I O N  
PERFORMANCE REQU I REMENTS 

DEFl NED CONTROL SUBSYSTEM MECHANIZATION FOR THE L M S S  COMMUNICATIONS 
M I S S I O N  

QUANTITATIVE ASSESSMENT OF 
SENSOR AND ACTUATOR REQU I REMENTS 

PERFORMANCE REG IME 

SENSIT IV ITY  TO CONTROLISTRUCTURAL UNCERTAINTIES 

TECHNOLOGY DRIVERS 



~ Y ' 8 1  ACCOMPLISHMENTS - CONTROL TECHNOLOGY 

(1) Techniques have been developed f o r  computing t h e  s e n s i t i v i t y  m a t r i x  of t h e  f a r -  
f i e l d  e l e c t r i c  f i e l d s  of a n t e n n a s  w i t h  r e s p e c t  t o  f e e d  d i sp lacements .  T h i s  
s e n s i t i v i t y  m a t r i x  is being used t o  account  f o r  RF c o n s i d e r a t i o n s  i n  t h e  
d e s i g n  of RF-performance-optimum c o n t r o l  systems. 

( 2 )  Continued development of t h e  exper imenta l  f a c i l i t y  h a s  r e s u l t e d  i n  a  d e t a i l e d  
f i n i t e - e l e m e n t  model of t h e  f l e x i b l e  beam and i n  a c c u r a t e  c a l i b r a t i o n  of t h e  
s e n s o r  and a c t u a t o r  s c a l e  f a c t o r s .  I n t e r a c t i v e  s o f t w a r e  h a s  been developed 
and added t o  t h e  f a c i l i t y ,  t h u s  a l l o w i n g  v e r y  f a s t  implementat ion of c o n t r o l  
laws.  A l a s e r / r e t r o r e f l e c t o r  sys tem h a s  been i n c o r p o r a t e d  t o  v i s u a l i z e  the 
motion of t h e  beam. 

( 3 )  S t a t i c  shape e s t i m a t i o n  and c o n t r o l  h a s  been demonstra ted e x p e r i m e n t a l l y  on 
t h e  beam f a c i l i t y .  The method has  been a l s o  demonstra ted th rough  computer 
s i m u l a t i o n  of a  55-meter wrap-r ib  r e f l e c t o r  u s i n g  1 8  s e n s o r s  and 1 8  a c t u a t o r s  
d i s t r i b u t e d  c i r c u l a r l y  around t h e  r e f l e c t o r .  

( 4 )  An a c t i v e  d i s t r i b u t e d  c o n t r o l  approach has  been developed which e x h i b i t s  
reduced s e n s i t i v i t y  t o  model e r r o r s .  The concept  h a s  been demonstra ted 
exper imenta l ly .  

DEVELOPED ANALY S l S KNOW-HOW TO DETERMINE ANTENNA CONTROLLER 
DESIGNS BASED ON RF PERFORMANCE 

EX PER IMENTAL FAC l  L l  TY DEVELOPMENT 

STATIC SHAPE ESTIMATION AND CONTROL 

LABORATORY DEMONSTRATION 

APPLICATION TO 55M REFLECTOR 

ACTIVE D l  STRl BUTED CONTROL ANALY S l S AND LABORATORY 
DEMONSTRATION 



FY ' 82 TASK SUMMARY - CONTROL TECHNOLOGY 

A major theme of t h e  FY182 work w i l l  b e  t h e  development of c o n t r o l  sys tems which 
can e i t h e r  a d a p t  t o  changing o r  u n c e r t a i n  models o r  be  i n s e n s i t i v e  t o  t h e  model 
e r r o r s ,  S p e c i f i c  t a s k s  a r e :  

(1 )  Develop expanded a l g o r i t h m s  f o r  d i s t r i b u t e d  c o n t r o l  and f o r  sys tem i d e n t i f i c a -  
t i o n  r e q u i r e d  f o r  o f f - l i n e  and r e a l - t i m e  knowledge of t h e  f l e x i b l e  s p a c e c r a f t  
dynamics. 

( 2 )  I n v e s t i g a t e  t h e  s e n s i t i v i t y  of t h e  shape d e t e r m i n a t i o n  and c o n t r o l  system t o  
a c t u a t o r / s e n s o r  t y p e ,  number and l o c a t i o n .  

( 3 )  Compute t h e  s e n s i t i v i t y  of t h e  f a r  f i e l d  of an  an tenna  t o  r e f l e c t o r  shape  
de fo rmat ions .  Develop c o n t r o l - d e s i g n  approach t o  o p t i m i z e  RF performance.  

( 4 )  Exper imenta l  v e r i f i c a t i o n  of  p r e c i s e  shape  c o n t r o l  w i t h  poor ly  known dynamics 
and a p p l i c a t i o n  t o  mul t id imens iona l  p l a t e - l i k e  s t r u c t u r e s .  

DEVELOP EXPANDED I DENTIFICATION ALGORITHMS FOR MODAL DETERMINATION 
AND D l  STRI BUTED CONTROL 

ESTABLISH SHAPE DETERMINATION AND CONTROL PERFORMANCE SENSITIVITY 
TO ACTUATORISENSOR TYPE, NUMBER AND LOCATION 

COMPUTE RF SENSITIVITY TO D I S H  DISTORTION AND DEVELOP CONTROL 
DESIGNS TO OPT IMIZE  RF PERFORMANCE 

EXPERIMENTAL VAL1 DATION OF PRECISE SHAPE CONTROL WITH POORLY KNOWN 
DYNAMICS 



~ Y ' 8 2  TASK SUMMARY - ANTENNA AND PLATFORM CONTROL 

(1) A v a r i e t y  of p l a t f o r m  and payload c o n f i g u r a t i o n s  w i l l  be examined c o v e r i n g  
b o t h  manned and unmanned a p p l i c a t i o n s .  Study w i l l  i n c l u d e  t h e  e f f e c t s  of p l a t -  
form and p o i n t i n g  mount s t i f f n e s s  on payload c o n t r o l l e r  performance a s  w e l l  
a s  t h e  e f f e c t s  of m a n l s h u t t l e  d i s t u r b a n c e s .  

(2)  The l a r g e  an tenna  c o n t r o l  t a s k  w i l l  complete  t h e  e v a l u a t i o n  of a d d i t i o n a l  
system d r i v e r s  and e s t a b l i s h  performance l e v e l s  and s e n s i t i v i t y  t o  t r u n c a t i o n  
e r r o r s  as w e l l  a s  s o f t w a r e  and hardware c o n s t r a i n t s ,  n o n l i n e a r i t i e s ,  e t c .  

( 3 )  A t a s k  w i l l  be  i n i t i a t e d  t o  d e f i n e  a  c o n t r o l  f l i g h t  experiment.  T h i s  t a s k  
w i l l  a d d r e s s  t h e  d e f i n i t i o n  of c o n t r o l  experiment g o a l s  and requ i rements ,  t h e  
development of mechanizat ion approaches  and t h e  i d e n t i f i c a t i o n  of ins t rumenta -  
t i o n  requ i rements  . 

EXAMINE SENSIT IV ITY OF CONTROLLER PERFORMANCE TO D l  STURBANCES 
CAUSED B Y  MANISHUTTLE INTERFACE 

COMPLETE EVALUATION OF SYSTEM DRIVERS AND ESTABLISH PERFORMANCE 
OF ADVANCED CONTROL SYSTEMS FOR LARGE ANTENNA MI SS I O N  CONCEPTS 

DEFI NE FLI GHT EXPER IMENT CONTROL GOALS AND REQUIREMENTS, DEVELOP 
MECHANIZATION APPROACHES AND INSTRUMENTATION REQUIREMENTS 
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OUTLINE 

T h i s  p a r t  of t h e  p r e s e n t a t i o n  a d d r e s s e s  t h e  c o n t r o l  work a t  J P L  f o r  
l a r g e  s p a c e  an tenna  sys tems .  Inc luded  i n  t h e  d i s c u s s i o n s  a r e  t h e  wrap-r ib  
and hoop/column an tenna  c o n c e p t s .  

Th i s  p r e s e n t a t i o n  can b e  o u t l i n e d  ( f i g .  1 )  a s  f o l l o w s :  F i r s t ,  a  b r i e f  
d e s c r i p t i o n  w i l l  be  g i v e n  f o r  t h e  LSST f o c u s  m i s s i o n s  c a l l i n g  f o r  t h e  
deployment of e i t h e r  wrap-r ib  o r  hoop/column a n t e n n a s .  Then, f o r  e i t h e r  
an tenna  concep t ,  c o n t r o l  problems w i l l  be d e s c r i b e d ,  c o n t r o l  o p t i o n s  
d i s c u s s e d ,  q u a n t i t a t i v e  r e s u l t s  p r e s e n t e d .  System d r < v e r s  f o r  e i t h e r  
an tenna  concept  w i l l  b e  i d e n t i f i e d .  F i n a l l y ,  t h i s  p r e s e n t a t i o n  w i l l  
be concluded a l o n g  w i t h  a  b r i e f  d e s c r i p t i o n  of t h e  planned work f o r  t h e  
upcoming y e a r .  

FOCUS MISSIONS 

CONTROL PROBLEMS 

CONTROL OPT IONS 

RESULTS AND SYSTEM DRIVERS 

PLANNED WORK 
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LSST ANTENNA FOCUS MISSIONS 

The LSST antenna focus missions (fig. 2) such as communications and radiom- 
etry call for antennas ranging in size from 10 to 100 meters, operating fre- 
quency of the order of GHz, antenna line-of-sight (LOS) pointing accuracy in 
the neighborhood of 3.04O, and antenna surface accuracy of about 1/40 to 1/20 
of a wavelength. 

Figure 2 
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LMSS ACCURACY ?.EQUIRE?fENTS 

10  Years  O p e r a t i o n a l  Phase  

A s p e c i f i c  miss ion  example i s  t h e  Land Mobile S a t e l l i t e  System o r  
LMSS which i s  a  communications concept  i n t e n d e d  t o  p rov ide  t e l e p h o n e  
s e r v i c e  t o  mobi le  u s e r s  i n  t h e  C o n t i n e n t a l  Uni tc~d S t a t e s .  T h i s  concept  
c a l l s  f o r  a s i n g l e  s h u t t l e  l aunch  i n  t h e  m i d n i n e t i e s  and t h e  deployment 
of a  l a r g e  an tenna  i n  g e o s t a t i o n a r y  o r b i t .  Tccl~nology r e a d i n e s s  i s  t o  be 
f l i g h t  demonstra ted  by t h e  l a t e  e i g h t i e s .  

I n  o r d e r  f o r  t h e  LMSS t o  p rov ide  adequa te  communication s e r v i c e ,  sys tem 
accuracy  requ i rements  must be  s a t i s f i e d  a s  shown i n  f i g u r e  3.  It is  no ted  
t h a t  most accuracy  requ i rements  f o r  t h e  c o n t r o l  subsystem a r e  f r a c t i o n s  of 
sys tem r e q u i r e m e n t s .  For example,  LOS p o i n t i n g  must be c o n t r o l l e d  t o  l e s s  
t h a n  0.03",  LOS s t a b i l i t y  must be  c o n t r o l l e d  t o  l e s s  than  0.02',  and d i s h  
s u r f a c e  accuracy  must be l e s s  than  6 mm. 

Two a n t e n n a  c o n f i g u r a t i o n s  b e i n g  cons ide red  f o r  t h e  LMSS m i s s i o n  a r e  
shown i n  f i g u r e s  4 and 5: t h e  hoop/column and the  wrap-r ib  c o n f i g u r a t i o n s .  

' 1  LLUSTRATION OF POINTING AND S T A B I L I T Y  ERRORS: 
S T A B I L I T Y  ENVELOPE %0.030 

P O I N T I N G E R R O R + O . ~ O ~  
- C -  ' TARGEl 

\ / MAX. ERROR 
ENVELOPE k0.13' 

(AFTER C A L I  BRAT ION/  
PO INT I NG* COMPENSAT ION FOR 

THERMAL OFFSETS, ETC. 
- 
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-. 
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HOOP /COLUMN LMSS 

CONFIGURATION AND MASS PROPERTIES 

The hoop/column concep t  ( f i g .  4 )  h a s  t h e  f o l l o w i n g  fundamental  e l ements :  
a  122-meter d i a m e t e r  hoop ( t h e  p l a n e  o f  which i s  p e r p e n d i c u l a r  t o  t h e  view- 
g r a p h ) ,  and a n  88-meter t e l e s c o p i n g  mast ( o r  column).  The a n t e n n a  f e e d  sys -  
t e m  i s  Locared a t  one end and a bus s t r u c t u r e  is  l o c a t e d  a t  t h e  o t h e r  end of 
t h e  mast .  The a n t e n n a  r e f l e c t o r  is about  118 m e t e r s  i n  d i a m e t e r ,  and t h e r e  
a r e  a  l a r g e  number of  s t r i n g e r s  s u p p o r t i n g  the  hoop o r  m a i n t a i n i n g  t h e  shape  
of t h e  r e f l e c t o r  mesh. 

T o t a l  weight  of t h e  sys tem i s  abou t  10,000 l b ,  h a l f  o f  which is  concen- 
t r a t e d  a t  t h e  a n t e n n a  f e e d  a r e a .  The o t h e r  h a l f  of t h e  sys tem weigh t  i s  
a lmost  e q u a l l y  d i s t r i b u t e d  among t h e  hoop, t h e  m a s t ,  and t h e  bus .  

TOTAL MASS 10,340 LB 

MOMENTS I = ~ . ~ ~ X I O ~ S L U G - F ~ ~  
OF = 5 . 8 9 ~ 1 0 ~  

INERT l A  
I = 1.52 x 1 0  6 

PRODUCTS 
OF 1 = I  = I  = o  

INERT l A  XY YZ YZ 

X z 7 :;,"1G ORBITAL 

THE SHUTTLE 

+ z 
BUS 

118 m D I A  
MESH ANTENNA 
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WRAP-RIB LMSS 

CONFIGURATION AND MASS PROPERTIES 

The wrap-r ib  concep t  ( f i g .  5 )  h a s  a 55-meter d i a m e t e r  d i s h  t o  t h e  r i g h t  
and a f e e d  a r r a y  mounted on t h e  s p a c e c r a f t  bus which i s  abou t  80 m e t e r s  t o  
t h e  l e f t  o f  t h e  d i s h .  The d i s h  and t h e  bus a r e  connected  by t h e  boom s t r u c -  
t u r e .  The s h o r t  boom i s  abou t  33 m e t e r s  long  and t h e  l o n g  boom measures  
abou t  80 m e t e r s .  T o t a l  we igh t  o f  t h e  sys tem i s  abou t  9700 l b ,  8'3% of  which 
i s  c o n c e n t r a t e d  a t  t h e  bus a r e a ,  and t h e  o t h e r  207' a t  t h e  d i s h .  

TOTA L MASS 9695 LB 

MOMENTS 
OF 

INERTIA 

PRODUCTS 
OF 

INERT l A  

V - THE SHUTTLE /A  \ / 

EARTH 
gM x 1lM 

22"' LOWER BOOM LENGTH = 80 m 
9mW \ \  MASS = 210 LB 

MASS 

DIAMRER V 
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OBJECTIVES 

The long  range  o b j e c t i v e  i s  t o  deve lop  c o n t r o l  technology f o r  m i s s i o n s  
such  a s  LMSS r e q u i r i n g  l a r g e  space  antenna sys tems .  

S p e c i f i c  o b j e c t i v e s  ( f i g .  6)  a r e  t o  i d e n t i f y  c o n t r o l  problems and system 
d r i v e r s ,  t o  develop c o n t r o l  s o l u t i o n s ,  t o  e s t a b l i s h  c o n t r o l  performance regime 
a c h i e v a b l e ,  and t o  recommend system t r a d e  o p t i o n s .  

F i r s t  c o n s i d e r  t h e  c o n t r o l  of t h e  hoop/column antenna sys tems .  

IDENTIFY SYSTEM DRIVERS 

DEVELOP CONTROL TECHNOLOGY 

ESTABLISH SYSTEM PERFORMANCE REGIME 

PERFORM SYSTEMTRADES 
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CONTROL DESIGN DRIVERS 

(HOOP/ COLUMN) 

I n  a d d i t i o n  t o  a t t i t u d e  c o n t r o l ,  t h e r e  a r e  o t h e r  impor tan t  c o n t r o l  
r equ i rements  ( f i g .  7)  a s  d i s c u s s e d  i n  t h e  f o l l o w i n g :  

The f e e d  and t h e  d i s h  a r e  p h y s i c a l l y  s e p a r a t e d  b u t  a r e  connected by 
t h e  f l e x i b l e  mas t .  T h e i r  r e l a t i v e  s t a b i l i t y  must be m a i n t a i n e d ,  o r  d i s h  
p o i n t i n g  e r r o r  and an tenna  de focus  e r r o r  can r e s u l t .  

The d i s h  i t s e l f  i s  a l s o  f l e x i b l e .  I t s  v i b r a t i o n  o r  de fo rmat ion  can 
c a u s e  d i s h  s u r f a c e  e r r o r ,  r e s u l t i n g  i n  RF g a i n  l o s s .  

Consider  t h e  Z-axis i n e r t i a  g iven  i n  f i g u r e  4 .  Except t h e  mass of t h e  
hoop,  o t h e r  sys tem mass i s  l a r g e l y  c o n c e n t r a t e d  a long  t h e  mast o r  t h e  
Z-axis. T h e r e f o r e  BOX of t h e  Z-axis i n e r t i a  i s  c o n t r i b u t e d  by t h e  hoop. But 
t h e  s t i f f n e s s  a s s o c i a t e d  w i t h  hoop r o t a t i o n  i s  r e l - a t i v e l y  s m a l l .  A s  a  r e s u l t ,  
t h e  f requency  a s s o c i a t e d  w i t h  t h e  r o t a t i o n  of t h e  Iloop may be  low, which can 
c a u s e  c o n t r o l / s t r u c t u r e  dynamics i n t e r a c t i o n s .  

Fur the rmore ,  c o n s i d e r  a  s i t u a t i o n  where dynamic coup l ing  can o c c u r .  
Suppose a  c o n t r o l  a c t i o n  i s  a p p l i e d  a t  t h e  bus as shown, t o  c o r r e c t  e r r o r s  
a s s o c i a t e d  w i t h  t h e  an tenna  feed  p o s i t i o n s .  A s  i n d i c a t e d  t h e  d i s t o r t i o n  of 
t h e  d i s h ,  t h e  mast and t h e  hoop can  r e s u l t .  

A l l  t h e s e  problems can be compounded by t h e  model u n c e r t a i n t y  problem,  
which r e f e r s  t o  t h e  dynamic d i sc repancy  t h a t  always e x i s t s  between t h e  on- 
board c o n t r o l l e r  model and t h e  r e a l  s t r u c t u r e .  L a t e r  on r e a s o n s  f o r  t h i s  
d i s c r e p a n c y  w i l l  be  g iven  and t h e  r e s u l t i n g  problem w i l l  be  q u a n t i f i e d .  

M A I N T A I N  STABIL ITY  AND ACCURATE RF POINTING BY M I N I M I Z I N G  

ATTITUDE ERRORS 
FEED D I SPLACEMENT 
D I S H  DEFORMATION 
HOOP ROTAT I O N  

ACHIEVE PRECIS ION CONTROI - I N  THE PRESENCE OF 

MODEL UNCERTAINTY 
D Y N A M I C  COUPLING 

CONTROL ' A m  
ACTIONS / :  

LMS S CONTRO 

\ 

1 L REQ U I REMENT 

HOOPID I S H  
BEND ING & 
TORS I ON 

I SYSTEM 1 CONTROL SUBSYSTEM I 
I POINTING ACCURACY 1 O . l O O  1 0.03O 
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CONTROL H I E U R C H Y  

There  a r e  a  number of c o n t r o l  o p t i o n s  f o r  t h e  hoop/column an tenna  
sys tems .  A p p l i c a b i l i t y  of each o p t i o n  depends on f a c t o r s  such  a s  miss ion  
o b j e c t i v e s ,  sys tem accuracy requ i rements ,  d i s t u r b a n c e  environment ,  and c o s t  
and r i s k  invo lved .  

A s  d e s c r i b e d  e a r l i e r ,  fundamental  e lements  of t h e  hoop/column system a r e  
t h e  b u s ,  t h e  f e e d ,  and t h e  hoop. (See f i g .  1 . )  It is  t h u s  r e a s o q a b l e  t o  f i r s t  
c o n s i d e r  a lumped c o n t r o l l e r  l o c a t e d  a t  e i t h e r  t h e  bus o r  t h e  f e e d .  When t h e  
c o n t r o l l e r  i s  l o c a t e d  a t  t h e  bus ,  i t  is r e f e r r e d  t o  a s  t h e  b u s t  c o n t r o l l e r .  
S i m i l a r l y ,  when t h e  c o n t r o l l e r  i s  l o c a t e d  a t  t h e  f e e d ,  i t  is r e f e r r e d  t o  a s  t h e  
feed  c o n t r o l l e r .  

Both t h e  bus and t h e  feed  c o n t r o l l e r s  a r e  r e f e r r e d  t o  a s  s i n g l e - s i t e  
c o n t r o l l e r s .  E i t h e r  c o n t r o l l e r  i s  assumed t o  have a t t i t u d e  s e n s i n g  and 
t o r q u e  a c t u a t i o n  c a p a b i l i t i e s  l i k e  c u r r e n t  s p a c e c r a f t  a t t i t u d e  c o n t r o l l e r s .  

A n a t u r a l  e x t e n s i o n  of t h e  s i n g l e - s i t e  c o n t r o l l e r  i s  t h e  two-s i t e  
c o n t r o l l e r ,  which c a l l s  f o r  a t t i t u d e  s e n s i n g  and t o r q u e  a c t u a t i o n  a t  t h e  
bus and a t  t h e  f e e d .  

FEED BASED CONTROL 
7 

HOOP MOTION 
CONTROL 

S I N G L E A X I  
THRUSTERS 

SHAPEIV l BRAT ION INERTIAL SENSORS 

SENSOR MOMENTUM WHEELS 

HOOP SECTION 

A IdOOP MOT I ON 

SINGLE A X I S  
THRUSTERS 

BUS BASED CONTROL 

INERTIAL SENSORS 
MOMENTUM WHEELS 
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CONTROL HIERARCYY - Continued 

(HOOP /COLUMN) 

The t h i r d  sys tem i s  t h e  two-s i t e  c o n t r o l l e r  p l u s  hoop motion s e n s i n g  
and hoop r o t a t i o n  c o n t r o l .  Hoop motion s e n s i n g  can be  performed w i t h  e i t h e r  
i n e r t i a l  o r  o p t i c a l  s e n s o r s .  Hoop r o t a t i o n  c o n t r o l  can b e  ach ieved  w i t h  
s i n g l e  a x i s  t h r u s t e r s .  

The f o u r t h  sys tem i s  t h e  t h i r d  sys tem p l u s  s t a t i c  o r  dynamic d i s h  
shape  c o n t r o l  w i t h  e x i s t i n g  c o n t r o l  s t r i n g e r s .  T h i s  sys tem may be  r e q u i r e d  
f o r  m i s s i o n s  of ve ry  h i g h  performance.  

S i n g l e - s i t e  and two-s i t e  c o n t r o l l e r s  r e p r e s e n t  c u r r e n t  technology and 
they  were cons ide red  f o r  t h e  hoop/column sys tems .  T h e i r  r e s u l t s  w i l l  be 
p r e s e n t e d  s h o r t l y .  The t h i r d  and f o u r t h  sys tems r e p r e s e n t  r e a s o n a b l e  
e x t r a p o l a t i o n s  of c u r r e n t  technology and a re  under s t u d y .  (See  f i g .  9 . )  

1. S INGLE-S ITE CONTROL W ITH  INERTIAL SENSORS AND ACTUATORS 
AT SPACECRAFT BUS OR FEED 

2. TWO-S ITE CONTROL W ITH SENSORS AND ACTUATORS AT BOTH 
BUS AND FEED 

3. FEED-D ISH-HOOP MOTION CONTROL W I TH  HOOP ACTUATORS AND 
SENSOR 

4. '3" + SURFACE SHAPE CONTROL 

F i g u r e  9 



COLJTROL/DYNAMICS SIMULATION SYSTEM 

In order to evaluate control performance, a simulation software program 
was developed, and its block diagran is shown in figure 10. 

It,consists of 3 major blocks, one of which is the control system 
representing either single-site or two-site controllers as discussed earlier. 
The second block represents the structural model for the hoop/column antenna 
system. The parameters of the antenna model can be changed and the resulting 
performance is computed and recorded in the performance evaluation block. 
Various performance parameters can be obtained. 

SOLAR R A D I A T I O N  TORQUE MODEL 
GRAVITY GRADIENT TORQUE 

MODEL GYROSCOPIC TORQUE 
ACTUATOR UNCERTAINTY 
TORQUES AND FORCES 

FULL ORDER MODEL 

ATTITUDE ERRORS 
FEED D ISPLACEMENT 
D l S H  DEFORMATION 
D l S H  ANGULAR DEV 
BEAM POINTING ERROR1 
DEFOCUS 
MODAL AMPLITUDES AND 
ENERGY 

ACTUAL 

Figure 10 

CONTROL 
G A I N S  AND 
LOGIC 

3 WHEELS AND 
THRUSTERS 

A 

ANTENNA 

3 3 PERFORMANCE 
EVALUATION - 

F l L l E R  

- PARAMETER VARIATIONS - I N I T I A L  ATTITUDE ERRORS 

v ANTENNA D Y N A M I C S  
F l LTERED 

- 

OUTPUTS SHAPE AND V I B R A T I O N  

STATE 
ESTIMATOR 
REDUCED 
MODEL 

AT SELECTED POINTS 

< I MEASUREMENT N O I S E  
SENSOR INERTIAL ATTITUDE 



64-m DIAMETER HOOP/COLUTIN ANTENNA 

CHARACTERISTICS 

The b e s t  a v a i l a b l e  model f o r  t h e  hoop/column a n t e n n a  sys tem i s  t h e  
64-m d i a m e t e r  model developed by t h e  H a r r i s  C o r p o r a t i o n  and i s  shown i n  
f i g u r e  11. It was t h e r e f o r e  i n t e g r a t e d  i n  t h e  c o n t r o l  s i m u l a t i o n  program. 

MODAL FREQUENC IES 

64-mD ANTENNA 
QUAD-APERTURE 

MASS PROPERTY M A X  DISTURBANCETORQUES 

DESCRIPTIONS 

1ST MAST TORSION 
- 

1ST MAST ROLL BENDING 
- 

I S 1  MAST PITCH BENDING 

ZNDMASTTORSION 
- - 

3RD MAST TORSION 
-- -- 

2No MASTID I S H  ROLL BDG 

2NO MASTIDISH PITCH BOG - 
D I S H  WARPING 

- 

D I S H  WARPING 

D I S H  WARP MAST BENDING 
~. - - - 

D I S H  WARP MAST BENDING 
- - 

D I S H  WARP MAST BEKOING 

I 

NO 

7 

8 
- 

9 
- 

10 

11 

12 
- 

13 

14 

15 

16 
- - 

17 
- 

18 

MASS : 2790 kg GRAVITY GRADIENT 1.89 x N-m 
MOMENT OF INERTIA GYROSCOPIC 6.30 x 

1.42 x 106 kg-m2 SOLAR PRESSURE 6.23 x 10-3 
1.42 x l o 6  
2.73 x id 

FREQ,HZ 

0 10 

0 43 

0 43 

0 5 8  

1 07 

1.83 

1 90 
- 

3 20 

3 28 

3 36 
.-  - 

3 37 
- 

4 43 

BALANCED CONFIGURATION 

F i g u r e  11 



122-m DIAMETER HOOP/COLIJMN CONFIGURATION 

LMSS POINT DESIGN 

An ongoing e f f o r t  a t  H a r r i s  aims t o  deve lop  a 122-m d iamete r  model 
t o  r e p r e s e n t  t h e  LMSS d e s i g n .  Modal f r e q u e n c i e s  f o r  t h e  122-m model a s  
c u r r e n t l y  e s t i m a t e d  by t h e  H a r r i s  Corpora t ion  a r e  shown i n  f i g u r e  12.  
The 122-m model development is expected t o  be completed i n  January  and 
t h e  r e s u l t i n g  model w i l l  be i n t e g r a t e d  i n t o  t h e  c o n t r o l  s i m u l a t i o n  
program. 

EST1 MATED MODAL FREQUENC IES 

MASS PROPERTY 

NO. 

7 

8 
- 

9 - - 
10 
- ~ 

11 - 
12 
- 

13 
- . 
14 

15 
- - - - 

16 
-- 

17 - 
18 

MASS: 4218 kg (9279 LB) 
MOMENT OF INERTIA 

7.53 x lo6  kg-m2 
7.56 x 106 
1.49 x 106 

BALANCED CONF IGURAT ION 

ANT s-BAND A 
FREQ, HZ 

0.35 
--- 

0.18 

0.18 
- - 

0.31 
- - - . 

0.56 
~. . 

0.95 
- -- 

0.99 
- - - - - 

1.68 
-- 

1.71 
- -- - 

1.76 
- 

1.77 

2.42 
122-mD 
QUAD-APERTUI 

DESCRIPTIONS 

MAST TORSION 
- .- 

ROLL BENDING 
- -- - 

PITCH BENDING 

MAST TORSION 
- - - -. - - - 
MAST TORSION 

, -- - -- - - 
MASTID lSH ROLL BENDING 

- -- 

MASTIDISH PITCH BENDING - - - -- --- 
DISH WARPING 

DISH WARPING 
- 

- D  hi WARPING MAST BEND= 
- - - --- -- 

DISH WARPING MAST BENDING - 
DISH WARPING MAST BENDING 

M A X  D I STURBANCE TORQUES 
GRAVITY GRADIENT 1.0 x 1 0 - 2 N - m  
GYROSCOPIC 3.3 x 10-3 
SOLAR PRESSURE 2.48 x 10-2 

Figure  1 2  



MODELING PROSLEElS 

(HOOP /COLUMN) 

With antenna models selected and control svstems designed, control 
performance of the hoop/column antenna system can be evaluated. However, 
control performance evaluation will not be complete, if model uncertainty 
is not considered. Again, model uncertaintv here refers to the dynamics 
discrepancy that always exists between on-board controller model and the 
real large space system. Figure 13 illustrates that large space systems 
are characterized by nonlinearities, infinite degrees of freedom, flexi- 
bility, parameter changes, etc. Due to practical limitations, the best 
model available is often represented by a linear finite-element model of 
very high dimension. Even if the on-board controller can implement this 
very best model of very high dimension, there still exists a dynamic dis- 
crepancy between the on-board controller model and the real large space 
system. Therefore in control performance evaluation, model uncertainty 
is considered a significant control system design driver. 

LARGE SPACE SYSTEM 
r-----l 
I NONLINEAR I 

J 

INFINITE DEGREES EVALUAT l ON 
OF FREEDOM MODEL 

EXTERNAL 
D l  STURBANCES LINEAR ON-BOARD MODEL 

FLEXIBILITY FINITE CONTROLLER 
ELEMENTS 

PARAMETER CHANGES MODEL 

MODAL 
i 

CONFIGURATIONS b 

CHANGES 

CONTROL 
l NTERACTI ONS 

LARGE STRUCTURES ARE I NFIN ITE-D IMENS IONAL SYSTEMS THAT CANNOT 
BE COMPLETELY MODELED 

Figure 13 



CONTROL S E N S I T I V I T Y  S U B J E C T  T O  PARAVETER ERRORS 

(HOOP / COLUMN) 

For t h e  hoop/column an tenna ,  f i g u r e  14 i l l u s t r a t e s  t h a t  s i g n i f i c a n t  
changes i n  c o n t r o l  performance can occur  when t h e  modal f r e q u e n c i e s  of t h e  
a c t u a l  hoop/column an tenna  system a r e  d i f f e r e n t  from t h o s e  o f  t h e  on-board 
c o n t r o l l e r  model. F i r s t  c o n s i d e r  t h e  feed  c o n t r o l l e r .  Suppose i n  t h i s  
c a s e  t h e  d i s h  s u r f a c e  e r r o r  is 1 mm, when t h e  a c t u a l  sys tem frequency i s  
t h e  same a s  t h e  d e s i g n  f requency.  A s  t h e  a c t u a l  sys tem frequency d i f f e r s  
from t h e  d e s i g n  f requency ,  t h e  d i s h  s u r f a c e  e r r o r  may i n c r e a s e  o r  d e c r e a s e .  
But,  a s  t h e  a c t u a l  sys tem frequency i s  reduced by more t h a n  20X o r  i n c r e a s e d  
beyond 30X, t h e  feed  c o n t r o l l e r  becomes u n s t a b l e .  

For t h e  bus c o n t r o l l e r ,  t h e  r e s u l t  i n d i c a t e s  t h a t  t h e  performance i s  
r e l a t i v e l y  b e t t e r  t h a n  t h a t  of t h e  feed  c o n t r o l l e r .  But t h e  system becomes 
u n s t a b l e  when t h e  a c t u a l  sys tem frequency is reduced by 20Z o r  i n c r e a s e d  
by 1 7 % .  

F igure  14 f u r t h e r  i l l u s t r a t e s  t h a t  t h e  two-s i t e  c o n t r o l l e r  w i t h  a t t i -  
t u d e  s e n s i n g  and t o r q u e  a c t u a t i o n  a t  b o t h  t h e  bus  and t h e  feed  can perform 
b e t t e r  and can  be more r o b u s t  t h a n  t h e  o t h e r  two c o n t r o l l e r s .  Th i s  means 
t h a t  t h e  model u n d e r t a i n t y  problem can be  reduced by d i f f e r e n t  c o n t r o l  
d e s i g n s .  

ACTUAL M O D A L  FREQIDES IGN MODAL FREQ 

Figure  14 



TWO-SITE CONTROL PERFORJIANCE SENSITIVITY 

TO P U I C T E R  ERRORS 

The o t h e r  an tenna  performance p a r a m e t e r s  e x h i b i t  s i m i l a r  r e s u l t s  a s  
t h e  a c t u a l  sys tem f requency  d i f f e r s  from t h e  d e s i g n  f r equency .  For exam- 
p l e ,  i n  t h e  c a s e  of  t h e  t w o - s i t e  c o n t r o l l e r ,  t h e  bus  p o i n t i n g ,  i n  g e n e r a l ,  
is b e t t e r  t h a n  t h e  f e e d  p o i n t i n g  u n t i l  t h e  c o n t r o l  sys tem becomes u n s t a b l e .  
The f e e d / d i s h  r e l a t i v e  d i sp lacement  e r r o r  e x h i b i t s  s i m i l a r  r e s u l t s  a s  
i n d i c a t e d  i n  f i g u r e  15 .  

- 1.00 7 POINT I 

cccn I 

ACTUAL MODAL  FREQlDES IGN MODAL FREQ 

F i g u r e  15 



IDENTIFICATION OF CRITICAL MODAL PARAMETERS 

R e s u l t s  of f i g u r e s  1 4  and 1 5  a r e  summarized i n  t h e  bottom of f i g u r e  16 
a s  t h e  c a t e g o r y  of a l l  modes. For example, t h e  feed  c o n t r o l  and t h e  b u s t  
c o n t r o l  b o t h  become u n s t a b l e  a s  t h e  a c t u a l  sys tem f r e q u e n c i e s  of a l l  nodes 
a r e  reduced by 20%. S i m i l a r l y ,  two-s i t e  c o n t r o l  remains s t a b l e  i n  t h e  
r e g i o n  o f  0.67 t o  1 . 3  a s  b e f o r e .  

However, i f  on ly  f r e q u e n c i e s  of t o r s i o n a l  modes o r  i f  o n l y  f requen-  
c i e s  of bending modes change,  d i f f e r e n t  r e s u l t s  occur .  F i g u r e  1 6  i n d i c a t e s  
t h a t  a s  f a r  as t h e  s t a b i l i t y  is concerned,  t h e  accuracy  of t o r s i o n a l  f r e -  
quenc ies  i s  more impor tan t  t h a n  t h a t  of t h e  bending f r e q p e n c i e s .  

BEND l N G  
MODES 

TORS I O N  
MODES 

ALL 
MODES 

STAB LE 
BEYOND 

I I I I 1 I I I 1 I I 1 I 
0.4 0.6 0.8 1.0 1.2 1.4 1.6 

ACTUAL FREQIDES I G N  FREQ 

Figure  1 6  



SUMMARY 

(HOOP/ COLUMN) 

The sys tem d r i v e r s  a r e  summarized i n  f i g u r e  1 7  and a r e  t h e  f o l l o w i n g :  

1. I n e v i t a b l e  u n c e r t a i n t i e s  o r  dynamics d i s c r e p a n c y  t h a t  a lways  e x i s t s  
between c o n t r o l l e r  d e s i g n  model and t h e  r e a l  s t r u c t u r e ;  t h i s  can c a u s e  
sys tem i n s t a b i l i t y  

2 .  Low s t r u c t u r a l  f r e q u e n c i e s  a s s o c i a t e d  w i t h  hoop/mast t o r s i o n s ;  
t h e s e  modes de te rmine  sys tem s t a b i l i t y  margins 

Two-site c o n t r o l  sys tem i s  more r o b u s t  t h a n  s i n g l e - s i t e  c o n t r o l l e r s  i n  
t h e  p r e s e n c e  of sys tem frequency u n c e r t a i n t i e s  

A s  t h e  two-s i t e  c o n t r o l  sys tem concept  i s  a p p l i e d  t o  t h e  LMSS d e s i g n ,  i t  
r e s u l t s  i n  r e a s o n a b l e  hardware r e q u i r e m e n t s ,  t h e  d e t a i l s  of which w i l l  be 
r e p o r t e d  as p a r t  of t h e  LMSS s t u d y  p r e s e n t a t i o n  con ta ined  e l sewhere  w i t h i n  
t h i s  r ev iew.  

F i n a l l y ,  i t  appears  t h a t  i d e n t i f i c a t i o n  of c r i t i c a l  modes can a l l o w  a  
c o n t r o l  sys tem t o  ach ieve  i t s  b e s t  performance.  However, i d e n t i f i c a t i o n  
of  c r i t i c a l  modes must b e  performed w h i l e  t h e  l a r g e  space  an tenna  sys tem 
i s  b e i n g  c o n t r o l l e d .  The r e a s o n  i s  t h a t  some modes may be c r i t i c a l  t o  
one type  of c o n t r o l l e r s  b u t  n o t  c r i t i c a l  t o  o t h e r s .  

SYSTEM DRIVERS 

UNCERTAINTIES I N  CONTROL/ STRUCTURAL INTERACT IONS 

LOW STRUCTURAL FREQUENCIES 

HOOP 

M A S T  

TWO-SITE CONTROL SYSTEM 

MORE ROBUST THAN SINGLE-SITE CONTROLLERS 

RESULTING I N  REASONABLE HARDWARE REQU l REMENTS AS  APPLIED 
TO THE LMSS M I S S I O N  

IDENTIFICATION OF C R l T l  CAL MODES INSURES BEST CONTROL PERFORMANCE 

F i g u r e  1 7  



CONTROL PROBLEMS 

(WRAP-RIB) 

Next ,  c o n s i d e r  t h e  c o n t r o l  of  wrap-r ib  an tenna  sys tems ( f i g .  1 8 ) .  

The t a s k  is t o  c o n t r o l  t h e  wrap-r ib  sys tem ( f i g .  5) t o  meet ing accuracy  
requ i rements  shown i n  f i g u r e  3 .  F i r s t  c o n t r o l  problem is  a s s o c i a t e d  w i t h  
t h e  imbalanced c o n f i g u r a t i o n  of  t h e  wrap-r ib  a n t e n n a  sys tem.  The imbalanced 
c o n f i g u r a t i o n  i s  evidenced by t h e  f a c t  t h a t  80% of sys tem mass i s  c o n c e n t r a t e d  
a t  t h e  bus  a r e a  and 20% a t  t h e  d i s h  a r e a .  T h e r e f o r e ,  t h e  a x i s  of minimal 
i n e r t i a  i s  17' o f f  from t h e  l o c a l  v e r t i c a l  which is t h e  Z-axis i n  f i g u r e  5. 
T h i s  r e s u l t s  i n  a  l a r g e  c o n s t a n t  g r a v i t y  g r a d i e n t  t o r q u e  on t h e  sys tem w i t h  
magnitude of 1 .14 x  f t - l b .  

Another d i f f i c u l t y  caused by t h e  imbalanced c o n f i g u r a t i o n  is  t h a t  i t  
r e s u l t s  i n  a  l a r g e  c r o s s  p roduc t  of i n e r t i a .  T h i s  i n e r t i a  c a u s e s  
s i g n i f i c a n t  dynamic c o u p l i n g  between two a t t i t u d e  a x e s .  

For  wrap-r ib  an tenna  s y s t e m s ,  f eed  and d i s h  a r e  a l s o  p h y s i c a l l y  s e p a r a t e d  
b u t  connected w i t h  t h e  f l e x i b l e  boom s t r u c t u r e .  T h e i r  r e l a t i v e  mot ions  can 
c a u s e  d i s h  p o i n t i n g  and an tenna  d e f o c u s  e r r o r s .  

IMBALANCED CONFIGURATION 
LARGE CROSS PRODUCT OF INERT l A  
COUPLING BETWEEN CONTROL AXES 

FEEDI D I S H  RELATIVE MOT IONS 
D I S H  POINTING ERRORS 
DEFOCUS ERRORS 

D I S H  VIBRATIONS 
RF G A I N  LOSS 
COUPLING WITH FEED MOTIONS 

LOW FREQUENCIES OF BOOM 
CONTROL1 STRUCTURE INTERACT IONS 

STRUCTURAL UNCERTA INTIESI  MODEL ERRORS 
ERROR IN BOOM FREQUENC IES 

F i g u r e  18 



FEED MOTION AND BOOM DTSTOPTION 

The 55-m d i a m e t e r  d i s h  i s  a l s o  a  f l e x i b l e  s t r u c t u r e .  I ts v i b r a t i o n s  
w i l l  have two d i s t i n c t  impacts  on sys tem performance.  F i r s t ,  i t s  v i b r a t i o n s  
can cause  d i s h  s u r f a c e  e r r o r s ,  r e s u l t i n g  i n  RF g a i n  l o s s .  Second, i t s  v i b r a -  
t i o n s  can coup le  w i t h  dynamics of o t h e r  p a r t s  o f  t h e  sys tem a s  i l l u s t r a t e d  
by f i g u r e  1 9 .  Consider  a  t o r s i o n a l  mot ion o f  t h e  d i s h .  I t  can  cause  
t h e  s h o r t  boom t o  bend and t w i s t .  The elbow of t h e  boom is  t r a n s l a t e d .  
A s  a  r e s u l t ,  t h e  long  boom i s  bending and t h e  f e e d / b u s  i s  t h e r e f o r e  e x p e r i e n c i n g  
a t t i t u d e  e r r o r s .  

Nex t ,  a l l  models t o  d a t e  i n d i c a t e  t h a t  lowes t  v i b r a t i o n  f r e q u e n c i e s  
o f  t h e  sys tem a r e  a s s o c i a t e d  w i t h  t h e  boom s t r u c t u r e .  The low f r e q u e n c i e s  
of t h e  boom can c a u s e  c o n t r o l / s t r u c t u r e  i n t e r a c t i o n s ,  r e s u l t i n g  i n  performance 
d e g r a d a t i o n .  T h i s  problem is f u r t h e r  compounded by t h e  model u n c e r t a i n t y  
problem d i s c u s s e d  e a r l i e r .  Consequent ly ,  low f r e q u e n c i e s  of  t h e  boom w i t h  
u n c e r t a i n  v a l u e s  can cause  s e r i o u s  problems s u c h  as  sys tem i n s t a b i l i t y .  

DUE TO D ISH V I B R A T I O N  

LONG BOOM 

TORS 
MOT I 

SHORT BOOM 
1 BENDING $- 
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CONTROL SYSTEM HIERARCHY 

(WRAP-RIB) 

The c o n t r o l  sys tem h i e r a r c h y  i s  summarized i n  f i g u r e  20 .  

C o n t r o l  System 1 i s  t y p i c a l  of t h e  c u r r e n t  a t t i t u d e  c o n t r o l l e r s  f o r  
3-axis s p a c e c r a f t  s t a b i l i z a t i o n .  A t t i t u d e  s e n s o r s  and a c t u a t o r s  a r e  lumped 
t o g e t h e r  and mounted on t h e  bus of t h e  a n t e n n a  sys tem.  F l e x i b l e  dynamics 
a s s o c i a t e d  w i t h  t h e  boom and t h e  d i s h  may o n l y  be i n f e r r e d  from a t t i t u d e  
s e n s o r  o u t p u t s .  

C o n t r o l  System 2 r e p r e s e n t s  a  d e p a r t u r e  from system 1 i n  t h a t  i t  c a l l s  
f o r  an o p t i c a l  s e n s o r  a t  t h e  bus t o  perform m u l t i p o i n t  d i s t r i b u t e d  s e n s i n g  of  t h e  
d i s h .  The r e a s o n  f o r  having t h i s  s e n s o r  i s  t o  o b t a i n  i n f o r m a t i o n  abou t  f l e x i b l e  
dynamics of t h e  boom and t h e  d i s h  d i r e c t l y .  S i n c e  t h e  i n f o r m a t i o n  abou t  
f e e d / d i s h  r e l a t i v e  mot ion i s  measured and a v a i l a b l e ,  i t  i s  p o s s i b l e  t o  c o n t r o l  
t h i s  mot ion w i t h  reduced performance s e n s i t i v i t y  t o  u n c e r t a i n t i e s  a s s o c i a t e d  
w i t h  boom dynamics.  However, t h e  c o n t r o l  i s  s t i l l  performed a t  t h e  bus .  

C o n t r o l  System 3 r e p r e s e n t s  sys tem 2  p l u s  e x t r a  c o n t r o l  a u t h o r i t y  a t  t h e  
hub of  t h e  d i s h  t o  s t a b i l i z e  boom mot ions .  The r e a s o n  i s  t h a t  i t  is  d i f f i c u l t  
t o  c o n t r o l  boom mot ions  such  a s  t h e  s h o r t  boom t w i s t  w i t h  a  c o n t r o l l e r  a t  t h e  
bus t h a t  i s  80 m e t e r s  away. Th i s  i s  e x a c t l y  what happens a s  w i l l  be i l l u s t r a t e d  
i n  d e t a i l .  

C o n t r o l  System 4 may b e  r e a s o n a b l e  f o r  m i s s i o n s  w i t h  even more s t r i n g e n t  
r e q u i r e m e n t s .  For LMSS, however, Systems 1, 2 ,  and 3 were cons ide red  and 
t h e i r  r e s u l t s  w i l l  be p r e s e n t e d .  

1 : LUMPED CONTROLLER AT SPACECRAFT BUS 

2 :  "1" + M U L T l P O l N T S E N S l N G O F D l S H  

4 :  "3" + DISTRIBUTED CONTROL OF D I S H  AND BOOM 
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ILLUSTRATION OF CONTROT, HI1:RIRCHY 

(WRAP-RIB) 

The c o n t r o l  h i e r a r c h y  is i l l u s t r a t e d  by f i g u r e  2 1 .  

FEED 

U 3 DOF ACTUATORS (BUS) 

ORS 

F i g u r e  2 1  



THE FINITE-ELEMENT STRUCTURAL MODEL 

Before  p r e s e n t i n g  r e s u l t s  of t h e s e  c o n t r o l  sys tems ,  a  d e s c r i p t i o n  i s  
g i v e n  h e r e  f o r  t h e  an tenna  models on which c o n t r o l  performance i s  
e v a l u a t e d .  

P a r t  of t h e  model development work h a s  been geared t o  c a p t u r e  t h e  
c h a r a c t e r i s t i c s  of t h e  LMSS a s  much a s  p o s s i b l e .  T h e r e f o r e ,  a f i n i t e -  
element model ( f i g .  22) was developed t o  r e p r e s e n t  t h e  wrap-r ib  c o n f i g u r a t i o n  
of t h e  LMSS. The d e t a i l s  of t h i s  work a r e  con ta ined  i n  t h e  p r e s e n t a t i o n s  by 
R. F ree land  and M. El-Raheb of JPL ( r e f s .  1 and 2 ) .  I t  i s  noted t h a t  lowest  
sys tem v i b r a t i o n  f r e q u e n c i e s  i n  t h i s  model i n v o l v e  boom d i s t o r t i o n s  a s  i n d i -  
c a t e d  i n  modes 1, 2 ,  and 3. I n  p a r t i c u l a r ,  t h e  f i r s t  f l e x  mode i s  a s s o c i a t e d  
w i t h  t h e  s h o r t  boom t w i s t  w i t h  a  f requency of about  0.087 Hz. 

D I S H  

F i g u r e  22 

FLEX 
MODE 

1 

2 

3 

4 0.2062 D I S H  BENDING 

5 0.2201 D I S H  BEND ING, LONG BOOM BEND ING 

6 0.2906 D I S H  TORS ION 

7 0.6644 D I S H  ROTATION, LONG BOOM BENDING 

FREQ (Hz) 

0.0872 

0.1473 

0.1945 

DESCRI PTlON 

SHORT BOOM TORS I ON 

D I S H  TORS ION, LONG BOOM TWIST 

D I S H  TORS ION, LONG BOOM BEND ING 



PArlAYETRIC MODELS FOR CONTROI, STUDIES 

(WRAP-RIB) 

To under take  c o n t r o l  s t u d i e s  f o r  t h e  antenna system,  p a r a m e t r i c  models 
( f i g .  23)  of t h e  wrap-rib antenna system were a l s o  developed. It  is  noted 
t h a t  i n  t h e  nominal c a s e  where t h e r e  a r e  no parameter  e r r o r s ,  t h e  mode f r e -  
quenc ies  and mode shapes  of t h e  p a r a m e t r i c  n o d e l  a r e  ve ry  c l o s e  t o  t h o s e  i n  
t h e  f i n i t e - e l e m e n t  model. However, t h e  development of pa ramet r i c  models i s  
in tended  t o  have t h e  f o l l o w i n g  advan tages .  It a l lows  easy  and inexpens ive  
change i n  model pa ramete rs ,  such a s  modal damping, boom s t i f f n e s s ,  and mass 
of d i s h ,  bus ,  o r  f e e d ,  s o  t h a t  i t  can p r e d i c t  changes i n  sys tem behav ior  a s  
a r e s u l t  of  model parameter  change.  It a l s o  pe rmi t s  s i m u l a t i o n  of d i f f e r e n t  
c o n t r o l  concep t s  such a s  d i s t r i b u t e d  s e n s i n g  of d i s h  and a c t u a t i o n s  a t  bus ,  
a t  hub, o r  a t  b o t h  l o c a t i o n s .  T h e r e f o r e ,  t h i s  c a p a b i l i t y  is  v i t a l  t o  con- 
t r o l  d e s i g n s  and s e n s i t i v i t y  a n a l y s e s .  

---- --  

SHORT 

I BUS 
LONG BOOM 

VERY GOOD MATCH WITH THE F. E. MODEL I N  THE NOMINAL  CASE 
VERY EASY TO CHANGE MODEL PARAMETERS 
VERY EASY TO S IMULATE DIFFERENT CONTROL MECHANIZATION CONCEPTS 
NECESSARY FOR CONTROL DESIGNS AND SENSIT IV ITY ANALYSES 

MODE 

1 

2 

Figure  23  

NOMINAL  
FREQ (Hz) 

0.0874 

DESCRIPTION 

SHORT BOOM TORS ION 

D I S H  TORS ION, LONG 
BOOM TW IST 

DISHTORSION,  LONG 
BOOM BEND ING 

D I S H  BENDING 

D I S H  BENDING, LONG 
BOOM BEND ING 

D I S H T O R S I O N  

D l S H  ROTAT ION, LONG 
BOOM BENDING 

I 

I 0.1493 

3 

4 

5 

6 

7 

- 

0.1826 

0.2117 

0.2285 

0.4250 

0.7575 



AUTOMATION OF CONTROL DESIGN AXD SENSITIVITY AXALYS IS 

(WRAP-RIB) 

To perform control and sensitivity analysis requires handling a large amount 
of data. To eliminate major manual operations and human errors, a software 
program was developed. Similar to the one for hoop/column studies this 
program consists of three major elements (fig. 24), one of which is the antenna 
model with parameters at selected values. The second block is the control and 
estimation element which simulates mechanizations of control systems 1, 2 
and 3 as described earlier. The last element consists of all subroutines for 
computing antenna performance parameters such as dish surface RMS errors, 
dish pointing errors, and feed/dish relative displacements. 

OFFSET ANTENNA MODELS 
DISTURBANCE 

PARAMETERS 

FEED1 D l  S H  D l S PLACEMENT 
D l  SH SURFACE RMS ERROR 

Figure 24 



MTCNNA CONTROLLER DESIGNS BASED OX RF PERFOP\MARCE 

This  s i m u l a t i o n  program ( f i g .  25) i s  c u r r e n t l y  be ing  updated t o  i n c l u d e  
a n  RF model f o r  t h e  p r e d i c t i o n  of RF pe r fo rnance  such  a s  RF g a i n ,  s i d e l o b e  
l e v e l s ,  and RF p o i n t i n g .  The purpose of t h e  RF model i s  t o  permit  an tenna  
c o n t r o l  d e s i g n s  based on RF performance,  which should b e  t h e  u l t i m a t e  param- 
e t e r  t o  b e  op t imized .  

FEED ID I S H  
D I S  PLACEMENT 

SENSOR 

C;A IN 
S IDELOBE 

I ACTUATOR- 
COMMANDS CONTROL SYSTEM 

I 

ACTUATOR 
NOISE 

1 CONTROL LAW 1 t+ 
SENSOR 
NOISE 
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DISH LINE-OF-SIGHT STABILITY 

(WRAP-RIB) 

Consider  t h e  f i r s t  c a s e  where a c t u a l  boom f r e q u e n c i e s  a r e  t h e  same a s  
t h e  boom f r e q u e n c i e s  used i n  t h e  c o n t r o l  d e s i g n s .  F i g u r e  26(a)  shows t h e  
d i s h  LOS s t a b i l i t y  e r r o r  a s  a  r e s u l t  o f  having 1 newton-meter s i n u s o i d 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  an tenna .  For example, i n  c a s e s  where 
t h e  d i s t u r b i n g  s i n u s o i d a l  t o r q u e  h a s  t h e  same frequency a s  t h e  f i r s t  v i b r a t i o n  
f requency of t h e  an tenna  a t  0.55 r a d / s e c ,  t h e  d i s h  LOS e r r o r  w i l l  be 0.03' f o r  
c o n t r o l  sys tem 1, 0.015' f o r  c o n t r o l  sys tem 2 ,  and 0.002' f o r  c o n t r o l  sys tem 3 .  
This  means t h a t  having c a p a b i l i t i e s  o f  o p t i c a l  s e n s i n g  and e x t r a  c o n t r o l  a t  
d i s h  hub, sys tem 3 is  a b l e  t o  b r i n g  peak e r r o r s  down by an  o r d e r  of magnitude 
and d i s t r i b u t e  t h e  e r r o r s  i n  a  harmless  manner. 

I n  a d d i t i o n ,  sys tem 3 prov ides  performance more s t a b l e  and r o b u s t  t h a n  
t h e  o t h e r  two systems a s  a c t u a l  boom f r e q u e n c i e s  d e c r e a s e .  T h i s  i s  i l l u s -  
t r a t e d  i n  f i g u r e s  26(b) and ( c ) .  As a c t u a l  boom f r e q u e n c i e s  d e c r e a s e  t o  
62.5% of t h e  d e s i g n  f r e q u e n c i e s ,  t h e  peak LOS e r r o r s  f o r  sys tem 3 is  about  
2 .5  t imes  b e t t e r  t h a n  t h a t  of sys tem 2 ,  whereas  sys tem 1 i s  a l r e a d y  u n s t a b l e .  
S i m i l a r l y ,  i n  t h e  l a s t  c a s e  where a c t u a l  boom f r e q u e n c i e s  a r e  60% of t h e  d e s i g n  
boom f r e q u e n c i e s ,  t h e  peak LOS e r r o r  f o r  sys tem 3 i s  a t  about 0 .02" ,  and bo th  
sys tem 1 and system 2  a r e  u n s t a b l e .  

F igure  26 
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STABILITY : PEAK ERROR) 

To summarize r e s u l t s  o b t a i n e d  t o  d a t e ,  d i s h  LOS s t a b i l i t y  e r r o r  is a g a i n  
used a s  a n  example i n  f i g u r e  27  t o  show performance and s e n s i t i v i t y  r e s u l t s  
of  t h r e e  c o n t r o l  d e s i g n s .  It i s  n o t e d  t h a t  performance o f  sys tem 3 i s  
much b e t t e r  t h a n  t h e  performance of  t h e  o t h e r  two sys tems a s  mentioned 
e a r l i e r .  Fur the rmore ,  a s  boom f requency  r e d u c e s ,  sys tem 3 i s  more s t a b l e  
and r o b u s t  t h a n  t h e  o t h e r  two sys tems .  

From t h e s e  r e s u l t s ,  i t  a p p e a r s  t h a t  u n c e r t a i n t i e s  i n  boom dynamics and 
i t s  s t i f f n e s s  ( f requency)  a r e  v e r y  c r i t i c a l  t o  t h e  d e f i n i t i o n  of  c o n t r o l  
sys tems f o r  t h e  wrap-r ib  an tenna  sys tems .  

ACTUAL BOOM FREQ 
% 

ASSUMED BOOM FREQ 
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SUMMARY 

(WRAP-RIB) 

F i g u r e  2 5  is a  summary of  what h a s  been p resen ted  on t h e  c o n t r o l  of wrap- 
r i b  an tenna  sys tems:  

1. F i r s t ,  t h e  sys tem d r i v e r s  a r e  t h e  f o l l o w i n g :  

The i n e v i t a b l e  e r r o r s  o r  d i s c r e p a n c i e s  between t h e  on-board c o n t r o l l e r  
d e s i g n  model and t h e  r e a l  s t r u c t u r e .  The most c r i t i c a l  v i b r a t i o n  of 
t h e  wrap-r ib  an tenna  appear  t o  be  t h e  s h o r t  boom t w i s t  and t h e  t o r s i o n  
abou t  a n t e n n a  l i n e  of s i g h t .  

2 .  C o n t r o l  System 3 a p p e a r s  e f f e c t i v e  i n  s t a b i l i z i n g  t h e  s h o r t  boom 
t w i s t ,  which is  t h e  most c r i t i c a l  of  a l l  v i b r a t i o n s .  A s  sys tem 3 i s  
a p p l i e d  t o  t h e  LMSS m i s s i o n ,  i t  r e s u l t s  i n  an  average  power requirement  
of 260 w a t t s  and ACS weigh t  of about  1000 lb. which a r e  c o n s i d e r e d  
v e r y  r e a s o n a b l e .  Again,  t h e  d e t a i l s  of t h i s  work w i l l  be p r e s e n t e d  a s  
p a r t  of t h e  LMSS c o n t r o l  subsystem d e f i n i t i o n  by A. I?. T o l i v a r  ( r e f .  3 ) .  

3 .  A s  i n  t h e  hoop/column c a s e ,  i d e n t i f i c a t i o n  of c r i t i c a l  modes can 
a l l o w  a  c o n t r o l  d e s i g n  t o  a c h i e v e  i t s  b e s t  performance p o s s i b l e .  

SYSTEM DRIVERS 

STRUCTURAL UNCERTAINTIESlMODEL ERRORS 

LOW FREQUENCIES OF BOOM 

SHORT B O O M T W I S T  

TORS I O N  ABOUT ANTENNA LINE-OF-S I GHT 

CONTROL SYSTEM 3 

EFFECTIVE I N  S T A B I L I Z I N G  BOOM MOTIONS 

RESULT ING I N  REASONABLE HARDWARE REQU I REMENTS WHEN APPLIED TO THE 
LMSS M I S S I O N  

AVG POWER 260 WATTS 

ACS HARDWARE & PROPELLANT 1010 LB 

IN-ORBIT IDENTIFICATION OF C R I T I C A L  MODES INSURES BEST CONTROL PERFORMANCE 
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CONCLUSIONS 

Conclusions (fig. 29) that can be drawn for the control of large space 
antenna systems are the following: 

1. Important control system drivers for the hoop/column configuration 
are dynamics associated with hoop rotations, and for the wrap-rib configuration 
are dynamics associated with the boom. 

2. Model uncertainty as defined in this presentation results in control 
performance degradation. This has been established quantitatively for both 
antenna systems. 

3 .  System instability can occur if uncertainties are sufficiently large. 

4 .  Because flight data base for large space systems is nonexistent, 
large uncertainties will occur. 

5 .  To demonstrate technology and to increase flight data base, in-flight 
experiments are necessary. 

BOOM AND HOOP DYNAMICS ARE IMPORTANT CONTROL SYSTEM DRIVERS 

UNCERTAINTY I N  CONTROL 1 STRUCTURE INTERACTIONS RESULTS I N  CONTROL 
PERFORMANCE DEGRADATION 

INSTABILITY OCCURS I F  UNCERTAINTIES ARE SUFFICIENTLY LARGE 

LARGE UNCERTAINTIES WILL  OCCUR BECAUSE FLIGHT DATA BASE I S  
NONEXI STENT 

IN-FLIGHT EXPERl MENTAL l DENTIF l CAT1 ON OF CONTROL 1 STRUCTURE INTERACT1 ONS 
W l LL DEMONSTRATE TECHNOLOGY AND l NCREASE DATA BASE 

Figure 29 



PLANNED Worn 

The planned work is summarized in figure 3 q  as follows: 

1. Control Synthesis 

Control design and evaluation for both antenna concepts are to be 
directed toward specific point designs in order to achieve maximum results. 
In particular, additional system drivers will be identified. Control 
performance sensitivity to uncertainties such as truncation errors, non- 
linearities, and hardware constraints will also be determined. 

2. Control Experiment Definition 

Definition tasks for such a flight experiment involve the following 
areas. First, control goals and requirements must be defined. Then 
control hardware mechanization and requirements for the experiment are 
to be defined so that the experiment implementation can proceed. 

The experiment can be designed to have its own control system or to 
utilize the reaction control system on board the shuttle. For either 
case, dynamics interactions between the shuttle and the experiment must be 
carefully examined to ensure the safety of shuttle/experiment. 

Instrumentation for modal sensing and excitation is to be identified, 
selected, and integrated into the experiment. This will allow the proper 
implementation of sensing and actuation of experiments. 

CONTROL SYNTHES l S 

COMPLETE EVALUATION OF SYSTEM DRIVERS 

DETERMINE SENSITIVITY TO UNCERTAINTIES 

ESTA BLI  SH NEW CONTROL TECHNOLOGY PERFORMANCE BOUNDS 

CONTROL EXPERIMENT DEFINITION 

DEFI NE CONTROL GOALS AND REQU I REMENTS 

ESTABLISH MECHANIZATION APPROACHES 

DETERM I NE EXPER IMENTISHUTTLE CONTROL INTERACTIONS 

I DENTI FY INSTRUMENTATION FOR MODAL SENSING AND EXCITATION 

PERFORM PRELIMINARY DESIGN AND IMPLEMENTATION APPROACHES 

Figure 30 
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INTRODUCTION 

The S p a t i a l ,  High-Accuracy, Posl t ion-Encoding Sensor (SHAPES) is  a c o n t r o l s  
s e n s o r  s u i t a b l e  f o r  t h e  de te rmina t ion  of t h e  s t a t i c  shape  and v i b r a t i o n a l  motion 
of l a r g e  s p a c e  s t r u c t u r e s  and s i m i l a r  sys tems and f o r  t h e  d e t e r m i n a t i o n  of po- 
s i t i o n  and v e l o c i t y  i n  rendezvous and docking.  It uses  a combination of e l e c t r o -  
o p t i c a l  t e c h n i q u e s  t o  measure t h e  three-dimensional  c o o r d i n a t e s  d i s t r i b u t e d  o v e r  
t h e  s t r u c t u r e  a t  r e a d i n g  r a t e s  h igh compared t o  t h e  r a t e s  a t  which t h e  c o o r d i n a t e s  
a r e  changing.  The t e c h n i c a l  approach i s  t h a t  of measuring t h e  d i s t a n c e  t o  and 
t h e  d i r e c t i o n  of p o i n t s  on t h e  s t r u c t u r e  from a s i n g l e  s e n s o r  head. Many p o i n t s  
can be measured s imul taneous ly  from a s i n g l e  head wi thou t  s i g n i f i c a n t l y  i n c r e a s i n g  
t h e  complexi ty  of t h e  system. F igure  1 i s  a t a b l e  g i v i n g  a n  a b b r e v i a t e d  summary 
of measurement performance requ i rements  f o r  f l e x i b l e  s p a c e c r a f t  c o n t r o l  s e n s o r s .  
Th i s  t a b l e  h a s  been compiled from many s o u r c e s  b u t  is  g e n e r a l l y  c h a r a c t e r i s t i c  
of what would be  r e q u i r e d  by l a r g e  an tennas  r e q u i r i n g  s u r f a c e  a c c u r a c i e s  o f  1 / 1 0  
t o  1 /50  of t h e  o p e r a t i n g  wavelength.  The number of p o i n t s  on t h e  s t r u c t u r e  which 
must be sensed f o r  dynamic c o n t r o l  i s  s m a l l e r  t h a n  t h e  e n t r y  g iven  i n  t h e  t a b l e  
f o r  s t a t i c  shape d e t e r m i n a t i o n  by about  f i v e  t imes .  

F igure  1 
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SHAPES - 
SPATIAL, HIGH-ACCURACY, POSITION-ENCODING SENSOR 

The b a s i c  components of t h e  sys tem a r e  i l l u s t r a t e d  i n  f i g u r e  2.  A pu l sed  
l i g h t  s o u r c e  f l o o d s  t h e  a r e a  c o n t a i n i n g  t h e  p o i n t s  t o  b e  measured w i t h  l i g h t .  
The p o i n t s  a r e  d e s i g n a t e d  by r e f l e c t o r s .  The l i g h t  r e t u r n e d  t o  t h e  s e n s o r  head 
from t h e  r e f l e c t o r s  is  imaged on a s t r e a k  t u b e .  The t u b e  can b e  o p e r a t e d  i n  two 
modes: (1)  a  non-swept one which de te rmines  t h e  l o c a t i o n  of t h e  images on t h e  
f a c e  of t h e  t u b e  and (2)  a  swept mode which de te rmines  t h e  t ime of a r r i v a l  of 
t h e  r e t u r n e d  p u l s e s .  The f i r s t  mode i s  used t o  de te rmine  t h e  d i r e c t i o n s  o f  t h e  
r e f l e c t o r  from t h e  s e n s o r  head w h i l e  t h e  second i s  used t o  de te rmine  t h e i r  d i s -  
t a n c e s .  The accuracy  of t h e  t i m e - o f - f l i g h t  measurements is  g r e a t l y  i n c r e a s e d  by 
p r o v i d i n g  a  f i b e r  r e f e r e n c e  s i g n a l  v i a  a  f i b e r - o p t i c s  l i n k  and measuring t h e  
d i f f e r e n c e s  i n  t h e  t i m e  of a r r i v a l  of t h e  p u l s e s  from t h e  r e f l e c t o r  and t h e  
r e f e r e n c e  p u l s e s .  

r LENS 

DELAY 

ELECTRON l CS MASS 15 KG 
POWER 20 W 

F i g u r e  2 



PICOSECOND PULSED LASER DIODES 

There a r e  two p o t e n t i a l  pu l sed  l a s e r - d i o d e  l i g h t  s o u r c e s  f o r  SHAPES. One 
uses  d i r e c t  modulat ion of t h e  d iode  c u r r e n t  t o  o b t a i n  t h e  s h o r t - p u l s e  behav ior .  
The o t h e r  uses  mode l o c k i n g  i n  an e x t e r n a l  c a v i t y .  The d i r e c t  modulation a l l o w s  
a  wide range  of r e p e t i t i o n  f r e q u e n c i e s  b u t  does n o t  g i v e  a s  narrow a  p u l s e  as 
t h e  mode-locking c o n f i g u r a t i o n .  Mode l o c k i n g  is  r e s t r i c t e d  by p r a c t i c a l  c a v i t y  
l e n g t h s  t o  h i g h  r e p e t i t i o n  f r e q u e n c i e s ,  bu t  g i v e s  p u l s e s  of s h o r t e r  d u r a t i o n .  
The c h o i c e  of one s o u r c e  o r  t h e  o t h e r  w i l l  be i n f l u e n c e d  by t h e  p a r t i c u l a r  r e -  
quirements  of a  g iven  s i t u a t i o n .  F igure  3 g i v e s  some r e s u l t s  o b t a i n e d  a t  JPL i n  
t h e  two c o n f i g u r a t i o n s  w i t h  d iodes  o p e r a t i n g  a t  0 . 8 2 ~ .  The upper curve  is  f o r  a 
d i rec t -modula t ion  d iode  and shows a wid th  of 28 ps  ( f u l l  wid th  a t  h a l f  maximum). 
The lower c u r v e  i s  t h e  ou tpu t  of a  synchronously  pumped, mode locked laser and 
shown a  1 0  p s  wid th .  

WAVE LENGTH 0.82 pm 

D l  RECT MODULATION 
LASER DIODE 

REPETIT1 ON RATE 

PEAKPOWER 
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500 M H z  

0-2.5 GHz 0 
-100 0 100 

TlME DELAY (PS) 
PEAK POWER 

TlME DELAY (PS) 

SYNCHRONOUSLY PUMPED 
MODE LOCKED 
LASER DIODE 

REPET IT  I ON RATE 

Figure  3 
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FIBER-OPTICS DELAY AND INTEGRATED-OPTICS WAVEGUIDE SWITCH 

The f i b e r - o p t i c s  d e l a y  which p r o v i d e s  t h e  r e f e r e n c e  p u l s e  i n  SHAPES h a s  two 
major components: t h e  o p t i c a l  f i b e r s  and t h e  i n t e g r a t e d - o p t i c s  waveguide 
s w i t c h e s .  The p ropaga t ion  of t h e  r e f e r e n c e  p u l s e  through t h e  f i b e r  p a t h  p r o v i d e s  
t h e  d e l a y .  The s w i t c h e s  a r e  used t o  i n s e r t  o r  remove l e n g t h s  o f  f i b e r  from t h e  
p a t h  t o  a d j u s t  t h e  d e l a y  t o  t h a t  r e q u i r e d  f o r  t h e  p a r t i c u l a r  s i t u a t i o n .  The 
technology f o r  t h e  f i b e r s  i s  w e l l  developed.  F i b e r s  w i t h  l o s s e s  of less t h a n  a 
db p e r  k i l o m e t e r  are a v a i l a b l e .  The temporal  d i s p e r s i o n  of t h e  p u l s e  a s  i t  
p r o p a g a t e s  through t h e  f i b e r  i s  an impor tan t  pa ramete r ,  and t h i s  is of t h e  o r d e r  
of 1 0  picoseconds p e r  100 k i l o m e t e r s .  

I n t e g r a t e d - o p t i c s  waveguide s w i t c h e s  can  be c o n s t r u c t e d  us ing  t i t a n i u m -  
d i f f u s e d  l i t h i u m  n i o b a t e  technology.  The waveguide s t r u c t u r e  i s  c o n s t r u c t e d  by 
t h e  d e p o s i t i o n  o f  T i  on LiNb03 through a  mask. The T i  is  d i f f u s e d  i n t o  t h e  LiNb03 
by h e a t i n g  i n  an  o x i d i z i n g  atmosphere changing t h e  p r o p e r t i e s  of t h e  s u b s t r a t e  
and producing t h e  waveguide. Metal  e l e c t r o d e s  a r e  t h e n  d e p o s i t e d  on t h e  s u r f a c e  
of t h e  m a t e r i a l  producing a c o n f i g u r a t i o n  a s  shown i n  f i g u r e  4. The a p p l i c a t i o n  
of a v o l t a g e  t o  t h e  e l e c t r o d e s  changes t h e  i n d e x  of r e f r a c t i o n  of t h e  LiNb03 
between t h e  waveguides t h u s  changing t h e  coup l ing  between them. Th is  technology 
is under development by JPL f o r  h igh-da ta - ra te  communication and f o r  t h e  F i b e r  
O p t i c s  R o t a t i o n  Sensor  (FORS). The e x p e r i m e n t a l  models have s w i t c h i n g  t i m e s  of  
l e s s  t h a n  100 ps  and i n s e r t i o n  l o s s e s  o f  about  7 db. Improvements i n  t h e  in -  
s e r t i o n  l o s s  a r e  expec ted  a s  t h e  technology deve lops .  

10% TO 9070  RESPONSE 
LESS THAN 100 p sec 

THlS COMPONENT IS 
UN M R  DEVELOPMENT, 
PRESENT INSERTION 
LOSS IS  7 db. THlS IS 
EXPECTED TO SHOW 
SIGNIFICANT IMPROVE- 
MENT WITH FURTHER 
WO RK 

Figure  4 



PICOSECOND STREAK TUBE 

The s t r e a k  t u b e  which p r o v i d e s  t h e  f i n e  t ime  r e s o l u t i o n  draws on a  w e l l  
e s t a b l i s h e d  t echno logy .  S t r e a k  t u b e s  u t i l i z i n g  phosphor-screen o u t p u t  are 
wide ly  used and o f f e r e d  by s e v e r a l  manufac tu re r s .  CCD imaging d e v i c e s  are a l s o  
wide ly  used,  and a t  l e a s t  one manufac tu re r  h a s  produced a  s t r e a k  t u b e  w i t h  a  
CCD o u t p u t .  Th i s  t u b e ,  shown i n  f i g u r e  5, h a s  an  S 1  r e sponse  photocathode (Ag- 
0-Cs) which h a s  a  peak c l o s e  t o  t h e  0.82pm o u t p u t  of t h e  l a s e r - d i o d e  s o u r c e .  
A t y p i c a l  g a i n  ( e l e c t r o n s  o u t  of t h e  CCD p e r  photon i n t o  t h ~  pho toca thode)  i s  
1 0 ,  and t h e  t r a n s i t - t i m e  s p r e a d  is approximate ly  4 picoseconds .  These pa ramete r s  
a r e  s u f f i c i e n t  f o r  adequa te  performance of  SHAPES i n  a  number of  s i t u a t i o n s .  
For o t h e r  a p p l i c a t i o n s  f u r t h e r  development of  t h e  s t r e a k  t u b e  may be r e q u i r e d .  

r GATING GRID 

CCD 
IIH I X \F 

DEFLECTING 1 
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(CCD ELECTRONS) 
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SHAPES RANGE MEASUREMENT 

F i g u r e  6 shows t h e  SHAPES c o n f i g u r a t i o n  f o r  a b s o l u t e  range measurement. A 
d i v e r g i n g  l e n s  i s  used t o  c o n t r o l  t h e  s p r e a d  of t h e  i l l u m i n a t i n g  beam. Retro- 
r e f l e c t o r s  a r e  used t o  r e t u r n  t h e  r a d i a t i o n  t o  t h e  s e n s o r  head e f f i c i e n t l y .  
A beam s p l i t t e r  i s  used t o  couple  t h e  r e f e r e n c e  p u l s e  i n t o  t h e  f i b e r  and t o  
d i r e c t  o n t o  t h e  photocathode a f t e r  p a s s i n g  through t h e  f i b e r  de lay .  The i n t e -  
g r a t e d  o p t i c s  s w i t c h e s  a l l o w  t h e  s w i t c h i n g  of v a r y i n g  amounts of d e l a y  i n t o  t h e  
r e f e r e n c e  p a t h ,  w h i l e  t h e  s t r e a k  t u b e  p r o v i d e s  t h e  f i n e  r e s o l u t i o n  of range .  

STREAK TUBE \ , I M A G I N G  LA SE R 
D l  ODE 

FIBER OPTICS REFERENCE PATH 

RETROREFLECTORS 

------- FIBER OPTICS 

Figure  6 



STREAK TUBE C C D  D E T E C T O R  

The images produced on t h e  C C D  d e t e c t o r  by t h e  e l e c t r o n  o p t i c s  of t h e  
s t r e a k  t u b e  are shown i n  f i g u r e  7.  The c i r c u l a r  s p o t s  a r e  the d i r e c t  images 
of t h e  r e f l e c t o r  a s  r e l a y e d  by t h e  e l e c t r o n  o p t i c s  w i t h  no sweep v o l t a g e  
a p p l i e d  t o  t h e  d e f l e c t i o n  e l e c t r o d e s .  The l o c a t i o n s  o f  t h e s e  images measure t h e  
d i r e c t i o n s  t o  t h e  r e f l e c t o r s  from t h e  s e n s o r  head ,  and a l s o  p r o v i d e  t h e  i n i t i a l  
p o i n t s  f o r  t h e  t ime-delay measurements. The e l o n g a t e d  s p o t s  a r e  t h e  images pro- 
duced when t h e  t u b e  i s  sweeping. It is t h e  displacement  A Z n  of t h e  two images 
(swept and unswept) of a p o i n t  t h a t  i s  t h e  measure of t h e  t i m e  d e l a y .  The 
e l o n g a t i o n  o f  t h e  swept s p o t s  is t h e  r e s u l t  of t h e  width  of t h e  p u l s e  and t h e  
s p r e a d  i n  e l e c t r o n  t r a n s i t  t i m e  i n  t h e  tube .  The p o i n t s  i n  t h e  c e n t e r  of t h e  
f i e l d  s e p a r a t e d  by C Z o  a r e  from t h e  r e f e r e n c e  f i b e r .  

Each p o i n t  on t h e  C C D  image i s  t h e  r e s u l t  of an accumulat ion of charge  
from many l a s e r  p u l s e s .  The readout  of t h e  C C D  i s  c o n t r o l l e d  and t h e  d a t a  
p rocessed  by a  microcomputer. The program i n t e r p o l a t e s  t o  f i n d  t h e  c e n t r o i d  
of each s p o t .  This  can be done t o  an accuracy o f  11100 of t h e  s p o t  dimension.  

F igure  7 



SHAPES RANGE MEASUREMENT 

WITH HIGH-PRECISION CCD 2-AXIS ANGULAR MEASUREMENT 

The p r e c i s i o n  wi th  which t h e  angular  p o s i t i o n  of t h e  r e f l e c t o r  is de t e r -  
mined can be  improved by t h e  add i t i on  of a  beam s p l i t t e r  and second CCD a s  
shown i n  f i g u r e  8. By t ak ing  t h e  image l o c a t i o n s  from t h i s  second CCD the  
d i s t o r t i o n s  of t h e  e l e c t r o n  o p t i c s  of t h e  s t r e a k  tube  a r e  removed. Note t h a t  
t h e  l o s s e s  of t h e  beam s p l i t t e r  a r e  p a r t i a l l y  o f f s e t  because charge can be 
accumulated i n  both CCD simultaneously and only t h e  readout  needs t o  be  t ime 
shared.  

IMAGING LASER 
LENS \ - DIODE 

- FIBER OPTICS 

Figure 8 



SHAPES RANGE MEASUREMENT WITH VERY H I G H  PRECISION 

CCD Z-AXIS ANGULAR MEASUREMENT 

I n  some a p p l i c a t i o n s  where t h e  a n g u l a r  s p r e a d  of t h e  p o i n t s  i s  l a r g e ,  t h e  
sys tem p r e v i o u s l y  show i n  f i g u r e  8 r e a c h e s  a  l i m i t a t i o n  i n  t h a t  t h e  a n g u l a r  
motion of a  g iven  p o i n t  moves t h e  image o v e r  a  very s m a l l  p o r t i o n  of t h e  CCD. 
Th i s  l i m i t a t i o n  can b e  overcome w i t h  t h e  a d d i t i o n  of image combining f i b e r  
o p t i c s  and a r e l a y  l e n s  a s  shown i n  f i g u r e  9. The image-combining o p t i c s  is  a 
s e t  of c o h e r e n t ,  i . e .  imaging t r a n s m i t t i n g ,  f i b e r  bundles .  These r e a r r a n g e  
t h e  images of t h e  sensed  p o i n t s  i n t o  a  more compact c o n f i g u r a t i o n  f o r  b e t t e r  
u t i l i z a t i o n  of t h e  s t r e a k  t u b e  and t h e  CCDs. 

IMAGE COMBINING 

F i g u r e  9 



RANGE MEASUREMENT CCD WITH I M A G I N G  F I B E R  OPTICS 

The images which appear on t h e  CCD of t h e  s t r e a k  tube  when t h e  image- 
combining o p t i c s  a r e  used a r e  shown i n  f i g u r e  10. The p r i n c i p l e s  of ope ra t i on  
are t h e  same a s  t hose  shown i n  f i g u r e  7 except f o r  t h e  arrangement on t h e  CCD. 
The i n t e r v a l  des igna ted  A Zo is  t h a t  produced by the  r e f e r ence  f i b e r .  

The expected performance o f  t h e  SHAPES system can be summarized a s  fol lows:  
The accuracy of t h e  angular  measurement wi th  f u l l  f i e l d  o p t i c s  is one p a r t  i n  
104. With t h e  field-compression f i e l d  o p t i c s  t h i s  becomes approximately one 
p a r t  i n  105. The range measurement unce r t a in ty  i s  about 0.15 mm. The mul t i p l e  
t a r g e t s  can be  of t h e  o rde r  of 50 and t h e  d a t a  range up t o  10  t a r g e t  s e t s  pe r  
second. 

Figure 10  



DEVELOPMENT STATUS OF SHAPES ENABLING NEW TECHNOLOGY 

F i g u r e  11 is  a  t a b l e  showing t h e  s t a t u s  of t h e  v a r i o u s  t e c h n o l o g i e s  re- 
r e q u i r e d  by SHAPES. Although they  are i n  v a r i o u s  s t a t e s  of development,  a l l  a r e  
s u f f i c i e n t l y  mature  t o  a l l o w  work on shapes  t o  go forward.  The r e s u l t s  f o r  t h e  
picosecond laser d i o d e s  are ones  o b t a i n e d  a t  JPL.  S i m i l a r  r e s u l t s  have been 
o b t a i n e d  a t  o t h e r  l a b o r a t o r i e s .  The o p t i c a l  f i b e r  used i n  t h e  d e l a y  l i n e s  was 
developed f o r  o p t i c a l  communication and i s  commercially a v a i l a b l e .  The i n t e -  
g r a t e d - o p t i c s  s w i t c h e s  have been under development f o r  some t i m e ,  b o t h  high-speed 
d a t a  p r o c e s s i n g  and t r a n s m i s s i o n  and f o r  t h e  F i b e r  O p t i c s  R o t a t i o n  Sensor .  
S t r e a k  t u b e s  w i t h  picosecond r e s o l u t i o n  a r e  a v a i l a b l e  w i t h  phosphor o u t p u t s  from 
s e v e r a l  manufac tu re r s ,  and one manufac tu re r  has demonstra ted a t u b e  w i t h  a  CCD 
o u t p u t .  F i n a l l y ,  C C D ' s  themselves  have been a  commercial i t e m  f o r  s e v e r a l  y e a r s  
and a r e  a v a i l a b l e  from s e v e r a l  manufac tu re r s .  

F igure  11 
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SHAPES APPLICATION - 

POINTING AND CONTROL OF A LARGE SPACE ANTENNA 

The application of SHAPES to the pointing and control of a large space 
antenna is illustrated in figure 12. The particular antenna shown is a 
possible configuration for Land Mobile Satellite Service. The antenna is of 
wrap-rib construction and the spacecraft bus is located at the antenna feed. 
The particular advantages of SHAPES for this application are: (1) It can cover 
the entire antenna with a single sensor head, (2) It determines the location of 
many points simultaneously, (3) It operates from a central location on the bus 
and can be co-located with star trackers, earth sensors or other attitude sensing 
devices. When used in this way SHAPES provided information on static shape; 
vibration sensing; and, when combined with the attitude sensors, the information 
required for antenna pointing. 

Figure 12 



APPLICATION OF SHAPES TO RENDEZVOUS AND DOCKING 

SHAPES can be used f o r  t h e  measurement of t h e  three-dimensional  p o s i t i o n  
and t h e  r o t a t i o n a l  and t r a n s l a t i o n a l  v e l o c i t i e s  i n  rendezvous and docking oper- 
a t i o n s  as shown i n  f i g u r e  13.  The r e q u i r e d  m o d i f i c a t i o n s  are an  i n c r e a s e d  range  
of d e l a y s  i n  t h e  r e f e r e n c e  p a t h  and some au tofocus  c a p a b i l i t y  b o t h  i n  t h e  i l l u -  
mina t ing  system and t h e  imaging system. 

F igure  1 3  



CONTROL TECHNOLOGY DEVELOPMENT 

David B .  Schaech te r  
J e t  P r o p u l s i o n  Labora to ry  

Pasadena,  C a l i f o r n i a  

Large Space Systems Technology - 1981 
Thi rd  Annual T e c h n i c a l  Review 

November 16-19, 1981 



CONTKOL TECHNOLOGY DEVELOPMENT OBJECTIVES 

The main objectives of the control technology development task are given 
in the slide below. The first objective is to develop control design 
techniques based 011 flexible structural models, rather than simple rigid-body 
models. Since large space structures are distributed parameter systems, a new 
degree of freedom, that of sensor/actuator placement, may be exercised for improving 
control system performance. Another characteristic of large space structures is 
numerous oscillatory modes within the control bandwidth. Reduced-order controller 
design models must be developed which produce stable closed-loop systems when com- 
bined with the full-order system. Since the date of an actual large-space-structure 
flight is rapidly approaching, it is vitally important that theoretical developments 
are tested in actual hardware. Experimental verification is a vital counterpart 
of all current theoretical developments. 

TO DEVELOP OYNAMI C A N D  SHAPE CONTROL DESl GN APPROACHES 
BASED ON FLEX l BLE MODELS 

TO M A X  lM l Z E  CONTROLLER PERFORMANCE 
ACTUATOR PLACEMENT 

TO DEVELOP GENERALIZED MODEL REDUCT 

BY JUDICIOUS SENSOR1 

ON TECHNIQUES 

TO DEMON STRATE CONTROL TECHNOLOGY DEVELOPMENTS U Sl  NG 
HARDWARE TEST FACILITY 



MAJOR ACHIEVEMENTS 

The chart below serves as an outline for the remainder of this presentation 
and lists the major achievements of the past year's work. Control-system design 
approaches based on distributed parameter (partial differential equation) systems 
have been developed. These control-system design approaches reduce control spill- 
over. Analogous techniques have been applied to the figure-control problem, with 
shape control of a large flexible reflector yielding excellent results from a 
computer simulation. Stanford University developed control system designs for 
the case sensors and actuators are separated by a flexible member, an inherently 
difficult-to-control configuration. Purdue University has fully exploited the 
possibility of optimizing sensor and actuator locations in terms of overall system 
performance. A detailed finite-element model of our hardware verification facility 
was developed, and detailed calibrations of the associated instrumentation were 
made. Multivariable frequency domain control design approaches were developed 
primarily for the large-space-platform application. 

DEVELOPED DISTRIBUTED CONTROL-SYSTEM DESIGN APPROACHES FOR 
CONTROL S P l  LLOVER REDUCTION 

SIMULATED A FULL-UP SHAPE ESTIMATION AND SHAPE CONTROL SYSTEM 

DEVELOPED NON-COLOCATED SENSORIACTUATOR CONTROL - SYSTEM DE S l GN 
TECHNIQUES 

OPTIMIZED SENSORIACTUATOR PLACEMENT FOR IMPROVED PERFORMANCE 

DEVELOPED A DETAILED EXPERIMENTAL FACILITY MODEL, INTERACTIVE 
CONTROL SOFTWARE, AND l N l T  IATED A TESTING PROGRAM 

DEVELOPED MULT l VARIABLE FREQUENCY DOMA l N CONTROL DE S l GN 
TECHNIQUES FOR BASE MOTION COMPENSATION 



LARGE STRUCTURE CONTROL CONCEPT 

Drawings of s e v e r a l  s p a c e c r a f t  a r e  shown below. T y p i c a l  c o n t r o l  o b j e c t i v e s  
unique t o  l a r g e  s p a c e  s t r u c t u r e s  a r e  p o i n t e d  o u t  f o r  some of  t h e s e  s p a c e c r a f t .  
Although t h e  c o n t r o l  o b j e c t i v e s  of p o i n t i n g  c o n t r o l ,  a t t i t u d e  c o n t r o l ,  e t c .  may 
n o t  a t  f i r s t  seem t o  b e  unique t o  l a r g e  s p a c e  s t r u c t u r e s ,  t h e  f a c t  t h a t  t h e s e  
o b j e c t i v e s  a r e  h i g h l y  coupled w i t h  t h e  s t r u c t u r a l  v i b r a t i o n s  r e s o l v e s  t h i s  d i s c r e -  
pancy.  

SHAPE 

NON-COLOCATI ON POINTING 

BASE MOTION COMPENSATION ATTITUDE 

POINTING STATION KEEPING 

ATTITUDE NONrCOLOCAT ION Dl STRI BUTED CONTROL 

PLATFORM CONF I GU RAT I ON 



THE DISTRIBUTED-SYSTEM CONTROL PROBLEM 

There are distinct and major differences between past, lumped-parameter systems 
and future distributed systems. A lumped system whether it consists of a single 
rigid body, or even a rigid body with a finite number of spring hinged appendages, 
possesses a finite number of structural modes. A continuously distributed parameter 
system made up of beams, membranes, tethers, etc. possesses an infinite number of 
modes. The control problem emerges as a result of the on-board controller ability 
to handle a finite-order model. Yet with the infinite-order systems, sensors 
still measure the unmodeled modes and actuators still affect the unmodeled modes. 
This can lead to instabilities when the control loop is closed. 

LUMPED SY STEM 
F INITE-ORDER MODELS 

S I  C 
WITH APPENDAGE 

DISTRIBUTED SYSTEM 
INFINITE-ORDER MODELS 

EX l STING CONTROL-SY STEM DE S l  GN PROCEDURES, WHEN APPLIED TO TRUNCATED 
DISTRIBUTED SYSTEMS M A Y  RESULT I N  CLOSED-LOOP INSTABILITIES 



THE SHAPE CONTROL PROBLEM 

The shape  c o n t r o l  problem r e s u l t s  from t r y i n g  t o  e s t i m a t e  and c o n t r o l  a  
con t inuous  shape  from a  d i s c r e t e  set of s e n s o r s  and a c t u a t o r s .  The c o n t r o l  p r o c e s s  
beg ins  w i t h  t h e  d e f i n i t i o n  of a  d e s i r e d  con t inuous  s h a p e .  D i s c r e t e  s e n s o r  measure- 
ments of t h e  a c t u a l  shape a r e  combined w i t h  t h e  s t r u c t u r a l  model t o  y i e l d  a  "bes t "  
e s t i m a t e d  con t inuous  shape.  Subsequen t ly ,  a  s e t  of  c o n t r o l s  a r e  a p p l i e d  t o  r e t u r n  
t h e  shape a s  c l o s e  a s  p o s s i b l e  t o  t h e  d e s i r e d  shape .  

CONTINUOUS STRUCTURE AND DE S l  RED CONTINUOUS SHAPE 

ONLY D l  SCRETE SENSOR OUTPUTS ARE AVAILABLE FOR 
RECONSTRUCTING ESTIMATED SHAPE 

ONLY D l  SCRETE ACTUATORS ARE A V A l l A B L E  FOR CORRECTING 
THE SHAPE 

DESIRED 
SHAPE 

SEN SO R ESTIMATED 
OUTPUTS SHAPE 

CORRECTED 
SHAPE 



SCHEMATIC OF THE FLEXIBLE BEAM 

Hardware verification of selected control concepts is performed in the JPL 
flexible-beam experimental facility. A schematic of this facility is shown below. 
It consists of a support tower, a pinned-free flexible beam hanging from the tower, 
and position sensors and force actuators located along the length of the beam. 
For evaluation of the distributed control system, an impulse is applied at the 
free end of the beam, and the resulting deflections at that point are observed. 
These results are shown on the following page. 



FLEXIBLE BEAM CONTROL 

Control -sys tem d e s i g n  approaches  based on p a r t i a l - d i f f e r e n t i a l - e q u a t i o n  
models have been v e r i f i e d  on JPL's  f l ex ib le -beam exper imenta l  f a c i l i t y  ( s e e  
p r e v i o u s  page) .  The response  of t h e  f r e e  end of t h e  f l e x i b l e  beam t o  a n  impulse  
a p p l i e d  a t  t h e  f r e e  end i s  shown below. The f i r s t  c a s e  i s  open loop .  The damping 
i s  p r i m a r i l y  due  t o  t h e  atmosphere.  The second c a s e  shows t h e  c losed- loop response  
u s i n g  a  Kalman F i l t e r  c o n t r o l l e r  based on t h e  f i r s t  t h r e e  f l e x i b l e  modes. The 
r a t h e r  p e r s i s t e n t  r i n g i n g  o c c u r s  a t  t h e  f requency of t.he f i r s t  unmodeled mode, a  
c l a s s i c  c a s e  of s p i l l o v e r .  The f i n a l  c h a r t  shows t h e  much improved r e s p o n s e  of t h e  
c o n t r o l  sys tem based on t h e  p a r t i a l - d i f f e r e n t i a l - e q u a t i o n  model. The c o n c l u s i o n  i s  
t h a t  r e t a i n i n g  t h e  complete  model throughout  t h e  con t ro l - sys tem d e s i g n  p r o c e s s  can 
g r e a t l y  improve c losed- loop  performance.  

NO CONTROL KA M A N  
F 1 LTER 

CONTROL BASED 
ON PDE MODEL 

++ 1 sec 

RE DUCE D S P I LLOVER 
DISTURBANCE TO A I R  

CONTROLLER BASED ON PDE MODEL GREATLY REDUCES SPILLOVER 



SHAPE CONTROL RESULTS 

The f i g u r e s  below show t h e  r e s u l t s  of  a  shape e s t i m a t i o n  and c o n t r o l  computer 
s i m u l a t i o n .  A known p e r t u r b a t i o n  i s  f i r s t  impressed upon t h e  p a r a b o l i c  d i s h .  T h i s  
p e r t u r b a t i o n  is  a l i n e a r  combinat ion of t h e  mode shapes  f o r  convenience .  E i g h t e e n  
s e n s o r  measurements a r e  assumed a l o n g  t h e  p e r i p h e r y  o f  t h e  d i s h .  From t h e s e  
d i s c r e t e  measurements,  and a  s t r u c t u r a l  model,  a n  e s t i m a t e d  shape  i s  computed. Note 
t h a t  i t  v e r y  c l o s e l y  matches t h e  a c t u a l  shape .  Using n i n e  a c t u a t o r s  l o c a t e d  a t  t h e  
hub of t h e  d i s h ,  c o n t r o l  f o r c e s  a r e  a p p l i e d  t o  r e t u r n  t h e  d i s h  a s  c l o s e  a s  p o s s i b l e  
t o  t h e  d e s i r e d  p a r a b o l i c  shape .  The o v e r a l l  p r o c e s s  y i e l d s  e x c e l l e n t  r e s u l t s .  

ACTUAL SHAPE UO + 10 1p1 + 10 lpq + 5 98 + 5 91~1 ESTIMATED SHAPE CORRECTED SHAPE 



CONTRACT ACTIVITIES 

Stanford University has been studying control-system design techniques to 
overcome the destabilizing effects of sensor/actuator non-colocation. This problem 
is further complicated by uncertain knowledge of the flexibility separating the 
sensor and actuator. Adaptive control approaches using a phase-locked loop to 
track unknown or varying oscillation frequencies have been shown to be quite 
successful. 

Purdue University is exploiting to full advantage the possibility of optimi- 
zing the sensor and actuator placement to achieve improved control performance. 
Purdue is also studying methods of reducing controller sensitivity to model errors. 
One very promising approach uses equivalent cost realizations to select good reduced- 
order controllers. 

STANFORD UNIVERSITY 

* SENSORlACTUATOR NON-COLOCATION 

ADAPTIVE CONTROL USING PLL 

PURDUE UNIVERSITY 

OPTIMAL SENSORlACTUATOR PLACEMENT 

MODEL ERROR SENSITIVITY REDUCTION 

EQUIVALENT COST REALIZATIONS 



HARDWARE VERIFICATION 

A vitally important part of any theoretical control development for eventual 
spaceflight is hardware verification. Toward this end JPL has constructed a 
flexible-beam test facility for verifying many aspects of the control of large 
space structures. The facility has been augmented with a detailed finite-element 
model of the flexible beam, accurate calibrations of the sensors and actuators, 
a highly interactive software package for implementing various control systems, 
and a laser system for vivid visualization of the control-system objectives and 
performance. A movie demonstrating active shape control and active vibration 
suppression has been made which documents the excellent experimental results thus 
far obtained in these areas. 

SUPPORT 
TOWER 

LASER 

SHAPE CONTROL 

DYNAMIC CONTROL 



SUMMARY 

The past year's work in the control of distributed parameter systems resulted 
in significant accomplishments. Prior to this year, all the results in this area 
had been based on partial-differential-equation models. These results have now 
been generalized to arbitrary finite-element models, with nice, closed-form analy- 
tical solutions resulting. It was also found that decentralized (or local) con- 
trollers are optimal in high-gain applications, i.e. in situations where the closed- 
loop dynamics are dominated by the feedback. The most impressive result in this 
area was the major reduction in control spillover obtained as a result of performing 
the design using a full-order model. 

Shape estimation and control has been simulated on the computer using a finite 
element model of a large antenna. Excellent results were obtained. It was found 
that figure control performance is more often limited by the geometry of the sensor/ 
actuator configuration than it was by the resolution of the sensor or the power 
of the actuator. In the laboratory, the continuous KMS shape error has been reduced 
to the theoretical limit, as governed by sensor/actuator geometry. It was also 
found that for economical design, there should be a specific balance between the 
number of shape sensors and the number of shape actuators. 

CONTROL OF D l  STR l BUTED SYSTEMS 

GENERALIZED PDE MODEL RESULTS TO FE MODELS 

OBTAINED CLOSED-FORM ANALYTICAL RESULTS 

DECENTRALIZED CONTROLLERS ARE OPTIMAL I N  H IGH-GAIN APPLICATIONS 

OPERATOR TRUNCATION ALLEVIATES THE DESTABILIZING EFFECT OF 
MODEL TRUNCATION 

SHAPE CONTROL 

SIMULATED STAT1 C SHAPE CONTROL OF A LARGE ANTENNA 

PERFORMANCE NOT ALWAYS CONTROL LIMITED, SOMETIMES GEOMETRY L l M  ITED 

RMS SHAPE ERROR REDUCED TO THEORETI CAL L l  M l T  

BALANCE MUST EX1 ST BETWEEN NUMBER OF SEN SOR S/ACTUATORS 



SUMMARY (continued) 

In the experimental validation area, a detailed facility model was made. 
This includes a finite element model of the beam in tension and an accurate 
calibration of the sensorlactuator scale factors. Interactive software has been 
developed for very fast implementation of a variety of control laws. Laser hard- 
ware, with beam-mounted retroreflectors, was installed for a vivid display of 
the beam's motion. Finally, as could only be found with actual hardware, nonlin- 
earities, static friction, hysteresis, and unmodeled modes severely altered the 
control-system design process. 

The area of platform control is discussed at length in a separate section. 

Contractors have provided us with new insights into the control of systems 
where the sensor and actuator are separated by a flexible element. Phase-locked 
loops are employed to track changing or uncertain frequencies. Sensor and actuator 
placement is a new degree of freedom to be examined in the control-system design 
of distributed systems. Optimizing their location for improved control-system 
performance has been achieved under contract. 

EXPERIMENTAL VAL1 DATION 

DEVELOPED A DETAILED FACILITY MODEL 

PRODUCE D l NTERA CTl VE CONTROL- SY STEM SOFTWARE 

SENSORIACTUATOR NONLINEARITIES, STATIC FRICTION, 
AND HYSTERESIS, NOT MODELED I N  ADVANCE, 
SEVERELY ALTERE D CONTROL DE S l GN 

PLATFORM CONTROL 

MULTIVARIABLE FREQUENCY DOMAIN DESIGN APPROACHES 
DEVELOPE D 

CONTRACT 

DEVELOPED NON-COLOCATED SENSORIA CTUATOR DES l GN 
APPROACH 

OPTIMIZED SENSORIACTUATOR LOCATIONS FOR IMPROVED 
PERFORMANCE 



FUTURE WORK 

Further advances in control technology are required for successful applica- 
tion to large-space-structure control. A major thrust of future work will be to 
develop design techniques which can either adapt to changing or uncertain models 
or be insensitive to the model errors. In the past years, static shape control 
and vibration control have been independently demonstrated. Future work will be 
aimed at combining these distinct modes of operation. Control of distributed 
parameter systems based on continuum models will be investigated further to allow 
for generalized sensors (rate, acceleration, angular, strain etc.) and possibly 
generalized actuators. Shape control will be performed on more complex, multi- 
dimensional structures such as plate-like structzres. 

IMPLEMENT MODEL ADAPTIVE AND INSENSITIVE 
CONTROL APPROACHES IN HARDWARE (IT 8 2 )  

COMBINE STATIC SHAPE CONTROL WITH DYNAMIC 
CONTROL (FY 8 2  

FORMULATE D l  STR l BUTE D CONTROL FOR GENERAL 
SENSORlACTUATOR TYPES (FY 82 

SHAPE CONTROL FOR MULTl  DlMEN SlONAL 
CONFIGURATIONS (FY 8 3 )  
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FY'81 LSS PLATFORM CONTROL OBJECTIVES 

The long range o b j e c t i v e  of t h i s  t a s k  i s  t o  deve lop  b a s i c  technology i n  t h e  
d e s i g n ,  mechan iza t ion ,  and a n a l y s i s  of c o n t r o l  systems f o r  l a r g e  f l e x i b l e  space  
s t r u c t u r e s .  The f o c u s  of t h e  FYI81 p l a t f o r m  c o n t r o l  e f f o r t  was on t h e  p o i n t i n g  
c o n t r o l  problems a s s o c i a t e d  w i t h  m u l t i p l e  independen t ly  c o n t r o l l e d  exper iment  
packages o p e r a t i n g  s imul taneous ly  on a  s i n g l e  p l a t f o r m .  A l l  of t h e  FYf81 o b j e c t i v e s  
s t a t e d  below were accomplished.  P a r t i c u l a r  emphasis was placed on o b t a i n i n g  a  
q u a n t i t a t i v e  comparison of c o n t r o l l e r  performance wi th  and w i t h o u t  base  motion 
compensat ion.  

a DEVELOP FREQUENCY DOMA I N  DES I GN CAPABILITY FOR 
MULTIVAR I ABLE SYSTEMS 

DEVELOP THREE D IMENS IONAL STRUCTURALICONTROL 
MODELS 

INCORPORATE BASE MOTION COMPENSATION l NTO 
CONTROLLER DES I GN 

QUANTIFY CAPABILIT IES AND LIMITATIONS OF 
CONTROLLERS 



LSS PLATFORM CONFIGURATION 

The LSS p l a t f o r m  c o n s i s t s  of s o l a r  p a n e l s ,  a c e n t r a l  bus (wi th  a s s o c i a t e d  power, 
t e l e m e t r y ,  and c o n t r o l  s y s t e m s ) ,  and p l a t f o r m  arms w i t h  mounting pads on which 
v a r i o u s  exper iments  can be  a t t a c h e d .  The a c t u a l  c o n f i g u r a t i o n  f o r  t h e  p l a t f o r m  arms 
might v a r y  wide ly  depending on experiment requ i rements  f o r  p h y s i c a l  s e p a r a t i o n  and 
viewing a n g l e s .  The t i p  t o  t i p  dimension of t h e  s o l a r  p a n e l s  i s  approximately  100 
m e t e r s ,  and t h e  t o t a l  weight of t h e  sys tem i s  between 10 and 20,000 Kg. 



POINTING CONTROL PROBLEMS 

Opera t ion  of m u l t i p l e  independent  c o n t r o l  sys tems c n  a  s i n g l e  p l a t f o r m  p r e s e n t s  a  
major problem when h i g h  performance i s  r e q u i r e d .  The f i g u r e  below i l l u s t r a t e s  t h e  
b a s i c  mechanism of payload c o n t r o l l e r  i n t e r a c t i o n .  A t o r q u e  a t  payload 1 (PL No. 1 )  
r e s u l t s  i n  a r o t a t i o n  of t h e  p l a t f o r m  b u s ,  which i n  t u r n  c a u s e s  a  p o i n t i n g  e r r o r  t o  
r e s u l t  f o r  payload 2 .  The magnitude of t h e  d i s t u r b a n c e  caused by a  t o r q u e  a p p l i e d  by 
payload 1 depends p r i m a r i l y  on t h e  bus i n e r t i a  and t h e  geometry.  I t  h a s  been found 
from p r e v i o u s  s t u d i e s  t h a t  c o n v e n t i o n a l  r a t e  p l u s  p o s i t i o n  c o n t r o l  sys tems f a i l  t o  
meet performance requ i rements  a s  a  r e s u l t  of t h i s  i r ~ t e r a c t i o n .  

PAYLOAD POINTING STAB1 L lTY  I S DEGRADED BY CONTROLLER 
INTERACTION 

CONTROLLER INTERACTION EX1 STS FOR R l GI  D SPACECRAFT 
AND I S  AGGRAVATED BY FLEXIBILITY 

YL NU. Z , 

CONVENTIONAL RATE PLUS POS ITION CONTROLLERS DO NOT 
MEET PERFORMANCE REQUI REMENTS 



P O I N T I N G  CONTROL PROBLEMS (con t inued)  

C o n t r o l  sys tem d e s i g n  i s  complicated by l a r g e  s h i f t s  i n  s t r u c t u r a l  pa ramete rs  
which occur  a s  a  r e s u l t  of v a r i a t i o n s  i n  t h e  number and l o c a t i o n  of exper iments  
mounted on t h e  p l a t f o r m .  S t r u c t u r a l  v i b r a t i o n  f r e q u e n c i e s  i n  t h e  c o n t r o l l e r  band- 
wid th  f u r t h e r  compl ica te  t h e  d e s i g n  problem. The most d i f f i c u l t  type  of f l e x i b i l i t y  
t o  d e s i g n  f o r  i s  one which o c c u r s  between t h e  gimbal a c t u a t o r  and t h e  payload s e n s o r .  
I n  t h i s  c a s e ,  s i n c e  t h e  a c t u a t o r  and s e n s o r  a r e  n o t  c o l o c a t e d ,  phase s h i f t s  between 
an a p p l i e d  t o r q u e  and t h e  r e s u l t i n g  angu la r  a c c e l e r a t i o n  a t  t h e  s e n s o r  l o c a t i o n  can  
o c c u r .  These phase  s h i f t s  can r e s u l t  i n  c o n t r o l  sys tem i n s t a b i l i t i e s  i f  n o t  
p r o p e r l y  accounted f o r .  

CONTROLLER DES I GN I S COMPL I CATED BY LARGE 
VARIATIONS OF STRUCTURAL PARAMETERS AND 
BY VIBRATION FREQUENCIES WITHIN THE 
CONTROLLER BANDW I DTH 

STRUCTURAL FLEX1 B l  L lTY  BETWEEN ACTUATORS 
AND SENSORS PRESENTS SPEC I A L  DES IGN 
PROBLEMS AND MAY RESULT IN CONTROLLER 
INSTABILITY I F  NOT PROPERLY ACCOUNTED FOR 



LSS PLATFORM MODEL 

The th ree -d imens iona l  s t r u c t u r a l  model used f o r  tllis s t u d y  i s  shown below. 
I t ' s  r e l a t i v e  s i m p l i c i t y  a l l o w s  t h e  e f f e c t s  of s t r u c t u r a l  parameter  v a r i a t i o n s  t o  be 
i n v e s t i g a t e d  c o s t  e f f e c t i v e l y ,  y e t  i t  h a s  s u f f i c i e n t  completeness  t o  accoun t  f o r  t h e  
g e n e r i c  c h a r a c t e r i s t i c s  of a p l a t f o r m .  Pay loads  1 and 2 a r e  a t t a c h e d  t o  t h e i r  
p a l l e t s  w i t h  two-degree-of-freedom p o i n t i n g  mounts. Payloads  3 and 4 a r e  r i g i d l y  
a t t a c h e d  t o  t h e i r  p a l l e t s .  Two v a r i a t i o n s  of t h i s  b a s i c  c o n f i g u r a t i o n  a r e  c o n s i -  
d e r e d .  The f i r s t  h a s  a  r i g i d  element between t h e  two a x i s  h inge  and t h e  payload 
i n t e r f a c e  f o r  payload 2 ,  and t h e  second h a s  an e l a s t i c  e lement  i n  t h i s  same l o c a -  
t i o n .  These v a r i a t i o n s  w i l l  be  c a l l e d  r i g i d  p o i n t i n g  nount and e l a s t i c  p o i n t i n g  
mount c o n f i g u r a t i o n s  r e s p e c t i v e l y .  

--------- 
10 R I G I D  BODY MODES 
41 ELASTIC MODES 



CONTROL SYSTEM DESIGN APPROACH 

The c o n t r o l  sys tem d e s i g n  f o l l o w s  t h e  s t e p s  o u t l i n e d  below. Once a  c o n t r o l l e r  
c o n f i g u r a t i o n  h a s  been s e l e c t e d  t h e  most impor tan t  modes of t h e  s t r u c t u r a l  model 
a r e  s e l e c t e d .  T h i s  s e l - e c t i o n  t a k e s  i n t o  accoun t  t h e  combined c h a r a c t e r i s t i c s  of 
t h e  c o n t r o l l e r  and s t r u c t u r a l  model and i s  d e s c r i b e d  l a t e r .  Next ,  compensat ion and 
p r e l i m i n a r y  c o n t r o l l e r  g a i n s  a r e  s e l e c t e d  based on S i n g l e - I n p u t ,  S ingle-Output  r o o t  
l o c u s  d e s i g n  methods.  The c o n t r o l l e r  g a i n s  a r e  a d j u s t e d  u s i n g  M u l t i - I n p u t ,  Mul t i -  
Output r o o t  l o c u s  methods.  F i n a l l y ,  performance i s  v e r i f i e d  u s i n g  dynamic s imula -  
t i o n s .  

SELECT CONTROLLER CONF I GURATI ON 

PERFORM MODEL REDUCTION TO SELECT MOST S I GN I F I CANT 
STRUCTURAL MODES 

SELECT COMPENSATION TO STAB1 L l Z E  SELECTED MODES 
U S I N G  S I  SO ROOT LOCUS METHODS 

SELECT CONTROLLER GAINS TO PROVIDE DESIRED BANDW ITH 
USING M I M O  ROOT LOCUS METHODS 

PERFORM SIMULATIONS TO DETERM INE SYSTEM 
PERFORMANCE 



FREQUENCY DOMAIN DESIGN FEATURES 

S i n g l e  Inpu t -S ing le  Output (SISO) f requency domain approaches  can be  used t o  
o b t a i n  c o n t r o l l e r  d e s i g n s  which a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  parameter  e r r o r s  and 
model t r u n c a t i o n .  Also ,  many e n g i n e e r s  p r e f e r  f requency domain approaches  because  
of t h e i r  d i r e c t n e s s  and i n t u i t i v e  a p p e a l .  The Mul t i - Inpu t ,  Multi-Output (MIMO) 
r o o t  l o c u s  approach developed f o r  t h e  LSS p l a t f o r m  i s  r o b u s t  and r e t a i n s  t h e  
a p p e a l  of SISO frequency domain approaches .  

STANDARD ( S  I SO) FREQUENCY DOMAIN DESIGNS ARE 
ROBUST I N  PRESENCE OF: 

PARAMETER ERRORS 

MODEL TRUNCATION 

S I SO FREQUENCY DOMAIN APPROACHES HAVE 
DIRECTNESS AND INTUITIVE APPEAL 

M I M O  FREQUENCY DOMAIN METHODS HAVE BEEN 
DEVELOPED FOR LSS PLATFORM WHICH RETAIN 
DES I RABLE FEATURES OF S I SO DESI GNS 



BASE MOTION COMPENSATION 

This study investigates the use of base motion compensation to reduce the 
interaction between payloads. 'Ithe basic operation may be explained with the help 
of the figure below. The acceleration of the payload hinge point (or base) is 
measured and used to apply a corrective torque (Tc). For an acceleration along the 
y axis, an x-axis torque is applied proportional to MLy. A similar y axis torque 
is applied for x axis accelerations. 

Base motion compensation is being implemented on two major pointing systems 
under development for shuttle application. These are the Annular Suspension Point- 
ing System (ASPS) under development by Sperry Flight Systems Division and the 
Instrument Pointing System (IPS) being developed by Dornier System. The study which 
follows is intended to identify generic limitations of pointing systems of this 
type, when operating in the LSS platform environment, without consideration of the 
detailed characteristics of a specific configuration. 

PL NO. 
HINGE 



MODEL REDUCTION METHOD 

A reduced o r d e r  model of t h e  s t r u c t u r e  i s  d e s i r e d  f o r  c o n t r o l  sys tem d e s i g n .  
The method used f o r  t h i s  s t u d y  chooses  t h o s e  modes which have t h e  g r e a t e s t  e f f e c t  
on s e n s o r  o u t p u t s  based on s t e p  a c t u a t o r  i n p u t s .  Maximum a c t u a t o r  t o r q u e s  a r e  used 
a s  determined from system s p e c i f i c a t i o n s .  The r e s u l t i n g  open loop  r e s p o n s e  of t h e  
s e n s o r s  a r e  normal ized u s i n g  s p e c i f i c a t i o n  v a l u e s  f o r  t h e s e  o u t p u t s .  Modal i n f l u -  
e n c e  c o e f f i c i e n t s  a r e  found f o r  each mode which r e p r e s e n t  t h e  maximum normal ized 
r e s p o n s e s  over  a l l  a c t u a t o r  and s e n s o r  p a i r s .  

MODAL INFLUENCE COEFF I C IENT 
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MODEL REDUCTION RESULTS 
(Flexible Pointing Mount) 

Model reduction results for the LSS platform are shown below. The model has 51 
modes, 4 1  of which are elastic. Influence coefficients are shown for each of the 
elastic modes. The 12 most important elastic modes have frequencies between 0.06 
and 2 . 3  Hz. The lower frequency modes (12 through 1 8 )  are dominated by solar panel 
bending. The intermediate frequency modes (22 through 32) include cross arm and 
trailing arm torsion and bending. The higher frequency modes ( 4 2  through 4 5 )  are 
associated with elasticity of the pointing mount. 

l , , , l l  1 , ~ , ~ ~ , , , 1 1 , 1 1 1 , 1  I I 1 

MODES RETAINED 

MODE NUMBER 
I 2.0 I Hz I 



PAYLOAD CONTROLLER PERFORMANCE 

Peak p o i n t i n g  e r r o r s  f o r  payload No. 2 a s  a r e s u l t  of a 5 d e g r e e  s l ew by 
payload No. 1 a r e  g iven  i n  t h e  f i g u r e  below. The s l ew t o r q u e  used was 20 N-m. For 
t h e  r i g i d  p o i n t i n g  mount a 0.25 Hz bandwidth c o n t r o l l e r  was used .  The range  of  
p o i n t i n g  e r r o r s  r e s u l t i n g  from x and y a x i s  s l ews  was from 10  t o  30 vrad f o r  t h e  
r a t e  p l u s  p o s i t i o n  c o n t r o l l e r .  Base motion compensation reduced t h e s e  e r r o r s  by 
more t h a n  a n  o r d e r  of magnitude t o  between 0 . 3  and 3 . 0  p rad .  A 16  Hz bandwidth 
a c c e l e r o m e t e r  was used .  

For t h e  e l a s t i c  p o i n t i n g  mount i t  was n e c e s s a r y  t o  r educe  c o n t r o l l e r  bandwidth 
t o  0 . 1  Hz t o  a c h i e v e  s t a b i l i t y .  P o i n t i n g  e r r o r s  were between 50 and 150 p r a d .  Base 
motion compensation reduced t h e  peak e r r o r s  on ly  s l i g h t l y  f o r  t h i s  c a s e .  

Many u s e r  r equ i rements  a r e  i n  t h e  range  of 0.05 t o  5 u r a d .  Only t h e  c o n t r o l l e r  
u s i n g  b a s e  motion compensation and o p e r a t i n g  w i t h  a r i g i d  p o i n t i n g  mount ach ieved  
performance i n  t h i s  r ange .  

ELAST lCPT lNGMT 
(0.1 Hz CONTROLLER) 

R I G I D  PTING MT 
(0.25 Hz CONTROLLER) 

RATE .t POS RAE + POS BASE MOTION 
COMP 

BASE MOTION 
COMP 



PAYLOAD CONTROLLER PERFORMANCE 
( E l a s t i c  P o i n t i n g  Mount) 

R e p r e s e n t a t i v e  s i m u l a t i o n  r e s u l t s  are shown below f o r  t h e  e l a s t i c  p o i n t i n g  
mount. R e s u l t s  shown a r e  f o r  a 5 d e g r e e  y a x i s  s l ew of payload No. 1. The s lew 
t o r q u e  p r o f i l e  was a +20 N-m s t e p  a t  t ime z e r o  fo l lowed  by -20 N-m a t  20 seconds  
w i t h  t h e  s lew ending a t  40 seconds .  Although t h e  peak e r r o r s  f o r  t h e  r a t e  p l u s  
p o s i t i o n  and base  motion compensation c o n t r o l l e r s  a r e  f a i r l y  s i m i l a r ,  t h e  average  
p o i n t i n g  e r r o r s  f o r  t h e  base  motion compensation c o n t r o l l e r  a r e  l e s s  by a f a c t o r  of 
2 o r  3 f o r  t h e  f i r s t  60 seconds .  N o t i c e ,  however, t h a t  low damping of t h e  mode a t  
1.1 r a d / s  ( . I8  Hz) f o r  t h e  base  motion compensation run  r e s u l t s  i n  poore r  p e r f o r -  
mance t h a n  t h e  r a t e  p l u s  p o s i t i o n  c o n t r o l l e r  a f t e r  about  70 seconds .  

PAYLOAD NO. 2 POINTING ERROR - PAYLOAD NO. 2 POINTING ERROR, 
u RATE PLUS POSITION FEEDBACK BASE MOTION COMPENSATION 
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MIMO ROOT LOCUS RESULTS 
RATE PLUS P O S I T I O N  CONTROLLER 

M u l t i - I n p u t ,  Multi-Output (MIMO) r o o t  l o c u s  r e s u l t s  a r e  shown below f o r  t h e  
r a t e  p l u s  p o s i t i o n  c o n t r o l l e r .  These r e s u l t s  i n c l u d e  7 r i g i d  body ( z e r o  f requency)  
r o t a t i o n a l  modes and 1 2  e l a s t i c  modes. I n  bo th  c a s e s ,  compensation c o n s i s t s  of two-. 
doub le  no tch  f i l t e r s  one doub le  no tch  set a t  2.0 Hz t h e  o t h e r  a t  2 .3  Hz. These 
f i l t e r s  a r e  used t o  p r e v e n t  t h e  e l a s t i c  modes of thcb  p o i n t i n g  mount from c a u s i n g  
i n s t a b i l i t y .  

For nominal  g a i n ,  t h e  3 r i g i d  body r o t a t i o n a l  modes of  t h e  bus a r e  p laced  a t  
n a t u r a l  f r e q u e n c i e s  of .06 t o  .07 r a d / s  w i t h  damping nea r  0 . 7 .  The 4 r i g i d  body 
r o t a t i o n a l  modes of t h e  payloads  a r e  p l a c e d  between 0.6 and 0.9 r a d / s  w i t h  s i m i l a r  
damping. Damping f o r  t h e  1 2  e l a s t i c  modes i s  i n c r e a s e d  from 0.5% w i t h  z e r o  g a i n  t o  
v a l u e s  between 1.5% and 24% a t  nominal g a i n .  
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M I M O  ROOT LOCUS RESULTS 
BASE MOTION COMPENSATION CONTROLLER 

M I M O  r o o t  l o c u s  r e s u l t s  f o r  t h e  c o n t r o l l e r  u s i n g  base  motion compensation a r e  
s i m i l a r  t o  t h o s e  f o r  t h e  rate p l u s  p o s i t i o n  c o n t r o l l e r .  Damping of t h e  e l a s t i c  
modes is somewhat l e s s  however, e s p e c i a l l y  a t  f r e q u e n c i e s  of 1.1 r a d / s ,  1 .3  r a d / s ,  
and 1 . 9  r a d / s  where damping i s  reduced by a  f a c t o r  of 2 .  The l o c i  a s s o c i a t e d  w i t h  
t h e  n o t c h  f i l t e r  p o l e s  e x h i b i t  l e s s  damping a t  nominal g a i n  and t h i s  i m p l i e s  t h e  
sys tem h a s  a  s m a l l e r  s t a b i l i t y  margin s i n c e  t h e s e  l o c i  a r e  t h e  f i r s t  t o  go u n s t a b l e  
a s  g a i n  i s  i n c r e a s e d .  Another f a c t ,  n o t  i l l u s t r a t e d  by t h e s e  r o o t  l o c i ,  i s  t h a t  
t h i s  c o n t r o l l e r . i s  q u i t e  s e n s i t i v e  t o  e r r o r s  i n  placement of t h e  no tch  f i l t e r .  The 
r a t e  p l u s  p o s i t i o n  c o n t r o l l e r  i s  much more r o b u s t  i n  t h i s  a s p e c t .  
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BUS CONTROLLER P E R F O W N C E  

Peak p o i n t i n g  e r r o r s  f o r  payload No. 4 a s  a  r e s u l t  of a  5 d e g r e e  s lew by 
payload No. 1 a r e  g i v e n  i n  t h e  f i g u r e  below. The s lew t o r q u e  used was 20 N-m. For 
a  bus c o n t r o l l e r  bandwidth of 0 .01 Hz, t h e  range of p o i n t i n g  e r r o r s  r e s u l t i n g  from 
x and y a x i s  slews was 350 t o  1000 y r a d .  A 0 . 1  Hz bandwidth c o n t r o l l e r  reduced 
t h i s  e r r o r  by a n  o r d e r  of magni tude,  b u t  f u r t h e r  i n c r e a s e s  i n  bandwidth d i d  n o t  
p rov ide  cor respond ing  r e d u c t i o n s  i n  p o i n t i n g  e r r o r .  

CONTROLLER BANDW 1 DTH 

= 
LLJ 
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BUS CONTROLLER PERFORMANCE 
(Rigid  P o i n t i n g  Mount) 

R e p r e s e n t a t i v e  s i m u l a t i o n  r e s u l t s  a r e  shown below. P o i n t i n g  e r r o r s  a r e  f o r  
payload No. 4 .  The s lew p r o f i l e  f o r  payload No. 1 was a  +20 N-m s t e p  a t  t ime  z e r o  
fol lowed by -20 N-m a t  20 seconds w i t h  t h e  s l ew ending a t  40 seconds. The peak 
e r r o r s  f o r  t h e  0 . 1  and 0.7 Hz c o n t r o l L e r s  a r e  s i m i l a r ,  however, damping of t h e  0 . 1  
Hz c o n t r o l l e r  a f t e r  t h e  end of t h e  s l e w  is  s u p e r i o r  t o  t h e  0 .7  Hz c o n t r o l l e r .  
These r e s u l t s  show t h a t  s p a c e c r a f t  f l e x i b i l i t y  p l a c e s  a l i m i t  on t h e  performance 
which can b e  expec ted  from a bus c o n t r o l l e r .  

I I I I 

I PAYLOAD NO. 4 POINTING ERROR 
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SUMMARY 

I n  summary, i t  has been found t h a t  base motion compensation can be very e f f ec -  
t i v e  when used wi th  r i g i d  poin t ing  mounts. Poin t ing  e r r o r s  of l e s s  than 1 urad/s.  
can be achieved. However, t h e  e f f ec t iveness  of base motion compensation i s  severe ly  
l imi t ed  when the re  a r e  f l e x i b l e  elements between t h e  poin t ing  mount a c t u a t o r  and 
t h e  payload sensor .  Bus c o n t r o l l e r  performance i s  a l s o  l imi t ed  by spacec ra f t  
f l e x i b i l i t y  . 

BASE MOTION COMPENSATION I S  EFFECTIVE WHEN USED WITH 
R I GI  D POINTING MOUNTS 

16 H z  ACCELEROMETER > 0.3 TO 1.0 prad 
0.25 H z  CONTROLLER POINTING ERROR 

FLEXIB l L l T Y  BETWEEN POINTING MOUNT ACTUATOR AND 
PAYLOAD SENSOR L I M I T S  EFFECTIVENESS OF BASE MOTION 
COMPENSATION 

2 H z  FLEXIBILITY > 30 TO 150 prad 
0.1 Hz CONTROLLER PO INTI  NG ERROR 

BUS CONTROLLER PERFORMANCE 1 S ALSO LIMITED BY 
SPACECRAFT FLEX1 B IL ITY  

0.1 H z  CONTROLLER > 50 TO 80 prad 
0.7 H z  CONTROLLER POINTING ERROR 



FUTURE WORK 

F u t u r e  work w i l l  be performed t o  de te rmine  t h e  e f f e c t  of m a n / s h u t t l e  d i s -  
t u r b a n c e s  on payload p o i n t i n g .  These d i s t u r b a n c e s  w i l l  occur  d u r i n g  p e r i o d s  of 
t ime when t h e  s h u t t l e  i s  b e r t h e d  t o  t h e  LSS p l a t f o r m  and w i l l  i n c l u d e  man push 
o f f  f o r c e s  and s h u t t l e  t h r u s t e r  f i r i n g s .  Techniques  f o r  improving p o i n t i n g  mount 
d i s t u r b a n c e  i s o l a t i o n  w i l l  be  examined t o  i n c l u d e  s e n s o r  o u t p u t  b l e n d i n g  and 
op t imized  compensation p a r a m e t e r s .  

A v a r i e t y  of p l a t f o r m  and payload c o n f i g u r a t i o n s  w i l l  be examined. These 
c o n f i g u r a t i o n s  w i l l  i n c l u d e  advanced p l a t f o r m s  having l a r g e  f l e x i b l e  pay loads  
( e . g .  100 mete r  a n t e n n a  sys tems)  and o t h e r s  in tended  f o r  manned a p p l i c a t i o n s .  
Payload c o n t r o l l e r  performance w i l l  be examined f o r  each  major c o n f i g u r a t i o n .  
Payload c o n t r o l l e r  performance w i l l  a l s o  be determined a s  a  f u n c t i o n  of p l a t f o r m  
and p o i n t i n g  mount s t i f f n e s s .  

EXAMINE SENS I T l V l T Y  OF CONTROLLER PERFORMANCE TO D ISTURBANCES 
CAUSED BY MANiSHUlTLE INTERFACE 

DEVELOP IMPROVED METHODS FOR DISTURBANCE ISOLATION 

ESTABLISH CONTROLLER PERFORMANCE L IMITS FOR A VARIETY OF 
PLATFORM AND PAYLOAD CONFIGURATIONS 

lARGE FLEX1 BLE PAYLOADS 

MANNED SPACE STATIONS 

DEVELOP CONTROLLERS TOLERANT OF CONFIGURATION CHANGES AND 
PARAMETER ERRORS 



BERTHED ORBITING CONFIGURATION 

ADVANCED SCIENCE AND APPLICATIONS SPACE 
PLATFORM 
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INTRODUCTION 

The problem of a u t o m a t i c a l l y  docking two s p a c e c r a f t  has  r e c e i v e d  l i t t l e  a t t e n -  
t i o n  i n  t h i s  coun t ry  s i n c e  a  p i l o t  has  always been a v a i l a b l e .  The S o v i e t  Union h a s  
demonstra ted a  sys tem f o r  a u t o m a t i c a l l y  docking two c o n t r o l l e d ,  f u l l y  a c t i v e  vehi-  
c l e s  ( r e f .  1 ) .  To d a t e ,  no one h a s  developed and f l i g h t - t e s t e d  an  au tomat ic  scheme 
i n  which one v e h i c l e  is complete ly  i n a c t i v e .  There  is  a recognized  need f o r  t h i s  
c a p a b i l i t y  which is  a s s o c i a t e d  w i t h  s a t e l l i t e  r e t r i e v a l  and space  c o n s t r u c t i o n  
( r e f .  2 ) .  

Th i s  paper  p r e s e n t s  a n  overview of our  a c t i v i t i e s  i n  t h e  au tomat ic  rendezvous and 
docking a r e a .  Our i n t e r e s t  f i r s t  began a s  a r e s u l t  of our involvement w i t h  t h e  
T e l e o p e r a t o r  R e t r i e v a l  System (TRS) P r o j e c t  whose primary and i n i t i a l  miss ion  was t o  
r e b o o s t  t h e  Skylab t o  a  h i g h e r  o r b i t  t o  extend i t s  l i f e t i m e  i n  space .  During t h e  
c o u r s e  of o u r  work on TRS, we conducted f u l l  s i x  degree-of-freedom, man-in-the-loop, 
hybr id  s i m u l a t i o n s  of t h e  TRS/Skylab docking problem. Witness ing t h e  t r a i n i n g  t i m e  
r e q u i r e d  a long  w i t h  t h e  c h a l l e n g e  t h i s  problem p r e s e n t e d  t o  exper ienced a s t r o n a u t s  
s t r o n g l y  i n f l u e n c e d  our  d e c i s i o n  t o  b e g i n  i n v e s t i g a t j o n s  of autonomous rendezvous 
and docking systems. 

We w i l l  b e g i n  by c o v e r i n g  b r i e f l y  a  r e p r e s e n t a t i v e  miss ion  s c e n a r i o .  We w i l l  
c o n t i n u e  our  d i s c u s s i o n  w i t h  a s t a t e m e n t  of t h e  problem which we have addressed  and 
d e l i n e a t e  t h e  requ i rements  f o r  t h e  e x t r a c t i o n  of r e l a t i v e  a t t i t u d e  and p o s i t i o n  d a t a .  
We have a l s o  inc luded  a  systems b lock  diagram and w i l l  d e s c r i b e  t h e  i n t e g r a l  func- 
t i o n s  which go t o  make up a n  autonomous docking system.  Such a system has  been simu- 
l a t e d ,  and t h e  d i g i t a l  s i m u l a t i o n  w i l l  b e  d e s c r i b e d  a long  w i t h  some r e p r e s e n t a t i v e  
r e s u l t s  of a  sys tem based on a l a s e r  r ang ing  d e v i c e  a s  t h e  s e n s o r .  A t e l e v i s i o n  
camera a s  t h e  r a n g i n g  sensor  was a l s o  cons idered  and w e  w i l l  d i s c u s s  one such v i d e o  
based au tomat ic  docking scheme a long  w i t h  some r e p r e s e n t a t i v e  r e s u l t s  a s  w e l l .  
F i n a l l y ,  we w i l l  b r i e f l y  cover our  c u r r e n t  and ongoing e f f o r t s  i n  t h e  autonomous 
v i d e o  rendezvous and docking a r e a  ( f i g .  1 ) .  
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MISSION SCENARIO 

A t y p i c a l  mission s c e n a r i o  f o r  an automatic  rendezvous and docking mission i s  
shown i n  f i g u r e  2. The chase v e h i c l e  w i l l  be launched from the  ground i n t o  a  co- 
p l ana r  park ing  o r b i t  e i t h e r  j u s t  above and i n  f r o n t  of t h e  t a r g e t  v e h i c l e  o r  j u s t  
below and t r a i l i n g  t o  minimize t h e  p l ane  change r equ i r ed  t o  rendezvous. The long 
range rendezvous maneuvers w i l l  fol low.  The t a r g e t  and the  chase veh ic l e s  have here- 
t o f o r e  been t racked  from t h e  ground, b u t ,  w i t h  t h e  advent of systems such a s  t he  
Global Pos i t i on ing  System (GPS) and the  Space Sex tan t ,  t h e  t r ack ing  a s  w e l l  a s  t h e  
long range rendezvous i n  gene ra l  may be  done autonomously by t h e  chase v e h i c l e .  Dur- 
i n g  t h i s  phase,  t h e  chase v e h i c l e  is  placed w i t h i n  t he  docking senso r ' s  o p e r a t i o n a l  
range and t h e  t a r g e t  v e h i c l e  i s  acqui red .  I n  t h e  approach phase,  t h e  chase v e h i c l e ' s  
docking sensor  ou tput  a l lows f o r  t h e  de te rmina t ion  of r e l a t i v e  a t t i t u d e  and p o s i t i o n .  
These e r r o r  s i g n a l s  input  t h e  chase v e h i c l e  c o n t r o l  system which guides  t h e  chaser  
a long a  p re sc r ibed  t r a j e c t o r y  (one which would b e  optimized according t o  mission)  t o  
a  predetermined s tandoff  range. The s ta t ion-keeping  phase may c a l l  f o r  t h e  chase  
v e h i c l e  t o  circumnavigate the  t a r g e t  v e h i c l e  f o r  purposes of i n s p e c t i o n  o r ,  i n  t h e  
event  of a  tumbling t a r g e t ,  may r e q u i r e  t h e  chase v e h i c l e  t o  n u l l  t h e  r e l a t i v e  a t t i -  
tude r a t e  e r r o r s  i n  p repa ra t i on  f o r  t h e  docking phase.  F i n a l  c l o s u r e  through t h e  
l a s t  10-20 f e e t  makes up t h e  docking phase which w i l l  be t h e  most c r i t i c a l  t i m e  of 
t h e  mission.  Depending on the  r e s p e c t i v e  docking i n t e r f a c e s  (chase t o  t a r g e t ) ,  t h e r e  
may be  a s o f t  dock per iod  where a l l  systems are checked p r i o r  t o  r i g i d i z a t i o n  of t he  
docking hardware and completion of t h e  t a s k .  
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STATEMENT OF PROBLEM 

The primary focus of our s t u d i e s  has  been on t h e  l a s t  t h r e e  phases of t h e  m i s -  
s i o n  s cena r io  j u s t  descr ibed  wi th  emphasis on t h e  approach phase.  One of t h e  f i r s t  
problems t o  be addressed i n  t h i s  s tudy was dec id ing  on the  na tu re  of t he  system t o  
be s t u d i e d  and t o  base l ine  c e r t a i n  systems d a t a  such a s  chase and t a r g e t  v e h i c l e  
con f igu ra t i on ,  r e a c t i o n  c o n t r o l  system, sensor  requirements ,  e t c .  Because of t h e  
a v a i l a b l e  s imu la t i on  d a t a  showing man's a b i l i t y  t o  p i l o t  t h e  Teleoperator  R e t r i e v a l  
System (TRS) t o  a  s o f t  dock wi th  t he  uncont ro l led  Skylab, t h i s  was t he  phys ica l  
system s e l e c t e d  f o r  modeling. 

The s p e c i f i c  o b j e c t i v e s  of our s t u d i e s  have been t o  develop schemes f o r  accom- 
p l i s h i n g  automatic  docking between two such spacec ra f t  us ing  a device  on t h e  chase 
v e h i c l e  t o  sense  t h e  r e l a t i v e  p o s i t i o n  and a t t i t u d e  of the  pas s ive  t a r g e t .  A number 
of dev i ce s  a r e  under development and one of t he  more promising ones i s  a  l a s e r  
ranging r ada r  which w e  chose t o  model. I n  t h i s  technique ( s ee  f i g .  3 ) ,  t h e  sensor  
scans  a  known p a t t e r n  of r e f l e c t o r s  on the  t a r g e t ,  thus genera t ing  a  system of 
v e c t o r s  between t h e  two bodies  which i n  t u r n  is  used t o  d e r i v e  t he  chase t o  t a r g e t  
v e h i c l e  r e l a t i v e  p o s i t i o n  and a t t i t u d e .  A minimum of t h r e e  measurements ( r e f l e c -  
t o r s )  a r e  r equ i r ed  though a d d i t i o n a l  measurements do provide a  b a s i s  f o r  manipula- 
t i o n  t o  improve a t t i t u d e  p o s i t i o n  accuracy. I n  f a c t ,  t h e  a t t i t u d e / p o s i t i o n  e r r o r  
v a r i e s  i n v e r s e l y  wi th  t he  square  r o o t  of t h e  number of r e f l e c t o r s  and inve r se ly  wi th  
p a t t e r n  s i z e  as we l l .  However, assuming minimum requirements a r e  m e t ,  t h e  r e s u l t i n g  
r e l a t i v e  p o s i t i o n  and a t t i t u d e  d a t a  would be  used t o  d r i v e  a convent ional  r e a c t i o n  
jet c o n t r o l  system. 
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To eva lua t e  the  m e r i t s  of t h i s  concept as w e l l  a s  o t h e r s  and t o  determine how 
inaccurac ies  i n  the  d a t a  might degrade system performance, t h e  dynamics of an  a c t i v e  
chase v e h i c l e  ca r ry ing  the  sensor  and uncontrol led t a r g e t  v e h i c l e  ca r ry ing  t h e  
r e f l e c t o r  p a t t e r n  were modeled us ing  the  d a t a  base  descr ibed  e a r l i e r .  

A f u n c t i o n a l  block diagram of the  r e s u l t i n g  d i g i t a l  s imula t ion  is presented i n  
f i g u r e  4. The block labe led  "Signal  Processor" con ta ins  t he  a lgor i thms f o r  de- 
r i v i n g  r e l a t i v e  p o s i t i o n  and a t t i t u d e  information from sensor  output .  A no i se  model 
f o r  t h e  sensor  was der ived  based on sensor  accu rac i e s  s p e c i f i e d  i n  r e f e rence  3 .  The 
v e h i c l e  dynamics block r ep resen t s  r i g i d  body dynamic models of e i t h e r  t h e  chase or  
t a r g e t  veh ic l e s .  The t a r g e t  v e h i c l e  motion is governed by o r b i t a l  mechanics e f f e c t s  
a s  w e l l  a s  being s u b j e c t  t o  programmed i n i t i a l  condi t ions  which s imulate  a  tumbling 
t a r g e t .  The chase veh ic l e  motion i s  t h e  r e s u l t  of o r b i t a l  mechanics e f f e c t s  and 
f i r i n g s  from the  Reaction Control System (RCS) engines.  S igna ls  t o  f i r e  t h e  RCS 
engines a r e  generated w i t h i n  the  D i g i t a l  Auto P i l o t  (DAP), which uses  quadra t i c  
switching l i n e s  determined by t h e  r o t a t i o n a l  and t r a n s l a t i o n a l  a c c e l e r a t i o n  capa- 
b i l i t y  of each chase v e h i c l e  a x i s .  The manner i n  which the  requi red  commands a r e  
generated and n a t u r e  of the  commands themselves depend on t h e  p a r t i c u l a r  mission 
phase s e l e c t e d .  The f u n c t i o n a l  b lock(s )  l abe l ed  mode/logic c o n t r o l  con ta in  t h e  
c o n t r o l  laws f o r  each of t h r e e  mission phases: (1) Rendezvous Phase, (2 )  S t a t ion -  
keeping Phase, and (3)  Closure and Dock Phase. This  block r ep resen t s  t h e  h e a r t  of 
t h e  autonomous process  where based on mission circumstance appropr i a t e  r e f e rence  
frames a r e  s e l e c t e d  and c o n t r o l  p r i o r i t i e s  a r e  s e t .  
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SIMULATION RESULTS 

Resu l t s  from the  d i g i t a l  s imula t ion  program t o  d a t e  a r e  encouraging and suppor t  
t h e  v i a b i l i t y  of an automatic  rendezvous and docking concept based on t h e  l a s e r  
ranging r ada r .  Product ion runs  were chosen no t  only f o r  t h e i r  cha l lenging  na tu re  
( t h a t  is,  h igh  t a r g e t  tumbling r a t e s )  but  a l s o  f o r  i n i t i a l  cond i t i ons  which would 
match those  a l ready  inves t i ga t ed  i n  our 6-DOF man-in-the-loop hybrid s imu la to r .  A 
t y p i c a l  run  assumes t h e  t a r g e t  v e h i c l e  t o  be i n  an a r b i t r a r y  a t t i t u d e  w i t h  an i n i t i a l  
angular  r a t e .  The chase v e h i c l e  begins  i t s  f i n a l  approach from an a r b i t r a r y  p o s i t i o n  
on the  order  of 30 m d i s t a n t .  

The r e s u l t s  from such runs do evidence a chaser  v e h i c l e  capable  of performing a 
rendezvous and s o f t  dock w i t h  an uncont ro l led  t a r g e t  f o r  a v a r i e t y  of i n i t i a l  condi- 
t i o n s .  S a l i e n t  a s p e c t s  of a r e p r e s e n t a t i v e  c a s e  a r e  revea led  i n  t he  p l o t  of range  
v s  range r a t e  (sensed da t a )  i n  f i g u r e  5. The t o t a l  t a r g e t  s p i n  r a t e  f o r  t h e  case  
was 1.7 deg/sec and t h e  chaser  v e h i c l e  was pos i t ioned  i n i t i a l l y  a t  a probe t o  p o r t  
range of 23 m and given a sma l l  i n i t i a l  c l o s i n g  v e l o c i t y .  The chaser  v e h i c l e  accel-  
e r a t e s  t o  a c lo s ing  v e l o c i t y  of . 6  m / s  a t  a range of 15 m and then  d e c e l e r a t e s  t o  a 
v e l o c i t y  of .08 m / s  a t  s o f t  dock. Time of f l i g h t  is  s p e c i f i e d  a t  every 5 m range 
decrement wi th  a t o t a l  e lapsed t i m e  f o r  t h e  f l i g h t  of 5 6 . 3  s e c s .  C h a r a c t e r i s t i c  
d a t a  u n c e r t a i n t i e s  (no i se ) ,  such a s  those r e s u l t i n g  from rada r  measurement e r r o r s ,  
produce some degrada t ions  i n  r e s u l t s  such a s  increased  mission times and increased  
f u e l  requirements .  Though the  presence of no i se ,  which can b e  seen  i n  t h e  comparison 
p l o t s  of range vs  range r a t e  i n  f i g u r e  5,  does degrade system performance, the 
o v e r a l l  rangelrange r a t e  p r o f i l e  remains e s s e n t i a l l y  t he  same a s  t h e  no no i se  case  
and s i m i l a r l y  converges t o  t h e  s o f t  dock condi t ion .  A f u r t h e r  example of t h i s  
convergence i s  i l l u s t r a t e d  i n  f i g u r e  6 which is  a p l o t  of t h e  root-sum squared (RSS) 
of t h e  chase t o  t a r g e t  v e h i c l e  a t t i t u d e  e r r o r s  v s  time of f l i g h t .  Af t e r  20 s e c s  of 
e lapsed  t i m e ,  a comparatively h igh  a t t i t u d e  e r r o r  has  been nu l l ed  t o  w i t h i n  deadband 
l i m i t s  and remains t h e r e  f o r  t h e  d u r a t i o n  of the  f l i g h t .  
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VIDEO APPROACH 

The l a r g e  m a j o r i t y  of miss ions  d e a l i n g  w i t h  s p a c e c r a f t  placement and r e t r i e v a l  o r  
w i t h  s p a c e  c o n s t r u c t i o n  e n v i s i o n e d ,  t h u s  f a r ,  i n v o l v e  a p r o p u l s i v e  t r a n s f e r  s t a g e  
equipped w i t h  a  t e l e v i s i o n  system f o r  p r o v i d i n g  v i s u a l  feedback t o  a  remote s i t e .  A 
v i s u a l  sys tem which could  a l s o  p rov ide  t r a c k i n g  d a t a  f o r  an  autonomous docking system 
cou ld  prove t o  be q u i t e  an  advantage t o  t h i s  ca tegory  of miss ion .  A s  a  r e s u l t ,  we 
have been i n v e s t i g a t i n g  t h e  f e a s i b i l i t y  of a  v i d e o  based autonomous rendezvous and 
docking system. Such a v i d e o  system ( s e e  f i g u r e  7 )  would u t i l i z e  a t e l e v i s i o n  camera 
t h a t  h a s  t h e  c a p a b i l i t y  of d i g i t i z i n g  t h e  v i s u a l  i n f o r m a t i o n  and t r a n s f e r r i n g  t h i s  
d a t a  t o  an  image d a t a  p r o c e s s o r  i n  r e a l  t ime .  E i t h e r  through t h e  knowledge of t h e  
t a r g e t  v e h i c l e  geometry o r  through t h e  knowledge of a known p a t t e r n  of r e f l e c t o r s  on 
t h e  t a r g e t ,  t h e  chase  t o  t a r g e t  v e h i c l e  range and r e l a t i v e  a t t i t u d e  may be  d e r i v e d .  
A s  w i t h  t h e  l a s a r  r a n g i n g  t echn ique ,  t h i s  d a t a  is used t o  d r i v e  t h e  c h a s e  v e h i c l e  
a t t i t u d e  c o n t r o l  system. S ince  t h e  p r a c t i c a b i l i t y  of automat ing t h e  c h a s e r  v e h i c l e  
c o n t r o l  system, g iven  t h e  a p p r o p r i a t e  e r r o r  s i g n a l s ,  was e s t a b l i s h e d  i n  our s tudy  of 
t h e  l a s e r  r a n g i n g  t echn ique ,  t h e  f o c u s  of our a t t e n t i o n  w i t h  t h e  v i d e o  system h a s  
been on t h e  f i r s t  f o u r  a r e a s  l i s t e d  i n  f i g u r e  7 .  

The s i m u l a t i o n  program developed f o r  t h e s e  s t u d i e s  i n c l u d e s  a  model f o r  t h e  t e l e -  
v i s i o n  camera which chooses t h e  c l u s t e r  of p i x e l s  t o  be turned on f o r  each t a r g e t  
p a t t e r n  l i g h t  o r  r e f l e c t o r  a s  a f u n c t i o n  of camera pa ramete rs ,  t a r g e t  p a t t e r n ,  t a r g e t  
o r i e n t a t i o n ,  and range .  Th is  d a t a  i s  t h e  d i g i t i z e d  r e p r e s e n t a t i o n  of t h e  v i s u a l  image 
t h a t  i s  passed t o  t h e  image d a t a  p r o c e s s o r  ( I D P ) .  The IDP i n  t u r n  c a l c u l a t e s  t h e  
c e n t r o i d s  of each of t h e  p i x e l  c l u s t e r s  and i t  i s  from t h e  x-y c o o r d i n a t e s  of t h e s e  
l i g h t  c e n t r o i d s  t h a t  t h e  r e l a t i v e  a t t i t u d e  and p o s i t i o n  d a t a  may be d e r i v e d .  One 
t a r g e t  p a t t e r n  which we have i n v e s t i g a t e d  i s  a  c i r c u l a r  p a t t e r n  of e i g h t  l i g h t s  o r  
r e f l e c t o r s .  Except when t h e  l i n e  of s i g h t  i s  p e r p e n d i c u l a r  o r  i n  t h e  same p l a n e  of 
t h e  p a t t e r n  of r e f l e c t o r s ,  t h e  p a t t e r n  w i l l  appear  as  an  e l l i p s e  t o  t h e  computer. 
From t h e  o r i e n t a t i o n  of t h e  e l l i p s e  and i t s  e c c e n t r i c i t y ,  r e l a t i v e  a t t i t u d e  may be  
d e r i v e d ;  and,  from t h e  semi-major a x i s  l e n g t h  a n  e s t i m a t i o n  of range  is  made. T h i s  
r e l a t i v e  a t t i t u d e  and d i sp lacement  d a t a  is  l e s s  a c c u r a t e  t h a n  t h e  t echn ique  based on 
t h e  l a s e r  r a n g i n g  d e v i c e ,  b u t  appears  t o  be s u f f i c i e n t  f o r  t h e  s t a b l e  t a r g e t  c a s e .  
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CONCLUSIONS/PLANNED ACTIVITIES 

The r e s u l t s  obtained thus f a r  suppor t  t h e  v i a b i l i t y  of both t h e  l a s e r  ranging  
technique and the  v ideo  technique a s  v i a b l e  approaches f o r  an autonomous docking 
system. D i g i t a l  s imu la t i on  r e s u l t s  t o  d a t e  i n d i c a t e  a r e a s  of performance comparable 
t o  o r  exceeding t h a t  achieved by a t r a ined  p i l o t  i n  our man-in-the-loop s imula t ions .  
While no fundamental problems have been uncovered, a d d i t i o n a l  work remains t o  be  
done, e s p e c i a l l y  on the  v ideo  system and more work i s  planned t o  improve t h i s  tech- 
nique. I n  FY-82, w e  rece ived  suppor t  from OAST t o  cont inue t h i s  i n v e s t i g a t i o n ,  and 
a  c o n t r a c t  w i t h  Mart in  Mar i e t t a  Corporat ion is  j u s t  underway. 

The con t r ac t ed  e f f o r t  w i l l  i nc lude  ( s ee  f i g u r e  8) t h e  i d e n t i f i c a t i o n  and func- 
t i o n a l  d e s c r i p t i o n  of video techniques,  s i m i l a r  t o  t he  one descr ibed  above, which 
o f f e r s  a  method f o r  de r iv ing  r e l a t i v e  p o s i t i o n  and a t t i t u d e  from v ideo  sensor  ou tput .  
The necessary  e x t r a c t i o n  equa t ions ,  a lgor i thms ,  and a s soc i a t ed  computational opera- 
t i o n s  w i l l  be o u t l i n e d  f o r  each of t h e  v i a b l e  techniques d i scovered .  Each of t he  
above approaches w i l l  then be implemented i n  a  s imple docking s imula t ion  along w i t h  
app rop r i a t e  models f o r  i npu t  d a t a  e r r o r s .  Runs w i l l  be made a g a i n s t  a  s e r i e s  of 
test ca se s  t o  provide  a  f i r s t  l e v e l  assessment of t h e  approaches.  

We w i l l  p a r a l l e l  t h i s  cont rac ted  e f f o r t  wi th  s t u d i e s  of our  own enhanced by 
p ro j ec t ed  improvements i n  our s imula t ion  c a p a b i l i t y .  We have r e c e n t l y  obtained a  
t e l e v i s i o n  camera and a s soc i a t ed  i n t e r f a c e  hardware. This  system, nea r ly  complete,  
w i l l  ope ra t e  i n  conjunc t ion  wi th  a  minicomputer t o  provide a  new v ideo  system analy- 
sis and demonstrat ion t o o l .  This  new system along wi th  cont inu ing  improvements t o  
our d i g i t a l  s imu la t i on  programs w i l l  h e lp  i n  our e f f o r t s  t o  improve on p re sen t  v ideo  
techniques and t o  explore  new techniques w i th  promising a p p l i c a t i o n  t o  autonomous 
rendezvous and docking systems. 

@STUDY CONTRACT PROGRAM MI LESTONES 

*IDENTIFY/DESCRI BE VIDEO TECHNIQUES 

ODEFINE ALGORITHMS FOR DERIVING POSITIONlATTITUDE 

IMPLEMENTIEXERC I SE S IMULATION PROGRAMS 

mMSFC1S PLANNED A C T l V  IT lES 

.HARDWARE DEMONSTRATION OF VIDEO SYSTEM 

.IMPROVE ON PRESENT V I  DEO TECHNIQUES 

.EXPLORE NEW TECHNIQUES 

FIGURE 8 
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ABSTRACT 

A d i s t u r b a n c e  i s o l a t i o n  c o n t r o l l e r  (DIC) i s  developed f o r  a  s i m p l i f i e d  model of 
t h e  S o l a r  E l e c t r i c  P r o p u l s i o n  System (SEPS) f l i g h t  experiment which c o n s i s t s  of a  
r i g i d  Sper ry  gimbal t o r q u e r  (AGS) mounted t o  a  r i g i d  O r b i t e r  and t h e  SEPS s o l a r  a r r a y  
( r i g i d )  end mounted t o  t h e  AGS. The main purpose of t h e  D I C  is  t o  reduce  t h e  e f f e c t s  
of O r b i t e r  d i s t u r b a n c e s  which a r e  t r a n s m i t t e d  t o  t h e  f l i g h t  exper iment .  The D I C  u s e s  
an o b s e r v e r ,  which does  n o t  r e q u i r e  t h e  d i r e c t  measurement of t h e  p l a n  
o b t a i n  e s t i m a t e s  of t h e  p l a n t  states and t h e  r a t e  of t h e  p l a n t  s t a t e s .  Flf  The , s t a t e  
and rate of s t a t e  i n f o r m a t i o n  is used t o  d e s i g n  a  c o n t r o l l e r  which i s o l a t e s  d i s t u r b -  
ances  from s p e c i f i e d  segments of t h e  p l a n t ,  and f o r  t h e  f l i g h t  exper iment ,  t h e  
i s o l a t e d  segment i s  t h e  SEPS s o l a r  a r r a y .  

INTRODUCTION 

The D I C  d e s i g n  i s  a n  outgrowth of work form a  d i s s e r t a t i o n ( 2 b n  model fo l lowing  
c o n t r o l l e r s  and from e f f o r t s  t o  reduce t h e  O r b i t e r  a c c e l e r a t i o n  d i s t u r b a n c e s  f o r  t h e  
European Ins t rument  P o i n t i n g  System (IPS) payloads .  Model f o l l o w i n g  c o n t r o l l e r s  a r e  
r e q u i r e d  t o  have e s t i m a t e s  of t h e  p l a n t  s t a t e s  s o  t h a t  t h e  p l a n t  can f o l l o w  t h e  model. 
I f  t h e  i n p u t s  t o  t h e  p l a n t  a r e  n o t  a v a i l a b l e  f o r  d i r e c t  measurement, t h e n  t h e  s t a t e  
e s t i m a t o r  used i n  t h e  model fo l lowing  c o n t r o l l e r  can have b i a s e s ;  t h e r e f o r e ,  t h e  
model fo l lowing  c o n t r o l l e r  performance is  degraded. For t h e  IPS c o n t r o l l e r ,  a n  ac- 
ce le romete r  is mounted a t  t h e  b a s e  of t h e  IPS gimbals t o  measure a c c e l e r a t i o n s  caused 
by O r b i t e r  d i s t u r b a n c e s .  These d i s t u r b a n c e s  a r e  n o t  a v a i l a b l e  f o r  d i r e c t  measure- 
ment, s o  a  s t a t e  e s t i m a t o r ,  used i n  t h e  IPS c o n t r o l l e r ,  would have b i a s e s  and s o  
would t h e  r a t e  of s t a t e  i n f o r m a t i o n  ob ta ined  by t h e  e s t i m a t o r .  With t h e  apparen t  
i n a b i l i t y  t o  e s t i m a t e  t h e  s t a t e s  of t h e  p l a n t ,  an  observer  o r  f i l t e r  i s  n o t  u s e f u l  
f o r  c o n t r o l  of O r b i t e r  d i s t u r b a n c e s .  

An observer  is  developed f o r  t h e  f l i g h t  experiment which does n o t  r e q u i r e  d i r e c t  
measurement of a l l  t h e  p l a n t  i n p u t s .  The o b s e r v e r ' s  i n p u t s  a r e  t h e  o u t p u t  measure- 
ments of t h e  s t a t e s  and t h e  o u t p u t  measurements of the  r a t e  of t h e  s t a t e s .  Using 
t h e  ou tpu t  measurements of t h e  AGS r a t e  gyros  and t h e  AGS a c c e l e r o m e t e r s ,  t h e  observ- 
er converges t o  t h e  p l a n t  s t a t e s  and t h e  p l a n t  a c c e l e r a t i o n s .  Th i s  obse rver  i s  a  
key i n g r e d i e n t  i n  t h e  D I C  des ign .  

The D I C  i s  a  f o r c e l t o r q u e  feedback c o n t r o l l e r  which u s e s  t h e  observer  a c c e l e r a -  
t i o n  e s t i m a t e s  and knowledge of t h e  p l a n t  pa ramete rs  t o  de te rmine  t h e  a p p r o p r i a t e  
to rques  f o r  reduc ing  t h e  d i s t u r b a n c e  e f f e c t s  on c e r t a i n  segments of t h e  p l a n t .  The 
r e d u c t i o n  of a c c e l e r a t i o n  e f f e c t s  n o t  o n l y  d e c r e a s e s  t h e  l o a d s  on t h e  pay loads ,  b u t  
a l s o  improves payload p o i n t i n g  c a p a b i l i t y .  The D I C  can b e s t  be  d e l i n e a t e d  by ap- 
p l y i n g  t h e  c o n t r o l  d e s i g n  t o  t h e  s i m p l i f i e d  model of t h e  f l i g h t  experiment.  



FLIGHT EXPERIMENT MODEL 

The l i n e a r  equa t ions  of motion f o r  a  r i g i d  SEPS s o l a r  a r r a y  connected t o  a  r i g i d  
AGS which is  connected t o  a  r i g i d  Orb i t e r  a r e  

where 

O1 = 3x3 zero ma t r ix ,  

I1 = 3x3 i d e n t i t y  mat r ix ,  

m = 3x3 mass mat r ix ,  ( i , j )  E (1 ,2 ,3) ,  
ij 

7 = 3x3 t i l d e  mat r ix  r ep re sen t ing  a  d i s t a n c e  measurement from t h e  Orb i t e r  c .g .  
s m  t o  t h e  AGS gimbal t o rque r s ,  

t 
TG = 3x3 t ranspose  of t h e  AGS gimbal angles ,  



. - 
r r = 3x1 v e c t o r  p o s i t i o n ,  v e l o c i t y ,  and a c c e l e r a t i o n  of t h e  O r b i t e r  c .g.  , 

0' 0' 0 

- - 
O o ,  Oo ,  O = 3x1 v e c t o r  a n g u l a r  d i sp lacement ,  v e l o c i t y ,  and a c c e l e r a t i o n  of t h e  

0 O r b i t e r ,  

. .. 
m i ,  m i ,  Qi = 3x1 v e c t o r  a n g u l a r  d i sp lacement ,  v e l o c i t y ,  and a c c e l e r a t i o n  of t h e  

AGS payload,  

O T ,  iT = 3x1 v e c t o r  measurement of t h e  p l a n t  s t a t e s  provided by t h e  AGS r a t e  
gyros  , 

A = 3x1 v e c t o r  measurements of t h e  r a t e  of t h e  p l a n t  s t a t e s  provided by t h e  AGS 
a c c e l e r o m e t e r s ,  

F = 3x1 v e c t o r  O r b i t e r  d i s t u r b a n c e  which cannot  be  measured d i r e c t l y ,  

rd = v e c t o r  from O r b i t e r  c.g. t o  a p p l i c a t i o n  of F ,  and 

Tc = 3x1 v e c t o r  c o n t r o l  t o r q u e  provided by t h e  AGS gimbal t o r q u e r s .  

The O r b i t e r  l i n e a r  d i sp lacements  a r e  e l i m i n a t e d  from (1) by t h e  r e l a t i o n s h i p  

.. - 1 . . .. 
r = m  

11 
(F - m O - m Q . ) .  o 1 2  o  1 3  1 

S u b s t i t u t i n g  ( 4 )  i n t o  (1)  and i n t o  ( 3 )  g i v e s  

Ol 1 Tc and 

where 



ry 

V12 = d 
- 1 

-m 
s m  11 

m and 
12 '  

w h i l e  t h e  a t t i t u d e  measurement e q u a t i o n  becomes 

W r i t i n g  e q u a t i o n  (5) i n  s tate form g i v e s  

where 

Alas! Upon examin ia t ion  of ( 7 )  and ( 8 ) ,  i t  i s  found t h a t  t h e  sys tem i s  n o t  observ- 
a b l e .  To  remove t h i s  t h o r n  from one ' s  s i d e ,  c o n s i d e r  add ing  feedback t o  (1) by 
d e f i n i n g  

where 



T = - K Q  - K @  and 
o l i  o i  

T c l  
i s  unspec i f ied .  

S u b s t i t u t i n g  (9) i n t o  (5) and rear ranging  y i e l d s  

and w r i t i n g  (1)  i n  s t a t e  form gives  

where 

With a s u i t a b l e  s e l e c t i o n  of KO and K1, the  system equat ions (11) and (7) a r e  observ- 
ab l e .  Once the  o b s e r v a b i l i t y  c r i t e r i o n  i s  met, t h e  observer  and t h e  D I C  can be 
formulated. 

OBSERVER AND D I C  DESIGN 

The key f a c t o r  i n  t he  D I C  i s  an observer  which does no t  r e q u i r e  d i r e c t  measure- 
ment of t h e  p l a n t  i npu t s .  The observer  f o r  the f l i g h t  experiment i s  der ived  by f i r s t  
r ewr i t i ng  ( l l ) ,  ( 7 ) ,  and (6)  i n t o  gener ic  system equat ions .  The system equat ions  a r e  

y = Cx, and (13) 



The f u l l  s t a t e  observer  f o r  (12) ,  (13) , and (14) i s  of t he  form 

= Ea + Gy + Hz + JTc l  

where 

E = 12x12 observer  dynamic ma t r ix ,  

G = 12x6 ma t r ix  (unknown f o r  p r e s e n t ) ,  

H = 12x3 mat r ix  (unknown f o r  p r e s e n t ) ,  

J = 12x3 mat r ix  (unknown f o r  p r e s e n t ) ,  and 

a  = 12x1 v e c t o r  of t he  observer  s t a t e s .  

Le t  a be  a  l i n e a r  combination of x such t h a t  

a = Tx. 

S u b s t i t u t i n g  (12)-(14) and (16) i n t o  (15) g ives  

T i  = ETx + GCx + H[P(Ax + BcTcl + BDF) + PDF] + J T c l  

P remul t ip ly ing  (12) by T  g ives  

Sub t r ac t i ng  (17) from (18) ,  c o l l e c t i n g  terms, and equa t ing  v a r i a b l e s  y i e l d s  t h e  
ma t r ix  r e l a t i o n s  

TA - ET = GC + HPA, 

TBc = HPA + J ,  and 

- 1 
I f  (PBD + PD) e x i s t s ,  then 

S u b s t i t u t i n g  (22) i n t o  (19) and c o l l e c t i n g  terms g ives  

T I I  - BD(PBD + P~) - 'P ]A  - ET = GC. 

L e t t i n g  



and u s i n g  d i r e c t  products(3bn (23) y i e l d s  

A 
( I  Ec - E @ I )$  = GC 

where f and 6k a r e  144x1 v e c t o r s  of t h e  form 

A 
and GC = 

I f  A and E have no common e i g e n v a l u e s ,  then 
1 

- 1 
H = T B ~ ( P B ~  + PD) , and (27) 

J = TBc - HPA. (28) 

I f  G i s  s e l e c t e d  such  t h a t  rank of C i s  e q u a l  t o  t h e  rank  of GC,(4) then  T-I e x i s t s .  

For t h i s  paper ,  a  reduced o r d e r  obse rver  is  d e r i v e d .  The d e r i v a t i o n  is  t h e  same 
a s  t h e  f u l l  s t a t e  obse rver  e x c e p t  t h a t  t h e  dimension of T, E ,  and G a r e  d i f f e r e n t .  
For  t h e  reduced o r d e r  o b s e r v e r ,  t h e  t r a n s f o r m a t i o n  i s  

where 

I6 = 6x6 i d e n t i t y  m a t r i x ,  

I 1 2  
= 12x12 i d e n t i t y  m a t r i x ,  

E = 6x6 s t a b l e  m a t r i x ,  and 

G = 6x6 m a t r i x .  

For  t h e  s i m p l i f i e d  f l i g h t  exper iment  model, t h e  sys tem paramete rs  a r e  shown i n  
Tab le  1 and t h e  observer  pa ramete rs  a r e  shown i n  Tab le  2 .  C a t e n a t i n g  t h e  rneasure- 
ment e q u a t i o n  (13) w i t h  t h e  t r a n s f o r m a t i o n  ob ta ined  i n  (29) g i v e s  



S i n c e  t h e  rank  of GC e q u a l s  t h e  r a n k  of C ,  a s o l u t i o n  f o r  t h e  p l a n t  s t a t e s  e x i s t s  
and i t  is 

x = [ ----- 1 -  --;--I. (31) 

Tab le  3  shows t h e  t r a n s f o r m a t i o n  and i t s  i n v e r s e .  T h i s  concludes  t h e  o b s e r v e r  
d e r i v a t i o n  f o r  t h e  f l i g h t  exper iment  model. 

TO demons t ra te  t h e  D I C  d e s i g n ,  c o n s i d e r  t h e  t h i r d  v e c t o r  e q u a t i o n  i n  (1) which 
is  

where 

TA = 3x1  a t t i t u d e  c o n t r o l  to rque  and 

T~~~ 
= 3x1 D I C  t o r q u e .  

P r e m u l t i p l y i n g  A i n  (3) by mgl y i e l d s  
g  

Using t h i s  r e s u l t  and t h e  e s t i m a t e s  of t h e  p l a n t  states i n  (31) ,  l e t  

T A = - L x  - L x  + m  A 
1 4  0 3  3 1 g  

where 

Lo = 3x3 a t t i t u d e  p o s i t i o n  g a i n ,  and 

L1 = 3x3 a t t i t u d e  rate ga in .  

S u b s t i t u t i n g  (34) i n t o  (32) and c o l l e c t i n g  terms i n  t h e  r e s u l t i n g  e q u a t i o n  g i v e s  

D i f f e r e n t i a t i n g  (31) y i e l d s  



where 

. . 
Since 2 converges t o  P s e l e c t  2  0 ' 

S u b s t i t u t i n g  (37) i n t o  (35) gives 

which shows t h a t  the @. v a r i a b l e  i s  i s o l a t e d  from the dynamic v a r i a b l e s  ro and Po 
and the  Orb i t e r  disturbance F which is  the goa l  of the  D I C .  

SUMMARY 

This  paper conta ins  t he  development of a d is turbance  i s o l a t i o n  c o n t r o l l e r  f o r  a  
s i m p l i f i e d  model of t he  SEPS f l i g h t  experiment. The D I C  design pr imar i ly  c o n s i s t s  
of a  method t o  o b t a i n  observer es t imates  which w i l l  converge t o  t h e  p l a n t  s t a t e s  and 
t h e  p l a n t  a c c e l e r a t i o n s .  Using the  a c c e l e r a t i o n  e s t ima te s ,  t h e  D I C  i s o l a t e s  t he  AGS 
payload from the  Orb i t e r  d i s turbances .  Future  cons idera t ions  w i l l  inc lude  t h e  
e f f e c t s  of system no i se s ,  nonl inear  p l a n t s  and measurements, and a determinat ion of 
t h e  observer robus tness .  
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TABLE 2 .  OBSERVER PARAMETERS 

O.OOEO 
O . G O E 0  
0 .  OOEO 
0 .  O O E O  
0 .  OOEP 

- 4  e55E-3  
1.25E-8 
3 . 1 6 E  8 

- 5 . 3 6 ~ - 4  
6.94E-4 
1 . 5 s - 4  
3 .  ?BE-4 
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NOMENCLATURE 

.. 
Mll + M12 f?+ MI3 Q i F : ORBITER CG TRANSLATIONAL EQUATION 

M2, Yo + MZ2 eo + M 23 Zi 'Td F: ORBITER ROTATIONAL EQUATION 

Mgl + M3Z G 0 + M33 $ i - TC + To : PAY LOAD ATTITUDE EQUATION 

F: FORCE WHICH IS NOT DIRECTLY MEASUREABLE i.e., CREW MOTION OR RCS 

TC: CONTROL TORQUE 
To: OBSERVABILITY TORQUE (ADDED) 

rd: VECTOR FROM ORBITER CG TO FORCE (F) APPLICATION 
Mi,: MASS MATRIX COMPONENTS 

- - -  - - -  - - - - 

Go + i : DIGITAL RATE GYRO MEASUREMENTS 

T~~ : TRANSFORMATION FROM INERTIAL TO BODY FRAME .............................................................................. 
A. = i;, + zsM zo : AGS BASE ACCELEROMETER MEASUREMENTS 
dsM ' VECTOR FROM ORBITER CG TO AGS ACCELEROMETERS 

FLIGHT EXPERIMENT CONFIGURATION 

TIP RATE GYRO'S 

SOLAR ARRAY 

AND ACCELEROMETERS 



E X P E R  IMENT OBJECTIVES 

S U I T A B L E  STRUCTURE 

@ASPECTS OF LSS CONTROL 

@CONTROL OBJECTIVES 

l D I STR I BUTED SENSOR CONTROL 

@ M O D A L  D A M P I N G  

l NESTED CONTROLLER 

@ D I STUR BANCE I SOLATION CONTROL 

ORBITER DISTURBANCES 

*ACCELERATION REDUCTION 

.SYSTEM EQUATION FOR S I M P L I F I E D  MODEL 



SYSTEM BLOCK D I A G R A M  

CONTROLLER 

ESTIMATES OF 

GENERIC SYSTEM EQUATIONS 

Z P P I ~ + P ~ F  

OBSERVER FORM 
L = E a  + Gy + Hz + JTcl 

OBSERVER CONSTRAINT EQUATIONS 
TA- ET=GC+HPA 

O B S ~  
OR 
KALMAN FILTER 

- 

TB, = HPB, + J 

TED = H(PBD + PD) 

CONSTRA I NT EQUATI ON SOLUTIONS 
+ = ( I  a A I - E ~ I I - ~  A 
H = TED (PBD + PD) 

J = TBC - HPBc 

PLANT STATES - L INPUT 
L 

INFOR~ATION 
A 

r 
\ 

7 

PLANT 4 

CONTROL 
INPUT 

r 

SENSORS 



a D I STURBANCE I SOLATI ON CONTROL TORQUE 

m31 'i, + 11-92 ;6, + m33 & ,  a T, + TA + TOIC 

11 - 
A~ = ro + d,, 6 ,  

TA = -L1 a 4 - Lo CK 3 + m31 A,, 

TDIC = - To + (m3* - m31 zsm) 2 

0 FUTURE INVESTIGATION 

COMPLEX SAFE MODEL 

OBSERVER SENS I T I V  ITY (PARAMETERS) 

OBSERVER TRUNCATION 

MODES 

.WORD LENGTH 
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MODULAR A T T I T U D E  CONTROL OF A LARGE SPACE PLATFORM 

o STATE V A R I A B L E  MODEL 

o DECOMPOSED MODEL 

o DECOMPOSED PERFORMANCE INDEX 

o DECOMPOSED HAM I LTON I AN 

o COSTATE EQUAT I O W  

o CONTROL EQUATIONS 

o TPBV FORMULATION OF F I R S T  L E V E L  SUBPROBLEMS 

o SECOND L E V E L  COORD I NAT I ON SUBPROBLEMS 

o SUBPROBLEM HIERARCHY 

THREE A X I S  F I V E  EODY MODEL OF A FLEXIBLE SPACECRAFT 

THREE DEGREE OF FREEDOM HINGES 



PERSPECTIVE VIEW OF HYBRID DEPLOYABLE TRUSS 

F I RST APPROX IMAT I ON OF TRUSS 

THREE DEGREE OF FREEDOM HINGES 



THREE AXIS  FOUR BODY MODEL OF TRUSS 

THREE DEGREE OF FREEDO!' HINGES 

THREE AXIS TEN BODY MODEL OF SPACE PLATFORM 

THREE DEGREE OF FREEDOM IiIMGES 

s SPACECRAFT 2 
TRUSS 

+SPACECRAFT 1 



THE jTH TPBV SUBPROBLEM 

i .  - A x.+ R.A.+ 1.(t) 
J J J-J -J 

where t 
3 k  k k  A 

S.(t) - C (A. d .  + 0 .  8 - B . . ? . )  b.(t) - Qjzjd- 3 k  T p .  - 1  T 
-J ~ k - J  ~ k - j  J J  J -J R = - B .w. 0 . .  k- I - ~  j j 3  J U  J J  

k + j  k f j  

x . ( t  1 - x (initial boundary conditions) 
-J o -jO 

A ( t  ) = 0 (final boundary conditions) -j f 

STATE VARIABLE ROTATIONAL DYNAMICS MODEL 
3 

i = Z (A x + B  u )  j S 1 , 2 , 3  k L 1 , 2 , 3  
-j 1  jk -k  jk-k  

where: 

u (k = 1 ,  2 ,  3) has scalar expansion of t h e  same form as  w 
-k --k ' 



MULT I LEVEL STATE VARIABLE NODEL 

3 k  k 
a. - C  (A. d.+ B. 8.1 

k-I ~ k - J  ~ k - J  

DECOMPOSED PERFORMANCE INDEX AND HAMILTONIAN 

3 
J =  r.$:fP.dt 

1 0 J 

where : 

T T P - \(x.- E ~ ~ )  Q.(?- zjd) + \U.W u x prespecif ied desired value of x .  
j -3 J 3  -3 ju-j -J -3 

Qj 
= positive definite state variable error weighting coefficient matrix 

W = positive definite control energy weighting coefficient matrix 
ju 

3 
H - C  H  

j- I j 
where : 

3 k  k k T  k  T 
H  - O . +  rT[*..x.+ B..u.+ 1 (A. d. + B. 8.1 (2.1 (rj- 22 + (q I (2,- &) 
j J - 3  J-J JJ-J k= ~ k - J  J ~ - J I  +,f, J 



COSTATE EQUATIONS 

where : 
3 

A .  (t - 0 (final boundary conditions) 
J f 

CONTROL EQUATIONS 

SUBPROBLEM HIERARCHY FOR HYBRID MULTILEVEL- LQR 

ATTITUDE CONTROL OF TtIREE A X I S  MODEL 

r 7 

SECOND LEVEL COORDINATION SUBPROBLEM 

(S ta te ,  Costate,  and Cont ro l  C o o r d i n a t i o n  Equat ions)  

1 s t  AXIS 

SUBPROBLEM SUBPROBLEM 

3 r d  AXIS 

SUBPROBLEM 

STATE, 
COSTATE STATE , 

AND CONTROL COSTATE 

COORDINATION AND CONTROL 
VECTORS 
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SYSTEMS IDENTIFICATION DEVELOP:.IENT 

The need f o r  systems i d e n t i f i c a t i o n  i n  l a r g e  ae rospace  s t r u c t u r e s  a r i s e s  
because  of ignorance  of t h e  s t r u c t u r a l  parameters  and changing c o n t r o l  regimes.  
I n  p a r t i c u l a r ,  t h e  dynamic c h a r a c t e r i s t i c s  o f  l a r g e ,  f l e x i b l e  s p a c e c r a f t  cannot  be  
determined through ground t e s t s  and t h e r e  i s  a  b a s i c  need f o r  a  c o n t r o l  sys tem 
which can  s t a r t  w i t h  t h e  b e s t  a v a i l a b l e  system parameters  and s e l f - t u n e  t o  a  s e t  
which g i v e s  s t a b l e  sys tem response.  

The o b j e c t i v e  of t h e  r e s e a r c h  program e s t a b l i s h e d  under RTOP 506-62-43 is  t o  
develop a  methodology f o r  s y n t h e s i z i n g  systems i d e n t i f i c a t i o n ,  b o t h  parameter  and 
s t a t e ,  e s t i m a t i o n  and r e l a t e d  c o n t r o l  schemes f o r  f l e x i b l e  ae rospace  s t r u c t u r e s  
w i t h  i n i t i a l  emphasis on t h e  Maypole hoop-column antenna a s  a  r e a l  world a p p l i c a -  
t i o n .  Th is  impor tan t  a r e a  o f  systems technology i s  an unsolved problem f o r  l a r g e ,  
f l e x i b l e  s p a c e  s t r u c t u r e s  w i t h  changes i n  c o n f i g u r a t i o n .  The a r e a  i n t e r s e c t s  t h e  
d i s c i p l i n e s  o f  t h e  mathemat ical  theory  of p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s ,  lumped 
and d i s t r i b u t e d  systems t h e o r y ,  a d a p t i v e  c o n t r o l  t h e  h i g h  o r d e r  sys tems,  and 
s t r u c t u r a l  dynamics mathemat ical  modeling,  t o  name a  few, and r e q u i r e s  a m u l t i -  
d i s c i p l i n a r y  team of r e s e a r c h e r s  t o  impact t h e  fo rego ing  o b j e c t i v e .  

The b a s i c  s t r u c t u r e  f o r  such a team h a s  been e s t a b l i s h e d  through a  u n i v e r s i t y  
r e s e a r c h  g r a n t  (NAG-1-171) awarded A p r i l  1, 1981, t o  t h e  R e n s s e l a e r  P o l y t e c h n i c  
I n s t i t u t e ,  Troy,  NY, w i t h  P r o f e s s o r  Mark Balas  of t h e  Computer and Systems 
Engineer ing  Department a s  P r i n c i p a l  I n v e s t i g a t o r .  The personne l  and e x p e r t i s e  of 
t h e  r e s e a r c h e r s  suppor ted  under t h e  g r a n t  a r e :  

D r .  Mark Balas  , RPI 

D r .  Howard Kaufman, RPI 

Nonadaptive c o n t r o l  o f  l a r g e  s c a l e  o r  
d i s t r i b u t e d  s y s  tems w i t h  mechan ica l ly  
f l e x i b l e  s t r u c t u r e s  ( r e f .  1 )  

Adapt ive  c o n t r o l  o f  m u l t i v a r i a b l e  systems 
( r e f .  2) 

D r .  Alan Dearochers ,  RPI Model o r d e r  r e d u c t i o n  t echn iques  ( r e f .  3)  

D r .  Rober t  Loewy, RPI (added S t r u c t u r a l  dynamics and modeling 
September 1, 1981) 

D r .  Thomas Banks, BrownUnivers i ty ,  Consu l tan t  i n  mathematics and numerical  
Providence,  Rhode IS land methods 

S i n c e  t h e  g r a n t  e f f o r t  began on ly  r e c e n t l y ,  r e s u l t s  t o  d a t e  a r e  l a r g e l y  
concep tua l ,  Parameter e s t i m a t i o n  schemes f o r  lumped m u l t i - i n p u t  m u l t i - o u t p u t  
systems w i l l  be  extended t o  h i g h  o r d e r  o r  d i s t r i b u t e d  systems where p o s s i b l e  and 
examined f o r  s e n s i t i v i t y  t o  s p i l l o v e r  e f f e c t s .  The a r e a  o f  a d a p t i v e  c o n t r o l  i s  
be ing  surveyed f o r  s t r e n g t h s  and weaknesses i n  r e g a r d  t o  Large Space Systems. 
A t  t h i s  w r i t i n g  t h e  Luders-Narendra a d a p t i v e  observer  ( r e f .  4 )  and a  modif ied au to -  
r e g r e s s i v e  moving average  ( r e f .  5) method appear  promising.  A d d i t i o n a l l y ,  D r .  Loewy 
1 s  deve lop ing  a  lumped parameter model o f  the hoop-column antenna which i n  
complexi ty  w i l l  l i e  somewhere between t h e  f i n i t e - e l e m e n t  and p a r t i a l  d i f f e r e n t i a l  
e q u a t i o n  r e p r e s e n t a t i o n s .  The modeling approach proposed by D r .  Loewy i s  d i s c u s s e d  



i n  t h e  next  s e c t i o n .  It is  f e l t  t h a t  such a model w i l l  be  more amenable t o  modern 
systems theory i d e n t i f i c a t i o n  techniques than a f i n i t e - e l emen t  model. U n t i l  t h i s  
model i s  completed, techniques a r e  being analyzed on a s t r e t c h e d  membrane example 
which i s  f e l t  t o  be  gene r i c  t o  t he  hoop-column s t r u c t u r e .  D r .  Banks has developed 
a numerical approach ( r e f s .  6 and 7 )  t o  system i d e n t i f i c a t i o n  and c o n t r o l  o f  
d i s t r i b u t e d  sys  tems which appears promising f o r  l a r g e  space sys  tems. It i s  intended 
t h a t  he  apply h i s  approach t o  a p a r t i a l  d i f f e r e n t i a l  equa t ion  model o f  t h e  
hoop-column antenna. 

I n  t he  f u t u r e ,  t he  most promising c o n t r o l  and i d e n t i f i c a t i o n  techniques pin- 
pointed i n  the  f i r s t  year  of  t h e  g ran t  w i l l  be appl ied  t o  the  lumped model 
developed by D r .  Loewy. It i s  expected t h a t  a s e p a r a t e  g ran t  w i l l  be awarded f o r  
t h e  a p p l i c a t i o n  of D r .  Bank's methodology. 

A MODELING APPROACH FOR THE HOOP-COLUMN ANTENNA 

Modeling s t u d i e s  of t he  "~a~pole-cable-hoop-membrane" type  antenna a r e  being 
conducted us ing  a t r ans fe r -ma t r ix  ( r e f .  8) numerical a n a l y s i s  approach. This  
methodology has  been chosen a s  p a r t i c u l a r l y  we l l - su i t ed  f o r  handl ing a l a r g e  number 
of antenna con f igu ra t i ons  of  a gener ic  type. While not capable  of  providing,  i n  
p r i n c i p l e ,  more informat ion  than a proper NASTRAN~ formula t ion ,  a dedica ted  
t r a n s f e r  ma t r ix  a n a l y s i s ,  both by v i r t u e  of i t s  s p e c i a l i z a t i o n  and the  i n h e r e n t l y  
easy compartmental izat ion of  t he  formulat ion and numerical procedures ,  can be  
s i g n i f i c a n t l y  more e f f i c i e n t  n o t  only i n  computer t i m e  requi red  b u t ,  more 
impor tan t ly ,  i n  t h e  time needed t o  review and i n t e r p r e t  the  r e s u l t s .  

The a n a l y s i s  i s  seen  a s  proceeding a s  fol lows:  (1)  s t a t e  v a r i a b l e  (bending, 
t o r s i o n ,  a x i a l  compression/ tension)  a t  t he  extremes of feed assembly and s o l a r  
a r r a y s  w i l l  be  " t r ans fe r r ed"  (by proper mat r ix  t ransformat ions)  inward; ( 2 )  wherever 
"branch poin ts"  occur  (as  a t  feed assembly t o  feed mast j unc t ions ,  hoop suppor t  
c a b l e  t o  upper mast assembly po in t s ,  e t c . ) ,  f o r c e  and moment equi l ib r ium and d i sp l ace -  
ment compa t ib i l i t y  condi t ions  w i l l  be imposed, ( 3 )  t he  hoop-antenna-surface assembly 
w i l l  be modeled i n  pie-shaped segments, with t r a n s f e r s  made az imutha l ly  from one 
s e c t i o n  t o  t h e  nex t ,  and compa t ib i l i t y  and equi l ib r ium condi t ions  imposed a f t e r  s t a t e  
v a r i a b l e s  a r e  t r a n s f e r r e d  back onto  themselves,  t h a t  i s ,  a t  360' of azimuth. S t i f f -  
ness  t r a n s f e r  ma t r i ce s ,  f o r  example along t h e  mast and around hoop segments, w i l l  
probably be  modeled a s  equiva len t  beams us ing  s u b s i d i a r y  f ini te-element  ana lyses  t o  
e s t a b l i s h  t h e  beam-equivalent q u a n t i t i e s .  Mass t r a n s f e r  mat r ices  w i l l  probably be 
formulated on a "lumped parameter" b a s i s ,  u s ing  a smal l  enough breakdown t o  r e v e a l  
l o c a l  f l e x i b i l i t y  e f f e c t s  i f  they a r e  s i g n i f i c a n t  and such of ten-neglec ted  terms as  
r o t a t i o n a l  mass moment of i n e r t i a  i n  beam-bending. 

Advantage w i l l  b e  taken  of t h e  po l a r  symmetry of  t h e  s t r u c t u r e  a s  a whole. 
That i s ,  aximuthal s o l u t i o n s  w i l l  be  s a t i s f i e d  by Four i e r  series r e p r e s e n t a t i o n ,  
a s  i n  many problems involv ing  po la r  symmetry; t h e  v i b r a t i o n s  o f  c i r c u l a r  p l a t e s  
( r e f .  9 ,  e.g.) i s  one such ca se  when t h e  boundary condi t ions  a r e  a l s o  po l a r  symmetric. 
I n  t h e  a n a l y s i s  we propose, n a t u r a l  f requenc ies  and modes a r e  p i c tu red  a s  solved a s  
s e p a r a t e  cases  f o r  each Four i e r  harmonic u s ing  an azimuthal  f r a c t i o n  of  t h e  t o t a l  
antenna wi th  t he  proper boundary condi t ions .  For t h e  qth Four ie r  s e r i e s  term, 
cos TO, only a / s e c t o r  of t h e  antenna would need t o  be cons idered ,  with t h e  



bending boundary cond i t i ons ,  f o r  example, being t r ansve r se  t r a n s l a t i o n  and bending 
moment equal  t o  zero  along t h e  boundary of  the pie-shaped element making up IT/? 

s e c t o r  of t h e  f u l l  azimuth. 

The numerical procedure f o r  ob ta in ing  n a t u r a l  frequency and mode shape 
s o l u t i o n s  would progress  by t r a i l  and e r r o r ,  seeking values  of  w t h a t  make an 
app rop r i a t e  determinant  zero. This would allow in te rmedia te  r e s u l t s  ( f o r  a l a r g e  
number of p a r t i c u l a r  values  of t r i a l  frequency m) f o r  p a r t s  of t h e  assembly ( t h e  
mast, e.g.)  t o  be s t o r e d  f o r  use i n  conf igura t ions  wi th  s ay ,  d i f f e r e n t  antenna 
s i z e s  i f  t h a t ' s  of i n t e r e s t ,  o r  d i f f e r e n t  s i z e  s o l a r  a r r a y s ,  and s o  f o r t h .  The 
numerical "assembly" of t h e  var ious  components i n  t h e  t r a n s f e r  mat r ix  approach can 
be  he ld  u n t i l  t h e  l a s t  s t e p s  of t h e  numerical procedure,  thus enhancing e f f i c i e n c y  
f u r t h e r ,  i n  s tudying  a range of s t r u c t u r e s  of a given gener ic  type. 
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INTRODUCTION 

An overview on t h e  s u b j e c t  of c o n t r o l  of l a r g e  space  systems i s  o f f e r e d  
i n  which a n t i c i p a t e d  modeling and c o n t r o l  d i f f i c u l t i e s  a r e  d i s c u s s e d .  P a r t i  
u l a r  emphasis i s  g iven  t o  i s s u e s  t h a t  have r e c e i v e d  l i t t l e  a t t e n t i o n  i n  t h e  
c u r r e n t  l i t e r a t u r e  on t h e  c o n t r o l  of l a r g e  s p a c e  s t r u c t u r e s .  The s t a t u s  of 
t h e  c o n t r o l  work t h a t  h a s  been done t o  d a t e  on l a r g e  s p a c e  sys tems cou ld  be  
p i c t u r e d  a s  b e i n g  a t  " t h e  back-of-the-envelope1' s t a g e  i n  c o n t r a s t  t o  t h e  de- 
t a i l e d  a n a l y t i c a l  e f f o r t  t h a t  w i l l  be  r e q u i r e d  t o  e n s u r e  f u t u r e  o p e r a t i o n a l  
sys tems c o n t r o l a b i l i t y .  

F igure  1 



The d i s c u s s i o n  w i l l  be  d i v i d e d  i n t o  two p a r t s  from t h e  p o i n t  of  view of  a  
s p e c i a l i s t  i n  sys tems i d e n t i f i c a t i o n .  The f i r s t  p a r t  of  t h e  d i s c u s s i o n  w i l l  
d e a l  w i t h  ground-based a n a l y s i s  of s p a c e f l i g h t  d a t a  (1) t o  de te rmine  s t r u c -  
t u r a l  dynamics c h a r a c t e r i s t i c s  f o r  t h e  purpose  of r e v i s i n g  c o n t r o l  l aws ,  and 
(2) t o  t r i m  t h e  s u r f a c e  c o n t o u r .  The second  p a r t  of t h e  d i s c u s s i o n  is  con- 
cerned w i t h  (1) sys tems i d e n t i f i c a t i o n  f o r  a d a p t i v e  c o n t r o l  and ( 2 )  au to -mat ic  
s u r f a c e  c o n t r o l .  

SYSTEMS IDENTIFICATION FOR 

LARGE SPACE SYSTEMS 

GROUND-BASED ANALYS l S OF S PACEFLI GHT DATA TO: 

@ DETERM I NE STRUCTURAL DYNAM I C S  

@ REV l SE CONTROL LAW 

8 T R I M  SURFACE CONTOUR 

ON-LINE AND ON BOARD FOR: 

8 ADAPTIVE CONTROL 

@ AUTOMATI C SURFACE CONTROL 
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One might a s k  the  q u e s t i o n s  "Why must s t r u c t u r a l .  dynamics be  de te rmined?"  
and "Why might p o i n t i n g  c o n t r o l  i n v o l v e  s t r u c t u r a l  dynamics?" The answers t o  
t h e s e  q u e s t i o n s  l i e  i n  t h e  sys tem r e q u i r e m e n t s ,  s t r u c t u r a l  dynamics c h a r a c t e r -  
i s t i c s ,  and t h e  d i s t u r b a n c e  l e v e l .  An example is  o f f e r e d  i n  which an 
unaccep tab le  12-minutes s e t t l i n g  t ime i s  r e q u i r e d  b e f o r e  a l a r g e  f l e x i b l e  
a n t e n n a  meets i t s  p o i n t i n g  requirement  of .03O fo l lowing  a  d i s t u r b a n c e  due t o  
s o l a r  h e a t i n g .  For the  example d i s c u s s e d ,  t h e  e f f e c t  of s t r u c t u r a l  dynamics 
i s  c r u c i a l  i n  t h e  des ign  of  t h e  p o i n t i n g  c o n t r o l  system. 

WHY MUST STRUCTURAL DYNAM l C  S BE DETERMINED? 

WHY M I G H T  "POINTING CONTROL" INVOLVE STRUCTURAL DYNAMICS? 

A POINTING ACCURACY OF .03* REQUl RES THAT THE SUPPORTING MAST 

DEFLECT LESS THAN 1/10 OF AN INCH. 

A STRUCTURAL FREQUENCY OF .1  HERTZ AND DAMPING 

RATIO OF .005 RESULTS IN A TIME TO HALF AMPLITUDE 

\ OF 221 SECONDS. 

'5 = 221 SECONDS 
T1/2 = - 

SHOULD A SUDDEN DEFLECTION OF THE MAST OF 1 I N C H  OCCUR DUE TO SOLAR 

HEATING, THE POINTING ERROR W I L L  BE EXCESSIVE FOR 12  MINUTES. 

Figure  3 



In order  t o  app rec i a t e  the importance of d i s turbances  and n o i s e ,  i t  i s  
use fu l  t o  observe t h a t ,  f o r  l i n e a r  systems, i t s  q u a s i - s t a t i c  e r r o r  (no command 
inpu t )  i s  p ropor t iona l  t o  the amount of d i s turbance  and noise .  It behooves us 
then, t o  give these  mat te rs  more a t t e n t i o n .  Sources of d i s turbances  inc lude  
s o l a r  (thermal and wind),  on-board systems, and g r a v i t a t i o n a l .  Noise can come 
from senso r s ,  a c t u a t o r s ,  and computers. 

'LINEAR' SYSTEM PERFORMANCE I S  PROPORTIONAL TO THE 

AMOUNT OF DISTURBANCE AND NO1 SE 

/ 
SOLAR, THERMAL 

D l  STURBANCES SOLAR, W I N D  

ON-BOARD SYSTEMS 

NO1 SE ACTUATOR 

COMPUTATIONAL 

Figure 4 



Because of t h e  r e l a t i v e  e a s e  w i t h  which l i n e a r  sys tems can be a n a l y z e d ,  
n o n l i n e a r i t i e s  a r e  of t e n  n e g l e c t e d .  U n f o r t u n a t e l y ,  t h e  n o n l i n e a r i t i e s  can 
g r e a t l y  a f f e c t  sys tem r e s p o n s e ,  p a r t i c u l a r l y  a t  very  l a r g e  and ve ry  s m a l l  
ampl i tudes  of mot ion.  Nonl inea r  b e h a v i o r  g e n e r a l l y  comes from s e n s o r s ,  ac tu -  
a t o r s  and i n e r t i a l  coupl ing.  It can be expec ted  t h a t  sys tem n o n l i n e a r i t i e s  
w i l l  r e s u l t  i n  l i m i t  c y c l e s  i n  p o i n t i n g ,  i n  o r b i t  maintenance,  and probably  a t  
some s t r u c t u r a l  modal f r e q u e n c i e s .  

SENSOR AND ACTUATOR NONLINEAR IT lES  W l LL RESULT IN 

LlM I T  CYCLES IN POINTING, ORBIT MAINTENANCE, AND PROBABLY 

AT SOME STRUCTURAL MODAL FREQUENC l ES 

/ 
ACTUATOR AND SENSOR SATURATI ON 

NONLINEAR ITIES ACTUATOR HY STERES l S 

SENSOR DEADBAND 

Figure  5 



To c l o s e  t h e  f i r s t  p a r t  of  t h e  d i s c u s s i o n ,  w e  c o n s i d e r  t h e  computa t iona l  
a s p e c t s  of  ground-based a n a l y s i s  of  s p a c e f l i g h t  d a t a .  T r a n s i e n t  a n a l y s i s  
t e c h n i q u e s  w i l l  be  r e q u i r e d ,  e i t h e r  i n  the  f requency  o r  time domains. 
At tempts  t o  de te rmine  t h e  s t e a d y - s t a t e  r e sponse  t o  a  sine-wave i n p u t ,  f o r  
example,  a r e  e a s i l y  f r u s t r a t e d  by l i g h t l y  damped modes w i t h  l i t t l e  f requency 
s e p a r a t i o n .  The i n s  t r u m e n t a t i o n  requ i rements  a r e  o u t l i n e d  and s e e n  t o  be  
o r d i n a r y .  Although t h e  ground-based computer r equ i rements  a r e  e x p e c t e d  t o  b e  
q u i t e  modest ,  t h e  a n a l y s i s  t echn iques  s h o u l d  f i r s t  be t e s t e d  u s i n g  ground t e s t  
d a t a .  

THE COMPUTATI ONAL TASKS OF GROUND-BASED 
ANALYS l S OF SPACEFLIGHT DATA ARE ONLY 

MODERATELY DIFFICULT 

STRUCTURAL DYNAMICS MODELING 
e TRANS IENT ANALYS I s TO BE USED 
0 NO SPEC l AL  INSTRUMENTATI ON I S REQUI RED 
0 SPECIAL CONTROL INPUTS REQUIRED 
e PERHAPS 10 MODES CAN BE MODELED 
@ NEED SAMPLE RATE OF 5 TO ~OISECOND 
e NEED DATA LENGTH OF ABOUT 30 SECONDS 
@ GROUND-BASED COMPUTER REQUl REMENTS ARE INSIGNIF ICANT 
0 SHOULD TEST ANALYSIS TECHNIQUE WITH  GROUND TEST DATA 
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Turning t o  t h e  problem of  a d j u s t i n g  the  s u r f a c e  con tour  of a  l a r g e  space  
sys tem,  w e  can e x p e c t  t h a t  a  s t a t i c  a n a l y s i s  w i l l  b e  s u f f i c i e n t ,  though ex ten-  
s i v e  s p e c i a l  i n s t r u m e n t a t i o n  w i l l  be  r e q u i r e d .  Repeated measurements s e r v e  to 
improve t h e  accuracy i n  de te rmin ing  t h e  s u r f a c e  con tour  and can d e t e c t  s u r -  
f a c e  motion. A n a l y s i s  p rocedures  shou ld  be t e s t ed  u s i n g  ground t e s t  d a t a .  

SURFACE CONTOUR ADJUSTMENT 
Q STATIC ANALYSIS TO BE USED 
@ EXTENS IVE INSTRUMENTATI ON REQU I RED 
0 CONTROL INPUTS, DISTURBANCES NEED TO BE M I N I M I Z E D  
@ PERHAPS 240 SURFACE MEASUREMENT LOCATI ONS 
@ PERHAPS 4 SETS W l  LL  BE NEEDED 
@ MUST INVERT 240 x 240 MATRIX  
@ SHOULD TEST ANALYSIS TECHNIQUE WITH GROUND TEST DATA 

Figure  7 



Examination of t he  d i s t r i b u t i o n  of modal f requenc ies  r evea l s  the  d i f  f i- 
c u l t y  i n  c o n t r o l l i n g  l a r g e  space systems a t  f requenc ies  exceeding the  f i r s t  
s t r u c t u r a l  mode. A c o n t r o l  bandwidth reaching  a frequency r a t i o  of 3.0 might 
become a t y p i c a l  l i m i t .  D i f f i c u l t i e s  a r i s e  i n  modeling, a l s o  the modes 
become packed. The p a r t i c u l a r  dynamic c h a r a c t e r i s  t i c s  must be examined, how- 
e v e r ,  t o  make a meaningful assessment.  

A SYSTEM HAVING A LARGE NUMBER OF CLOSELY SPACED MODES 

I S  DIFFICULT TO MODEL 

FREQUENCY RAT1 0 , - w 

Figure 8 



I t  s h o u l d  be  no ted  t h a t  t h e  l i m i t s  t o  t h e  e f f e c t i v e n e s s  of  c o n t r o l  
sys tems depends on t h e  degree  t o  which t h e  c o n t r o l  law can be a d j u s t e d .  The 

bandwidth of  a  f i x e d  c o n t r o l  law w i l l  p robably  b e  l i m i t e d  t o  abou t  t h e  f i r s t  
s t r u c t u r a l  mode of a  l a r g e  space  sys tem.  I f  ad jus tment  of t h e  c o n t r o l  law i s  

p o s s i b l e  a f t e r  a n a l y z i n g  s p a c e f l i g h t  d a t a ,  then  i t  shou ld  be p o s s i b l e  t o  
i n c r e a s e  t h e  c o n t r o l  bandwidth,  perhaps  by a  f a c t o r  of two. Adaptive c o n t r o l  

would a l low even  t i g h t e r  c o n t r o l  by  c o n t i n u a l l y  a d j u s t i n g  c o n t r o l  i n  r e sponse  
changing c o n d i t i o n s  . 

"THERE ARE L l M  ITS TO THE EFFECTIVENESS OF CONTROL SYSTEMS" 

Figure  9 
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I f  t h e  s i z e  of  l a r g e  space  sys tems becomes bounded by  c o n t r o l  l i m i t a -  
t i o n s ,  s t i f f e r  c o n f i g u r a t i o n s  w i l l  have an advantage.  T h e i r  r e l a t i v e l y  h i g h e r  
s t r u c t u r a l  f r e q u e n c i e s  e n a b l e  c o n t r o l  bandwidth requ i rements  t o  be met f o r  
l a r g e r  s i z e d  c o n f i g u r a t i o n s .  The hoop/column a n t e n n a ,  f o r  example, i s  abou t  
f o u r  t imes  a s  s t i f f  a s  t h e  o f f s e t  wrap-r ib  c o n f i g u r a t i o n  of t h e  same d i a -  
me te r .  For  mul t i - f  requency a p p l i c a t i o n s ,  t h i s  advantage narrows t o  a  f a c t o r  of 
two because  of t h e  l a c k  o f  b l o c k i n g  f o r  t h e  o f f s e t  c o n f i g u r a t i o n .  

" I F  THE S I Z E  OF LARGE SPACE SYSTEMS BECOMES BOUNDED BY CONTROL L IMITATIONS,  

STIFFER CONFIGURATIONS W l  LL HAVE A N  ADVANTAGE" 

\ 

- 

\ --\ --Tx- -b& - 
\ \ 
\ 

I J 

10 D I AMETER, METERS /mO 
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On-line s y s  tems i d e n t i f i c a t i o n  f o r  a d a p t i v e  c o n t r o l  of  l a r g e  s p a c e  
s y s  tems r e q u i r e s  a d d i t i o n a l  development,  a l though  s imple  forms of  a d a p t i v e  
c o n t r o l  would r e q u i r e  less work. P r a c t i c a l i t i e s  are e x p e c t e d  t o  l i m i t  t h e  
number of  s t r u c t u r a l  modes t h a t  can be modeled, o n - l i n e ,  t o  abou t  f o u r .  
I n t e n t i o n a l  d i s t u r b a n c e s  w i l l  b e  r e q u i r e d  t o  produce response  s i g n a l s  which 
can b e  s e p a r a t e d  from n o i s e  and unrnodeled d i s t u r b a n c e s .  The computa t iona l  
l o a d  i s  n o t  i n s i g n i f i c a n t ,  b u t  l i e s  w i t h i n  a  p r a c t i c a l  range.  

ON-LINE SYSTEMS IDENTIFICATION FOR ADAPTIVE CONTROL 

REQUl RES ADDITIONAL DEVELOPMENT 

SIMPLE FORMS OF ADAPTIVE CONTROL REQUIRE LESS DEVELOPMENT 

M A X I M U M  LIKELIHOOD ESTIMATION WOULD BE USED 

NO SPECIAL INSTRUMENTATION I S  REQUl RED 

SOMEWHAT OBTRUS IVE CONTROL l NPUTS WOULD BE REQU l RED 

PERHAPS 4 STRUCTURAL MODES CAN BE MODELED, ON-LINE 

NEED SAMPLE RATE OF IO/SECOND 

UPDATE AFTER 30 SECONDS MIGHT BE POSSl BLE 

REQUIRES COMPUTATIONAL RATE ON THE ORDER OF 2.2 M OPS 

2 
SENSITIVITY EQUATIONS - #x2* NC x N = 14 100 -  300 

2 INFORMATION MATRIX -MZ'* NC'* N =  20 100 300 

INVERSE - N C * / ~  = 100~13 
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Automatic s u r f a c e  c o n t r o l  of a  l a r g e  s p a c e  s t r u c t u r e  i s  s t r a i g h t f o r w a r d  
b u t  i s  dependent  on t h e  accuracy  and r a p i d i t y  of  s u r f a c e  measurements. The 
l a r g e r  number of s e n s o r s  and a c t u a t o r s  i n v o l v e d  i n  s u r f a c e  c o n t o u r  c o n t r o l  
w i l l  r e q u i r e  f a u l t  management. The need f o r  a c t i v e  s u r f a c e  c o n t r o l  h a s  n o t  
y e t  been e s t a b l i s h e d ,  b u t  w i  11 depend on s u r f a c e  accuracy  s p e c i f i c a t i o n s ,  
s t r u c t u r a l  damping, and d i s t u r b a n c e  l e v e l s .  S u r f a c e  c o n t r o l  a t  a  p a r t i c u l a r  
p o i n t  would need s u r f a c e  d e f l e c t i o n  i n f o r m a t i o n  o v e r  a l i m i t e d  reg ion .  

AUTOMATIC SURFACE CONTROL I S  STRAIGHTFORWARD 

0 BANDPASS OF SURFACE CONTROL I S  PACED BY RATE OF MEASURING 
SURFACE DEFLECT1 ON 

@ MUST ACCOUNT FOR FAILED SENSORS AND ACTUATORS 

@ PERHAPS 240 SURFACE MEASUREMENT LOCATIONS 

@ SIMPLE, CONSTANT GAIN, FEEDBACK CONTROL ADEQUATE 

0 COMPUTATIONAL REQUl REMENTS ARE MODEST - 50K OPS 

FILTER 20. 240. 10 = 48,000 

REDUNDANCY* ? 

@ NEED FOR A U T m A T I C  SURFACE CONTROL DEPENDS ON: 

RF REQU I REMENTS 

SURFACE RESPONSE TO D l  STURBANCES, CONTROL, 

DEGREE OF STRUCTURAL DAMPING 

J ;+I 

Figure  1 2  



CONCLUDING REMARKS 

@ STRUCTURAL DYNAMICS MUST BE CONSIDERED I N  DESIGNING EVEN 

POINTING CONTROL FOR LARGE SPACE SYSTEMS. 

8 DISTURBANCES, NOISE, ANDNONLlNEARiTlES DRIVETHECONTROL 

SYSTEM DES I GN. 

@ ADJUSTMENTS OF CONTROL GAINS AND SURFACE CONTOUR USING 

GROUND-BASED ANALYS l S ARE ONLY MODERATELY DIFFICULT. 

@ ADAPTIVE CONTROL PROM l SES IMPROVED CONTROL BUT REQUl RES 

ADD IT1 ONAL DEVELOPMENT. 

@ AUTOMATI C SURFACE CONTROL I S STRAIGHTFORWARD. 

8 CONTROL AND ANALYSl S TECHNIQUES NEED TO BE TESTED USING 

GROUND AND TEST-FLIGHT DATA. 
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PURPOSE O F  STUDY 

T h e  i n t e g r a t e d  c o n t r o l / s t r u c t u r e s  s t u d y  was a  t a s k  p r e f o r m e d  j o i n t l y  
by t h e  M a r t i n  M a r i e t t a  C o r p o r a t i o n  a n a  t h e  H o n e y w e l l  S y s t e m s  a n d  
R e s e a r c h  C e n t e r  u n d e r  a c o n t r a c t  t o  t h e  NASA L a n g l e y  R e s e a r c h  C e n t e r  
e n t i t l e a  " A a v a n c e d  S p a c e  S y s t e m s  A n a l y s i s "  ( R e f e r e n c e  1) .  

F i g u r e  1 d e p i c t s  t h e  p u r p o s e  o f  t h e  s t u d y .  F o r  a  g i v e n  a n t e n n a  
m i s s i o n  o n e  c a n  p o s t u l a t e  a  c o s t  t r a d e o f f  b e t w e e n  a s t i f f  s t r u c t u r e  
u t i l i z i n g  m i n i m a l  c o n t r o l s  ( a n d  c o n t r o l  e x p e n s e )  t o  p o i n t  a n d  
s t a b i l i z e  t h e  v e h i c l e .  E x t r a  c o s t s  f o r  a s t i f f  s t r u c t u r e  wou ld  b e  
c a u s e d  b y  w e i g h t ,  p a c k a g i n g  s i z e ,  e t c .  L i k e w i s e ,  a m o r e  f l e x i b l e  
v e h i c l e  s h o u l d  r e s u l t  i n  r e d u c e d  s t r u c t u r a l  c o s t s  b u t  i n c r e a s e d  c o s t s  
a s s o c i a t e d  w i t h  a d d i t i o n a l  c o n t r o l  h a r d w a r e  a n d  d a t a  p r o c e s s i n g  
r e q u i r e d  f o r  v i b r a t i o n  c o n t r o l  o f  t h e  s t r u c t u r e .  F i g u r e  1 d e n o t e s  
t h a t  t h i s  t r a d e o f f  o c c u r s  a s  t h e  r a t i o  o f  t h e  c o n t r o l  b a n d w i d t h  
r e q u i r e d  f o r  t h e  m i s s i o n  t o  t h e  l o w e s t  ( s i g n i f i c a n t )  b e n d i n g  mode o f  
t h e  v e h i c l e .  T h e  H o n e y w e l l  p o r t i o n  c o n s i s t e d  o f  e s t a b l i s h i n g  t h e  
c o s t  o f  c o n t r o l l i n g  a  s p a c e c r a f t  f o r  a s p e c i f i c  m i s s i o n  a n d  t h e  s a m e  
b a s i c  c o n f i g u r a t i o n  b u t  v a r y i n g  t h e  f l e x i b i l i t y .  

RANGE OF CONTROL OVERLAP R4NGE OF F I F X I O L I T Y  

E X A M I N E  T R A D E - O F F  OF C O N T R O L  COST A N D  S T R U C T U R A L  
COST F O R  L A R G E  A N T E N N A S  

APPROACH: DESIGN, "PRICE" A N D  COMPARE 4 SPACECRAFT 
F O R  A TYPICAL A N T E N N A  MISSION 
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RADIOMETER CONCEPTUAL DESIGN 

The study vehicle is shown in Figure 2. This is a conceptual design 
of a symmetric feed radiometer. The reflector is an 
electrostatically suspended membrane supported by a 170 meter (inside 
diameter) box truss ring. The feed is supported by two astromasts 
with two pairs of tension cables. The size used was determined to be 
the largest which could be packaged into one shuttle orbiter bay. 
The control design includes the effects of the astromast and hoop 
flexible modes, but does not include the electrostatic shape control. 

170 METER RADIOMETER 

BOX TRUSS RING 

170 METER DIAMETER REFLECTOR (INNER 
DIAMETER) 

RADIOMETER CHARACTERISTICS 
- FREQUENCIES; 1.08,2.03,4.95 GHz 
- SPHERICAL SURFACE; F/D = 2 
- LINE FEED 

ELECTROSTATIC MEMBRANE 
- 0.3 TO 0.5 mil POLYMER FILM SURFACE 
- 50 m EFFECTIVE APERITURE 

Figure 2 



STRUCTURAL OPTIONS 

The Four s t r u c t u r e s  were supp l i ed  by Mart in  M a r i e t t a  t o  conduct  t h e  
c o n t r o l  des ign  c o s t  t r a d e o f f  a n a l y s i s .  Major c h a r a c t e r i s t i c s  a r e  
d e s c r i b e d  i n  F igu re  3 .  Ear ly  i n  t h e  s t r u c t u r a l  de s ign  phase i t  was 
d i s cove red  t h a t  aluminum elements  cou ld  meet a l l  t h e  c o n s t r a i n t s  of a  
s i n g l e  o r b i t e r  launch.  Two of  t h e  d e s i g n s ,  i nc lud ing  t h e  most 
f l e x i b l e  s p a c e c r a f t ,  were developed assuming an aluminum s t r u c t u r e .  
I t  should  be no ted ,  however, t h a t  none of t h e  d e s i g n s  achieved t h e  
low f i r s t  bending modes c h a r a c t e r i s t i c  of o the r  antenna concep t s  such 
a s  an o f f s e t  f eed  wrap r i b  concep t .  Three f a c t o r s  c o n t r i b u t e d  t o  
t h i s  i n  varying degrees :  

1 ) .  The box t r u s s  based concep t  i s  i n h e r e n t l y  s t i f f  
2 ) .  C e n t e r l i n e  feed  concep t s  a l low u t i l i z a t i o n  of symmetry t o  

ach ieve  s t i f f n e s s  
3 ) .  Tension c a b l e s  s e rved  t o  s t i f f e n  a s t romas t  f eed  s u p p o r t s  

F igure  3 

SPACECRAFT DESIGNATION 

1. "RIGID" 

2. "INTERMEDIATE *tl" 

3. "INTERMEDIATE #2" 

4. "FLEXIBLE" 

BOX CHARACTERISTIC 
DIMENSION 

14.00 m 

8.65 m 

11.00 m 

8.65 rn 

MATERIAL 

GRAPHITEIEPOXY 

GRAPHITEIEPOXY 

ALUMINUM 

ALUMINUM 

1ST BENDING 
MODE 

3.9 vh 

.52 111s 

.53 vls 

.291 vh 



STRAWMAN REQUIREMENTS 

The mission requirements chosen for the study are shown in Figure 4. 
These are representative of an earth observation Radiometer; however, 
the slew requirement was set stringent to force the consideration of 
the effects of flexibility in the vehicle. In doing so, results were 
generated which provide guidelines for the design of many future 
large space structures and which indicate the value and future 
direction of LSS control. 

MISSION: EARTH ORIENTED 

ORBIT: 1000 km CIRCULAR INCLINED 60° 

SLEW: 45O I N  5 MINUTES 

POINTING ACCURACY: .005' 

SURFACE ACCURACY: 1.5mm (RIM AND FEED) 

Figure 4 



GENERAL CONTROL CONFIGURATION 

Many a s p e c t s  o f  a  m i s s i o n  d r i v e  a  c o n t r o l  d e s i g n .  S i n c e  t h e  p u r p o s e  
o f  t h i s  t a s k  was t o  examine t h e  e f f e c t s  of f l e x i b i l i t y ,  t h e  bandwidth 
o f  a  c o n t r o l l e r  was o f  major  c o n c e r n .  The s l e w  command p r o v i d e s  t h e  
most s t r i n g e n t  of t h e  c o n t r o l  r e q u i r e m e n t s  and t h u s  r e c e i v e d  t h e  most  
a t t e n t i o n  i n  t h i s  s t u d y .  I n  a d d i t i o n ,  t h e  low amount o f  c o u p l i n g  
between c o n t r o l  a x e s  p e r m i t s  one t o  c o n s i d e r  each  a x i s  i n d i v i d u a l l y  
a l t h o u g h  t h e  t e c h n i q u e s  e x t e n d  t o  t h e  h i g h l y  c o u p l e d  c a s e .  F i g u r e  5 
is  a  b lock  d i ag ram showing t h e  s t r u c t u r e  of  t h e  c o n t r o l l e r  used  f o r  
a n a l y z i n g  t h e  c o n t r o l  r e q u i r e m e n t s .  

A s  i n  any p h y s i c a l  sys t em t h e r e  a r e  e r r o r s  i n  d i s t u r b a n c e s  which must  
be accomodated.  The p r i n c i p a l  e r r o r  s o u r c e  f o r  t h e  s l e w  l o o p  i s  t h e  
u n c e r t a i n t y  between commanded and a c t u a l  t o r q u e  d e l i v e r e d  by e i t h e r  
j e t s  o r  momentum exchange d e v i c e s .  For t h i s  s t u d y ,  we assumed t h a t  
t h e r e  was a  10% u n c e r t a i n t y  i n  t h e  c o n t r o l  t o r q u e  a p p l i e d  t o  t h e  
s p a c e c r a f t .  T h i s  u n c e r t a i n t y  is  modeled a s  an  unknown d i s t u r b a n c e  
t o r q u e ,  TD. Note t h a t  t h i s  a l s o  a c c o u n t s  f o r  c e n t e r  o f  g r a v i t y  
( C G )  and i n e r t i a  u n c e r t a i n t i e s .  

GOAL: POINT ANTENNA I N  FACE OF DISTURBANCESAND MANEUVERS 

I MANEUVER I 
GENERATOR 0 DlSTU RBAN CES 

I 

STRUCTURE - 6  

F i g u r e  5 



SLEW OPTION COMPARISON 

There are many approaches available in the design of the nominal slew 
profile. For example, it is possible to design a slew which requires 
the bandwidth of the regulator to be minimized. An alternative is to 
minimize the energy (e.9. fuel) required to perform the maneuvers. 
The major characteristics of the minimal fuel and minimal bandwidth 
controls as applied to spacecraft are given in Figure 6. As can be 
seen the minimum bandwidth maneuver consists of performing the basic 
maneuver rapidly and then allow the structure to settle out. The 
minimum fuel maneuver is one in which the entire maneuver time is 
utilized. The minimum bandwidth maneuver requires roughly 17 times 
the torque and 4 times angular impulse (fuel) as the minimum fuel 
control but requires 1/5 the bandwidth. The decision as to which 
approach to use was based exclusively on fuel usage. A factor of 5 
on bandwidth is very significant in terms of actuator and sensor 
capabilities but the cost associated with bandwidth must only be paid 
once. The fuel costs must be paid for on every slew maneuver and 
thus the minimum fuel approach was selected. 

MINIMUM 
BANDWIDTH 
CONTROL 

MINIMUM 
FUEL CONTROL 

TIME TO SLEW (T3) 300 sec 

MANEUVER TIME (T2) 74 see 

TORQUE REQUIRED 24,438 nt-m 

CONTROL BANDWIDTH (wb) .04 

IMPULSE REQUIRED 1 . 8 ~  10 6 nt msec 

300 sec 

300 sec. 

1,468 nt-m 

.2 r /sec 
6 .44 x 10 nt-m-see 

Figure 6 



OTHER BANDWIDTH REQUIREMENTS 

Other  d i s t u r b a n c e  sou rce s  f o r  which we r e q u i r e  feedback a r e  
summarized i n  F igure  7 .  These a r e  aerodynamic t o rque ,  s o l a r  t o r q u e ,  
and g r a v i t y  g r a d i e n t .  Aerodynamic d rag  c o n s i s t s  of  a  f o r c e  e x e r t e d  
on a  p r o j e c t e d  a r e a  of t h e  s p a c e c r a f t .  Discussed i n  more d e t a i l  i n  
Reference  2 ,  f o r  a  nominally l o c a l  v e r t i c a l  o r i e n t a t i o n  t h i s  r e s u l t s  
i n  a  c o n s t a n t  t o rque ,  a  term a t  o r b i t  r a t e ,  and a  term a t  twice  o r b i t  
r a t e .  S o l a r  to rque  has  an e f f e c t  on t h i s  s p a c e c r a f t  analogous  t o  
a e r o  to rque .  A t  any p o i n t  of i n t e r e s t  i n  t h e  o r b i t  t h e  ang l e  of  
i nc idence  of  s u n l i g h t  on each s e c t i o n  of t h e  s p a c e c r a f t  m u s t  be 
determined.  Reference 3 c o n t a i n s  t h e  a p p r o p r i a t e  e x p r e s s i o n s  f o r  
computing t h e  t o t a l  f o r c e  r e s u l t i n g  from s o l a r  t o rque .  Because of 
t h e  l o c a l  v e r t i c a l  o r i e n t a t i o n  of t h e  s p a c e c r a f t ,  however, s o l a r  
t o r q u e  does  no t  c o n t r i b u t e  any n e t  angu la r  momentum t o  t h e  
s p a c e c r a f t .  However, l a r g e  f o r c e s  and t o rques  do occur .  A s imple  
approximat ion t o  t h e  t o r q u e s  i n c l u d e s  both c o n s t a n t  and o r b i t  r a t e  
terms.  I n  a d d i t i o n ,  shadowing of t h e  s p a c e c r a f t  by t h e  e a r t h  r e s u l t s  
i n  a  n e a r l y  s t e p  c h a n g e  i n  t h e  d i s t u r b a n c e  to rque .  Grav i t y  g r a d i e n t  
t o r q u e s  can cause  a  s p a c e c r a f t  t o  d e v i a t e  from t h e  d e s i r e d  a t t i t u d e .  
Following a  s t a n d a r d  development of  g r a v i t y  g r a d i e n t  s u c h  a s  i n  
Reference 4 ,  c o n d i t i o n s  f o r  t h e  bandwidth of a  c o n t r o l l e r  can be 
determined.  

AERO TOR(IUE (TWO HARMONIC 
DIURNAL AIR DENSITY MODEL) 

- CONSTANT TORQUE 
- ORBIT RATE 
- 2~ ORBIT RATE 

SOLAR TORQUE 

-CONSTANT 
-ORBIT  RATE 
-STEP (SHADOWING) + DOMINATES 

GRAVITY GRADIENT 

-MINIMUM B.W. FOR STABILITY 
-WIDER BANDWIDTH OFTEN 

PREFERRED 
- USUALLY SMALL 

Figu re  7 



COMBINED AERO and SOLAR FORCING FUNCTIONS 

The combined examination of aerodynamic and solar torques can be 
computed for various orbit and attitude parameters of the vehicle. 
As shown in Figure 8 for a given orbit these forces can be plotted. 
The altitude (ALT), orbit period (T), velocity ( V E L ) ,  orbit 
inclination (INCL), and ascending node (PSIN) are all indicated in 
the graph. The attitude of the spacecraft (TH, PSI, PHI) of the 
earth pointing is also shown. The solid line refers to the x axis of 
the vehicle, the dash line to the y axis and the dot dash line to the 
z axis. 

FORCES INTI  

180 360 

TORQUES 1NT.M) 

TOTAL DISTURBANCES 

ALT = 1000. KM INCL = 60. DEG 
T = 6307. sec PSIN = 90. OEG 
VEL = 7350. MIS 

TH = 0. BEG PSI = 0. OEG 
PHI = 0. DEG 

MOMENTUM (NT-M-SECI 

0 180 360 0 1 80 360 

ORBIT ANGLE (OEGI ORBIT ANGLE IOEGI 81'1172 

Figure 8 



SUMMARY OF BANDWIDTH DRIVERS 

A detailed analysis of all the disturbance sources (slew uncertainty, 
aerodynamic torque, solar torque, gravity gradient, and orbit 
maintenance) is provided in the final report of the ASSA contract 
(Reference 1). The bandwidth requirements to meet the mission goals 
stated earlier are summarized in Figure 9. Not shown are the gravity 
gradient and orbit maintenance bandwidth requirements which were 
negligible. Note that the significant bandwidth driver for this 
mission and spacecraft is the minimum energy slew bandwidth of . 2  
rad./sec. For comparison purposes the first bending modes of the 
four spacecraft are also shown. Only the flexible spacecraft with a 
first bending mode of .291 rad./sec. significantly interacts with the 
slew bandwidth. As will be discussed later the first bending mode, 
indeed the first few bending modes, of the spacecrafts are not 
significant and therefore the dynamic interaction we had searched for 
to provide the most challenging control problem did not occur for 
this type of structure. 

SLEW BANDWIDTH ( 2 )  .2 r/s 

SOLAR STEP (y) .01 r/s 

SOLARSTEP(z)  .O1 r/s 

1ST BENDING MODE RIGID 3.9 r/s 
FLEXIBLE .291 
INTER. 1 .52 
INTER. 2 .53 

Figure 4 



CONTROL LAW DESIGN 

As shown in Figure 10 two types of control laws or algorithms were 
designed for connecting the sensor outputs to the actuators. The 
first is for the low bandwidth control loops for which flexibility of 
the spacecraft is not an issue. These loops can be handled with 
standard lead compensators which involve achieving the appropriate 
phase margin during the cross-over region of th3 control loop through 
the use of lead compensators on the basic l/s rigid body model of 
a spacecraft. This implies that all the bending modes of the vehicle 
are significantly higher than the desired cross-over point of the 
control loop. For the integrated control/structures study this 
included the required bandwidth for all disturbances sited earlier 
except the slew uncertainty bandwidth requirement. 

The higher bandwidth control was required to meet the mission 
specifications in the face of the 10% uncertainty in the minimum 
energy slew maneuver. The effects of the flexibility of the vehicle 
must be considered. The most critical case in terms of driving the 
costs of control harware concerns the effects of the energy contained 
in the flexible modes violating the pointing and stabilization spec. 
Assuming that all passive damping and isolation techniques have been 
exhausted the use of dedicated vibration control to damp the 
structural modes to achieve a lower energy level for the structural 
modes. The implementation of this type of control would require the 
placement of actuators and sensors on various points along the 
flexible structure to implement dedicated damping of a particular 
structure. None of the four spacecraft studied exhibited enough 
bending mode energy to violate the pointing specifications and 
therefore none warranted this type of dedicated vibration control. 

The other important effect of structural flexibility in control loop 
design concerns the stability of the control loop in the face of 
rapid changes of gain and phase caused by the bending modes of the 
vehicle. Control stability can be achieved by the proper placement 
of sensors and actuators (co-location is an important issue as 
discussed in Reference 5) and the proper attention to significant 
bending modes in the control law design. As we will see three of the 
four spacecraft examined in study required special attention to 
bending modes. 

0 LOW BANDWIDTH CONTROL HIGH BANDWIDTH CONTROL 

- NO OVERLAP WITH BENDING MODES - CASE 1: FLEXIBILITY EFFECTS VIOLATE 
- INCLUDES ALL DISTURBANCES EXCEPT SLEW POINTING SPEC. 

UNCERTAINTY - REQUIRES DEDICATED VIBRATION CONTROL 

- LEAD COMPENSATION A T  CROSSOVER AND CMG'S - NONE OF FOUR SPACECRAFT STUDIED EXHIBITED 

ARE SUFFICIENT THIS PROBLEM 

- CASE 2: FLEXIBILITY AFFECTS ONLY STABILITY 
- C A N  BE SOLVED BY PROPER SENSORJACTUATOR 

LOCATIONS AND CONTROL LAW DESIGN, 
- 3 OF 4 SPACECRAFT AFFECTED 

Figure 10 



R I G I D  BODY CONTROL D E S I G N  

The generic form of the rigid body controller for spacecraft withou 
attention to flexibility effects is shown in Figure 11. The l/s 5 
term is essentially the rigid body motion of a torque input to an 
attitude output for a given spacecraft. The use of a lead 
compensator control law as shown in the figure provides lead at 
crossover with appropriate phase margin (approximately 4 5 O )  and 
l / s3  rolloff at high frequency to accommodate uncertainties. 

L(S+T~ 1 
CONTROL LAW: - 

( ~ + 7 ~ ) ~  

Figure 11 



FLEXIBILITY EFFECTS OF R I G I D  BODY CONTROLLERS 

F i g u r e s  12 through 15  show t h e  e f f e c t s  o f  app ly ing  t h e  r i g i d  body 
c o n t r o l  law des igned  t o  c ro s sove r  a t  . 2  rad/sec .  t o  meet t h e  s l ew 
u n c e r t a i n t y  d i s t u r b a n c e .  F igu re  12  shows t h e  r i g i d  body c o n t r o l l e r  
a p p l i e d  t o  t h e  r i g i d  body s p a c e c r a f t .  Note t h a t  none of t h e  f l e x u r e  
modes (1/2 p e r c e n t  damping assumed f o r  a l l  bending modes) exceed t h e  
0 db l i n e  i n  t h e  g a i n  p l o t .  T h i s  means t h a t  t h e  c o n t r o l l e r  i s  g a i n  
s t a b l e  and no s p e c i f i c  a t t e n t i o n  t o  t h e  a d d i t i o n a l  compensat ion i s  
nece s sa ry  f o r  t h i s  s p a c e c r a f t  des ign .  F i g u r e s  13  and 1 4  show t h e  
r i g i d  body c o n t r o l  laws a p p l i e d  t o  t h e  two i n t e r m e d i a t e  s p a c e c r a f t  
d e s i g n s .  I n  both c a s e s  one bending mode exceeds  t h e  0 db l i n e  and 
o t h e r  bending modes a r e  c l o s e  t o  t h e  0 db l i n e .  T h i s  means t h a t  t h e  
c l o s e d  loop  system would be u n s t a b l e .  F i n a l l y ,  i n  F igu re  15 t h e  
r i g i d  body c o n t r o l l e r  i s  a p p l i e d  t o  t h e  most f l e x i b l e  s p a c e c r a f t  
examined i n  t h e  s tudy .  Here we have a  s i g n i f i c a n t  number of bending 
modes exceeding o r  nea r  t h e  0 db  l i n e .  

RlGlD BODY CONTROLLER - RlGlD SIC 

FtEOUt*(" (" r f ,  

F i g u r e  12 

RlGlD BODY CONTROLLER - INTERMEDIATE a1 

T l E P M M t T  o r * .  

T ~ P M * C Y  

Figure 13 



RIGID BODY CONTROLLER - INTERMEDIATE 2 

Figure 14 

RIGID BODY CONTROLLER - FLEXIBLE SIC 

n " , , a  

Figure 15 



DEALING WITH FLEXIBILITY 

It is obvious that the rigid body control law will not be appropriate 
for three of the four spacecraft designs. Figure 16 shows the 
numerous options one has at his disposal to attack the problems for 
all but the rigid spacecraft. One would be to modify the mission. 
This would result in a lower bandwidth requirement and essentially 
eliminate the overlap of bandwidth required to the flexure modes. 
This would be a last resort if other options were not available. The 
second option is to stiffen the structure to increase the bending 
modes and increase the damping. This of course is the objective of 
the rigid spacecraft. Option 3 is to utilize notch filters in the 
compensation path along with the rigid body control law. This indeed 
was the approach taken with the two intermediate spacecraft because 
both exhibited difficulties and only a few critical modes. Options 4 
and 5 involve a change in the actuator type or to utilize distributed 
control. Both options were explored during the course of the study. 
Details of these options are discussed in Reference 1. The last 
option is to utilize a technique called slow roll-off. This is the 
solution chosen for the flexible spacecraft problem. 

MODIFYING THE MISSION 

- CHANGE SLEW TIME TO 
50 MINUTES 

STIFFEN STRUCTURE 

NOTCH FILTERS 

CHANGE ACTUATOR TYPE 

DISTRIBUTED CONTROL 

SLOW ROLL-OFF 

Figure 16 



NOTCH FILTERS 

The use of appropriately designed notch filters is a viable solution 
for the two intermediate spacecraft control law designs. Figure 17 
shows a notch filter which can be utilized for both the intermediate 
spacecraft. Note that the 0 db exceedence of the flexure modes of 
the two spacecraft does not dictate a very deep notch in the filter, 
i.e., less than 10 db. This represents a very modest requirement in 
terms of assuring robustness. Also shown in Figure 17 is an attempt 
to design a notch filter which would be appropriate for the 
significant bending mode above the 0 db line for the flexible 
spacecraft. Note here that a very deep notch is required. A notch 
of such depth and the additional requirement for notch filters for 
the other unstable modes presents a critical robustness problem if 
the location oi the frequency of the benaing modes change. Another 
approach utilizing the slow roll-off technique was applied to the 
flexible spacecraft. 

NOTCH FOR 
iNTERMEDlATE lt2 

NOTCH FOR 
FLEXIBLE S/C 

Figure 17 



INTERMEDIATE SPACECRAFT CONTROL RESULTS 

Using the notch f i l t e ~  shown in Figure 17a on the intermediate 
spacecraft number 1, the effect of the attenuation of the bending 
modes is shown in Figure 18. The notch filter has the effect of 
achieving gain stabilization and thereby solving the control problem. 

FREQUENCY ( R / S >  

Figure 18 



SLOW ROLL-OFF 

The option to achieve robust control for the flexible spacecraft 
involves achieving phase stabilization, i.e., assuring that for every 
gain above 0 db we have adequate phase margin. Figure 19 describes 
the properties of a compensator used to achieve slow roll-off. As 
shown, the rigid body control law must be modified with the 
appropriate compensator, which consists of a cascaded set of 
lead-lags. Bending modes contain phase variations that basically 
oscillate between +90 degress and -90 degress (this assumes 
co-located sensors and actuators as discussed in Reference 5). In 
order to achieve a 45O phase margin the compensator must achieve a 
roll-off less than first order. The appropriate gain roll-off to 
acnieve this through the use of the modifled compensator would be 
approximately 13 db per decade for the region of the critical flexure 
modes. This is achieved by the cascading shown in the Figure 19. 
This type of compensation achieves a robust control for the envelope 
of transfer functions associated with these flexure modes. Slow 
roll-off requires much higher bandwidth (perhaps two orders of 
magnitude in frequency) than to implement either the rigid body 
controller or the rigid body with notch filtering. This requires 
higher bandwidth sensors and actuators plus an additional throughput 
requirement on digital processing. 

It should be noted that this technique is not restricted to scalar or 
lightly coupled system. Reference 6 contains a version of these 
results for the multi-input spacecraft. The approach is similar in 
that one puts identical compensators of the form shown in Figure 19 
into each input channel. In this case, additional design freedom 
provided by the multi-input problem can be used to increase damping 
on specified modes of the spacecraft. 

M O D I F Y  COMPENSATOR 

GIVES 45' MARGIN 

CONTROLS ENVELOPE OF TRANSFER 
F U N C T I O N  * ROBUST 

REQUIRES PHASE PROPERTY OF COLOCATION 

E X T E N D S  T O  M l M O  

Figure 19 



SLOW ROLL-OFF FOR THE FLEXIBLE SPACECRAFT 

R e s u l t s  of u t i l i z i n g  t h e  slow r o l l - o f f  technique on t h e  f l e x i b l e  
s p a c e c r a f t  a r e  shown i n  F igure  20.  Note t h a t  by ach iev ing  a  phase 
margin of 45' up t o  a frequency of 11 rad . / sec .  t h e r e  i s  no need t o  
a t t e n u a t e  t he  bending modes below t h e  0 db l i n e  i n  t h e  feedback 
c o n t r o l  loop.  

2 

FREQUENCY (R/S)  

FREQUENCY (R/S)  

Figure  2 0  



SENSORS AND ACTUATORS 

The s enso r s  and a c t u a t o r s  requ i red  t o  implement t h e  four  c o n t r o l  laws 
d i s cus sed  a r e  summarized i n  F igure  21 .  

Sensors  - The primary s enso r s  a r e  gyros  ( co - loca t ed  with C M G ' s  and - 
s l ew  j e t s )  on t h e  rim of t h e  s p a c e c r a f t .  For t h e  y ,  z a x i s ,  two 
gyros  a r e  l oca t ed  t o  sense  each a x i s  and t h e  ou tpu t s  a r e  then  
averaged t o  form t h e  e f f e c t i v e  a t t i t u d e  measurement. Th is  i s  done t o  
t ake  advantage of t h e  co - loca t ion  i n  t h e  wide bandwidth ca se s .  I n  
o rde r  t o  provide  an a b s o l u t e  r e f e r ence  o n e  s t a r  sensor  is requ i red  
f o r  each gyro.  

Ac tua to r s  - A combination of C M G ' s  and j e t s  a r e  used t o  c o n t r o l  a l l  
s p a c e c r a f t  ve r s ions .  A s  i nd i ca t ed  e a r l i e r  t h e  d i s t i n c t i o n  between 
t h e  va r ious  ve r s ions  i s  i n  t h e  banawidth requ i red  of t h e  components. 
The j e t s  have t h e  combined r o l e s  of t he  s o l a r / a e r o  drag makeup i . e . ,  
o r b i t  maintenance, l a r g e  slew maneuvering and CMG unloading.  The 
C M G ' s  a r e  included f o r  a t t i t u d e  maintenance dur ing  "normal" ope ra t i on  
when t h e  j e t s  a r e  not  used. 

GYROS (6) 4 ON R I M  (ky,  k z )  
STAR SENSORS (6) 2 ON FEED. 

CMGS (RIGID REQUIRES 2x1 

SLEW JETSHYDRAZINE (8) - ON RIM ( k  y) 

* ORBIT MAINTENANCE JETS - ELECTRIC (24) 

Figure  2 1  



SENSOR/ACTUATOR PLACEMENT 

Figure 22 shows the summary of the placement of the various sensors 
and actuators. Two gyros are located at (3) on the feed to provide 
the x axis reference. Note that due to low bandwidth requirement the 
position of these gyros is not critical. Also shown in Figure 22 is 
the placement of the jets and CMG's. Single axis devices have been 
selected and used in pairs, one pair to each axis. A total of six 
devices are required for redundancy. CMG's are placed as in Figure 
22 at locations (1) to provide minimal momentum in the + z and the + - - 
x directions and at locations marked (2) with a nominal + x 
orientation. These provide control torques about x, z, and- y, 
respectively. A maximum torque capability of 2 nt-m is required. 

In order to accomplish the 45" slew in 300 seconds jets must be 
located to thrust is located in the + x directions at points marked - 
1. Chemical (Hydrazine) engines are mounted in pairs. The jets, 
each with four to six Newtons (NT) of thrust, are located at the top 
and bottom edges of the rim (4 locations). 

F i g u r e  2 2  



COST OF CONTROL 

The purpose of costing each of the versions of the spacecraft is to 
determine the cost differential of each design. As such the relative 
prices and the reasons for the differences are far more important 
than the absolute cost estimates. In order to determine an overall 
control system cost the differences between each version are first 
highlighted. Following this, component costs were determined based 
on past history and taking into account the identified differences. 
Figure 23 briefly describes the results of the cost exercise. One 
should note that the rigid spacecraft had the highest control cost. 
This was because the stiffer heavier structure required larger CMG's 
than was required on the two intermediate spacecraft and the flexible 
spacecraft. The flexible spacecraft has a slightly larger increase 
in cost over the intermediate designs ($10,000). This is due to a 
requirement for higher throughput in the computations which dictates 
a more powerful digital computer. The higher throughtput is required 
because of the higher bandwidth dictated by the slow roll-off 
compensation design for the flexible spacecraft. It is estimated 
that the computations need to run at a 160 H z  for this design as 
opposed to approximately 10 H z  for the two intermediate spacecraft 
designs, and 3 H z  for the rigid body spacecraft design. One further 
note is that the impact of development costs for the respective 
systems and the cost of required testings ( e . ,  the flexible 
spacecraft design would require higher developmental costs) were not 
considered in this cost analysis. 

EMPHASIS ON RELATIVE COST 

- LARGER CMG 
-WIDER B.W./COMPUTATlON 

RIGID $1 2.98 M 
INTER. $1 2.38 M 
FLEXIBLE $12.39 M 

Figure 23 



SUMMARY AND CONCLUSIONS 

The major c o n c l u s i o n s  of t h i s  s t u d y  were: 

o  For t h e  t y p e  of s p a c e c r a f t  and m i s s i o n s  s t u d i e d  t h e  c o s t  of 
t h e  c o n t r o l  system is  a  r e l a t i v e l y  weak f u n c t i o n  of t h e  
d e g r e e  of  f r equency  o v e r l a p .  I n  f a c t ,  t h e  c o n t r o l  sys tem f o r  
t h e  r i g i d  v e r s i o n  was most expens ive  due t o  t h e  l a r g e r  C M G ' s  
r e q u i r e d .  I t  i s  impor tan t  t o  n o t e  t h a t  t h e  s p a c e c r a f t  
s t u d i e d  i n  t h i s  development were s t i f f  by n a t u r e  due t o  t h e  
box t r u s s  d e s i g n  t e c h n i q u e s  used. A more f l e x i b l e  
s p a c e c r a f t ,  such a s  an o f f - s e t  wrap r i b ,  e x h i b i t s  m u c h  lower 
f r e q u e n c i e s  f o r  c r i t i c a l  bending modes and t h e r e f o r e  would 
r e q u i r e  d e d i c a t e d  v i b r a t i o n  c o n t r o l .  T h i s  should  be examined 
i n  t e rms  of  t h e  c o s t  impact of  t h e  c o n t r o l  sys tems.  

o  There is a need f o r  a  c o n t r o l  d e s i g n  methodology f o r  
s p a c e c r a f t  w i t h  o v e r l a p s  between s t r u c t u r a l  r e sonances  and 
c o n t r o l  system bandwidth. The s o l u t i o n  of a u t o m a t i c a l l y  
s t i f f e n i n g  t h e  s p a c e c r a f t ,  i . e . ,  a  " s t r u c t u r a l  s o l u t i o n " ,  
does  no t  r e s u l t  i n  a  m i n i m u m  c o s t  d e s i g n .  T h u s ,  t h e r e  i s  
v a l i d i t y  f o r  l a r g e  space  s t r u c t u r e s  c o n t r o l .  

o  S t r u c t u r a l  u n c e r t a i n t i e s  a r e  a  major d r i v e r  i n  LSS c o n t r o l  
d e s i g n .  A t  l e a s t  a s  importarrt  a s  i n i t i a l  u n c e r t a i n t i e s  a r e  
age ing  e f f e c t s .  C o n t r o l l e r s  m u s t  be e i t h e r  r o b u s t  t o  t h i s  
u n c e r t a i n t y  o r  a d a p t  t o  i t .  Robust c o n t r o l l e r s  were used i n  
t h i s  s t u d y ;  however, a d a p t i v e  c o n t r o l  should  be e x p l o r e d  
where bandwidth requ i rements  d i c t a t e .  
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MULTIPLE INPUT/MULTIPLE OUTPUT CONTROLS 

One of t h e  main advantages  of modern c o n t r o l  theory is its a b i l i t y  t o  d e a l  
e a s i l y  wi th  m u l t i p l e  i n p u t / m u l t i p l e  o u t p u t  sys tems.  Two t y p e s  of sys tems which 
f a l l  i n t o  t h i s  ca tegory  a r e  f l e x i b l e  sys tems,  where many measurements and sev- 
eral a c t u a t o r s  may be necessa ry  t o  p rov ide  c o n t r o l  over  bending behav ior ,  and 
a r t i c u l a t e d  sys tems which c o n s i s t  of s e v e r a l  r i g i d  bod ies  connected t o g e t h e r  by 
p i v o t i n g  connec t ions .  I n  t h i s  l a t t e r  case ,  multip1.e c o n t r o l s  could be  imple- 
i ~ ~ e n t e d ,  f o r  i n s t a n c e ,  a s  t o r q u e r s  a t  t h e  j o i n t s .  

LMSC h a s  conducted hardware t e s t s  of bo th  types  of systems and p l a n s  t o  do 
t e s t s  of a  combined f l e x i b l e / a r t i c u l a t e d  system i n  t h e  near  f u t u r e .  

FLEXIBLE DYNAMICS 

POC EXPERIMENT 

(1981 - 19821 

ARTICULATED SYSTEMS 

GPP EXPERIMENT 

( 1  9801 

I' 

COMBINED 

ARTICULATED /FLEX1 BLE 

EXPERIMENT 

[ 1983) 
L 

J 



TYPICAL PERFORMANCE DEMONSTRATION 

The test a r t i c l e  c o n s i s t s  of a payload (P/L) s e c t i o n  and an  equipment s e c t i o n  
(E/S)  connected v i a  t h r e e  gimbals .  The P /L ,  which performs l a r g e  a n g l e  h i g h  r a t e  
maneuvers, is d r i v e n  by f o u r  c o n t r o l  moment g y r o s  (CMGs) o r i e n t e d  so  a s  t o  p r o v i d e  
f u l l  three-dimensional  t o r q u e  c a p a b i l i t y .  To minimize d i s t u r b a n c e s  t r a n s m i t t e d  t o  
t h e  E/S, t h e  axes  of t h e  t h r e e  gimbals  a l l  i n t e r s e c t  a t  t h e  P /L  center-of-mass. 
The E/S, which is t o  remain f i x e d  i n  a l a b o r a t o r y  r e f e r e n c e  frame, is  c o n t r o l l e d  
by t o r q u e r s  on t h e  t h r e e  gimbals.  A t t i t u d e  r e f e r e n c e  is provided by a  r a t e  gyro  
package and s imula ted  s tar  s e n s o r s  mounted on  t h e  E / S  p l u s  o p t i c a l  encoders  and 
r e s o l v e r s  on t h e  gimbal  axes .  The t o t a l  sys tem weighs approx imate ly  5,000 l b s  
and h a s  maximum dimensions of approx imate ly  1 0  f e e t  i n  each d i r e c t i o n .  

CONTROL MOMENT 
GYROS - CMG (4) 7 r U-JOINT 

TORQUERS AND 

ADC A 

SCANNING 
SECTION 

L AIR BEARING SUPPOF 

J ADJOINING (AFT)  SECTION 
BALANCE FIXTURE 

DEMONSTRATED MULTIBODY 
GIMBALLED SPACECRAFT 
MANEUVERING 

PERFORMED POINT-TO-POINT 
STEERING AND SYSTEMATIC 
SCANNING WHILE ADJOINED 
SECTION REMAINS FIXED IN 
ORBITAL COORDINATES 

DESIGNED, CONSTRUCTED AND 
FUNCTIONALLY TESTED AN AIR 
BEARING WORKING MODEL 
INCORPORATING MOMENT 
CONTROL TORQUERS 



MULTI-BODY MANEUVERING SYSTEM TEST 

The test a r t i c l e  i s  f l o a t e d  on a s p h e r i c a l  a i r  b e a r i n g  (A/B)  t o  a l l o w  f o r  
t h r e e  r o t a t i o n a l  d e g r e e s  of freedom w i t h  minimum environmental  d i s t u r b a n c e  
to rques .  The command/control computer and power s u p p l i e s  f o r  s e n s o r s  and ac tua-  
t o r s  are l o c a t e d  on t h e  l a b o r a t o r y  f l o o r  a d j a c e n t  t o  t h e  A / B .  Power and d a t a  
l i n e s  a r e  connected t o  t h e  f l o a t e d  t e s t  a r t i c l e  v i a  s p e c i a l l y  des igned low f r i c -  
t i o n  mercury poo l  connectors .  A  l a s e r  beam is  r e f l e c t e d  o f f  a m i r r o r  on t h e  
P /L  t o  s i m u l a t e  t h e  l i n e - o f - s i g h t ,  and f i x e d  l a s e r  d e t e c t o r s  p rov ide  a measure- 
ment of p o i n t i n g  accuracy.  



OBJECTIVES OF THE PROOF OF CONCEPT EXPERIMENT 

The purpose of t h e  ACOSS POC experiment is t o  demonstrate e x i s t i n g  t h e o r i e s  
of LSS c o n t r o l  on a r e a l i s t i c  f a c s i m i l e  of a s p a c e c r a f t ,  us ing senso r s  and ac tu-  
a t o r s  such a s  w i l l  a c t u a l l y  be used i n  space. Beyond t h i s  goa l ,  we w i l l  s t a r t  
work on e s t a b l i s h i n g  a t e s t i n g  procedure f o r  t h e s e  new c o n t r o l  systems. 

? 

a EXPERIMENTALLY DEMONSTRATE ESTABLISHED THEORY 

a ESTABLISH HARDWARE LIMITATIONS 

a DEVELOP TECHNIQUES FOR TESTlNG CONTROL SYSTEMS 



ARTIST'S CONCEPTION OF EXPERIMENT 

The POC experimental specimen i s  a sca led  down model of an o f f s e t  f ed  RF 
antenna. An e a r l y  goa l  is t o  con t ro l  f l ex ing  of t h e  specimen, using t h e  CMG 
package, s u f f i c i e n t l y  t o  al low s teady  point ing of t h e  l i n e  of s i g h t  (s imulated 
by t h e  l a s e r  path) a t  an i n e r t i a l  t a r g e t .  Later  goa ls  w i l l  b e  t o  con t ro l  t he  
dynamics of t h e  e n t i r e  antenna dish.  



EXPERIMENT PHASE S 

Plans f o r  1982 a r e  t o  complete t h e  experiments which demonstrate l ine-of -  
s i g h t  (LOS) c o n t r o l  c a p a b i l i t y  with c e n t r a l  a c t u a t o r s  (CMGs) a lone .  Next, d i s t r i -  
buted a c t u a t i o n  i n  t h e  form of proof-mass a c t u a t o r s  w i l l  be added t o  improve 
poin t ing  performance. Eventual ly  w e  w i l l  a l s o  demonstrate .optimal slewing. 

PHASE I 

OPEN LOOP MODAL CHARACTER1 ZATION 

PHASE I1 

DEMONSTRATION OF LlNE OF SIGHT CONTROL WITH A SINGLE CENTRAL 

ACTUATOR; CONTROLS DESIGNED FOR TRANSIENT DISTURBANCE 

REJECTION 

PHASE Ill 

DEMONSTRATION OF LINE OF SIGHT CONTROL WITH DISTRIBUTED 

ACTUATORS; CONTROLS DESIGNED FOR TRANSIENT DISTRUBANCE 

REJECTION 

PHASE IV  

SAME AS PHASE I 1 1  EXCEPT THAT CONTROLS DESIGNED FOR ON 

BOARD STEADY STATE DISTURBANCE REJECTION 

PHASE V 

OPTIMAL SLEWING, CONTROL OF ANTENNA DISH DYNAMICS, . . . . 
. 



SCHEDULE OF EXPERIMENTAL PHASES 

The schedu le  f o r  c a r r y i n g  o u t  t h e  f i v e  phases  d e s c r i b e d  i n  t h e  p rev ious  c h a r t  
is shown below. 

1981 

S I O I N I D  

1982 

J I F I M / A I M I J I J I A [ S ( O I N I D  

PHASE I 

PHASE I I  

PHASE I l l  

PHASE IV 

PHASE V 

-v 

IV 

- I 

L 1x7 

- - I \v 



PHOTOGRAPH OF THE POC SPECIMEN 

Some d a t a  on t h e  POC exper imenta l  specimen: 

O v e r a l l  Length 

Antenna Dish Diameter 

Weight 
(Excluding A i r  Bear ing)  

Height  

590 l b s  

1 9 '  



HARDWARE LIST 

Shown he re  i s  a l i s t  of t h e  major components used i n  t h e  POC experiment. The 
computer p l ays  a dua l  r o l e ;  i t  both implements t h e  c o n t r o l  system, and monitors 
t h e  t e s t i n g  procedures.  The c o n t r o l s  tests a r e  modi f ica t ions  of s tandard  modal 
t e s t i n g  procedures.  

ACTUATORS : C.M.G.  CLUSTER, PROOF MASS ACTUATORS 

SENSORS: LASER A T T I T U D E  DETERMINATION 

R A T E  GYROS, ACCELEROMETERS 

SUSPENSION : AIR  BEARING 

COMPUTATION:  PDP 1145 WITH CSPl ARRAY PROCESSOR 

- 

AND T H E  SPECIMEN ITSELF 



PHOTOGRAPHS OF THE CMG CLUSTER 

The n e x t  two p i c t u r e s  show t h e  CMG c l u s t e r .  Three CMGs are mounted such t h a t  
t h e  gimbal a x e s  a r e  symmet r ica l ly  spaced on t h e  s u r f a c e  of a 30' cone, and i n t e r -  
s e c t  a t  i t s  apex. Each WG can produce up t o  one hundred foot-pounds of t o r q u e ,  
and h a s  a momentm magnitude of f i v e  foot- lb-sec .  Each u n i t  weighs abou t  f o r t y  
pounds, and is approx imate ly  1 1 1 2  f e e t  long.  



PHOTOGRAPH OF A PROOF-MASS ACTUATOR 

Ten of t h e s e  proof-mass a c t u a t o r s  w i l l  be used t o  p rov ide  d i s t r i b u t e d  ac tu -  
a t i o n  i n  Phases  I11 and I V  of t h e  exper iment .  Each u n i t  is capab le  of e x e r t i n g  
a f o r c e  o f  up t o  112 l b .  The f o r c e  r e s u l t s  from the proof-mass b e i n g  a c c e l e r -  
a t e d  by t h e  magnet ic  c o i l .  These d e v i c e s  can be used o n l y  f o r  v i b r a t i o n  suppres-  
s i o n  s i n c e  t h e y  a r e  n o t  capab le  of producing a  constant.  f o r c e .  



MODAL CHARACTERIZATION RESULTS 

These d a t a  show how c l o s e l y  the  f i n i t e  element model was a b l e  t o  a n t i c i p a t e  
t h e  modal f requenc ies  of t h e  specimen. Not shown is da t a  on t h e  agreement of t h e  
mode shapes; q u a l i t a t i v e l y  agreement was good f o r  t h e  f i r s t  f i v e  modes, bu t  from 
then on a n a l y s i s  and experiment seemed t o  d iverge .  This unce r t a in ty  i n  t h e  know- 
ledge of t h e  mode shapes could hamper design of t h e  c o n t r o l  system; maximum per- 
formance cannot be reached u n t i l  t h e  mode shapes a r e  b e t t e r  determined. 

EXPERIMENTAL MODES 
ANALYTICAL MODES 
(F IN ITE  ELEMENT) 

1. 1 .50  Hz 1 .67  Hz 

2. 1 .57  1 .72  

3. 3 .01  3 .28  

4. 5 . 0 7  4 .50  

5.  6 . 9 1  6 .23  

6 .  11 .49  10 .09  

10 .72  

7 .  13.02 12.11 

8. 14.24 14.95 

9. 15 .33  15 .44  

10. 1 6 . 9 0  16 .36  

11. 1 6 . 9 8  17 .29  - 
12. 17 .01  19 .49  

13. 17 .61  20 .50  

14. 19 .10  

15. 19.97 



CONTROL SYSTEM SCHEMATIC 

Shown h e r e  is a  schemat ic  o f  t h e  c o n t r o l  sys tem as i t  w i l l  be implemented 
on t h e  POC exper iment .  The s t r a t e g y  is  t o  e s t i m a t e  t h e  modal ampl i tudes  us ing  a 
d i g i t a l  Kalman f i l t e r ,  and t h e n  t o  use  t h e s e  e s t i m a t e s ,  m u l t i p l i e d  by t h e  appro- 
p r i a t e  g a i n s ,  t o  g e n e r a t e  t h e  a c t u a t o r  commands. The Kalman f i l t e r  g a i n s  and t h e  
c o n t r o l  g a i n s  a r e  genera ted  us ing conven t iona l  op t imal  c o n t r o l  s y n t h e s i s  proce- 
d u r e s .  

MEASUREMENTS 

ACCELEROMETERS 

R A T E  GYROS t 

A T T I T U D E  MEAS 

n 

Un+l  

MODAL ESTIMATOR 

g n w i  

+ r un + K zn 

COMMAND 

MODAL ESTIMATES 
w 

A 
Xn + 1 

CONTROL 
GAINS 

A 
U n + l = C X  + I  

n 

L I 

T O  
ACTUATORS 

* 
Un+l  



PHOTOGRAPH OF THE TOYSAT EXPERIMENT 

The Toysat was an e a r l i e r  experiment. W e  use i t  he re  t o  show t h e  type  of 
r e s u l t s  w e  expect t o  o b t a i n  from t h e  POC experiment. The Toysat c o n s i s t s  of a 
15 f o o t  f l e x i b l e  beam fa s t ened  t o  t h e  s i d e  of a 2 f o o t  square block of aluminum. 
I t  is suspended from t h e  c e i l i n g  i n  such a way a s  t o  a l low f r e e  motion i n  t h e  
h o r i z o n t a l  p lane .  Control  of t h e  motion of t h e  specimen i s  provided by two l i n e a r  
a c t u a t o r s ,  and sens ing  i s  provided by accelerometers  mounted a t  t h e  ends of  t h e  
beam, a s  wel l  a s  l i n e a r  p o s i t i o n  s enso r s  mounted i n  tandem wi th  t h e  l i n e a r  actua-  
t o r s .  The c o n t r o l  system used was a smal le r  ve r s ion  of t h a t  planned f o r  t h e  POC 
experiment.  



OPEN AND CLOSED LOOP BEHAVIOR 

These t ime h i s t o r i e s  i l l u s t r a t e  t h a t  t h e  c o n t r o l  system used w a s  indeed a b l e  
t o  s i g n i f i c a n t l y  a f f e c t  t h e  f l e x i b l e  behavior  of the  Toysat .  During t h e  f i r s t  
f o u r  seconds  of t h e  t e s t  r u n s ,  a  d i s t u r b a n c e  was inpu t  through t h e  shakers .  I n  
t h e  c losed  loop  t e s t s ,  t h e  c o n t r o l  system was on dur ing  t h e  d i s t u r b a n c e  and f o r  
t h e  nex t  e i g h t  seconds .  The c o n t r o l  system reduced r e s p o n s e  d u r i n g  t h e  d i s t u r -  
bance,  and g r e a t l y  reduced t h e  s e t t l i n g  time a f t e r  t h e  d i s t u r b a n c e  w a s  f i n i s h e d .  

TRANSLATION ROTATION 
TIME (s) TIME ( 5 )  

0 5 10 0 5 10 
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