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PREFACE 

This NASA Conference Pub1 i c a t  i on includes t h e  proceedings o f  t h e  18th 
Aerospace Mechani sms Symposi um he1 d a t  the National Aernoauti cs and Space 
Administrat ion (NASA) Goddard Space F l i g h t  Center on May 2, 3, and 4, 1984. 
The symposium was sponsored by NASA, Ca l i f o rn ia  I n s t i t u t e  o f  Technology, and 
Lockheed M i  s s i  1 es and Space Company, Inc. 

The object  o f  the symposium was t o  provide a forum f o r  the  interchange 
o f  in format ion among those a c t i v e  i n  t h e  f ie1  d o f  mechanisms technology. 
For t h i s  purpose, 18 papers were presented on aeronautics and spacef l ight ,  
w i t h  specia l  emphasis on actuators and aerospace app l ica t ions  f o r  ground sup- 
po r t  equipment, latches, connectors, and other  mechanisms f o r  l a rge  space 
structures. The papers were prepared by engineers from a broad aerospace 
background t h a t  included pa r t i c i pan ts  from the  United States aerospace indus- 
try, NASA, Europe, and Asia. 

The e f fo r t s  o f  the review committee, the session chairmen, and t h e  speak- 
e rs  t h a t  contr ibuted t o  the  technical  excellence and professional character 
o f  the corference are especi a1 l y  aypreci ated. 

The use o f  t rade names o r  names o f  manufacturers i n  t h i s  pub l i ca t i on  
does not  cons t i t u te  an o f f i c i a l  endorsement o f  these products o r  manufacturers, 
e i t h e r  expressed o r  imp1 i ed, by NASA. 
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The f a l l  t e s t  conf igura t ion  on Spacelab 1 is  shown i n  Figure  1. 

REQUIREMENTS 

Function: sudden and smooth r e l e a s e  of 
v i s i b l e  warning under a wide range of loads  
t o  32 V) 

s u b j e c t  without aud ib le  o r  
and v o l t a g e s  (0 t o  100 Kg, 19 

Release Delay: not  t o  exceed 0.1 second from command u n t i l  s u b j e c t  
starts t o  f a l l  and t o  be very c o n s i s t e n t  f o r  a g iven load and v o l t a g e  

THE DESIGN AND DEVELOPliENT OF A RELEASE MECHANISM 
FOR SPACE SHUTTLE I,IFE-SCIENCd EXPERIMENTS 

Howard M. Jones and Robert G. 9 ~ ~ ~ e l l  

ABSTRACT 

T h i s  p a p e r  d e s c r j b e s  t h e  des ign ,  <he development, and t h e  t e s t i n g  of a r e l e a s e  
mechanism f o r  use  Ln two L i f e  Science Experiments on t h e  Spacelab 1 ,  4 ,  and Dl 
m i s s i o n s .  The mechanism i s  a s e l f - l a t c h i n g  b a l l - l o c k  d e v i c e  a c t u a t e d  by a 
l i n e a r  so leno id .  An unusual f e a t u r e  is t h e  t a p e r i n g  of  t h e  b a l l - l o c k  p l u n g e r  
t o  g i v e  i t  a n e a r - c o n s t a n t  b r e a k o u t  f o r c e  f o r  r e l e a s e  under a wide range of 
loads. The selectfon of the design, based on the  des ign requirements,  i s  discussed. 
A number of problems occurred dur ing  developmect and t e s t ,  i nc lud ing  problems 
caused by human f a c t o r s  t h a t  became apparent  a f t e r  i n i t i a l  d e l i v e r y  f o r  crew-  
t r a i n i n g  s e s s i o n s .  These problems and t h e i r  s o l u t i o n s  a r e  desc r ibed  t o  a s s i s t  
i n  t h e  d e s i g n  and t e s t i n g  of s i m i l a r  mechanisms. 

INTRODUCTION 

The Spacelab Ves t ibu la r  Experiments a r e  designed to  i n v e s t i g a t e  changes 
i n  v e s t i b u l a r  func t ions  dur ing  we igh t l e ss  c o n d i t i o n s  and space  motion 
s i ckness .  

The O t o l i t h  Sp ina l  Reflex o r  "Hop and Drop" Experiment t e s t s  the  e f f e c t s  
of a l t e r a t i o n s  i n  O t o l i t h  organ c o n t r i b u t i o n s  t o  l e g  muscle a c t i v i t y  i n  
s p e c i f i c  exper imenta l  s i t u a t i o n s ,  each involving a d i f f e r e n t  motion of the  
s u b j e c t .  Hopping and unexpected f a l l  t e s t s  w i l l  be conducted on-orbit  i n  
Spacelab and on the  g r o m d  before  and a f t e r  f l i g h t .  The on-orbit  t e s t s  employ 
elastic ,ords t o  provide t h e  f o r ~ e s  necessary  t o  keep the  s u b j e c t  i.1 p lace  
whi le  hopping, o r  t o  propel  him towards t h e  f l o o r  i n  the  f a l l s .  

I n  t h e  f a l l  t e s t  s e c t i o n  of t h e  O t o l i t h  
necessary  t o  r e l e a s e  the  s u b j e c t  wi thout  warning 
t o w a r d s  t h e  f l o o r  under  t h e  i n f l u e n c e  of  t h e  

2. r e l e a s e  mechanism used i n  t h i s  t e s t  i n c o r p o r a t e s  
.I and i s  the  s u b j e c t  of t h i s  paper. 

Sp ina l  Ref lex  Experiment i t  is 
, s o  t h a t  h e  w i l l  a c c e l e r a t e  

ex tended  cord assembl ies .  The 
some u n i q u e  d e s i g n  f e a t u r e s  
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To be s e l f  l a t ch ing  i n  the  r e t en t ion  pos i t ion  

Low weight (2.5 Kg), s i z e ,  and power consumption (40 W a t  24 V) 

To be reusable immediately a f t e r  each r e l ea se  

No s tored  energy devices t ha t  could impact crew s a f e t y  

~ i f e t i m e :  1,500 r e l ea se  cycles  under a spec i f i ed  load p r o f i l e ,  before  
refurbishment 

DESIGN 

Various design approaches were i n i t i a l l y  considered. The main problem was 
t o  achieve re lease  under high ex te rna l  load within the mass, power, time and 
sa fe ty  cons t ra in t s .  

Pyrotechnic and pneumatic devices o f f e r  the best  forcelweight r a t i o  bu t  
would v io l a t e  the r e u s a b i l i t y  and s a f e t y  requirements f o r  the  Spacelab 
i n t e r i o r .  

The r e l ea se  delay of a l i n e a r  ac tua tor  employing an e l e c t r i c  motor wi th  
reduction gearing and a lead screw w a s  found to  be excessive and the subjec t  
would ob ta in  an audible  advanced warning of the release.  

It was eventual ly  determined t h a t  a solenoid-actuated bal l - lock mechanism 
would meet the performance and s a f e t y  requirements and would provide a 
compact,low-power design, with a low number of moving par t s .  

The ac t i ve  par t  of the r e l ea se  mechanisn is a h a n d l e b a r  providing a 
two-handed g r i p  and c a r r y i n g  a solenoid-actuated ball-lock pin v e r t i c a l l y  
mounted a t  i ts  c e n t e r  point. The mating pa r t  is an outer  s leeve  with a semi- 
c i r c u l a r  cross-section groove t h a t  is  attached to  the Spacelab s t ruc ture .  

On la'ch-vp, the th ree  b a l l s  a r e  r a d i a l l y  locked i n t o  t he  groove i n  the  
f ixed outer  sleeve and the  load imparted by the  subjec t  under t he  in f luence  
of the extended cord assemblies i s  taken by the b a l l s  i n  shear.  The plunger 
is held i n  the  extended pos i t ion  by a compression c o i l  spr ing.  When 
energized, the  solenoid withdl P W ~  a plunger and permits the  b a l l s  t o  co l lapse  
toward the pin cen t re  and out of the  groove, which allows t h e  b a l l  lock p in  
t o  s l i d e  out of the ou te r  s leeve  under t h e  inf luence of t he  a x i a l  load. 

A l a r g e  s o l e n o i d  f o r c e ,  however, was pred ic ted  f o r  r e l ea se  under high 
load because of high f r i c t i o n  on t h e  p lunge r  caused by t h e  clamping a c t i o n  
of t h e  b a l l s .  I n  add i t i on ,  the  r e l e a ~ e  c h a r a c t e r i s t i c s  of t h e  mechanism would 
vary considerably a s  a f u n c t i o n  of l o a d .  Th i s  problem was s o l v e d  by u s i n g  
a tapered plunger with a half-cone angle equal t o  t he  arctangent of the predicted 
coe f f i c i en t  of f r i c t i o n .  The p lunge r  which was n e u t r a l  under  l o a d ,  needed 
only a small force t o  re lease.  



The p r i n c i p l e  is i l l u s t r a t e d  i n  F igure  2. 

The f l igh t - s tandard  r e l e a s e  mechanism is shown i n  Figure  3. 

A deve lopment  model was m a n u f a c t u r e d  and  t e s t e d  u s i n g  a s p r i n g  gage 
ins tead  of a solenoid  s o  t h a t  t h e  r e l e a s e  f o r c e s  c o u l d  be measured u n d e r  a 
wide range of loads .  A s e r i e s  of plungers wi th  var ious  t a p e r  ang les  were t e s t e d  
and an optimum ang le  s e l e c t e d .  

The t h e o r e t i c a l  and measured plunger r e l e a s e  f o r c e s  a r e  shown i n  Figure  
4 and Figure  5 f o r  va r ious  loads  and plunger t a p e r  angles .  

The s3lenoid  used f o r  t h e  r e l e a s e  mechanism involved modi f i ca t ion  of a 
s tandard bought out u n i t  f o r  two reasons:  

1. R e p l a c e n x t  of unacceptable m a t e r i a l s  wi th  those  approved by NASA f o r  
manned s p a c e f l i g h t  a p p l i c a t i o n s  

2. Performance improvement ( p a r t i c u l a r l y  t h e  f o r c e  c a p a b i l i t y  at t h e  f u l l y -  
extended p o s i t i o n )  

The performance before  and a f t e r  modi f i ca t ion  is shown i n  Figure  6. 

DEVELOPMENT PROBLEMS AND SOLUTIONS 

Design modi f i ca t ion  r e s u l t e d  from development t e s t i n g  i n  t h r e e  a reas :  

0 Release c h a r a c t e r i s t i c s  
0 Retent ion c h a r a c t e r i s t i c s  

Lubr -ca t ion  l i f e  

The fol lowing paragraphs d e s c r i b e  t h e s e  a reas .  

Release C h a r a c t e r i s t i c s  

The u n i t  e x h i b i t e d  occas iona l  f a i l u r e  t o  r e l e a s e  when t h e  s o l e n o i d  was 
e..crgized because of:  

0 I n s u f f i c i e n t  solenoid  f o r c e  
a Excessive r e t e n t i o n  s p r i n g  f o r c e  

Lubricant f a i l u r e  
0 Unexpected mechanism kinemat ics  

I n v e s t i g a t i o n  of t h e  f i r ~ t  t h r e e  i tems r e s u l t e d  i n  minor improvements but 
t h e  problem was not  completely solved.  

A thorough review of t h e  mechanism des ign  was then conducted and a 
p o t e n t i a l  jamming mode of t h e  mechanism was p red ic ted  by ana lys i s .  This mode 
involved t h e  latch-up kinemat ics  of t h e  mechanism as show.1 i n  Figure  7. 



cos 8) 
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Figure 2. Principle of Release Mechantsrn 
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Figure 4. Theoretical Pc:formance of Release Mechanism 
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Figure 7. Lock-up Kinematics of Release Mechanism 



Because  of t h e  s p r i n g  f o r c e  and p l u n g e r  momentum, o v e r t r a v e l  of t h e  p lunger  
could f o r c e  t h e  b a l l s  i n t o  t h e  back of t h e  g roove  a l t e r i n g  t h e  c o n t a c t  a n g l e  
f o r  t h e  r e a c t i o n  f o r c e  R1. 

Because R1 = -- " 
cos  Q! 

R1 becomes very  l a r g e  a s  Q: approaches 90". 

When R1 i s  very l a r g e ,  two e f f e c t s  cause very l a r g e  r e s i s t a n c e  f o r c e s  on 
the  plunger.  

S i d e  l o a d s  on t h e  p l u n g e r  caused  by d i f f e r e n t i a l  b a l l  r e a c t i o n s  become 
s i g n i f i c a n t  and cause  high r e a c t i o n  f o r c e s  at  t h e  plunger j o u r n a l s  

0 The r e a c t i o n  f o r c e  on t h e  p lunger ,  R;! becomes l a r g e  enough t o  cause  rapid  
l u b r i c a n t  wear a l lowing s t i c k i n g  of t h e  b a l l s  t o  t h e  p lunger  

These e f f e c t s  were e l imina ted  by i n s t a l l i n g  a l i m i t  s t o p  f o r  ~;;e plunger  
which prevented i t  from reaching t h e  o v e r t r a v e l  cond i t ion  

Retent ion C h a r a c t = r i s t i c s  

Figure  5 shows t h a t  t h e  plunger t ends  t o  r e l e a s e  by i t s e l f  a t  higher loads 
and t h a t  a r e t a i n i n g  f o r c e  i s  r e q u i r e d .  S e v e r a l  i t e r a t i o n s  were  r e q u i r e d  t o  
o b t a i n  t h e  c o r r e c t  s p r i n g  f o r c e  ( i f  t o o  l a r g e  a f o r c e  was used,  t h e  so leno id  
could not  r e l e a s e ) .  I f  a  minimum s p r i n g  f o r c e  was u s e d ,  uncommanded r e l e a s e  
c o u l d  o c c u r  when t h e  mechanism was shaken o r  r o t a t e d  under f u l l  load.  When t h e  
r e l e a s e  performance problems p r e v i o u s l y  d e s c r i b e d  were  s o l v e d ,  i t  was f o u n d  
t h a t  a s t r o n g e r  s p r i n g  could be used and t h e  r e t e n t i o n  performance was 'mproved 
correspondingly. Continued r o t a t i o n  of t h e  mechanism with  r e s p e c t  t o  t h e  groove,  
however ,  e v e n t u a l l y  caused uncommanded r e l e a s e  because t h e  motion of t h e  b a l l s  
allowed s l i p  of t h e  plunger.  This was no t  considered a s e r i o u s  problem f o r  t h i s  
a k o l i c a t i o n .  

L u b r i ~ s t i o n  L i f e  

The a ~ t i v e  p a r t s  of t h e  mechanism a r e  made from hardened corros ion-  
r e s i s t a n t  stwl. Dry l u b r i c a n t s  based on molybdenum d i s u l p h i d e  a r e  used t o  
prevent  g a l l i n g  and t o  avoid t h e  problems of wet l u b r i c a n t s  i n  an  unsealed 
mechanism,(e.g., contaminat ion r i s k  when mechanism i s  s e p a r a t e d ) .  The plunger  
i s  coated wi th  a s o l i d  f i l m  l u b r i c a n t  per  M1L-L-46010 t o  provide low f r i c t i o n  
and r e l a t i v e l y  h igh con tac t  s t r e s s  c a p a c i t y  when s l i d i n g  a g a i n s t  t h e  b a l l s .  A 
high  r a t e  of wear of t h i s  l u b r i c a n t  was observed dur ing  i n i t i a l  t e s t i n g .  

When t h e  r e l e a s e  performance problems were e l imina ted  a s  p r e v i o u s l y  men- 
t i o n e d ,  a c o n s i d e r a b l e  improvement i n  t h e  plunger l u b r i c a n t  l i f e  was obta ined 
because t h e  c o n t a c t  s t r e s s e s  of the  b a l l s  on t h e  p lunger  had been reduced. 



A f u r t h e r  improvement t h a t  was o b t a i n e d  by a d d i n g  t o  t h e  experiment 
procedure i n v o l v e d  r o t a t i n g  t h e  p l u n g e r  a b o u t  i t s  c e n t e r l i n e  o c c a s i o n a l l y  
s o  t h a t  t h e  new l u b r i c a n t  was c o n t a c t e l  by t h e  b a l l s .  

TESTING 

Performance T e s t i n g  

I n i t i a l l y ,  a simple p a s s l f a i l  t e s t  was used, based on completion of a 
l a r g e  number o r  r e l e a s e s  without jamming a t  normal v o l t a g e  ( i .e . ,  worst-case 
s p e c i f i c a t i o n  values) .  To a l low t h e  t imely d e t e c t i o n  of problems, however ,  a 
c h a r a c t e r i z a t i o n  test was adopted t o  determine t h e  performance margins of t h e  
r e l e a s e  mechanism. 

Two methods of d e f i n i n g  r e l e a s e  performance were used: 

Tes t ing  a t  reduced vo l tage  
Measuring r e l e a s e  d e l a y  

The r e l a t i o n s h i p  between supply vo l tage  and r e l e a s e  f o r c e  is  i l l u s t r a t e d  
i n  Figure  8. If t h e  vo l tage  is  reduced u n t i l  c o n s i s t e n t  r e l e a s e  no longer  
occurs ,  the  r e s i s t i v e  fo rces  i n  t h e  mechanism can be determined. I f  these are 
significantly higher  than predic ted a p o t e n t i a l  problem i n  t h e  mechanism 
e x i s t s .  

Measurements of r e l e a s e  de lay  can be made using an accelerometer  mounted 
on the  solenoid housing o r  by recording the  solenoid  c u r r e n t  p r o f i l e  which 
d i p s  when t h e  plunger moves. Both have been used and provide a n  a c c u r a t e  
i n d i c a t i o n  of t h e  time between switching vo l tage  t o  t h e  solenoid  and motlon 
of t h e  r e l e a s e  mechanism. Both t h e  average value  and t h e  cons i s tency  of t h e  
d e l a y  provide a good i n d i c a t i o n  of t h e  h e a l t h  of t h e  mechanism. 

Environmental T e s t s  - 
The fol lowing environmental  t e s t s  were performed by NASA, Johnson Space 

Center and t h e  Massachusetts  I n s t i t u t e  of Technology, Laboratory f o r  Space 
Experiments : 

Electromagnetic c o m p a t i b i l i t y  (EMC) 
Vibra t ion  of stowed re lea -a  mechanism 

0 Thermal c y c l i n g  
Toxic i ty  and ou tgass ing  

L i f e  Tes t  

A L i f e  Tes t  of one r e l e a s e m e c h a n i s m  war performed and an opera t ing  l i f e  
f a c t o r  of 4 was demonstrated i n  r e l a t i o n  t o  mission,  ground tes t ing ,and  crew 
t r a i n i n g  operat ions .  A t  t h e  end of t h i s  t e s t  t h e  u n i t  vas s t i l l  o p e r a t i n g  
normally. 
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Figure 8.  Solenoid Force at  Various Supply Voltages 



CONCLUS IONS 

Three f l i z h t  u n i t s  have been d e l i v e r e d  f o r  use i n  L i f e  Science 
Experiments on t h e  Spacelab 1 ,  Dl, and 4 missions.  

The u n i t  used on Spacelab 1 (STS-9), which f l ew i n  November and December 
1983, performed s a t i s f a c t o r i l y .  

The Spacelab D l  and 4 miss ions  a r e  due i n  June 1985 (STS-26) and December 
1985 (STS-32). 

The mechanism desc r ibed  i n  t h i s  paper is s u i t a b l e  f o r  o t h e r  a p p l i c a t i o n s  
r e q u i r i n g  quick r e l e a s e  under load,  wi th  r e l e a s e  delay independent of load 
and s u p ~ l y  v o l t a g e ,  low-power consumption, and immediate r e u s a b i l i t y .  
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ACTUATOR DEVELOPPIENT FOR THE 
1NSfRUMENT POINTING SYSTEM (IPS) 

Klaus Suttter* 

ABSTRACT 

This paper gives a brief introduction to the mechanisms of the instrument 
pointing system (IPS). Particular emphasis is placed on the actuators which 
are necessary for operating the IPS. The actuators are described as follows: 

Two linear actuators that clamp the gimbals down during ascent and 
descent 

Two linear actuators that attach ihe payload to the iPS during the 
mission, and release it into the payload clamps 

One rotational actuator that opens and closes the payload claqs 

Three identical drive units that represent the three orthogonal-gimbal 
axes and are the p;ime movers for pointing 

Design features ,mar.uf accurlng problems, test performance, and results are 
presented in this paper. 

HI STORY 

In 1972, Dornier under ?he sponsorship of the European Space Agency, began 
investigating the feasibility of an instrument pointing system (IPS) to 
be flown on a Spacelab Pallet on board the Space Shuttle. The task of IPS 
would be to support solar, stellar, a d  Earth sensing payloads during launch 
and landing, and to point them on-orbit, with arc-sec accuracy. 

The design phase started in 1976 and until 1980 the qualification programme 
was proceeding successfully. Because increased Shuttle mc.chanical environment 
and changed Shuttle and Spacelab requtrements did not allow the original 
concept to continue, a rigorous redesign was initiated that resulted In 
the totally new construction shown in Figure 1. Only a few parts of the 
original concept uurvive in the new design, although the experience. gained 
from the previous phase was very useful for the new start. See Figure 2. 

Since that time the new IPS bas almost completed its qualification programe 
and the actibities for the July 1984 delivery are proceeding. 

-- 
k ~ o r n ~ e r  System GmbH, Friedrichshaf en, West C'ermany 
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PERFORMANCE DATA 

The IPS is  designed t o  include a wide range of payloads f o r  s o l a r ,  s t e l l a r ,  
o r  E a r t h  s e n s i n g  mi s s ions .  To c o v e r  a l l  imagi i ieble  demands of po t en t i a l  
users  very severe requirements had t o  be observed and f u i E i l Z e d  by a n  ade- 
quate  layout. The main f ea tu re s  of the  IPS are: 

a. IPS weight--1200 kg 

b. Payload d a t a  (max) 

c. P o i n t i n g  prec is ion- -2  a r c - sec  normal t o  l i n e  of sight--15 arc-sec 
around l i n e  of s i g h t  

d. Usable viewing angle--+60° - half-cone angle; - +180° around l i n e  of s i g h t  

e. Ltfetime--10 years  o r  50 missions 

MECHANICAL CONFIGURATION 

Three dr ive  u n i t s  form the orthogonal axes of the  gimbal system. S t r u c t u r a l  
members connect them mutually with the  p a l l e t  and the  payload. 

The gimbal l a t c h  mechanism, d r iven  by one of a p a i r  of  l i n e a r  a c t u a t o r s ,  
f i x e s  t h e  gimbal  sys tem r i g i d l y  t o  t h e  mounting s t r u c t u r e  during ascent  
and descent. For the mission, the  l a t c h  opens t o  a l l o w  t h e  g imbals  t o  be  
moved. Normal o p e r a t i o n  requi res  only one ac tua to r  f o r  s a f e  locking i n  t h e  
launch and landing configurat ion;  t h e  second a c t u a t o r  is  a backup i f  t h e  
f i r s t  should  f a i l .  The l a t c h i n g  concept cons i s t s  of two hooks at tached t o  
the movable gimbals and two c r a n k s  d r i v e n  by t h e  a c t u a t o r s ,  which c a t c h  
and pu l l  the hooks down t o  t he  s t ruc ture .  

During ascent and descent,  t he  payload is separated from the  gimbal sys tem.  
The payload gimbal  s e p a r a t i o n  mechanism is used f o r  a t tach ing  t h e  payload 
t o  the  gimbals. One of a second p a i r  of l i n e a r  a c t u a t o r s  a c t i v a t e s  t h i s  
mechanism. The a c t u a t o r  p u l l s  t h e  payload o u r  of i t s  clamps, which have 
been previously opened, and provides a r i g i d  connection between t h e  payload  
and t h e  g imbals  by means of a cable  and pul ley system. When the  cab les  a r e  
re leased by the main ac tua tor  o r  i n  a f a i l u r e  case by t h e  redundant  a c t u a -  
t o r ,  l e a f  s p r i n g s  push t h e  payload away from t h e  g imba l s  back i n t o  t he  
clamps. 

The t h r e e  clamps a r e  V-shaped housings with a s l i d i n g  keybolt t h a t  c loses  
the opening, each capable of accommodating one of t h r e e  t r u n n i o n s  b o l t e d  
t o  the  payload. The keybolts a r e  operated simultaneously by flexible rotation- 
a l  s h a f t s  driven by one ro t a t i ona l  actuator .  



LINEAR ACTUATOR 

Performance r equr i emen t s  are as fo l lows :  

a 18 Vdc, 1.9A-maximum 
0 120- s:roke 
a 6000-N f o r c e  
0 -30" t o  +70° o p e r a t i n g  t empera tu re  
0 2800 c y c l e s  under  ambient  and o r b i t  environment 

Design D e s c r i p t i o n  

A d e s i g n  t h a t  u s e d  a d c  b r u s h  m o t o r  d r i v i n g  a ha rmon ic  d r i v e  g e a r  and a 
th readed  s h a f t / n u t  nssembly was c h o s e n  t o  meet t h e  p r e v i o u s  r e q u i r e m e n t s  
( F i g u r e  3). T i t a n i u m  was s e l e c t e d  f o r  t h e  s t r u c t u r a l  p a r t s  owing t o  its 
g m d  s t r e s s - to -we igh t  r a t i o  and t h e  the rma l  requi rements .  

The  f r a m e l e s s  d c  m o t o r  t u r n s  a t  a p ~ r o x i m a t e l y  200  rpm, depending  on t h e  
a p p l i e d  load .  The r o t o r  i s  b o l t e d  t o  t h e  wave g e n e r a t o r  o f  t h e  h a r m o n i c  
d r i v e  g e a r ,  w h i c h  r e d u c e s  t h e  speed  by a r a t i o  o f  1:78. The o u t p u t  o f  t h e  
g e a r  is t r a n s m i t t e d  by a hol low s h a f t  t o  a r o t a t i n g  n u t  i n  which a n o n r o t a t -  
i n g  th readed  s h a f t ,  w i t h  a p i t c h  o f  8 mm, caa move l o n g i t u d i n a l l y .  The s h a f t  
is a t t a c h e d  t o  a p lunge r  s l i d i n g  i n  a t u b u l a r  s e c t i o n  o f  t h e  housing.  

A prism f i x e d  t o  t h e  p lunge r  p e n e t r a t e s  a s l o t  o f  %he o u t e r  hous ing  and 
p r e v e n t s  t h e  p lunge r  and subsequen t ly  t h e  s h a f t  from r o t a t i n g .  Also t h e  
s l o p e s  o f  t h e  prism o p e r a t e  t h e  a c t u a t o r  endswi tches .  

W i t h  t h e  e x c e p t i o n  o f  t h e  h a r m o n i c  d r i v e ,  a l l  r o t a t i n g  p a r t s  are mounted 
on deep  groove b a l l  b e a r i n g s  o f  t h e  same s i z e .  Races and b a l l s  are manufac-  
t u r e d  f r o m  A I S I  4 4 0  C CEVM, and t h e  cages  from p h e n o l i c  r e s i g n  impregnated 
w i t h  Fomblin o i l  Z 25. T h i s  l u b r i c a n t  i s  a l s o  u s e d  f o r  t h e  h a r m o n i c  d r i v e  
and t h e  n u t l s h a f  t assembly. 

F a b r i c a t i o n  Problems 

B e c a u s e  o f  mass r e s t r i c t i o n s  , it was n e c e s s a r y  t o  machine t h e  p a r t s  dowN 
t o  t h e  a b s o l u t e  minimum, which l e d  t o  ve ry  expens ive ,  l i g h t w e i g h t  f i l i g r e e  
p a r t s .  

Computer c a l c u l a t i o n s  t a k i n g  t empera tu re  i n f l u e n c e s  and a p p l i e d  l o a d s  i n t o  
account  l e d  t o  ex t remely  c l o s e  t o l e r a n c e s  f o r  t h e  b a l l  b e a r i n g  f i t s .  Even 
under t h e s e  c o n d i t i o n s  smooth runn ing  and p rope r  performance had t o  be 
gua ran teed .  

T e s t  Pe r f  ormanc e 

For q u a l i f i c a t i o n  testing, one q u a l i f i c a t i o n  model a c t u a t o r  was b u i l t  i n  
a d d i t i o n  t o  t h e  f o u r  f l i g h t  models. A normal test  programme wi th  v i b r a t i o n ,  
thermal-vacuum, l i f  e-cyc le  a n d  f u n c t i o n a l  performance tests w i l l  be used t o  
q u a l i f y  t h e  a c t u a t o r .  



ORIGINAL PAGE 19 
OF POOR QUALm 



Problems 

O r i g i n a l l y  Dorn i e r  i n t e n d e d  t o  hermetically s e a l  t x e  e n t i r e  ac tua tor ;  t he  
gaps between the  f langes e r e  equipped with O-rings, and the  s l i d i n g  plunger 

was connec ted  w i t h  t h e  housing by a metal bellows. This s e a l  was d i f f i c u l t  
t o  maintain because: 

r The a tmosphere  i n s i d e  t h e  a c t u a t o r  must contain a ca re fu l ly  cont ro l led  
amount of mo i s tu re  which i s  r e q u i r e d  t o  a c h i e v e  good m o t o r  b r u s h  
performance 

The rubbe r  s e a l s  become hard a t  low temperatures and leak  under tempera- 
t u r e  grad ien ts  between the  f langes 

The welded bellows cracked during the  v ib ra t i on  test 

After this experience t h e  motor manufacturer was requested t o  provide motor 
brushes capable of  operat ing i n  vacuum. Their pos i t i ve  answer encouraged 
Dornier t o  abandon t h e  sealed concept. 

During t h e  thermal-vacuum t e s t t n g  however, t h e  brushes f a i l e d  a f t e r  the 
low-temperature test. To f ind  a s u i t a b l e  brush  m a t e r i a l ,  an  i n v e s t i g a t i o n  
was begun but  i t  was n o t  s u c c e s s f u l .  Brushes were subsequently declared 
as  l i fe - l imi ted  i tems t h a t  have t o  be i n s p e c t e d  r e g u l a r l y ,  and exchanged 
i f  n e c e s s a r y ,  and t h e  mechanical  d e s i g n  was modif ied t o  ease  inspec t ion  
and replacement. 

Owing t o  t h e  ve ry  s h o r t  l i f e t i m e  a c h i e v a b l e  by t h e  brushes-- l i t t le  more 
than one 7-day mission--the search f o r  more d u r a b l e  b rushes  i s  c o n t i n u i n g  
with the  aim of increas ing  the  number of missions using the  same brush set. 

ROTATIONAL ACTUATOR 

Performance requirements a r e  a s  follows: 

18 Vdc, 3.6-A maximum 
Two motors i n  one housing 
60 revolut ions cw and ccw a t  th ree  o u t l e t s  

0 2.* Nm maximum a t  each of t3e three  o u t l e t s  simultaneously 
- 2 5 O  t o  +90°C opera t ing  temperature 

a 1400 cyc les  under ambient and o r b i t  environment 
Manual operat ion must be possible  

Desixn Description 

The r o t a t i o n a l  a c t u a t o r  ( F i g u r e  4) c o n s i s t s  of two major par t s :  t h e  motor 
housing and the  gear  box. 

Two dc b rush  motors  a r e  mounted on a s i n g l e  common s h a f t  ins ide  t h e  motor 
housing. The motors and s h a f t  b e a r i n g s  a r e  t h e  same a s  t h o s e  used i n  t h e  
l i n e a r  actuators .  
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A bevel  d r i v e  g e a r  l o c a t e d  a t  t h e  end of  t h e  s h a f t  is i n  c o n t a c t  with a bevel  
crown wheel, both l o c a t e d  i n s i d e  t h e  g e a r  box. This  f i r s t  g e a r  s t a g e  reduces  
t h e  m t o r  speed by four .  To d i s t r i b u t e  t h e  motion t o  t h e  t h r e e  payload clamp 
f l e x  shafts a s p u r  g e a r  wi th  a central wheel and t h r e e  a d j a c e n t  wheels i s  
used 

The wheel s h a f t s  are mounted on dry  l u b r i c a t e d  journa l  bear ings .  

In an emergency, t h e  f l e x  s h a f t s  can be manually opera ted e i t h e r  i n d i v i d u a l l y  
o r  by t h e  common c e n t r a l  s h a f t ,  u s ing  a s p e c i a l  to rque  l i m i t e d  de tachab le  
crank t o o l .  

A t  t h e  two extreme p o s i t i o n s  of t h e  keybo l t  i n  t h e  payload clamps, t h e  motor 
i s  switched o f f  by two s e t s  of e n d s w i t c h e s  ( n o t  shown i n  F i g u r e  4 ) .  The 
swi tches  a r e  opera ted by wedges s l i d i n g  a long a t h r  ..led s p i n d l e  whch extends 
from t h e  c e n t r a l  g e a r  s h a f t .  

T e s t  Performance 

One q u a l i f i c a t i o n  model a c t u a t o r  w i l l  undergo t h e  q u a l i f i c a t i o n  programme 
of vibration,  thermal-vacuum, l i f e  c y c l e ,  and f u n c t i o n a l  performance t e s t s .  A 
s e t  of f l e x i b l e  s h a f t s  w i l l  be t e s t e d  i n  p a r a l l e l .  

To s i m u l a t e  t h e  mechanical a c t u a t i n g  f o r c e s ,  e i t h e r  a payload clamp o r  Load 
s i m u l a t o r s  us ing  a th read /nu t  assembly and s p r i n g s  may be used. The s i m l a t o r  
i s  designed t o  perform under ambient and vacuum cond i t ions .  

Problems 

Because  t h e  same motors were used a s  i n  t h e  l i n e a r  a c t u a t o r ,  t h i s  assembly 
had s i m i l a r  motor brush problems. Operation of t h e  payload c lamps  r e q u i r e s  
f e w e r  motor  r e v o l u t i o n s ,  s o  a h igher  number of miss ions  between brush ex- 
changes can be a n t i c i p a t e d .  

i GIMBAL DRIVE UNIT 

, Performance requirements a r e  a s  fo l lows : 

18 Vdc, 9 A-maximum 
15 Nm torque maximum 
2 arc-sec p o i n t i n g  accuracy 
-lo0 t o  +80°C o p e r a t i n g  temperature 
25.2 kN a x i a l  load;  43.5 kN and 13 kNm l a t e r a l  
30000 c y c l e s  over  - +180° and 500,000 c y c l e s  over  +So under o r b i t  environ- - 
merit 
I n f i n i t e  number of r e v o l u t i o n s  of  t h e  b a r e  d r i v e ,  equipped wi th  c a b l e  
feed through +60° t o  2193'. 
200 s i g n a l  an; 290 power l i n e s  a c r o s s  each d r i v e  u n i t  



Design Descr ip t ion  

The main a c t i v e  elements of the  IPS gimbal system a r e  t h e  d r i v e  u n i t s .  Three 
d r i v e  u n i t s  form t h e  t h r e e  axes and provide  

0 The c a p a b i l i t y  t o  c a r r y  t h e  loads  of a s c e n t ,  d e s c e n t ,  and ground opera- 
t i o n s  

0 S u f f i c i e n t  angu la r  freedom 
0 Low f r i c t i o n  torques  over  t h e  whole t r a v e l  

Generation of to rque  t o  move t h e  gimbals 
0 P o s i t i o n  i n d i c a t i o n  
0 Passage f o r  approximately 500 e l e c t r i c  l e a d s  

When t h e  IPS xas  redes igned,  t h e  d r i v e  u n i t s  were a l s o  s i g n i f i c a n t l y  recon- 
f igured  (F igure  5). Whereas i n  p r i n c i p a l  most of the  f u n c t i o n s  remained  t h e  
same, t h e  d r i v e  u n i t s  were s i m p l i f i e d  and some of t h e  f u n c t i o n s  removed and 
s e p a r a t e l y  a l l o c a t e d .  

The main d i f  f e r e n c e s  a r e :  

New - 
a .  Load by pass f o r :  a. No load by pass ,  i n s t e a d :  

0 Unloading t h e  bear ings  
0 Active  emergency braking 

Se l f  a l i g n i n g  t o  ze ro  
0 Lociing f o r  a s c e n t  

0 S u f f i c i e n t l y  dimensioned 
bear lngs  

0 Exte rna l  pass ive  end s t o p  
0 Exte rna l  gu id ing  s l o t s  
0 Exte rna l  gimbal l a t c h  

mechanism 

b. Cab].> follow-up wi th  s p i r a l l y  b. Cable feedthrough wi th  normal 
wound s p e c i a l  f la t -band c a b l e s  running a x i a l l y  through 
c a b l e s  t h e  hollow s h a f t  

c .  Numerous p a r t s ,  complicated c. Fewer p a r t s ,  s imple f u n c t i o n  
f u n c t i o n ,  hermet ic  s e a l i n g  capable  of o p e r a t i n g  under 
necessa ry  ambient and vacuum c o n d i t i o n s  

d. Small bear ings  r e q u i r i n g  d. Bigger hea r ings  wi th  no e x t r a  
a u x i l i a r y  bea r ing  f o r  ground measures r equ i red  
o p e r a t i o n  and an o f f l o a d i n g  
d e v i c e  

e. Bearings wi th  expensive 
t i t a n i u m  ca rb ide  coated 
tungs ten  b a l l s  

e.  Normal s t a i n l e s s - s t e e l  bearings 

f .  "Sof t"  s h a f t  wi th  changing f .  One s o l i d  s t i f f  s h a f t  
d iameters  and c u t o u t s ,  s e t  
t o g e t h e r  from s e v e r a l  p ieces  
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The new d r i v e  u n i t  f e a t u r e s  two p a i r s  of angular  c o n t a c t  b a l l  bea r ings  a r -  
ranged i n  a  face-to-face c o n f i g u r a t i o n .  Races  and b a l l s  a r e  m a n u f a c t u r e d  
from AISI 400 C - CEVM, wi th  ABEC 7 (IS0 4)  t o l e r a n c e s ,  t h e  cages from phen- 
o l i c  r e s i n  wi th  2-percent poros i ty .  The bear ings  a r e  l u b r i c a t e d  wi th  Fomblin 
o i l  Z 25. 

The l a r g e r  d i a m e t e r  p a i r  a r e  r i g i d l y  f i x e d  c a r r y i n g  both a x i s 1  and r a d i a l  
loads ,  and th; s m a l l e r  p a i r  a r e  mounted on membranes and f l o a t  a x i a l l y .  

The f rameless  b r u s h l e s s  dc to rque  motors,  t h e  only i tems taken over  from t h e  
previous des ign ,  use a  samarium c o b a l t  permanent magnet r o t o r  and a  s i n e  and 
c o s i n e  winding i n  t h e  s t a t o r .  

Two r e s o l v e r s ,  m a t c h i n g  t h e  t o r q u e r s  i n  number of p o l e p a i r s  and windings,  
provide t h e  to rquer  p o s i t i o n  and s p e e d - c o n t r o l  s i g n a l s .  Two s i n g l e s p e e d  
r e s o l v e r s ,  i n t e g r a t e d  w i t h i n  t h e  p rev ious ly  mentioned r e s o l v e r s ,  determine 
t h e  ang le  between s h a f t  and housing. 

T o r q u e r s  and r e s o l v e r s  a r e  m u t u a l l y  a l i g n e d  by l o c a t o r  p i n s  i n  s h a f t  and 
housing, r e s p e c t i v e l y .  The c a b l e  feedthrough is  not shown i n  Figure  5. Almost 
500 s i g n a l  and power l e a d s  run a x i a l l y  through t h e  hollow s h a f t ,  wi th  power 
and s i g n a l  l e a d s  separa ted  by a  c o n c e n t r i c  metal  tube.  This a r rangement  h a s  
t o  a l low a r o t a t i o n  of up t o  - + 1 9 3 O  without  a  s i g n i f i c a n t  i n c r e a s e  of torque.  

F a b r i c a t i o n  Problems 

F o r  w e i g h t  and t h e r m a l  r e a s o n s ,  t h e  h o u s i n g ,  t h e  s h a f t ,  and t h e  f l a n g e s  
of the  d r i v e  u n i t s  have been made from t i t a n t u m .  H i g h l y  a c c u r a t e  mach ines  
( p a r t i a l l y  wi th  a i r  bea r ings )  were used t o  t u r n  t h e  bea r ing  f i t s .  The t o l e r -  
ances of these  were c a l c u l a t e d  by compute r  i n  c l o s e  c o o p e r a t i o n  w i t h  t h e  
b e a r i n g  m a n u f a c t u r e r .  T o l e r a n c e s  of b e t t e r  than 6 p m  i n  d iameter  and 3 pm 
i n  roundness were necessary .  

I n  one c a s e  a  k ind of  memory behaviour o f  t h e  t i t a n i u m  was observed caused by 
a n  unfavourable  clamping of  t h e  workpiece. To recover  t h e  out-of- to lerance  
p a r t  t h e  d i s t o r t e d  a r e a  was chemical ly  n i c k e l  p l a t e d  and remachined. 

Tes t  Performance 

Besides t h e  e l e c t r i c a l  and v i b r a t i o n  t e s t s ,  s p e c i a l  a t t e n t i o n  was directed t o  
t h e  to rque  behavior of  the  d r i v e s .  The o l d  d r i v e  u n i t  c o n c e p t  was d e s i g n e d  
f o r  t h e  l o w e s t  p o s s i b l e  to rque ,  which r e s u l t e d  i n  very  smal l  bea r ings  wi th  
t h e i r  a t t e n d a n t  d isadvantages ,  a s  p rev ious ly  desc r ibed .  New i n v e s t i g a t i o n s  
i n t o  t h e  c o n t r o l  l o o p ,  however, revealed t h a t  t h e  t o t a l  system performance 
was not a f f e c t e d  by h igher  torques .  To determine t h e s e  to rques  with and with- 
o u t  a  c a b l e  feedthrough under d i f f e r e n t  environments, s p e c i a l  t e s t  equipment 
was designed.  



The d r i v e  u n i t  i s  mounted on a  r o t a t i n g  v e r t i c a l  a x i s  t u r n t a b l e ,  d r i v e n  by 
a n  e l e c t r i c  motor through a 6000:l  speed  r educe r .  The speed  and p o s i t i o n  a r e  
moni tored  by a  t a c h o g e n e r a t o r  and a p o t e n t i o m e t e r ,  r e s p e c t i v e l y .  

T!I~ d r i v e  u n i t  s h a f t  is  a t t a c h e d  t o  a p i e z o e l e c t r i c  t o r q u e  t r a n s d u c e r .  The  
d h o l e  assembly i s  mounted i n  a  t u b u l a r  s t r u c t u r e  t h a t  can  be placed, complete- 
l y ,  i n t o  a thermal-vacuum chamber. By r o t a t i n g  t h e  t u r n t a b l e ,  t h e  n e t  r e s i s t -  
ance  t o r q u e  of  t h e  d r i v e  u n i t ,  w i th  o r  w i thou t  c a b l e  f e e d t h r o u g h ,  is indica t -  
ed  on t h e  t o r q u e  t r a n s d u c e r .  To c o v e r  t h e  r equ i r emen t s  i o r  bo th  p o i n t i n g  and 
s l e w i n g  modes o f  o p e r a t i o n ,  t e s t  r u n s  were  made f o r  bo th  small and l a r g e  
a n g l e s  of r o t a t i o n .  The measurements r e v e a l e d  a t o r q u e  of a p p r o x i m a t e l y  0 . 5  
Nm f o r  t h e  b a r e  d r i v e  u n i t  w i thou t  t h e  c a b l e  f e e d t h r o u g h  and app rox ima te ly  
4 Nm w i th  t h e  c a b l e s  i n s t a l l e d  a t  +193O. Under c o l d  t empera tu re  i n f l u e n c e ,  a 
p l i g h t  t o r q u e  i n c r e a s e  of  about  5 p e r c e n t  was obse rved .  

A l i f e  c y c l e  t e s t  was a l s o  per formed i n  t h i s  t e s t  r i g .  The mo to r  and  t h e  
t o r q u e  t r a n s d u c e r  were decoupled  acd t h e  i n t e r n a l  d c  t o r q u e r s  were a c t i v a t e d  
by a  c o n t r o l  and measuring u n i t  c o n s i s t i n g  of  a  n o r m a l  p rog rammab le  d e s k  
c o m p u t e r  w i t h  a  s u b s e q u e n t  power s t a g e .  The s h a f t  p o s i t i o n  was monitored 
by t h e  i n t e r n a l  r e s o l v e r s .  During t h i s  t e s t ,  +180° c y c l e s  e q u a l l i n g  3 0 , 0 0 0  
r e v o l u t i o n s  and 500,300 c y c l e s  of  - +5O a t  ex t reme t e m p e r a t u r e s  were performed 
and r e v e a l e d  no change i n  t o rque .  

A f a t i g u e  and a q u a s i s t a t i c  l oad  t e s t  was conducted  t h a t  used a  v i b r a t o r  on 
which t h e  hous ing  was f i x e d  and a mass dummy of 160 kg a t t a c h e d  t o  t h e  s h a f t  
by a 420-mm l o n g  s t i f f  beam. A c c e l e r a t i o n s  of  up t o  20 g f o r  a  du ra t ion  equi- 
v a l e n t  t o  200 mis s ions  were a p p l i e d ,  which y i e l d e d  an  a x i a l  f o r c e  o f  25  kN 
and a bending  moment of 13  kNm. 

F i n a l  r e s o l v e r  z e r j  and s t a b i l i t y  checks  and t o r q u e  t e s t s  d i d  no t  show devia- 
t i o n s  from t h e  former  r e s u l t s .  

A f t e r  t h e s e  q u a l i f i c a t i o n s  t e s t s ,  t h e  c a b l e  f eed th rough  was checked f o r  cable 
breakage  and i n s u l a t o r  damaged w i t h  p o s i t i v e  r e s u l t s .  T h e r e a f t e r ,  t h e  c a b l e s  
were s t r i p p e d  and inspe : . ;ed ,  bu t  no damage o r  a b r a s i o n  was found.  

The dr ive  unLt i s  f u l l y  q u a l i f i e d  and w i t h o u t  any y e s e r v a t i o n s  and showed i t s  
a b i l i t y  t o  meet a l l  r equ i r emen t s  and t o  o p e r a t e  s u c c e ~ s f u l l y  i n  t h e  IPS. 

CONCLUSIONS 

The a c t i v e  mechanisms f o r  t h e  IPS a r e  p a r t i a l l y  qualified: some t e s t s  a r e  
s t i l l  running.  

The mechanica l  performance of  t h e  l i n e a r  and r o t a t i o n a l  a c t u a t o r s  is  proven;  
a s  t h e i r  c a p a b i l i t y  f o r  meet ing  t h e  r equ i r emen t s  h a s  been d e m o n s t r a t e d .  The 
remain ing  b rush  problem i s  under  i n v e s t i g a t i o n .  It i s  no t  l i k e l y  a  b rush  can  
be found t h a t  s u r v i v e s  t h e  e n t i r e  r e q u i r e d  l i f e t i m e ,  b u t  t h e  a i m ,  h o w e v e r ,  
is  t o  p rov ide  brushes  f o r  a t  l e a s t  a  l i m i t e d  number of mi s s ions .  



The d r i v e  u n i t  was f u l l y  q u a l i f i e d  i n  an  e x t e n s i v e  t e s t  programme. In addi-  
t i o n ,  t h e  t h r e e  f l i g h t  u n i t s  h w e  been s u c c e s s f u l l y  a c c e p t a n c e  t e s t e d  a n d  
are i n t e g r a t e d  i n  t h e  IPS. 

No severe  problems can be repor ted  from t h e  o t h e r  IPS subsystems. The system 
i n t e g r a t i o n  is c u r r e n t l y  under way. A f t e r  t h e  f i n a l  i n t e g r a t i o n  of IPS, some 
s y s t e m  t e s t s  a r e  p l a n n e d .  A t  p r e s e n t ,  no compl icat ions  a r e  a n t i c i p a t e d  s o  
scheduled d e l i v e r y  of t h e  f i r s t  IPS t o  ESA i s  planned f o r  J u l y  1984. A second 
IPS w i l l  be d e l i v e r e d  t o  NASA h a l f  a y e a r  l a t e r .  

We hope t h a t  t h e  IPS w i l l  p rovide  s c i e n t i s t s  wi th  a  p r e c i s e  t o o l  on which t o  
mount t h e i r  ins t ruments  and t o  o b t a i n  a c c u r a t e  obse rva t ions  and measurements, 
enab l ing  them t o  i n c r e a s e  our  knowledge of t h e  world and t h e  un ive r se .  



A PASS TY ELY CONTROLLED APPENDAGE DEPLOYMENT SYSTEM 
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Abs t rac t  

The need f o r  adding deployable  i n e r t i a  booms t o  t h e  San Harco D/L 
s p a c e c r a f t  developed from a c r i t i c a l  s p i n  s t a b i l i t y  and weight margin 
problem which became apparent  when t h e  f l i g h t  s p a c e c r a f t  was we l l  i n t o  t h e  
f i n a l  i n t e g r a t i o n  phase. Avai lable  o p t i o n s  reduced t o  e i t h e r  desp in  o f  t h e  
systeln followed by deployment a t  reduced speed o r  deployment a t  t h e  f i n a l  
s t a g e  s p i n  r a t e  of  approximately 115 rpm. Spinning deployment i n v o l v e s  
t r a n s i t i o n  t o  a lower energy s t a t e  which t h ?  deployment mechanism must 
accommodate. The c o n f i g u r a t i o n  d i c t a t e d  t h a t  t h e  add-on boom u n i t s  a t t a c h  
t o  e x i s t i n g  p i t c h  and yaw a x i s  i n t e r f a c e s  and fo ld  back wi thin  a 
r e s t r i c t i v e  hea t  s h i e l d  envelope. 

A s  a s i n g l e  a x i s  h inge des ign could n o t  accomnodate high-speed deployment, 
concepts where t h e  boom hinge assembly can a l s o  r o t a t e  about  t h e  s p a c e c r a f t  
r a d i a l  p i t c h  o r  yaw a x i s  were s t u d i e d  i n  depth.  Th i s  paper d e s c r i b e s  t h e  
a n a l y t i c a l  s imulat ion o f  deployment dynamics o f  t h e s e  2-axis concep t s  a s  
we l l  a s  t h e  evo lu t ion  o f  p r a c t i c a l  d e s i g n s  f o r  t h e  add-on boom u n i t s .  

With t h e  boon f r e e  t o  swing back i n  response  t o  C o r i o l i s  f o r c e s  a s  w e l l  a s  
outwards i n  response t o  c e n t r i f u g a l  f o r c e s ,  t h e  k inemat ics  o f  motion a r e  
complex bu t  admit t h e  p o s s i b i l i t y  o f  absorbing aepioyment energy i n  
f r i c t i o n a l  o r  o the r  damping d e v i c e s  about t h e  r a d i a l  a x i s ,  where l a r g e  
amplitude motions can occur and where t h e  des ign envelope a l lows  s o r e  
a v a i l a b l e  volume. 

411 accep tab le  range can be define.1 f o r  f r i c t i o n a l  damping f o r  any given 
s p i n  r a t e .  Inadequate damping a l lows  boom motions which s t r i k e  t h e  
s p a c e c r c f t ;  excess ive  damping may c a u s e  t h e  boom t o  swing o u t  and l a t c h  
with damaging violence .  The accep tab le  range is a des ign  parameter and 
must accommoddte sp in  r a t e  t o l e r a n c e  and a l s o  t h e  t o l e r a n c e  and 
i x p e a t a b i l i t y  o f  t h e  damping mechanisms. 

In t roduc t ion  

The San Marco D/L is t h e  l a t e s t  of  a s e r i e s  o f  s p a c e c r a f t  i n  an 
i n t e r n a t i o n a l  coopera t ive  program invo lv ing  NASA and t h e  I t a l i a n  Centro 
Ricerce Aerospazial? ( C R Z ) .  The s p a c e c r a f t  is to  be launched by a Scout 
rocke t  from a s i t e  o f f  t h e  e a s t  c o a s t  o f  Afr ica  wi th  t h e  primary miss ion 
being t o  s tudy t h e  e q u a t o r i a l  region upper atmosphere. The s p a c e c r a f t  is 
l a r g e r  than i ts  predecessors  and s i ~ i l a r  i n  genera l  c o n f i g u r a t i o n ,  having a 
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quasi -spher ica l  l igh twe igh t  o u t s r  s h e l l  coupled v ia  load s e n s o r s  t o  a r i g i d  
and comparatively massive c e n t r a l  body to  eva lua te  atmospheric drag.  It 
c o n t a i n s  o t h e r  s c i s n t i f i c  i n s t r u s e n t s ,  is s p i n  s t a b i l i z e d ,  and h a s  4 wire 
antennae which deploy r a d i a l l y ,  p l u s  t w o  "STEMn t y p e  antennae which extend 
along t h e  sp in  axis .  

I t  w i l l  a l s o  have dep layab le  i n e r t i a  booms which a r e  needed because of  a 
c r i t i c a l  s p i n  s t a b i l i t y  and weight margin problem which became apparen t  
when t h e  f l i g h t  s p a c e c r a f t  was well  i n t o  t h e  f i n a l  i n t e g r a t i o n  phase. The 
evo lu t ion  o f  t h i s  problem and t h e  development o f  t h e  add-on boom u n i t s  
intended t o  so lve  it a r e  t h e  s u b j e c t s  of t h i s  paper. 

A l l  San Marco s p a c e c r a f t  needed a so-called t r i a x i a l  mass ba lance  t o  
accommodate t h e  primary d r a g  balance  experiment. me mass c e n t e r s  o f  t h e  
inner  body and o u t e r  s h e l l  must both be e s s e n t i a l l y  c o i n c i d e n t  with each 
o t h e r  and wi th  t h e  geometric c e n t e r  and t h e  c e n t e r  of p r e s s u r e  o f  tile o u t e r  
s h e l l .  Also, t h e  p roduc t s  of i n e r t i a  about a l l  3 r e f e r e n c e  Pxes o f  t h e  
drag balance  experiment, and e s p e c i a l l y  about t h e  s p a c e c r a f t  s p i n  a x i s ,  
must b e  minimized. Reference 1 d i s c u s s e s  t h e  s u b j e c t  of t r i a x i a l  
b a h n c i n g .  ?pin balance  of  t h e  s p a c e c r a f t  about t h e  s p i n  a x i s  o f  t h e  f i n a l  
s t a g e  booster  is a concur ren t  requirement ,  complicated by t h e  l o g i s t i c  
sequence t h a t  t h e  s p a c e c r a f t  is balanced i n  Rome, I t a l y ,  t h e  booster  is 
balanced i n  Wallops I s l a n d ,  V i r g i n i a ,  and they  a r e  never  mated and a l i g n e d  
u n t i l  f i n a l  assembly a t  t h e  e q u a t o r i a l  launch s i t e ,  where ba lance  of t h e  
f i n a l  assembly cannot  be done. 

There is a l s o  t h e  b a s i c  s p i n  s t a b i l i t y  requirement t h a t  t h e  s p i n  a x i s  be  a 
a a j o r  p r i n c i p a l  a x i s  wi th  moment o f  i n e r t i a  g r e a t e r  than p i t c h  o r  yaw axes. 
In  t h i s  case ,  an e x t r a  i n e r t i a  r a t i o  margin was needed t o  accommodate t h e  
s p i n  a x i s  antenna ex tens ion ,  but  some o f f s e t t i n g  margin reduc t ion  r e s u l t s  
from r a d i a l  wire antenna deployment. The mission sequence is s p i n  up, 
booster  i g n i t i o n ,  burn o u t ,  s e p a r a t i o n ,  c o a s t ,  r a d i a l  boom deployment ( i n  
st.ages) and f i n a l l y  s p i n  a x i s  boom ex tens ion ,  wi th  s p i n  s t a b i l i t y  needed 
throughout t h e  sequence. 

Evolution o f  t h e  Problem 

As t h e  f l i g h t  s p a c e c r a f t  i n t e g r a t i o n  becane r e l a t i v e l y  complete,  weight aad 
moment of i n e r t i a  measurements were mado with d i s c o n c e r t i n g  r e s u l t s ,  The 
projected weight was more than expected and allowed l i t t l e  margin below 
maximum v e h i c l e  c a p a b i l i t y  f o r  t h e  planned o r b i t .  U s o ,  t h e  p ro jec ted  
moment of i n e r t i a  r a t i o  was unfavorable  and could not  be c o r r e c t e d  by 
adding mass wi thin  t h e  weight margi,, ,  o r  wi th in  t h e  o u t e r  s h e l l ,  a s  t h e  
inner  body was a densely  packed conf igura t ion .  Furthermore,  mass noment 
checks showed cons ide rab le  s t a t i c  unbalance ;bout a l l  3 axes  and dynamic 
s p i n  balance about any a x i s  had no t  y e t  been done. 

It was f e l t  on t h e  b a s i s  o f  e a r l i e r  San Marco exper ience  t h a t  up t o  4 
percent  of t o t a l  s p a c e c r a f t  weight should be budgeted f o r  t r i a x i a l  
balancing and even with an i n e r t i a l l y  f a v o r a b l e  moment of i n e r t i a  r a t i o  
t h i s  would have made t h e  weight margin very c r i t i c a l .  



Avai lable  o p t i o n s  were cons ide red ,  and, o t h e r  than  unacceptable  expedi , .~ ts  
such a s  removing experiments from t h e  s p a c s c r a f t ,  reduced t o  developing 
add- n deployable  i n e r t i a  boom u n i t s  a t t ached  t o  t h e  e x i s t i n g  p i t c h  and yaw 
a x i s  handling f i x t u r e  i n t e r f a c e s .  These 4 booms would f o l d  back w i t h i n  t h e  
r e s t r i c t i v e  h e a t  s h i e l d  envolope and might r e q u i r e  a p re l iminary  yo-yo 
despin  dev ice  i n  o r d e r  to  s u r v i v e  deployment. 

This  would c o r r e c t  t h e  i n e r  t i a  r a t t o  problem. The baldnce problem was t o  
b e  reconsidered a f t e r  making s p i n  balance  measurements about  a l l  3 axes  so 
t h a t  t h e  e x t e n t  t o  which necessa ry  c o r r e c t i o n s  could be v e c t o r t a l l y  
combined w i t h i n  t h e  o u t e r  s h e l l  envelope could be  evaluated.  

Thinking on boom d e s i g n s  r a p i d l y  po la r i zed  t o  e i t h e r  a s imple ,  s i n g l e  h inge  
a x i s  des ign which would need a yo-yo device ,  or more s o p h i s t i c a t e d  i d e a s  
with m u l t i p l e  h inge a x i s  degrees  o f  freedom, f r i c t i o n a l  energy absorb ing  
devices ,  and complex deployment dynamics which might no t  need a yo-yo or 
which would a t  l e a s t  s u r v i v e  i f  t h e  yo-yo d i d  n o t  work. It was decided t o  
proceed wi th  both  concepts  i n  p a r a l l e l  and w i t h  d e t a i l e d  des lgn o f  t h e  
"simple born," pending b e t t e r  r e s o l u t i o n  o f  t h e  a c t u a l  weight margin a f t e r  
balancing.  

a f t e r  more s p a c e c r a f t  i n t e g r a t i o n ,  r e v i s e d  weight and moment o f  i n e r t i a  
measurements and t h e  first s p i n  ba lance  measurements were performed. 
Various s t r a t e g i e s  f o r  unbalance c o r r e c t i o n  were t r i e d  wi th  due 
cons ide ra t ion  for p r a c t i c a l  l i m i t a t i o n s  on where t h e  s t r u c t u r e  allowed 
weights t o  be loca ted .  The most obvious c o r r e c t i o n  cons ide r ing  mass noment 
and product o f  i n e r t i a  components s e p a r a t e l y  and c o r r e c t i n g  by adding 
weights  a t  s t r u c t u r a l l y  convenient  l o c a t i o n s ,  needed about 9 Kg. Vector 
conbinat ion of t h e s e  compocents reduced t h e  weight r equ i red  t o  6.2 Kg a t  
t h e  expense of  more inconvenient  p o s i t i o n i n g  of  c o r r e c t i o n  weig5ts.  

Meanwhile, an a d d i t i o n a l  c o n s t r a i n t  was impmed on t h e  boom design.  It had 
been determined t h a t  t h e  degree  o f  shading t h a t  t h e  deployed booms would 
cause  t o  t h e  s o l a r  c e l l  pane l s  was acceptable .  flowever, t h e  r a d i a l  
deployed p o s i t i o n  of 2 o f  t h e  booms would v i o l a t e  t h e  requ i red  f i e l d  o f  
view o f  a major onboard experiment, and it was requ i red  t h a t  t h e  booms be  
skewed 7 degrees  i n  t h e  pitch/yaw plane.  This  could be done,  but  added 
some weight t o  t h e  boom s t r u c t u r e  due t o  t h e  need for a wedge shaped 
at tachment f l a n g e ,  and n e c e s s i t a t e d  t h e  development o f  new s p a c e c r a f t  
handling d e v i c e s  and procedures.  

The q u e s t i c n  o f  s p a c e c r a f t  handl ing l o g i s t i c s  and boom alignment m e r i t s  
d i s c u s s i o n  a s  a s e p a r a t e  bu t  r e l a t e d  problem a rea .  The San Marco is 
balanced us ing  s t u b  a r b o r s  a t t ached  to t h e  boos te r  i n t e r f a c e  and t o  a dummy 
forward i n t e r f a c e ,  f o r  t h e  s p i n  a x i s ,  o r  t o  a c c u r a t e  or thogonal  h o l e s  i n  
t h e  s t r u c t u r e  f o r  t h e  p i t c h  and yaw axes. These p i t c h  and yaw i n t e r f a c e  
h o l e s  have two o t h e r  func t ions .  They a r e  used t o  screw i n  r a d i a l  l i f t i n g  
handle b a r s  for  s p a c e c r a f t  l i f t i n g  and r o t a t i o n .  They a r e  a l s o  used t o  
a t t a c h  t h e  add-on i n e r t i a  boom u n i t s  o r  r a t h e r  t h e  at tachment f l a n g e s  f o r  
t h e  booms. 

F igure  1 shows a s e c t i o n a l  view o f  t h e  boom attachment t o  t h e  s p a c e c r a f t .  
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Figure 1. Boom Attachment to Spacecraft 
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F i g u r e s  2, 3, and 4 show o t h e r  f e a t u r e s  of t h e  boom system. The f l a n g e  
which is t h e  a c t u a l  i n t e r f a c e  t o  t h e  s p a c e c r a f t  is wedge-shaped and skews 
t h e  boom 7 degrees .  Before t h e  f l a n g e s  a r e  i n s t a l l e d ,  t h e  r a d i a l  th readed  
h o l e s  i n  t h e  s p a c e c r a f t  s t r u c t u r a l  frame a r e  used to  a t t a c h  and a c c u r a t e l y  
a l i g n  t h e  balancing a r b o r s  and a l s o  to  i n s e r t  r a d i a l  hand les  f o r  s p a c e c r a f t  
l i f t i n g  and p i t c h  r o t a t i o n .  The boom f l a n g e s  a r e  t o  be i n s t a l l e d  and 
a l igned  a f t e r  ba lanc ing ,  but  t h e r e  is a need f o r  hand l ing  about  a l a t e r a l  
a x i s  a f t e r  t h e  boom f l a n g e s  a r e  i n s t a l l e d  and a l igned  and t h e  o r i g i n a l  
handles  cannot  be used because o f  t h e  7 degree  skew, s o  new handles  a r e  
needed, made wi th  a 7 degree  skew and to  f i t  i n t o  t h e  s o c k e t s  for t h e  boom 
hubs. The boom hubs and booms can be removed from t h e  f l a n g e  sock2 t s  and 
a r e  a l igned  and secured by angled set screws a c c e s s i b l e  through h o l e s  i n  
t h e  s p a c e c r a f t  o u t e r  s h e l l .  Thus, t h e  booms can and must b e  assembled 
and/or removed w i t h  t h e  o u t e r  s h e l l  i n  p lace  s i n c e  t h e  o u t e r  hubs a r e  
l a r g e r  than  t h e  h o l e s  i n  t h e  o u t e r  s h e l l .  

The s p a c e c r a f t  ba lancing requirements  make it necessary  t h a t  t h e  deployed 
p o s i t i o n  of t h e  booms be c o n t r o l l e d  a s  a c c u r a t e l y  a s  p o s s i b l e  and be 
r e p e a t a b l e  a f t e r  s e v e r a l  test deployments and t h e  f i n a l  f l i g h t  deployment. 
A l i m i t  o f  3 mn d e v i a t i o n  o f  boom t i p  l o c a t i o n  from nominal, i n  any 
d i r e c t i o n ,  was e s t a b l i s h e d  a s  t h e  p r a c t i c a l  l i m i t  of f e a s i b l e  manufacturing 
t o l e r a n c e  c o n t r o l  f o r  s l ender  booms almost  a meter long. A s  t h e  d e s i r e d  
c o n t r o l  of r e s i d u a l  unbalance implied no more than 1 mm t i p  l o c a t i o n  
d e v i a t i o n ,  it is necessary  t o  a c c u r a t e l y  measure and/or c o n t r o l  t h e  t i p  
al ignment t o  t h i s  l e v e l  of accuracy a s  a mass p roper ty  s t a t u s  inpu t .  Tip  
al ignment c o n t r o l  is t o  be by shims under t h e  boom at tachment  f l anges ;  
t h e r e f o r e ,  t h e  f l a n g e s  should n o t  be removed a f t e r  alignment. !3oom 
d e f l e c t i o n  due t o  g r a v i t y  is to  be considered o r  negated dur ing  boom t i p  
al ignment opera t ions .  The boom t i p  l o c a t i o n  requirements ,  a s  well a s  t h e  
need f o r  min imh boom weight,  were important  des ign  f a c t o r s  f o r  t h e  booms. 

Analys is  of Baom Deployment Dynaraics 

The c o n f i g u r a t i o n  d i c t a t e d  t h a t  t h e  i n e r t i a  booms be  fo lded  down t o  9 
degrees  p a s t  v e r t i c a l ,  skewed back 15 degrees  t o  c l e a r  t h e  s p a c e c r a f t  
umbi l i ca l  t u n n e l ,  and t h a t  t h e  deployed booms be i n  t h e  pitch-yaw p lane  b u t  
skewed 7 degrees  from r a d i a l  i n  t h e  d i r e c t i o n  of  spin .  A l l  booms were t o  
b e  0.835 m long,  with a t i p  mass t o  be  a s  r equ i red  f o r  mass p r o p e r t y  
c o n t r o l ,  b u t  n o t  expected t o  exceed 1 Kg. The pre-deployment s p i n  r a t e  
would be approximately 115 rpm without  yo-yo despin  o r  38 rpm i f  a yo-vo 
were used. In  e i t h e r  event ,  deployment would reduce t h e  s p i n  r a t e  by about  
10 pe rcen t  and impose C o r i o l i s  f o r c e s  dur ing  deploymetlt a s  well a s  h igh  
s t r e s s e s  a t  lock-in t o  deployed p o s i t i o n .  

Spinning deployment invo lves  t r a n s i t i o n  t o  a lower energy s t a t e ,  wi th  
conservat ion o f  angular  momentum, and a s  it became a p p r r e n t  t h a t  a s i n g l e  
h inge des ign could not  wi ths tand high-speed deployment,, c o n c e p t s  where t h e  
boom hinge assembly could a l s o  r o t a t e  about another  a x i s  o r thogona l  t o  t h e  
h inge a x i s  were s t u d i e d  i n  depth. Th i s  second a x i s  a s  we l l  a s  t h e  h inge 
a x i s  would have t o  be skewed 7 degrees  from t h e  s p a c e c r a f t  r a d i a l  a x i s  t o  
accommodate deployed p o s i t i o n  requirements ,  
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Figure 2. Inertia Boom Assembly 
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Figure 3 .  T i p  Mass Restraint Bracket 



Figure 4 .  Assembly for Boom Test ing 



With t h i s  second degree  o f  angular freedom, t h e  boom would be  f r e e  to  swing 
back s u b j e c t  t o  C o r i o l i s  f o r c e s  a s  we l l  a s  outward i n  response  t o  
c e n t r i f u g a l  f o r c e s .  The dynamics o f  t h e  r e s u l t i n g  boom motion d u r i n g  
deployment a r e  complex and admit t h e  p s s i b i l i t y  o f  absorbing deployment 
energy i n  f r i c t i o n a l  o r  o t h e r  damping dev ices  about t h e  axes  o f  bo th  
degrees  o f  angular  f r e e b m .  The second a x i s ,  o r thogona l  t o  t h e  h inge a x i s ,  
o f f e r e d  t h e  p o t e n t i a l  f o r  l a r g e  amplitude motion wi th  consequent h igh  
energy d i s s i p a t i o n  a s  wel l  a s  more a v a i l a b l e  volume f o r  damping d e v i c e s  
wi thin  t h e  c o c s t r a i n t s  of  t h e  des ign  envelope. 

Computer Simulat ion o f  t h e  2-Axis Boom Deployment Concept 

Computer s imula t ion  programs used t o  s tudy  high-speed San Yarco b o o m  
deployment dynamics have evolved i n  both  f i d e l i t y  and c a p a b i l i t y .  The 
unders tanding of  t h e  problem achieved v i a  t h e s e  s imula t ions  has  l e a d  t o  t h e  
2-axis boom deployment concept.  

In  o rda r  t o  avoid d e r i v i n g  and computer coding equa t ions  of  motion, t h e  
g e n e r a l  purpose computer programs N-B9D2 (Reference 2) and DISCOS 
(Reference 3 )  were u t i l i z e d .  These programs a l low t h e  s p a c e c r a f t  t o  be 
modeled a s  a c e n t r a l  r i g i d  body wi th  4 r i g i d  or f l e x i b l e  appendages. The 
programs au tomat ica l ly  s e t  up t h e  complete set of  non l inea r  e q u a t i o n s  o f  
motion t a k i n g  i n t o  account a l l  gyrodynamic i n t e r a c t i o n  e f f e c t s  wi th  no 
smal l  angle  assumptions used. Our t a s k  was t o  d e f i n e  t h e  deployment 
mechanism i n  a farm compat ib le  wi th  s imula t ion  program needs and 
l i m i t a t i o n s .  Severa l  models f o r  t h i s  mechanism were developed. Each new 
mechanism model added a degree  o f  s imula t ion  f i d e l i t y  and c a p a b i l i t y  n o t  
p rev ious ly  p resen t .  

The i n i t i a l  z-axis  boom deployment concept i n v e s t i g a t e d  c o n s i s t e d  o f  a 
c o n i c a l  plunger l a t c h  with a s t i f f  p r e s t r e s s e d  s p r j n g  a c t i n g  a s  a boom 
deployment a c t u a t o r .  It was reasoned t h a t  i f  t h e  p r e s t r e s s  l e v e l  i n  t h e  
s p r i n g  could be s e t  high enough, adverse  C o r i o l i s  e f f e c t s  could  be overcome 
and l a t c h i n g  would be achizved.  The N-BOD2 model f o r  t h i s  concept  
c o n s i s t e d  of  a c e n t r a l  r i g i d  body wi:h 4 i d e n t i c a l  p o i n t  connected r i g i d  
booms. Each boom had 2 degrees  o f  r e l a t i v e  freedom and was symmetr ica l ly  
placed i n  a p lane  normal t o  t h e  s p i n  a x i s  around t.he s p a c e c r a f t  pe r imete r .  
The l a t c h i n g  mechanism was modeled a s  a c o n s t a n t  magnitude t o r q u e  always 
a c t i n g  i n  t h e  d i r e c t i o n  which a i d s  deployment. The s i m u i a t i o n  was 
i n i t i a l i z e d  wi th  a s p i n  r a t e  of  115 rpm and wi th  a l l  4 booms stowed 
p a r a l l e l  t o  t h e  s p i n  a x i s .  These were s imul taneously  r e l e a s e d  with z e r o  
i n i t i a l  v e l o c i t y  a t  time zero .  The only nongyroscopic load on t h e  system 
was t h a t  a s s o c i a t e d  with t h e  a c t u a t o r  s p r i n g  i n  t h e  l a t c h i n g  mechanism. 
Computer s i m u l a t i o n s  revea led  t h a t ,  t o  overcome C o r i o l i s  e f f e c t s  and t o  
i n s u r e  t h a t  t h e  booms would no t  swing back and s t r i k e  t h e  s p a c e c r a f t ,  
s p r i n g  y e s t r e s s  had t o  be s e t  a t  a  l e v e l  beyond t h a t  which could be  
obta ined i n  t h e  space a v a i l a b l e  wi th  o b t a i n a b l e  m a t e r i a l s .  It was f u r t h e r  
determined t h a t  i f  l a t c h i n g  orcured b e f o r e  a s i g n i f i c a n t  amount of system 
energy could be d i s s i p a t e d ,  t h e  booms had t h e  p o t e n t i a l  t o  e i t h e r  b reak  off 
o r  be permanently deformed. 

In a d d i t i o n  t o  uncovering f l aws  i n  i n i t i a l  des ign concepts ,  t h e s e  N-BOD2 



s i m u l a t i o n s  provided  u s  w i t h  a  c l e a r e r  uude r s t and ing  o f  boom deployment 
dynamics. Yost i m p o r t a n t l y ,  it was noted  t h a t  t h e  i n t e r a c t i o n  o f  
c e n t r i f u g a l  and C o r i o l i s  e f f e c t s  %ended t o  produce a r e s u l t a n t  boom motion 
which, t o  an obse rve r  on t h e  s p a c e c r a f t ,  appeared  a s  approximate  
c rescent -shaped p a t t e r n s  t r a c e d  by each  boom t i p .  

I n i t i a l l y ,  t h e  c r e s c e n t  r a d i u s  i z  l a r g e  w h i l e  t h e  boom o s c i l l a t e s  nea r  t h e  
s p a c e c r a f t ,  t h e n  a s  t h e  sys tem d i s s i p a t e s  energy th rough  v a r i o u s  damping 
mechanisms c r e s c e n t  r a d i u s  r educes ,  and t h e  boom approaches  t h e  f u l l y  
deployed s t a t e .  From t h i s  o b s e r v a t i o n ,  it was reasoned t h a t  if t h e  
deployment mechanism was frsc t o  r o t a t e  abou t  t h e  a x i s  d e f i n e d  by t h e  f u l l y  
deployed boom, t h e  back and f o r t h  c i -cscent  shaped swinging  motion c o u l d ,  s o  
t o  s a y ,  b e  cap tu red .  Then i f  a  b r a k i n g  mechanism couid be des igned  t o  
i n h i b i t  t h i s  r o t a t i o n a l  mot ion ,  s i g n i f i c a n t  amounts o f  energy  cou ld  be  
d i s s i p a t e d  th rough  damping p r i o r  t o  l a t c h i n g .  The n e t  r e s u l t  would be less 
v i o l e n t  boom motion w i t h  a c c e p t a b l e  l a t c h i n g  loads .  The 2-axis  boom 
deployment concept ,  d i s c u s s e d  h e r e i n ,  i s  t h e  outgrowth  o f  t h e s e  i n i t i a l  
i d e a s  r e f i n e d  to  accommodate sys tem d e s i g n  and s c h e d u l i n g  c o n s t r a i n t s .  

The b r a k i n g  mechanism e n v i s i o n e d  may be c o n c e p t u a l i z e d  a s  a  b rake  o f  t h e  
f r i c t i m  d i s c  s t a c k  t y p e  s i m i l a r  t o  a  peda l  o p e r a t e d  b i c y c l e  b r a k e  b u t  
d i m e n s i o n a l l y  a d j u s t e d  t o  f i t  i n t o  a v a i l a b l e  space.  By p r e s e t t i n g  b rake  
p r e s s u r e  b e f o r e  l aunch ,  t h e  amount o f  dampifig d e s i r e d  cou ld  be  c o n t r o l l e d .  
S e v e r a l  s i m u l a t i o n  r u n s  were made t o  de t e rmine  a t  whac l e v e l  t h e  b r a k i n g  
p r e s s u r e  should  be set  a t  t o  minimize 1a t ch i r . g  !.oads, r e s u l t a n t  boom 
e l a s t i c  de fo rma t ion ,  and h inge  c o n s t r a i n t  l o x i s .  As a by-product o f  t h e  
numerous r u n s  made, a  measure o f  parameter  S C ~ S ~ ;  i:i:ty was a l s o  de t e rmined ;  
c r u d e  s e t t i n g s  were found t o  be  adequate .  

Computer s i m u l a t i o n  cf t h i s  mechanism d e s i g n  was achieved v i a  u s e  o f  t h e  
computer program DISCOS. DISCOS p rov ided  t h e  a b i l i t y  t o  ex tend  modeling 
c a p a b i l i t y  t o  i t x l u d e  t h e  e f f e c t s  o f  appendage f l e x i b i l i t y  w i t h o u t  
i n t r o d u c i n g  any s m a l l  a n g l e  o r  sma l l  d isp lacement  assumptions.  Boom 
f l e x i b i l i t y  was cons ide red  t o  be a parameter  which cou ld  n o t  be ignored .  
I t  was reasoned t h a t  t h e  i n t e r p l a y  between t h e  t i p  mass a t t e m p t i n g  t o  
dominate boom t i p  deployment dynamics and t h e  mechanism a t t e m p t i n g  t o  
dominate boom r o o t  deployment dynamics would r e s u l t  i n  s i g n i f i c a n t  e l a s t i c  
de fo rma t ion ;  it d i d .  

The DISCOS model f o r  t h i s  series o f  s i m u l a t i o n  programs c o n s i s t e d  o f  a  
c e n t r a l  r i g i d  body w i t h  9 i d e n t i c a l  e l a s t i c  beams symmet r i ca l ly  l o c a t e d  
around t h e  oe r ime te r .  Each beam had b o t h  d i s t r i b u t e d  mass and a t i p  mass. 
Three  d e g r e e s  o f  e l a s t i c  freedom were assumed: 2 bending  modes, 1 f o r  e a c h  
o r t h o g o n a l  bending d i r e c t i o n ,  and 1 t o r s i o n a l  mode. The DISCOS i n p u t  
s p e c i f i c a t i o n  f o r  t h e  booms c o n s i s t e d  of  a  lumped parameter  model. It 
d e f i n e d  b o t h  mass d i s t r i b u t i o n  and modal d i sp l acemen t .  F i r s t  clamped-free 
bending and f i r s t  t o r s i o n a l  modes o f  o s c i l l a t i o n  were used .  S t i f f n e s s  was 
d e f i n e d  by p r o v i d i n g  modal f r e q u e n c i e s .  A l l  r u n s  assumed t h a t  b o t h  bending 
f r e q u e n c i e s  were e q u a l ,  t h i s  impl ied  booms wi th  symmetric c r o s s  s e c t i o n .  
The t o r s i o n a l  f requency was v a r i e d  f o r  a  few r u n s  t o  de t e rmine  i f  l a r g e  
ampl i tude  bending cou ld  induce  s i g n i f i c a n t  t o r s i o n a l  r e s p o n s e ;  it d i d  nob. 
Modal damping could and was a l s o  inc luded .  It was inc luded  p r i m a r i l y  t o  



g e t  r i a  o f  t h e  h igh  f requency t r a n s i e n t  r e sponse  which masked s t e a d y  s t a t e  
performance c h a r a c t e r i s t i c s ,  The damping v a l u e s  used were c o n s i s t e n t  w i t h  
what one  would expec t  t o  obse rve  f o r  l a r g e  ampl i tude  o s c i l l a t i o n s .  

The 2-axis deployment mechanism was modeled as a 2-axis  gimbal  w i t h  
a p p r o p r i a t e  damping models s p e c i f i e d  about  each  a x i s .  One gimbal a x i s  was 
d e f i n e d  p a r a l l e l  t o  t h e  f u l l y  deployed boom a x i s ;  motion about  t h i s  a x i s  is 
i n t e n t i o n a l l y  damped by t h e  b r a k i n g  mechanism p r e v i o u s l y  d i s c u s s e d .  The 
o t h e r  gimbal a x i s ,  t h a t  is t h e  boom deployment a x i s ,  was f i x e d  i n  t h e  boom 
normal t o  its l o n g i t u d i n a l  a x i s .  Motion abou t  t h i s  a x i s  was s u b j e c t  t o  d r y  
f r i c t i o n  taken  i o  be p r o p o r t i o n a l  t o  t h e  c o n s t r a i n t  t o r q u e  a c t i n g  about  t h e  
a x i s  normal t o  b o t h  gimbal axes .  A Dahl f r i c t i o n  model was a c t u a l l y  used  
f o r  t h e  d e s c r i p t i o n  o f  damping about  both  axss ;  t h a t  is, below a 
p r s - d e f i n e d  breakaway t o r q u e  t h e  Dahl f r i c t i o n  model is a s i m p l e  l i n e a r  
s p r i n g  dashpot .  Beyond t h i s  p o i n t  d r y  f r i c t i o n  a s s o c i a t e d  w i t h  s l i d i n g  
t a k e s  p l a c e .  T h i s  t y p e  o f  f r i c t i o n  model is  e x t e n s i v e i y  ussd t o  model 
f r i c t i o n  a s s o c i a t e d  w i t h  sys tems c o n t a i n i n g  b a l l  o r  r o l l e r  bea r ings .  It is 
a l s o  a p p r o p r i a t e  f o r  t h e  2-axis  boom deployment r~~echanism. 

A s  i n  t h e  e a r l i e r  series o f  N-39D2 s i m u l a t i o n  runs ,  i n i t i a l  s p i n  rate was 
s e t  a t  115 rpm wi th  booms r e l e a s e d  from t h e i r  stowed p o s i t i o n  wi th  z e r o  
i n i t i a l  v e l o c i t y  a t  time zero .  System pa rame te r s  were v a r i e d  from run t o  
run i n  an a t t empt  t o  f i n d  t h e  v a l u e  o f  breakaway t o r q u e  f o r  t h e  b r a k i n g  
mechanism which would minimize c o n s t r a i n t  l o a d s  on t h e  gimbal ,  boom e l a s t i c  
de fo rma t ion ,  and t h e  p o t e n t i a l  o f  t h e  boom swinging back o n t o  t h e  
s p a c e c r a f t .  The n e t  c o n c l u s i o n s  reached from t h i s  s e r i e s  o" ?.  1s was t h a t  
i t  was p o s s i b l e  t o  r educe  c o n s t r a i n t  l o a d s  and t h e  p o t e n t i a i  - .. boom swing 
back t o  a c c e p t a b l e  l e v e l s ;  however, e l a s t i c  deformat ion  could n o t  be 
reduced t o  t h e  p o i n t  where no permanent deformat ion  could  be  a s s u r e d .  

F u r t h e r  s i m u l a t i o n  runs  r evea led  t h a t  t h e r e  was ano the r  f law i n  i n i t i a l  
d e s i g n  concep t s .  The a t t empt  t o  minimize boom p l u s  t i p  mass weight  l e a d  t o  
t h e  placement of a s  much e x t r a  mass a s  p o s s i b l e  i n  t h e  t i p ,  t h u s ,  weakening 
t h e  boom. Th i s ,  s o  t o  s a y ,  caused a c o n f l i c t  between t h e  t i p  mass 's  
a t t e m p t  t o  dominate boom t i p  deployment and t h e  mechanismls a t t e m p t  t o  
dominate boom r o o t  deployment. The r e l a t i v e l y  weak boom e f f e c t i v e l y  
al lowed bo th  ends t o  a c t  i ndependen t ly  w i t h  t h e  boom accommodating v i a  
l a r g e  ampl i tude  deformat ion .  Making u s e  o f  t h i s  new unde r s t and ing ,  r u n s  
were made w i t h  no t i p  mass and i n c r e a s e d  boom mass per  u n i t  l eng th .  The 
n e t  r e s u l t  was t h a t  t h e  mechanism a t  t h e  boom r o o t  dominated t o t a l  boom 
deployment and o v e r a l l  performance was a c c e p t a b l e .  

Other sys tem pa rame te r s  were a l s o  v a r i e d  d u r i n g  t h e  c o u r s e  o f  t h e  s t u d y ,  
suc?  a s  t h e  f r i c t i o n  c o e f f i c i e n t  a s s o c i a t e d  w i t h  motion about  t h e  
dep lcyncn t  a x i s  and i n i t i a l  r e l e a s e  p o s i t i o n .  These r u n s  l e a d  t o  
i n t u i t i v e l y  obv ious  c o n c l u s i o n s ,  i n c r e a s e d  f r i c t i o n  i n  t h e  deployment h i n g e  
h 5 l p s  wh i l e  r e l e a s e  from a p o s i t i o n  o t h e r  t han  p a r a l l e l  t o  t h e  s p i n  a x i s  
h a s  no s i g n i f i c a n t  e f f e c t  on o v e r a l l  deployment performance. 

Some t y p i c a l  computer o u t p u t  p l o t s  a r e  appended a s  F i g u r e s  5, 6, 7,  8, and 
9 and a r e  anno ta t ed  a s  t o  s i g n i f i c a n c e  and i n t e r p r e t a t i o n .  The end 
p roduc t s  o f  a l a r g e  number o f  computer runs  were some l i m i t i n g  d e s i g n  



c r i t e r i a  and a much b e t t e r  unde r s t and ing  o f  deployment dynamics, 

L imi t ing  c a s e s  a r e  o f  i n t e r e s t  and c o n t r i b u t e  t o  unde r s t and ing  t h e  
s i t u a t i o n .  With no f r i c t i o n ,  a n g u l a r  o s c i l l a t i o n s  c o n t i n u e  r e p e t i t i v e l y  
wi thout  damping, and t h e  boom would never l a t c h .  On t h e  o t h e r  hand, i f  
breakaway f r i c t i o n  t o r q u e  exceeds  t h e  maximum induced C o r i o l i s  t o r q u e  then  
t h e r e  is no s l i d i n g  abou t  t h e  f r i c t i o n  t o r q u e  a x i s ,  and aga in  t h e r e  is no 
energy d i s s i p a t i o n .  T h i s  c a s e  a c t u a l l y  r e v e r t s  t o  t h e  s imp le  s i n g l e  h inge  
boom design-the boom swings o u t  about  t h e  h inge  a x i s ,  and a l l  t h e  
deployment energy h a s  t o  be d i s s i p a t e d  a t  l a t ch - in  excep t  f o r  any 
d i s s i p a t i o n  due t o  h inge  a x i s  f r i c t i o n .  

These c o n s i d e r a t i o n s  l e d  t o  a d e s i g n  o p t i o n  which is o e i n g  cons ide red  a t  
t h e  time o f  w r i t i n g .  The booms would be  des igned  t o  s l i p  abou t  t h e  
Ccrislis t o r q u a  a x i s  a t  a r e l a t i v e l y  h igh  breakaway t o r q u e  l e v e l ,  based  on 
an i t ~ i t i a l  s p i n  r a t e  o f  abou t  115 rpm, However, t h e  f l i g h t  sys tem would 
have a yo-yo des igned  t o  r educe  s p i n  r a t e  t o  38 rpm. Tf t h e  yo-yo worked, 
t h e  booms would deploy  a s  a s imp le  s i n g l e  h inge  boom, a s  t h e  C o r i o l i s  
t o r q u e  would n o t  be h igh  enough t o  c a u s e  s l i p p i n g .  The booms would be 
des igned t o  deploy  a s  s i n g l e  h inge  booms, a t  38 rprn. However, i f  t h c  yo-yo 
f a i l e d  t o  d e s p i n  t h e  system, deployment would occur  a t  115 rpm, r ~ r i o l i s  
t o r q u e s  w i l l  c a u s e  s l i p p i n g  and ene rgy  d i s s i p a t i o n ,  and t h e  booms would 
have a t  l e a s t  an enhanced chance of  s u r v i v a l  f o r  t h i s  yo-yo f a i l u r e  mode. 

S c a l e  Hodel S t u d i e s  

A 1/9 s c a l e  dynamic model was m i l t  t o  demons t r a t e  and e v a l u a t e  t h e  %-axis  
boom deployment concept .  If had 2 opposed booms w i t h  freedom t o  r o t a t e  
about  t h e  h inge  a x i s  and a r a d i a l  a x i s ,  w i t h  a d j u s t a b l e  t o r q u e  f r i c t i o n  
b rakes  on t h e  r a d i a l  : C o r i o l i s )  a x i s .  There was no deployed p o s i t i o n  
l a t c h ,  b u t  t h e r e  was a d e v i c e  t o  s p i n  up and hold t h e  booms i n  a fo lded  up 
p o s i t i o n  and then  r e l e a s e  them t o  deploy .  

The model was spun up and deployed a t  s e v e r a l  speeds  and t o r q u e  b r a k e  
s e t t i n g s ,  i n c l u d i n g  essentially no f r i c t i o n  and f r i c t i o n  h igh  enough t o  
s t o p  C o r i o l i s  s l i p p i n g  s o  t h a t  t h e  booms deployed a s  s i n g l e  h inge  a x i s  
booms. Yigh-speed movies were made o f  some o f  t h e s e  model deployments,  and 
review o f  them provided an i n t e r e s t i n g  c o n f i r m a t i o n  o f  t h e  g e n e r a l  r e s u l t s  
o f  t h e  a n a l y t i c a l  s t u d i e s .  

With no r e s i s t a n c e  t o  C o r i o l i s  s l i p p i n g ,  t h e  booms perform wi ld  g y r a t i o n s ,  
i n c l u d i n g  whipping back a s  f a r  a s  t h e  h i n g e s  a l l o w ,  conf i rming  t h a t  
c o l l i s i o n s  wi th  t h e  s p a c e c r a f t  envelope  could  occur  w i t h  inadequa te  
damping. With h igh  f r i c t i o n  s o  t h a t  t h e r e  is no C o r i o l i s  s l i p p i n g ,  t h e  
booms swing o u t  r a p i d l y  abou t  a s i n g l e  h inge  a x i s ,  and f l a p  r e p e t i t i v e l y ,  
s i n c e  t h e  model h a s  no l a t c h e s .  With i n t e r m e d i a t e  f r i c t i o n ,  t h e  booms 
r e a c h  a r a d i a l l y  deployed p o s i t i o n  wi thou t  e x c e s s i v e  g y r a t i o n s ,  b u t  t h e  
model d id  n o t  a l l ow a c c u r a t e  f r i c t i o n a l  matching o f  t h e  2 opposed booms s o  
t h e i r  mot ions  were n o t  i n  phase. Fur thermore ,  t h e  model had r a t h e r  s t i f f  
booms; and, hence ,  it was n o t  possible to  demons t r a t e  a d v e r s e  e l a s t i c  
de fo rma t ion  p r e d i c t i o n s .  



Boom L a t c h i n g  Cons idoua t ions  

The i n e r t i a  booms have t o  l a t c h  i u t o  an a c c u r a t e l y  c o n t r o l l e d  d e ~ l o y e d  
l o c a t i o n  because  o f  t h e  s p a c e c r a f t  mass p r o p e r t y  r equ i r emen t s .  However, 
t h e  l a t c h  a l s o  has  t o  accommodate high l e v e l s  o f  snergy  a t  l a t c h  i n .  In  
o t h e r  words, t h e  booms l a t c h  i n  f a s t  and hard .  

An a c u t e  a n g l e  c o n i c a l  p lunger  l a t c h ,  w i t h  a  s t i f f  s p r i n g  a c t u a t o r ,  mee t s  
t h e  needs f o r  a c c u r a t e  p o s i t i o n i n g  and r a p i d  a c t u a t i o n ,  though imposed 
l o a d s  a r e  h i g h ,  on bo th  t h e  l a t c h  and t h e  boom. 

From t h e  p 9 i n t  o f  view o f  high-speed deployment c a p a b i l i t y ,  t h e  t y p e  o f  
d e t e n t  d e v i c e  which can  swing o v e r  c e n t e r  and d i s s i p a t e  energy  i n  damped 
o s c i l l a t i o n s  was a t t r a c t i v e .  However, it d i d  n o t  seem f e a s i b l e  t o  d e s i g n  a  
d e v i c e  o f  t h i s  t y p e  wi th  a c c e p t a b l e  p o s i t i o n i n g  accu racy  o r  t o  f i t  w i t h i n  
t h e  a v a i l a b l e  d e s i g n  envelope  o r  t o  a t t empt  such  a d e s i g n  w i t h i n  t h e  
developmenta l  t ime span  d i c t a t e d  by t h e  miss ion  schedule. 

C u r r e n t  S t a t u s  of Boom Deployment 

The l a t c h i n g  c o n s i d e r a t i o n  and o t h e r  a s p e c t s  3f t h e  s u b j e c t  sys tem 
exempl i fy  a  dilemma which is commom i n  ae rospace  mechanism d e s i g n .  We had 
t o  come up,  ve ry  q u i c k l y ,  w i th  a  d e s i g n  which could  be r e t r o f i t t e d  w i t h i n  a  
mandated s c h e d u l e  and which would do t h e  job accept -ab ly  and r e l i a b l y .  We 
could  n o t  a f f o r d  t h e  l uxu ry  o f  s e a r c h i n g  f o r  a  s o l u t i o n  which may have been 
optimum and p e r f e c t ,  bu t  t o o  l a t e .  We a l s o  had t o  s t a r t  d e s i g n  and make 
development  d e c i s i o n s  b e f o r e  a l l  t h e  des ign  pa rame te r s  were known o r  
unde r s tood .  The c u r r e n t  boom d e s i g n  s t a t u s  is shown i n  t h e  appended 
F i g u r e s  1 t h rough  4. 

F i g u r e  1 shows t h e  angled  boom a t t achmen t  f l a n g e  w i t h  t h e  boom hub i t i s e r t e d  
i n t o  a  s o c k e t  and s e c u r e d  w i t h  angled  set sc rews  a f t e r  r o t a t i n g  abov t  t h e  
hub a x i s  t o  a l i g n  t h e  fo lded  boom t i p s  i n t o  t h e  b o o s t e r  c r a d l e s .  The booms 
a r e  fo lded  down abou t  9 d e g r e e s  p a s t  v e r t i c a l  a s  w e l l  a s  angled  back  15 
d e g r e e s  t o  avoid  t h e  s p a c e c r a f t  u m b i l i c a l  t u n n e l .  Thus, t h e  c r a d l e s  a r e  
o r i e n t e d  15 d e g r e e s  from the boom f l a n g e  mounting axes .  When t h e  
s p a c e c r a f t  s e p a r a t e s  from t h e  b o o s t e r ,  t h e  booms a r e  p u l l e d  up  o u t  o f  t h e  
c r a d l e s  and a r e  t hen  f r e e  t o  deploy .  The assembly is  s p i n n i n g  a t  
s e p a r a t i o n ,  a t  38 rpm i f  t h e  yo-yo works, o r  a t  115 rpm i f  it does  n o t .  
When t h e  boom r e a c h e s  a  deployed  p o s i t i o n ,  a  spr ing- loaded  c o n i c a l  p lunge r  
is  pushed i n t o  a  s o c k e t  i n  t h e  hub, l a t c h i n g  t h e  boom i n t o  an a c c u r a t e l y  
a l i g n e d  deployed  p o s i t i o n .  I f  e x c e s s i v e l y  h igh  C o r i o l i s  t o r q u e s  a r e  
developed due t o  h igh  s p i n  r a t e ,  t h e  hub is p o t e n t i a l l y  f r e e  t o  s l i p ,  
depending on t h e  s e t  screw t o r q u e ,  d i s s i p a t i n g  some energy.  T h i s  s l i p p i n g  
would n o t  a f f e c t  t h e  deployed  boom p o s i t i o n  bu t  o n l y  i t s  a n g u l a r  
o r i e n t a t i o n  abou t  t h e  hub a x i s .  

The boom h a s  a  t u b u l a r  i nne r  s e c t i o n ,  c o n t a i n i n g  t h e  p lunger  and s p r i n g ,  
and an o u t e r  s e c t i o n  wi th  a  v i d e  f l a t  c r o s s  s e c t i o n  (0.75 i n c h e s  wide and 
0.39 i n c h e s  deep ) .  The c o n i c a l  t i p  is to engage and s e p a r a t e  f'rom t h e  
c r a d l e .  The boom is t i t a n i u m  and des igned  a s  a  d i s t r i b u t e d  mass u n i t  t o  
match t h e  expec t ed  nominal i n e r t i a  c o n t r o l  r equ i r emen t s .  However, i t  has  a  



s e r i e s  ~f p i l o t  holes in  t he  outer s ec t ion ,  t o  eclarge a s  l igh ten ing  holes  
o r  t o  accommodate mounting small s lugs  of high densi ty  tungsten a l l o y ,  a s  
may be required for  f i na l  balance and/or i n e r t i a  t r im,  

dpdate of t he  Current S t a tus  of Boom Development 

The foregoing has described the  subjec t  ongoing development up t o  t h e  time 
of  writiag. An appropriate updating supplement h i l l  be ava i iab le  L" the 
19th Aerospace Mechanisms Synposium. 
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COHPUTER SIHULATION PLOTS 

The fo l lowing  series o f  f i g u r e s  i l l u s t r a t e  system dynamics o f  t h e  San Narco 
s p w e c r a f t  from boom r e l e a s e  th rough  l a t c h  i n .  

F i g u r e  5 shows t h e  t o t a l  energy o f  t h e  s p a c e c r a f t  system. From 0.0 seconds  
L . 11 0.47 seconds ,  energy  d e c r e a s e  is a t t r i b u t e d  to  f r i c t i o n a l  damping i n  
t h e  deployment mechanism. %ergy i n c r e a s e s  between 0.47 and 0.54 seconds  
when t h e  p r e s t r e s s e d  s p r i n g  i n  +.he c o n i c a l  p lunger  s n a p s  t h e  boom i n t o  its 
f u l l y  deployed p o s i t i o n .  Af ter  t h a t  time, energy loss is from t h e  v i s c o u s  
damping a s s o c i a t e d  wi th  boom bending.  

F i g u r e  6 is t h e  s p i n  r a t e  o f  t h e  main body. It beg ins  a t  35 rpm (3.98 
r a d / s e c )  and d e c r e a s e s  a s  t h e  booms deploy.  A t  f u l l  deployment (0.54 s e c ) ,  
its speed v a r i e s  between s t e a d y  s t a t e  and s l i g h t l y  above s t e a d y  s t a t e ,  a s  
t h e  booms' motion settles.  

I n  F i g u r e  7,  a boornfs i n i t i a l  deployment a n g l e  is 30 degrees .  4s t h e  booms 
a r e  r e l e a s e d ,  t h e  a n g l e  r educes  t o  z e r o  d e g r e e s  which is its f u l l y  deployed 
p o s i t i o n .  

F i g u r e s  !3 and 9 show c o n s t r a i n t  t o r q u e  a t  t h e  boom's hinge.  I n  F i g u r e  8 9  

t h e  t o r q u e  normal t o  t h e  deployment p l ane  is shown. It is z e r o  u n t i l  l a t c h  
i n  occ--s. T h e r e a f t e r ,  t h e  deployment mechanism resists motion,  and a 
c o n s 2 . a i n t  t o r q u e  is c r e a t e d .  

C o r i o l i s  e f f e c t s  cause  t o r q u e s  i n  t h e  deployment p l ane  i F i g u r e  9 ) .  Upon 
boom r e l e a s e ,  c o n s t r a i n t  t o r q u e s  a r e  immediately appa ren t  a s  t h e  deployment 
mechanism resists motion normal t o  t h e  deployment plane.  
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DESIGN AND OPERATION OF A DEPLOYABLE TRUSS STRUCTURE 

Xoryo Miura* 

ABSTRACT 

A new concept for the one-dimensional deployable truss structure is 
presented. The depioyed configuration of the structure consists of the 
repetition of an octahedral truss module longitudinally, and thus it is 
exactly the so-callctd "geodesic beam" structure. The principal me;hanical 
feature of the truss is that the lateral a~embers comprising the lateral 
triangular truss are telescoping beams. Contracting of th? lateral members 
results in the deploymen.; of the truss s t r ~ ~ x r c .  The geometric 
transformation of this truss of variable geometry is presented. It is 
shown that both simultaneous and sequential modes of transformation are 
possible. The validity of the transformation applied to the depl~yment is 
verified through design of a conceptual model. This concept of a deployable 
structure could be a potential candidate for future space applications. 

INTRODUCTION 

At present, the only established concept for the deployable m e -  
dimensional structure for space applications is the coilable longeron beam. 
However, a study (reference 1 )  has shown that the coilable longeron beam 
(Astromast )  i s  l i m i t e d  t o  beam dimensions of l e s s  than 1 meter because o f  
d i f f i c u l t i e s  i n  packaging the stowed energy i n  t h e  beam. For a p p l i c a t i o n s  
that  require large  beams, deployable beams with hinged longerons or  erectable 
beams must be developed. 

Recently, the Rockwell International Corporation and the Vought 
Corporation studied a number of existing structural concepts for fully 
deployable beams and platfornis (references 2, 3 ) .  In spite of these 
efforts, a satisfactory structural concept which has an advantage over others 
in every respect has not yet been found. This situation is not changed 
even if a different set of criteria for selection is used. Under these 
circumstances, the derivation of new concepts through various possible 
approaches seems to be beneficial. 

The present author has succeeded in devising a new concept for a one- 
dimensional deployable structure through a unique geometric approach. 

*The Institute of Space and Astronautical Science, Keguro, Tokyo, Japan 



The concept was v e r i f i e d  through a  conceptual  model. This  paper d e s c r i b e s  
b r i e f l y  t h e  t h e o r e t i c a l  foundat ion o f  t h e  concept ,  t h e  i n h e r e n t  mechanisms, 
and t h e  mode o f  t h e  deployment. 

DEPLOYABLE TRUSS CONCEPT 

The c o n c e p t  of t h e  deployable  t r u s s ,  which t h e  a u t h o r  proposes h e r e i n ,  
is e s s e n t i a l l y  a  t r u s s  of v a r i a b l e  geometry. Figure  1 i l l u s t r a t e s  a  t y p i c a l  
example  of t h e  p r o p o s e d  c o n c e p t  f o r  t h e  deployable t r u s s  s t r u c t u r e .  The 
fundamental module of t h e  t r u s s  is  an o c t a h e d r a l  t r u s s  composed of  a  p a i r  
of  l a t e r a l  t r i a n g u l a r  t r u s s e s  and s i x  d i a g o n a l  members. The two ad jacen t  
modules, which s h a r e  t h e  l a t e r a l  t r u s s ,  compase a  r e p e a t i n g  u n i t  of t h e  
t r u s s .  Thus ,  t h e  r e p e t i t i m  of t h e  u n i t  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  forms 
t h e  whole s t r u c t u r e  uf t h ~ l  deployable  t r u s s .  

A p a r t  of Figure  1 i s  en la rged  and shown i n  Figure  2 ,  which I l l u s t r a t e s  
t h e  v i c i n i t y  around a  l a t e r a l  t r i a n g u l a r  t r u s s .  The d e t a i l s  of  a  l a t e r a l  
member a r e  shown i n  Figure  3. Th i s  member, which is a  t e l e s c o p i n g  beam whose 
l e n g t h  c a n  v a r y ,  c o n t a i n s  i n s i d e  t h e  t u b u l a r  s e c t i o n  a n  e l a s t i c  t e n s i l e  
s p r i n g  t h a t  is  connected t o  b o t h  e n d s  of  t h e  beam. I n  a d d i t i o n ,  a  l a t c h  
i s  i n s t a l l e d  i n  t h e  beam t o  f i x  i t s  l e n g t h  a t  t h e  s h o r t e s t  s t a t e .  Figures  
4a and 4b i l l u s t r a t e  t h e  p u r e l y  g e o m e t r i c  c o n f i g u r a t i o n  of  t h e  t r u s s  i n  
t h e  c o m p l e t e l y  fo lded  and deployed c o n d i t i o n s ,  r e s p e c t i v e l y .  Figure  5 shows 
t h e  almost  fo lded  s t a t c  of t h e  t r u s s .  

The ou tward  a p p e a r a n c e  of t h e  deployable  t r u s s  shown i n  t h e  preceding 
s e c t i o n  i s  known e l s e w h e r e  i f  i t  i s  a  r i g i d  s t a t i c  s t r u c t u r e  i n s t e a d  o f  
a  s t r u c t u r e  o f  v a r i a b l e  geometry .  For i n s t a n c e ,  i n  r e f e r e n c e  4 ,  t h a t  type  
of t r u s s  (geodesic  o r  i n v e r t e d  b a t t e n  beam) is  s t u d i e d  t o  v e r i f y  t h e  t h e o r y  
of  con t inuum a n a l o g y  f o r  l a r g e  s p a c e  s t r u c t u r e s .  Ac tua l ly ,  t h i s  t r u s s  i s  
one of the  most e f f i c i e n t  l ight-weight s t r u c t u r e s  u s i n g  t h e  minimum number 
of component members. I n  t h i s  s e c t i o n ,  t h e  au thor  shows t h e  geometric t r a n s -  
format ion by which t h e  t r u s s  can be t r a n s f e r r e d  t o  a  compact c o n E i g u r a t i o n .  
With mechanisms i n s t a l l e d  i n  t h e  t r u s s  a s  descr ibed i n  t h e  previous  s e c t i o n ,  
t h e  t r u s s  becomes deployable.  

The geometric t r ans fo rmat ion  expla ined i n  t h i s  s e c t i o n  is  t h e  mode where 
t h e  fo lding/deploying is c a r r i e d  o u t  s imul taneously  through t h e  whole 
s t r u c t u r e .  Let i t  be c a l l e d  t h e  s imul taneous  mode t r ans fo rmat ion .  
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( a )  Folded (b )  Deployed 

Figure 4. Geometric Configurations of Deployable Truss 
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Let  us  consider  a  s ing le  uni t  t h a t  i s  cocposed of a  pa i r  of octahedral 
t russes  a s  shown i n  F igu re  6. I t  i s  assumed t h a t  t h e  l a t e r a l  t r i a n g u l a r  
t r u s s  i s  r e g ~ l a r ,  t h e  l e n g t h  o f  a  d i a g o n a l  member i s  a , and t h e  l e n g t h  o f  
t h e  s i d e  o f  t h e  l a t e r a l  t r i a n g l e  is b . Then t h e  geometry o f  t h e  
o c t a h e d r a l  t r u s s  is comple tc iy  d e f i n e d  by t h e  magnitude o f  a and .? . 
If a is equa l  t o  b , t h e  t r u s s  becomes a  r e g u l a r  o c t a h e d r a l  t r u s s .  We 
s h a l l  s t a r t  wi th  t h i s  c a s e  and s t u d y  how t h e  t r u s s  is t r ans fo rmed ,  depending 
on t h e  r e l a t i v e  magnitude o f  b t o  a . 

A s  shown i n  Figl i re  6a, t h e  f a c e  a n g l e  between a  p a i r  o f  t r i a i g l e s  which 
compose a coccave diamond p a t t e r n  is  t aken  a s  20 . Then we have 

For  t h e  c o n f i g u r a t i o n  of F igu re  6a, a e q u a l s  b , and t h e r e f o x  

8 = cos-' (1 /3 j  = 70.53 (deg.). 

We a r e  immediately aware t h a t  Equat ion  1 has a n o n t r i v i a l  s o l u t i o n  f o r  
8 equal t o  zero. This i s  the fundamental f ac t  on which t h e  p r e s e n t  concept  
of dep loyab le  t r u s s  depends. Thak is 

The v a n i s h i n g  or' t i le f a c e  a n g l e  8 means t h a t  :he h e i g h t  o f  each  o c t a h e d r a l  
module v a n i s h e s ,  t oo .  I n  o t l ~ e r  words, t h e  complete  t r u s s  is t r ans fo rmed  t o  
a  f l a t  c o n r i g u r a t i o n  a s  shown i n  F igu ro  6b. 

The proposed concept  o f  d e p l ~ ~ y a b l e  t r u s s  uses  t h i s  f a c t .  I f  we are 
able  t o  design the l a t e r a l  member with variable  length ( i . e . ,  a t e l e s c o p i n g  
beam), we a r e  c l o s e  t o  t h e  so lu t ion .  Let the length of the l a t e r a l  member 
vary a s  follows: 

a r b  - < = &a, 

t h e n ,  t h e  h e i g h t  of a  module h v a r i e s  between t h e  l i m i t = :  
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(b )  Folded c , I  

F igwe 6. Repoatin2 Unit of Truss 



T h i s  means t h a t ,  by e x t e n d i n g  t h e  l a t e r a l  members by a f a c t o r  of h 8 t he  
height of the  t r u s s  should v a ~ i s h .  

See  F igu re  3 f o r  a n  example of  t h e  l a t e r a l  t e lescoping  member. This 
member cons i s t s  of an ex t e rna l  tube, an inner  tube, a t e n s i l e  e l a s t i c  sp r ing  
i n s i d e  t h e  t u b e ,  and a l a t c h  mechanism t h a t  i s  ac tua t ed  when t h e  member 
is shortened t o  a de f ined  l e n g t h .  The d f  agonal  members a r e  f i x e d  l e n g t h  
members. Although the  hinge mechanism is  not shown i n  d e t a i l ,  i t  is designed 
t o  follow the movement of t he  t russ .  Figure 5 shows t h e  shape  of  t h e  t r u s s  
a t  a lmos t  f u l l y  f o l d e d  s t a t e .  T h i s  r a t h e r  s t r a n g e  ro id ing  mechanism may 
be somewhat beyond one's ins igh t .  It i s  e a s i e r  f o r  one  t o  unde r s t and  t h e  
mechanism through a three-dimensional k i n e t i c  model. 

GEOMETRIC TRlLYSFORMATION OF THE TRUSS (SEQUENTIAL MODE) 

Theoret ical ly  speaking ,  a geome t r i c  t r a n s f o r m a t i o n  i n  a s e q u e n t i a l  
mode is  p o s s i b l e  i n  which each  module i s  deployed successively and o the r  
modules remain fixed. Because t h e  s e q u e n t i a l  mode i s  i m p ~ r t a n t  from t h e  
point of view of deployment cont ro l ,  we w i l l  s tudy t h a t  mode i n  t h i s  section. 

Figure 7 shows the  zone of t he  t r u s s  where t h e  s e q u e n t i a l  deployment 
i s  underway. For c l a r i t y  of  explanat ion,  it is b e t t e r  t o  d iv ide  t h e  whole 
t r u s s  i n t o  the following three  zones: t he  deployed zone, the  t r a n s i e n t  zone, 
and t h e  folded zone. It is assumed t h a t  the  trcss comprises n l a t e r a l  t r i an -  
glilar t r u s se s  and n-1 nodules .  The p r e v i o u s l y  mentioned t h r e e  zones a r e  
explaine2 3s follows: 

Deployed Zone - Trans t en t  Zono Folded Zone 

Latera l  t r u s s  1,2,3,..... i-1 i i+l,..... 

Module 1,2,3,......1-2 i-1, i i , i + l ,  . . . 
The important f a c t  i s  t h a t  t h e r e  e x i z t s  a geome t r i c  t r a a s f o r m a t i o n  

which a l l o w s  t h e  c o n t r a c t i o n  o f  the  i - th  l a t e r a l  t r i a n g u l a r  t r u s s  and the  
following deployment of the  (i-1)-th and i - t h  modules w i thou t  i n t e r f e r i n g  
with o ther  zonen of the t russ .  

The sequence of motions of t he  t r u s s ,  which c o n s t i t u t e s  t he  cont rac t ion  
of the  i-th l a t e r a l  t r u s s ,  is explained as f o l i ~ w s :  When the  i - th  t r i angu la r  
t r u s s  s t a r t s  c o n t r a c t i n g ,  i t  is r a i s e d  from the  base and t h e  i - t h  module 
s t a r t s  t o  deploy. Before t h a t ,  the  (i-1)-th module is  p a r t i a l l y  dep loyed ,  
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Figure 7. Sequential Mode Deployment 



and is continuing to deploy. When the i-th lateral truss finishes its contrac- 
tion and is latched, the (i-1)-th module completes the deployment. The se- 
quence of this process is illustrated in the series of figures in Figure 8. 

The relation between the length of the diagonal membx a , the lenqth 
of the lateral member b , and the height of the morhle h is obtained 
easily by using Figure 7. If a and b are conrected with the variable 
parameter .Ic , 

b = k-a, where J ? I k l l ,  - 

then, the heights of the modules are 

h , = / ( 2 + k - k 2 )  1 3 - a ,  ( (i-1)-th module ) (6) 

= m- k2/3 0. ( i-th module ) (7) 

From a practical standpoint, the sequential mode transformation 
possesses a great ~dvantage over the simultaneous one. This is because in 
the former case the c!eploying/folding takes place near the base and thus 
design of the mechanism is simpler. The outer truss is then al~ays extending 
from the base as a rigid structure. 

C0NCEPTUF.L MODEL 

Although 'here is no doubt of the validity of the geometric transtcrma- 
tions, a model i . 3 ~  been constructed to demonstrate the concept. This model, 
made of acrylic glass tubes and aluminum hinges, is shown in Figure 9. The 
deployment of the modtl in a sequential mode is shown in the series of photos 
in Figure 10. The model ;*arks as expected and demonstrates the validity 
of the geometric ttansCorrnatfon. 

CONCLUDING REMARKS 

A new concept for the one-dimensional deployable truss structure is 
presented. The deployed configuration of the structure cmsists of the 
repetitlon of an octahedral truss module longitudinally, arid thus is exactly 
the so-called "geodesic beam" structure. The principal mechanical feature 



ORIGINAL PAGE 19 
OF POOR QUALlTY 







of the truss is that the lateral members comprising the lateral triangular 
truss are telescoping beams. Contraction of the lateral members results 
in deployment of the truss. The geometric transformation of this truss of 
variable geometry is presented. It is shown that both simultaneous and 
sequential modes of deployment are possible. The validity of the concept 
is verified by means of a conceptual model. Though the study is in its 
initial phase, this concept for the deployable truss structure seems to have 
qualities suitable for space applications. 
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DESIGN AND TEST OF A LOW-TEMPERATURE 
LINEAR DRIVERIRATE CONTROLLER 

Char les  H. Lowry 

ABSTRACT 

This  paper d e s c r i b e s  t h e  des ign  and t e s t i n g  of a  f o r c e l r a t e  c o n t r o l  device  
used t o  deploy an Ear th  s h i e l d  on an o r b i t i n g  s a t e l l i t e / s e n s o r . : T e s t  exper ience ,  
f a i l u r e  modes, and a p p l i c a t i o n s  a r e  emphasized. 

INTRODUCTION 

The T e a l  Ruby Exper imen t  (TRE) i n v o l v e s  an Ear th-orbi  t i n g  i n f  r a red  sen- 
s o r .  The TRE program, which is b e i n g  c a r r i e d  o u t  by Rockwel l  I n t e r n a t i o n a l  
C o r p o r a t i o n ,  Space  Transpor ta t ion  and Systems Group, i s  sponsored by t h e  De- 
f e n s e  Advanced Research P r o j e c t s  Agency and managed by t h e  Depar tment  o f  t h e  
A i r  Force, Space Divis ion Headquarters.  The P80-1 s p a c e c r a f t  provides  a  s t a b l e  
o r b i t i n g  p la t fo rm f o r  t h e  TRE sensor .  

The o b j e c t i v e s  of  t h e  TRE a r e :  ( 1 )  t o  demonstra te  t h a t  coopera t ive  a i r -  
c r a f t  can be d e t e c t e d  from space wi th  an  tnfrared- type s e n s o r ,  ( 2 )  t o  e s t a b -  
l i s h  a  g l o b a l  da tabase  i n  s e v e r a l  infra7:ed s p e c t r a l  bands t h a t  w i l l  be u s e f u l  
i n  d e f i n i n g  f u t u r e  space s u r v e i l l a n c e  systems,  and ( 3 )  t o  d e m o n s t r a t e  m o s a i c  
i n f r a r e d  sensor  technology i n  space. 

The TRE sensor  mosaic f o c a l  p lane  d e t e c t s  i n f r a r e d  energy r a d i a t e d  t o  
space  from t h e  Ear th  i n  d i s c r e t e  s p e c t r a l  bands. The f o c a l  p lane  and i n t e r i o r  
o p t i c s  of t h e  t e l e scope  a r e  cooled t o  c r y o g e n i c  t e m p e r a t u r e s  by a  s o l i d  
c r y o g e n  s y s t e m  t h a t  i s  i n t e g r a l  t o  t h e  sensor  assembly. Three e l e c t r o n i c  
boxes mounted on t h e  P80-1 s p a c e c r a f t  f u n c t i o n a l l y  s u p p o r t  t h e  s e n s o r  
assembly. Figure  1 shows t h e  TRE mounted on t h e  P80-1 s p a c e c r a f t .  

- Figure  1 a l s o  shows t h e  E a r t h  s h i e l d ,  which i s  u s e d  t o  i n t e r c e p t  
i n f r a r e d  energy and r e f l e c t e d  s o l a r  r a d i a t i o n  from t h e  E a r t h ' s  s u r f a c e  and t o  
p r o t e c t  t h e  sensor  from t h i s  h e a t  load.  The Ear th  s h i e l d  i s  s towed  d u r i n g  
launch and u n t i l  f i n a l  o r b i t  i s  achieved.  Then, on command from t h e  E a r t h , a  
pyro dev ice  r e l e a s e s  l a t c h e s  and permits  t h e  E a r t h  s h i e l d  t o  p i v o t  i n t o  i t s  
deployed p o s i t i o n  (Figure  1 )  

T h i s  p a p e r  d e s c r i b e s  t h e  m e c h a n i c a l  s y s t e m  d e s i g n e d  and provided f o r  
deployment of t h e  r e l a t i v e l y  l a r g e ,  l i g h t w s i g h t  TRE E a r t h  s h i e l d ;  and d i s -  
c u s s e s  t h e  a d v a n t a g e s  of t h i s  des ign  and how i t  could be p r o f i t a b l y  used i n  
o t h e r  a p p l i c a t i o n s .  

6 5 
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Figure 1. Teal Ruby Experiment with Earth Shield 

Single (one-shot) deployment of mechanical and structural 
devices/members in space of ten requires a one-way drive mechanism coupled 
with a rate control device to move deployables into operating position while 
simultaneously controlling dynamic loado. The drive mechiinism must be simple, 
reliable, and capable of providing the required force with an adequate margin 
throughout a prescribed temperature range. The rate controller must operate 
effectively and reliably throughout this temperature range while it limits 
velocities and loads in the system. Gases or fluids must not leak out, be- 
cause the device would become ineffective and could contaminate surrounding 
hardware. 

As the United States Space Program moves toward large space platforms, 
more requirements that involve deployment of basic structural members, anten- 
nas, and solar arrays will appear. Therefore, more attention will be focused 
on driverlrate controller devices. Standardization of concepts, if not stand- 
ardization of specific designs, could result. To distribute loads and make 
deployment systems more failure tolerant, several of these devices may be 
used in parallel in a typical application. 

The device described in this paper is a low-temperature, linear 
driverlrate controller (LDRC) that has been tested and proven effective in 
controlled deployment applications. The LDRC employs a compression spring for 
storing energy and a unique welded bellows system to prevent leakage of the 
low-pressure gas used in the orifice system. Through use of metal bellows and 
welds in all pressurized joints, it provides a hermetically sealed container 



that is without the conventional static or dynamic seals that can become 
potential leak paths. Further, positive pressurization of the device is 
verifiable up to the time of launch through ube of an external mechanical 
indicator. 

Specific design features in the device, methods of simulating zero-g 
testing, test results, problems encountered, problem resolutions, and 
pe~formance data are all topics that are discussed in this paper. 

DESIGN REQUIREMENTS 

The LDRC was designed to deploy a specific Earth shield from its stowed 
position to its fully deployed position within a prescribed time period and 
without inducing excessive loads. Specific design requiraments that 
influenced the chosen concept included the following: 

For redundancy two independent but identical LDRC ' s will be used. 

The initial deployment force in the stowed position will be 18 kg 
(40 lb) maximum, Upon release, the LDRC will linearly stroke 11.7 cm 
(4.62 in.). The final force at the end of a stroke must be at least 
3.7 kg (8.2 lb). 

Stroke time will be 3.0 sec minimum and 15 sec maximum. If one LDRC 
loses its damping capability, the other one will ensure proper 
system perf olmance. 

Positive prevention of leaks will be emphasized in the design. 

The prescribed volume envelope will be met, and weight will be 
minimized. 

Dynamic performance will be in accordance with Figure 2, 

A pressure indicator will LC provided to verify tha t  iic leakage of 
damping fluid has occurred just before launch. 

A tracer fluid will be used for leak testing on the ground. 

The operating temperature range will be from 380°~ to 172OK. 

The device will meet these requirements after exposure to boost 
dynamics and acoustics. 

DESIGN 

The design concept chosen involved a basic spring thruster and viscous 
damping. A gaseous fluid was chosen because of its relative insensitivity to 
temperature and because of the system elasticity it provides. 
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Figure 2. Acceptable LDRC Operating Dynamic Envelope 
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Leakage of this fluid was a major concern because of possible contamina- 
tion and also because of changeout and retesting of the actuator, if carried 
out during critical system environmental testing oc late in the sensor check- 
out and prelaunch phase, would cause schedule delay. Therefore, a totally 
enclosed, low-pressure gas system, hermetically sealed by welds, was chosen. 
Conventional static or dynamic seals were not required to maintain the gas 
in the device. Metal bellows were employed co contain the damping fluid while 
they allowed the actuator to stroke. The spring thrust system that was chosen 
is unique because it uses the metal bellows to supplement the force produced 
by the main thrust compression spring to produce a resultant force versus 
stroke curve ideal for this application (i.e., high force at the beginning 
of a stroke, tapering down to the prescribed holding force at the end of a 
stroke. ) 

Figure 3 shows the designed of the LDRC device for this application in 
its relaxed or deployed position. For installation il-1 the stowed Earth shield, 
the main thrust spring is compresszd when the retraction rod is pulled to 
the left. A latch device is not provided, because the LDRC is held In this 
position by the stowed Earth shield. A separate pin-puller latch system is 
provided elsewhere on the Earth shield to initiate deployment and allow the 
LDRC to stroke. 

The LDRC is made up of the following pri,cipal parts and constituents: 

o Main thrust spring 

Bellows 



/ 
Internal Dynamic Seal 

Pressure lnd~cator 

Orifice 

Force 
. '""""I ,&I" 

Plenum 

Figure  3. Einear  DriverIRate  C o n t r o l l e r  

8 O r i f i c e  

8 F i s t o n  

8 Gas 

0 Pressure  i n d i c a t o r  

0 Ilousing 

0 R e t r a c t i o n  rod 

The main t h r u s t  s p r i n g  i s  conta ined i n  a s e p a r a t e ,  removable p a r t  of tb:e hotis- 
i n g  t o  f a c i l i t a t e  assembly and t o  provide  access  t o  t h e  s p r i n g .  This  f e a t o r e  
a l lows changeout t o  a  s t r o n g e r  o r  weaker s p r i n g  t o  be c a r r i e d  o u t  as r e g u i r e -  
ments change .  P r o v i s i o n s  were  a l s o  made t o  accommodate d u a l ,  nes ted  c o i l -  
s p r i n g s ,  should they be needed .  T e s t s  o f  t h e  s y s t e m  v e r i f i e d  t h e  a d e q u a c y  
of t h e  p resen t  s p r i n g ,  whose performance i s  shnwn i n  Figure  4. 

The bellows,  which we l i  t h e  most cha l l eng ing  a s p e c t  o f  the LDRC d e s i g q ,  
were  t h e  cnlg  a r e a  i n  which f a i l u r e s  were experienced.  The beliows s u p p l i e r ' s  
a n a l y t i c a l  methods i n d i c a t e d  t h a t  the  c r i t i c a l  parameter i n  t h i s  a p p l i c a t i o n  
would be bellows t e n s i o n  l o a d s ,  and a  c o n f i g ~ l r a t i o n  was eo tab l i shed .  The bel-  
lows were i n i t i a l l y  amde from AHS 350 n t r i . n l e s s  s t e e l .  A f t e r  s e v e r a l  f a i l u r e s ,  
mark c o n v o l u t i o n s  were  added t o  b o t h  b e l l o w s ,  t h e  h e a t - t r e a t e d  l e n g t h  was 
modified,  and t h e  m a t e r i a l  was changed t q  I n c o n e l  718. These  m e a s u r e s  w e r e  
a imed a t  r e d u c i n g  s t r e s s .  The hea t - t r ea ted  " f ree"  l e n g t h  is import an^ t o  t h e  
es tabl ishment  of d e s i r e d  s p r i n g  f o r c e  c h a r a c t e r i s t i c s  and t o  t h e  . o n t r o l  o f  
t e n s i l e  s t r e s s  i n  t h e  bellows. Thc primary f a i l u r e  mode i n  t b e  bellows fnvolved 
excess ive  t ens ion ,  which is f u r t h e r  d i scussed  i n  a  l a t e r  s e c t i o n .  

I n s t a l l a t i o n  o f  t h e  b e l l o w s  i n  t h e  LDRC i s  shown i n  F igure  3. Each 
at tachment of t h e  bellows 1.9 done through t u n g f . t e n  inr:rt gas  (TIG) welding. 
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Figure 4. Force Versus Stroke Envelope 

A l l  weld j o i n i s  .me i d e n r i c b l ,  so t h a t  weld schedules a r e  uniform. Welds a r e  
v e r i f i e d  by p r e s s u r e  l e a k  t e s t i n g  a t  subassembly  l e v e l .  No l e a k s  were  
experienced i n  t h i s  t e s t i n g  by any of t h e  u n i t s  f a b r i c a t e d .  

The t h r u s t  c o n t r L b u t i o n  of the b e l l o w s  i s  shown i n  Figure  4. Plthough 
one of t h e  bcllows is  compreased and t h e  o t h e r  b e l l o w s  a r e  e x t e n d e d  chrough  
a c t u a t i o n  of t h e  LDRC, b o t h  have s i m i l a r  f o r c e / s t r o k e  curves.  Both provide 
oppos ing  f o r c e s  t o  t h e  s p r i n g  s y q t e  n e a r  t h e  end of a s t roke .  This  : r ~  

governed by t h e  posi t icm i n  which t t e  beliows a r e  h e l a  dur ing h e a t  t r e a t i n g ,  
wklch e d t a b l i s h e s  t h e  "f ree"  t e n s t b  of t h e  b e l l n ~ s .  

The s i z e  of t h e  o r i f i c e  c o n t r o l s  t h e  damping fo rce .  (The o r i f  i c e  is  a 
simple d r i l l e d  ho le  i n  an  o r i f i c e  p l a ~ e . )  Dual o r i f i c e s  c o u l d  have  been  
p r a v i d s d  f o r  redundancy: id,. t h i s  des ign was no t  adopted because it would 



have resulted in extremely small orifices. lie location of the orifice iu 
:\is application was selected because it was necessary to have changeout 
apability in the event that performance requirements changed. Thus the 

orifice is located in an exterior porting system, &a shown in Figure 3. 
In~tallation of the orifice directly into the piston is desirable because it 
minimizes the vulnerability of the exterior porting system. 

The piston shown in Flgure 3 is rather inert; it contains only an 
omniseal for sealing b-tween bellows chambers t h ~ t  are internal to the 
hermetically sealed system. Any leakage that occurs at this seal during 
actuation is considered repeatable and accounted for in performance testing 
of the LDRC. In other apnlications, as 4ndicated previously, it may be 
advantageous to incorporate the orifice in the piston. 

The damping gas chosen was 95 percent dry nicrogen and 5 percent h ~ l i -  
um. Nitrogen was chosen because it is relatively dense, inert, and inexpen- 
sive. The helium is used iu postmanufacturing checkout and leak check. The 
system is pressurized at a 2-atmosphere gage reading, which provides a gas 
density sufficient for efficient damping but at a pressure low enough to avoid 
stressed joint problems. 

A pressure indicator such as that shown in Figure 3 was provided for 
long-term monitoring. This device is essentially another bellows that can be 
monitored periodically against a fixed, galno-go scale just before launch. 

The housing is primarily made up of simple, turned parts. Aluminum is 
used in the spring thrustel housing, but steel is used in those areas where 
welding is necessary. 

The retraction rod and the mcunting interface on the other end of the 
LDRC are equipped with spherical bearings to facilitate a1 ignment duzing 
sc'ruat ion. 

ANALYSIS 

The design and performance capahility of the LDRC was largely verifie 
by analysis. In addition to the usual static strew analyses, a ve-datilz 
dynamic model was constructed to demonstrate the kinematics of the Earth 
shield panels, the force history of the LDRC, and the time history of 
deployment. This model can accommod~~te a family of orifice diameters, spring 
rates, initial gas pressures, and piston diameters. 

From a loads stardpoint, the key parameter is the panel deployment 
velocity at the end of a stroke, which produces impact loads as the panels 
drive into their stops. By variation of the orifice and sprin, parameters, a 
final deaign configuration was established. The only uwertainty was the 
precise orifice diameter, and finalization of this parameter wab rele~ated to 
development testing of the LDRC; in a system simulator. 
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Figure 5 shows a deployment h is tory  of t he  two main panels of t he  E a r t h  
sh ie ld .  It can be seen tha t  the  outer  panel has a major  i n f l u e n c e  0.1 t h e  
behavior of t he  inner  panel and the  LDRC. The ou te r  panel is  released from 
i t s  stov-d pos i t ion ,  which allows the  LDRC t o  begin i ts s t r o k e .  The w t e r  
pane l  p i v o t s  around t h e  t o p  of t h e  i n n e r  panel,  dr iven by spring-d::iven 
hinges. A s  the  inner  panel is deployed by d i r e c t  force  from t h e  LDRC, t h e  
outer  panel completes i t s  excursion t o  i ts  hinge-stop p o a ~ t i o n .  This maneuver 
kicks energy back i n t o  the inner  panel and thus i n t o  the  LbRC, driq:hg them 
temporarily i n  a reverse d i rec t ion .  This can be ser?  i n  Figure 6 ,  whicii ?haws 
t h e  i n n e r  pane l  s t r o k e  h i s t o r y .  Th i s  a n a l y s i s  was u s e f u l  i n  r ,ot j , in ,n 
parameters t o  ensure t h a t  a l l  such perturbat ions wc e damped out  befrire t i r ~  
system approached i t s  s tops ,  enabling the  system t o  avoid high-inpact loads 
and rebounds. The LDRC d i sp l acemen t  and f o r c e  h i s t o r y  c u r v e s  &ow. i n  
Figure 7 r e f l e c t  t h i s  act ion.  A s  t he  LDRC is  driven backward, damping becomes 
e f f e c t i v e  i n  t h a t  d i r ec t ion ,  a l so .  

Inner I I 

Deployment History 

Stowed / 

r27 t = 8.6sec - -  - . 

Figure 5. Earth Sh ie ld  Deployment Histocy 
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After system level testing was completed, the analytical model was 
verified to be representative of actual system behavior. The only variable 
that changed after the analysis was completed was the orifice diameter. 

TESTING 

The only development testing carried out involved a series of tests 
performed with a complete LDRC. No lower level assembly tests were run. The 
development tests werc run with different LDRC orifice diameters at operating 
temperature extremes. The LDRC was linked to a two-beam panel simulator on an 
air-bearing table. The beams were mechanized like the main Earth shield panels, 
with the proper hinges, springs, and stops, and were repreesntative of the 
uass and moment of inertia of one half of the Earth shield panels. They were 
supported by the air-bearing table in such a way that they couLd be deployed 
in a plane that was parallel to the tahle top in a relatively frictionless 
manner. This kind of test was used to minimize the effects of 1-g force. As 
a result of these tests, the final orifice configuration was established as 
a 0.5- (0.020-inch) diameter drilled hole, and overall LDRC performance 
with a simulated panel system was verified. 

Other testing that was accomplished included acceptance testing of each 
unit built and qualification testing of two units. Test envii-oments were 
characterized by random vibration and thermal cycling. Lif c cycling and 
extensive leak testing were also carried out. 

The only test failure encountered occurred during thermal vacuum 
testing, when a crack in one of the bellows allowed leakage of the damping 
gas. A failure analysis was performed, which led to the conclusion that the 
bellows were structurally inadequate, and the failure mode was low-cycle 
fatigue. (This failure mode results from continuously cycling the bellovs 
under loads in which the loczi elastic limit is exceeded.) A crack that starts 
during this testing will propagate with the number of cycl.es completed. The 
bellows tested had underpne approximately 300 cycles. 

The bellows, which consist of a series of stamped-out disks with holes 
in the center, have outside and Iixide diameter (ID) surfaces that are welded 
as shown in Figure 8. As the bellows arc extended, a load is produced at the 
weld that tends to pry the weld bead apart D r  to fail the disk in bending 
at the edge of the weld. The level of stress produced depends on the materi- 
als and the deflectfon from the heat-treated position. As shown in Figure 
8, the pressure on the outside of the bellows aggravates the load condition 
at the (ID) welds. 

The leaking bellows were sectioned and examined. Cracks were observed 
in numerow locations along the heat-affected zones in the disks. See Figure 
9 for a view of the interior of the bellows, where. the leak area is identi- 
fied. Figure 10 shows a view of the heat-affected zone, and multiple cracks 
that have not yet become leaks are visible there. Figure 1 1  shows a cross 
section of the weld area where a crack is lccated that has progressed through 
approximately 20 percent of one of the disks. 







A s  d i s c ~ s s e d  e a r l i e r ,  t h e  s o l u t i o n  t o  t h i s  problem involved adding more 
c o n v o l u t i o n s  t o  t h e  b e l l o w s ,  h e a t  t r e a t i n g  t h e  f i n i s h e d  b e l l o w s  t o  a 
p resc r ibed  l eng th ,  and changing t h e  bellows m a t e r i a l  t o  Incone l  718. T e s t s  t o  
d a t e  have v e r i f i e d  t h i s  f i x .  

The LDRC descr ibed i l l  t h i s  paper o f f e r s  a  s i m p l e  s o l u t i o n  t o  a  c l a s s i c  
m e c h a n i c a l  deployment  problem.  T h i s  d e v i c e ,  which c o n t r o l s  time-to-deploy- 
ment, end-of-stroke v e l o c i t i e s ,  and end-of-stroke holding f o r c e ,  is r e l a t i v e -  
l y  i n s e n s i t i v e  t o  t e m p e r a t u r e  c h a n g e s  and can f u n c t i o n  a t  extremely low o r  
h iga  temperatures.  With proper bellows s e l e c t i o n ,  leakage of t h e  damping f l u i d  
is  not a  c r e d i b l e  f a i l u r e  mode. 

L a r g e r  o r  smal le r  ve r s ions  of t h e  LDRC can be used i n  a  number of a p p l i -  
c a t i o n s  where c o n t r o l l e d  deployment is a  requirement.  Through v a r i o u s  f a c t o r s  
s u c h  a s  g a s  p r e s s u r e ,  o r i f i c e  s i z e ,  p i s t o n  diameter ,  a ~ d  s p r i n g s ,  t h e  range 
of a p p l i c a t i o n  of the  b a s i c  concept i s  broadened. Tr: a d d i t i o n ,  t h e  LDRC d e s i g n  
employs  components t h a t  c a n  be  r e l i a b l y  s i m u l a t e d  wi th  a n a l y t i c a l  methods 
which e l i m i n a t e s  t h e  need f o r  e x t e n s i v e  and expensive t e s t i n g ,  w i t h  t h e  pos -  
s i b l e  e x c e p t i o n  o f  t h e  b e l l o w s .  To minimize r i s k s  i n  t h i s  a r e a ,  development 
t e s t s  should be run i n  which new b e l l o w s  c o n f i g u r a t i o n s  r e c y c l e d  t o  v e r i f y  
whether they a r e  working w e l l  w i t h i n  t h e i r  e l a s t i c  l i m i t s .  
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EVOLUTION FROM A HINGE ACTUATOR MECHANISM TO 
AN ANTENNA DEPLOYMENT MECHANISM FOR USE ON THE 

EUROPEAN LARGE COMMUNICATIONS SATELLITE (L-SAT/OLYMPUS) 

Martin D. k ' A t h *  

ABSTRACT 

This paper describes the evr>!ution of  an antenna deployment mechanisni (ADM) from a hinge 
actuator mechaniam (HAM). f i e  result is a mechanism capable of deploying large satellite append- 
ages in a controlled manner. 

The development testing of  the HAM identified many improvements t c  thc concept which 
were incorporated into the ADM. Both of  the designs are described in detail and the improvements 
made to the ADM are highlighted. 

INTRODUCTION 

The hinge actuator mechanism (HAM) concept was developed by British Aerospace (BAe) in 
response to an ESTEC development programme.' The experience gained in developing the HAM has 
been applied in the design of  the antenna deployment mechanism (ADM), which originally was for 
the OLYMPUS telecommunications satellite programme but has been h r the r  developed for the 
UNISAT and EUROSTAR sate!lite programmes. 

The HAM was conceived as a device able to deploy large satellite appendages i.n a controlled 
manner with a low speed of deployment such that the disturbance impulse to  the satellite was 
minimal. The energy supply to  power the HAM was self-contai~ed and required no  externzl dctuator 
t o  enable operation. The appendage to be deployed would be held down to the satellite by a pyro- 
technic release assembly, release of the mechanism would only require power to fire thz pyrotechnic 
and would therefore minimize power requkeinents for deploymeat. 

The development of the ADM, which required a significant increase in the aviilable deployment 
torque coupled with a decrease in rotational speed, minimizes any iiicrease in size or  mass. 

Details of the ADM application within the OLYMPUS antenna deployment subsystem has 
been included to show a tyk :a1 app!iwtion of the ADM and to highlight the operational require- 
ments to be satis5ed by the mechanism. 

MECHANISM DESCRIPTION 

Hinge Actuator Mechanism 

Esseniiallv, the HAM is a shaft supported on rolling element bearings that is driven by a large diam- 
eter helical torsion spring. The shaft, which in application, would be coupled to a large inertia, has 
its rate o f  de#loyment controlled by an eddy current damper which is dnven by a shaft at  high 
speed via a high ratio gearbox (F ig~re  1 ). 

*Space 1% Comrnlinizations Division, British Aerospace, Stevenage, Herts, U~uted Kingdom. 
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Shaft and Main Bearings 

The main shaft is supported by a deep groove ball bearing and lineai bearing assembly. The deep 
groove bearing provides the axial location and the in-line linear bsiuing allows for thermal expansion. 
The bearings and shaft are sizcd t o  accommodate anticipated launch loads of 30  g acceleration act- 
ing on the 12  kg mass. Liquid lubricant was used for the main bearing for a low friction torque. The 
linear bearing was not lubricated but ran on a sd id  molybdenum disulphide film. Both bearing 
housings were mounted on a common base to reduce misalignment. In a flight case it was antici- 
pated that any in-line bearings would be separated by about 1 meter and would support an antenna 
backing structure. As previously stated these bearings would be designed to support only radial 
loads, the axial movement being unrestrained to  accommodate thermal expansions. The shaft in the 
HAM represents the backing structure, and was manufactured from steel. The bearing housings and 
base were manufactured from aluminium alloy for lightness. 

Spring 

The drive spring is a large diameter helical torsion type driving the output shaft directly. The spring 
is housed within the gearbox and damper subassemblies and attaches to  the main shaft adjacent to 
the main bearing. The housing allows sufficient clearance for the increase in diameter of the spring 
during deployment and provides adequate support. 

The spring has been sized to generate a torque of 1 Nm, providing a comfortable margin over the 
anticipated resistive torque limit of 0.5 Nm. The steel wire spring was solid lubricated ~ i n g  a 
molybdenum disulphide film to reduce friction between the coils and housing. 

Gears 

The output shaft of the HAM drives the damper assembly via a high ratio gearbox. The overall gear- 
box ratio of 225:l is obtained using four passes, this is to minimize the size of the gearbox while 
maintaining adequate tooth strength. During deployment the damper will balance the excess spring 
torque, the gearbcx must therefore be capable of transmitting 1 Nm applied at  the drive shaft. 

The gears are isolated from the deployable structure launch Imds by mounting them u t  board of 
the main bearing. Tht  geals and their associated bearings need only be cpab le  of trmsmjtting the 
torque and containing thc gear separation forces during deployment. Because of the high overall 
ratio thi friction torc,ue must be minimized. Therefore, the gears are dry film lubricated using 
tno!ybdc.-,um dkulphitle a i d  the bearing are oil lubricated with Fombiin Z25.  

An escapement device was incorporated into the design to eliminate any excessive torque being 
applied to tile gearbox whm back-drivefi, thus the design allows simple integration and stowage 
of the appendage to be deployed. 

The escapement device is a one way rolling element clutch that is oil lubricated using Fomblin 223. 

The gears are standard spur gears with the full tooth form and 20" pressure angle. Because of the 
method of lubrication thc g e m  were manufactured from stainless steel and surface hardened tc  6G 
Rockwell 'C'. 
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An eddy current damper IS uscd wfich xtilizes the damping effect of eddy currents induced within 
a conducting disc rotating in a magnetic field. The induced current, and the energy dissipated, is re- 
lated to  the speed of rotation and the magnetic field strength. The speed necessary to  provide damp- 
ing can be minimized by optimizing the field with respect ts the magnetic geometry. 

The magnetic circuit was created by 1 ' magget pairs (Figure 2), set radially on the damper housing. 
Simple bar mrignets with shaped pole pieces to  emcentrate the fiux between the magnets were use: 
to optimize the magnetic field. Commercially available samarium c o h l t  Y;pets and low carbon 
steel pole pieces werc used. C 

Mass 

The total mass of 1.45 kg could be significanily reduced by the aaoption of lightwei@it materials, 
for example an aluminium shaft and Delrin, an acetal copolymer resiq, could be cotl?r;..,'tered for the 
housing and gear materials. 

Performance of khe HAM 

A test programme designed to fully test the HAM against its design requirements resulted in the 
following evaluation of the HAM. 

Figwe 3. HAM Magnet Layout 



The HAM satisfied all the functional tests and operating reliability with the exception of depl ~ r -  

ment speed. Tile damper design use,' , pure aluminium disc and the actual manufactured unit used 
an aluminium alloy with a higher rr,. iivity. Under test a deployment speed of 1.3 deg.sec'' was 
obtained. This speed compared with a calculated figure of I .:. aeg.iec-I (using the higher resisitiv- 
ity). The accuracy of deployment was well within 0.05', being O.O1° with a repeatability of d e r b y -  
ment better than t0.004'. 

Conclusions 

The HAM programme proved that it was feasible to ~ r o d u c z  a mechanism capable of accurately 
deploying an inprtia, reliably and s t  a controlle? speed. The error in the deployment speed czused 
by a change in disc material highlighted the sensitivity of the eddy current damper and magnetic 
field theory, and the difficulty of rzliably predicting the magnetic field strength and the speeds a t  
which the desired ddmping torques could be achieved. 

DEVELOPMENT OF THE ANTENNA DEPLOYMENT ME "HANISM 

The OLYMPUS telecommunications satellite programme required r. multipurpose mechanism 
capable of a variation in t o y u e  output and deployment angle but able to control the ratc of deploy- 
ment for c '  expected output torques. During development of the ADM, experience that wis gai:li:d 
from the HAM programme was extensively applie:' t o  the ADM'q design. The areas where the most 
significant improvemellts were made have been highlighted wiihin this paper. 

The ADM concept is fundamentally the same as that of the HAM (i.e., a spring driven shaft 
mounted in rolling element bearings and controlled by an eddy current dalnper). The design require- 
ments for the ADM, which have been modified to satisfy the lllultiourpose roles, are summarized 
for comparison with 'hose of the HAM as follcws: 

Hinge capsci;y-Up to 27 Nm damping rc jdirement 

Deployment angle- Up to 90' 

Deployment accuracy and repeatatility-k0.0 1 " 

6 Resisiive torque--0.5 Nm 

@ Lifetime-5 years storagc, 50 'ground' operations, 10 year operational life 

n Drive torqae-At least 5 times resistive torque 

. . . '-e shock to  spacecraft-,' ! Nms 

: ~ds-27C0 N in any direction 

' : design impruvements in spring motor and damper design are highiighted in the fol- 
!owilia , ..graphs. 





Eddy Current Dam~ine: Theorv 

Equation 1 has been derived from the theory covered in "Permanent  magnet^."^ This equation pre- 
dicts the damping torque that may be expected from a disc rotating within a magnetic field. 

Td = 2 B2 r2 abt >d N 
SP 

A magnet pole is assumed to  generate a rectangular magnetic field. See Figure 4. 

Where, 
B = 
a = 
b = 
r = 
N = 
t =  
P = 
Wd = 
Td = 

Mpgnetic field strength (Tesla) 
Field or magnetic width (m) 
Field or magnetic length (m) 
Mean radius of magnets around disc of rotation (m) 
Total number of magnets around disc housing (m) 
Thickness of the conducting disc (m) 
Resistivity of conducting disc ( a m )  
Angular velocity of conducting disc (radlsec) 
Damping torque generated by the disc (Nm) 

The magnetic field strength in the gap between the magnets is estimated from equation 2. 

N magnets 

Figure 4. Dam pcr Theory Figure 



Where, 
B = 
Br = 

- K, - 
- 

K2 - 
Ag = 
Am = 
Lg = 
Lm = 

Flux density in gap 
Remanance of magnet material 
Leakage factor 
Magneto motive force factor 
Cross-sectional area of gap 
Cross-sectional area of magnet 
Length of gap 
Effective length of the magnet 

(Tesla) 
(Tesla) 

In equation 1, where a d  and Td represent the speed and torque in the damper, the output speed 
and torque may be represented by the expressions, 

T o d  = o. G and Td = 

where G = gear ratio between the damper disc and output shaft. 

By substitution into equation 1 and by rearranging equation 3 is obtained. 

In calculating the flux density in thegap, (equation 2), two factors need to  be quantified, K, and K,. 

Factor K, , the leakage factor, is calculated by relating the useful flux existing between two oppos- 
ing poles through the disc and that lost between poles parallel lo the pane of rotation of the disc. 
The values of K, were quantified during the design stage and are unique to the design of the HAM 
and ADM. 

Factor K, , the magneto motive force factor, determines the ability of the circuit to produce a cur- 
rent. This factor, however, is difficult to quantify accurately and has been taken in both cases to  
be 1.4. 

Summary of Damper Calculation for the HAM 

The following values have been used in the determination of the flux density from equation 2. 



These result in s calculated flux density of 0.250 Tesla. 

During deployment, once a constant speed is obtained, the system is in equilibrium and the damping 
torque is equal to  the excess spring torque. The HAM torsion spring sizing was based on the average 
available torque. 

T = driving torque to be damped 
Ts = average supply torque = 0.9015Nm 
Tr = resistive torque = 0.50Nm 
Td = bearing frictional torque = 0.0005 Nm 

Driving torque to be damped = 0.40 Nm 

The radial distribution of the magnets led to two magnetic circuits with a mean effective radii of 
r, and r, 

Also, 
p = 5.7x10-8i2n1 
G = 225 
t = 0.002 m 
a = 0.005 m 
b = 0.005 m 
N = 12 

Substitution into equation 3 for both circuits and summation of the results reveals the expected 
deployment speed. 

or, 1.19 ur.g.sec-' . 

This indic~tes that the mechanism should take 75 seconds to d e p l ~ y  90'. From testing it was 
discovered that the mechmism took 68 seconds to deploy. 

In comparison the following developments were carried out for the ADM and the results summarized 
in the following section. 



Summary of the ADM Developments 
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The magnet arrangement was changed from the radial arrangement as shown in Figure 2 to a cir- 
cumferential layout in Figure 5. This resulted in more magnetic pole pairs at an increased mean 
effective radius. Additional benefits of this change are that the reduction in the number of magnets 
has reduced the mass and that the leakage factor has been reduced, resulting in an increase in the 
flux in the gap and consequently the overall efficiency of the damper. 

The gear ratio between the damper and output shaft has been increased from 225 to 1378:l. This 
increase was achieved by incorporating an additional two pass gearbox between the spring motor 
drive shaft and the damper shaft with a ratio of 56.25:l. Therefore, the damper may be expected 
to produce the results that follow. 

Figure 5. ADM Magnet Confipuration 
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Summary of ADM Damper Calculations -- -- - 

Flux in gap B 

For application in equation 2 .  

. B = 0.5592 Tesla. 

This niay now be used :o predict the deployment speed w. 

Driving torque T. 

Ts = supply torque = 14.85 Nni 
Tr = resistive torque = 0.50Nm 
Tf = frictional torque = 0.01 1356 Nm 

. T = 14.33 Nni 

Also. 
P = 
G = 
B = 
r = 
t z 

a = 
b = 
N = 

Resulting on substitution into equation 3 a deployment speed. 

This indicates a deployment time for a rotation of 90" of 750 seconds. 

At present, test results are not available for the mechanism deploying a resistive torque of 0.5 Nm, 
so the conclusions made are based on the theoretical calculations and the experience geined in eddy 
current damping. 



Conclusions of the ADM Damper Development 

The damping capacity of the ADM has been significantly improved by increasing the overall rhmper 
gear ratio from 225 to 1378 and by increasing the mean radius while at the same time reducing the 
number of magnet pairs. The rate of deployment is down by a factor of four and the damping capa- 
bility has been increased by about 14 times. 

The most gains have been achieved theoretically in this area of development and it is expected that 
these gains will be supported experimentally. 

MATERIAL SELECTION 

During the design of the ADM, extensive use of lightweight materials for lowstressed com- 
ponents and housings has been incorporated. Delrin, an Acetal copolymer, was used for housings 
and the damper gears where considerable mass savings were achieved. 

Mass 

A mass estimate for the ADM includes the additional in-line bearing assembly and results in an over- 
all mass of 2.3 kg. With this slight increase in mass, performance is improved substantially over the 
HAM. 

Conclusion 

The ADM is a versatile mechanism capable of deploying large deployable structures on satellites 
accurately and in a controlled manner such that the disturbance impulse to the satellite is kept to a 
minimum. A significant increass in drive torque and damping capacity was achieved ir. the develop- 
ment of the ADM without a significant increase in mass compared to the HAM. 

APPLICATION OF THE ADM 

The ADM has been used in the OLYMPUS antenna deployment subsystem (ADS). This sub- 
system supports during launch and deploys after launch the 1.2 m reflectors and antenna pointing 
mechanisms (APM) that are to be used on the east and west sidewalls of the spacecraft. 

The ADS is comprised of three main equipments: the ADM, the deployable arm (ARM), and 
the pyrotechnic release assembly (PRA) as shown in Figure 6.3 The PRA is used to hold the ADS 
to the satellite sidewall during launch, and via the pyrotechnics release the ADS after launch. The 
ARM forms the backing structure onto which the APM and reflector are mounted. The ADS is re- 
quired during operation to  form a thermally stable platform from which the APM/ and reflector 
may operate without degradation for the satellite lifetime of 10 years. 



Figure 6. ADS Assembly 
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THE IMPORTANCE OF THERMAL-VACUUM TESTING I N  ACHIEVING 

H I G H  RELIABILITY OF SPACECRAFT MECHANISMS 

* 
K PARKER 

ABSTRACT 

This  paper  d e s c r i b e s  t h e  work performed a t  t h e  European Space T r i b o l o g y  
L a b o r a t o r y  (ESTL) on t h e r m a l  vacuum t e s t i n g  of complex mechanisms f o r  t h e  
European Space Agency and s e v e r a l  European customers. The o b j e c t i v e  of t h e s e  
tests i s  t o  assess t h e  mechanism r p l i a b i l i t y  by monitoring performance i n  a n  
environment t h a t  c l o s e l y  r e s e m b l e s  t h e  e n v i r o n m e n t  t h a t  w i l l  o c c u r  d u r i n g  
f l i g h t .  To be  b o t h  v a l i d  and  cost e f f e c t i v e ,  t h e s e  t e s t s  must be performed 
i n  a d e t a i l e d ,  fo rmal ly  c o n t r o l l e d  manner. 

A r e v i e w  of t h e  major test observa t ions  a t  ESTL over 10 y e a r s  i s  given,  
dur ing which time some t o t a l l y  unexpected f a i l u r e  modes h a v e  been  d e t e c t e d .  
F u l l  c o n f i d e n c e  now e x i s t s  i n  many mechanism and component des igns ,  and much 
va luab le  d a t a  have been obta ined t h a t  a r e  a v a i l a b l e  t o  mechanism d e s i g n e r s  
f o r  improving r e l i a b i l i t y .  

INTRODUCTION 

The European Space Tribology Laboratory (ESTL) is operated by the  Naticnal 
Centre a€ Tribology cn behalf of the  European Space Agency {ESA'. Th i s  l a b o r a t o r y  
i s  d e d i c a t e d  t o  t h e  s tudy  af a l l  a s p e c t s  of t r ibo logy ,  h b r i c a t i o n ,  and wear 
processes  t h a t  a r e  a p p l i c a b l e  t o  s p a c e c r a f t  technology. 

An e s s e n t i a l  p a r t  o f  t h e  work i n  ESTL is t o  c a r r y  o u t  c a r e f u l l y  
c o n t r o l l e d  thermal vacuum t e s t s  on complete mechanisms o r  i n d i v i d u a l  
components, whereby t h e  cond i t ions  a n t i c i p a t e d  t o  occur i n  f l i g h t  a r e  
accura te ly  s imula ted ,  p a r t i c u l a r l y  with regard  t o  t h e  presence o f  thermal 
g r a d i e n t s  a c r o s s  :+ mechanism. 

A r e c e n t l y  a v a i l a b l e  a n a l y s i s ?  af 316 s p a c e c r a f t  f r m  46 United S t a t e s  
programmes revea led  1600 s e p a r a t e  anomalies of varying degrees o f  importance 
as regards  t h e i r  impact on t h e  o v e r a l l  r e l i a b i l i t y .  A s i g n i f i c a n t  p ropor t ion  
were a t t r i b u t a b l e  t o  e lect romechanical  dev ices  which had been assumed t o  be 
r e l i a b l e  under a l l  p o s s i b l e  opera t ing  cond i t ions .  Could some o f  t h e s e  
anomalies have been avoided by the  a p p l i c a t i o n  o f  more t e s t i n g ?  

........................ * 
European Space Tribology Laboratory, R is ley ,  Warrington, United Kingdom 

? ~ ~ i s c o e ,  H.M., (1  983), European Space Agency, p r i v a t e  communication 
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The p u r p o s e  of t h i s  p a p e r  i s  t o  emphasize t h e  importance of s e l e c t i v e  
thermal-vacuum t e s t i n g  f o r  ach iev ing  h igh  r e l i a b i l i t y  and  t o  r e v i e w  t h e  work 
c o n d u c t e d  a t  ESTL f o r  t h e  p a s t  10 y e a r s .  D u r i n g  t h i s  time per iod ,  over 70 
thermal vacuum t e s t s  were performed f o r  ESA a n d  s e v e r a l  European mechanisms 
manufacturers. 

TESTING PHILOSOPHY 

I n  t h e  i n t e r e s t  of a c o s t - e f f e c t i v e  demonstra t ion of s p a c e c r a f t  mechsnism 
r e l i a b i l i t y ,  ESA placed g r e a t  emphasis on thermal-vacuum t e s  t i n 9  of c o m p l e t e  
a s s e m b l i e s ,  p a r t i c u l a r l y  those  assemblies  requ i red  t o  opera te  t o  w i t h i n  close 
t o l e r a n c e s  throughout t h e  l i f e t i m e  of t h e  s a t e l l i t e .  T h i s  t y p e  of t e s t i n g  
i s  o f t e n  t h e  most demanding of t h e s e  tests done on a mechanism, canbining 
t h e  h o s t i l e  vacuum environment wi th  t h e  s u b t l e  stresses p r o d u c e d  by a d v e r s e  
temperatures and temperature g rad ien t s .  

It is n o t  always p o s s i b l e ,  even with elabor51te thermal c o n t r o l  systems, 
f o r  a s a t e l l i t e  mechanism t o  opera te  i n  a p r e d i c t a b l e  isothermal  environment. 
For example, a s o l a r  a r r a y  d r i v e  mechanism w i l l  h a v e  i t s  s h a f t  e x p o s e d  t o  a 
d i f f e r e n t  e n v i r o n m e n t  than  t h e  housing,  bear ing  and s l i p r i n g  u n i t .  With geo- 
s t a t i o n a r y  s a t e l l i t e s  t h e  system w i l l  be exposed t o  a n  e c l i p s e  c y c l e  d u r i n g  
which t h e  s h a f t  temperature is  r a p i d i y  reduced and then r e s t o r e d  t o  its normal 
l e v e l .  

Despite comprehensive thermal a n a l y s i s  it is usua l ly  d i f f i c u l t  t o  o b t a i n  
accurate  p r e d i c t i o n s  o f  t h e  temperature d i s t r i b u t i o n  i n  a mechanism. Also, 
when s e v e r a l  components may b e  o p e r a t i n g  t o  d i f f e r e n t  c o n t r o l  s e q u e n c e s ,  
r e s u l t i n g  i n  v a r i a b l e  power d i s s i p a t i a n  from motors, s l i p r i n g s ,  and cab les ,  
thermal g r a d i e n t s  can occur over small a r e a s  of a device.  

Although t h e  performance of ind iv idua l  components may have been 
s e p a r a t e l y  a s s e s e d  b e f o r e  a s s e m b l y  i n t o  a complex mechanism, u n f o r t u n a t e l y  
i t  i s  sti l l  t h e  case  t h a t  unpred ic tab le  b e h a v i o u r  and  p o s s i b l y  f a i l u r e  of a 
canponent can occur i n  systems s u b j e c t e d  t o  extreme temperatures and temperature 
g rad ien t s .  Complete confidence i n  a p a r t i c u l a r  d e s i g n  i s  o n l y  a c h i e v e d  when 
e v e r y  p o s s i b l e  f a i l u r e  mode h a s  been  i d e n t i f i e d  and e i t h e r  designed o u t  oi 
t h e  system o r  accepted wi th  adequate  demonstration of r e l i a b i l i t y .  

The ESA i n s i s t s  t h a t  r i g o r a u s  thermal-vacuum t e s t i n g  be a p p l i e d  t o  a l l  
critical mechanisms, wi th  emphasis on t h e  a p p l i c a t i o n  of t h e r m a l  g r a d i e n t s .  
The s e v e r a l  c a t e g o r i e s  of test a r e :  

To p r o v i d e  d a t a  f o r  a s s i s t i n g  i n  t h e  des ign  of new components or 
systems (Development T e s t  

To v e r i f y  t h a t  a mechanism, when b u i l t  t o  a p r e s c r i b e d  s tandard ,  
w i l l  f u l f i l l  t h e  o p e r a t i o n a l  requirements  wi th  a n  a d e q u a t e  s a f e t y  
margin ( Q u a l i f i c a t i t n  T e s t  and L i f e  T e s t )  
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T- confirm that a particular flight udit will conform to the 
,it 'fic mission requirements (Acceptance Test and Refurbishment 
T ~ s  L 

During testiqg of, for example, a solar array drive mechanism usually 
it is necessary to define two boundary interface temperatures to characterise 
the thermal environment and to act ae control temperatures for the test. 
These are typically: 

T1 -- shaft/arrey interface temperature 
T2 - housing/satellite Interface termperature 

Figure 1 shows1 a typical envelope of qualification temperatures and the 
way in which the test temperatures are derived from the anticipated operational 
temperatures, which are determined from thermal transfer calculations and 
data obtained from actual flight experience. Four specific thermal vacuum 
test conditions are dpparent: hot soak, cold soak, positive differential, and 
negative differential, allowing for a 15°C safety margin. 

I t  has  proved t o  b e  v i t a l  t h a t  t h e  tests b e  f o r m a l l y  c o n t r o l l e d  i n  
accordance  w i t h  a  c a r e f u l l y  c o n s t r u c t e d  T e s t  Procedure  which is ag reed  wi th  
a l l  i n t e r e s t e d  p a r t i e s  b e f o r e  t h e  start o f  t h e  t e s t .  Formal Product  Assurance 
s u p e r v i s i o n ,  a p p l i e d  a t  a  mu tua l ly  a c c e p t a b l e  l e v e l ,  is an  e s s e n t i a l  g u a r a n t e e  
o f  t e s t  c o n t r o l .  O f  fundamental  i m p o r t a x e  is t h e  r e g u l a t i o n  o f  t h e  amount o f  
t e s t i n g  t o  a c h i e v e  optimum e f f i c i e n c y  and c o s t  e f f e c t i v e n e s s  and t o  avo id  
unnecessary procedures that could result in wasteful over testing. There must 
be no possibility of the test system intcoducing pcssible failure modes. 

TEST EQUIPMENT 

Figure 2 shows part of the ESTL. Certified clean-room conditions have 
proved to be essential in the success of thermal-vacuum testing, particularly 
with regard to the handling and inspection of mechanisms. Different areas 
conforming to Federal Standard 209B Class 100, Class 1000, and Class 10,000 
cleanliness conditions are maintained. 

Several different types of ultrahigh vacuum chambers are shown in Figure 3 
and a simplified diagram of the internal components of a 1-meter diameter 
facility is shown in Figure 4. To conform to the ESA testing philosophy, 
emphasis is always placed on maintaining very clean test systems and for 
this reason the only types of pumps used on the vacuum chambers are high- 
reliability turbo-molecular, titanium sputter ion, and cryogenic pumps. 
environment  is o f t e n  de termined  by t h e  amount o f  vapour o u t g a s s i n g  from t h e  
mechanism under  i n v e s t i g a t i o n .  I t  is  w u a l l y  c o n s i d e r e d  t h a t  a v a l i d  
tribological test can be performed below 10-7 mbar. Each system is fully 
i n s t rumen ted  wi th  mass spec t rome t ry  f a c i l i t i e s  f o r  r e s i d u a l  gas a n a l y s i s .  



ORIG#NAL PAGE M1 
OF POOR QUALlrY 

/ x .a' / is 'qualified' for Test Points 
given . 

' Qualif ication Test Points 
1 and 2 are normally in positions shown, 
but 3 and C a r e  placed on their respective 
diagonal Lines of equal temperature 
d i f f e r e n t i a l  close to the predi c t e  d 
thermal conditions , or in consideration ~f 
the capabilities of the Thermal Vacuum 
Facility . 

Figure 1.  Example of System Used to Derive the Thermal-Gr6dient 
Test Temperatures 

GIN 
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TOP RADIATOR MECHANISM UNDER TEST 

SPECTROMETER 

FEEDTHRO's FOh 
PLATFORM 

TEST MECHANISM \ 
TEST CHAMBr ENVELOPE 

Figure 4. Main Features of a l-Meter Diameter 
Test Chamber 
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This is very important as undesi rable  g a s  s p e c i e s  such as oxygen and o t h e r  
a c t i v e  g a s e s  must be i d e n t i f i e d  and ,  where p o s s i b l e ,  excluded. Usually,  it 
is necessary  t o  e n s u r e  t h a t  t h e  p a r t i a l  p r e s s u r e  o f  oxygen, f o r  example ,  
is w e l l  belaw mbar. 

A thermal i n t e r f a c e  enclosure  is b u i l t  around t h e  mechanism i n  such a 
way t h a t  the re  a r e  two independently c o n t r o l l e d  boundary i n t e r f a c e  
temperatures.  These two temperatures a r e  determined by r a d i a t i o n  t o  and from 
thermal shrouds whose temperatures a r e  c ~ t r o l l e d  i n  t h e  range -90° t o  +120°C 
by high r e l i a b i l i t y  f l u i d - c i r c u l a t i o n  systems and e l e c t r i c a l  hea t ing  u n i t s .  
Space-approved m a t e r i a l s  o f  c e r t i f i e d  p u r i t y  a r e  used throughout t h e  
c o n s t r u c t i o n  of t h e  thermal- tes t  environment. 

Iristrumentation systems a r e  a v a i l a b l e  t o  monitor t o  very f i n e  l i m i t s  
such t e s t  parameters a s  thermal d i s t r i b u t i o n ,  speed,  torque,  angular  motion 
s t a b i l i t y ,  and  s l i p r i n g  e l e c t r i c a l  n d s e ,  as t h e  thermal tests proceed. Data 
a a q u i s i t i o n  s y s t e m s  are of c o u r s e  n e c e s s a r y  t o  d e a l  w i t h  t h e  i n f o r m a t i o n  
a n a l y s i s .  S e l e c t e d  p a r a m e t e r s  of t h e  t h e r m a l  c o n t r o l  s y s t e m ,  the pumping 
u n i t s ,  and t h e  mechanism under test are l i n k e d  t o  h i g h - r e l i a b i l i t y ,  r e d u n a a n t  
p r o t e c t i o n  systems s o  t h a t  any d e v i a t i o n  f  run  p resc r ibed  l i m i t s  can be sensed 
and t h e  a p p r o p r i a t e  c o r r e c t i v e  a c t i o n  c a n  b e  a u t o m a t i c a l l y  t a k e n .  T h i s  i s  
v i t a l  t o  e n s u r e  t h a t  t h e r e  is never any r i s k  of t h e  test i t s e l f  caus ing  t h e  
p o s s i b i l i t y  of a d d i t i o n a l  f a i l u r e  modes. 

REVIEW OF TEST OBSERVATIONS 

Seventy thermal-vacuum tests have been conducted over t h e  p a s t  10 years.  
I n  many of these ,  of course,  t h e  mechanisms operated wi th in  s p e c i f i e d  l i m i t s ,  
which a l l w e d  confidence t o  be gained i n  t h e  p a r t i c u l a r  des igns  used. I n  scme, 
valuable  d a t a  were obtained,  dur ing  d i smant l ing  q j e r a t i o n s ,  of t h e  d e g r e e  of 
wear and  o t h e r  changes  t h a t  had occurred i n  t h e  va r ious  cunponents. I n  abou t  
35 p e r c e n t  of t h e  tests, however, sme unacceptable d e v i a t i o n  from t h e  des i r ,ed  
pe r fo rmance  o c c u r r e d ,  which enab led  p o s s i b l e  f a i l u r e  modes t o  be i d e n t i f i e d  
and provided valuable  d a t a  faedback t o  manufacturers f o r  making t h e  n e c e s s a r y  
modifications.  

O c c a s i o n a l l y ,  t o t a l  f a i l u r e  h a s  o c c u r r e d  a s  a r e s u l t  of s e i z u r e  of 
a s h a f t ,  bea r ing  o r  l u b r i c a t i o n  f a i l u r e ,  e x c e s s i v e  f r i c t i o n ,  o r  e x c e s s i v e  
temperatures i n  a motor. 

So la r  Array Drive Mechanisms - 
The majori ty o f  t h i s  c l a s s  o f  important mechanisms t e s t e d  a t  ESTL have 

been intended f o r  communications s a t e l l i t e s  i n  geos ta t ionary  o r b i t  where t h e  
mechanism is subjected t o  thermal g rad ien t s .  
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Typica 1 test temperatures are t 

S h a f t  
I n t e r f a c e  

+90°C 
-50 O C 
+50°C 
-35OC 

Housing 
I n t e r f a c e  

1 Hot soak 
Cold soak 
P o s i t i v e  D i f f e r e n t i a l  
Negative D i f f e r e n t i a '  

I 

Additional t e s t s  may be necessary t o  s imula te  t h e  *extreme thermal 
c o n d i t i o n s  e x p e r i e n c e d  i n  a n  e c l i p s e ,  t y p i c a l l y  a drop of 60°C i n  t h e  s h a f t  
temperature i n  72 minutes followed by an i n c r e a s e  o f  60°C i n  30 minutes. The 
mechanism must maintain s o l a r  alignment a f t e r  t h e  e c l i p s e  s imulat ion.  

Of fundamental importance is t h a t  t h e  angular  motion must be smooth, s o  
a s  t o  avoid r e a c t i o n  torque d i s tu rbances  t o  o t h e r  systems. Often a brushed 
motor is used t o  g i v e  an impulse every 4 seconds o r  so .  I d e a l l y ,  each impulse 
should r e s u l t  i n  0.0167O of r o t a t i o n  a n d  a n  i m p o r t a n t  p a r t  o f  t h e  t e s t  i s  
t o  meausre any d e v i a t i o n  f r a o  t h i s  value. 

Many European s o l a r  a r r a y  d r i v e  mechanisms use  bear ings  of t h e  h i g h e s t  
available p rec i s im which have been l u b r i c a t e d  by a t h i n  f i l m  of l e a d  depos i t ed  
by an  ESTL plasma ion-p la t ing  process.  

The s o l a r - g e n e r a t e d  pawer, t y p i c a l l y  2 Kw, is t r a n s m i t t e d  by s l i p r i n g s  
which a r e  o f t e n  f a b r i c a t e d  f r o m  s i l v e r  o r  c o p p e r  w i t h  a g o l d  p l a t i n g .  A 
common b r u s h  m a t e r i a l  i s  a composite of si lver/copper/MoS2 i n  volume r a d i o  
82.5/2.5/15, r e s p e c t i v e l y .  Assessment  of t h e  e lec t r ica l  n o i s e  a c r o s s  t h e  
i n t e r f a c e  is n e c e s s a r y  a s  t h i s  cauld  r e s u l t  i n  unacceptable  p w e r  loss and 
r a d i a t i o n  i n t e r f e r e n c e .  

Figure  5 shows a s o l a r  a r r a y  d r i v e  being loaded i n t o  a vacuum chamber. 
I n  Figure 6 ,  another  type is shown being f i t t e d  with a thermal enclosure .  

I n  1975, ESTL canmenced a 7-year r e a l  l i f e  test on such a mechanism, t o  
f u l l y  q u a n t i f y  t h e  time-dependent parameters  a n d  t o  o b t a i n  d a t a  t h a t  would 
enable  us t o  a s s e s s  t h e  v a l i d i t y  o f  a c c e l e r a t e d  l i f e  t e s t i n g  on systems us ing 
s o l i d  l u b r i c a t i o n .  Many thermal changes were made i n  t h i s  t e s t ,  including 420 
e c l i p s e  s imulat ions .  The t e s t  was very s u c c e s s f u l ,  only  minor changes 
o c c u r r e d  i n  t h e  measured p a r a m e t e r s .  Of s i g n i f i c a n t  i n t e r e s t  was t h a t  t h e  
t e s t  chamber p r e s s u r e  t o o k  s e v e r a l  y e y r s  t o  s t a b i l i z e  a t  a b o u t  1 x 
mbar because of continuous outgass in?  from t h e  mechanism s u r f  a c e s  a n d  c a b l e  
looms. It is  important t o  n o t e  t h a t  over a long p e r i o d  of time t h i s  a t g a s s i n g  
c a n  be  a p r i m a r y  c a u s e  of f a i l u r e  d u e  t o  d e g r a d a t i o n  of materials. The 
r o t a t i o n a l  s t a b i l i t y  and motor paver requirements were remarkably c o n s i s t e n t ,  
shaving t h a t  t h e  f r i c t i o n  i n  t h e  s l i p r i n g s  and brushes had remained  
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substantially constant. The sliprings were tested with varLus current levels 
ranging from 100 mA to 7 Amp. Most gave variable amounts of electrical noise, 
within specification, but two circuits passing 500 mA produced intermittent 
noise pulses that were equivalent to a resistance change of 2 ohms. The 
characteristics of these transients were such that they could only have 
been caused by the presence of variable amounts of brush wear debris, and 
an inevitable conclusion is that some suspicion mus' fall on the use of 
MoS2 as brush lubricant. 

A second 7-year r e a l  l i f e  test  on a d i f f e r e n t  t y p e  o f  mechanism had t o  
be abandoned after 4 years because of excessive deviation from the position 
c o n t r o l  s t a b i l i t y  c r i t e r i o n .  Subsequent  examinat ion  r e v e a l e d  t h a t  time- 
dependent  d e g r a d a t i o n  o f  t h e  e f f i c i e n c y  cf an  o p t i c a l  encoder  had occu r red .  
This failure was completely unexpected. 

Some o t h e r  impor t an t  o b s e r v a t i o n s  d u r i n g  t e s t s  on v a r i o u s  mechanisms 
were : 

S u r p r i s i n g  v a r i a t i o n  i n  performance o f  nominal ly  i d e n t i c a l  mechanisms, 
presumably due t o  minor changes o f  m a t e r i a l  s p e c i f i c a t i o n  and v a r i a t i o n s  
i n  f a b r i c a t i o n  t o l e r a n c e s .  
S e i z u r e  o f  s h a f t  i n  a hous ing  d u r i n g  a c o l d  test  a t  -50°C. 
In a cold test, a high torque was present over only about l o  of 
r o t a t i o n  due t o  unbalanced f l e x u r e  o f  a diaphragm used  t o  p re load  t h e  
bea r ings .  
An unusual  thermal  d i s t r i b u t i o n  was monitored w i t h i r  a mechmism, 
implying t h a t  a s e r i o u s  des ign  f a u l t  w a s  p r e s e n t .  Subs tquent  
i n v e s t i g a t i o n  r e v e a l e d  t h a t  a t h e r m i s t o r  bead had become detached from 
its cemented mounting. 
A very  unusual  f a u l t  on a t h e r m i s t o r ,  whereby ~t o p e r a t e d  c o r r e c t t y  
below 30°C b u t  w a s  a p p a r e n t l y  o p e n - c i r c u i t  abo1.e 30.5OC. 
Excess ive  t empera tu re  ( 140°C) i n  a s t e p p e r  motor !-n a h o t  test w i t 1 1  t h e  
mechanism s h a f t  c o n t r o l l e d  a t  +90°C. T h i s  vas due t o  inadequa te  d e s i g n  
o f  a h e a t  s i n k .  
Complete failure of an actuator and lever system that was used to one 
two redundant motors in a gear drive device. 
Unexpected thermal distribution in a mechani:sm that invalidated 
prev ious  t h e o r e t i c a l  a n a l y s i s .  Th i s  was due t o  t h e  power d i s s i p a t i o n  
from motors  and s l i p  r i n g s  be ing  underes t i r ia ted .  
Contamination o f  t e s t  environment by s i l i c o n e  compounds f o l l o w i n g  
r u p t u r i n g  o f  an  ove rhea ted  memory a l l o y  d e m e n t  o f  a b e a r i n g  of f - load  
assembly. The h e a t e r  c u r r e n t  had been i n c o r r , e c t l y  s p e c i f i e d .  
Unexpected v a r i a t i o n s  i n  a n g u l a r  motion s t a b i l i t y  w i t h  tempera ture .  
This  cou ld  on ly  have been d e t e c t e d  bj: thermal  vacuum t e s t i n g .  
Permanent set  o f  a release c a b l e  o f  a b e a r i n g  o f f - load  d e v i c e  a f t e r  :A 

long  p e r i o d  o f  s t o r a g e  under  t e n s i o n .  When r e l e a s e d ,  fu l l .  r e t r a c t i m  
d i d  n o t  occu r  and t h e  c a b l e  made c o n t a c t  .:!.ith nearby components. 
Rubbing o f  i n s e c u r e  c a b l e  on r o t a t i n g  corqxment. 
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I a E x c e s s i v e  n o i s e  and power less i n  s l i p r i n g  u n i t  a p p a r e n t l y  due t o  
changes i n  t h e  s l i p r i n g  s u r f a c e  p r o p e r t i e s  r e s u l t i n g  From d e g r a d a t i o n  
of molybdenum d i s u l p h i d e  l u b r i c a n t .  

a Microswitch failure at low temperature. 

. E x c e s s i v e  o u t g a s s i n g  f r o m  a mechanism t h a t  d i d  n o t  a p p e a r  t o  have 
been manufactured t o  approved s t andards  of  c l e a n l i n e s s .  

Despin Mechanisms 

I n  1975, ESTL commenced a unique r e a l  l i f e  t e s t  on a d e s p i n  mechanism 
in which the bearings were lubricated by BP2110 grease with B P l l O  oil 
impregnated i n  the  cages and i n  N y l a s f n t  r e s e r v o i r s .  A t  a  s p e e d  o f  60 rpm 
these were operating undar conditions bordering on those of boundary 
l u b r i c a t i o n .  Assessment of t h e  time-dependent properEies of t h i s  system was 
necessary, one area of uncertainty being the effectiveness of oil-creep 
barriers and oil seals. If oil migration did occur it was essential to 
i n v e s t i g a t e  t h e  e f f e c t  on t h e  s l i p r i n g s .  Rota t ion was by means of a two-phase 
b r u s h l e s s  motor  w i t h  t h e  c u r r e n t  b e i n g  c o n t i n u o u s l y  a d j u s t e d  t o  mainta in  
a cons tan t  speed of 60 21 rpm. Modest thermal c o n d i t i o . 1 ~  were imposed on t h e  
dev ice ,  wi th  t h e  s h a f t  temperatu::e a t  e i t h e r  -5-  o r  +4S°C. 

Again, because of continuous outgass ing,  the  t e s t  chamber p ressure  took 
s e v e r a l  yea r s  t o  s t a b i l i z e  a t  about 1 x 10 '~  mbar. 

Although there was no significant overall deterioration in the 
performance of t h e  s l i p r i n g s ,  t h e r e  were  l a r g e  b u t  t e m p o r a r y  i n c r e a s e s  i n  
interface resistanc~ following a change of thermal conditions. This may have 
been a consequence of the presence of variable amounts of oil, or differential 
axial expansions causing the brushes to run on a slightly different track, 
several days of running-in being necessary before the resistance returned to 
normal. 

There was a gradual. i n c r e a s e  i n  t h e  motor c u r r e n t  probably because of a 
continuous reduction in the field strength of the permanent magnets in the 
motor. This aging process is known t o  occur  a t  about 7 percent  pe r  year  For t h e  
magnetic materials available in 1.973 when the mechanism was designed. 

This unique and very successful mechanism has recently been dismantled 
and some very valuable information has been obtained from detailed component 
inspec t ion .  For example, t h e  bear ings  were i n  very good condition with adequate 
r ese rves  of c l ean  o i l .  Although t h e r e  was a s i g n i f i c a n t  amount of wear d e b r i s  
i n  t h e  s l i p r i n g  u n i t  t h i s  d i d  not  e f f e c t  t h e i r  o p e r a t i o n a l  e f f i c i e n c y .  
operational efficiency. 

It is important t o  no te ,  however, t h a t  t h i s  dev ice  had o r i g i n a l l y  f a i l e d  
quite dramatically when the shaft seized i? a cold test due to neglect during 
manufacture of critical tolerances between stationary and rotating components. 
The f a i l u r e  was caused by a screw head p r o j e c t i n g  1 mm too  f a r  above a housing 
f l a n g e  . 



R e c e n t l y  a n  a c c e l e r a t e d  l i f e  test was performed on a desp in  mechanism 
f o r  t h e  European G i o t t o  (Halley Comet) mission. Va l ida t ion  o f  t h e  system 
to rque  s t a b i l i t y  was e s s e n t i a l  f o r  t h i s  very s p e ~ i a l  s a t e l l i t e  component which 
determines  t h e  antenna-pointing performance. 

Motor Drive Systems 

Many d i f f e r e n t  t y p e s  have been evaluated.  Of p a r t i c u l a r  i n t e r e s t  are 
t o r q u e  s t a b i l i t y ,  power d i - s s i p a t i o n ,  bea r ing  p e r f o r a n c e ,  brush s t a b i l i t y ,  
s t a b i l i t y  of  p o t t i n g  compounds, g e n e r a t i o n  o f  wear  p a r t i c l e  c o n t a m i n a t i o n ,  . , 

and magnetic c i r c u i t  s t a b i l i t y .  Some major observatons were: . . 

Unexpected to rque  c h a r a c t e r i s t i c s  i n  high-speed b r u s h l e s s  motor a t  
e l eva ted  - temperatures  - our  test r e s u l t s  d i d  n o t  ag ree  wi th  t h e  
manufacturer ' s  p r e d i c t e d  performance. 
Overheating due t o  inadequate thermal coupl ing between motor and a 
s u i t a b l e  h e a t  s i n k .  The rate o f  power d i s s i p a t i o n  and thermal t r a n s f e r  
i n  vacuum had been underest imated.  
F a i l u r e  o f  gold-surface  c o a t i n g  on meshing t e e t h  of a h i g h - r e s o l u t i o n  
s t e p p e r  motor, due t o  t h e  s u b s t r a t e  medim n o t  being o f  s u f f i c i e n t l y  
hard mate r i a l .  
Inadequate r a d i a l  s t i f f n e s s  i n  an experimental  s t e p p e r  motor. 
Degradation i n  performance o f  motor and gearbox u n i t  due t o  inadequate  
g r e a s e  l u b r i c a t i o n  and t h e  e f f e c t  of cumulative wear d e b r i s .  
Dry l u b r i c a n t  i n  g e a r  systems can sometime r e s u l t  i n  compaction i n  t h e  
r o o t s  o f  t e e t h .  
High temperature i n  high-speed motor-wi th  o i l - l b b r i c a t e d  bear ings .  Too 
much o i l  r e s u l t e d  i n  high torque and power l o s s .  To maintain c o n s t a n t  
speed,  more c u r r e n t  was demanded i n  the  motor, l e a d i n g  t o  even h igher  
power d i s s i p a t i o n .  I t  is  always e s s e n t i a l  t o  use t h e  c o r r e c t  amount o f  
the  recommended l u b r i c a n t .  

S l i p r i n g  Assemblies 

S l i p r i n g  assembl ies  a r e  p resen t  i n  s e v e r a l  types  of  mechanism. See Figure 
7 f o r  a t y p i c a l  u n i t .  Much valuable  r!ita have been  o b t a i n e d  o n  r e l i a b i l i t y  
i n  t e r m s  o f  con tac t  r e s i s t a n c e  v r e - a t i o n ,  power l o s s ,  s t b i l t t y  of m a t e r i a l s ,  
f r i c t i o n ,  wear, and d i s t r i b u t i o n  I wea p a r t i c l e s .  Some prob lems  have  been  
i d e n t i f i e d  i n  u n i t s  t h a t  have been  w , J e l y  u s e d  and assumed t o  be of high 
r e l i a b i l i t y  under a l l  conceivable  o p e r a t i n g  cond i t ions :  

Vis ib le  r i n g  s u r f a c e  t a r ~ i s h i n g  does not  n e c e s s a r i l y  i n d i c a t e  perform- 
ance d e t e r i o r a t i o n ;  but  one such u n i t ,  s t o r e d  f o r  over  18 months a f t e r  a 
s u c c e s s f u l  t e s t ,  was r e t e s t e d  and found t o  have high c o n t a c t  
r e s i s t a n c o s  and inc reased  o p e r a t i n g  temperature ,  I n  vacuum, t h e  e f f e c t  
was t e m p e r a t u r e  dependen t  h u t  t h e  anomaly-!disappeared completely on 
exposure t o  a i r  again .  This  u n i t  had brushes i n c o r p o r a t i n g  molybdenum 
d i s u l p h i d e  a s  a l u b r i c a n t .  This  phenomenon has been observed i n  o t h e r  
similar systems,  and d e t a i l e d  o b s e r v a t i o n  r e v e a l s  t h a t  h i g h  c o n t a c t  
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Antenna Pointing Mechanisms. 

One t y p e  of a two-axis cont ro l led  platform is s h a m  i n  Figurc 8. Tested 
over a wide temperature range, i t  was v i t a l  t o  assess t h e  dimensional s t a b i l -  
i t y ,  t h e  p o i n t i n g  accuracy, .and t h e  bearing torque of these complex mechan- 
isms. very s t a b l e  po in t ing  accurac ies  of b e t t e r  than ~ 0 . 0 5 ~  were c m s i s t e n t l y  
measured b u t  t h e r e  was sane temperature-dependent d r i f t  of t h e  null-balance 
pcei t ion.  In  one mechanism, t h e  s t a b i l i t y  of a s t e p p e r  motor was d i s t u r b e d  
by an incanpl 'etely braaed f l exu re  p ivo t ,  a d6vice which sane design engineers  
t r e a t  with caut ion a s  regards  t h e i r  long-term s t a b i l i  ty. 

Gimballed Manentum Wheels 

A double-gimbal led momentum wheei is s h w n  i n  Figure 9. The complexity 
of t he se  mechanisms~demanded a test  of t h e  wheel motor,  o p e r a t i n g  a t  4000 
rpm-, the gimbal torquer  motor, t he  angular pos i t i on  t ransducer ,  and the gimbal 
bear ing which must have  a v e r y  l o w ,  s t a b l e  f r i c t i o n  t o  a v o i d  o r t h o g o n a l  
precession torques a f f e c t i n g  t h e  ove ra l l  s t a b i l i t y .  The l a rge  framework could 
be s e n s i t i v e  50 dimensi m a 1  change with tempera ture  ove r  t h e  r a n g e  ' +55 t o  
-40°C. I t  is i n t e r e s t i n g  t o  n o t e  t h a t  with t h i s  p a r t i c u l a r  mechanism, ail- 
lub r i ca t i on  was preferab le  t o  lead  lub r i ca t i on  i n  t h e  g imbal  b e a r i n g s .  T h i s  
could only be found by doing a thermal-vacuum acce le ra ted  l i f e  test. 

Other Mechans i m s  

Several  s h o r t  bu t  e s s e n t i a l  tests have been performed on variaus bear ing 
assemblies, l ub r i ca t i on  systems f o r  a i r - lock cables ,  and sca l ed -d  own mode 1s 
of t h e  Space Telescope ro l l -ou t  array.  Detai led assessment of many components 
of t he se  i tems was necessary a s  t h e  designs were new and very l i m i t e d  knowl- 
edge was ava i l ab l e  of poss ib le  f a i l u r e  modes. 

Three faint-object-camera mechanisms ( f i l t e r  wheel ,  r e f o c u s i n g ,  and  
s h u t t e r  mechanisms ( F i g u r e  1 0 )  ) f o r  t h e  Space Telescope were subjected t o  
simultaneous acce l e r a t ed  l i f e  t e s t s ,  e a c h  pe r fo rming  i n  e x c e s s  of 40,000 
a c t u a t i o n s .  Many measurements have been made on a l a rge  number of critical 
items such a s  s tepper  motor, a c tua to r  motor, s p r i n g  assembly, f l exu re  p ivo t s ,  
lead-screw,  l e a d - l u b r i c a t e d  b e a r i n g s ,  p l a s t i c  g e a r s ,  and electromagnet ic  
pos i t i on  sensors.  These mechanisms were t y p i c a l  examples of t h e  dilemma o f t en  
expe r i enced  by a mechanism d e s i g n e r  , who must guarantee t h a t  t h e  complete 
mechanisms w i l l  conform t o  t h e  required spec i f i ca t i on  but  must use components 
t h a t ,  a l t h o u g h  of t h e  h i g h e s t  q u a l i t y  ava i lab le ,  a r e  n o t  guaranteed by the  
var i  a s  suppl ie rs  t o  f u l f i l l  t h e  required spec i f ica t ion .  

Miscellaneous Observations During Mechanism Inspect ion 

An e s s e n t i a l  a s p e c t  of thermal-vacuum t e s t i n g  i s  t h a t  i t  demands a n  
a d d i t i o n a l ,  independent  i n s p e c t i o n  p rocedure  b e f o r e  a l p d ~ f  t e r  t h e  test. 
Occasionally, .it may be permissable  t o  d i s m a n t l e  a mechdnhm f o r  d e t a i l e d  
poe t - t e s  t canponent evaluation. 





Much v a l u a b l e  d a t a  have been obtained cm t h e  r e l i a b i l i t y  of many con- 
punents and l u b r i c a t i o n  sys t ems  r Many minor, b u t  c e r t a i n l y  n o t  t r i v i a l ,  
problems have been enamtered.  

A secondary,  b u t  very  important, advantage is t h a t  as a r a s u l t  of t he  
work i n  ESTL i t  has been poss ib l e  t o  a d v i s e  manufac tu re r s  of improvements 
t h a t  must be made i n  component design, f ab r i ca t i un  techniques,  and handling 
procedures. It has  been our experience t h a t ,  however h i g h  are t h e  s t a n d a r d s  
which a r e  ach i eved  i n  o r g a n i s a t i o n s  w i t h  e l abo ra t e  i n s p e c t i m  procedures, 
one l imi t i ng  Factor i n  achieving high r e l i a b i l i t y  w i l l  a lways  be  t h e  human 
f a c t o r ,  whereby o c c a s i o n a l  a c c i d e n t s ,  e r r o r s ,  poo r  judgement and lack of 
cons i s t en t  a t t e n t i o n  t o  d e t a i l  w i l l  i n e v i t a b l y  occu r ,  p a r t i c u l a r l y  when 
working within t he  cons t r a in t s  of t i g h t  budgets and time scales. Regrettably,  
t h e r e  have been examples of d e f e c t s  which, although a lmos t  t r i v i a l  i n  them- 
s e l v e s ,  could, g i v e n  t h e  r i g h t  set of circumstances, cont r ibu te  t o  a f a i l u r e  
mode. Some examples include: undesirable  blemishes, s c r a t c h e s ,  poo r  s u r f  a c e  
F i n i s h ,  misal ignment ,  and inadequate  c leaning of c r i t i c a l  components; poor 
so lder ing  and cable  i n s u l a t i o n  t e c h n i q u e s ,  a s s o c i a t e d  w i t h  con tamina t ion  
by splashes of so lder ,  adhesives,  and po t t i ng  compounds; handling of bearings 
with bare  hands can e v e n t u a l l y  c a u s e  s m a l l  l o c a l i z e d  a r e a s  of c o r r o s i o n ;  
b u r r s ,  swar f ,  and damaged s u r f a c e  coatings an and near f a s t ene r s ;  p a r t i c l e  
contamination from many sources; and e l e c t r i c a l  cable  rubbing on s h a r p  edges  
of r o t a t i n g  comgonents. 

CONCLUSIONS 

Thermal-vacuum t e s t i n g  h a s  proved  t o  be  e s s e n t i a l  i n  p r o v i d i n g  a 
d e t a i l e d  a s se s smen t  of t h e  r e l i a b i l i t y  of complex mechanisms by subjec t ing  
them t o  r e a l i s t i c  s imulat ions of t h e  a n t i c i p a t e d  f l i g h t  c o n d i t i o n s ,  where 
l i f e t imes  i n  excess of 10 years  a r e  naw expected. 

Of v i t a l  inportance is  t h a t  these  tests have  been proved  t o  be c o s t -  
e f f e c t i v e  i n  a v o i d i n g  d e l a y s  and dis turbances t o  a number of Eurcpean pro- 
j ec t s ,  a s  s eve ra l  previously unknown f a i l u r e  modes have been de t ec t ed .  There 
i s  now complete con f idence  i n  many d e s i g n s  f o l l o w i n g  independent, f u l l y -  
documented performance assessment. 

Much valuable da ta  have been obtained on many mechanisms and canponents 
about t h e i r  operat ional  parameters, pawer d i s s i p a t i o n ,  and  wear p r o c e s s e s .  
There i s  frequent  evidence of haw important i t  is  t o  implement comprehensive 
inspec t ion  and product assurance systems a t  a l ;  s t ages  of mechanism deve lop-  
ment and c o n s t r u c t i o n ,  t o  a v o i d  the  human f a c t o r  of accidents ,  e r r o r s ,  and 
poor judgement. 
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IMPROVING SL I PR I NG PERFORMANCE 

DONALD N. MATTEO* 

ABSTRACT 

The use o f  d ry  f i l m  lubr icated,  s i l v e r  bearing s l  ip r ing lb rush combina- 
t i ons  i s  not new t o  space appl icat ions. General E l e c t r i c ' s  product l i n e  
of  so la r  array d r i v e  and power t rans fe r  assemblies (SADAPTA's), da t ing  back 
t o  the mid 1970Bs, a l l  include s l i p r i n g  assemblies w i t h  t h i s  mater ia l  com- 
binat ion. These s l  i p r i n g  asremblies ( inc lud ing  very s i m i l a r  designs flown 
by other contractors) have enjoyed considerable on-orbi t success, however, 
recent experiences have ind ica ted  the  need t o  improve the  dynamic noise 
performance o f  the s l  ipr ings. 

This paper describes the or ig in21 s l i p r i n g  design f o r  the  DSCS 111 
spacecral't, t he  handling arid t e s t i n g  o f  t he  s l i p r i n g  assembly br ,-ore launch, 
the on-orb i t  performance i nd i cz t i ng  the  need f o r  improvement i n  dynzmic 
noise, t h e  subsequently incorporated design improvements, and the  r e s u l t s  
o f  t e s t i n g  t o  ve r i f y  noise performance improvement. 

INTRODUCTION 

Any Earth o r b i t i n g  spacecraft t h a t  i s  equipped w i t h  a c o n t i n w ~ j  l y  
r o t a t i n g  solar  a r r y  and i s  a t t i t u d e  cont ro l led  i n  such a wav t n a t  one ax is  
i s  cont inua l ly  pointed a t  t he  Earth, requires a means o f  t r a n s f e r r i n g  c iec-  
t r i c a l  power and signals across the r o t a t i n g  j o i n t  ( so la r  drray dr ive; from 
the  s o l a r  array t o  the  spacecraft centerbody. rh i s  t rans fe r  i s  usual l y  
accomplished w i th  a s l i p r i n g  assembly t h a t  i s  i n teg ra l  w i t h  the so la r  array 
d r i v e  assembly. 

A t yp i ca l  s l i p r i n g  assembly i s  shown i n  Figure 1. '$is m i t  i s  pa r t  
of t he  so la r  array d r i v e  and power t r a n s f e r  assembly (SADAPTA) f o r  t he  DSCS- 
111 spacecraft, a synchronous a l t i t u d e  communications s a t e l l i t e  developed 
by General E l e c t r i c  f o r  t he  United States A i r  Force. The u n i t ,  shown i n  
a par t ia ; ly  assembled state, i s  b u i l t  i n t e g r a l l y  w i t h  the  so la r  array d r i ve  
shaft. (For t he  purpose o f  t h i s  paper, the  array w i l l  be considered t o  
be the r o t a t i n g  body and the sate1 l i t e  centerbody stat ionary.)  Wires carry- 
i n g  e l e c t r i c a l  oower and 3ignals from the  r o t a t i n g  ar ray  are routed down 
the ID of the shaft (from the r i g h t  i n  the f igure)  and pass through s l o t s  
i n  the  shaf t  where they are  soldered t o  the  s l i p r i n g s  as p a r t  o f  the  s l i p r i n g  
ro to r  assembly. Brushes, f i xed  t o  the housing by the brush block assembly 
(shown as the  upper surface o f  housing i n  the f i gu re ) ,  contact t he  s l  i p r i n g s  
and "pick o f f "  the power and the signals from the r o t a t i n g  assembly. The 

"General E l e c t r i c  Company, Space Systems Operations, Val ley Forge, 
Pennsy? vani a 
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wires, shown pro t rud ing  through t he  top  s u r f a c ~  o f  t he  brush block assembly, 
a re  soldered t o  t h e  brdsh ho lders  and c a r r y  t h e  power and t h e  s i gna l s  t o  
connectors (no t  shown) which mate w i t h  t he  veh ic le  harness. 

The subject  o f  p a r t i c u l a r  i n t e r e s t  i n  t h i s  paper i s  t h e  v a r i a t i o n  i n  
s l i d i n g  contact  resfs tance a t  t h e  b rush / r ing  i n t e r f a c e  and t h e  r e s u l t a n t  
va r j a t i ons  i n  s i gna l  s t reng th  (no ise)  f o r  s i gna l s  c a r r i e d  across t h i s  i n t e r -  
face. Although va r i a t i ons  i n  contact  res is tance  can a l so  a f f e c t  t h e  s l i p -  
r i n g s  ca r r y i ng  power, t h i s  paper wi 11 concentrate on t h e  s i gna l  c a r r y i n g  
r i ngs  because: 

Power r i ngs  operate a h igher  cur ren t  dens i t i es  and a r e  l e s s  suscep- 
t i b l e  t o  contact  res is tance  e f f ec t s .  

e Power r i ngs  on a l l  GE SADAPTA's embody two t o  t h r e e  t imes as much 
brush redundancy and, therefore,  a r e  almost t o t a l l y  unaf fected by 
i nd i v i dua l  h igh res is tance spots. 

Small va r i a t i ons  i n  cur ren t  across power r i ngs  a re  l e s s  de t r imenta l  
t o  system performance than s i m i l a r  va r i a r i ons  on s i gna l  l eve l s .  

0 Actual experience on power r i ngs  has been very good w i t h  respect 
t o  cur ren t  var ia t ions.  

SLIPRING CONFIGURATION 

Figure 2 shows t he  DSCS 111 SADAPTA, which conta ins two s l i p r i n g  assem- 
b l i e s :  one t o  t r a n s f e r  t he  power and s igna ls  from t h e  n o r t h  s o l a r  a r ray  
and one f o r  t h e  south array.  These assemblies a r e  in terconnected by a 1.3- 
meter ( s i x - f e e t )  long Bery l l i um s h a f t  and are d r i ven  a t  o r b i t  r a t e  by a 
se t  o f  redundant d r i ves  loca ted  a t  t h e  south end. F igure 3 shows some o f  
the  i n t e r n a l  d e t a i l s  o f  one o f  t h e  s l i p r i n g  assemblies. 

Each o f  t he  two s l i p r i n g  asserr:; ies  cons is ts  o f  a  se t  o f  conduct ive 
r i ngs  ( t h e  r o t o r  assembly) t h a t  r o t t t e  v;ith t h e  so la r  ar rays and a s e t  o f  
brushes (mounted t o  t h e  brush b lock assemblies) t h a t  ar.2 f i x e d  t o  t h e  s a t e l -  
l i t e  centerbody. The conductive r i n g s  are hard s i l v e r ,  p l a t e d  over copper 
which i s  p l a ted  over t h e  epoxy ro to r .  Epoxy b a r r i e r s  a re  prov ided between 
r i ngs  t o  prevent short ing. The brushes are stackpole SM-476, a  s i l v e r ,  
MoS2, and g raph i te  composition, which a re  soldered t o  Gl idcop AL 20 brush 
arms. There a r e  two brushes pe r  s i gna l  r i n g  which a re  e l e c t r i c a l l y  and 
mechanically interconnected by the  brush arms (F igure 3). Brush f o r c e  i s  
maintained a t  23 grams nominal. The r o t o r  assembly i s  assembled t o  t h e  
SADAPTA sha f t  and i s  supported by t he  SADAPTA sha f t  bearings (F igure  4). 





F i g u r e  J .  T y p i c a l  Brush/Brush Spr ing  Assembly 

F i g u r e  4 .  T y p i c a l  S l  i p r i n g  Assembly 
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FUNCTIONAL RELATIONSHIP BETWEEN SLIPRINGS AND CRITICAL SIGNALS 

Figure 5 i s  a  func t iona l  r e l a t i o n s h i p  schematic showing how s i gna l s  
from the  Sun sensors (mounted on t he  r o t a t i n g  so la r  a r ray )  pass through 
t h e  s l  i p r i n g s  and i n t o  t h e  a t t i t u d e  c o n t r o l  e l e c t r o n i c s  (ACE) buf fer  amp1 i - 
f i e r s .  Several o ther  s igna ls  and e l e c t r i c a l  power pass through other  r ings ,  
bu t  have been de le ted  f o r  c l a r i t y  t o  concentrate on t h e  more c r i t i c a l  Sun 
sensor s ignals.  F igure 6 i s  an e l e c t r i c a l  schematic showing how Sun sensor 
s i gna l s  f rom each of  t h e  n o r t h  and south sola,' a r ray  wings pass through 
t he  s l i p r i n g s ,  ar, ,ed t o  t he  ACE b u f f e r  amp l i f i e r s ,  and t h e  outputs o f  
t h e  b u f f e r  a m p l i f i e r s  a re  f e d  t o  t h e  d i f f e r e n c e  a m p l i f i e r s  ( t he  output  o f  
which i s  2 d i r - - t  aneasure of spacecraft  a t t i t u d e ) .  This output,  i n  a d d i t i o n  
t o  be ing ava i l ab le  t o  te lemetry ,  i s  used d i r e c t l y  i n  t h e  yaw a t t i t u d e  c o n t r o l  
1  oop . 

The con t ro l  of t h e  spacecraft  yaw ax i s  dur ing  normal o r b i t a l  operat ions 
i s  accomplished us ing  Sun sensors mounted on t h e  yokes o f  t h e  s o l a r - a r r a y  
f o r  sensing yaw a t t i t u d e  coupled w i t h  Kalman f i l t e r  typ'e a lgor i thms imple- 
mented d i g i t a l l y  i n  t h e  ACE. 

The Sun sensors are simple-analog s i l i c o n  c e l l s  mounted i n  two u n i t s :  
one on t h e  n o r t h  s o l a r  a r ray  yoke and one on t he  south (F igure 7).  
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Figure 5. Funct ional  Relat ionship Schematic 

Each u n i t  i s  comprised o f  f ou r  s i l i c o n  detectors  and a  thermal c o n t r o l  
system t o  mainta in  t he  temperature o f  the  Sun detectors  near ly  constant 

(+0.5"C - v a r i a t i o n  about a  nominal 25OC). The n o r t h  u n i t  i s  comprised of 
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two r o l l  negat ive and two p i t c h  p o s i t i v e  detectors ,  and t h e  south u n i t  i s  
comprised of two r o l l  p o s i t i v e  and two p i t c h  negative. 

The detectors  t h a t  are used f o r  yaw con t ro l  a re  t h e  r o l l  Sun sensors. 
Note t h a t  t he  r o l l  and yaw axes interchange i n e r t i a l  o r i e n t a t i o n  every 90" 
of spacecraf t  o r b i t  mot ion (Figure 7). This r e s u l t s  i n  t h e  r o l l  eyes sensing 
pure spacecraft  r o l l  a t t i t u d e  a t  noon and midnight  and pure spacecraf t  yaw 
a t t i t u d e  a t  6 am and 6 pm. A t  in termediate x i e n t a t i o n s  these de tec to rs  
measure a p o r t i o n  of r o l l  and a p o r t i o n  of yaw, t he  appor t ion ing  f ac to r  
be i  ng a s i  nusoi d of o r b i t  frequency . 

P i t c h  detectors  a re  used t o  sense spacecraf t  p i t c h  mot ion du r i ng  acqui -  
s i t i o n  maneuvers and t o  sense s o l a r  a r ray  p o s i t i o n  w i t h  respect t o  t he  sun- 
l i n e  dur ing  normal o r b i t  operat ions. Accordingly, t he  s l  i p r i n g s  a re  d i r e c t l y  
i n  t h e  spacecraf t  yaw a t t i t u d e  con t ro l  loop and any degradat ion of s l i p r i n g  
perfcrmance can d i r e c t l y  a f f e c t  spacecraf t  a t t i t u d e  perfor mance. 

BACKGROUND OF THE NOISE PROBLEM 

Recognizing t he  s e n s i t i v i t y  o f  t h e  spacecraft performance t o  s l  i p r i n g  
induced noise, several  precaut ions were taken (before t h e  f i r s t  DSCS f 1 i g h t )  
t o  con t ro l  any no ise t o  t o l e r a b l e  l eve l s .  These precaut ions were: 

0 A s p e c i f i c a t i o n  o f  800-mn maximum ( a t  t h e  system l e v e l )  was es tab l i sh -  
ed f o r  any va r i a t i ons  i n  s i gna l  r i n g  res is tance  dur ing  a l l  ground 
t es t i ng .  The l e v e l  was ca l cu la ted  t o  be we l l  w i t h i n  t h e  l i m i t s  
which would y i e l d  w i t h i n  speci f i c a t i  on yaw performance. Component 
1 eve1 acceptance 1 i m i  t s  were much 1 ower (20 mn). 

0 The ACE and i t s  imbedded software converts t h e  analog d i f f e rence  
s igna l  between t he  n o r t h  and t h e  south Sun sensors i n t o  d i g i t a l  
words (counts)  f o r  use i n  t h e  a t t i t u d e  con t ro l  a lgor i thms. It was 
determined t h a t  proper yaw a t t i t u d e  con t ro l  would r e s u l t  i f  no ise-  
induced e f f e c t s  represented l ess  t h a t  m e  count. It was ca l cu la ted  
t h a t  t he  s e n s i t i v i t y  o f  t h e  system t o  s l i p r i n g  no ise was 0.5 t o  
0.6 counts/ohm. Accordingly, t h e  800-mQ 1 i m i t  f o r  s l  i p r i n g  no ise 
content was we1 1 w i t h i n  acceptable 1 i m i  t s .  

0 It was known t h a t  motion between t he  brushes and t h e  r i n g s  i n  a 
mois ture bear ing atmosphere would produce a p a r t i a l l y  i n s u l a t i n g  
f i l m  o f  MoS2 on t h e  r ings .  Accordingly, dur ing  a1 1 per iods when 
t h e  s l i p r i n g s  were ro ta ted  o r  v i b ra ted  dur ing ground t e s t i n g  (o ther  
than i n  thermal -vacuum t e s t i n g ) ,  t h e  s l  i p r i  ng assembly was purged 
w i t h  fi 1 tered, d ry  gaseous n i t rogen.  

0 i : d - to -end  systems t e s t s  were run, s t i m u l a t i n g  t h e  sensor eyes and 
mon i to r ing  t he  output  o f  t h e  ACE d i f f e rence  amp l i f i e r s ,  v e r i f y i n g  
t h s t  t h e  output  was w i t h i n  to lerance l i m i t s .  

The system was designed t o  sample Sun sensor s i gna l s  a t  t he  t ime 
when t he  contact  res is tance  o f  t he  b rushes l r ings  was expected t o  
be most s tab le ,  t h a t  i s  when t h e  s l i p r i n g s / s o l a r  a r ray  d r i v e  sha f t  
were a t  r e s t  between bu rs t s  of motor pulses. 



When the DSCS I 1 1  f i r s t  f l i g h t  veh ic le 's  s l i p r i n g s  were l a s t  tested 
fo r  noise (before launch) t he  res is tance var ia t ions  ranged between 50 and 
700 mS1. 

ON-ORB1 T OPERATIONS 

Shor t l y  a f t e r  DSCS I11 o r b i t  i n j e c t i o n  and approximately 6 hours a f t e r  
three-axis a t t i t u d e  cont ro l  was established, the  so la r  a r ray  d r i v e  was com- 
manded t o  t rack  the  Sun, and an o s c i l  l a t i o n  i n  yaw was detected. The redun- 
dant r o l l  Sun sepsor loop ( there are  two complete loops, from Sun sensors 
through ACE) was selected f o r  control .  The osci  1 l a t i o n s  were e l  ini nated. 
Approximately 1 month l a t e r ,  t he  o r i g i n a l  r o l l  Sun sensor loop was again 
selected for  cont ro l  as a diagnost ic measure. Yaw osci 1 l a t i o n  immediately 
resulted. The redundant r o l l  Sun senscr loop was again selected f o r  con t ro l  
and the  o s c i l l a t i o n s  stopped. The redundant r o l l  Sun sensor loop has success- 
f u l l y  con t ro l l ed  the  spacecraft ever since. Except fo r  f u r the r  diagnostics, 
there were no add i t iona l  occurrences o f  yaw osci  1 l a t i  on. 

POTENTIAL CAUSES OF YAW OSCILLATIONS 

A l l  po ten t i a l  causes o f  t he  prev iously  mentioned anomaly were i n v e s t i -  
gated. I n  add i t ion  t o  the  s l i p r i ngs ,  those included: 

a The Sun sensors 

a The vehic le and so la r  array harnesses 

a The op t i ca l  e f fec ts  

a The ACE 

Each o f  the  prev iously  l i s t e d  po ten t i a l  causes o f  the problem were 
the  subject o f  in tens ive  invest igat ions.  These inves t iga t ions ,  other  than 
the s l i p r i n g  invest igat ions,  are outside the  scope o f  t h i s  paper. Although 
a s i n g l e  source o f  the  problem was no t  pinpointed, t he  most l i k e l y  cause 
was determined t o  be resistance va r ia t i on  noise introduced i n t o  the  Sun 
sensor s ignal  c i r c u i t s  by contact res is tance changes a t  t he  s l ipr ing/brush 
in ter face.  This conclusion has been determined f o r  the f o l  lowing reasons: 

a Measured on-orbi t  data have ind ica ted  var ia t ions  i n  the  output s ig -  
nal s  o f  the  ind iv idua l  b u f f e r  amp1 i f i e r s  and o f  the  d i f f e r e n t i a l  
amp l i f i e r  

a Var iat ion i n  the output o f  the ACE d i f f e r e n t i a l  a m p l i f i e r  w i l l  d i r e c t -  
l y  r e s u l t  i n  the type o f  anomalous yaw a t t i t u d e  performance t h a t  
has been observed. 

a The only element i n  the loop cons is t ing  o f  the  Sun detectors, t he  
t r i m  res is to rs ,  t he  harnessing, the s l  ip r ings ,  and the  ACE amp1 i f i e r s  
tha t  has been measured t o  have a var iable parameter t h a t  could ac- 
count fo r  the  anomaly i s  the  s l i p r i n g  assembly, the  contact r e s i s t -  
ance o f  which has been measured t o  vary. 



Postlaunch fround t e s t s  on d e l i b e r a t e l y  degraded s l i p r i n g  assemblies 
have resu l t ed  i n  res is tance  v a r i a t i o n  no ise o f  t h z  r i g h t  o rder  o f  
magnitude t o  have caused t h e  anomaly. (Note t h a t  a l l  t e s t i n g  before 
1 aunch on undegraded s l  i p r i  ng assembl i e s  resu l t ed  i n  no ise  f i g u r e s  
we l l  below the  l eve l  necessary t o  account f o r  t he  anomaly.) 

CAUSES RELATED TO SLIPRINGS 

Several p o t e n t i a l  causes o f  t h e  yaw anomaly, which a re  r e l a t e d  t o  t h e  
s l  i p r i n g  assembly, were considered. These causes are discussed i n  t h e  f o l  low- 
i n g  paragraphs. 

E l e c t r o s t a t i c  Discharge - 
The spacecraft  was launched du r i ng  a per iod  o f  h igh so lar -s torm a c t i v -  

i t y ,  so t h e  p o s s i b i l i t y  o f  b u i l d  up o f  h i gh  n l e c t r o s t a t i c  discharge (ESD) 
energy near entrance t o  t h e  umbra was thought t o  be possible.  Theoreeical 
analyses were performed t o  p r e d i c t  t h e  magnitude o f  t h e  ESD discharge cur-  
ren ts  and subsequently t e s t s  were performed t o  v a l i d a t e  t he  numbers. The 
t e s t s  i nd i ca ted  t h a t  t h i s  phenomena could r e s u l t  i n  0.05 A surg ing through 
t he  s l i p r i n g s  f o r  a per iod  o f  1200 ns. Tests us ing t h e  engineer ing model 
SADAPTA were subsequently performed t o  demonstrate t h e  e f f e c t s  o f  var ious 
ESD discharge cur ren t  magnitude and duty  cycle.  The r e s u l t s  o f  t h e  t e s t s  
i nd i ca ted  t h a t ,  i f  anything, ESD discharge cur ren ts  tended t o  c lean  t h e  
s l i p r i n g s  and brushes. I n  add i t ion ,  no apparent p i t t i n g  o f  t h e  brushes 
o r  r i n g s  occurred. Accordingly, ESD was e l im ina ted  as a cause o f  t h e  prob- 
lem. 

Temperature Gradients 

Temperature grad ients  w i t h i n  t he  s l  i p r i  ng brush block assembly were 
considered as a p o s s i b i l i t y .  I f  t h e  s l i p r i a g s  experienced a l a r g e  tempera- 
t u r e  grad ient ,  thermal ly  induced stresses could r e s u l t  i n  f a i l u r e  o f  t he  
s i gna l  leads. Examination o f  f l  i g h t  and qua1 i f i c a t i o n  data, however, showed 
t h a t  t he  SADAPTA temperatures were near normal (approximately 20°C), so 
t h i s  t ype  f a i l u r e  was e l im ina ted  as 2 suspected cause. 

Mechanical S h i f t i n g  

Also considered as p o t e n t i a l  problems were mechanical s h i f t s  w i t h i n  
t h e  s l i p r i n g  assembly t h a t  would cause t h e  brushes t o  contact  t h e  s ides 
o f  t he  t r ack  and misalignments o f  t he  brushes t h a t  would r e s u l t  i n  t h e  brush- 
es con tac t ing  t h e  t r a c k  i n  a skewed a t t i t u d e  f o r  a p o r t i o n  o f  t h e  t o t a l  
360" o f  t r a v e l .  Inves t iga t ions  o f  t he  t r ack  and brush to lerances i nd i ca ted  
t h a t  displacement o f  t h e  brush b lock  s u f f i c i e n t  t o  cause contact  w i t h  t h e  
s ide  o f  t he  t r ack  could no t  occur. Tests on t he  engineer ing model SADAPTA 
were subsequently run  t o  t e s t  these hypotheses. Becaus~~  the t e s t  r e s u l t s  
d i d  no t  produce t h e  noise signatures observed i n  t he  f l i g h t  data, f u r t h e r  
i nves t i ga t i ons  o f  brush displacement/misal ignment were no t  considered neces- 
sary. 



Contamination 

Contamination on t h e  sur face o f  t h e  s l i p r i n g s  was considered as a pos- 
s i b l e  cause o r  c o n t r i b u t o r  t o  t h e  problem. I n v e s t i g a t i o n  o f  system t e s t  
data, which i nd i ca ted  t h a t  contaminat ion would be cleaned up a f t e r  severa l  
r o t a t i o n s ,  a l s o  i n d i c a t e d  t h a t  a l a r g e  amount o f  no ise  cou ld  appear i f  t h e  
SADAPTA was quiescent f o r  several  weeks--even under constant purge. The 
most s t r i k i n g  evidence o f  t h i s  i s  a 6 hour t e s t  which had been performed 
about 2 weeks a f t e r  a thermal-vacuum t e s t .  Dur ing t h i s  t ime, t h e  r i n g s  
were under cont inuous purge, bu t  t h e  f i r s ' . '  o r b i t  o f  t h e  r i n g s  showed l a r g e  
values o f  Sun sensor no ise over a s i g n i f i c a n t  p o r t i o n  o f  t h e  o r b i t .  Noise 
o f  amp1 i t u d e  o f  20 counts peak-to-peak occurred on t he  n o r t h  r o l l  negat.ive 
Sun sensor s igna l  cover ing a span o f  2.5 hours from near spacecraf t  r i i gh t  
t o  3:00 am. Because t h e  f l i g h t  spacecraf t  was s ta t i oned  a t  NASAIKennedy 
Space Center f o r  a long  pe r i od  be fo re  launch, i t  i s  c e r t a i n l y  poss ib le  f o r  
i n i t i a l  contaminat ion t o  be present  when t h e  r i n g s  were f i r s t  used i n  space. 

Although i t  was a v i a b l e  theory,  a l l  ground t e s t  r e s u l t s  i nd i ca ted  
t h a t  t h e  no ise would disappear w i t h i n  severa l  r o t a t i o n s  o f  t h e  SADAPTA 
shaf t .  This was no t  happening on-orbi  t. Furthermore, t h e  magnitude o f  
s l  i p r i  ng res is tance  v a r i a t i o n  apparent ly  necessary t o  produce t h e  on-orbi  t 
disturbances (20 t o  3 0 ~ )  was several  t imes t h e  magnitude o f  any t h e o r ~ ~ i c a l  
contaminat ion induced con tac t  res is tance  change o r  t h a t  which had been meas- 
ured i n  ground t e s t i n g .  

Other i n t e r e s t i n g  t heo r i es  considered and discarded were: 

a D i s c o n t i n u i t i e s  o r  bumps a t  t h e  r i n g j l e a d  wi r e  attachment--CAD gener- 
m o t s  o f  design a t t ach  p o i n t s  (below sur face o f  r i n g s )  showed 
t h a t  t h e  l oca t i ons  bore no resemblance t o  t h e  observed l o c a t i o n s  
( s o l a r  a r ray  p o s i t i o n  w i t h  respect  t o  t ime )  o f  on -o rb i t  o r  ground 
t e s t  noise. 

r V ib ra t i on  o f  brush lbrush spr ings causing brushes t o  bounce ou t  o f  
con tac t  w i t h  r ings - -Ca lcu la t ions  showed t h a t  we l l  over  100 g ' s  ,auld 
m v e  a normal ly  preloaded brush ou t  o f  con tac t  w i t h  
i t s  r i n g .  Nothing i n  t h e  system dynamics cou ld  cause t h a t  l e v e l  
of acce le ra t ion  on t h e  brushes i n  o r b i t .  

ENGINEERING SADAPTA TEST RESULTS 

A se r i es  o f  t e s t s  were run on t h e  engineer ing south SADAI'TA which was 
t h e  l i f e  t e s t  u n i t .  Th is  SADAPTA had been s to red  i n  t h e  engineer ing labora-  
t o r y  w i thou t  n i t r ogen  purg ing  and had been exposed t o  va ry ing  cond i t i ons .  
Furthermore, t h e  brush forces on a l l  r i n g s  were w e l l  below t h e  s p e c i f i c a t i o n  
values o f  23 grams. 

A number o f  obserlvations were made concerni  ng t h i s  engi neer i  ng u n i t  : 

a. There was no d i f f e r e n c e  i n  no ise as a r e s u l t  o f  a change i n  s i gna l  
p o l a r i t y  . 
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b. There were small d i f f e rences  i n  no ise  due t o  r a d i a l  and a x i a l  fo rces  
up t o  10 pounds app l ied  t o  t h e  output  shaf t .  

c. The no ise was s i g n i f i c a n t l y  lower w i t h  two brushes than i t  was 
w i t h  one brush ( l i k e w i s e  f ou r  brushes produced b e t t e r  r e s u l t s  than 
two (i.e., two r i ~ l g s  i n  p a r a l l e l ) .  

d. The t r a i l i n g  brush appeared t o  be q u i e t e r  than t h e  lead ing  brush. 

e. Inc reas ing  brush f o r ce  above 23 grams d i d  no t  appear t o  reduce 
noise,  bu t  decreasing f o r c e  below 10 t o  13 grams d i d  cause an i n -  
crease i n  noise. 

Test da ta  p l o t t e d  i n  F igure 8 were generated by d e l i b e r a t e l y  l i f t i n g  
t h e  brush o f f  o f  t he  r i n g  w i t h  c a l i b r a t e d  fo rces  when t h e  companion brush 
was out o f  contact .  The f o l l o w i n g  impor tant  observat ions a re  from these 
data:  

e The 23-gram fo r ce  appears t o  have been op t ima l l y  se lected because 
i t  l i e s  j u - t  beyond t h e  knee o f  t h e  curve. 
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0 I nc reas ing  nomina; brush fo rce  beyond 23 grams does n o t  appear t o  
improve contasct ,  b u t  i t  can p rov ide  margin f o r  brush f o r c e  v a r i a t i o n  
i n  p roduc t ion  o r  s e r v i c e  w i t h o u t  degrading perfo-mance. 

0 Decreasing t h e  brush f w c e  below t h e  23-gram nominal can produce 
r e s i s t a n c e  v a r i a t i o n s  o f  t h e  magnitude necessary t o  account f o r  
o r b i t a l  performance ( p a r t i c u l a r l y  when viewed i n  t h e  l i g h t  o f  subse- 
q u e n t l y  d iscussed system non l  i near i  t i e s ) .  

With a t t e n t i o n  focused on low brush fo rce ,  a s e r i e s  o f  more c o n t r o l l e d  
brush f o r c e  versus n o i s e  t e s t s  were run. A spec ia l  f i x t u r e  was designed 
and b u i l t  f o r  accu ra te l y  measuring t h ~  und is turbed brush fo rces  o f  t h e  eng i -  
neer ing  u n i t  s l i p r i n g  assemblies. As can be seen f rom F igures 9 and 10, 
t h e  brushes on t h i s  u n i t  ( a f t e r  cons ide rab le  t e s t i n g  and hand1 i n g )  do n o t  
l i n e  up w e l l  and s i g n i f i c a n t  v a r i a t i o n s  i n  brush fo rces  a r e  t o  be expected. 
I n  f a c t ,  on t h e  south  u n i t  t h e  fo rces  v a r i e d  f rom f i v e  t o  18 grams, and 
on t h e  n o r t h  u n i t  (which had always been a q u i e t  pe r fo rmer )  t h e  fg rces  v a r i e d  
from 16 t o  22 grams. A s e r i e s  o f  dynamic n o i s e  measurements were then  made 
( i n c l u d i n g  some w i t h  d e l i b e r a t e l y  a l t e r e d  brush fo rce ) .  

F igures 11 and 12 are  p l o t s  o f  t h e  r e s u l t i n g  data. Again, t h e  s e n s i t i v -  
i t y  t o  brush f o r c e  i s  obvious, bo th  on magnitude and frequency o f  n o i s e  
s p i  kes. 

It was concluded t h a t  t h e  cause ;nd c o r r e c t i v e  a c t i o n  f o r  t h e  p o t e n t i a l  
low brush f o r c e  must be i d e n t i f i e d .  

BRUSH SPRING INVESTIGATIONS 

The m a t e r i a l  used f o r  t h e  s l i p r i n g  brush spr ings,  Gl idcop AL20, and 
t h e  processes used f o r  f a b r i c a t i n g  t h e  spr ings were i n v e s t i g a t e d  i n  d e t a i l .  
These i n v e s t i g a t i o n s  a r e  t o o  leng thy  t o  d iscuss i n  d e t a i l  here, bu t  t h e  
s a l i e n t  p o i n t s  o f  t h e  i n v e s t i g a t i o n s  were: 

0 Solder ing t h e  Gl idcop w i t h  a h i g h  temperature s i l v e r  so lde r  caused 
a s i g n i f i c a n t  drop i n  e l a s t i c  modulus (13-percent change). 

0 Tests of  t h e  sp r ing  constant  o f  G l '  Jcop spr ings showed t h a t  t h e  
c a l c u l a t e d  values u s i n g  pub l i shed  data were much lower than t h e  
t e s t  r e s u l t s  (35-pecent l ower ) .  

0 The process used t o  bend t h e  sp r ings  produced nonuni form bends, 
some ?f which cou ld  r e s u l t  i n  su r face  c r a c k i n g  o f  t h e  spr ings.  

Each o f  the  fac to rs  suggested t h a t  t h e  f o r c e  on t h e  brush h o l d i n g  i t  
aga ins t  t h e  r i n g  may have been inadequate on some brbush/r ing assemblies. 
Th is  concern has been removed f o r  f u t u r e  SADAPTA's by changing t h e  brush 
s p r i n g  m a t e r i a l  t o  b e r y l  l ium-copper and i n c r e a s i n g  brush f o r c e  f rom 23 t o  
41 grams p e r  brush t o  p rov ide  margin. 
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SY NCHHON I ZAT I ON 

The e f f e c t  of synchronizaticn between tho  Sun sensor signal sampling 
and so la r  array d r i ve  cycle must be considered i n  any discussioti o f  the  
e f f e c t  o f  s l i p r i n g  noise on a t t i t u d e  cont ro l  errors.  It has been determined 
tha t  the  lack o f  such synchronization w i l l  introduce er rors  i n t o  the Sun 
sensor s ignals (and resu l tan t  a t t i t u d e  cont ro l  e r ro rs )  which can readi l y  
be e l  i m i  nated by resynchroni zat ion. 

Figure 13 shows the t im ing  re la t ionsh ip  between the periods when the  
solar  array d r i v e  i s  dr iven by bursts o f  aotor  pulses, the  r e s t  periods 
bptween pulse bursts,  and the t yp i ca l  resistance va r ia t i on  as a funct ion 
a f  t ime which resu l t s  from s l i p r i n g  motion. As shown, the  planned data 
sampling t ime was designed t o  occur near the  end o f  the  r e s t  periods when 
resistance i s  expected t o  be most stable. Should data sampling occur dur ing 
motion (o r  s h o r t l y  thereaf te r ) ,  considerably l a rge r  resistance var ia t ions  
should be expected. I n  fac t ,  ea r l y  i n  the OSCS I 1 1  mission, t h i s  lack o f  
synchronization d i d  occur because o f  ce r ta in  commands tha t  reset  the re1 a t ion-  
sh ip between onboard counters. A t  t h a t  t ime i t  was bel ieved t h a t  the sl 'p- 
r i n g  performance was degrading rap id l y  w i th  time, when i n  fac t  what had 
occurred was the previously mentioned desynchronization. When discovered, 
t h i s  problem was eas i ly  corrected by ground command t o  resynchronize. 

NONLINEARITIES 

As mentioned before, ea r l y  mission performance ind ica ted  apparent i n -  
creases i n  s l i p r i n g  resistance which were very high compared t o  any reason- 
able expectation o f  increased s l  i p r i n g  resistance. It was discovered by 
analyzing and t e s t i n g  the Sun sensor c i r c u i t r y  t ha t  increases i n  t o t a l  c i r -  
c u i t  resistance (contr ibuted t o  by increases i n  s l i p r i n g  resistance) caused 
nonl inear e f fec ts  which made the  resistasnce increase appear higher than 
i t  a c t u a l l y  was, This was corrected by c i r c u i t  changes t h a t  are outside 
the scope of t h i s  paper. 

DESIGN AND PROCESS CHANGES 

For subsequent DSCS soacecraft the  fo l low ing changes are being imple- 
mented: 

a. Pa ra l l e l i ng  of Rings 

A l l  c r i t i c a l  Sun sensor signal s are now brought across the  r o t a t i n g  
j o i n t  on two p a r a l l e l  s l i p r i ngs  ( four  brushes f o r  ehch s ignal  and four brush- 
es f o r  each return) .  As previously ~ o t e d ,  t h i s  para l  l e l i n g  d r a s t i c a l l y  
reduces s l i p r i n g  noise i n  the  fo l low ing manner: 

(1) The contact resistance o f  a set o f  four  brushes i s  , inimized by 
the law governing resistances i n  paral  l e l  : 
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(2) The s t a t i s t i c a l  probabi 1 i t y  o f  hav ing a t  l e a s t  one low-res is tance 
pa th  a t  any i n s t a n t  o f  t ime  i s  very high. I f  such a low-res is tance 
path ex i s t s ,  i t  w i l l  dominate t h e  t o t a l  res is tance  (RT)  and main- 
t a i n  a *-noise s i gna l  across t h e  s l i p r i n g  set .  

(b)  Ni t rogen Purgi ng 

The n i t r ogen  purge has been extended so t h a t  i t  now covers t h e  t o t a l  
veh i c l e  l i f e  ( w i t h  t h e  except ion o f  a few hours). Purging w i l l  e l i m i n a t e  
t h e  possi  b i  1 i t y  o f  contami na t i on  caused by ox ida t ion .  

( c )  Brush Conf igu ra t ion  

The brush contact  f o r ce  has been increased from 23 grams per  brush 
nominal t o  41 grams pe r  brush nominal. 

The brush p a i r s  t h a t  were mechanical ly and e l e c t r i c a l l y  in terconnected 
have been e l e c t r i c a l l y  separated t o  enable t e s t i n g  o f  i n d i v i d u a l  brushes 
f o r  no ise  dur ing  acceptance t e s t i n g  a t  t h e  vendor. 

The brush sp r i ng  ma te r i a l  has been changed f rom 0.010" Gl idcop AL20 
t o  0.012" b e r y l l i u m  copper, and t h e  brush attachment has been changed from 
s i l v e r  so lder  t o  s o f t  solder.  

( d l  Relocat ion of Bu f fe r  Ampl i f i e rs  

The ACE b u f f e r  a m p l i f i e r s  have been r e l o e t e d  t o  t h e  r o t a t i n g  ar ray.  
This has t he  e f f e c t  o f  t r a n s m i t t i n g  a m p l i f i e d  s i gna l s  across t h e  s l i p r i n g s  
and reduc ing t h e  system's s e n s i t i v i t y  t o  s l i p r i n g  no ise  from 0.5 ohms per  
count t o  42 ohms per  count. 

The changes have been t es ted  on both engineer ing and prime hardware 
and have shown t h a t :  

S i g n i f i c a n t l y  less no ise i s  produced by t h e  s l i p r i n g s .  

The system i s  cons iderab ly  l ess  s e n s i t i v e  t o  any no ise t h a t  i s  p ro -  
duced. 

A l i f e  t e s t  t o  eva luate t h e  e f f e c t s  o f  increased brush f o r ce  on brush 
l i f e  i s  c u r r e n t l y  underway. 

CONCLUSIONS 

The f o l  lowing general conclusions can be reachec about t h e  management 
o f  s l i p r i n g  no ise i n  a spacecraf t  c o n t r o l  system. 

e To i n i t i a t e  t he  noise,  some form o f  d i e l e c t r i c  contaminat ion must 
e x i s t  a t  t h e  s l i p r i ng /b rush  i n t e r f ace ,  

r A reduc t ion  i n  brush sp r i ng  f o r ce  t o  s i g n i f i c a n t l y  less  than t h e  
design minimum fo r ce  must occur t o  render t h e  s l i p r i n g  assembly 
suscep t ib le  t o  t h e  p rev i ous l y  mentioned contamination. 



a The fewer t he  number of b rush / r ing  sets  i n  contact  w i t h  each s i gna l  
c i r c l ~ i t ,  t h e  more s t a t i s t i c a l l y  suscep t ib le  t he  c i r c u i t  i s  t o  contam- 
i n a t i o n  induced res is tance var ia t ions .  

a C r i t i c a l  sensor s igna ls  should be c a r r i e d  by two p a r a l l e l  s l i p r i n g s ,  
thus p l ac i ng  f ou r  brushes i n  p a r a l l e l .  

a Synchronizat ion o f  sensor sampling t imes and d r i v e  pulses must be 
maintained a t  a1 1 times. 

Haltner,  A. J., "Po ten t ia l  f o r  I c e  Formation cn S l i p  Rings During Launch 
Phase (Response t o  Act ion Item 26)," PIR-U-1R30-DSCS-1212-B-0903, Apri 1 12, 
1982. 

a S l i p r i n g  assemblies o f  t h i s  t ype  must be purged w i t h  clean, d r y  
n i t r ogen  a t  a l l  t imes (except when s p e c i f i c a l l y  precluded by t e s t  
operat ions underw8y a t  the  t ime such as leak t e s t i n g )  up t o  as c l ose  
t o  launch t ime  as possible.  

a Margin above nominal brush f o r ce  should be prov ided t o  account f o r  
in-process o r  i n - se rv i ce  degraadt ion ( t h i s  was changed from 23 t o  
41 grams per  brush f o r  DSCS-111). 

a The i n d i v i d u a l  brushes o f  a brush p a i r  should be e l e c t r i c a l l y  separat- 
ed t o  enable i n-process measurement o f  i n d i v i d u a l  b r u s h l r i n g  con tac t  
res is tances dur ing  t es t i ng .  

a Whenever possible,  c r i t i c a l  s i gna l s  should be a m p l i f i e d  be fo re  pass- 
i n g  across t h e  s l i p r i n g s .  
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THE DESIGN AND DEVELOPMENT 3F TWO-FAILIJRE TOLERANT MECHANISMS FOR THE 
SPACEBORNE I M A G I N G  RADAh (SIR-6) ANTENNA 

S. J. P r e s a s *  

This p p e r  d e s c r i b e s  t h e  p e r f o r m a n c e  r e q u i r e ~ ~ e n t s ,  d e s i g n  c o n s t r a i n t s ,  and  
d e s i g n  q u a l i f i c a t i o n  s t a t u s  ot t h e  mechanisms n e c e s s a r y  t o  r e s t r a i n ,  d e p l o y ,  
a n d  stow t h e  SIR-B a n t e n n a  e x p e r i m e n t  o n  t h e  S h u t t l e  O r b i t e r .  

The SIR-B a n t e n n a  i s  a  f l a t  a r r a y  t h a t  mus t  mount  s t o w e d  i n t o  a s t a n d a r d  
E u r o p e a n  S p a c e  Agency  S h u t t l e  p a l l e t  w i t h i n  a s m a l l  e n v e l o p e  s o  t h a t  t h e  
p a l l e t  may be s h a r e d  w i t h  o t h e r  e x p e r i m e n t ( s ) .  F o r  t h i s  p u r p o s e ,  t h e  a n t e n n a  
a r r a y  w a s  d i v i d e d  i n t o  t h r e e  s e c t i o n s :  c e n t e r ,  a f t ,  a n d  f o r w a r d .  The c e n t e r  
s e c t i o n  r e m i n s  a t t a c h e d  t o  a  p a l l e t  mount ing t r u s s ,  t h e  f o r e  a n d  a f t  sec- 
t i o n s  r o t a t e  on h i n g e s  p e r p e n d i c u l a r  t o  t h e  S h u t t l e  c e n t e r l i n e  t o  n e s t  a t o p  
t h e  c e n t e r  s e c t i o n .  The f o r w a r d  is  t h e  i n n e r  l e a f  and  t h e  a f t  i s  t h e  o u t e r  
l e a f .  Upon command, t h e  m e c h a n i s m  m u s t  remove t h e  Launch a n d  Landing  Re- 
s t r a i n t  System (L/LRS), d e p l o y  t h e  a n t e n n a  l e a v e s  t o  a  f l a t  p o s i t i o n ,  a n d  
i n i t i a t e  a n t e n n a  t i l t  o n  a n  a x i s  p a r a l l e l  t o  t h e  c e n t e r l i n e  o f  t h e  S h u t t l e  
t o  any  c m m n d  p o s i t i o n  betwen 15" and  60° e l e v a t i o n .  A f t e r  e x p e r i m e n t  concl t i -  
s i o n ,  o r  a t  any  time d u r i n g  t h e  m i s s i o n ,  t h e  mechanism must  s t o w  t h e  a n t e n n a  
a n d  l a t c h  i t  r e a d y  f o r  r e - e n t r y .  ( S e e  F i g u r e  1 a n d  F i g u r e  2.)  

S a f e t y  C o n s i d e r a t i o n s  

B e c a u s e  t h e  a n t e n n a  p r o t r u d e s  beyond t h e  S h u t t l e  p a y l o a d  bay d o o r  e n v e l o p e  
a f t e r  i t  is  d e p l o y e d  a n d  t i l t e d  t o  t h e  maximum a n g l e  o f  t r a v e l ,  s a f e t y  re-  
q u i r e m e n t s  may b e  met o n l y  by j e t t i s o n i n g  t h e  a n t e n n a  a r r a y  o r  by u s i n g  
two f a i l u r e  t o l e r a n t  mechanisms t o  e n s u r e  s a f e  s t o w a g e  a n d  l a t c h i n g  i n t o  
l a n d i n g  c o n f i g u r a t i o n .  We have  s e l e c t e d  t h e  l a t t e r  a p p r o a c h .  S e e  F i g u r e  3. 

Loads - 
The s towed a n t e n n a  is  exposea  t o  t h e  l a u n c h  a n a  l a n d i n g  l o a a s  e n c o u n t e r e d  i n  
t h e  S h u t t l e  c a r g o  bay. 

The d e p l o y e d  antenr la  a r r a y  urust d e p l o y  and r e m a i n  f l a t  w i t h i n  6.35 mm (0.25 
i n c h ) .  

- - - - - 

* B a l l  Aerospace ,  High Technology P r o d u c t s ,  b o u l d e r ,  C o l o r a d o  



S c h e d u l e  

E x i s t i n g  mechanisms were to  b e  used  where p o s s i b l e  to  r e d u c e  a e s i g n  and de-  
ve lopment  time. 

Power - 
28 Vdc power a v a i l a b l e .  
1 1 5  Vac 400-Hz power a v a i l a b l e  (manual  c o n t r o l l e d  c o n s o l e  o n l y ) .  

S i x t e e n  p y r o - i n i t i a t o r  c i r c u i t s  a v a i l a b l e  ( e i g h t  p y r o  d e v i c e s  p o s s i b l e ;  
manual  c o n s o l e  o n l y . )  R e s t r i c t e d  t o  NASA S t a n d a r d  I n i t i a t o r s  (NSI-1) o n l y .  

Environment  

T h e  a n t e n n a  mechanism must be  c a p a b l e  o f  o p e r a t i o n  i n  h a r d  vacuum a t  -34.4" 
t o  + 7 l  . l °C  (-30" t o  +160°F.) M u l t i l a y e r  i n s u l a t i o n  may b e  u s e d  a s  r e q u i r e d  
t a  m a i n t a i n  t h e  mechanism t e m p e r a t u r e  w i t h i n  t h o s e  l i m i t s .  

DESIGN SUMMARY 

The b a s i c  a n t e n n a  a r r a y  i s  made of e i g h t  s u b a r r a y s  o r  p a n e l s  a r r a n g e d  i n t o  
t h r e e  s e c t i o n s .  A l l  p a n e l s  a r e  s u p p o r t e d  by t u b u l a r  aluminum s t r u c t u r e .  The 
c e n t e r  s e c t i o n  is  backed by a  r i g i d  t r i a n g u l a r  t r u s s  a n d  t h e  a f t  a n d  f o r w a r d  
s e c t i o n s  a r e  s u p p o r t e d  by a f l a t  f r a m e .  The a n t e n n a  a r r a y  is  s t o w e d  i n t o  
a p p r o x i m a t e l y  o n e  t h i r d  o f  i t s  d e p l o y e d  l e n g t h  ( f r o m  1 0 . 7 4  t o  3 . 9 9  m )  ( 4 2 3  
t o  1 5 7  i n c h e s ) .  T h e  c e n t e r  s e c t i o n  r e m a i n s  s t a t i o n a r y ,  t h e  f o r w a r d  ( i n n e r )  
s e c t i o n  f o l d s  i n t o  i t ,  a n d  t h e  a f t  ( o u t e r )  s e c t i o n  f o l d s  o v e r  t h e  o t h e r  
two.  A l o c k i n g  l a t c h  b e t w e e n  t h e  c e n t e r  a n d  o u t e r  l e a v e s  i s  p r o v i d e d  t o  
o b t a i n  a  s o l i d  package .  See  F i g u r e s  1 a n d  2. 

To  mount  t h e  a n t e n n a  a r r a y  i n t o  t h e  S h u t t l e  accommodat ion p a l l e t ,  a r i g i d  
t u b u l a r  f rame ( p a l l e t  t r u s s )  i s  u s e d  t h a t  a l s o  s e r v e s  t o  s u p p o r t  t h e  t w o  
r e d u n d a n t  e l e c t r i c a l  c o n t r o l  boxes.  

The a n t e n n a  p o i n t i n g  r e q u i r e u ~ e n t  is a c c o m p l i s h e d  t h r o u g h  a  tilt h i n g e ,  l o c a -  
t e d  between t h e  p a l l e t  t r u s s  a n d  t h e  a n t e n n a  a r r a y ,  t h e  a x i s  o f  which is 
p a r a l l e l  t o  t h e  a n t e n n a  a r r a y  l o n g i t u a i n a l  a x i s .  The n i n g e  moves between 

s o l i d  s t o p s  and  i s  s t o w e d  s o l i d  t o  t h e  p a l l e t  t r u s s  and l o c k e d  by a  l a t c h  f o r  
l a u n c h  a n d  l a n d i n g .  See  F i g u r e  3. 

Tne a n t e n n a  p a n e l s  are b z d t e d  o n t o  t h e  t u b u l a r  s t r u c t u r e  by a s y s t e m  o f  f l a t  
f i t t l n g s  w i t h  h o l e s  t o  f i t  t h e  v a r i o u s  t u b e  a i a a ~ e t e r s .  The f i t t i n g s  h a v e  
e i t h e r  r o u n a  o r  e l l i p t i c a l  h o l e s  t o  accommodate p a n e l  d i f f e r e n t i a l  e x p a n s i o n  
r e l a t i v e  t o  t h e  s t r u c t u r e .  



From M i s s i o n  P r o f i l e  

a The a n t e n n a  must  b e  s towed  and  l a t c h e d  d u r i n g  S h u t t l e  l a u n c h .  
a The l a t c h e s  are r e t r a c t e d  a n a  h e l d .  

The a n t e n n a  a r r a y  t o  be d e p l o y e d  f l a t  w i t h i n  6.35 mm (0.25 i n ) .  
T h e  a n t e n n a  i s  p o i n t e d  ( t i l t e d )  t o  a  ( c o m m a n d e d )  a n g l e  and must 
h o l d  w i t h i n  0.5'. 

From S a f e t y  ( C o n s t r a i n t s )  

Double i a i l u r e  t o l e r a n t  n ~ e c h a n i s n ~ s  t o  s t o w  a n t e n n a  w i t h i n  S h u t t l e  
d o o r  e n v e l o p e .  

a Double  f a i l u r e  t o l e r a n t  mechanlsrns t o  l a t c h  f o r  l a n d i n g .  
a S i n g l e  f a i l u r e  t o l e r a n t  b e a r i n g s  t h r o u g h o u t  t n e  s y s t e m .  

From Ground T e s t l n g  

A c t u a t o r  t o r q u e  11.30 Nm (100 i n - l b )  minimum. 
S t r u c t u a l  r i g i d i t y  r e q u i r e d  a t  1 g f o r  g r o u n d  f u n c t i o n a l  t e s t s .  

MECHANISM DESCRIPTION 

D r i v e s  

The a f t  and f o r w a r d  f o l d i n g  h i n g e s  a r e  d r i v e n  by d c  r o t a r y  dual. d r i - r e  a c t u a -  
t o r s  (DDA) i n  b o t h  d e p l o y  a n d  s t o w  d i r e c t i o n s .  I n  t h e  e v e n t  o f  t o c a l  d c  
a c t u a t o r  f a i l u r e  ( d o u b l e  f a i l u r e ) ,  9r t w o  d c  p o w e r  f a i l u r e s ,  trc I?;'! :s 
a pyro p i n  p u l l e r ,  and a  p r c l o a d e d  v i s c o u s  dampened a c t u a t o r  (VDA) is  IL_. i;,- 

e d  by a n o t h e r  p i n  p u l l e r .  The VDA w i l l  r o t a t e  t o  c o n t a c t  a  l e a f  h i n g e  c r ~ s s  
p i n  and m e c h a n i c a l l y  p o w e r  t h e  l e a f  b a c k  t o  s t o w e d  p o s i t i o n .  T h i s  t h i r d  
r e d u n d a n t  o p t i o n  i s  m a n u a l l y  c o n t r o l l e d  f rom t h e  S h u t t l e  c a b i n  t h r o u g h  a 
s e p a r a t e  p y r o  f i r i n g  c o n s o l e .  See  F i g u r e s  4 and 5. 

The tilt h i n g e  is n l i i i i a r  t o  t h e  f o l a i n g  h i n g e s  e x c e p t  t h a t  t h e r e  is a nega-  
t o r  s p r i n g ,  c o n s t a n t l y  engaged  i n  t h e  s t o w  d i r e c t i o n ,  which p r o v i d e s  a back-  
l a s h  c a n c e l l i n g  p r e l o a d  t o  a c h i e v e  a c c u r a t e  a n t e n n a  p o i n t i n g .  T h e r e  i s  a l s o  
a  r o t a r y  p o t e n t i o m e t e r  f o r  t i l t  p o s i t i o n  f e e d b a c k .  See  F i g u r e  6. 

Launch/Landin,: R e s t r a i n t  Sys tem (L/LRS) 

The f o r e  and a f t  l e a v e s  a r e  f i r u J y  h e l a  t o  t h e  c e n t e r  l e a f  by s t o p s  r e a c t i n g  
a g a i n s t  t h e  h i n g e s ,  and  l a t c h e d  by a m e c h a n i c a l  c l a w  mounted a t  t h e  c e n t e r  
l e a f  s t r u c t u r e  which c a p t u r e s  a  r o l l e r  a t  t h e  f o r w a r d  l e a f ,  t h u s  t r a p p i n g  
b o t h  l e a v e s  a g a i n s t  t h e  c e n t e r  l e a f .  

The e n t i r e  a n t e n n a  a r r a y  is  a l s o  h e l d  t o  t h e  p a l l e t  t r u s s  by a  sirllilar mecha- 
n i c a l  claw and rol ler  c o m b i n a t i o n  



MECHANISM DETAILS 

a Dual D r i v e  A r t u a t o r  (DDA)--Originally d e v e l o p e d  by t h e  Je t  Propuls ion 
L a b o r a t o r y  (JPL) f o r  t h e i r  G a l i l e o  A n t e n n a  D e p l o y m e n t .  [ R e f :  1 6 t h  . . 

A e r o s p a c e  M e c h a n i s m s  Sympos ium,  NASA C o n f e r e n c e  P u b l i c a t i o n  2221 ,  
May 13-14, 1984.1 The DDA b a s i c a l l y  c o n s i s t s  of two d c  m o t o r s  d r i v i n g  
i n d e p e n d e n t l y  t h r o u g h  r e d u n d a n t  d i f f e r e n t i a l  ha rmonic  d r i v e s .  

Because  of i n e r t i a l  l o a d i n g  of t h e  a n t e n n a  s t r u c t u r e ,  t h e  DDA o u t p u t  
rpm needed  t o  be r e d u c e d  1 0 : l  by m o d i f y i n g  t h e  h a r m o n i c  d r i v e  g e a r  
r a t i o  w h i c h  i n c r e a s e d  t h e  o u t p u t  t o r q u e .  An o u t p u t  t o r q u e  l i m i t i n g  
c l u t c h  h a s  been added  t o  t h e  DDA. 

0 V i s c o u s  Dampened A c t u a t o r  (VDA)--A r o t a r y  vane  w i t h i n  a  m a t c h i n g  
c y l i n d e r  f o r  a  186' minimum r o t a t i o n  is  dampened by 1 0 0 , 0 0 0  c e n t i -  
s t r o k e s  s i l i c o n e  f l u i d .  R o t a r y  p o w e r  i s -  p r o v i d d d  by two c o n s t a n t  
t o r q u e  ( n e g a t o r )  s p r i n g  p a c k s  o n  t w o  c y l i n d r i c a l  g u i d e s  a t  e a c h  
e n d  o f  t h e  n o t o r .  T h e r e  i s  a  t h e r m a l  c o m p e n s a t o r / r e s e r v o i r  d e v i c e  
B e l l e v i l l e  s p r i n g  l o a d e d  a n d  p o s i t i o n e d  a t  a p p r o x i m a t e l y  m i d s t r o k e  
d u r i n g  room t e m p e r a t u r e  f i l l i n g  of t h e  VDA chamber. 

A l l  t h r e e  VDA's a r e  p r e l o a d e d  b e f o r e  f l i g h t  and r e t a i n e d  by independ- 
e n t  p y r o t e c h n i c a l l y  i n i t i a t e d  p i n  p u l l e r s .  

A c r o s s  p i n ,  w h i c h  i s  l o c a t e d  a t  t h e  h i n g e  p i n  end  a n d  c l o s e s t  t o  
t h e  VDA, r o t a t e s  w i t h i n  a  s c r o l l  c h a m b e r  f o r m e d  by o n e  o f  t h e  VDA 
s p r i n g  g u i d e s .  As t h e  p y r o  p i n  i s  r e t r a c t e d  and t h e  VDA s p r i n g  g u i d e  
r o t a t e s ,  t h e  f l a t  a t  t h e  s c r o l l  e n d  c o n t a c t s  t h e  c r o s s  p i n  a n d  t r a n s -  
m i t s  t o r q u e  t o  t h e  h i n g e  p i n .  T h e ~ c  i s  n e v e r  c o n t a c t  be tween  t h e  
VDA a n d  t h e  a n t e n n a  d r i v e  mechanism u n c i l  t h e  p y r o  p i n  i s  p u l l e d .  

0 L a u n c h I L a n d i n g  R e s t r a i n t  Sys tem (L/LRS)--This c o n s i s t s  o f  a  r o l l e r  
and  a n  e l e c t r i c  motor  a c t u a t e d  c l a w  t h a t  e v g a g e s  t h e  r o l l e r .  The  
r o l l e r  i s  s u p p o r t e d  by a  p i c  t h r o u g h  a  b r a c k e t  b o l t e d  t o  e i t h e r  
t h e  a f t  l e a f  o r  a n t e n n a  t r u s s  f r a m e .  T h i s  c l a w  i s  p a r t  o f  a  l a t c h  
m e c h a n i s m  i n  a  h o u s i c g  b o l t e d  t o  e i t h e r  t h e  a n t e n n a  c e n t e r  t r u s s  
o r  t h e  p a l l e t  t r u s s  f rame.  

T h e  c l a w  p i v o t s  t h r o u g h  a n  a r c  of 42' pushed by a  c a r r i a g e  d r i v e n  
by a b a l l  s c r e w  n u t .  The b a l l  s c r e w  i s  r o t a t e d  by a n  a c t u a t o r  w i t h  
two m o t o r s  on t h e  same s h a f t .  S e e  F i g u r e  7. 

B e c a u s e  o f  t h e  two f a u l t  t o l e r a n t  r e q u i r e m e n t s ,  a s  a  backup t o  t h i s  
main c l a w  f o r  t h e  ( l a n d i n g )  s t o w  f u n c t i o n  o n l y ,  t h e r e  i s  a  s e c o n d a r y  
c l a w  d e p l o y e d  by a p y r o  p i n  p u l l e r .  A f t e r  dep loyment  t h e  s e c o n d a r y  
c l a w  is h e l d  i n  p l a c e  t v  a  r a t c h e t  a n d  pawl d e v i c e .  The  s e c o n d a r y  
r o l l e r  i s  l o c a t e d  by t h e  same p i n  and  b r a c k e t  a r r a n g e m e n t  u s e d  f o r  
t h e  p r i m a r y  c law.  See F i g u r e  8. 



Bearings--All c r i t i c a l  bear ings  a r e  s i n g l e  f a i l u r e  t o l e r a n t .  

- The main h i n g e  b e a r i n g s  a r e  aluminum c y l i n d e r s  wi th  a s o l i d  
l u b r i c a n t  a t  t h e  I . D .  and O.D.  The l u b r i c a n t  i s  a p o l y e s t e r  
r e s i n  i n t e r d i s p e r s e d  w i t h  p o l y t e t r a f l u r o t e t h y l e n e  (PTFE) i n  
f l o c k  o r  powder form. (F igure  9) .  

- The l a t c h  assembly b a l l  screw end bea r ings  a l s o  have p o l y e s t e r 1  
PTFE lube and run i n s i d e  bearium metal s l eeves .  

- The main hi.nse t h r u s t  bear ings  a r e  l a r g e  o u t e r  d iameter ,  alumi- 
num waslre ,fi l u b r i c a t e d  on both  s i d e s  wi th  polyester1PTFE lube.  

- The l a t c h  r o l l e r s  a r e  coacod, o u t e r  d iameter  and i n n e r  diameter, 
wi th  molybdenum d i s u l f i d e  s o l i d  f i l m  l u b r i c a n t .  

- The l a t c h  main c l a w  a c t u a t o r  h a s  leaded bronze dua l  r o t a t i n g  
s u r f a c e  s l e e v e  bear ings  a t  t h e  output  s h a f t .  

DEVELOPMENT PROBLEMS AND SOLUTIONS 

B a l l  Screw 

The l a t c h  a s s e m b l y  b a l l  screw mechanism was o r i g i n a l l y  designed t o  c o n t a i n  
Nomex F e l t  wipers bonded t o  t h e  i c e  sc raper .  The wiper method o f  r e t e n t i o n  
was found  u n s a t i s f a c t o r y  b e c a u s e  d u r i n g  e n g i n e e r i n g  v e r i f i c a t i o n  t e s t s ,  
a  wiper came of f  and was trapped i n  t h e  b a l l  nut .  The w i p e r  was e l i m i n a t e d  

'3 and t h e  b a l l  s c r e w s  were  l u b r i c a t e d  and assembled  minus t h e  wipers.  The 
l a t c h  assembly contamination b a r r i e r  surrounding t h e  mechanism was improved 
t o  minimize t h e  r i s k  of contaminants e n t e r i n g  t h e  a rea .  There were no d i f f i -  
c u l t i e s  with an open (no b a r r i e r )  l a t c h  assembly used dur ing  t h e  h inge assem- 
b ly  specimen v i b r a t i o n  and thermal vacuum t e s t s .  

Hinges 

I n i t i a l l y  a l l  a n t e n n a  t r u s s e s  were  t o  be assembled and r i v e t e d ,  then t h e  
h inge p ress  f i t ,  matched d r i l l e d ,  and he ld  wi th  b o l t s .  Because of t o l e r a n c e  
requirements ,  t h e  h inges  needed t o  be mated wi th  an assembly t o o l  (continuous 
b a r ) ,  t h e  t r u s s  co rner  f i t t i n g s  matched t o  t h e  h i n g e s  and t h e n  t h e  t r u s s  
work connected and r ive ted .  This method of assembly r e s u l t e d  i n  s a t i s f a c t o r y  
al ignment.  

T i g h t  f i t s  b e t w e e n  f i t t i n g s  and o u t e r  d i a m e t e r  t u b i n g  c a u s e d  s u r f a c e  
s c r a t c h e s  i n  some tubes.  This  problem disappeared when t h e  tubes  were l u b r i -  
c a t e d  w i t h  a f i l m  of BASD g r e a s e  37951M. A l l  excess  g rease  was wiped o f f  
a f t e r  assembly. 

Lubr ica t ion  



T h r u s t  Washers /Shims 

To c o m p e n s a t e  f o r  t h e r m a l  e x p a n s i o n / c o n t r a c t i o n ,  t h e  f o l d  l e a f  h i n g e s  on 
t h e  VDA s i d e  r e q u i r e  a g a p  of 0.61 +0.05 mm (0.024 +0.002 i n )  w h i c h  i s  c o n -  
t r o l l e d  w i t h  s o l i d  a l u m i n u m  s h i m s .  Dur ing  a s s e m b i y  w i t h  t h e  a n t e n n a  a r r a y  
i n  t h e  v e r t i c a l  p o s i t i o n  ( h i n g e  c e n t e r l i n e  p e r p e n d i c u l a r  t o  f l o o r ) ,  t h i s  
s t r u c t u r e  d e f l e c t e d  t o  t h e  p o i n t  t h a t  t h e  s h i m s  w e r e  i n  b e a r i n g  ( t n r u s t  
l o a d s )  a n d  some wear  a n d  m e t a l  s h a v i n g s  a p p e a r e d .  The  p r o b l e m  was  s o l v e d  
by m e a s u r i n g  t h e  g a p  t o  b e  c o m p e n s a t e d  a n d  m a c h i n i n g  cus tom s p a c e r s  ( t o  
o b t a i n  t h e  d e s i r e d  0.61 +0.05-mrn g a p )  f r o m  s p a r e  t h r u s t  w a s h e r s .  T h e r e  was  
n o  d i f f i c u l t y  i n  machin ing  p o l y e s t e r / P T F E  m a t e r i a l  t o  o b t a i n  a  l o a d  s h a r i n g  
t h r u s t  b e a r i n g  s y s t e m  f o r  1 g a s s e m b l y .  

GUALIFICATION STATUS 

The d u a l  d r i v e  a c t u a t o r s  h a v e  been a e s i g n e d ,  m a n u f a c t u r e d ,  a n a  t e s t e d .  Engi -  
n e e r i n g  v e r i f i c a t i o n  t e s t i n g  and q u a l i f i c a t i o n  i n c l u d e d  v i b r a t i o n  tests. A l l  
f l i g h t  h a r d w a r e  i s  now i n s t a l l e d .  

T h e  v i s c o u s  dampened a c t u a t o r s  have  been d e s i g n e d ,  m a n u f a c t u r e d ,  and  f i l l e d  
with  s i l i c ~ n e  i l u i d .  Accep tance  a n d  e n g i n e e r i n g  v e r i f i c a t i o n  tests a t  minimum 
and maximum t e m p e r a t u r e  i n  vacuum have  been comple ted .  

Per formance  simu1;tion tes ts  were c o n d u c t e a  w i t h  a t e s t  s p e c i m e n  o f  a  l a t c h e d  
c l l t  h i n g e  i n  t h e  v e r t i c a l  p o s i t i o n  i n  a  t h e r n i a l  vacuum chamber .  T h e s e  t es t s  
were f o l l o w e d  by random v i b r a t i o n  tests.  

CONCLUSIONS 

A d i f f e r e n t  a p p r o a c h  t o  two f a i l u r e  t o l e r a n t  m e c h a n i s n , ~  h a s  resul ted i n  a n  
e x p e r i m e n t  t h a t  d o e s  n o t  r e q u i r e  j e t t i s o n  c a p a b i l i t i e s  t o  c o m p l y  w i t h  t h e  
NASA s a f e t y  r e q u i r e m e n t s  a p p l i c a b l e  t o  " P a y l o a d s  u s i n g  t h e  Space  T r a n s p o r t a -  
t i o n  System." [Ref :  NASA HNB 1700.7A.l 

A l l  deve lopment  p rob lems  e n c m n t e r e a  s o  f a r  h a v e  oeen  c o r r e c t e d .  The h i n g e  
a s s e m b l y  spec imen  t e c t s  v e r i f i e a  t h e  b e a r i n g s  and l a t c h  a s s e m b l y  p e r f o r m a n c e  
a t  e x t r e m e  t e m p e r a t u r e  i n  vacuum and  a t  random v i b r a t i o n .  
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Figure 3 .  SIR-B Launch/Landing Configuration 
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INHERENT PROBLEMS IN DFSIGNING 
TWO-FAILURE TOLERANT ELECTROMECHANICAL ACTUATORS 

Stephen Hornyak* 

ABSTRACT 

An electromechanical ac-powered rotary actuated four-bar linkage system for rotating the 
Shutt I~iCentaur deployment adapter is described. The essential features of the deployment adapter 
rotation system (DARS) are increased reliability for mission success and masimum practical hazard 
control for safety. This paper highlights the requirements, concept development. hardware con- 
figura;ion, quality assura,..t. provisions, and techniques used to meet two-fault tolerance re- 
quirements. I t  presents the rationale used to achieve a degree of safety equivalent of that of two- 
failure tolerance. Conditions that make this approach acceptable, including single failure point 
components with regard to redundancy versus credibility of failure modes, are also discussed. 

INTRODUCTION 

During the last 3 years, a NASA/DOD agreement led to the design. development, and procure- 
ment of the Centaur G-prime and Centaur G high performance upper stages. The configuration is 
derived from the flight-proven AtlasJCentaur and TitanICentaur vehicles. The Centaur G-prime is a 
NASA-unique version of the configuration that will launch the Galileo and International Solar Polar 
(ISPM) spacecraft. The Centaur G will carry and eject DOD-unique satellites into geostationary or 
I ?-hour orbits. The Centaur spacecraft will fly as a dedicated Shuttle payload. Integration of the 
Centaur upper stage into the Orbiter is accomplished by using the Centaur integrated support sys- 
tem (CISS), consisting of the Centaur support structure (CSS); deployment adapter (DA): and the 
associated CISS electronics, fluid, and mechanical systems. An overview of the ShuttleICentaur con- 
figuration is illustrated in Figure 1 .  

The DARS is part of the CISS mechanical systems and performs the DA rotation functiou for 
b, :, Centaur G-prime and Centaur G upper stages. This paper describes the rotation system design- 
ed for G-prime and discusses possible changes for the G version. 

The DARS is required to provide reliable DA positioning for Centaur separation and deploy- 
ment, to react pri~nary reaction control system (PRCS) jet moments during the erected position 
without latches, and to return the Centaur safely back ~o the stowed position in case of an aborted 
mission. Following a successr'ul Centaur ejection from the Orbiter cargo bay, the function of the 
DARS is to rotate the empty DA back to the stowed position and restrain i t  for Orbiter landing. In- 
dependent single-failure tolerant primary and backup rotators are used in combination to guarantee 
the effect of two-failure tolerance. The rotation system is fail-safe in that two failures will not lead 

* General Dynamics Cornair Dibision, San Diego, Calif~rnia 
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to  catastrophic hazard. Manual disengagement capability of the link, for contingency only, is pro- 
vided with the use of crew trained EVA (extra vehicular activity) to free a jammed rotator in orbit. 

The Centaur spacecraft can be then returned to  the stowed position using the contingency EVA 
winch (designed to restow the IUS manually) which is a slightly modified version of the contingency 
payload bay door winch mounted on the Orbiter forward bulkhead. 

The relationship between DARS and CJSS is shown in Figures 2 and 3. The DARS and the 
systems interfacing with DARS are shown in block diagram form in Figure 4. 

The concept, the requirements, and the procurement specification of the mechanisms described 
in this paper were developed by General Dynamics, which subcontracted the electromechanical 
rotator unit design, manufacturing, and testing to the Hoover Electric Company. 

REQUIREMENTS 

The requirements imposed on the rotator to perform several functions within severe constraints 
are summarized as follows: 

Safety Requirements (in accordance with NHB 1700.7A) 

Independent primary and backup rotation methods are required. 

Combination of primary and backup methods must be two-failure tolerant. 

Operational Requirements (in accordance with JSC-07700 Volume X, Appendix 10.16, Septem- 
ber 30, 1983) 

Erect Centaur to 36' minimum, 45' maximum rotation angle far Centaur separation. 

Erection capability required under active vernier reaction control system (VRCS) or free drift 
conditions (PRCS and Orbiter maneuvering system (OMS) translation modes inhibited during 
rotation). 

Capability required to react VRCS and PRCS loads while Centaur is in the erected position. 

OrbiterICCE (Centaur cargo element j dynamic interwtions shall be minimized. 

Multiple (up to six) erectionlrestow cycles anticipated for each mission; restow capability for 
abortive missions is required. 

Performance is required through 10 Orbiter missions over 10 years. 

Fatigue life must be designed to four times the expected number of mission cycles. 

Redundancy verification is required during turnaround. 

System Requirements (dzrived, assumed, or self imposed) 

Rotate DA to 45' in 4 to 5 minutes. 

Operation is required in both one g and zero g conditions. 

Disengage the crank clutches of both primary and backup rotators during ascent and reentry (in 
case of an aborted mission). 



ORIGtNAL PAGE 121 
OF POOR QUALIW 



ROTATED 45 OEG 
T O T H E  CENTAUR 

POSITION 
/ 

TWO-FAILURE TOLERANT ROTATION MECHANISMS & ARTICULATING DUCTS 
MAINTAIN ABORT CAPABILITY UNTIL PHYSICAL SEPARATION OCCURS 

Figure 3. DA Rotation System Configuration (Left-Hand Side View). 



ORIGINAL Pfcr?.E t?. 
OF POOR QUALI7V 

3--7 
I '  21  VDC POWER -- CONnNUOUS CRANK POSlnON INMCATOR 
I ? 
8 I 

TRANSWCERS (3) 

[ I  4 

ORBITER TWO 

3 o 400 L 1 2 0  V 
ELECTRICAL m w E n  

4 
28 VOCPOWER - - CLUTCH LIMIT SWITCHES 
--. M n c A n o n  

I 
[ (6) ENGAGED. (6) USENCAGEO 

ENGAGE CLUTCH - - - - 

ROTATE UP 
ROTATE DOWN 

CLUTCH ACTUATOR 

: PWR IMOTOR NO 2 

Y 
20 voc POWER - - CONTlNUOUS CRANK POSITION INMCATOR - I N N C A ~ O N  IRANSWCERS (3) 1 

Figure 4. DA Rotation System (Functional Block Diagram). 



Only one of the clutch or rotation motors shall operate at n time. 

Weight shall not exceed 310N (70 Ib) per rotator. 

Operation is required at temperature extremes from - 73' to 1 21°C (- 100 F to 250 F). 
The rotator must perform after exposure to severe vibroacoustic environments during Shuttle 
ascent to orbit, with special consideration for its installed position on the structural support ex- 
tending from the aft ri~ig of the DA. 

After a successful Centaur separation, the DA shall be returned to the reentry position 0.5' 
beyond the nominal stowed position of Centaur and preloaded against a stop using both 
rotators to react Orbiter landing loads safely. 

DA in any position must not violate the payload bay door envelope. 

Limit switches, crank position transducers, ac power, and avionics shall be two-failure tolerant. 

Software/Control requirements are: 

a. Automatic rotation operation after crew initiation. 

b. Automatic failure detection and reconfiguration. 

c. Orbiter signals are not required for operation. 

Ground checkout requirements are: 

a. One rotator to cycle DA with CSS in horizontal position. 

b. One rotator to cycle counterweighted DA with CSS in vertical position. 

Existing space technology (manufacturing and testing) developed for electromechanical rotary 
actuators employed in the Orbiter and other similar space applications shall be used as ap- 
plicable in the rotation system design. 

CONCEPT DEVELOPMENT 

During the design selection phase, most of the problems centered around the two-failure 
tolerance requirement. Many different designs were conceived and eliminated in tradeoffs. Rack 
and pinion, ballscrew, chain, cable, and steel-belt drives - employing one or a combination of 
hydraulic, pneumatic, electrical, and pyrotechnically powered actuators - were evaluated against 
linkage drives. The linkage drive was selected for this application based on its excellent kinematic 
behavior. This ele~tromechanic~l quadric crank mechanism concept, which uses reliable technology 
already developed and tested for similar applications in the Orbiter, ensures trouble-free performance 
and avoids the c o s ~ ;  development usually associated with an innovative design and the inherent 
risks associated with meeting tight schedules. 

HARDWARE CONFIGURATION 

One DA rotator, illustrated in Figure 5, consists of the following major components. 

A. Rotary actuator, including the following subassemblies: 

(1) Power drive unit - a rotary electromechanical device consisting of two input channels 
driving a rotary output shaft through a reduction gearing arrangement that provides for 
independent operation of each input channel. The two input channels will not be operated 





concurrently. Failure of any onc' channel will not affect operation of the remaining chan- 
nel. The power drive unit output torque will meel the requirement> with either chwnel 
operating. 

Crank clutch unit - actuated by an electromechanical device similar to the power drive 
unit. The clutch will transmit the output shaft torque of the power drive unit into the 
crank shaft. The power drive clutch is located between the output shaft of the unit and the 
crank shaft. Limit switches are used to indicate engaged and disengaged clutch positions. 
The clutch also serves as a torque limiter, protecting the rotator and the interfacing struc- 
ture from overloads. 

Crank - transforms crank shaft torque into force in the link. Electrical rotary position 
transducers are used to indicate continuous crank position. 

Housing - supports the crank shaft, power driie unit, and crank clutch unit. I t  is capable 
of withstanding the full crank load and maximum vibration loads while bolted rigidly to 
the housing support structure on the DA. 

B. Link - The 1ir.k is pushed/pulled by the crank arm and transfers crank output into deploy- 
ment adapter position. The link has two self-aligning rod end bearings and is pinned to the 
CSS-mounted clevis. 

The rotator is designed to pxform the required functions under the following conditions: 

The available power is two-failure tolerant Orbiter 400 Hz 1 1 51200 vac, three-phase, four-wire 
for motors and 28 Vdc for limit switches and transducers. 

The two drive motors and the two clutch motors are identical, and each motor operates in- 
dependently. Failure of a motor or a power failure to that motor will be followed by switchirg 
off the disabled motor and switching on the second motor to complete the function. The de- 
energized motor does not interfere with the performance of its twin motor. Each is rated to per- 
form under the worst-case combination of temperature, altitude, voltage, frequency, and loads. 

0perati:lg time is 45" rotation in 4 to 5 minutes. 

Loads are divided into four catagories. The crank torque limit balues are as follows: 

(1 ) Operating in orbit-520 Nm (4,600 in-lb) 

(2) PRCS jet moments--2,940 to 4,070 Nm (26,000 to 36,000 in-lb) 

(3' Landing-2,920 Nm (25,800 in-lb) reacted by two rotators 

(4) Ground checkout-5 '0 Nm (5,000 in-lb 

Maximum slip torque at crank shaft-4,070 Nm (36,000 in-lb). 
Minimum transmission torque at crank shaft-2,940 Nm (26,000 in-lb). 

Rotator overall stiffness- 1 13,000 Nm (1.0 X 1 o6 in-lb) per radian minimum spring rate in the 
direction of crank rotation, measured at the center of the rotator mounting p!ate. 

Position transducers: Crank rotation between mechanical stops is monitored by three position 
transducers per rotator. A group of five transducers will be used sin~ultaneouslq, combining the 
primary and backup rotator transducers, to meet two-failure tolerant signal control criteria for 
Centaur positions, ensuring a three-versus-two vote by avionics in the worst-case condition. The 
sixth transducer is reserved for instrumentation 

Limit switches: The crank clutch unit has 12 single pole double throw limit switches. Six nor- 



mally open contacts of six independent switches wi!l close sirr.cltaneously to signal engaged 
clutch position and another group o i  six switches will signal disengaged clutch position. Five 
"engaged" and five "disengaged" limit switches o ~ t t  of each group of six switches will be used 
to meet two-failure tolerant crank clutch positian signal criteria. One engaged and one disengdg- 
ed switch will be uscc' for instrumentation. 

QUALITY ASSURAlYCE PROVISIONS 

Verification of  the requirements is accomplished by one or a comLination of the following 
methods: analysis, similarity, tcst, and inspection. The test program associated with the DA rotation 
is shown in Table 1 and summarized as follows. 

0 Individual Acceptance Tests (Hoover Electric Company) 

Q Qualification Tests (Hoover Electric Company) 
0 Design Evaluation Tests (General Dynamics, 

0 Factory Acceptance Tests (General Dynamics) 

Eastern Launch Site (ELS) Ground Checkout Tests (NASA/General Dynamics) 

The purpose of this extensive test program is to demmstrate adequacy of the design for the in- 
tended use and support two-failure tolerant capability. Qualification test durations are four times 
the duration of the anticipated number of mission duty cycles. Qualification testing will begin in 
August 1984 in parallcl with the Design Evaluation Test. 

TWO-FAILURE TOLERANCE RATIONALE 

Interpretation of redundancy, associated with static and dynamic component design, serves tq 
determine two-failure tolerant characteristics. 

There are inherent problems in the practical application of a two-failure tolerant elec- 
tromechanicai system that can be effectively studied in parallel with manned Orbil:er missions. With 
the presently available technology an3 many different interpretations of redunda~lcy, it is extremely 
difficult to design a truly two-failure tolerant transmissio~~ arrangement thdt transmits motive force 
from the electric motor to the link by gears, through a crank, while the crank is e:igaged by a clutch. 
This arrangement must also be simple, lightweight, irzxpensive, and most of a.ll reliat?!e. 

Empl- ying multiple levels of redunda~cy in electrical or fluid power transmission is relatively 
trobble free. Electricity or fluid media can be switched readily to maintain a continuous power s u p  
ply, and a jammed d a y  or valve does not hinder the course of action. Jamming of a mechanism. 
however, can stop an operation which can lead to hazardous situations. 

A two-failure !de19n1 electromechanicai design becomes complicated, especially in cases where 
more than one component can jam. Jam removal capability must be provided to allow continuation 
of the function in case the primary system stops functioniug (first failure) and switching to the 
5ackup system is impossible for any reason (second failure). 

Assume that a t.vo-failure tolerant remotely controlled mechanism has three independent 
means of accomplishing the assigned task or function. To ;:witch from the first to th: second 
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nwans and from the second to the third means, remotely controlled jam removal methods are re- 
quired for the engaging/disengaging mechanism of the first and second mcsns. The combination of 
thc first and second jam removal methods must be two-failure tolerant. If pin pu1lt;rs are used for 
ja1~1 removal, link capturing devices must be provided for the first and second means. The combina- 
tion of the first and second link capturing devices must be two-failure tolerant. This system is com- 
p icated, heavy, expensive, anc' - equires complex avionic and software systems. Reliability may be 
( egraded because of the comr .,xity. 

Ideally, there should be only one super-reliable means of performing the function, with a suffi- 
cient degree af built-in redundancy. I f  external jamming of the system is credible, a backup means is 
required and the primary means must be provided with redundant jam removal capability to allow 
the backup to function. 

The DA rotation system design follows the definitions, ground rules, and reliability techniques 
of Reliability Desk Instruction Dl No. 100-ZF, Failure Mode Erfect Analysis (FMEA), established 
for the Space Shuttle Orbiter subsystems to verify design adequacy with respect to inherent reliabili- 
ty. Some definitions and ground rules lronl this document follow. 

Definitions 
Failure - Inability of a s,stem, subsystem, component, or pPrt lo perform its required function 
within specified limits under specified cond;tions for a specit'icd duration. 

Failure Mode - A description of the manner in which an item can fail. 

Hazard - The presence of a potential risk situation caused bq an unsafe act or condition. 

Redundancy (depth of) - The available (number of) ways of performing a function*. 
*NASA SP-7, Dictionary of Technical Terms for Aerospace Use, defines redundancy as 

"the existence of more than m e  means for accomplisking a given tzr-k, where all means must fail 
before there is an overall failure to the system." 

"Purullel :-edirndur~c:r. applies to systems where both mar.,, are working at the same time to 
r;ccomplish the task, and d h e r  of the systems is catxkk of handling the job itself in case of 
failure of the other system. Srandb! redurdancj dpplies to a system where there is an ah-. native 
means of accomplishing the task :hat is switched in by a malfunction sensirlg device when the 
prin~ary system fails." 

Per N'ebster, the definition is "more than enough" or "superfluous. ' This interpretation 
may be the key to achieving equivalent safety by overdesigning the appropriate mechanical com- 
ponents instead of reaching for alternate means. 

Backup Mode of Operation - The avaiiable way(s) of performing a functio.7 wing "like" 
(identical) hardware. 

a Alternate hlode of Operation - Any additional ways of performing a function using "unlike" 
hardware. 

Criticality - The categorization of a hardware item by the worst-case potential direct effect of 
fzilure of that item. In  assigning hardware criticality, the availability 5:' redundancy is con- 
sidered. Assignment of functional criticality, however, assumes the loss of all redundant 
(backup or alternate) hardware elements. 

Single Failure Point - A single item of hardware, the ~'ailure of which would lead directly to loss 

-- 
*NASA SP-7, Dictionary of Technical Terms for Aerospace Use-Defmition of redundancy 



of life, vehicle, or mission. Where safety considerations dictate that abort be initiated when a 
redundant item fails, that item is also considered a single failure point. 

Critical Item - A single failure point or a rbdundant element in a life or mission-essential appli- 
cation where: 

a. Redundant elements are not capable of checkout during the normal ground turnaround se- 
quence. 

b. Loss of a redundant element is not readily detectable in flight. 

c. All redundant elements can be lost by a single credible cause or event such as contamination 
or explosion. 

Ground Rules 

Dual redundancy: 

a. The first failure would result in loss of mission. 

b. The next related failure would result in loss of life or vehicle. 

The loss of all redundant elements by a single credible cause or event is considered unlikely. 

Where redundancy esists in the subsys~em, the redundancy is considered during failure analysis. 

"Alternate means of operation" refels LO accomplishment of a function and not necessarily to 
redundancy or restoration of a failed function. 

Failure of structural items (primary or secoi!dary) will not be considered in this analysis. (Struc- 
tural items are assumed to be designed to preclude faiiure by use of adequate design safety 
factors.) 

The FMEA for the rotator has been prepared and submitted by Hoover Electric as part of the 
vendor critical design review. 

WAIVER 

A waiver request was subnritted to the customer specifically to exclude cluiches and gear trains 
inside sealed gear boxes, as well as linkages from multiple level redundancy requircrnents. This ap- 
proach is similar to the rationale employed in the Orbiter electromechanical technology, waiving 
gearing. linkage, and structural component failures as being unlikely (noncredible). 

Thcre :ire indications. Iiowcver, tliat this waiver may nor be approved for tlic Sdl-lcngtli 
payloads, \r liich block LC .A egress. Suggested solutions arc: 

a. Addirio~ of a rcmotcly actl!aicd pin puller and capture device to the primary rotator l inh .  
rhis woLrld ~ , l ov  rhc nriniary rotator link to be "brohcn" if tlic prinliir)' drive and clutch 
disengagement mcc'ianisrns botli Sailed. Rotation cot!ld contir!uc wing r he ~cconda~ y rotator 
system. 

b. Use ol'an energy storage drrice (e.g., a spring) to hold the stack in a normally-stowed posi- 
tion with remote pin-pul!crs at the drive links in case of niultiple meci~anisrn failure. Acrua- 
tion o1'thc pin puller\ would resulr in auroniatic return of  Cenraur/paylozd stack to its slow- 
ed con Sigurat ion. 

c. Design of the clutches so that it' the primary clutch fails to disengage, the backup ro,r!ic r 



can produce sufl'icier~t torque ro cause the primary rotator dutcli 11) dip, 11111s pcrniitring 
rotation ro conrinuc. 

011w suitable nletllods may be srudied to develop acceptable design nlodifications to rtleet the 
I~O-l'nilurc tolerance rcquircnienr or achie\e equi\alcnr sakry. In view of the criricalir y of the 
(i-primc sclicdulc. i r  \\auld be in~practical 10 impose any unique payload requirenicnts on rhc 
G-prime rorar iorl sysrcm 31 1111, lime. 

RATIONALE FOR ACCEPTANCE 

Summary - Two-failure tolerance is provided to the maximum extent practical. Two independent 
rotator systems are provided. Each system includes a power drive unit that contains two indepen- 
den: drive motors. Each of the two motors in each powei drive unit is capable of rotating the Cen- 
taur up for launch (separation) and down to stow for landing. Each power drive unit engages its 
rotation linkage through a clutch that is actuated by one of two independent motors. Such engage- 
ment does not occur until just before rotstion in orbit. Three independent ac p w e r  sources are 
snitched through the two-failure tolerant ationics system to provide two-failure tolerant power to 
each power drive and clutch motor. Each motor is controlled by an ac source, in which three in- 
dependent series inhibits are placed. I f  any two ;.c sources, inhibits, or control units fail, the system 
nil1 not rotate inadvertently and will still permit up or down rotation. The system meets the t ~ o -  
failure requirt.ments in all components except the power drive .,;lit clutches, gezrtrains, and muc- 
rural linkage. An engaged clutch that fails to diswgage, in conjunction with a jammed geartrain in 
the same power drive unit. would prevent rotation of the Centaur, as would failure of both clutches 
or geartrains. However, the combination of the drive and clutch motors of the primary and backup 
rotators are quad redu~itlant, while each rotator is responding to triple redundant avi~nic command 
inputs. I t  should be noted that the DA rotation system has a higher level of failure tolerance than 
any Orbiter electroniechanical system. For inslance, any of the three active payload holddown lat- 
C I I C S  jamwed in the latched position will prevent rotatiw of the Ceutaur and block EVA. 

Discussion - The sequence used LO rotate the Centaur after the cargo bay doors are opened is as 
follows: 

Thc Orbiter turns on acl and ac2 (ac3 is aiways present at the Orbiter interface). 

Commands from the standard switch panel (SSP) will start Centaur airbo~ne support equipment 
(CASE) controlled operations by engaging the primary clutch with motor 1. If this motor fails, 
motor 2 will eutomatically be a c t i ~ t e d .  When the clutch is fully engaged, the motor (I or 2) is 
turned off. 
The Orbiter commands the release of its Ceniaur holddown latches. 

Commands from the SSP will then activale the primary drive motor 1 and automatically rotate 
the Centaur out of the cargo bay. If this motor fails, primary drive motor 2 will automatically 
be activated to rotate t'le Centaur. 

At the erected position, the drive motor ( i  or 2) is turned off automatically. The Orbiter may 
then secure power sourccs ac 1 and ac 2. 

I f  a failure(s) occurs that prevent5 or halts Centaur rotation, the CASE cor,trol system will 
automaticaily switch over to the completely separate end redundant backup rotaror system. Rota- 



tion may then be continued by reinitiating commands from the SSP to erect cv s t o ~  the Centaur. 
3 he CASE control system will then activate the components of the backup system in the same man- 
ner and sequence as previously mentioned to continue engagement or rotation. 

The Orbiter crew can use the SSP to override or back out of the primary or bilckltp operatidnal 
sequence at any point. This includes returning the Centaur to the completely stowed position for a 
mission abort. 

The DA rotation system is safe as designed and analyzed and may be classified as a cargo 
element/payload of the Orbiter for the following reasons: 

Each rotator is capable of performing a minimum of 1,000 duty cycles during its operating !i!'c, 
which is far in excess cf  the 10-mission requirement. The structural ultimate factor of safety is 
1.4 (minimum). The components of the system have adequate strength and stiffness. Gear stress 
levels are one-fourth of the material ultimate stresses. 

Clutches are designed with separation springs between the clutch plates to prevent binding aitrr 
the clutch is disengaged. 

Bearings, such as those used for the links, incorporate multiple rotating surfaces to ensure rhar 
rotational capability exists following surface-to-surface binding of one rotating surface. The life 
of each rotational surface is adequate to meet the full operating life of the item. I f  multiple rota- 
tional surfaces are not provided, the LIO life of each bearing or rolling element nil1 escred the 
required life by a minimum factor of 17. 

In case multiple sliding surfaces are not provided, the normally lubricated surfaces \\.ill slide 
without lubricat~on, t l~us providing one-failure tolerance. Also, test and design data obtained 
from the manufacturer show that the minimum power available to restow the Centaur is 3.2 
times the worst-case restow forces. 

To prevent a single-point structural failure, the single structural component and the clutch com- 
ponents have built-in redundancy by oversizing the component for strength. In this case. the 
limit load is modified to include a suitable safety factor, and the maximum anticipated load is 
multiplied by that chosen safety factor. Selection of the ~edlindancy safety factor depends on 
individual credible failure modes related to the function of the single component and analyzed 
on a case-by-case basis. 

The crank remains in its last acttiated position until powered to a nei\ position. Nei1lii.r an out- 
of-tolerance condition nor a single component failure affects holding of position or n i w  ins to a 
new position. 

Threaded parts and fas!eners are positivelv locked to prevent loosening duri-ig service. Single- 
fastener attachments have dual-locking features. 

Gearboses are designed to preclude entry of foreign materials, loss of lubricants, and jamming 
of gears. No threaded fasteners are used inside the gearbox. I~iternal volume is kept to a prac- 
tical minimum. 

Qualification tests will be performed to prove functional capability under extreme environmerl- 
tal conditions. Ground checkout tests before launch and ELS quality control operations wil: be 
performed. 

The manufacturer, Hoover Electric, has den~onstrated the capability for designing and bui!.ding 
similar devices, as exhibited by various electromechanical accllators provided for the Space 



Shuttle vehicle (e.g., esternal tank umbilical door drive actuator, external tank umbilical door 
centerline latch actuator, external tank umbilical door latch drive actuator, payload hay door 
bulkhead latch actuator, payload bay door centerline latch actuator, radiator panel latch ac- 
tuator, radiator panel drive actuator, and manipulator positioning mechanism actuator). The 
DA rotator employs the same cmcepts and some identical hardware used in these flight- 
qualified actuators. 

CONCLUSION 

The DA rotator design has required state-of-the-art space technology to produce a very reliable 
rotation system for the Centaur G-prime and G vehicles. Proper interpretation of redundancy is 
essential for hardware acceptance. This can be demonstrated by using proven electromechanical 
design methods, careful selection of materials, and with full understanding of hardware and func- 
tional criticalities. Simplicity and commonality can greatly improve reliability and safety while 
achieving mission objectives. Interpretation of redundancy is necessary to facilitate the method of 
attaining equivalent safety that matches the effect of two-failure tolerance by overdesigning the 
single critical components. Gears, clutches, and linkage are not two-ki!ure tolerant; however, they- 
are considered acceptable because of ultra-conservative wear, stress, and life factors. The author's 
observation is that a more esplicit definition and guidance tailored for electromechanical designs for 
space application would be instrumental i r ,  equating redundancy to equivalent safety based on credi- 
ble failure modes of individual components and would help eliminate doubt during the design 
phase. Differing definitions of redundancy can Ic.id to disagreements resulting in possible design 
chanses impactins scliedule and cost. 
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PASSIVE SUN SEEKEWTRACKER 
AND A 

THERMALLY ACTIVATED POWER MODULE 

C l e t e  J .  S i e b e r t *  and Fred A. Morris* 

ABSTRACT 

This  paper d e s c r i b e s  t h e  development and t e s t i n g  o f  two mechanism? 
us ing  a shape memory a l l o y  metal (NITINOL) as t h e  power source .  The 
two mechanisms developed a r e  a pass ive  Sun Seeker/Tracker and a g e n e r i c  
type  power module. These mechanisms use  NITINOL wi re  i n i t i a l l y  
s t r a i n e d  i n  pure  t o r s i o n  which provides  t h e  g r e a t e s t  mechanical work 
c a p a c i t y  upon recovery,  a s  compared t o  o t h e r  deformation modes ( i . e . ,  
t e n s i o n ,  h e l i c a l  s p r i n g s ,  and bending). (See Figure  1.)  

INTRODUCTION 

The term Shape M5mory E f f e c t  (S.YE) is  used t o  d e s c r i b e  a group of  
a l l o y s ,  t h a t  upon hea t ing ,  e x h i b i t  i i  new mechanical p roper ty  known a s  
shape memory o r  shape recovery (F igdre  2 ) .  These a l l o y s  possess  t h e  
a b i l i t y  t o  remember a shape impai-t ?d t o  them whi le  i n  t h e  high 
temperature  o r  a u s t e n i t i c  phase. A t  lower temperatures  they a r e  i n  t h e  
m a r t e n s i t i c  phase and may be s t r a i n e d  o r  deformed t o  some i n t e r m d i a t e  
shape. A l l  o r  some o f  t h a t  ! ~ l a s t i c  s t r a i n  may be recovered by 
subsequent h e a t i n g  through t h e  t r a n s i t i o n  temperature  from m a r t e n s i t i c  
t o  a u s t e n i t i c  s c a t e s .  The t r a n s i t i o n  temperature  is  q u i t e  low ( i . e . ,  
80°C (176"F), and t h e  recovery f o r c e  i s  approximately 758 MPa (110 
KSI). 

SUN SEEKEWTRACKER 

The Sun s e e k e r l t  r acker  senses  any misalignment of t h e  impinging 
s o l a r  r a d i a t i o n  and uses  t h i s  r a d i a t i o n  energy t o  d r i v e  t h e  mechanism 
u n t i l  i t  is cen te red  on t h e  Sun. Nei ther  e x t e r n a l  energy nor sign,-i1.s 
a r e  r e q u i r e d  t o  d r i v e  and p o s i t i o n  t h e  u n i t .  

P resen t  s ta te-of- the-ar t  t r a c k e r s  use o p t i c a l  d e t e c t o r s  t o  f i r s t  
seek  t h e  Sun and then  preprogrammed a lgor i thms  a r e  used t o  determine 
and fo l low t h e  p o s i t i o n  of t h e  Sun. The d r i v e  mechanisms c o n s i s t  of 
primary and back-up motors, g e a r  t r a i n s ,  and complex feedback 
c o n t r o l  systems. 

Martin Marietta Denver Aerospace, Denver, Colorado 
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The Sun s e e k e r / t r a c k e r  ( F i g u r e s  3 and 4 )  c o n s i s t s  of two major  s e c t i o n s :  
t h e  o u t e r  drum and t h e  i n n e r  drum, which houses  t h e  33 d r i v e  n i t s .  These 
s e c t i o n s  a r e  mounted on c o n c e n t r i c  s h a f t s  t h a t  r o t a t e  i ndependen t ly .  The 
i n n e r  drum i s  d i v i d e d  i n t o  10' s e c t i o n s  a round t h e  p e r i p h e r y ,  i n  which 
index ing  N i t i n o l  d r i v e  u n i t s  a r e  housed ( F i g u r e s  5 and 6 ) .  

The purpose  o f  t h e  d r i v e  u n i t s  is t o  s e q u e n t i a l l y  i ndex  t h e  i n n e r  
drum around t h e  f i x e d  o u t e r  drum u n t i l  a n e u t r a l  p o i n t  is reached ;  a t  
t h i s  t ime  t h e  u n i t  i s  c e n t e r e d  on t h e  Sun. A l o c k i n g  mechanism may be  
a c t i v a t e d  t o  ho ld  t h e  u n i t  i n  p l a c e  u n t i l  t h e  Sun moves f a r  enough t o  
a c t i v a t e  one of  t h e  p o s i t i o n i n g  N i t i n o l  d r i v e s .  

Eac3 o f  t h e  33 d r i v e  u n i t s  a r e  i d e n t i c a l ,  c o n s i s t i n g  o f  o n l y  t h r e e  
p a r t s :  a  l e v e r  arm, a  t o r s i o n  b i a s  s p r i n g ,  and a t w i s t e d  N i t i n o l  w i r e  
( F i g u r e  7 ) .  The o n l y  moving p a r t s  a r e  "he l e v e r  arm and i t s  p i v o t i n g  
head,  bo th  of which have b i a s  s p r i n g s  t o  s tow t h e  mechanism a f t e r  
a c t i v a t i o n .  The N i t i n o l  wil-e is f i x e d  i n t o  t h e  r o t a t i n g  l e v e r  arm and 
clamped t o  t h e  i n n e r  drum on t h e  o t h e r  end. O v e r a l l ,  t h e  whole 
assembly  is ve ry  s imp le  and r e l i a b l e ,  and i ts  c o s t  cou ld  be reduced by 
inves tmen t  c a s t i n g  t h e  l e v e r  arms and heads  s i n c e  a;l 33 d r i v e  u n i t s  
a r e  i d e n t i c a l .  

For s e v e r a l  r e a s o n s  t h e  0.14 cm (0.055 i n )  w i r e  d i a m e t e r  was s e l e c t e d  
ove r  t h e  a v a i l a b l e  0.08 cm (0.031 i n )  and 0.25 cm (0.098 i n )  w i r e  d i a m e t e r s  
t o  d r i v e  t h e  u n i t .  F i r s t  t h e  work p e r  u n i t  volume r a t i o  was h i g h e r  f o r  
t h i s  w i r e  t han  t h e  o t h e r s  t e s t e d  i n  t o r s i o n  a s  ( F i g u r e  8 )  and t h e  c a l c u l a t e d  
o u t p u t  t o r q u e  and o v e r a l l  mechanism s i z e  was w e l l  s u i t e d  f o r  a  p r o t o t y p e  
m ~ d e l  u s i n g  t h e  0.14 cm d iame te r  wire. 

When t h e  d r i v e  u n i t  is i n  t h e  stowed p o s i t i o n ,  t h e  c o o l  m a r t e n s i t e  
N i t i n o l  wire, i n i t i a l l y  t w i s t e d  app rox ima te ly  500°, i s  r e s t r a i n e d  i n  
a t w i s t e d  c o n f i g u r a t i o n  by a t o r s i o n  b i a s  s p r i n g .  The o v e r a l l  a n g u l a r  
movement is 50° upon h e a t i n g  and is' l i m i t e d  i n  e i t h e r  d i r e c t i o n  by 
r o l l  p i n  s t o p s .  A c t i v a t i o n  o c c u r s  when t h e  Sun r a y s  h e a t  t h e  N i t i n o l  
w i r e  above t r a n s f o r m a t i o n  t empera tu re  and e las t ic  a u s t e n i t i c  r e c o v e r y  
t e n d s  t o  u n t w i s t  t h e  wire t o  t h e  u n t w i s t e d  memory annea l ed  
c o n f i g u r a t i o n .  I n  t h e  p r o c e s s ,  t h e  toi .s ion b i a s  s p r i n g  is wound and 
t h e  l e v e r  arm d r i v e s  t h e  i n n e r  drum w i t h  r e s p e c t  t o  t h e  o u t e r  drum 
l o 0 ,  ( F i g u r e  3j. Now t h e  a d j a c e n t  w i r e  is exposed and h e a t e d ,  t h i s  
sequence  c o n t i n u e s  u n t i l  t h e  mechanism i s  c e n t e r e d  on t h e  Sun and  
locked i n t o  p o s i t i o n .  A s  t h e  N i t i n o l  c o o l s ,  t h e  modulus of e l a s t i c i t y  
of  t h e  w i r e  d e c r e a s e s  a l l o w i n g  t h e  t o r s i o n  b i a s  s p r i n g  t o  wind t h e  
N i t i n o ?  wi re  and s tow t h e  d r i v e  u n i t ,  t o t a l l y  d i s e n g a g i n g  i t  from t h e  
o u t e r  drum. A s  i t  i s  s towed,  t h e  l e v e r  arm must c l e a r  t h e  n e x t  i n d e x i n g  
peg on t h e  o u t e r  drum. A s  shown i n  F i g u r e  9 ,  t h e  s p r i n g  loaded  head 
of  t h e  l e v e r  arm p i v o t s  t o  c l e a r  t h e  i n d e x i n g  p i n  of  t h e  o u t e r  drum. 







Figure 5. View oi Lever Arm Arrangement 
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LEVER ARM (ACTIVATED) 

TORSION BIAS SPRING 

-INNER DRUM 

- LEVER ARM (STOWED) 
-OUTER DRUM 

Figure 6. Cross-section of Sun Seeker/Tracker 
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B a f f l e s  a r e  used  t o  a l l o w  t h e  s u n l i g h t  t o  h e a t  o n l y  one of t h e  N i t i n o l  
d r i v e s  a t  a time. Each d r i v e  u n i t  i s  t o t a l l y  independent  from t h e  o t h e r s .  
I f  a  u n i t  f a i l s ,  o p e r a t i o n  of  any o t h e r  u n i t  i s  n o t  a f f e c t e d ,  a s  t h e  o t h e r  
u n i t s  w i l l  c o n t i n u e  t o  o p e r a t e  a c c u r a t e l y .  I f  two o f  t h e  d r i v e  u n i t s  
a r e  a c t u a t e d ,  one on t h e  h e a t i n g  c y c l e  and one c o o h l g ,  t h e  d r i v i n g  u n i t  
w i l l  s t i l l  p r o p e r l y  f u n c t i o n  because  t h e  l e v e r  arms act as a pawl and 
w i l l  no t  c a t c h  on t h e  index ing  p i n s  u n l e s s  t h e y  are d r i v i n g .  The l e v e r  
arms are s t a g g e r e d  i n  two l e v e l s  t o  e l i m i n a t e  any p o s z i b l e  i n t e r f e r e n c e .  

To i n c r e a s e  t h e  r a d i a t i o n  a b s o r p t i o n  o f  t h e  wire, a p a r a b o l i c  
r e f l e c t o r  was placed  d i r e c t l y  behind t h e  N i t i n o l  w i t h  t h e  wire a t  t h e  
p a r a b o l i c  f o c u s  p o i n t .  The wire was a lso  p a i n t e d  b l ack  t o  i n c r e a s e  t h e  
amount o f  abso rbed  r a d i a t i o n ;  because  b a r e  me ta l  r e f l e c t s  a  l a r g e  p o r t i o n  
of t h e  impinging  r a d i a t i o n .  

The number o f  d r i v e  u n i t s  de t e rmines  t h e  accu racy  o f  t h e  t r a c k e r .  
Th i s  t r a c k e r  i s  accu ra t :  t o  +5' of c e n t e r i n g  on t h e  Sun w i t h  10' i n d e x i n g  
s t e p s .  Dr ive  u n i t s  on tithe: s i d e  of  t h e  c e n t e r  p o s i t i o n  a r e  a r r a n g e d  
t o  d r i v e  towards t h e  c e n t e r e d  p o s i t i o n ,  t h u s  t h e  maximum a n g l e  t h e  u n i t  
w i l l  have  t o  r o t a t e  when s e e k i n g  t h e  Sun i s  180'. See F i g u r e  5. 

The assembled u n i t  i s  15.25 cm (6 i n )  i n  d i a m e t e r  by 8.9-cm (3.5- 
i n )  l o n g  and i s  capab le  o f  o p e r a t i n g  w i t h  a r e s t r a i n i n g  t o r q u e  o f  0.36 
Nm (52 in -oz)  and a  s t a l l  t o r q u e  of 0.65 Nm (92 in-02). The o u t p u t  t o r q u e  
is  a  f u n c t i m  o f  t h e  s i z e  of  N i t i n o l  w i r e  d r i v i n g  t h e  u n i t ;  l a r g e r  
N i t i n o l  w i r e s  cou ld  he used  t o  g r e a t l y  i n c r e a s e  o u t p u t  t o rque .  

The u n i t  w i l l  t r a c k  and s e e k  i n  one a x i s .  I f  two u n i t s  were used ,  
t h e  Sun c o u l d  be sought  and t r a c k e d  i n  two-axis o r  i n  t h ree -d imens iona l  
space .  A t  t h e  p r e s e n t  time, t h i s  p r o t o t y p e  u n i t  is undergoing  c y c l i c  
l i f e  tests. To d a t e  t h e  u n i t  h a s  been o p e r a t i n g  d a i l y  f o r  26 weeks 
us ing  s o l a r  energy c o n c e n t r a t e d  by f r e s n e l  l e n s e s .  

No mechanical  p r o b l e t : ~  have been expe r i enced  and no N i  t i n 0 1  f a t i g u e  
o r  c r e e p  has  been noted .  The on ly  ad jus tmen t  r e q u i r e d  h a s  been t o  
manually c o r r e c t  for1 t h e  e c l i p t i c  p l a n e  a n g l e  eve ry  few days. 

TORSION DRIVE MODULE 

Tine t o r s i o n  d r i v e  module i s  a u n i t  c o n t a i n i n g  f o u r  N i t i n o l  w i r e s  
coupled w i t h  s p u r  g e a r s  producing  c y c l i c  r o t a r y  motion of t h e  o u t p u t  
s h a f t  when a c t i v a t e d .  T h i s  u n i t  can  be used  i n  such  a p p l i c a t i o n s  a s  
opening and c l o s i n g  v a l v e s  and l a t c h e s ,  r o t a t i n g  l e n s e s  and f i l t e r  caps  
i n t o  p o s i t i o n ,  window b l i n d  c o n t r o l s ,  o r  any a p p l i c a t i o n  t h a t  needs  a 
c y c l i c  d r i v e  u n i t  w i t h  r e s tow c a p a b i l i t i e s .  



The module is  a 74 gram compact u n i t  (2.5 cm by 2.5 cm by 8.3 cm) 
capable of producing output  to rque  of 0.58 Nm (5.1 i n  l b s )  i n  e i t h e r  
d i r e c t i o n  wi th  up t o  200' of r o t a t i o n .  I n  s p e c i f i c  s i t u a t i o n s  where 
t h e  output  c h a r a c t e r i s t i c s  of  t h e  module a r e  d e s i r e d ,  t h e  SME module 
would be s u p e r i o r  t o  any convent ional  d r i v e  s i n c e  because ou tpu t  to rque  
t o  volume and weight r a t i o s  d r e  s e v e r a l  times higher.  

The module uses  f o u r  0.14-cm diameters ,  5-cm long  N i t i n o l  w i r e s  
clamped d o m  on one end and coupled wi th  wind-up g e a r s  on t h e  o t h e r .  
See Figure  10. I n i t i a l l y ,  two of  t h e  wi res  were t w i s t e d  400' and t h e  
o t h e r s  were f r e e  from s t r a i n .  The annealed shape was a s t r a i g h t  wire. 
Therefore ,  when t h e  twis ted  w i r e s  a r e  heated t o  t r ans fo rmat ion  temperature ,  
they w i l l  recover  t o  t h e i r  memory (i .e . ,  untwis ted  conf igura t ion) .  Upon 
recovery they i n  t u r n  w i l l  wind t h e  two cool  m a r t e n s i t i c  w i r e s  whi le  
producing an output  to rque  on t h e  s h a f t  clamped t o  one of t h e  wires .  
Now t h e  o t h e r  two wi res  a r e  t w i s t e d  and once hea ted  above t r ans fo rmat ion  
temperature they w i l l  recover ,  t w i s t i n g  t h e  two coo l  wi res  and d r i v i n g  
t h e  output  s h a f t  wi th  a to rque  o f  0.58 Nm. In  t h i s  manner, r e p e a t a b l e  
power i s  produced i n  both d i r e c t i o n s .  Output to rque  is  a f u n c t i o n  of  
w i r e  d iameter ,  and t h e  angle  of t w i s t  i s  a f u n c t i o n  of  w i r e  l eng th .  
The module could have been made s h o r t e r  wi th  t h e  same ou tpu t  to rque  but  
reduced output  angular  r o t a t i o n .  

For demonstrat ion purposed, t h e  wises  were heated e l e c t r i c a l l y  
us ing a 2 V  rechargable ,  wet c a l l ,  but  any energy source  could power 
t h e  module i f  it could hea t  t h e  wire  above 80°C. 

CONCLUSIONS 

A wide range of a p p l i c a t i o n s  f o r  N i t i n o l  m a t e r i a l s  appears  t o  e x i s t  
i n  a v a r i e t y  of s t r u c t u r a l  and mechanical dev ices  (Figure  11). For space  
systems a p p l i c a t i o n s ,  t h e  p o t e n t i a l  of d i r e c t l y  us ing environmental  thermal 
energy t o  a c t u a t e  r equ i red  mechanical motions is a t t r a c t i v e .  

The m a t e r i a l  is b a s i c a l l y  m e t a l l i c  and should e x h i b i t  e x c e l l e n t  
r e s i s t a n c e  t o  hard vacuum, temperatures  extremes,  and r a d i a t i o n .  

Fur the r  experimental  work i n  c h a r a c t e r i z i n g  and c o n t r o l l i n g  the  
thermomechanical p r o p e r t i e s  of N i t i n o l  is requ i red  t o  permit  t h e  des ign 
and cons t ruc t ion  of r e l i a b l e  space  hardware. 
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ABSTRACT 

The s o l a r  t r a c k i n g  u n i t  was d e v e l o p e d  

SOLAR TRACKING UNIT 
D 
1 
1 

fi 
B. Miller 

t o  s u p p o r t  t h e  L a s e r  H e t e r o d y n e  2 
Spectrometer (LHS) a i r b o r n e  ins t rument ,  bu t  h a s  a p p l i c a t i o n  t o  a g e n e r a l  c lass 
o f  a i r b o r n e  s o l a r  o c c u l t a t i o n  resea rch  instruments.  The u n i t  c o n s i s t s  o f  a 
m i r r o r  mounted on two gimbals,  one o f  which is  hollow. The mi r ro r  r e f l e c t s  a 
7.6 cm (3.0 i n )  d i a m e t e r  beam o f  s u n l i g h t  t h r o u g h  t h e  h o l l o w  g i m b a l  i n t o  t h e  
r e s e a r c h  i n s t r u m e n t  o p t i c a l  a x i s .  A p o r t i o n  o f  t h e  r e f l e c t e d  s u n l i g h t  i s  
d i r e c t e d  i n t o  a t r a c k i n g  t e l e s c o p e  which uses  a four-quadrant s i l i c o n  d e t e c t o r  
t o  p r o d u c e  t h e  s e r v o  e r r o r  s i g n a l s .  The c o l i n e a r i t y  o f  t h e  t r a c k e r  o u t p u t  
beam and t h e  resea rch  ins t rument  o p t i c a l  a x i s  is maintained t o  b e t t e r  than 21 
arc -minu te .  The u n i t  is  mic rocompute r  c o n t r o l l e d  a n d  i s  c a p a b l e  o f  s t a n d  
a l o n e  opera t ion ,  i n c l u d i n g  automat ic  Sun a c q u i s i t l o n  o r  a p e r a t i o n  under t h e  
c o n t r o l  o f  t h e  resea rch  instrument.  

INTRODUCTION 

Tbe s o l a r  t r a c k i n g  u n i t  was d e v e l o p e d  t o  s u p p o r t  t h e  L a s e r  H e t e r o d y n e  
Spectrometer (LHS) instrument. This ins t rument  is intended t o  f l y  or. the NASA 
CV-990 a i r c r a f t  t o  g a t h e r  atmospheric spect roscopy d a t a  dur ing  a s u n r i s e  o r  a 
sunset .  The ins t rument  is shock mounted t o  t h e  a i r c r a f t  f l o o r  and must t r a c k  
t h e  Sun t h r o u g h  a w i ~ d o w  i n  t h e  s i d e  o f  t h e  a i r c r a f t .  The a l i g n m e n t  o f  t h e  
LHS i n s t r u m e n t  o p t i c a l  a x i s  and  t h e  o u t p u t  beam from t h e  t r a c k i n g  s y s t e m  i s  
c r i t i c a l  and r e q u i r e s  t h e  t r a c k e r  t o  be mounted on t h e  instrument.  The s o l a r  
tracker u n i t  p r o v i d e s  a s t a b l e  7.6 cm (3.0 i n )  d i a m e t e r  beam o f  s u n l i g h t  t o  
t h e  ins t rument ,  compen8atit:g f o r  b o t h  a i r c r a f t  and  i n s t r u m e n t  mot ion.  The 
u n i t  is mic rocompute r  c o n t r ~ l  l ,?d .  and  i s  c a p a b l e  o f  s t a n d  a l o n c  o p e r a t i o n ,  
i n c l l l d i n g  a u t o m a t i c  Sun a c q u i s i t i o n  o r  o p e r a t i o n  u n d e r  t h e  c o n t r o l  o f  t h e  
r e s e a r c h  instrument,  

SPECIFICATION REQUIREMENTS 

The f o l l o w i n g  b a s i c  r e q u i r e m e n t s  are de t ined  by t h e  ins t rument  sc ience  
requirements o r  as a r e s u l t  of t h e  o v e r a l l  ins t rument  and a i r c r a f t  i n t e r f a c e  
des ign evo lu t ion .  

The u n i t  must be mounted d i r e c t l y  t o  t h e  ins t rument  o p t i c a l  t a b l e  t o  
e l i m i n a t e  r e l a L i v e  motion between t h e  t r a c k e r  and t h e  instrument.  

Weight must n o t  exceed 18.1 kg (40 lbs ) .  

* Mirror  he igh t  above mounting s u r f a c e  must be 38.1 2 . 5 4  cm 
(15.0 - +1.0 i n ) .  

NASA Langley Research Center,  Hampton, Vi rg in ia  



A 7.62 cm (3.0 i n )  d iameter  sunbeam should be delivered t o  the instrument. 

T r a c k i . ~  s t a b i l i t y  and r e p e a t a b i l i t y  for each axis must be 24 arc- 
minutes, wi th  a goal o f  21 arc-minute. 

The t r a c k i n g  mirror reflecting s u r f a c e  must be o p t i c a l l y  f l a t  t o  one- 
f i f t h  wavelengtn  a t  0.63 microns. 

The o p t i c a l  l i n e  o f  s i g h t  (LOS) o f  t h e  u n i t  s h o u l d  be c a p a b l e  of 
being pos i t ioned  t o  a l o c a l  c o o r d i n a t e  s y s t e m  w i t h  a n  a c c u r a c y -  a n d  
r e p e a t a b i l i t y  o f  +I .0 a r c - m i n u t e .  P o s i t i o n  c o n t r o l  range -should he 
+15O t o  -90' i n  e l e v a t i o n  and - +180° i n  ezimuth. 

The u n i t  must be c a p a b l e  of t r a c k i n g  t h e  Sun over a n  e l e v a t i o n  range 
of +30° t o  -15" wi th  no o b s c u r a t i o n  i n  t h e  output  beam. 

Frequency response  must accommodate t h e  expected range of aircraft 
dis turbance.  Frequency response  g o a l  foi- e l e v a t i o n  axis is 100 Hz, 
and f o r  azimuth axis is  25 Hz. 

A l o c k a b l e  stow p o s i t i o n  must be provided t o  p r o t e c t  t h e  mirror 
o p t i c a l  s u r f a c e  and p r e v e n t  motion i n  e i t h e r  axis. 

The system design shou ld  be as modular as p o s s i b l e  t o  simp1 i f y  t e s t i n g  
and r e p a i r  o f  t h e  ins t rument  i n  t h e  f i e l d .  

The system must be s i m p l e  t o  opera te ,  test ,  and t roub leshoo t .  It 
should  be c a p a b l e  o f  moni ter ing its own opera t ion ,  d iagnosing system 
f a u l t s ,  ~ ? o r r e c t i n g  t h e  f a u l t s  i f  p o s s i b l e ,  and n o t i f y i n g  t h e  
system/operator i n  t h e  e v e n t  o f  a f a i l u r e .  

MECHANICAL DESIGN 

The t r a c k i n g  u n i t  d e s i g n ,  which s a t i s f i e s  t h e  r e q u i r e m e n t s  o u t l i n e d  
above, is shovn i n  Figure  1. A photograph of t h e  completed u n i t  a n d ' t h e  c o n t r o l  
e l e c t r o n i c s  is shown i n  Figure  2. The u n i t  uses  a mi r ro r  mounted on a horizontal 
e l e v a t i o n  gimbal t o  r e f l e c t  a sunbeam down through a hollow, v e r t i c a l  a s i m u t h  
g i m b a l  t o  a t u r n i n g  mi r ro r ,  and on to  t h e  r e s e a r c h  ins t rument  o p t i c a l  ax i s .  A 
por t ion  of t h e  sunbeam is a l s o  r e f l e c t e d  t o  a t e l e s c o p e  which  fo rms  a n  image 
o f  t h e  Sun on a p h o t o d i o d e  d e t e c t o r .  The d e t e c t o r  p r o d u c e s  e r r o r  s i g n a l s  
t h a t  cause  t h e  e l e v a t i o n  and azimuth gimbals t o  move i n  a manner t h a t  k e e p s  
t h e  Sun image on t h e  d e t e c t o r .  

The u n i t  was b u i l t ,  a s s e m b l e d ,  a n d  t e s t e d  as t h r e e  i n d e p e n d e n t  s u b -  
systems: a n  o l e v a t i o n  g imbs l ,  a n  azimuth gimbal ,  and a t r a c k i n g  sensor  te le-  
scope. After  subsystem t e s t i n g ,  t h e  t h r e e  subsystems were i n t e g r a t e d  t o  form 
t h e  complete solar t r a c k i n g  u n i t  and system tests were performed. Figure  3(a) 
is a f r o n t  view o f  t h e  uni t .  F igure  3(b) shows t h e  same view o f  t h e  u n i t  wi th  
t h e  azimuth gimbal r o t a t e d  approximately l8O0. 
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Figure 1 .  Solar Trackin8 Unit Aasembly 







The e l e v a t i o n  housing s u p p o r t s  and p r o t e c t s  t h e  r o t a t i n g  m i r r o r  assembly 
and s e r v e s  as a mount f o r  t h e  o t h e r  e l e v a t i o n  gimbal components. The housing 
i t s e l f  is a t t ached  t o  t h e  top  o f  t h e  r o t a t i n g  azimuth gimbal. 

A s a d d l e  a s s e m b l y ,  wi th  removable s h a f t s  on each s i d e ,  suppor t s  the  Sun 
t r a c k i n g  mirror. The mi r ro r  c o n s i s t s  of a n ickel -pla ted  aluminum body,  c o a t e d  
on t h e  f r o n t  s u r f a c e  w i t h  enhanced  aluminum f o r  h igh  r e f l e c t i v i t y  i n t o  t h e  
near- infrared spectrum. The e l l i p t i c a l l y  shaped mi r ro r  i s  t h i c k  enough t o  be  
b e  s e l f  s u p p o r t i n g  and mounts t o  t h e  sadd le  w i t h  t h r e e  t h i n  l e g s  t o  minimize 
mi r ro r  d i s t o r t i o n  induced by t h e  saddle .  The s h a f t s  a r e  s u p p o r t e d  by a p a i r  
of preloaded bear ings  mounted t o  t h e  e l e v a t i o n  housing. 

The s a d d l e  and mi r ro r  a r e  d r i v e n  d i r e c t l y  by a b r u s h l e s s  dc  torque motor. 
The s t a t o r  o f  t h e  component motor is mounted t o  t h e  e l e v a t i o n  housing and t h e  
r o t o r  is mounted on one s a d d l e  shaf t .  A d i r e c t  d r i v e  approach was chosen f o r  
its advantages  o v e r  t h e  use o f  gears .  Di rec t  d r i v e  g i v e s  a g r e a t e r  to rque  t o  
i n e r t i a  r a t i o ,  :hus a h igher  a c c e l e r a t i o n  c a p a b i l i t y .  The l a c k  o f  g e a r  back- 
lash g i v e s  maximum s t i f f n e s s  f o r  a high-resonant frequency,  and f o r  h igh 
accuracy and r e s o l u t i o n .  An a b s c i u t e  a n g u l a r  encoder is a t t a c h e d  t o  t h e  o t h e r  
s a d d l e  s h a f t  by a f l e x i b l e  b e l l o w s  coupling.  The encoder has  a r e s o l u t i o n  o f  
0.33 arc-min, and is  used a s  t h e  p o s i t i o n  feedback f o r  t h e  c o n t r o l  system. 

The r o t a t i n g  components a r e  halanced t o  b e t t e r  than  t h e  b e a r i n g  f r i c t i o n  
t o r q u e :  0.00565 Nm (0.8 oz - in ) .  The g i m b a l  h a s  a n  o p e r a t i n g  r a n g e  o f  +25 
degrees  t o  -90 degrees  with a manual ly  l o c k a b l e  stow p o s i t i o n  a t  -90 degrees. 

Azimuth Gimba 1 

The azimuth gimbal suppor t s  and r o t a t e s  t h e  e l e v a t i o n  gimbal assembly and 
is mounted t o  t h e  LES ins t rument  by a  support  stand. The h o l l o w  r o t a t i n g  p a r t  
of t h e  gimbal is supported by a p a i r  o f  ~ r e l o a d e d ,  l a r g e  bore  a n g u l a r  c o n t a c t  
bearings. The th in -sec t ion ,  class 7 bear ings  have t e f l o n  s e p a r a t o r s  f o r  a low 
r a t i o  of ~ t a r t i n g  to running torque. The bear ings  are f a c t o r y  duplexed back- 
to-back f o r  maximum s t r u c t u r a l  s t i f f n e s s ,  and a r e  separa ted  by a p a i r  o f  e q u a l  
l e n g t h  spacers.  

The a z i m u t h  g i m b a l  i s  d r i v e n  d i r e c t l y  by a commutated h o l i o w  b o r e  d c  
torque motor. The armature o f  thG component motor is mounted t o  t h e  r o t a t i n g ,  
i n n e r  p a r t  o f  t h e  g i m b a l  a n d  t h e  f i e l d  a n d b r u s h  a s s e m b l y  is mounted t o  t h e  
s t a t i o n a r y  p a r t  of t h e  gimbal. The d i r e c t  d r i v e  technique has  t h e  same advan- 
t a g e s  descr ibed f o r  t h e  e l e v a t i o n  gimbal. A hol low bore  inc rementa l  a n g u l a r  
encoder with a  resoll.  ,on o f  3.6 arc-seconds is used f o r  p o s i t i o n  feedback t o  
t h e  c o n t r o l  system. The r o t a t i n g  and s t a t i o n a r y  p a r t s  o f  t h e  component en- 
c o d e r  a r e  c a r r i e d  by t h e  a z i m u t h  g i m b a l  i n  a manner similar t o  t h e  t o r q u e  
motor. 



The r o t a t i n g  components a r e  balanced t o  b e t t e r  than t h e  bear ing f r i c t i o n  
torque: 0.0318 Nm (4.5 oz-in). The g i m b a l  h a s  a n  o p e r a t i n g  r a n g e  o f  +182O, 
wi th  s t o p s  a t  each extreme and a  manually lockable  stow p o s i t i o n  a t  the  Komi.nal 
z e r o  pos i t ion .  

E l e c t r i c a l  power and s i g n a l s  a r e  t r a n s f e r r e d  through t h e  azimuth gimbal 
t o  t h e  e l e v a t i o n  assembly by a  f lex-cable  assembly .  The f  l e x - c a b l e  a s s e m b l y  
c o n s i s t s  of a  l o o p  of l a m i n a t e d  f l a t  conduc tor  cab le  wi th  one end a t t a c h e d  
t o  t h e  i n n e r  housing and t h e  o t h e r  end a t t a c h e d  t o  t h e  o u t e r  h o u s i n g  ( F i g u r e  
I ) .  The o u t e r  c a b l e  housing is a t t a c h e d  t o  t h e  s t a t i o n a r y  p a r t  of t h e  azimuth 
gimbal, and t h e  i n n e r  c a b l e  housing i s  a t t a c h e d  t o  t h e  b a s e  o f  t h e  e l e v a t i o n  
h o s s i n g  and  r o t a t e s  w i t h  t h e  a z i m u t h  g i m b a l .  The f l a t  c a b l e  loop "walks" 
a long  t h e  w a l l s  of t h e  i n n e r  and o u t e r  housings a s  t h e  azi rmth gimbal r o t a t e s .  

Track- Sensor Telescope 

The t r a c k i n g  sensor  t e lescope ,  which is  mounted i n  t h e  e l e v a t i o n  housing, 
c o n t a i n s  t h e  o p t i c s  t h a t  form t h e  Sun image on t h e  t r a c k i n g  d e t e c t o r  a n d  a n  
a d j u s t a b l e  mount ing system f o r  t h e  d e t e c t o r  and preamp e l e c t r o n i c s .  F igure  4 
shows t h e  t e lescope  d e s i g n .  A d i a g o n a l  m i r r o r  i n t e r c e p t s  a  p o r t i o n  o f  t h e  
sunbeam r e f l e c t e d  down by t h e  t r a c k i n g  mi r ro r  and d i r e c t s  i t  along the telescope 
a x i s .  The beam energy is a t t e n u a t e d  by a bandpass f i l t e r  and  n e u t r a l  d e n s i t y  
f i l t e r s  t o  p roduce  t h e  d e s i r e d  l e v e l  of energy on t h e  d e t e c t o r .  The f i l t e r s  
are mounted i n  a removable h o l d e r  which  a l l o w s  them t o  h e  changed  w i t h o u t  
removing t h e  t e l e s c o p e  assembly  f rom t h e  e l e v a t i o n  housing. An 80 am (3.15 
i n )  f o c a l  l e n g t h  l e n s  forms an image o f  t h e  Sun on t h e  d e t e c t o r .  The image 
s i z e  t h a t  is chosen provides a  2.0' t e l escope  f i e l d  of view. 

When t h e  t e lescope  l i n e  of s i g h t  (LOS) i s  p o i n t e d  d i r e c t l y  a t  t h e  Sun 
t h e  image i s  c e n t e r e d  on t h e  f o u r  q u a d r a n t s  ( a c t i v e  a r e a s )  of t h e  d e t e c t o r  
as shown i n  Figure  5. I f  t h e  image i s  n o t  c e n t e r e d ,  t h e r e  a r e  d i f f e r e n c e s  
between t h e  d e t e c t o r  q u a n d r a n t  o u t p u t s .  These  d i f f e r e n c e s  a r e  combined t o  
produce t h e  e r r o r  s i g n a l s  (Figure 6 )  t h a t  c a u s e  t h e  t r a c k i n g  m i r r o r  g i m b a l s  
t o  move and r e c e n t e r  t h e  image on t h e  d e t e c t o r .  

The a l i g n m e n t  of  t h e  t r a c k i n g  u n i t  o u t p u t  beam t o  t h e  LHS i n s t r r l m e n t  
o p t i c a l  a x i s  d e p e n d s  upon t h e  a l i g n m e n t  o f  t h e  t e l e s c o p e  LOS t o  t h e  t r u e  
azimuth gimbal r o t a t i o n  axis .  Any e r r o r  i n  t h e  p a r a l l e l i s m  o f  t h e  t e l e s c o p e  
LOS with t h e  azimuth gimbal a x i s  r e s u l t s  i n  a  corresponding sys temat ic  t r a c k -  
i n g  e r r o r  as t h e  a z i m u t h  g i m b a l  r o t a t e s  t o  f o l l o w  t h e  Sun. To accommodate 
manufacturing t o l e r a n c e s  i n  t h e  u n i t ,  a n  adjus tment  is provided t o  move t h e  
t e l e s c o p e  LOS. The t e l e s c o p e  is f i x e d  t o  t h e  e l e v a t i o n  housing and t h e  LOS is 
moved by t r a n s l a t i n g  t h e  d e t e c t o r  assembly i n  t h e  f o c a l  p l a n e  o f  t h e  l e n s .  A 
compact mechanism i n  t h e  t e l e s c o p e  end produces a  5 . 8 '  movement i n  LOS by 
t r a n s l a t i n g  t h e  d e t e c t o r / p r e a m p  a s s e m b l y  i n  t h e  t k o  o r t h o g o n a l  d i r e c t i o n s  
c o r r e s p o n d i n g  t o  t h e  d i r e c t i o n s  t h e  Sun image moves when t h e  e l e v a t i o n  and 
a z i m t h  gimbals  a r e  r o t a t e d .  I n  a d d i t i o n  t o  t h e  t r a n s l a t i o n  a d j u s t m e n t s ,  
a r o t a t i o n  a d j u s t m e n t  f o r  t h e  detcctor lpreamp assembly of +i .jO is  included 
t o  n u l l  t h e  i n t e r a c t i o n  between e l e v a t i o n  and azimuth e r r o r  s i g n a l s .  
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Figure  6. Sensor E r r o r  S i g n a l  Process ing 

CONTROL SYSTEM DESIGN 

C o n t r o l  o f  Sun t r a c k e r  g i m b a l  m o t i o n s  is a c h i e v e d  by t h e  a z i m u t h  a n d  
e l e v a t i o n  s e r v o s  ( p e r a t i n g  under t h e  c o n t r o l  o f  t h e  system microcomputer. The 
azimuth and e l e v a t i o n  d r i v e  mechanisms a r e  similar c losed  loop se rvos  c o n s i s t -  
ing of the gimbals, n ,o torr ,  encoders ,  t r a c k i n g  s e n s o r ,  and t h e  c o n t r o l  u n i t .  The 
c o n t r o l  s y s t e m  e l e c t r o n i c s  a r  composed of modular subassembl ies  which can 
be replaced wi th  minimum impact on t h e  s y s t e m  ( F i g u r e  7 ) .  The c o n t r o l  u n i t  

m t a i n s  t h e  microcom~~rt ,er ,  s e r v o  e l e c t r o n i c s  , i n t e r f  aces ,  cont  r o b ,  indicators 
, .d p e r  supplies required fo r  system operat ion.  The remaining modular e l e c t r o n i c  
assembl ies  a r e  mounted on t h e  gimbal assembly. 

The s e r v o s  o p e r a t e  i n  two b a s i c  modes: p o s i t i o n  and t rack.  I n  P o s i t i o n  
Mode t h e  g imba l s  are conLro l l ed  r e l a ~ i v e  t o  t h e  i n t e r n a l  coord ina te  axes  o f  
t h e  u n i t  by error s i g n a l s  genera  el from encoder outputs.  I n  Track Mode t h e  
servos r e s p o n d  t o  e r r o r  s i g n a l s  f'rom t h e  Sun s e n s o r .  Mode s e l e c t i o n  i s  
a c h i e v e d  by a n a l o g  s w i t c h  c l L  , u r e s  u n d e r  t h e  c o n t r o l  o f  t h e  microcomputer .  
A l l  o p e r a t i o n s  of t.hr3 Sun t,.',cker c o n s i s t  of  a sequence o f  t h e s e  modes, com- 
manded by t h e  microcompu~-, r. 

The design of the .,ntrol e l e c t r o n i c s  and microprocessor so f tware  s i m p l i f i e s  
normal  o p e r a t i o n  F - prc~v?.ding preprogrammed, complex o p e r a t i o n a l  and s e l f  
t e s t  f e a t u r e s  whir. .. can be a ~ t i v a t e d  by s imple  commands o r  swi tch  c l o s u r e s .  An 
e x t e n d e d  commar.d s e t  p r , ~ v i d e s  a c c e s s  t o  l o w e r  l e v e l s  o f  s y s t e m  o p e r a t i o n  
t o  permit  t e s t i n g ,  f a u l t  i s o l a t i o n ,  normal  o p e r a t i n g  mode m o d i f i c a t i o n ,  o r  
a l t e r n a t e  o p e r a t i n g  modes. 
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Figure  7. Control  System E l e c t r o n i c s  Modular I n t e r f a c e  Design 

S e r v o  Design 

The e l e v a t i o n  and a z i m u t h  s e r v o s  ( F i g u r e  8) a r e  similar i n  des ign  and 
f u n c t i o n  s o  on ly  t h e  az imuth  l o o p  w i l l  be d i s c u s s e d ;  however ,  t h e  d i f f e r -  
ences  between t h e  se rvos  w i l l  be noted. 

Because t h e  azimuth encoder is an incrementa l  type,  i t  requires i n i t i a l i z a -  
t i o n  and a coun te r  t o  accumulate t h e  angu la r  p o s i t i o n  i n f o r m a t i o n .  I n i t i a l -  
i z a t  i o n  of  t h e  a z i m u t h  e n c o d e r l c o u n t e r  occurs  dur ing  system i n i t i a l i z a t i o n  
and i s  updated ( i f  necessary)  every  t ime t h e  gimbal passes  through t h e  " z e r o "  
d e g r e e  p o s i t i o n .  The angu la r  p o s i t i o n  of  t h e  gimbal i s  provided t o  t h e  micro- 
computer a t  a 1.5-kHz r a t e  by the  encoder i n t e r f a c e  module. I n  P o s i t i o n  Mode 
t h e  mic rocompute r  u s e s  t h e  accumulated angu la r  p o s i t i o n  i n  con junc t ion  w i t h  
a s t o r e d  value ,  r e p r e s e n t i n g  t h e  d e s i r e d  p o s i t i o n ,  t o  c r e a t e  p o s i t i o n  e r r o r .  
P o s i t i o n  e r r o r  i s  summed w i t h  v e l o c i t y  feedback der ived by c a l c u l a t i n g  t h e  
angu la r  change o c c u r r i n g  between t h e  r e g u l a r l y  sampled g i m b a l  p o s i t i o n s .  The 
r e s u l t i n g  e r r o r  v a l u e  is converted t o  a n  analog vo l t age  by t h e  D/A c o n v e r t e r  
on t h e  analog c o n t r o l  module, ampl i f i ed ,  and fed  through t h e  c l o s e d  p o s i t i o n  
mode switch.  The ampl i f ied  p o s i t i o n  e r r o r  vo l t age  is fed t o  t h e  analog lead-lag 
compensation/switched i n t e g r a t o r  n e t w o r k  which was d e s i g n e d  t o  p r o v i d e  t h e  
d e s i r e d  c l o s e d  l o o p  r e s p o n s e  of  t h e  g i m b a l .  The compensated error vo l t age  
is conver ted  t o  a p ropor t iona l  motor c u r r e n t  i n  t h e  c u r r e n t  d r i v e r  module. The 
motor d r i v e s  t h e  gimbal t o  t h e  d e s i r e d  p o s i t i o n .  





Because t h e  e l e v a t i o n  gimbal has  a n  a b s o l u t e  encoder,  t h e  angular  position 
is a v a i l a b l e  from t h e  t i m e  power i s  a p p l i e d ;  no  c o u n t e r  o r  i n i t i a l i z a t i o n  
is required.  The compensation and c u r r e n t  d r i v e r s  have the same fcrm i n  elevation 
and azirmth, except  f o r  t h e  s e l e c t i o n  of  components and jumpers. The e l e v a t i o n  
motor is a  wide ang le  b rush less  dc torquer .  This  dev ice  has  a very f l a t  to rque  
response over an angle of approximately 60°,  however, i ts o p e r a t i o n  is r e s t r i c t e d  
t o  120'. T h i s  motor  is i d e a l  f o r  t h e  e l e v a t i o n  gimbal as t h e  ang le  doubl ing 
e f f e c t  of t h e  e l e v a t i o n  m i r r o r  makes smooth,  r i p p l e  f r e e  motor  o p e r a t i o n  
e s s e n t i a l ,  and on ly  l i m i t e d  angu la r  motion is required.  

Although p o s i t i o n  informat ion is  a v a i l a b l e  t o  t h e  microcomputer i n  T r a c k  
Mode, i t  is  n o t  p rocessed  t o  produce e r r o r  s i g n a l s ,  but  is used i n  t h e  f a u l t  
mode d e t e c t i o n  l o g i c .  The t r a c k  e r r o r  s i g n a l s  a r e  p r o d u c e d  i n  t h e  s e n s o r  
e l e c t r o n i c s  by combin ing  t h e  p r e a m p l i f i e d  f o u r  quadrant  o u t p u t s  of t h e  Sun 
sensor .  The e l e v a t i o n  and azimuth t r a c k  e r r o r  s i g n a l s  a r e  t h e n  f e d  t h r o u g h  
t h e  c l o s e d  t r a c k  mode swi tch  on t h e  a p p r o p r i a t e  analog c o n t r o l  module. These 
e r r o r  signals a r e  processed t h e  same a s  i n  P o s i t i o n  Mode by t h e  ana log  compensa- 
t i o n ,  c u r r e n t  d r i v e r ,  and motor except  t h a t  they d r i v e  t h e  gimbal t o  mainta in  
t h e  Sun image a t  t h e  c e n t e r  of t h e  four-quadrant d e t e c t o r .  

Sensor S igna l  Process ing 

T h r e e  s i g n a l s  a r e  p roduced  by t h e  sensor  e l e c t r o n i c s  module: e l e v a t i o n  
e r r o r ,  azimuth e r r o r ,  a n d  s e n s o r  t o t a l  ( F i g u r e  6 ) .  These  s i g n a l s  a r e  f e d  
t o  t h e  s e n s o r  i n t e r f a c e  module i n  t h e  c o n t r o l  u n i t  where they  a r e  ampl i f i ed  
by t h r e e  ganged p-ogrammable  g a i n  a m p l i f i e r s .  The s e n s o r  t o t a l  s i g n a l  i s  
c o n v e r t e d  t o  a d i g i t a l  v a l u e  by t h e  A I D  c o n v e r t e r  on t h e  sensor  i n t e r f a c e  
module by command of t h e  nicrocomputer. The system has  two uses  f o r  t h e  v a l u e  
of t h e  s e n s o r  t o t a l  s i g n a l .  Dur ing  Sun a c q u i s i t i o n ,  t h e  programmable g a i n  
a m p l i f i e r s  a r e  set t o  a  f i x e d  g a i n  and t h e  s e n s o r  t o t a l  v a l u e  i s  compared 
w i t h  a  nomina l  one-ha l f  Sun v a l u e  t o  determine i f  t h e  Sun is loca ted  w i t h i n  
t h e  s e n s o r  f i e l d  of view. The a n g u l a r  r e s p o n s e  o f  t h e  f o u r - q u a d r a n t  s e n s o r  
is  d e p e n d e n t  upon t h e  i n t e n s i t y  of  i n c i d e n t  energy. During t r a c k ,  when t h e  
automat ic  ga in  c o n t r o l  (AGC) is enabled,  t h e  s e n s o r  t o t a l  v a l u e  i s  compared 
t o  a  d e s i g n  v a l u e  ( r e p r e s e n t i n g  a nomina l  one Sun i n t e n s i t y )  and t h e  g a i n  
of t h e  programmable ga in  a m p l i f i e r s  i s  a d j u s t e d  t o  m a i n t a i n  t h e  s e n s o r  t o t a l  
a t  the d e s i g n  v a l u e .  T h i s  i s  r e q u i r e d  t o  m a i n t a i n  nomina l  performance of 
t h e  < 2 r v o s  a s  t h e  s o l a r  e n e r g y  p a s s e s  t h r o u g h  g r e a t e r  o r  l e s s e r  d e p t h  o f  
a t1  ~ s p h t  .e and f o r  g round  o p e r a t i o n  where  s i g n i f i c a n t  v a r i a t i o n s  of s o l a r  
energy o c ~ . r r  w i t h  season,  weather,  and t ime of day. 

DEVELOPMENT PROBLEMS 

Tracking mi r ro r  balance  

The l o c a t i o n  of  t h e  t r a c k i n g  m i r r o r  r e f l e c t i n g  s u r f a c e  r e l a t i v e  t o  t h e  
e l e v a t i o n  gimbal a x h  had t o  be changed f r o m  t h e  o r i g i n a l  d e s i g n  t o  b r i n g  
t h e  r o t a t i n g  m i r r o r  assembly i n t o  s t a t i c  balance.  The o r i g i n a l  des ign ,  which 
placed t h e  r e f l e c t i n g  s u r f a c e  a t  t h e  i n t e r s e c t i o n  of t h e  e l e v a t i o n  g i m b a l  
a x i s  and t h e  azimuth gimbal a x i s ,  wi th  t h e  mi r ro r  body and s a d d l e  



l o c a t e d  on one s i d e  of t h e  a x i s ,  r e q u i r e d  a coun te rwe igh t  t o  balance t he  
assembly. When t h e  mirror design was completed,  t h e  r o t a r y  i n e r t i a  of t h e  
m i r r o r / c o u n t e r w e i g h t  combination was unacceptably large.  The mirror  pos i t i on  
relat ive t o  the elevation gimbal a x i s  was s h i f t e d  forward t o  produce a balanced, 
~ t n i m u m  i n e r t i a ,  r o t a t i n g  assembly which r e q u f r e d  no counterweight.  The 
fi .7al mirror pos i t i on  r e s u l t s  i n  a l o s s  o f  17 '  i n  e l e v a t i o n  LOS c a p a b i l i t y  
i r ?  t h e  t r a c k i n g  u n i t ,  but  t h e  remain ing  range  of + 1 3 O  t o  -15' i s  adequate 
f o r  t he  LHS instrument. 

Azimuth bearing ~ r e l o a d  

The minimum d e s i g n  v a l u e  o f  az imuth  b e a r i n g  p r e l o a d  was o n e - t h i r d  t h e  
load supported by the  bearings: 31 N (7 lb). The i n s t a l l e d  preload was t o  be 
set as c l o s e l y  a s  pos s ib l e  t o  t h i s  v a i u e  t o  minimize s t a r t i n g  f r i c t i o n  torque. 
The bearings have a nominal, factory-set  preload o f  67 N (15 l b )  when clamped 
t o g e t h e r ,  b u t  i n  t h e  t r a c k e r  t h e y  are s e p a r a t e d  by a p a i r  o f  e q u a l  l e n g t h  
spacers. Spacer f ab r i ca t i on  was complicated by the  fact t h a t  a spacer  length  
mismatch o f  0.0011 mm (0.000045 i n )  could  r e s u l t  i n  a preload v a r i a t i o n  o f  89 
N (20 l b ) .  The s p a c e r s  were f a b r i c a t e d  t o  a l e n q t h  inismatch o f  0.0127 mm 
(0.0005 in). The bearing f r i c t i o n  torque corresponding t o  t h e  design preload 
was c a l c u l a t e d  from s t a r t i n g  f r i c t i o n  versus  hearing y r e i o d  da ta  suppl ied  by 
the  manufacturer. During assembly, t h e  load applf -d hy t h e  inner  and ou te r  
bearing r e t a in ing  r ings  was adjusted t o  compress t he  spscers  d i f f e r e n t t a l l y ,  
u n t i l  t he  desired s t a r t i n g  f r i c t i o n  was obtained. 

Azimuth a x i s  balance 

The azimuth r o t a t i n g  aasembly ,  which i n c l u d e s  t h e  c o m p l e t e  e l e v a t i o n  
assembly ,  was n o t  computer modeled and l a s t  minute  d e s i g n  changes  made t h e  
p r e l i m i n a r y  b a l a n c e  e s t i m a t i o n s  i n a c c u r a t e .  F i n a l  b a l a n c e  c o u l d  o n l y  be 
achieved by removing weight from t h e  e l e v a t i o n  housing and using a oounter- 
weight  mounted t o  t h e  i n n e r  f l e x  c a b l e  housing. Space i n  t h e  hous ing  was 
c r i t i c a L ,  s o  a computer program was employed t o  c a l c u l a t e  t he  counterweight 
shape and its locat ion.  

Removable n e u t r a l  dens i ty  f i l t e r s  

During t o s t i n g  o f  t he  t rack ing  un i t ,  conducted after t h e  f i n a l  alignment 
of the  output  beam t o  t he  azimuth gimbal a x i s ,  an increase  i n  misalignment of  
a lmost  one arc-minute was sometimes not iced i f  the  f i l te rs  were changed. The 
f i l t e r s  may have  been r e f r a c t i n g  t h e  s u n l i g h t ,  and t h i s  beam d e f l e c t i o n  
changed t h e  t e l e s c o p e  LOS, and t h e r e b y ,  t h e  o u t p u t  beam a l i g n m e n t  w i t h  t h e  
azimuth gimbal  a x i s .  The s u b s t i t u t i o n  of an i r i s  diaphragm, a nonrefract ive 
element, f o r  t h e  f i l t e r s  would p robab ly  have e l i m i n a t e d  t h i s  misal ignment  
problem. The t rack ing  un i t  te lescope design was not changed, however, because 
t h e  alignment s h i f t  d id  no t  a f f e c t  t he  operation. 



S o f t  s t o p s  t o  l i m i t  gimbal travel 

The g i m b a l  s o f t  s t o p s  t h a t  were  i n c o r p o r a t e d  i n t o  t h e  des ign d i d  no t  
pose a problem; however t h e s e  s t o p s  a r e  d i s c u s s e d  b e c a u s e  t h e y  e a s e d  t h e  
c o n t r o l  s y s t e m  development task.  Hard s t o p s  i n  t h e  form of an arm c o n t a c t i n g  
a pin were f i r s t  considered,  but s o f t  s t o p s  were chosen t o  l i m i t  t h e  s t r u c t u r a l  
and  b e a r i n g  l o a d s  d u r i n g  t h e  g i m b a l  d e c e l e r a t i o n .  The s t o p s  c o n s i s t  of an  
arm t h a t  c o n t a c t s  and compresses a s p r i n g  l o a d e d  p l u n g e r .  The a z i m u t h  s t o p  
has a f o u r  degree deadband t o  permit  a gimbal t r a v e l  of 9 8 2 ' .  

The s o f t  s t o p s  proved v a l u a b l e  dur ing  t h e  i n i t i a l  c o n t r o l  system checkout 
and t es t ing .  Software o r  hardware e r r o r s  which caused t h e  gimbal t o  be d r i v e n  
i n t o  t h e  s t o p s  caused no damage, and checkout and t e s t i n g  were n o t  r e s t r i c t e d  
by such concerns. 

Gimba 1 Servo Bandwidth 

The design o b j e c t i v e s  inc luded  a 100 Hz b a ~ d w i d t h  g o a l  f o r  t h e  e l e v a t i o n  
g i m b a l  c o n t r o l  s y s t e m ,  which would p l a c e  it well a b o v e  t h e  25 Hz bandwid th  
g o a l  o f  t h e  a z i m u t h  gimba 1. M e c h a n i c a l  d e s i g n  c o n s i d e r a t i o n s  f o r c e d  t h e  
m i r r o r  r o t a r y  i n e r t i a  t o  i n c r e a s e  s u b s  t a n t i a  1 l y  o v e r  t h e  o r i g i n a  1 d e s i g n  
p r o j e c t i o n s ,  p rec lud ing  t h e  p o s s i b i l i t y  o f  a c h i e v i n g  t h e  d e s i r e d  goa l .  The 
reduced e l e v a t i o n  bandwidth is approximately  50 Hz, which is s a t i s f a c t o r y  to  
achieve t h e  t r a c k i n g  r e q u i r e m e n t s .  T e s t i n g  h a s  n o t  shown a n y  s i g n i f i c a n t  
cross-coupling of motion between t h e  azimuth and e l e v a t i o n  gimbals. 

TESTING 

Because only one so la r  tracking unit  was t o  be f a b r i c a t e d ,  a l l  mechanical and 
e l e c t r i c a l  s u b s y s t e m s  and  modules were t e s t e d  at t h e  lowest  p o s s i b l e  l eve l .  
This t e s t i n g  plan served t h r e e  p u r p o s e s :  e s t a b l i s h e d  b a s e l i n e  o p e r a t i o n  o f  
e a c h  s u b s y s t e m ,  improved t h e  c o n t r o l  s y s t e m  mode l ing ,  and  provided e a r l y  
d e t e c t i o n  of anomalies. The major s u b a s s e m b l y  i n t e g r a t i o n  a n d  t e s t  p l a n  i s  
o u t l i n e d  i n  Figure 9. 

CONCLUSIONS 

A s o l a r  t r a c k i n g  u n i t  was developed which met o r  exceeded t h e  LHS research 
ins t rument  requirements. The u n i t  has  demonstra ted a t r a c k i n g  s t a b i l i t y  and  
r e p e a t a b i l i t y  b e t t e r  t h a n  21 arc -minu te .  T h i s  u n i t ,  designed f o r  use  wi th  
t h e  LHS ins t rument  i n  a n  a i r c r a f t  environment, could be a d a p t e d  f o r  u s e  w i t h  
o t h e r  s i m i l a r  ins t ruments  o r  a p p l i c a t i o n s .  
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ANTENNA TRACKING MECHANISM FOR GEOSTATIONARY SATELLITES 

Colin M. Francis* 
/-' 

ABSTRACT 

This paper describes the design and development of a continuous duty 
cycle antenna tracking mechanism (ATM) for geost~tionary communications 
satellites. This paper presents the FACC requirements for an ATM and des- 
cribes the development mechanism designed and built for the program. The 
mechanism mechanical configuration and component performance is documented 
along with its launch aad operational constraints. The proposed development 
tests and the results of computer simulations are discussed. The advantages 
of this mechanism are 3.t~ simplicity with inherent reliability, low mass, 
high stiffness, and ability to accurately point a wide range of antenna 
sizes. 

INTRODUCTION 

Communications satellites are tending to use higher frequencies and 
narrower shaped antenna beams. For these beams to be practical, the antennae 
have to be oriented accurately at their ground targets. Typically, the allow- 
able pointing error is 10 percent of the beam width, although this depends 
largely 3n the gain slope at the edge of the coverage area. 

FACC has identified a future requirement for an ATM to compensate for 
body motions, thermal distortions, and alignment errors of its three-axis 
communications satellites. The mechanism is to operate continuously dsing 
a RF sensor for control loop position feedback. 

The critical performance requirements for the mechanism are as follows. 
The required level of reliability has not been identified, although it should 
be as high as possible to prevent a mission failure. 

Reflector diameters--1.0 to 4.0 
Boresight tracking range--+2.0° 
Maximum beam-point ing erroT--0.02~ 
Maximum tracking rate--0.1 O/sec 
Control loop--RF sensor 
Duty cycle--Continuous 
Lifetime--10 years 

Mass, height, and power consumption to be a minimum. 

*Ford Aerospace and Communications Corporation, Palo Alto, California 



MECHANISM DESIGN 

The development model mechanism i s  shown i n  Figure 1. The design con- 
e i a t s  of t h r e e  b a s i c  u n i t s :  l i n e a r  motor ,  p o s i t i o n  s e n s o r ,  and g imbal  
assembly. The gimbal assembly connects t he  antenna interface p l a t e  t o  t he  - -  

base p l a t e  and permits small a n g l e s  of  r o t a t i o n  about two orthogonal axes. , 
Linear motcrs and Mnear pos i t ion  sensors  i n  each axis  provide t h e  torque t o  
r o t a t e  the  r e f l e c t o r  and sense its angular posi t ion.  ; 

There are no wearing sur faces  or  sources of f r i c t i o n  i n  t he  design and 
t h e  gimbal.@.vots act l i k e  t o r s ion  spr ings  and do not requi re  l i l b r i o a t ~ o n .  
This ensure$ high r e l i a b i l i t y  and long opera t iona l  l i f e .  A s  t he  design d 29s 

not  contain ws t ' lubr ican tu ,  and because t he  moving components enjoy substam- 
t i a l  c learances the mechanism can operate  i n  r e l a t i v e l y  severe thermar 
environments. 

. Because of the  high a x i a l  and r a d i a l  s t i f f n e s s  of t h e  f l e x u r a l  p i v o t s  
t he .g imba1  i s  ve ry  s t i f f  a x i a l l y  and i n  t o r s i o n  about  t h e  unusca ax is .  
Each pivot  is ra ted  a t  2000 N (450 l b s )  r a d i a l  load  c a p a b i l i t y ,  and even  
though the  f u l l  capact ty  is  net  intended t o  be used, i t  allows simple caging 
systems t o  be . *ed f o r  p ro tec t ion  during launch. 

MECHANISM OPERATION 

When a constant  voltage is appl ied t o  a motor the  gimbal d e f l e c t s  a 
propoptional angle and s t a y s  there .  When the  vol tage is removed the  r e s to r -  
ing  pivot torque re turns  the  gimbal t o  its datum posi t ion.  

The c o n t r o l  sys tem i s  des igned  t o  reduce the  e x i s t i n g  point ing e r r o r  
between the  t a r g e t  and the  antenna b o r e s i g h t .  Dedice ted  e l e c t r o n i c s  have 
n o t  been b u i l t  f o r  t h e  development model mechanism, but real-time computer 
con t ro l  is t o  be used t o  t e s t  the  mechanism and i t s  cont ro l  t echniques .  For 
a f l l g h t  mechanism t h e  c o n t r o l  system i s  provided with RF sensor da t a  and 
LVDT da ta  ( r e f l e c t o r  t o  s p a c e c r a f t  p o s i t i o n )  i n  each  a x i s .  Only RF d a t a  
a r e  r e q u i r e d  t o  m a i n t a i u  a s t a b l e  con t ro l  system, but f u r t h e r  development 
t e s t s  may show a system improvement should LVDT da ta  a l s o  be used. 

Usua l ly ,  LVDT p o s i t i o n  d a t a  a r e  only required f o r  telemetry purposes 
and as  a back-up cont ro l  loop f o r  p e r i o d s  when RF d a t a  a r e  n o t  a v a i l a b l e  
( i  .e. , preRF acquis i t ion ,  beacon f a i l u r e ,  and excessive body m ~ t i o n .  

LAUNCH CONFIGURATION 

The ATM may be used f o r  body mounted o r  deployable r e f l e c t o r s .  Figure 2 
shows both launch  configuration^ and t h e i r  caging systems. 







Body mounted r e f l e c t o r s  a r e  genera l ly  of small  diameter (1.0 t o  2.0 m), 
and s o  a pyrotechnic caging- device  mounted between t h e  an t enna  i n t e r f a c e  
and t h e  base p l a t e  (Case 1) would be s u f f i c i e n t  t o  r e s t r a i n  t h e  r e f l ec to r .  
Larger r e f l e c t o r s  may r e q u i r e  a r e s t r a i n t  a t  a g r e a t e r  r a d i u s ,  w i t h  t h e  
attachment on the  r e f l ec to r .  

Most l a r g e  r e f l e c t o r s  0 2 . 0  m) w i l l  be deployed on a boom from t h e  s i d e  
of t h e  spacecraf t  body. Several  hold-down configurat ions are poss ib le  with 
t h i s .  The mechanism can be caged t o  t he  spacecraf t  and t h e  r e f l e c t o r  snubbed 
aga ins t  t he  body s idewali  (Case 2). O r  t h e  r e f l e c t o r  can be caged and the  
mechanism e i t h e r  caged o r  f r e e  t o  r o t a t e  (Case 3). The c e n t r a l  hole  (6.25 c m  
diameter) can be used f o r  access  t o  t h e  mechanism base  p l a t e  t h rough  t h e  
r e f l e c t o r .  

It is des i rab le  f o r  both launch and operat ion t h a t  the  r e f l e c t o r  is 
mounted ~ e n t r a l l y  on the  mechanism with its cog.  d i r e c t l y  over t h e  axes of 
ro ta t ion .  

GIMBAL ASSEMBLY 

The gimbal  assembly i s  c o n s t r u c t e d  around four  double-ended f l e x u r a l  
pivots.  The cen te r  s ec t i on  of each pivot  is clamped i n t o  t h e  gimbal  f rame 
and the  pivot ends a r e  clamped i n t o  supports.  Two supports  connect the gimbal 
t o  the base p l a t e  t o  allow one ax i s  of motion, and the  o ther  supports  connect 
it  t o  t he  antenna i n t e r f a c e  t o  c r e a t e  t h e  orthogonal ax is .  

The p i v o t s  a r e  des igned  t o  f l e x  th rough an  a n g l e  o f  +IS0, although 
in te r fe rence  between the  motor components occurs a t  app rox ima t~ ly  + 2 . 5 O .  The 
designed ATM operat ing range i s  - +1.5O. 

LINEAR MOTOR CONSTRUCTION 

Each a x i s  is dr iven by a dc l i n e a r  motor, which i s  sect ioned i n  Figure 
3. Over the mechanism operat ing range the  motor components a r e  noncon tac t -  
i ng .  Wi th in  each  motor hous ing  there  a r e  redundant windings, e f f e c t i v e l y  
giving two motors i n  each  a x i s .  It i s  i n t e n d e d  t h a t  o n l y  one winding  be 
e n e r g i z e d  a t  any i n s t a n t .  The motor c o r e  c o n t a i n s  two r ings  of r a d i a l l y  
or iented permanent magnets, with each r i ng  positioned t o  be a x i a l l y  c o i n c i -  
dent with i t s  respect ive s t a t o r  winding. Although the re  a r e  two magnet r ings  
there  is only one magnetic c i r c u i t ,  which u s e s '  t h e  i n n e r  s t a t i o n a r y  i r o n  
piece and the  ou te r  s t a t o r  housing a s  t he  re turn  paths.  

posi t ion.  This allows a maximum f o r c e  of 9.0 N f o r  a 15 C a t t  i n p u t  a t  20 
Vdc. 

A s  t he  gimbal and motor core  are deflected from t h e i r  datum pos i t i on  the  
force  produced f o r  a given power input  decreases. Over t he  motor operat ing 
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range of +3.8 mm the nonlinearlty should not be significant to the control 
system. ~ 5 e  slightly angular motion of the core within the stator housing 
does not appear to cause significant performance degradation. 

POSITION SENSOR 

The attitude of the antenna relative to the datum position (or 
spacecraft) is measured by a linear variable differential transformer (LVDT) 
in each axis. Each LVDT is powered by a signal processing unit, which 
drives the priinary winding with a Z.,'XHz sine wave. An induced current 
is created in the secondary coils by the high permeability core. From the 
difference in magnitude of the secondarj currents a linear pl-si tion output 
(+lo Vdc) is derived. The stator and core are noncontacting and do not cause 
f'fiction. 

tAiJBRATION OF MECHANISM 

The computer program which controls the motion of the mechanism requires 
the input of certain performance parameters. To determine these values, 
the mechanism is to be calibrated under steady-state conditions. 

The power off datum position (with a l-g counterbalance) is measured 
o&ically for each axis. By applying known torques in each axis and measur- 
ing the deflection, the gimbal spring constant will be determined. It is 
predicted to be 0.10 NmI0, with a linearity better than 5 percent over the 
operating range. Measuring the deflection against applied motor current 
will provide the effective motor constant, which will be slightly less than 
2.2 N/&ZE, with a linearity better than 5 percent over the 'operating range. 

Becm&e of end-ef fect losses and relative rotation of the motor com- 
ponents, the mechanism deflection is not entirely linear with applied cur- 
rent. However, it should be quite sufficient for the control system to 
achieve the required pointing accuracy. If desired, the effects of nonlineari- 
ties can be eliminated by programming the control law with a variable motor 
constant dependent upon the LVDT position data. 

TEST MODE AND CONTROL SYSTEM 

To perform a fully representative series of performance tests the 
mechanism would have to be mounted on a three-axis table (preferably six- 
axis) and an RF (or laser) beam generated at infinity to simulate the ground 
beacon. However, at this phase of development the much 'simpler test setup 
detailed below is adequate. A version of the "back-up" control mode (LVDT 
data only? is used to test mechanism performance. 

The mtallite interface is held stationary and the inertia is commanded 
to fcllow a moving target. The target is an imaginary point in space, the 



locus of which is generated by t he  computer. The angular  range and rates 
are gecerated such t h a t  t h e  mechanism experiences loads  equivalent  t o  
p r e d i c t e d  m i s s i o n  c o n d i t i o n s .  I n  r e a l i t y ,  the  t a r g e t  locus is represented 
by s i n e  curves and s t e p  inputs  of varying periods and magnitudes. 

To de t e rmine  t h e  e x i s t i n g  po in t ing  e r r o r ,  t he  LVDT output is compared 
with t he  t a r g e t  locat ion.  The t a r g e t  t r a c k  and poin t ing  e r r o r  i n  each  a x i s  
and t h e  t i m e  a r e  p r i n t e d  e v e r y  second t o  provide a hard-copy record of a 
t e s t  run. 

The test computer is loaded with a program t o  con t ro l  t h e  mechanism (a  
flow diagram of t h e  con t ro l  loop is shown i n  Figure 4). A l i n e  i n  t h e  
program samples  LVDT pos i t ion  d a t a  every 100 mS, convert ing i t  from analog 
dc vol tage t o  a numerical value. The t a r g e t  pos i t i on  ( g e n e r a t e d  by a l i n e  
i n  t h e  program) i s  compared w i t h  t h e  LVDT da ta  and an e r r o r  value is  ca l -  
culated f o r  each axis.  

Using t h e  ca l i b r a t ed  mechanism performance parameters, t he  known i n e r t i a  
and t h e  e r r o r  values,  t h e  con t ro l  program determines t h e  motor vol tages  
required t o  co r r ec t  t he  e x i s t i n g  e r r o r s  during t h e  next sample period. That 
computer t akes  a f i n i t e  time t o  perform its task  and s o  a time l a g  develops 
i n  t he  con t ro l  laop. If t h e  LVDTts are samples a t  T=O and t h e  con t ro l  algo- 
ri thm takes 100 mS t o  process, then a new. motor vol tage w i l l  be output  a t  
T=100 mS i n  order  t o  e l imina te  t h e  i n i t i a l  e r r o r  by T=200 mS. With a 0.2 
second time l a g  it is des i r ab l e  t o  p red i c t  t he  motion of t he  . t a r g e t  t o  
improve point ing accuracy. This pred ic t ion  is performed by the  algorithm, as 
the  program s t o r e s  previous pos i t ion  da t a  f o r  comparison. 

It is expected t h a t  a r e a l i s t i c  spacecraf t  con t ro l  system would sample 
and respond every 60 mS, r a t h e r  than t h e  100 mS capable by t h e  cur ren t  
configuration. 

Once t h e  new motor vo l tages  have been determilled t h e  computer ou tputs  
them a s  +20 Vdc a n a l o g  s i g n a l s .  These a r e  a m p l i f i e d  t o  provide adequate 
cur ren t  aGd then passed t o  t h e i r  r e s p e c t i v e  motors .  The v o l t a g e  a p p l i e d  
t o  each motor remains constant during the  next 100 mS. 

The r e s u l t  is t h a t  t he  mechanism d r i v e s  t h e  i n e r t i a  back and f o r t h  
across  its range a s  it  tries t o  follow the  demanded locus a s  c lo se ly  a s  
possible .  

COMPUTER SIMULATIONS 

A computer s imulat ion of t he  mechanism, t he  spacec ra f t ,  and the  r e f l ec -  
t o r  i n t e r a c t i o n  has  been performed. I n  t h i s ,  t he  mechanism base i s  given 
angular and l i n e a r  dis turbances represen t ing  t h r u s t e r  f i r i n g s  and t h i s  causes 
t he  f e e d l r e f l e c t o r  combination t o  misalign the  antenna beam. The e r ro r  angles 
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( represent ing the  RF sensor  output)  a r e  sampled and a co r r ec t i ve  motor fo rce  
determined. The new force  is  appl ied a f t e r  a s u i t a b l e  time l a g  and the system 
dynamics a r e  continuously monitored. F i g c r e  5 shows a t y p i c a l  sy s t em r e -  
sponse .  I n  t h i s  s i m u l a t i o n  an  I n t e l s a t  V s i z e  spacecraf t  with a deployed 
2-m diameter r e f l e c t o r  experiences a 20 N t h r u s t e r  f i r i n g .  The maximum beam 
e r r o r  i s  0.02' and t h e  motors  draw 0.1 Watts each. After  1.5 seconds t he  
system settles down t o  an e r r o r  of 0.001' and t o t a l  power consumption much 
less than 1 Watt. 

S i m u l a t i o n s  have been performed f o r  r e f l e c t o r s  of 1- t o  4- diameter 
w i t h  i n e r t i a s  of 0.15 t o  20 ~ ~ m ~ .  By v a r y i n g  t h e  c o n t r o l  l o o p  ga in  f o r  
s p e c i f i c  r e f l e c t o r  s i z e s  t h i s  l a rge  range o f  antennae can be success fu l ly  
tracked: Larger r e f l e c t o r s  requi re  g r e a t e r  motor forces ,  while  very small 
i n e r t i a s  allow high na tu ra l  f requencies  ,%bout t he  p ivo ts ,  and the  l a g  time 
causes i n s t a b i l i t y .  

FURTHER DEVELOPMENT AND TESTING 

The t e s t s  performed t o  da t e  have been l imi ted  i n  t h e i r  scope. The t e s t s  
t h a t  have been performed have been used t o  confirm the  t e s t  s e tup  a s  much 
a s  t he  mechanism. The i n i t i a l  c a l i b r a t i o n  measurements a r e  very encouraging; 
however, and ind i ca t e  t h a t  the  mechanism performance w i l l  be a s  predicted. 

Further tests Ere due t o  be performed, which w i l l  al low the  f u l l  
c apab i l i t y  of the mechanism t o  be rea l ized .  These tests, which w i l l  i n c l u d e  
t h e  ex t remes  of i n e r t i a  and r a t e s  of motion, w i l l  explore  t h e  i n t e r a c t i o n s  
between the axes and the  e f f e c t s  of motor f a i l u r e s  and mo to r / s enso r  i n t e r -  
f erence. 

CONCLUSIONS 

Siz ing  of  t he  mechanism components appears t o  be exce l len t .  The power, 
f o r c e ,  s t i f f n e s s ,  and s e n s i t i v i t y  r e l a t i o n s h i p s  between the  var ious com- 
ponents a r e  wel l  matched t o  produce an  op t imized  t r a c k i n g  mechanism. The 
mechanism promises exce l len t  performance i n  a remarkably compact and l i g h t -  
weight package. 

The use of t he  computer allows g r e a t  f l e x i b i l i t y  i n  modifying con t ro l  
techniques,  although its operat ing speed needs t o  be higher.  

Recommended design changes f o r  a f l i g h t  mechanism a r e  to:  

I n c o r p o r a t e  redundant LVDT sensor  windings; t he  f a i l u r e  modes of these 
need t o  be inves t iga ted  

Increase t he  r a d i a l  c learances i n  t h e  motors t o  allow g r e a t e r  range 
and easier assembly 
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Increase struotural stiffness, by using stiffer a r m  and possibly 
larger diameter pivots (maintaining the ourrent torsional at iffness) 

Reduce mechanism mass by using higher performance materials in the 
motors and by optimizing the structural components 

The author wishes to thank Ford Aerospace and Communications Corporation 
for its permission to publish this paper. 



SPACELAS 4 - PRIMA1 E EXPERIMENT SUPPORT HARDWARE 

4 Paul R. Fusco and Richard J. Peyran 

ABSTRACT 

A squ i r re l  monkey feeder and automat ic  u r i n e  c o l l e c t i o n  system 
have been designed t o  f l y  on the  Spacelab 4 Shut t le  Mission present ly  
scheduled f o r  January 1986. Prototypes o f  the  feeder and u r i n e  c o l l e c -  
t i o n  systems have been f a b r i c a t e d  and extensively tes ted  on s q u i r r e l  
monkeys a t  the  National Aeronautics and Space Admi n i s t  r a t i o n  ' s (NASA) 
Ames Research Center (ARC). The feeder des ign .  minimizes impact on 
the monkey's l i m i t e d  space i n  the  cage and features improved r e l i a b i l i t y  
and biocompati b i  1 i t y  over previous systems. The u r i ne  co l  l e c t i o n  system 
i s  the  f i r s t  f l i g h t  qua l i f ied ,  automatic u r i n e  c o l l e c t i o n  d e v i c e  f o r  
s q u i r r e l  monkeys. F l  i g h t  systems are cu r ren t l y  being fabricated. 

The changes i n  f l u i d  and e l e c t r o l y t e  balance t h a t  occur  d u r i n g  
s p a c e f l i g h t  are among the most prominent physio logical  changes induced 
b y  wei ght  1 essness . Evidence from premanned spacefl i g h t s  suggest t h a t  
weightlessness produces an abnormal d i s t r i b u t i o n  o t  body f l u i d s  leading 
t o  h i g h e r  t han  normal excret ion o f  sodium and potassium e lec t ro ly tes .  
A new study using squ i r re l  monkeys t o  examine the mechanisms responsible 
f o r  t h e  f l u i d  s h i f t s  and changes i n  e l e c t r o l y t e  balance i s  scheduled 
f o r  the  Spacelab 4 Shut t le  f l i g h t ,  and w i l l  be conducted j o i n t l y  by 
NASA/ARC, Harvard Medical School, and t h e  U n i v e r s i t y  o f  C a l i f o r n i a  
a t  Riverside. To s a t i s f y  t h e  m i s s i o n  o b j e c t i v e s ,  i t  i s  necessary t o  
f u r n i s h  a s q u i r r e l  monkey cage system tha t  not only  provides f o r  the 
animal's heal th and we1 1 -being,  b u t  a1 so p rov ides  researchers  w i t h  
an accurate determination o f  u r i ne  output volume and content. 

ARC has developed a spacef l ight squ i r re l  monkey cage system t h a t  
w i l l  meet at;  o f  t h e  m iss ion  and experimental object ives (Figure 1). 
This paper w i  l l  focus on two o f  t he  most chal lenging and c r i t i c a l  sub- 
systems o f  the cage. Both o f  these systems have t o  meet t he  r i g i d  mate- 
r i a l s  and safety requirements imposed upon f l  i g b t  hardware, and t h e  
b i  ocompati b i  1 i t y  requirements necessary t o  maintain the  hea l th  o f  t he  
monkey i n  both 0-g and 1-g environments. 

URINE COLLECT1 ON SYSTEM REQUI!XMENTS 

Discussions between the  p r i nc ipa l  i nves t i ga to rs ,  t h e  animal c a r e  
consu l tan ts ,  and the engineering design team resul ted i n  the  fo l l ow ing  
1 i s t  of design requirements: 

a The system must be b iocompa t ib le  w i t h  male squ i r re l  monkeys 
and caoable o f  funct ioning proper ly  f o r  up t o  10 days 





0 The c o l l e c t i o n  system must automatical l y  co l  l e c t  t o t a l  u r i n e  
output every 4 hours 

0 Sample s izes may range from 0-30cc and must be t o t a l i y  c o l l e c t e d  
w i t h  not  more than 0 . 2 ~ ~  of unco!lected f l  u i 3  

0 The system must requi r e  minimal crew maintenance (approximately 5 
minutes per monkey, once every 24 hours) 

0 The c o l l e c t i o n  system must be compact and f i t  i n t o  an e x i s t i n q  
space i n  the primate caqe 

The system must be capable of unattended operat ion f o r  up t o  36 
hours t o  meet prelaunch manpower requirements 

The c o l l e c t i o n  system must be capable o f  f unc t i on i nq  i n  0-q and 
1-q environments 

0 The system must be l i gh twe iqh t ,  but  capable of s u r v i v i n g  
extensive v i b r a t i o n  t e s t i  ng a t  h iqh g - leve ls  

A l l  ma te r ia l s  and I ~ h r i c a n t s  must be f l  i q h t  approved 

URINE C O L L E C T I O N  S Y S T E M  DESIGN ------- 
APPROACH 

The d e s i g n  o f  t h e  u r i n e  c o l l e c t i o n  system was d i v i ded  i n t o  two 
i n t eg ra ted  areas : d c s i  gn o f  t h e  monkey- to -co l  1  e c t o r  i n t e r f a c e ,  and 
d e s i g n  o f  an au toma t i c  c o l l  e c t o r  mechanism. The design o f  t h e  monkey 
hardware i n t e r f a c e  requi red an eva lua t ion  o f  several design approaches. 
The most common method used t o  c o l l e c t  ~ ~ r i n e ,  and t h e  one used on pre- 
vious spacefl i ghts, has been t o  use i ndwell i ng catheters .  This approach, 
however, has some s e r i o u s  d i sadvan tages  i n c l u d i n g  a h i gh  inc idence 
o f  u r i n a r y  i n f e c t i o n s  when t h e  c a t h e t e r  i s  l e f t  una t t ended  f o r  mary 
days. Other  prob lems inc lude  d iscomfor t  t o  t he  monkey, ar.d d i f f i c u l t y  
w i t h  f l l l i d  movement i n  0-g. As a r e s u l t ,  i t  was dec ided  t h a t  e v e r y  
e f f o r c  should be made t o  develop an ex te rna l  ca the te r  sys'ltrrn t h a t  would 
have l i t t l e ,  o r  no, i n f l uence  on t h e  monkey's na tu ra l  u r i n a r y  funct ions.  

Several d i f f e r e n t  c u l  l e c t o r  mechanism designs were i n i t i a l l y  devel- 
oped. Some used s ta t i ona ry  c o l l e c t i o n  tubes organized i n  a  rec tangu la r  
g r i d  w i t h  a  moveable n o z z l e  t h a t  c o u l d  i n d e x  t o  t h e  proper tube a t  
4-hour i n t e r v a l s .  Problems d i t h  t h i s  approach i n c l u d e d  t h e  need f o r  
m u l t i p l e  motors and a complicated c o n t r o l  system t o  ensure proper index- 
i n g  o f  t h e  nozzle. I n  add i t i on ,  s torage o f  c o l l e c t i o n  tubes i n  a  f l a t  
r e c t a n g u l a r  g r i d  d i d  n o t  p r o v i d e  e f f i c i e n t  usage o f  t h e  a v a i l a b l e  
space. It was determined t h a t  t he  space a v a i l a b l e  c o u l d  be  used more 
e f f i c i e n t l y  by a  system t h a t  employed a s t a t i ona ry  nozz le  and a round 
carousel assembly t h a t  cou ld  r o t a t e  n i ne  storage tubes pas t  t h e  nozzle. 



SYSTEM OPERATI3N --- --- --- 
The o p e r a t i o n  o f  t h e  u r i n e  c o l l e c t i o n  system i s  shown i n  F igure 

2. The monkey u r i na tes  a t  w i l l  i n t o  an e x t e r n a l  t r a n s f e r  t u b e  wh i ch  
a c t s  as s h o r t  - t e r m  s t o r a g e  and a  connec t ion  between t h e  monkey and 
co l lec t ion valve. A t  4-hour i n t e r v a l s  t he  c o l l e c t i o n  mechanism i s  a c t i v -  
a ted ,  wh ich  r o t a t e s  the  proper c o l l e c t i o n  con ta iner  i n t o  p o s i t i o n  and 
then t r ans la tes  forward. The forward motion moves t h e  c o l l e c t i o n  con-  
t a i n e r  towards t h e  c o l  l e c t i o n  va l ve ,  f o r c i n g  a  needis a t  t h e  end o f  
the co l lec t ion  valve through t h e  rubber septum i n  t h e  end o f  t h e  c o l l e c -  
t i o n  c o n t a i n e r .  The c o l  l e c t i o n  conta iners  are evacuated so t h a t  they 
w i l l  draw f l u i d  out o f  t h e  s o f t ,  c o l l a p s i b l e  t r a n s f e r  tube .  A s m a l l  
(1.6 mz 1.0.) t u b e  connects  t o  t h e  u r i n e  v a l v e  and runs i n s i d e  t h e  
l a r g e r  t r a n s f e r  tube +o prevent t h e  vacuum from c o l l a p s i n g  t h e  t r a n s f e r  
tube a t  t he  u r i n e  valve and ses l i ng  o f f  t h e  remainder o f  t h e  tube. After 
a  20 seconu dwel l  t ime, t he  c o l l e c t i o n  mechanism i s  a g a i n  a c t i v a t e d  
and t h e  ca rouse l  assembly i s  r e t r ac ted  from t h e  c o l l e c t i o n  valve. The 
c o l l e c t i o n  valve i s  sp r i ng  loaded t o  c l o s e  o f f  and p r e v e n t  any f l u i d  
from escaping when t he  carousel i s  no t  i n  contact  w i t h  it. 

Every 24 hours the f l i g h t  crew can remove t he  carousel assembly from 
the c o l l  ec t  ion mechanism and i n s t a l l  fresh, empty c o l  l e c t i o n  conta iners  
i n t o  the carousel. The caroucel i s  then reloaded i n t o  the  c o l l e c t i o n  
mechanism for the next cyc le .  

TRANSFE? TUBE -- ----- 

The design o f  t h e  t r a n s f e r  t u b e  i s  shown i n  F i g u r e  3. The t u b e  
f i t s  over t h e  monkey's penis and i s  supported i n  p lace  by an add ' t iona l  
f lange garment which s t raps t o  t he  monkey. The tube  i s  f a b r i c a t e d  f r o m  
s ? l i c o n e  rubbe r  and has a  w a l l  t h i c k n e s s  o f  approximately 0.25-0.38 
mm. The tube was o r i g i n a l l y  f ab r i ca ted  i n  a  mold t h a t  r e q u i  r e d  a  two-  
p a r t  compound, because a i r  dnd mois ture were sealed ou t  o f  t h e  mold. 
Tear s t reng th  o f  t h e  tube, however, was poor .  A sea rch  f o r  a  h i g h e r  
s t r e n g t h  , f l  i g h t  acceptab le  mz te r i a l  r e s u l t e d  i n  t h e  se lec t i on  of Do), 
Corning compound t3144  RTV. The d i f f i c u l t y  w i t h  t h e  3144 compound, 
however, was t h a t  i t  requ i red  mois ture t o  cure and t h e  mold was v i r tua l -  
l y  sealed. A new f a b r i - a t i o n  p rocess  was deve loped  u s i n g  a  mandre l  
t h e  exac t  s i z e  and shape o f  t h e  t r a n s f e r  tube. The 3144 compound was 
th inned w i t h  mois ture- f ree naphtha t o  a  v i s c o s i t y  t h a t  cou ld  be s p r a y -  
ed. The s o l u t i o n  was then sprayed over a  s low ly  r o t a t i n g  mandrel u n t i l  
cured. The f i n i s h e d  p a r t  was then r o l l e d  o f f  t he  mandrel. 

COLLECTION VALYE 

The u r i n e  c o l l e c t i o ~ l  valve, which prov ides t h e  i n t e r f a c e  between 
t h e  t r a n s f e r  tube and t he  c o l l e c t i o n  conta iners ,  a l s o  serves as a  pene- 
t r a t i o n  through a  Lexan p a r t  i t i o n  which seals t h e  cage's instrumentation 
area from the  monkey's area. The valve body forms a  90' a n g l e  ( F i g u r e  
4 )  t o  min imize i n t r u s i o n  i n t o  t he  monkey's area o f  t he  cage. The va lve 
plr~r lger i s  sp r ing  loaded t o  p rov ide  f l u i d  s e a l  when n o t  e rgaged  w i t h  
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a c o l l e c t i o n  tube. A 20-gage needle, 
enables t h e  va lve  t o  p e n e t r a t e  t h e  
conta iners .  

brazed i n t o  the  end o f  t h e  p lunger  
r u b b e r  septum on t h e  c o l  D e c t i o n  

COLLECTION MECHANISM 

The c o l l e c t i o n  mechanism i s  made up o f  t h r e e  subassembl ies :  t h e  
c o l  1 e c t i  on conta iners ,  carousel assembly, and t h e  c a r r i a g e  assembly. A 
c o l l e c t i o n  conta iner  i s  shown i n  F igure  5. The c o n t a i n e r  i s  made f r o m  
Pyrex  g l a s s  w i t h  a Lexan c o l l a r  and a rubber stopper. The t o t a l  volume 
o f  each con ta iner  i s  35cc. Each con ta iner  i s  evacuated t o  approximately 
29.0 i n c h e s  o f  mercury, which y i e l d s  a maximum f l u i d  capac i t y  o f  33.5- 
cc. The c o l l a r  i s  designed w i t h  a c i r c u m f e r e n t i a l  g roove  as seen i n  
F i g u r e  5, which enab les  i t  t o  be l o c k e d  i n t o  t h e  carousel  assembly 
by a cam ac t i va ted  l ock  wire. 

The c a r o u s e l  assembly shown i n  F i g u r e  6 i s  c a p a b l e  o f  ho l d i ng  
n i ne  c o l l e c t i o n  containers.  Each con ta iner  can be i n d i v i d u a l  l y  1 ocked 
i n ,  o r  r e l e a s e d  by r o t a t i n g  a s l o t t e d  cam actuator.  The assembly i s  
made from Lexan w i t h  an aluminum geneva gear  mounted on one s i de .  An 
aluminum a x l e  t h r o u g h  t h e  cen te r  o f  t h e  c,rousel s i t s  i n  t h r e e  saddle 
supports on t he  c a r r i a g e  assembly,  and i s  h e l d  secu re  by  a p i t  p i n  
through the  center  saddle support. 

The c a r r i a g e  assembly i s  shown i n  F igure 7 and F igure  8. The pur-  
pose o f  t h e  assembly i s  t o  r o t a t e  t h e  carousel  t o  t h e  p r o p e r  l o c a t i o n  
f o r  a1 ignment  o f  t h e  c o l  l e c t i o n  v a l v e  w i t h  a stopper on t h e  des i red  
co l lec t ion conta iner .  The ca r r i age  must then move t h e  carousel  1 i n e a r l y  
f o r w a r d  u n t i l  t h e  needle on t h e  c o l l e c t i o n  va lve punctures t h e  rubber 
stopper on t he  c o l l e c t i o n  conta iner .  A f t e r  a sho r t  d w e l l  t i m e ,  d u r i n g  
wh i ch  f l u i d  i s  drawn through t h e  c o l l e c t i o n  va lve  i n t o  t h e  c o l l e c t i o n  
conta iner ,  t he  ca r r iage  moves t h e  carouse l  back away f r om t h e  v a l v e .  
A f t e r  c l e a r i n g  t h e  t i p  o f  t h e  needle t h e  carousel i s  r o t a t e d  hal fway 
t o  t h e  next loca t ion .  

I n i t i a l  des i gns  o f  t h e  c a r r i a g e  assembly c a l l e d  f o r  two motors 
t o  accomplish the  dual motions o f  t he  carousel .  One motor would r o t a t e  
t h e  c a r o u s e l  t o  t h e  p r o p e r  l o c ~ t i o n ,  and a second motor would r o t a t e  
a lead screw d r i v i n g  t he  ca r r i age  i n  1 i nea r  motion. High cos t  f o r  space- 
f l  i g h t  e l e c t r i c  motors and a compl i ca ted  c o n t r o l  system made t h i s  design 
undesireable. The f i n a l  design, which couples a s c o t c h  yoke  mechanism 
w i t h  a n i n e  s l o t  geneva mechanism, was developed which requ i res  on l y  
one motor and a simple con t ro l  system. A schemat ic  o f  t h e  system i s  
shown i n  F i g u r e  9a. A 3 rpm ac synchronous motor i s  d i r e c t l y  coupled 
t o  t h e  pr imary gear, which has a cam b e a r i n g  l o c a t e d  1 5  mm f r o m  i t s  
r o t a t i o n a l  a x i s .  The cam bear ing r i d e s  i n  a s l o t  on a s t a t i o n a r y  p a r t  
o f  t h e  car r iage.  The two pa r t s  perform as a scotch yoke mechanism w i t h  
a t o t a l  l i n e a r  t r a v e l  o f  30 mm. Engaged w i t h  t h e  pr imary gear i s  t h e  
geneva d r i . i e  gear. I n i s  gear i s  t h e  same s i z e  as t h e  p r i m a r y  gea r  so 
t h a t  a 1:l r a t i o  i s  ma in ta i ned .  The geneva d r i v e  gear was designsd 
t o  mesh w i t h  t h e  n ine  s l o t  geneva gear mounted on t h e  c a r o u s e l  assem- 
b l y .  As t h e  geneva d r i v e  gear makes one f u l l  r evo lu t i on ,  t h e  carousel  
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Figure 9a. Carousel Trans1 a t ion ,  No Rota t ion  



i s  r o t a ted  e x a c t l y  40'. Actual  r o t a t i o ~  o f  the  carousel  occurred du r i ng  
o n l y  136' o f  pr imary gear r o t a t i o n .  The remaining 224' o f  r o t a t i o n  i s  
used by the  scotch yoke mechanism t o  prov ide 1 i nea r  mot ion o f  the  ca- 
rousel  w i thou t  r o t a t i o n .  

By c o r r e c t l y  t i m i n g  t h e  two gears i t  i s  poss ib le  t o  ob ta in  ro ta t ion  
o f  the carousel fo l l owed by approximately 24 mm o f  nonro ta t iona l  , l i n e a r  
t r a v e l  i n t o  t h e  c o l l e c t i o n  v a l v e  needle. F igures Za, 9b, and 9c show 
t h e  t h ree  stages o f  opera t ion .  I n  F i g u r e  9a, t h e  c a r o u s e l  has moved 
i t s  f u l l  t r a v e l  i n t o  t h e  c o l l e c t i o n  valve. F igure  9b shows t h e  carousel  
moved back away from t h e  needle and j u s t  ready t o  s t a r t  r o t a t i o n .  F igure  
9c shows t h e  carousel j u s t  as r o t a t i o n  i s  completed and l i n e a r  movement 
toward t h e  needle i s  i n  progress. 

FEEDER DESIGN REQUIREMENTS 

I n  a d d i t i o n  t o  t he  u r i n e  c o l l e c t i o n  system p r e v i o u s l y  d e s c r i b e d ,  
an e f f o r t  was d i r e c t e d  t o  c rea te  a s q u i r r e l  monkey-feeding system t h a t  
met a number of experiment ob jec t i ves  which inc luded t h e  f o l l  owing: 

a Cage I n t e g r a t i o n  - The feeder must i n t e g r a t e  w i t h  t h e  e x i s t i n g  
Space1 ab pr imate cage. 

a S i z e  - Shape and s i z e  must m i n i m i z e  impac t  on t h e  monkey's 
extremely l i m i t e d  space i n  t h e  pr imate cage. 

a C a p a c i t y  - Rep laceab le  f ood  c a r t r i d g e s  must h o l d  a minimum 
o f  600 190 mg, s p h e r i c a l l y  shaped, food  - . o - l e t s - - t h e  minimum 
c a p a c i t y  accep tab le .  Crew t i m e  constro, , .  ,= a re  such t h a t  72 
hout s could  elapse be fo re  a feeder  c a r t r i d g e  change c o u 7 d  b e  
made. The monkey usua l  l y  consumes approx imate ly  200 pe l  l e t s  
per day. 

a B i x o m p a t i  b i l  i t y  - T h i s  r equ i r emen t  ccivers t h e  p a r t s  o f  t h e  
design t h a t  i n t e r f a c e  w i t h  t h e  monkey and a f f e c t  h i s  w e l l  be-  
i ng .  Some o f  t h e s e  i n c l u d e  q u i e t  feeder operat ion,  a m e t k d  
o f  holding t h e  food p e l l e t  i n  0-g p r i o r  t o  t h e  monkey r e t r i e v i n g  
i t  when he d e s i r e s ,  and a p r o p e r l y  des igned  t a p  s w i t c h  f o r  
t h e  monkey t o  advance t h e  feeder on demand. 

8 Mechanical Design - The design must meet s t r i c t  design requ i re -  
ments t h a t  cover ma te r i a l s  requirements, s t r u c t u r a l  design 1 i m -  
i t s ,  and system r e l i a b i l i t y .  

a Improvements - The feeder needed t o  be an improvement over pre- 
v i o u s l y  designed feeders. One problem o f  some p e l l e t  type 
feeders i s  the  tendency t o  crumble the  p e l l e t s  so o n l y  p a r t i a l  
p e l l e t s  are de l i ve red  t o  the  monkey. Also food f i n e s  (dus t )  
r e s u l t i n g  from broken p e l l e t s  could jam the  feeder and h a l t  i t s  
operat ion.  The new feeder minimized these p o t e n t i a l  problems. 





FELDER DESIGN 

The Monkey Feeding System designed a t  NASA A R C  meets t h e  d e s i g n  
c o n s t r a i n t s  imposed by  t h e  expe r imen t  and p r e v i o u s l y  out1 ined. The 
system d e l i v e r s  one, whole, 190 mg food p e l l e t  t o  t h e  monkey an demand. 
Food c a r t r i d g e s ,  each h o l d i n g  600 p e l  l e t s ,  a r e  rep laced  du r i ng  t h e  
f l i g h t  by the  payload s p e c i d l i s t .  The f ood  c a r t r i d g e  i s  removed f r o m  
t h e  cage by opening t he  cage door (F igure  10). 

The feeder c a r t r i d g e  ( F  gu re  11 )  i n c o r p o r a t e s  an end less  c h a i  n  
made ?~p  o f  s ta in less -s tee l  ba r re ls ,  c u t  from seamless tub ing ,  and joined 
by Lexan connecting l i n k s  ( ~ i g u r e '  1 2 ) .  A food p e l l e t  i s  l oaded  i n t o  
t h e  c e n t e r  o f  each bar re l .  The chain  i s  routed through t h e  feeder car -  
t r i d g e  around aluminum sprockets w i t h  a  p i t c h  diameter o f  2.72 cm (1.07 
i n )  ( F i  gu r e  13)  . On one end o f  t h e  feeder e i gh t  sprockets freewheel ; 
on t h e  oppos i te  end seven s p r o c k e t s  a r e  mo to r  d r i v e n  t o  advance t h e  
cha in .  The d r i v e n  c h a i n  s p r o c k e t s  a r e  keyed t o  sha f t s  which a re  a l l  
ganged t o  t u r n  t o g e t h e r  by a  system o f  spu r  gears  ( F i g u r e  14 ) .  The 
p i n i o n  gear  o f  t h e  f e e d e r  d r i v e  m o t o r  engages a  s i n g l e  i d l e r  gear, 
and as t h e  motor turns,  t he  cha in  advances, d r i ven  by seven s p r o c k e t s .  
D r i v i n g  t h e  chain from m u l t i p l e  sprockets minimizes backlash and windup 
o f  t h e  system dur ing  operat ion.  The feeder motor i s  mounted permanently 
i n  t h e  cage (F igure 15) and remains i n  p lace whan a  c a r t r i d g e  i s  remov- 
ed. The motor i s  a  sma l l  ac synchronous moto r  d e l  i v e r i n g  1.27 N-m 
(180 oz - in )  torque a t  3 rpm output  speed. 

The chain  i s  advanced by t h e  m o t o r  on t h e  monkey's demand by  a  
t a p  s w i t c h  l o c a t e d  i n  t h e  monkey 's  compartment ( F i g u r e  16). As t h e  
chain moves, a  passive, spr ing-1 oaded t ogg le  removes t h e  f o o d  p e l  1  e t  s  
f r om  t h e  c h a i n  ( F i g u r e  17) .  The p e l l e t  i s  re ta ined  i n  a  t ransparent ,  
Lexan food receptac le  covered w i t h  a  f l e x i b l e ,  Dacron re in fo rced ,  S i l  as- 
t i c  septum (F igure 16). The septum i s  s l o t t e d  and t h e  monkey can reach 
through t o  r e t r i e v e  a food pe l  l e t  when he desires.  

A con t ro l  box, located i n  the  cage, can be adjusted t o  preset  the  
number o f  t aps  r e q u i r e d  t o  advance t h e  feeder  (1 t o  99 t a p s  p e r  
pel  l e t ) .  The minimum t ime Setween feeder advances can 21 so be set  ( 1  t o  
99 seconds per pe l  l e t ) .  This prevents a  hyperact ive r,ionkey from emptying 
t h e  c a r t r i d g e  i n  a  very shor t  t ime, and al lows feeder operat ion t o  be 
adjusted t o  a  p a r t i c u l a r  mnkey ' s  behavior. 

PROTOTYPE DEVELOPMENT ------ 
A one f i f t h  capac i ty  proto type was designed t o  demonstrate the  

f e a s i b i l i t y  o f  the endless chain feeder concept. This proto type was used 
t o  t e s t  t h e  c h a i n  des ign ,  m a t e r i a l s  s e l e c t i o n ,  and c h a i n  assembly 
procedures. Re1 i a b i i  i t y  o f  the  system was checked using actua l  l a b  t e s t s  
w i t h  s q u i r r e l  monkeys (F igure  18) w i t h  the  feeder mounted on a  t e s t  
stand. Several problems were found i n  the o r i q i n a l  desiqn. The chain  
tended t o  b ind occas iona l l y  going around the  sprockets,  and t he  pel  l e t  
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removal s p r i n g  b roke  f r om f a t i g u e  P-:rly i n  the  t es t i ng .  The o r i g i n a l  
chain design cons is ted o f  two 0.15? cm (0.060 i n )  t h i c k  l i n k s  snapped 
o n t o  each b a r r e l .  The l i n k s  were staggered from b a r r e l  t o  ba r re l .  As 
t he  chain was tensioned t he  b a r r e l s  tended t o  cant s l i g h t l y ,  i m p a i r i n g  
t h e i r  a b i l i t y  t o  pass around t he  sprockets. The cha in  design was revised 
by rep lac ing  t he  s tagge red  l i n k :  w i t h  a s i n g l e  0.152 cm (0.060 i n )  
t h i c k  l i n k  sandwiched between two 0.076 cm (0.030 i n )  t h i c k  l i nks .  Th is  
made a symmetrical chain which ran smoothly around t h e  sp rocke t s ,  and 
a1 1 owed the  ba r re l  design t o  remain unchanged. The pe l  l e t  removal spring 
was radiused t o  e l i m i n a t e  a s t r e s s  c o n c e n t r a t i o n  t h a t  e x i s t e d  a t  a 
sha rp  90° bend i n  t h e  o r i g i n a l  design. With these changes, t h e  proto-  
type feeder performed p e r f e c t l y  i n  t h e  lab. 

B e f o r e  p roduc t ion  o f  24 f l i g h t  feeders, a f u l l  s i z e  f l i g h t  proto-  
type feeder was constructed. This feeder was used f o r  cage i n t e g r a t i o n  
and v i b r a t i o n  t e s t i n g  t o  q u a l i f y  t h e  hardware f o r  f l i g h t .  To reduce 
t he  cos t  of f a b r i c a t i n g  chain l i n k s  f o r  t h e  product ion feeders (21,000 
l i n k s  r e q u i r e d ) ,  an i n j e c t i o n  mold was developed. The mold has e i g h t  
c a v i t i e s  f o r  l i n k s  t h a t  a re  0.097 cm (0.038 i n )  t h i ck .  O r i g i n a l l y  0.076 
cm (0.030 i n )  t h i c k  l i n k s  were molded; however, i t  was d i f f i c u l t  t o  
mainta in  the  to lerances requi red (+ o r  -0.0051 cm t h i c k ) .  The t h i c k e r  
1 i n k s  a r e  e a s i e r  t o  mold,  and a s i n g l e  mold can be used t o  produce 
a l l  t he  chain l i n k s  requi red ( t h ree  0.097 cm t h i c k  l i n k s  form t h e  chain 
r a t h e r  t h a n  a s i n g l e  0.152 cm t h i c k  l i n k  sandwiched between two 0.076 
cm t h i c k  l i n k s ) .  

CONCLUSIONS 

The endless chain feeder system and t h e  u r i n e  c o l l e c t i o n  system 
fo rm  a re1  i a b l e  expe r imen ta l  package t h a t  meets a l l  t h e  requirements 
o f  t he  Spacelab 4 m iss ion .  The u r i n e  c o l l e c t i o n  system has s e v e r a l  
important features, inc lud ing :  

0 The f i r s t  t o t a l l y  automatic u r i n e  c o l l e c t i o n  system f o r  space- 
f l  i g h t  app l i ca t i on  on s q u i r r e l  monkeys. 

0 A leak-proof system t h a t  provides up t o  10 days serv ice  wi thout  
any observable i r r i t a t i o n .  

0 Compact design and use o f  on ly  one motor f o r  improved re1 i a b i l -  
i t y  and reduced complexity. 

0 Carousel  assembly makes once-a-day changeouts o f  c o l l e c t i o n  
containers quick and z?sv. 

The feeder design a l so  incorporates several unique features includ- 
ing :  

0 S l i m  des ign  (maximum t h i c k n e s s  2.42 cm) t h a t  m in im izes  t h e  
impact on monkey's 1 im i t ed  space i n  t he  cage. 



e Each f ood  p e l  l e t  i s  sepa ra ted  f r om o t h e r  p e l l e t s ,  reduc ing 
chafe and excessive food f i nes  ( d u s t )  wh ich  c o u l d  accumula te  
and jam t h e  f eede r .  I n  add i t i on ,  t h e  low contact  f o r c e  on t h e  
p e l l e t s  reduces t he  p o s s i  b i l  i t y  o f  c r u s h i n g  a p e l  l e t  b e f o r e  
de l  i v e r y  t o  t he  monkey. 

e The f ood  cup, wh ich  r e t a i n s  t h e  food p e l l e t  u n t i l  t h e  monkey 
retr ieves i t  , may be repos i t i oned  w i thou t  s i g n i f i c a n t l y  changing 
t h e  f e e d e r  des ign .  T h i s  w i l l  enab le  t h e  feeder system t o  be 
easi ly adaptable t o  o ther  cage con f igu ra t ions  on f u t u r e  f i i gh ts .  

A t  p resen t ,  f a b r i c a t i o n  o f  1 2  f l i g h t  u r i n e  c o l l e c t i o n  systems 
and 24 feeders i s  underway. These u n i t s  w i l l  be used f o r  f l i g h t ,  ground 
t es t i ng ,  and t r a i n i n g .  



DESIGN OF A P R E C I S I O N  ETALON POSITION CONTROL SYSTEM 
FOR A CRYOGENIC SPECTROMETER 

J. -N. ~ubrun* ,  K. R e  Lore l l * ,  D. F. Zacharie*, J. B. Thatcher* 

1. INTRODUCTION 

The Nat i onal  Aeronautics and Space Admin is t ra t ion (NASA) Upper Atmosphere 
Research S a t e l l i t e  (UARS) w i  11 be launched i n  1988 t o  s tudy  t h e  d i s t r i b u t i o n  
o f  a  se r i es  o f  t r ace  elements i n  t h e  upper atmosphere and t o  study atmospheric 
dynarni cs. 1 The UARS c a r r i e s  on board a cryogeni ca l  l y  cooled i n f r a r e d  spectro- 
meter t o  measure t he  concentrat ion o f  a  se r i es  o f  che~n i  c a l  spec ies  t h a t  a r e  
i m p o r t a n t  f o r  understanding t h e  ozone l a y e r  i n  t he  stratosphere. Th is  device, 
known as t he  Cryogenic Limb Array Eta lon Spectrometer (CLAES), uses a mu1 t i  - 
p o s i t i o n  f i  1 t e r  wheel combined w i t h  t i  1 t-scanned Fabry Perot e ta lons t o  ob ta in  
t h e  h i gh  r e s o l u t i o n  requ i red  f o r  these experiments. 

The CLAES o p t i c a l  system i s  sealed i n  a  dewar where i t  i s  maintained a t  
cryogenic temperatures by a supply o f  s o l i d  hydrogen. Ope ra t i ng  t empera tu res  
f o r  CLAES range from 130 K a t  t h e  en t rance  a p e r t u r e  t o  1 3  K a t  t he  focal 
p lane.2 F i g u r e  1 i s  a  schemat ic  d iagram o f  t h e  CLAES showing t h e  r e l a t i v e  
1 oca t i  on o f  t h e  major system components. 

I n  t h i s  paper we descr ibe the  design and t e s t  o f  a  spec ia l  con t ro l  system 
us ing  a u ~ i q u e  actuator  concept t o  prov ide p o s i t i o n  and scan c o n t r o l  f o r  the  
CLAES etalon. Resul ts of performance t e s t s  a t  r,, yogenic temperatures simul a- 
t i n g  t he  CLAES on-orbi t environment w i  ll be discussed. 

2. PROBLEM DESCRIPTION 

2.1 Requ i rement s  

The s i x  p r i m a r y  performance r e q u i  rements f o r  t h e  CLAES e ta lon  p o s i t i o n  
c o n t r o l  system are sumsr i zed  and b r i e f l y  discussed as fo l lows :  

J 

0 Prec is ion  angular p o s i t i o n i n g  f o r  each o f  t he  f o u r  e ta lons 
0 Rapid step response between adjacent data-taking pos i t i ons  o f  an i n d i -  

v idua l  e ta lon  
0 Rapid r o t a t i o n  o f  t h e  e ta l on  assembly t o  t h e  next  e ta l on  t o  be used f o r  

data-takinq 
0 Minimum d i s s i p a t i o n  o f  t he rma l  energy  f rom t h e  ac tua to r  t o  conserve 

cryogen 
0 Operation o f  ac tua to r  components i n  vacuum and 20 K 
0 Re l i ab le  operat ion over the  approximately 2-year miss ion dura t ion  

*Lockheed Palo A l t o  Research Laborator ies,  Palo Al to ,  C a l i f o r n i a  
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Fi  gure 1. CLAES Base1 i ne Configurat ion 

Ind iv idua l  etalons must be p o s i t i o n e d  w i t h  an accuracy o f  0.022O. I n  a 
system sens ing  angu lar  p o s i t i o n  u s i n g  a d i g i t a l  encoder, t h i s  requirement 
t rans la tes  i n t o  an accuracy o f  14 b i t s .  

The d a t a - t a k i n g  c a p a b i l i t y  o f  the CLAES i s  p red i ca te i  on t h e  a b i l i t y  t o  
take a new reading every 125 ms. Based on the  sensitivity o f  t h e  f o c a l  p lane  
d e t e c t o r s ,  a p e r i o d  o f  approximately 30 t o  40 ms i s  ava i lab le  f o r  t he  e ta lon  
t o  r o t a t e  O.1° t o  the new data-taking or ientat ion.  

I n  a d d i t i o n  t o  t h e  r a p i d  and prec ise pos i t ion ing  o f  an :ndividual e ta lon  
i n  the  o p t i c a l  path, i t  i s  a l s o  e s s e n t i a l  t o  r e p o s i t i o n  each o f '  t h e  fou r  
e t a l o n s  i n  t h e  incoming beam w i t h  as l i t t l e  delay as possible. A goal of 1 
s f o r  a SO0 r o t a t i o n  has been set  fo r  t h i s  function. 

M i  n i m i  z i n g  t h e  d i  s s i  pat ion o f  thermal energy i s  an essent ia l  requirement 
fop any l o n g - l i f e  cryogenic mission. Th i s  i s  e s p e c i a l l y  i m p o r t a n t  when t h e  
hea t  p roduc ing  mechanism ( i n  t h i s  case, t h e  r o t a t i o n  actuator)  i s  coupled 
t o  an opt ical  element whose temperature i s  a lso c r i t i c a l .  Therefore, t he  design 
o f  t h e  a c t u a t o r  must be such t h a t  t h e  r e s i s t i v e  thermal energy d iss ipated 
dur ing operat ion i s  kept i n  the  range o f  1 t o  5 mW. 

Re1 iable, long-1 i f e  operat ion o f  electromechanical devices i n  a cryo-vac 
environment creates a number o f  cons t ra in ts  on the design o f  the actuator. I n  



p a r t i c u l a r ,  t he  brushes, comnutator, bearings, and gear t r a i n s  used i n  standdrd 
se . - *motors  are sources o f  f a i  1  ure. I n  addi t ion,  c a r e f u l  a t t e n t i o n  must be 
pa id  t o  tolerances and t he  p o t e n t i a l  f o r  d i f f e r e n t i a l  thermal t o n t t  a c t i c n  so 
t h a t  the mechanism w i  11 f u n c t i o n  throughout t he  temperature vange from cryo- 
genic t o  ambient. 

2.2 ?o ten t i a l  Solut ions 

A number o f  p o t e n t i a l  so lu t i ons  a re  ava i l ab le  t o  meet t h e  p rev ious ly  nen- 
t i oned  requirements. Probably t h e  s implest  s o l u t i o n  would be t o  use >: sma l l  
s t e p p e r  motor  and move t h e  e t a l o n  assembly i n  an open-loop mode by count ing 
ti;e number o f  steps tDe motor  was commanded t o  move. T h i s  t e c h n i q u e  l e n d s  
i t s e l f  t o  m ic rop rocesso r  c o n t r o l  and i s  easy t o  implemect. Another poss ib le  
s o l u t i o n  i s  t o  use a  s tanda rd  dc servomotor  w i t h  a  p o s i t i o n  feedback l o o p  
and d r i  ve t h e  e t a l o n  assembly through a  gear reduc t ion  mechanism t o  p rov ide  
t he  des i red torque/speed re1 a t i  onshi p. 

The d i f f i c u l t i e s  w i t h  b o t h  o f  t h e s e  and s i m i l a r  approaches are r e l a t e d  
t o  meeting t he  f a i r l y  s t r i n g e n t  servomechanism requirements whi 1  e  s imu l  t z n e -  
o u s l y  p r o v i d i n g  r e l i a b l e  o p e r a t i o n  i n  a  cryo-vac environment. For example, 
some form o f  gear ing i s  necessary f o r  a  s t e p p e r  moto? t o  have t h e  r e q u i r e d  
a n g u l a r  r e s o l u t i o n .  U n f o r t u n a t e l y ,  i t  i s  no t  poss ib le  t o  meet t h e  slew r e -  
qu i  rements w i t h  a  geared stepper motor because an excess ive ly  h i  gh-pul se r a t e  
(steps per second) would be needed. A geared dc servo motor can meet t h e  reso- 
l u t i o n  and slew r a t e  requirements, bu t  t h e  r e l i a b i l i t y  o f  a  mechanical system, 
w i t h  brushes,  commutator, gears, and numerous beal ings becomes 3 problem. I n  
add i t ion ,  t h e  performance c '  a  geal-ed system i s  a lways degraded r e l a t i v e  t o  
a d i r e c t  d r i v e  a r ran je rc : ) :  because back lash  i n  t h e  translrr ission in t roduces 
n o n l i n e a r i t i s  wtl;cn a r e  ;i f: i c u l  t t o  compensate f o r .  R rush less  dc mo to rs  
t o  a v o i d  many o f  t h e s e  problems, espec ia l l y  i f  conf igured f o r  d i r e c t  d r i v e ;  
however, t h e  seqi conductors used f o r  t h e  e l e c t r o n i c  commutation w i  1  1  no t  oper- 
a t e  a t  cryogenic temperatures. 

The re fo re ,  based on t h e  p r e v i o u s  d i scuss ion ,  an i d e a l  system would use 
an ac tua to r  w i t h  enough torque output  t o  opera te  i n  a  u i  r e c t  d r i v e  c o n f i  gu- 
r a t i o n .  Th i s  system would have t h e  cont inuous p o s i t i o n i n g  a b i l i t y  of a  dc 
servo motor and t h e  r a p i d  slew response o f  a  stepper motor. I n  a d d i t i o n ,  t h e  
system would use feedback con t ro l  f o r  p rec i s i on  and repeatabi l i t y ,  bu t  would 
be simple enough t o  ensure r e l i a b i l  ; ty f o r  a  l o n g - l i f e  mission. 

I n  t h e  f o l l o w i n g  s e c t i o n s ,  a  p r e c i s i o n  e t a l o n  p o s i t i o n  con t ro l  system 
i s  descr ibed t h a t  meets t he  requirements o f  t h e  CLAES as p rev ious ly  discussed. 
The system uses commands f r om a m ic rop rocesso r  t o  d r i v e  a  unique zc tba to r  
t h a t  combines t h e  advantages o f  a  s t e p p e r  mo to r  and a  dc s e r v o  i o t o r .  T h i s  
low-power u n i t  deve lops  enough c o n t r o l  t o r q u e  so  t h a t  i t  can be connected 
d i r e c t l y  t o  t he  e ta l on  assembly w i thou t  t h e  need f o r  in te rmed ia te  geariqg. 



3. ACTUATGR CONCEPT 

3.1 P r inc ip le  
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The concept developed f o r  the  CLAES eta lon wheel actuator was evolved i n  
d i r e c t  response t o  the requirements def ined i n  Section 2. The cryovac condi- 
t i ons  coupled w i th  l ong - l i f e  mission were s t r m g  d r i ve rs  f o r  an unpowered r o t o r  
- d i r e c t  d r i v e  design. High t o r q u e  and accuracy requirements combined w i t h  
the need f o r  un l im i ted  angular r o t a t i o n  resu!tor! i n  a  concept t h a t  combines the  
charac ter is t i cs  o f  stepper motors and dc torquers. 

The "s tepper"  p a r t  o f  the actuator has four  s tab le  posit ions, 90° apart, 
t ha t  correspond t o  the nominal pos i t ions  o f  each e ta lon .  The " t o r q u e r "  p a r t  
i s  obtained by applying t o  the r o t o r  b i d i r e c t i o n a l  propor t ional  contro l  torques 
tha t  car1 continuously move the r o t o r  about i t s  s t a b l e  p o s i t i o n ,  i n  t h e  p r e -  
s c r i b e d  range of t15O. The s tepper  p e r f o r m  t h e  swi tch ing  between etalons 
and the "torque" acxi eves the prec ise posi t ion ing.  

3.2 Magnetic Design 

The hybr  i d stepper/torquer concept 
can be in tegrated i n  a  s i n g l e  magnet ic  
a s s r m b l y  as shown s c h e m a t i c a l l y  i n  
Figure 2. The r o t o r  i s  a  d i p o l a r  p e r -  
manent magnet and t h e  s ta to r  consists 
o f  four  pole pieces t h a t  are ene rg i zed  
by separate windings. When the windings 
o f  two ad jacen t  p ieces  a r e  p roduc ing  
the  same poles, only one r o t o r  pos i t i on  
i s  s table (Figures 3a, 3c, 3d and 3 f ) ,  
a c h i e v i n g  t h e  s t e p p e r  e f f e c t .  Wb,- 
the windings are dr iven d i f f e r e n t i a l l y ,  
b i  d i  r e c t  i o n a l  t o r q u e s  a r e  ob ta ined  
(Figures 3b and 3e). 

Figure 2. Actuator :ia j;. . ' ,. : :embly 
Concept 

Because o f  the symnetry o f  the  system, the same b e h a v i ~ r  i s  obtained about each 
o f  the fou r  equi l ibr ium posit ions. The shape o f  the  pole pieces must achieve 
three object ives: 

a Produce the  maximum torque f o r  a  giver1 magnetization 
Achieve a  rather  constant torque/magneti z a t i  on cha rac te r i s t i c  w i t h i n  t h e  
t15" rmge  

a Hake i t  possible t o  slew between two adjacent (90°) quadrants 

The l a s t  two object ives lead t o  pole pieces t h a t  a r e  w i d e l y  o v e r l a p p i n g  
so magnetic i n t e r a c t i o n s  remain present  even for  l a rge  deviat ions from the  
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Figure 3. Actuator Stepper and Torquer Nodes 

nominal posi t ion.  The max imiza t ion  o f  t h e  t o r q u e  i n v o l v e s  t h e  d i s t a n c e  d 
between two ad jacent  s t a t o r  p o l e  pieces (F igwe  4). I n  t he  case o f  a l i n e a r  
(trans1 a t i  ng) ro to r ,  and assuming a constant magnetization, the magnetic force 
a c t i n g  on t h e  r o t o r  i s  a f u n c t i o n  of t h e  p o s i t i m  o f  t h e  r o t o r  and o f  t he  
distance d, as we l l  as o f  the  magnetic gap g ( d i s t a n c e  s e p a r t i n g  t h e  r o t o r  
f rom t h e  s t a t o r ) .  This  f o r c e  can be computed and t h e  r e s u l t s  are shown i n  
Figures 5 and 6 corresponding t o  r o t o r  a rd  s t a t o r  pole pieces o f  l e n g t h  equal  
t o  100 gaps. The r e l a t i v e  pos i t i on  o f  t he  r o t o r  i s  expressed i n  u n i t s  of gaps 
and the  force i n  normalized units.  The curves were computed fo r  several values 
o f  t h e  d is tance d and they i nd i ca te  tha t  d should be equal t o  about one-forth 
o f  t he  s t a t o r  pole piece length. 

The actual magnetic design gsed the  prev ious ideas,  b u t  t h e  geometry o f  
t h e  system was mod i f i ed  from the  conceptual concentr ic design o f  Figure 2 t o  
a l a t e r a l  design as shown i n  F igure 7. Th is  arrangement was p r e f e r r e d  f o r  
t he  f o l  lowing reasons : 

Al lows a s m a l l e r  gap between s t a t o r  and r o t o r  ( thus a higher force 
l e v e l )  because o f  a lower d i f f e r e n t i a l  thermal expansion and sens i t i v -  
i t y  t o  bearing accuracy 
Makes i t  easier t o  manufacture and replace the  permanent magnets 
Results i n  a aore compact design, which i s  d e s i r a b l e  because o f  t h e  
l i m i t e d  space ava i lab le  i n  the CLAiS dewar 
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I ROTOR 

--I- 

Figure 4. L inear  Rotor 
Model f o r  Pole 
Piece Opt imizat ion 

- - - -  
ROTOR POSITION 

Figure 6. Rotor Force Versus Rotor Pos i t i on  
f o r  Various Values o f  d l a  

b 

Figure 7. La te ra l  Magnetic Design 



F i n a l l y ,  t h e  windings o f  t h e  f ou r  s t a t o r  po le  pieces a re  grouped i n  pa i rs ,  
because two oppos i te  po le  pieces ( w i t h  respect t o  t he  r o t o r  a x i s )  a r e  a1 ways 
of oppos i te  magnetic p o l a r i t y .  Therefore, on ly  two c o n t r o l  i npu t s  t a  t h e  actu- 
a t o r  e x i s t :  t h e  c u r r e n t s  I1  and I2 i n  t h e  corresponding p a i r s  o f  windings 
(F igure 2). 

3.3 Mechanical Design 

The mechanica l  des i gn  o f  t h e  p ro to type  ac tua to r  i s  shown i n  t h e  enlarged 
view of F igure 5. The s t a t o r  p o l e  i e c e s  a r e  mounted between two  aluminum 
p l a t e s  connec ted  t o  each o t h e r  by  s t e e l  b o l t s .  The r o t o r  i s  at tached t o  a 
s t a i n l ess - s tee l  sha f t  supported by BarTemp b e a r i n g s  mounted on t h e  a l um inup  
p l a t e s .  B e l v i l l e  washers Here used t o  c e n t e r  t h e  r o t o r .  A l n i co  permanent 
magnets a re  f i t t e d  i n  t h e  r o t o r  and cove red  w i t h  s o f t  i r o n  p o l e  p i e c e s  t o  
d i  s t r i  L u t e  t h e  m a g n e t i z a t i o n  more uni formly.  An ac tua l  view o f  t h e  ac tua to r  
i s  d isp layed i n  F igure  9. 

4. ETALON COhTROL SYSTEM CONCEPT 

4.1 Cont ro l  System Overview 

The CLAES e t a l o n  p o s i t i o n  c o n t r o l  system operates by sensing t h e  angu la r *  
o r i e n t a t i o n  o f  t h e  e ta l on  assembly, comparing t h e  measured o r i e n t a t i o n  w i t h !  
t h e  d e s i r e d  e t a l o n  ang le ,  and a p p l y i n g  a  con t ro l  to rque  t o  t h e  assembly t o1  
d r i v e  t he  resud ia l  e r r o r  t o  zero. I n  a d d i t i o n ,  r a t e  i n f o r m a t i 9 n  i s  used t o 1  
damp v s c i l l a t i o n s  and t o  p rov ide  a  quick t r a n s i e n t  response. 

The c o n t r o l  system has b e ~ n  mechanized i n a  h y b r i d  c o n f i g u r a t i o n  w i t h  
a  m i  c r o p r o c e s s o r  used f o r  gene ra t i ng  commands w i t h  d i s c r e t e  l o g i c  t o  deter -  
mine e r r o r  s igna ls ,  c o n t r r ~ l  phasing, and mode sw i tch ing  and w i t h  a n a l o g  CI r- 
c u i  t ry  t o  prov ide feedbnck compensation. 

F igure 10 i s  a schematic diagram o f  t he  c o n t r o l  system. The e t a l o n  angu- 
l a r  pos i t io r r  (sensed by the  reso l ve r )  and i t s  angular r a t e  (censed by  the  
t achone tw )  a r e  the  prime inpu ts  t o  t he  c o n t r o l  system. The e r r o r  s i gna l  i s  
const ructed by comparing t he  ac tua l  and commanded pos i t i on .  The feedback loops 
inc lude  i ~ c e g r d l ,  p ropor t iona l ,  and r a t e  terms; t he  ac tua to r  produces a  torque 
T, such tha t :  

Kp ( e  - ec) - ~ ~ ) ( e  - e,) - KR e  

The i n t e g r a l  c o n t r o l  loop counteracts t he  e f f ec t s  of mass imbalance, bear ing 
f r i c t i o n ,  magnet rc cogging, and o ther  nhenomena t h a t  Houid i n t r oduce  a  s t a t i c  
p o s i t i o n  e r ro r .  

T h i s  c o n t r o l  law i s  ac t i va ted  i n  each o f  t he  f ou r  quadrants, and t h e  com- 
manded a n g l e  ec can be e i t h e r  0". 90°, 180°, o r  270" w i t h  a  range o f  t15" 
about those values. For a given magnet izat ion o r  c u r r e n t  i n t o  t h e  w ind ings ,  
t h e  torque obtained i s  a  func t ion  o f  t he  a n g l e 8  and can be approximated by: 





Ta = Ka [ ( I 1  - 12) cos e + (II + 12) s i n  el 

where Ka i s  a constant. 

I n  t h e  c o n t r o l  mode def ined by Equat ion 1 ,I1 and I p  are made equal o r  
opposite, depending on the  quadrant i n  which t h e  system i s  ope ra t i ng .  A l -  
though t h e  r o t o r  can be commanded t o  go t o  the  next (or  previous) quadrant 
by  s e t t i n g  I1  and I 2  t o  t h e  p rope r  value, once a 90" r o t a t i o n  has been ob- 
tained, the  torque goes t o  zero and i t  becomes necessary t o  s w i t c h  t h e  s igns  
of 11 and I 2  t o  ensure t h e  c o r r e c t  c o n t r o l  law. Therefore c o n t r o l  o f  the  
actuator  i s  handled by three separate cont ro l  systems: 

e A p ropo ra t  i o n a l  con t ro l  compensation systen described by Equation ( I )  
0 A slew c o n t r o l l e r  p rov id ing  commands f o r  changing quadrants 
0 A switching l o g i c  c o n t r o l l e r  t o  se t  the proper winding connections 

4.2 Tachometer Concept 

To implement the  r a t e  feedback loop described previously,  an angular r a t e  
sensor i s  desirable. With a convent ional  tachometer,  t h e  r a t e  s i g n a l s  w i  11 
have t o  be swi tched according t o  t h e  operat ing quadrant t o  ensure the  proper 
sign, The use o f  convent ional tachometers presents  t h e  same inconvenSence 
as found i n  convent iona l  motors, (i .e., moving e l e c t r i c a l  contacts). I n  the  
present case, however, an elegant so lu t i on  i s  ava i lab le  by using a tachometer 
design i den t i ca l  t o  t ha t  o f  the actuator. Because o f  the r e v e r s i b i l i t y  p r i n c i -  
ple, when the  actuator i s  forced t o  rotate,  currents a re  created i n  t h e  wind- 
ings propor t ional  t o  the angular r a t e  i n  such a manner t h a t  they create forces 
opposed t o  the motion (i.e., the  usual back emf e f f e c t ) .  Thus r a t e  feedback 
can be achieved a u t o m a t i c a l l y  by s imp ly  connecting the  tachometer windings 
t o  the corresponding actuator windings (through e 1 e c t  r o n i  c compensa t i on and 
power ampl i f iers) .  I n  t h i s  case switching i s  not necessary because the feedback 
p o l a r i t y  i s  always correct.  This feature simp1 i f i e s  the  e l e c t r o n i c s  and a1 so 
increases the  r e l i a b i l i t y  o f  the system. Some alignment i s  required, o f  course, 
between tachometer and motor pole p ieces ,  b u t  does n o t  need t o  be very  ac-  
cura te .  For  s i m p l i c i t y  and cost  reduct ion purposes, two prototype actuators 
were b u i l t ,  one used as the motor and the  other  as the  tachometer. I n  a f i n a l  
design the  tachometer would be made much smaller. 

A schematic o f  the  eta lon assembly i s  shown i n  F i g u r e  11, i n c l u d i n g  t h e  
motor, the wheel, the  tachometer, and the  resolver. 

5. CONTROL LOGIC 

The cont ro l  requ i reme~ts  f o r  the eta lon servo can be d iv ided i n t o  two 
catagories: slewing and f i n e  contro l .  The slewing mode i s  used t o  r o t a t e  the 
eta lon assembly r a p i d l y  between the :our ind iv idua l  eta lon elements w i th  a 
t y p i c a l  slew maneuver requ i r i ng  a 90 r o t a t i o n  i n  less than 1 s. Occa- 
s iona l l y  i t  may be necessary t o  make 180' rotat ions.  Fine con t ro l  o f  the 
eta lon assembly provides precise pos i t i on ing  o f  an e ta lon  i n  the incoming 
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Figure 11. Etalon Wheel Assembly 

beam and i s  a lso used t o  make incremental angular p o s i t i o n  changes as the 
spectrum i~ scanned by the focal plane. The eta lon i s  he ld  s ta t ionary  dur ing 
a measurement sequence, then ro ta ted  by apprdximately 0.088' so t h a t  a new 
measurement can be made. I n  addit ion, the f i n e  cont ro l  mode i s  used t o  r a p i d l y  
scan the eta!cn sr aake large angle changes f o r  repeat ing a measurement 
sequence. 

The design o f  t hz  con t ro l  l o g i c  f o r  these two funct ions i s  complicated by 
the way i n  which the actuator operates f o r  f i n e  con t ro l  and f o r  slewing. The 
slewing mow uses the e f f e c t  o f  a r o t a t i n g  magnetic f i e l d  vector t o  f o r c e  the  
r o t o r  t o  reo r ien t  i t s e l f  i n  much the same way a synchronous motor operates. 
During f i n e  cont ro l  a d i f f e r e n t  con t ro l  s t ra tegy  i s  employed p r i m a r i l y  because 
low-power d i ss ipa t i on  i s  c r i t i c a l .  Control  torque i s  generated by a combina- 
t i o n  o f  a t t r a c t i v e  and repu ls ive  forces which are propor t ional  t o  the  magnitude 
of t h e  e r r o r  s i g n a l .  Thus i n  t h e  f i n e  c o n t r o l  mode, force (and cur ren t )  i s  
not appl ied unless there i s  a pos i t i on  e r r o r  t o  correct.  

Figures 3a, 3c, 3d, and 3 f  i l l u s t r a t e  the  change i n  p o l a r i t y  of the  s ta to r  
pole pieces for  a slew o f  90°. It i s  important t o  note t h a t  t h e  r o t o r  a1 i g n s  
i t s e l f  betweeti two po les ,  each hav ing  i d e n t i c a l  po la r i t y .  The st rong force 
obtained by applying the  maximum current  t o  both sets o f  c o i  1s i s  t h e  reason 
t h a t  t h e  slew mode has t h e  c h a r a c t e r i s t i c  "snapu motion i n  which the  r o t o r  
experiences a rap id  accelerat ion fol lowed by an e q u a l l y  r a p i d  d e c e l e r a t i o n .  
F i g u r e  1 2  shows t h e  s w i t c h i n g  l o g i c  t h a t  t r a n s l a t e s  t h e  d e s i r e d  
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o r i en ta t i on  o f  the r o t o r  i n t o  the cor rec t  magnetic p o l a r i t y  f o r  each o f  t h e  
p o l e  p ieces.  This  f i g u r e  a l s o  d e p i c t s  t h e  l o g i c  t h a t  senses the completion 
o f  a slew maneuver a ~ d  switches t h e  system t o  t h e  f i n e  c o n t r o l  mode. Th i s  
l o g i c  r e s e t s  t h e  s lew mode so t h a t  t h e  system cannot execute another slew 
unless the  microprocessor reenables the  slew 1 ogic. This feature i s  i m p o r t a n t  
because t h e  threshold detector  which senses the completion of a slew maneuver 
operates by comparing the desired angle w i t h  the  measured eta lon p o s i t i o n .  I f  
t h e  p o s i t i o n  e r r o r  shou ld  i nadve r ten t l y  exceed t h i s  threshold when the  sys- 
tem i s  i n  f i n e  contro l ,  the slew mode would be r e i n i t i a t e d  if t h e  s lew l o g i c  
had not been prev iously  disabled. 

A t y p i c a l  magnet ic  p o l a r i t y  o r i e n t a t i o n  f o r  t h e  s t a t o r  poles when the  
system i s  i n  the  f i n e  cont ro l  mode i s  seen i n  F igu res  3b and 3e. The f o r c e -  
genera t i ng  mechanism i s  now a t t r a c t i v e - r e p u l s i v e  as compared w i t h  the  slew 
mode i n  which i t  i s  a t t r a c t i v e  only. Although i t  would be possib le t o  o p e r a t e  
t h e  f i n e  c o n t r o l  mode i n  t h e  same manner as the  slew mode, i t would requ i re  
t h a t  a maqnetic f i e l d  be a v a i l a b l e  c o n t i n u o u s l y  f o r  t h e  c o n t r o l  system t o  
" s t e e r "  so t h a t  t h e  r o t o r  would be posi t ioned.  I n  the  a t t rac t i ve - repu ls i ve  
scheme, the magnetic f i e l d  i s  ac t iva ted  only  i n  p r o p o r t i o n  t o  t h e  magni tude 
(and p o l a r i t y )  o f  t h e  angu la r  e r r o r .  If t h e  system i s  o p e r a t i n g  e x a c t l y  
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on t h e  d e s i r e d  angu la r  o r i e n t a t i o n  o r  very c lose t o  it, almost no magnetic 
f i e l d  i s  required from t h e  s t a t o r s .  Th is ,  o f  course, means t h a t  t h e  power 
d i s s i p a t i o n  i n  t h e  system i s  kept a t  a very low level ,  an important requi re-  
ment i n  cryogenic appl icat ions. 

The use o f  an a t t r a c t i v e - r e p u l s i v e  technique demands t h a t  two p o l a r i t i e s  
of cont ro l  s ignal  be ava i lab le  so t h a t  one se t  o f  s t a t o r  c o i l s  can genera te  
t h e  a t t r a c t i v e  component and t h e  o t h e r  s e t  t h e  r e p u l s i v e  component o f  the 
cont ro l  force. I n  addit ion, as the r o t o r  changes quadrants, i t  i s  necessary 
t o  change t h e  p o l a r i t i e s  o f  t h e  c o n t r o l  s ignals t o  the  s ta tors  so t h a t  tne  
cor rec t  ove ra l l  con t ro l  system p o l a r i t y  i s  mainta ined.  The s w i t c h i n g  1og;c 
t o  command t h e  c o n t r o l  s i g n a l  p o l a r i t y  change i s  shown i n  Figure 13. This 
l og i c ,  which i s  a func t ion  of  t h e  r o t o r  o r i e n t a t i o n  ( i  .e., which quadrar,t 
t h e  r o t o r  i s  i n ) ,  i s  t h e  e l e c t r o n i c  equivalent o f  the  mechanical commutator 
i n  a dc servo motor. The advantage i n  t h e  present  app l  i ca t ' i on  i s  t h e  l d c k  
o f  mechanical p a r t s  which a r e  s e n s i t i v e  t o  both the  temperature and vacuum 
environment, therby e l im ina t i ng  po ten t i a l  r e l i a b i l i t y  problems. 

I I J I SLEW LSLEW 
L --,------,--,--- J INPUT 
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SELECT LOGIC SELECT LOGIC 

(SAME AS FIG. 121 

Figure 13. Fine Control Logic 

6. CONTROL SYSTEM IMPLEMENTATION 

To make bes t  use of the components t h a t  were already pa r t  o f  the  ove ra l l  
CLAES system design or  were known t o  be r e l i a b l e  f o r  o p e r a t i o n  a t  c r yogen ic  
temperatures,  t h e  e t a l o n  c o n t r o l  system was designed t o  use both analog and 
d i g i t a l  components. For example, the cont ro l  of other components i n  t h e  CLAES 
o p t i c a l  t r a i n  and the  data-taking sequence i s  provided by a system microproc- 
essor. It was only  natura l  then, t o  inc lude command generation o f  t h e  e t a l o n  
assembly as pa r t  o f  the system microprocessor function. I n  addition, as discuss- 
ed i n  some d e t a i l  i n  t h e  p rev ious  s e c t i o n ,  mode sw i t ch ing ,  c o n t r o l  s i g n a l  
p o l a r i t y ,  and s lew l o g i c  a r e  con t ro l l ed  by d iscre te  d i g i t a l  components. The 
simplest way t o  implement the cont ro l  loops, however, was t o  use analog t e c h -  
n iques r a t h e r  t han  add another microprocessor dnd t o  develop the  specia l ized 
software requi red fo r  a d i g i t a l  cont ro l  loop. 
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An example o f  the app l ica t ion  of hybr id  techniques i n  the con t ro l  system 
design i s  the use of a  400-Hz resolver  t o  measure the e ta lon  assembly or ien t -  
a t i o n .  The output o f  the resolver  i s  ac tua l l y  converted t o  16 b i t s  o f  d i g i t a l  
data and combined w i th  the  commanded angle t h a t  was generated by t h e  m ic ro -  
p rocessor  t o  p r o v i d e  a  1 6 - b i t  angular pos i t i on  e r r o r  signal.  The conversion 
o f  analog data i n t o  d i g i t a l  da ta  was done because ( 1 )  t h e  commanded ang le  
was a  d i g i t a l  word, ( 2 )  t h e  ready a v a i l a b i l i t y  of extremely accurate, high 
performance reso: ver - to -d ig i ta l  converters tha t  e l im ina te  t h e  need t o  des ign  
and bu i 1 d  resolver electronics, and (3) t he  improvement i n  performance gained 
us ing  d i g i t a l  subtract ion t o  generate the  e r r o r  angle ra the r  than ana log  sub- 
t rac t ion .  

F i g u r e  14 i l l u s t r a t e s  t h e  d e t a i  I s  o f  t h e  cont ro l  system mechanization. 
A f te r  t he  pos i t i on  e r r o r  has been converted t o  an analog s i g n a l ,  i t  i s  i n t e -  
g ra ted  t o  provide the  i n teg ra l  cont ro l  s ignal.  The pos i t i on  and i n teg ra l  s ig -  
nals are summed wi th  both a  p o s i t i v e  ar~d negative p o l a r i t y  so t h a t  both po lar -  
i t i e s  w i l l  be ava i lab le  t o  d r i ve  the  actuator. 

r n t > U L V t r n  j CONVERT J - l l  
? '  LEAST 

1 1  P O I .  ERROR 

u 
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Figure 14. Etalon Control System Mechanization 

An i n t e r e s t i n g  feature o f  the  mechanization i s  t he  use o f  p o l a r i t y  switch- 
i n g  l o g i c  f o r  t h e  p o s i t i o n  and i n teg ra l  feedback loops but  not f o r  t he  r a t e  
(tachometer) loop. This f e a t u r e  i s  shown i n  F i g u r e  14  i n  t h e  summation o f  
t h e  r a t e  s i g n a l  w i t h  t h e  i n t e g r a l  p l u s  p o s i t i o n  e r r o r  s ignals which occurs 
after the p o i a r i t y  switch. The r a t e  s igna l  bypasses the  swi tch ing l o g i c  because 
the tachometer i s  e l e c t r i c a l l y  i den t i ca l  t o  t he  actuator (i.e,, t he  tachometer 
output changes p o l a r i t y  i n  exact ly  t h e  r i g h t  way t o  match t h e  requ i rements  
of t h e  motor  i n p u t  s ignal ) .  Because the resolver  does not have t h i s  p o l a r i t y  
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Power f o r  the  e l ec t ron i cs  i s  provided by *15 and 5 Vdc power supplies. 
I n  addi t ion,  the  R-to-!I conver ter  requi res a 400-Hz s i gna l  a t  6-Vrms t o  power 
the  reso lver  and generate the  reference s igna ls  w i t h i n  t he  R-to-0 converter.  
None o f  the power supply vol tages o r  f requencies ( i n  t he  case o f  t h e  400-Hz 
s i gna l )  are c r i t i c a l ,  and t he  system can t o l e r a t e  15-percent dev ia t ions  f rom 
the  nominal and s t i l l  f u n c t i o n  proper ly .  

7. CRYO-VAC PERFORMANCE TESTING 

An essen t ia l  p a r t  o f  the  development process f o r  a system l i k e  t he  CLAES 
e ta lon  p o s i t i o n  servo i s  performance t es t i ng .  I n  p a r t i c u l a r ,  b e c ~ u s e  t he  
env i ronmenta l  condi t ions a re  so  sever^, a t  l e a s t  some p o r t i o n  o f  t h e  perform- 
ance t e s t i n g  must be done i n  c o n d i t i o n s  t h a t  s i m u l a t e  a c t u a l  o p e r a t i o n  as 
c l o s e l y  as possible.  Because t e s t i n g  i n  a cryogenica l ly -cooled vacuum chamber 
i s  expensive and t ime consuming, a g rea t  deal o f  p re l im ina ry  t e s t i n g  and system 
t u n i n g  i s  accompl ished a t  room tempera tu re  i n  t h e  laboratory .  The r e s u l t s  
presented i n  t h i s  sec t ion  a re  a combination o f  d a t a  o b t a i n e d  f r o m  b o t h  room 
temperature and cryo-vac tes ts .  

There were two pr imary ob jec t i ves  t o  the  performance tes t ing ;  (1) t o  
determine the v a l i d i t y  o f  the  con t ro l  concept and (2 )  t o  eva luate the  per- 
formance o f  the  system i n  cryo-vac condit ions. The room temperature t e s t s  were 
especial  l y  important because o f  t he  nove l ty  o f  the  hyb r i d  c o n t r o l  e l ec t ron i cs  
and the  actuator  i t s e l f .  Potet.t ia1 problems associated w i t h  cryo-vac operat ion 
i nc l ud ing  bear ing s t i c t i o n ,  mechanical i n t e r f e rence  caused by thermal contrac- 
t i o n  and gradiants,  and changes i n  t h e  ac tua to r  magnetic proper t ies .  

7.1 Control  System Tests 

These t e s t s  were conducted i n  t h e  labora to ry  a t  room temperature and con- 
s i s t e d  o f  measurements o f  s tep  response f o r  smal l  angle i nc remeq ts ,  t i m e  r e -  
qu i  red  f o r  90° slews, and p o s i t i o n  repeatabi  1 i ty  and accuracy. Because d i g i t a l  
sub t rac t i on  i s  used t o  generate t h e  p o s i t i o n  e r r o r  s i g n a l ,  o n l y  t h e  p o s i t i o n  
e r r o r  i s  a v a i l a b l e  f r om t h e  c o n t r o l  e l e c t r o n i c s .  The absolute p o s i t i o n  was 
measured independently by an o p t i c a l  system cons i s t i ng  i n  a l a s e r  beam r e f l e c t -  
ed by a smal l  m i r r o r  mounted on t h e  e ta l on  wheel onto a 1 i nea r  photodetector. 
These t e s t s  were use fu l  t o  tune t h e  c o n t r o l  system gains and a d j u s t  t h e  s l e w  
mode sw i tch ing  threshold.  

F i g u r e s  16 and 17 show a t y p i c a l  a n g l e  increment-decrt.nent sequence i n  
which t h e  e ta l on  i s  commanded t o  move 21.1 and 5.27 a rc -min ,  r e s p e c t i v e l y .  
The t r a n s i t i o n  t i m e  f o r  t h e  21.1 a r c  min-s tep was 80 ms and on ly  20 ms f o r  
t h e  5.27 arc-min step. The l a t t e r  r e s u l t  b e t t e r s  t h e  CLAES requ i remer r t  f o r  
t h e  e t a l o n  assembly t o  execu te  t h i s  maneuver i n  less  than 25 ms, Quant ized 
mot ion caused by l i m i t  c y c l i n g  on t h e  r e s o l v e r ' s  f o u r t e e n t h  and f i f t e e n t h  
b i t  i s  apparent i n  Figure 17. 

Slew response was measured by mon i to r ing  t h e  p o s i t i o n  e r r o r  s ignal ,  because 
there was no convenient means o f  d i r e c t l y  measuring l a r g e  angles. Mode swi tch-  
i n g  t h r e s h o l d  and r a t e  feedback ga in  were c r i t i c a l  f o r  ach iev ing t he  requ i red  
performance. 
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Figure 16. 21.1 arc-min Increment Decrement 
Sequence a t  23OC 

-'k 
Figure 17. 5.27 arc-min Increment Decrement Sequence a t  23°C 

7.2 Cryogenic Testing 

Cryogenic t e s t s  were conducted i n  a vacuum chamber w i th  l i q u i d  n i t rogen 
cooled walls. An overa l i  view o f  the  eta lon t e s t  assembly can be seen i n  t h e  
photograph of Figur2 18, Also seen i n  the  photograph are d e t a i l s  o f  e l e c t r i c a l  
and cryogenic feedthroughs, the 1 i q u i d  n i t rogen cool ing shroud, and t h e  co'l d 
p l a t e  t o  which t h e  system i s  mounted. Addit ional coo l ing  was obtained using 
a gaseous helium r e f r i g e r a t o r  t o  b r i n g  t h e  tempera ture  of  a " c o l d  f i n g e r "  
t o  about 10K. The c l o s e  up photograph o f  Figure 19 shows several insu la ted  
copper braids attached t o  various par ts  of the system t o  ensure proper cool ing. 
The e n t i r e  e t a l o n  assembly i s  i n s u l a t e d  from the  mounting p l a t e  by ceramic 
standcffs t o  aa in ta in  the low terriperature produced by t h e  c o l d  f i n g e r .  The 
l oca l  temperatures were monitored using cpecial !qw-temperature platinun res is t -  
ance thermometers. A glass window a1 lowed some d i r e c t  v iew ing  o f  t h e  wheel 
assembly, making i t  possible t o  perform op t i ca l  measurements using the  eta lon 
f i  1 t e r s  themselves. 

The few problems t h a t  were encountered during the pre l iminary t e s t s  were 
p r i n c i p a l l y  mechanical i n  nature. The f i r s t  attempts t o  operate a t  low tem- 
perature fa i l ed  when the r o t o r  assembly stoppcc' responding t o  commands. 
Appl icat ion o f  maximum current  i n  the motor windings was unable t o  f r e e  the 
system. Upon disassembly, i t  was discovered t h a t  the bearing races were b r i -  
nel  led. A subsequent analysis ind icated tha t  a substant i  a1 d i f f e r e n t i a l  ther- 
mal contract ion ex is ted between the sta in less-steel  bearings and the aluminum 
end-plates i n  which they are mounted. The so lu t i on  selected t o  





Subsequent tests were successful f o r  demonst r d t  i ~g f u l  1 operat i onal capabi 1 - 
i t y  a t  17K. Figures 20 and 21 show the  system performing the  same angle incre-  
ment-decrement t e s t  as seeen i n  Figures 16 and 17. Although some minor changes 
i n  contro l  system gains were required t o  retune the systerr f o r  cryogenic opera- 
tion, the performance i s  essen t i a l l y  i den t i ca l  t o  t ha t  a t  room temperature. Per- 
formaoce d u r i n g  slew maneuvers i s  shown i n  Figures 22 and 23. I n  Figure 22, 
the  current  pulses t o  onc o f  the  s t a t o r  pa i r s  i s  shown dur ing four  slews com- 
p r i s ' n g  a f u l l  360' r o t a t i o n .  The very  low current required t o  cont ro l  the  
eta lon assembly between thz  slews i s  apparent. This cont ro l  current ,  measured 
a t  less than 60 mA per s ta to r  pa i r ,  t rans la tes  i n t o  a steady state power dissip- 
a t i on  of 274 pW (each s ta to r  p a i r  has a measured r e s i s t a n c e  a t  17K o f  0.038 
ohms), w,tich i s  subs tant ia l l y  less t h a ~  the  1- t o  5-mW requirement. 

Figure 23 i s  an expanded view o f  one o f  t h e  c u r r e n t  pu l ses  t h a t  occur  
d c r i c g  z slew. The c u r r e n t  sa tura tes  a t  the dr ivc  amp l i f i e r  l i m i t  o f  2.3A. 
The e n t i r e  manewer i s  completed i n  l e s s  than 600 ms, which i s  comfo r tab l y  
w i t h i n  the  1 3 per 90°-slew requirement. 

A pre l iminary re1 i a b i l  i t y  t e s t  o f  the system has been completed i n  which 
the system was operated cont inuously i n  a scarl and >lew mode f o r  48 h a t  18 K. 
While t h i s  i s  ~ o t  is r igorous a t e s t  2 ;  eventua1:y w i l l  be necessary t o  demon- 
s t r a t e  f l i g h t  qua1 i f i c a t i o n ,  i t  i s  an excel lent  i nd i ca t i on  t h a t  the present 
design has the p o t a t i a l  t o  operate r e l i a b l y  i n  a cryo-vac environment f o r  
exteiided periods of time. 

This paper has described the develn~ment and t e s t i n g  o f  a con t r c l  s y s t e ~  
fiesigr~ed t o  prec ise ly  p a i t i o n  etalons '3 the o p t i c a l  path o f  a cryogenic 
s?ectrometer. iJne feature of the systerr which i s  unique i s  th2 z ta lon  xsembly 
actuator, which combines the cha ra~ te r  I s t i c s  o f  both a stepper motor and a 
torqrler. The successf u1 operat io7 of t h i s  system i n  cryo-vac condi t ions has 
beec demonstrated f o r  p ? r i  ods o f  up t o  48 h at temperatures below ?OK. The 
system har aet  o r  e x ~ e e d e d ~ r e q u i  remenis f o r  p o s i t i o n  accuracy, s lew r a t e ,  
power d i s s i p a t i o n ,  and operat ional f l e x i b i l i t y .  Although the  current  conf ig-  
u ra t ion  i s  not appropriate f o r  f l i g h t  hardware, i t  i s  n o t  a n t i c i p a t e d  t h a t  
major  cnanges w i  11 be required t o  develop an acceptable design fo r  the actual 
f l i g h t  instrument. 
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Figure 2C. 2i.i arc-min Increment Decrement Sequence a t  17 K 
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ABSTRACT 

The Echo 6 sounding rocke t  payload was flown on a T e r r i e r  boosted Black 
Brant veh i c l e  on March 30, 1583. The expe r imen t  r e q u i r e m e n t s  r e s u l t e d  i n  
t h e  new des ign o f  a rocket  p rope l led  Throw Away Detector  System (TADS) w i t h  
onboara Boppler radar,  a f r 3 e - f l y e r  forward experiment designated t h e  Plasma 
D i a g n o s t i c  Package (PDP) , and numerous o t h e r  b a s i c  systems. The design, 
deve!opmntal t e s t i n g ,  and f l i g h t  preparat ions o f  t h e  payload and t h e  mechan- 
i ca l  deployment systems a re  described. 

I NTRODUCTION 

The E l e c t r o n  Echo 6 program, a j o i n t  e f f o r t  o f  t h e  U n i v e r s i t y  o f  
M inneso ta  School o f  Physics and Astronomy w i t h  t h e  Sounding Rocket D i v i s i ~ n  
o f  Goddard Space F l i g h t  Center, i s  t h e  s i x t h  i n  a se r i es  o f  a c t i v e  magneto- 
s p h e r i c  research payloads. Echo 6 was launched from t h e  Poker F l a t  Research 
Range, Fairbanks, Alaska, w i t h  a north-northeastward t r a j e c t o r y  across auror -  
a l  a r c s .  It inc luded two ontoard e l e c t r o n  acce le ra to rs  which i n j e c t e d  e lec-  
t r o n  beams o f  up t o  40 KeV i n  energy  and 0.25 amperes c u r r e n t  as p robes  
i n t o  t h e  E a r t h ' s  magnetosphere. The bas ic  o b j e c t i v e  o f  t h e  Echo ser ies  i s  
t o  i n j e c t  e lec t rons  so t h a t  they a re  magnet i ca l l y  gu ided a l o n g  f i e l d  1 i n e s  
t o  t h e  con juga te  p o i n t  i n  t h e  southern hemisphere, where they a re  r e f l e c t e d  
back t o  t h e  reg ion near t h e i r  o r i g i n  e i t h e r  by  magne t i c  m i r r o r i n g  o r  b y  
b a c k s c a t t e r i n g  o f f  o f  t h e  atmosphere. Analys is  of t h e  detected echoes pro- 
v ides va luable  in fo rmat ion  about t h e  s t r u c t u r e  o f  t h e  d i s t a n t  magnetosphere 
and t h e  mapping o f  i t s  e l e c t r i c  f i e l d  i n t o  t h e  ionosphere. I n  t h e  prev ious 
missions (Echo 1,3, and 4 )  t h e  echoing e lec t rons  have been d e t e c t e d  by  t h e  
beam-eni t t i  ng pay1 oad when t h e i  r two  mot ions were matched. The e v o l u t i o n  
o f  t h e  Echo program has resu l t ed  ; n t h e  development  o f  a mu1 t i p l e  remote 
Throw Away Detector  Jystem (TADS) t h a t  g r e a t l y  increases t h e  spat  i a1 coverage 
o f  t he  echo de tec t i on  system and g ives more f l e x i b i l i t y  t o  t h e  r o c k e t  t r a -  
j e c t o r y .  The p r i m a r y  emphases o f  Echo 6 were echo de tec t i on  us ing  TADS 
and e l e c t r i c  f i e l d  a n a i j s i s  us ing a f r e e - f l y e r  forward experiment designated 
t h e  P l  asma Diagnost ics  Package ( PDP) . 
* Engineering Branch, Special Payloads D iv is ion ,  

NASA Goddard Space F l i g h t  Center, Greenbelt,  Maryland 20771 

** School o f  Physics and Astronomy, Un ivers i ty  o f  Minnesota, 
116 Church Steet  S.E., Minneapolis, hinnesota 55455 
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FLIGHT PLAN 

The sc ien t i f i c  launch c r i t e r i a  had th ree  requi renents tha t :  the  magneto- 
sphere be i n  an i n f l a t e d  t a i l  l i k e  conf igurat ion, the l oca l  e l e c t r i c  f i e l d  
be northward corresponding t o  an eastward e l e c t r o j e t ,  and t h e  au ro ra  be 
i n  t h e  form o f  an intermediate i n t e n s i t y  arc w d e r  t9e t ra jec to ry .  The pay- 
load launch c r i t e r i a  required t h a t  there >? no Sun on the payload a t  apogee, 
t h a t  a l l  payload and ground systems be o p r a t i o n a l ,  and t h a t  the  meteorolog- 
i c a l  condi t ions be sui table.  Because o f  t he  short-1 ived nature o f  the  scien- 
t i f i c  event ,  t h e  b r e v i t y  o f  the f l i g h t ,  the complex~ty  o f  the payload, the 
requirement f o r  the  precise placement o f  t he  TADs i n  space, and the  necessity 
o f  accurate i n j e c t i o n  o f  the e lect rons r e l a t i v e  t o  the magnetic f i e l d  l i nes ;  
a  r igorous and d e t a i l e d  sequence o f  pay l cad  events was r e q u i r e d  f o r  t h e  
f l i g h t  p lan.  (See F i g u r e  1). A s e r i e s  of complex A t t i t u d e  Control System 
(ACS) maneuvers had t o  be coordinated t o  achieve these r e q u i  rements. The 
s y n c h r o n i z a t i o n  o f  t he  onboard payload events was con t ro l l ed  b-y use o f  s i x  
mechanical t imers and two e lec t ron i c  programmers. These events a r e  d e t a i l e d  
i n  the  time-event sequence o f  Table 1. 

Table 1: Echo 6 Time-Event Sequence 

Event 
Descr ipt ion 

Systems t o  in te rna l  power 
Te r r i e r  i g n i t i o n *  aerodynamic spin- ~p by f i n  o f f s e t  
Te r r i e r  burnout 
Black Brant i g n i t i o n  
Black Brant burnout, payload r o t a t i o n  a t  3.6 rps 
TAD sect ion door e jec t i on  
ACS arm 
YO-YO despin t o  0.6 rps 
Black Brant Motor separation (250 K f t )  
ACS s t a r t s  maneuvers t o  reference o r i e n t a t i o n  
Nose cone e jec t ion  5 mps r e l a t i v e  ve loc i t y  
PD* e l e c t r i c  f i e l d  booms unfo ld  and lock 
Detector high voltage enable on PDP and Main sect ion 
PDQ deployment, 1.5 mps r e l a t i v e  ve loc i t y  
ACS despin t o  zero rps 
A C S  alignment t o  TAD deployment o r i e n t a t i o n  
TAD spin-ups on and Doppler radars on 
TAD 3 deployment* 10 mps r e l a t i v e  v e l o c i t y  
TAD 1 deployment, 10 mPS r e l a t i v e  v e l o c l t y  
TAD 4 deployment, 20 mps r e l a t i v e  v e l o c i t y  
TAD 2 deployment, 20 mps r e l a t i v e  v e l o c i t y  
Elect ron accelerator system s t a r t  
TAD spin-ups o f f  and Doppler radars o f f  
Electron accelerators on ( f i r s t  pulse) 
Apogee 
ACS o f f  
Recovery system deployment (20 Kf t )  
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Figure 1. Echo 6 F l i g h t  Plan 



THE PAYLOAD 

Although the TADS was mechanically the  most complex aspect o f  t h e  Echo 
6 pay l  oad, i t  was on l y  one o f  severa l  s o p h i s t i c a t e d  systems t h a t  had t o  
func t ion  f o r  a successful mission. An index  o f  t h e  mechanical comp lex i t y  
o f  t h e  e n t i  r e  pay l  oad i s t h a t  28 e lec t ro -exp l  osive devices 'squibs) were 
f i r e d ,  some simul tanenusly and some sequent; 1 l y ,  t o  separa te  t h e  pay l  oad 
i n t o  35 d i s t i n c t  p ieces dur ing the  f l i g h t .  To get an overview o f  t h i s  pay- 
load, r e f e r  t o  Figure 2 and Figure 3 beginning a t  the nose and working af t .  

The one p iece  nose cone, which was 1.50-m (60-inches) long w i t h  d 3 : l  
ogive, was reta ined by a two piece V-band clamp a t  i t s  base. Two squib actu- 
a t e d  b o l t  cu t te rs  were used t o  sever the band screws, e i t h e r  o f  which would 
release the  band. An e jec t i on  spring, i n  t h e  t i p  o f  t h e  nose cone, pushed 
o f f  a g a i n s t  t h e  t o p  o f  t h e  payload when the  band was cut. (This ac t i on  i s  
t y p i c a l  o f  a1 1 the  payl oad separation bands.) Eject ing the  cone exposed de- 
tec tors  and the e l e c t r i c  f i e l d  booms o f  the Plasma Diagnostic Package (PDP). 
The booms were spin deployed when a cable c u t t e r  was ac tua ted.  The PDP i n  
t u r n  was re1  eased by a V-band aqd was spr ing e jected forward t o  expose the  
e lec t ron  accelerators and detectors on the  forward por t ion  o f  the main pay- 
load. A f t  was t h e  e l e c t r o n  a c c e l e r a t o r  ba t te ry  can conta in ing 220 kg  of 
high-vol tage bat te r ies .  Further a1 ong was t h e  Throw Away De tec to r  s e c t  i on 
w i t h  spin-deployed doors and rocket-propel led TADs. 

A f t  o f  the TAD sec t ion  came the near ly  standard sect ions used on most 
sounding rocke t  f l i g h t s .  T ~ P  te lemetry  (TM) sec t i on  suppl ied bo th  28-vo l t  
power and t im ing  s i gna l s  t o  the payload as w e l l  as te lemeter ing the data back 
t o  the ground. The ACS s t ab i  l ized and pointed the TADs and e l c c t r o n  
accelerators .  Fol lowing was the recovery sec t i on  which deployed a parachute 
t o  decelerate the main payload F i n a l l y ,  the re  was the i g n i t e r  housing which 
i g n i t e d  the Black Brant susta iner ,  despun the whole rocke t  w i t h  yo-yo's t o  0.6 
rps,  and separated the susta iner  from the payload. Below the susta iner  was 
the T e r r i e r  booster .  

The t o t a l  payload weight was 2310 kg (1050 1 bs), o f  which 3134 kg (570 
1 bs) reached a burnout v e l o c i t y  o f  2020 mps and an apogee a1 t i  tude o f  216 
km. The payl oad, which was 6.5-m (254-inches) long and 0.44 9 (17.26 inches) 
i n  diameter, sa t  cn top  o f  a 9.8-m I385-inches) long sustainer and booster. 

PLASMA D l AGNOSTI C PACKAGE (PDP) 

*- 
I.. 

'0 

The design o f  the PDP sec t i on  o f  the payload was d i c t a t e d  by the 
requirement o f  stowing e l e c t r i c  f i e l d  booms under the nose cone and the need 
t o  provide a ground plane f o r  an S-band antenna. (Sse Figure 4). The core of 
the  sect ion was a 0.61-m (24-inch) long can o f  which only the top  quar ter  o f  
i t s  volume was used f o r  housing the PDP te lemetry  system and b a t t e r i e s .  To 
s i m p l i f y  sp in  balance o f  the PDP the b a t t e r y  packs were located symmetr ical ly,  
A se t  o f  doors was placed on opposi te  s ides o f  t h i s  sec t i on  f o r  easy access t o  
the b a t t e r i e s .  The remaining empty volume o f  the can acted as a cover fo r  the 
forward p o r t i o n  o f  the main payload con ta in ing  de tec to rs  and the e l e c t r o n  
accelerator  t u r r e t .  The S-band antenna was located i n  the middle o f  t he  
sect  ion t o  p rov ide  adequate ground planes on each side. The r:xper iment 
p o r t i o n  o f  the  PDP mounted t o  the  f r o n t  o f  the PDP can and was exposed by the 
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f o r w a r d  s p r i n g  e j e c t i o n  o f  t h e  nose cone. Fo l l ow ing  t h e  deployment o f  t h e  
nose cone, two s e t s  o f  o r thogona l  e l e c t r i c  f i e l d  probes were  r e l e a s e d  f r o m  
t h e i r  f o r w a r d  s towed  p o s i t i o n  by t h e  squ ib  a c t i o n  c u t t i n g  o f  a  c a b l e  w h i l e  
t h e  payload was s t i l l  s p i n n i n g  a t  3,6 rps .  The f o u r  p r o b e s  were dependen t  
on t h e  c e n t r i f u g a l  f a rces  p resen t  t o  t o r q u e  them 9U0 i n t o  t h e i r  1  ocked p o z i -  
t i o n s  pe rpend icu la r  t o  t h e  PDP-main p a j l o a d  s p i n  ax i s .  The probes then  t e l e -  
s c o p i c a l l y  and c e n t r i f u g a l l y  extended t o  a lmost  t w i c e  t h e i r  s t o r e d  l e n g t h ,  
separa t i ng  each p a i r  o f  c o n d u c t i n g  s p h e r e s  on an a x i s  b y  3.63 m e t e r s .  A  
s p r i n g  1  oaded f i f t h  probe was a l s o  re leased  and r o t a t e d  by a  t o r s i o n  s p r i n g  
180" f rom i t s  a f t  p o i n t i n g  stowed ~ o s i t i o n  t o  i t s  l o c k e d  f o r w a r d  p o s i t i o n  
a long t h e  s p i n  ax i s .  

The e j e c t i o n  o f  t h e  PDP f r o m  t h e  m a i n  pay load  was accomplished by a  
s i n g l e  s p r i n g  a x i a l l y  l o c a t e d  t o  min imize t i p - o f f  a t  s e p a r a t i o n .  W i t h  t h e  
470 l b  s p r i n g ,  t h e  PDP a c h i e v e d  a  1.5 mps v e l o c . ~ t y  r e l a t i v e  t o  t h e  main 
payload. Tb.is v e l o c i t y  was measured by a  system c o n s i s t i n g  o f  a  mu1 t i  t u r n  
p o t e n t i o m e t e r  mounted on t h e  main pay load and wound w i t h  a  c o r d  a t t a c h e d  t o  
t h e  PDP body. 

The e j e c t i o n  sp r ing  was designed as a c a r t r i d g e  t h a t  colr ld be compressed 
e x t e r n a l l y  w i t h  a loadin5 screw. Once the c a r t r i d g e  was loaded, sa fe t y  screws 
were i n s t a l l e d  and the load ing screw removed. Th is  mounting al lowed the  
sa fe ty  screws t o  remain i n  p lace u n t i l  Jus t  before f l i g h t .  Access t o  the  
safety  screws and the v e l o c i t y  po t  was through the b a t t e r y  access doors. 

O f  p a r t i c u l a r  concern was the  f a c t  t h a t  du r ing  e j e c t i o n  r e l a t i v e  r o t a t i o n  
between the PDP can and the enclosed acce le ra to r  t u r r e t  would dest roy tho  PDP 
antenna connector  t h a t  p r o t r u d e d  r a d i a l l y  i ~ w a r d .  A s e t  o f  r a i l s  was added t o  
guide t h e  separa t i on  and an a n t i t o r q u e  shoe WJS p rov ided  t o  p reven t  r o t a t i o n .  

THROW AWAY DETECTOR SYSTEM (TADS) 

I n  prev ious GSFC programs TADs were deployed by a combination of spr ings 
dnd the c e n t r i f u g a l  fo rce  created by the  sp inn ing rocke t  payload, r e s u l t i n g  i n  
a random d ispers ion  o f  the TADs away from the main payload. Echo 6 , equ i r ed  
t h a t  the TADs achieve separat ions o f  several k i l omete rs  from the main payload 
i n  a predetermined pa t te rn .  Not on l y  was c e n t r i f u g a l  deployment too :npre- 
c i s e ,  h u t  t h e  energy requirements of e j e c t i n g  f o u r  6 kg TADs a t  10 t o  20 mps 
were t o o  h i g h  f o r  t h e  s a f e  use o f  sp r ings .  A f t e r  c o n s i d e r i n g  v a r i o u s  a l t e r -  
n a t i v e  means o f  dep loymen t ,  a  r o c k e t  p r o p e l l e d ,  s p i n  s t a b i l i z e d  TADs was 
devel oped. 

The r e s u l t i n g  d e s i g n  o f  t h e  TAD c o n s i s t e d  o f  a  c y l i n d r i c a l  aluminum 
tube  0.33-111 ( 1 3 - i n )  l o n q  and 0.14 m (5.5 i n )  i n  d i  jmeter  ( F i g u r e  5 )  c o n t a i n -  
i n g  t h r e e  s o l i d - s t a t e  e l e c t r o n  d e t e c t o r s ,  an e l e c t r o s t a t i c  ana lyzer ,  a 3-axis 
aspect  magnetometer, power supp ly ,  Ni Cad-bat tery pack, 50 KHz d a t a  encoder ,  
t r a n s i i ; i t t e r ,  S-band antenna, and a  smal l  s o l i d  f u e l e d  r ~ c k e t  motor  f o r  p ro -  
pu l s ion .  I n  essence each  TAD was a  c o m p l e t e  r o c k e t  e x p e r i m e n t  w i t h  i t s  
own de tec to rs ,  da ta  system, and means o f  p ropu ls ion .  

The TAD p ropu ls ion  motors were acqu i red  as overaged s p i n  motors  f rom t h e  
NASA D e l t a  Program. The m o t o r s  came i n  two ve rs ions  (0.3KS40 and 0.6KS4U) 
b o t h  w i t h  8tr newtons ( 4 0  l b s )  o f  t h r u s t  b u t  d i f f e r i n g  b u r n  t i m e s  o f  0.3 
and 0.6 seconds.  The two  v e r s i m s  p r c v i d e d  +9e c a p a b i l i t y  o f  p r o p e l l i n g  
t h e  6  kg (13 l b )  TADs t o  t h e  a p p r o x i m a t e  v e l  - 1 t i e s  o f  10  and  20 m e t e r s  
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Figure  5. Echo 6 TAD Sectional V i e w  

p e r  second. The moto rs  were 0.18-111 l o n g  and 0.039 m i n  diameter w i t h  3n 
i g n i t e r  and connector on one end and a sma l l  exhaus t  n o z z l e  on t h e  o t h e r  
( F i g u r e  6 ) .  Each mo to r  had a mass o f  approx imate ly  1.5 ki lograms. A t e s t  
f i r i n g  of a f l i g h t  t ype  rocke t  motor was m ~ i e  a t  t h e  GSFC p r o p u l s i o n  t e s t  
s i t e ,  w i t h  some exhaust products b e i q  noted on t h e  anchor ing weights. Con- 
cern fo r  the  e f fec t  t h a t  t h e  exhaust  plume m i g h t  have on t h e  pay load  and 
undeployed TADs a t  f l i g h t  a l t i t u d e  prompted f u r t h e r  cons iderat ion.  

The TAD S-band antennas were adapted frcm a des ign  used f o r  0.13 m ( 5  
inch)  m i l  i t a r y  p r o j e c t i l e s .  The antennas were i n s t a l l e d  as a band around tile 
per imeter  o f  the  c y l i n d r i c a l  TADs s t a y i n g  w i t h i n  a r ecess  . Ins ide  t h e  TAD 
0.14-111 (5.5-inch) diameter thus a l l ow ing  t h e  TADs t o  s l i d e  snootb ly  i n  t h e i r  
launch tube;. The miniature S-band antennas were t es ted  a t  GSFC t o  determine 
t h e i r  radiation pattern; and ef fec t iveness.  

To ensure t h a t  t he  TADs remained s tab1  e t h r o u g h o u t  t h e i  r 300-second 
f l  i g h t  t h e y  were i n d i v i d u a l l y  s p i n  ba lanced  a t  GSFC and then spun up i n  
f l i g h t  t o  approximately 8 rps p r i o r  t o  t h e i r  dep loyment .  S p i n n i n g  reduced 
t h e  e f f e c t s  o f  mo to r  b u r n  asymmetry, and b a l a n c i n g  t o  a s t a t i c  l i m i t  o f  
2.0 aun:e-inches and a dynamic 1 i m i t  o f  5.0 ounce-inches squared k e p t  t h e i  r 
coning h 3 l f  angles t o  w i t h i n  0.5'. 

To sp in -up  t h e  TADs, i a u n c h  t u b e s  were c o n t a i n e d  i n  t h e  pdy'load by 
a spool housing s i lppor t ing two 0.15 m ( 6  i n c h )  i n n e r  c i a m e t e r  s e a l e d  b a l l  
b e a r i n g  raceways (F i gu res  7 and 8). Th is  al lowed bo th  the  launch tubes and 
t h e  TADs la tched  w i t h i n   the^ t o  be spun by d r i v i n g  t h e  l a u n c h  t u b e s  w i t h  
t i m i  ng be1 t s  connected co vacuum appl i c a t i o n  e l e c t r i c  dc motors. 
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Figure 6 .  Echo G TAD Propulsion Motor 

On the  rear  o f  each sp inn ing launcl. tube was a l a t ch i ng  mechanism t h a t  
r e ta i ned  each TAD u n t i l  a  bel lows ac tus to r  was f i r e d  by a  t im ing  pulse.  The 
bel lows ac tua to rs  not  on ly  unlatched the TADs bu t  a l s o  a c t i v a t e d  m ic ro  
switches t h a t  removed sa fe ty  shor ts  from the rocke t  motor i g n i t e r  leads. Th i s  
ac t i on  app l ied  the oower which was former ly  app l i ed  t o  the actuator  across the  
i g n i t e r  leads. Th is  technique produced a near simultaneous re leose o f  the  
TAPS and I g n i t i o n  o f  t h e i r  rocket  motors. There were a l so  sa fe ty  s h o r t i n g  
plugs on the  rear  o f  each launch tube which shor ted out  bo th  the be l lows 
actuators  and rocket  motors du r i ng  i n t eg ra t i on .  

To i n t e r f a c e  t h e  func t ions  o f  t h e  '[A2 i n c l u d i n g  t c r n o n ,  checkou t ,  and 
f i r i n g ;  a  10-band copper  s l i p r i n g  w i t h  a  redundant se t  o f  copper-graphi te 
pick up brushes was nounted t o  t he  r ea r  o f  each launch tube. This arrangement 
i n c l u d e d  a  s p r i n g  c l i p  socke t  which t h e  TAD contacted :vhen la tched  i n  t h e  
launch tube. The f l i g h t  turnon o f  t h e  TADs was made t h r o u g h  two  redundan t  
m i c r o  s w i t c h e s  t h a t  were h e l a  o t f  by t h e  wa l l s  o f  t he  launch tubes. When 
t h e  TADs e x i t e d  t h e  tubes these switches enabled t h e  TADs t o  i n t e r n a l  power. 

K-band Dopp le r  r a d a r  u n i t s  we1 e used f o r  measuring t h e  TAD v e l o c i t i e s  
a f t e r  deployment and u l t i m a t e l y  t h e i r  r e l a t i v e  d i  s p l  acement as a  f u n c t i o n  
o f  t ime .  -;he u n i t s ,  o p e r a t f n g  a t  24.15 GHz, were d i r e c t e d  a t  p o i n t s  a long 
t h e  TAD ' ; r a j ec~o r i os  where t h e  p r o p u l s i o n  mo to r s  burned  o u t  co m i n i m i z e  
the  r e f l e c t e d  no ise created by t h e  i on i zed  exhaust. The beat s igna ls  r e s u l t -  
ing from the mixing o f  t h e  I nc i den t  r a d i a t i o n  and t h e  Doppler s h i f t e d  r e f l e c t -  
ed s i gna l s  were t racked by phase lock  loop c i r c u i t s  and record,d by TM count- 
ers. To inclsease t he  e f f e c t i v e  TAD radar  cross sec t ion  small copper c o r n e r  
r e f l e c t o r s  were a f f i x e d  t o  t h e  a f t  end of  t h e  TADs. 
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Because each TAD has i t s  own te lemetry  system complete w i t h  t r a n s m i t t e r  
and antenna, i t  was necessary wh i l e  on t h e  launch pad t o  e n e r g i z e  them and 
run s igna l  checks wh i l e  i n  t he  launch tubes. The r a d i a t i o n  checks were accan- 
p i i shed  by making t h e  launch tube out o f  RF t ransparen t  f i b e r g l a s s .  To g e t  
t h e  s i g n a l  o u t  o f  t h e  r o c k e t  sk i n ,  a  small p ick-up antenna was pos i t i oned  
ou ts ide  o f  t h e  r o t a t i n g  f i b e r g l z s s  laui ich t u b e  and t h e  s i g n a l  t r a n s f e r r e d  
t h rough  a  l e n g t h  o f  coax c a b l e  t o  some RF BNC pul  laways on t h e  skin. This 
was, i n  e f f e c t ,  an RF s l i p r i n g  passing t h e  s igna l  t o  an e x t e r n a l  " c h e a t e r "  
antenna near t h e  launch pad. 

I n  t h e  f l i g h t  c o n f i g u r a t i o n  f o u r  spin-up u n i t s  w i t h  TADs were housed 
i n  t h e  TAD sec t i on  (Figures 9 and 10). This sec t i on  c o n s i s t s  o f  two  r i n g e d  
b u l  khecds connec ted  by s i x  1  ongerons. Across two se ts  of these longerons 
were 1  ightened p la-os t o  which t h e  TAD spin-up u n i t s  mounted. This const ruc-  
t i o n  h t~ used ; e 3use of t he  need f o r  l a rge  openings on two oppos i te  s ides 
o f  t h e  ~ e c t i o n .  ; I I~  f r o n t  open ing  was t o  a l l o w  t h e  TADs t o  e x i t  and t h e  
o t h e r  w..l: used t o  v e n t  t h e  r o c k e t  exhaust and a1 low access f o r  arming t h e  
motors Le fo re  f l i g h t .  

These openings were c ~ v c  ed by doors he ld  i n  p lace  by a  se r i es  o f  l a t c h  
b locks on bo th  s ides b o l t e d  t o  l a t c h  b d r s .  These b l o c k s  engage hooks on 
e i i ~ e r  s ide  of t h e  door. I f  e i t h e r  l a t c h  bar  i s  pu l led ,  t he  hooks re lease  on 
t h a t  s i de  and t h e  door r o l l s  o f f  about t h e  o t h e r  s i d e .  I f  b o t h  s i d e s  were 
re1  eased s imu l  t aneous l y ,  t he  door s imply  moved ou t  r a d i a l l y  causing e i t h e r  
a  lead ing edge, a  t r a i l i n g  edge, o r  a  s i m u l  taneous r e l e a s e  t o  occur .  The 
1  a t c h  b a r s  were pul  l e d  by Holex 2900 1  i n e a r  actuators.  The r e s t  o f  t h e  s k i n  
of t h e  sec t i on  which was n o t  devoted t o  doors had removable panel s  t o  a1 1  ow 
access t o  w i r i n g  and t h e  l a t c h  system. 

TEST PROGRAM 

One o f  t h e  f i r s t  developmental t e s t s  o f  t h e  TAD system was t o  e s t a b l i s h  
t h e  f e a s i b i l i t y  c f  us i ng  p o l i c e  radar  u n i t s  f o r  t he  Doppler measurement o f  
TAD v e l o c i t i e s .  A dummy TAD was b u i l t  and powered by a F l i g h t  Systems Inc .  
s e r i e s  F  model r o c k e t  moto r .  T h i s  m o t o r  has t h r u s t  c h a r a c t e r i s t i c s  very 
s i m i l a r  t o  t h e  Del ta  s p i n  mo to r s  a t  1/1000 t h e  c o s t .  The TAD was p u t  on 
a  h o r i z o n t a l  g u i d e  w i r e  and t h e  motor i gn i t ed .  The TAD s l i d  down t he  w i r e  
a t  speeds even exceeding t h e  des i red  20 mps and t h e  radar success fu l l y  moni- 
t o r e d  t i l e  v e l o c i t y .  Fo r  t h e  f i r s t  s p i n n i n g  e j e c t i o n  t e s t  o f  t h e  TAD and 
sp in  u n i t  t h e  modei r ocke t  motor was c a l l e d  upon again, ass is ted  by a  t e t h e r  
l i n e  and counterbalance weight as t he  TAD was v e r t i c a l l y  deployed. 

Arrangements were a lso made t o  t e s t  f i r e  a dummy TAD from the spinning 
launch tube i n  the 18-meter sphere a t  the NASA Langley Research Center. The 
sphere was evacuated, the TAD spun up, the radar turned on, and the f i r i n g  
sequence i n i t i a t e d .  Viewing by high-speed cameras showed the TAD t r a v e l l i n g  
very near to  i t s  t h e o r e t i c a l l y  calculated v e l o c i t y  w i th  no v i s i b l e  evidence o f  
an exhaust plume. The TAD a lso  landed square i n  the ne t  r igged f o r  i t .  When 
the sphere was vented, no evidence of exhaust products was found and the sheet 
metal exhaust shrou4 was el iminated. 

The Integrat ion t e s t  and evaluation program consisted of f l i g h t  v ibra-  
t ion,  mass propert ies measurement, and a ser ies o f  spinning deployments for  
the main payload and POP, To begin wi th ,  a ser ies o f  door deployment tes ts  





were conducted t o  v e r i f y  the opera t ion  o f  the l a t c h  bar system and the three 
d i f f e r e n t  modes o f  release. The payload was at tached t o  a  sp in  t a b l e  and spun 
up t o  r a tes  as h igh as 4 rps (maximum theo re t i ca l  sp in  r a t e  o f  veh i c l e ) ,  the 
squibs were f i r e d ,  and the deployed doors were caught i n  a  net .  Closed 
c i r c u i t  t e l e v i s i o n  was used t o  monitor the ac t ion .  

The next se r ies  o f  t es t s  were on the POP. The f i r s t ,  boom deployment, 
was ra ther  s t r a i g h t  forward. The payload was spun up, the squibs f i r e d ,  and 
the booms deployed on cue. Then came the sp inn ing separat ion o f  the POP from 
the accelerator  sect ion which was complicated by the requirement f o r  zero 
g r a v i t y  s i m u l a t I m .  The usual t e s t  procedure i s  t o  uss a  counterweight t o  a  
l i n e  running over b p ~ ~ l l e y  and down t o  the e j c ~ t e d  payload. Th is  method i s  
no t  su i t ab le  f o r  a sp inn ing payload w i t h  several  ' g ' s  o f  accelerat ion.  To 
so lve the sp in  problem, a spec ia l  l o w - f r i c t i o n  swivel developed f o r  a  h igh 
a l t i t u d e  parachute was used. Th is  swivel has some b e l l e v i l l e  washers t o  
unload the bear ing under h igh  loads. These washers sp r i ng  ou t  o f  the way 
under low loads t z ~  l e t  the l ow- f r i c t i on ,  l i g h t - d u t y  bear ing sp in  f r e e l y .  This 
f r e e  sp in  was needed on the counterbalance l i n e  because o f  the necess i ty  o f  
avo id ing any r e l a t i v e  sp in  between the POP and the accelerator  sect ion.  The 
2.5 ' g '  acce le ra t i on  o f  t h e  PDP was n u l l i f i e d  by running t h e  l i n e  through a  
3 : l  p u l l e y  arrangement and by u s i n g  a  coun te rba lance  w e i g h t  t h r e e  t i m e s  
t h a t  o f  t he  PDP. A one-way block was used t o  snub t h e  system. The deployment 
t e s t  i t s e l f ,  went smoothly. The nose cone had an i n i t i a l  a c c e l e r a t i o n  o f  
1 3  ' g a s .  To c o u n t e r a c t  t h i s ,  d u r i n g  t e s t i n g  a  l e n g t h  o f  su r y i ca l  rubber 
bungee was added t o  t h e  system t o  remove t h e  s l a c k  f rom t h e  l i n e  d u r i n g  
t h e  i n i t i a l  acce lerat ion.  

FIELD OPERATIONS AND LAUNCH 
The 2 month long, d e t a i l e d  i n t e g r a t i o n  o f  t h e  Echo 6 p a y l o a d  a t  GSFC 

culminated w i t h  the  shipment o f  t h e  payl  oad and t h e  t r a v e l  o f  over 45 support 
persormel t o  t he  Alaska launch s i t e .  I n  February, a l l  t h e  Echo 6 equipment  
a r r i v e d  a t  Poker F l a t  and t h e  p a y l o a d  was prepared f o r  launch. A f t e r  t he  
payload had been b u i l t  up and t h e  experiments given a  checkout, t h e  p a y l o a d  
was t aken  t o  t h e  mo to r  p r e p a r a t i o n  b u i l d i n g  and mated t o  t h e  Black Brant 
susta iner .  Thew the  TAD rocke t  motors were i n s t a l l e d  w i t h  s a f e t y  s h o r t i n g  
p l u g s  a t t pched .  The p a y l  oad w i t h  s u s t a i n e r  was t h e n  taken t o  t he  launch 
s i t e  and combined w i t h  t h e  T e r r i e r  bocs te r  t h a t  had been suspended on t h e  
1  aunch r a i l  e a r l i e r .  A f t e r  c o m p l e t i n g  p r e l a u n c h  checks, t h e  payload was 
armed f o r  f l i g h t  by removing t h e  s a f e t y  p l u g s  from t h e  back o f  each TAD, 
removing a l l  o t h e r  sa fe ty  screws and arming t h e  ' g '  t imers.  The deployable 
doors were r e i n s t a l  1  ed and secured. Subsequent t o  a  se r i es  of de l ays  caused 
by weather,  e l e c t r i c a l  and mechan ica l  problems, and some minor damage t o  
t h e  launch vehic le ,  E lec t ron  Echo 6 was launched a t  06:59:51 on March 30, 
1983 U T  w i t h  t h e  d e s i  r e d  1 aunch c r i t e r i a  and geophysical cond i t i ons  being 
met. CONCLUS l ON 

The f l i g h t  o f  Echo 6 was mechanical ly f lawless,  even i n  in t imate  de ta i  I 
The veh i c l e  propel led the payload t o  a  near nominal t r a j e c t o r y  w i t h  the 
perd ic ted  f i n a l  r o l l  ra te .  The ACS performed i t s  maneuvers t o  b e t t e r  than i t s  
to lerence spec i f i ca t ions .  The POP deployment was executed w i t h  the proper 
sp in  r a t e  and separat ion ve loc i t y .  The e l e c t r i c  f i e l d  booms were deployed 
p e r f e c t l y .  The TAD sec t ion  doors were ejected, the TADs spun up, f i r e d ,  and 
deployed w i t h  the Doppler radar measuring t h e i r  v e l o c i t i e s .  The main payload 



e l e c t r o n  a c c e l e r a t o r  was s t a r t e d  on t ime  and i n j e c t e d  e l e c t r o n s  a t  t he  
an t ic ipa ted  power according t o  t h e  preset programmer. The s c i e n t i f i c  i n s t r u -  
men ta t i on  on a l l  t h e  s e c t i o n s  per formed nominally w i t h  the  s i x  telemetry 
1 i nks  from the  main payload and f ree - f l ye rs  t r a n s m i t t i n g ,  b e i n g  rece ived,  
and recorded w i t h  excel  1 e n t  s i g n a l  -t o-noi se charac ter is t i cs .  I n  summary, 
i t  may be sa id  t h a t  t he  Echc 6 m iss ion  performed as a n t i c i p a t e d  and t h a t  
the  instrumentation made a1 1 of the measurements necessary fo r  i nves t i ga t i ng  
the  major s c i e n t i f i c  object ives. 

Th i s  endeavor involved 10's o f  man years o f  e f f o r t  and covered 1 month 
shor t  o f  3 years from incept ion t o  launch. The overwhelming success o f  t h e  
m i s s i o n  i s  a tes t imony t o  t h e  extensive cooperation and dedicat ion c f  t he  
groups involved: NASA Headquarters, NASA/Goddard Space F l i g h t  Center, Univer- 
s i  t y  of Minnesota, General E l e c t r i c  MATSCO, Un ivers i ty  o f  New Hvr,pshire, 
NASA/Wallops F l  i g h t  F a c i l i t y ,  Poker F l a t  Research Range, U n i v e r s i t y  o f  
A l  aska, Phys i ca l  Science Laboratory NMSU, B r i s t o l  Aerospace, a o j  numerous 
other scientists, engineers, contractors, techrticians, machinists, and suppl i - 
ers. 

The s c i e n t i f i c  data analys is  i s  vigorously underway w i t h  many e x c i t i n g  
r e s u l t s  being invest igated and reported. 



SEPARATION AND STAGING MECHANISMS FOR 
THE INDIAN SLV-3 LAUNCH VEHICLE 

M. K. Abdul Majeed, K, Natarajan, and V. K. Krishnankutty* , 

ABSTRACT 

This paper describes a unique separation and j e t t i s o n  system f o r  t he  
ascent f a i r i n g  and a staging system f o r  t h e  apogee motor o f  t he  f i r s t  I n d i a ~  
s a t e l l i t e  launch vehicle. Design features, development problems, and mission 
cons t ra in ts  are discussed i n  add i t i on  t o  the  so lu t ions  adopted. A qua1 i f  i ca -  
t i o n  sumary i s  included f o r  each system, and f l i g h t  resu l t s  obtained from 
SLV-3 launches are  described. 

I. SEPARATION AND JETTISON SYSTEM FOR THE ASCENT FAIRING 

INTRODUCTION 
The Indian s a t e l l i t e  launch vehic le (SLV-3) i s  a four-stage, so l i d -  

p rope l lan t  space veh ic le  capable o f  p u t t i n g  a 50 t o  60 kg payload i n  low- 
Earth o r b i t .  The ascent f a i r i n g ,  p ro tec t ing  the  payload and i t s  apogee 
motor, must be separated and j e t t i soned  from the  veh ic le  a t  an a l t i t u d e  
o f  90 t o  100 km dur ing the  coast ing phase o f  stage 2. The f a i r i n g ,  a hemi- 
sphere-cone-cyl i nde r  conf igurat ion,  i s  2.45-m (96-i  n) 1 ong and 0.8 m (31.5 
i n )  i n  diameter. The mater ia l  i s  a phenol-glass honeycomb sandwich o f  14.5- 
mm (0.57-in) thickness. 

The separat ion and l a t e r a l  j e t t i s o n  system f o r  the f a i r i n g  i s  a cold-gas- 
actuated, hydropneumatic system. The p r i n c i p a l  components are: four  l a t c h  
modules, two n i t rogen gas bo t t l es ,  h igh pressure l ines ,  check valves, and 
tube f i t t i n g s .  A groove j o i n t  w i t h  spr ing th rus te rs  was selected f o r  t he  
c i rcumferent ia l  separation in ter face.  

M I S S I O N  SPECIFICATIONS 

For t h e  SLV-3, t he  fo l low ing spec i f i ca t i ons  were placed on t h e  f a i r i n g  
release and j e t t i  son system: 

a The system must ensure c o l l i s i o n - f r e e  separat ion from the  veh ic le  
dur ing stage 2 motor coast phase a t  an a l t i t u d e  of 90 t o  100 km 

e A minimum j e t t i s o n  ve loc i t y  of 1.5 mps (4.92 f t /sec) w i l l  be provided 
e Allowable disturbance t o  upper stage must be - <0.5 deg/sec 

.. 
" ~ i  kram Sarabhai Space Centre, Indian Space Research Organim t ion ,  
Trivandrum, Ind ia  



No contamination o r  debris i s  permit ted 
System pyros w i l l  i n i t i a t e  on an e l e c t r i c a l  command o f  2 Amps w i t h  
10-ms dura t ion  through snapoff  from veh ic le  
System weight should be - 4 8  kg and the  f a i r i n g  i n te r face  j o i n t  must 
react  vehic le loads 
Because the  vehic le assembly must be mounted h o r i z o n t a l l y  i n  t he  
launcher, t he  f a i r i n g  must have load c a p a b i l i t y  i n  t h e  hor izonta l  
pos i t i on  
A r e l i a b i l i t y  o f  0.985 a t  a confidence l e v e l  o f  85 percent must 
be demonstrated 
Or ientat ion o f  the  f a i r i n g  separat ion plane w i l l  be 90" t o  the  ve- 
h i c l e  p i t c h  ax is  and 4 5 O  t o  t h e  launch tower 

A combination o f  four  l a t c h  mechanisms t o  clamp the  f a i r i n g  along the  
l ong i tud ina l  s p l i t  l i n e  and a c i rcumferent ia l  groove j o i n t  f o r  t h e  veh ic le  
i n te r face  were selected (Figure 1). Separation mechanisr: cu r ren t l y  a v a i l -  
ab le are  o f  a wide var iety .  A choice was made a f t e r  extensive evaluat ion 
o f  the  mer i ts  and demerits o f  candidate systems. Because a s ing le  o i n t  P actuat ion and mu l t i po in t  release system has the  highest r e l i a b i l i t y  t he  
choice was narrowed t o  a s ing le  po in t  actuat ion o f  t h e  four  l a t c h  mechanisms. 

The actuat ion system consis ts  o f  high pressure n i t rogen gas b o t t l e s  
opened by a pyro valve. On i n i t i a t i o n ,  the gas pressure i s  conveyed t o  the  
l a t c h  mechanisms through h igh  pressure 1 ines. This gas pressure provides the 
necessary fo rce  a t  the l a t ch ing  mechanisms t o  cause release, thereby f ree ing  
the f a i r i n g  halves along the longi tudinal '  s p l i  tl ine. 

The j o i n t  a t  the vehic le c i rcumferent ia l  i n t e r f a c e  i s  shown i n  Figure 2. 
This consis ts  o f  a groove j o i n t - - t h e  female groove provided on t h e  f a i r i n g  
end r ings, and the  corresponding male conf igura t ion  on the  vehicle. This 
passive separation i n te r face  does not  requ i re  add i t i ona l  release mechanisms. 
Springs are provided both i n  the  l a t ch ing  mechanisms and groove j o i n t  f o r  
j e t t i son .  A t  release, t h e  springs impart a l a t e r a l  v e l o c i t y  o f  1.9 mps 
t o  each o f  the  f a i r i n g  halves. 

Redundancy has been incorporated i n  the  actuator  design by prov id ing  
two n i t rogen gas b o t t l e s  and by i s o l a t i n g  them i n  t h e  pneumatic c i r c u i t  
by in - l ine ,  nonreturn (check) valves. The pressure feed 1 ines are f i l l e d  
w i t h  hydraul ic  o i l ,  MIL-H-5606D, from the  check valve onwards f o r  improved 7 event t iming. 

P 

TECHNICAL DESCRIPTION 

The release and j e t t i s o n  system has the f o l  lowing p r i n c i p a l  subsystems: 

Latch system w i t h  springs 
Gas b o t t l e  w i t h  pyro valve 
Groove j o i n t  w i t h  springs 
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Latch System w i t h  Springs 

a re  arranged symmetrical ly, t h ree  on each s  
i s used f o r  1  oadi ng/unl oadi ng . A1 umi num a1 
bo th  ends a re  used as t he  p r i n c i p a l  t o p  and 
i n g  t h e  un i t s .  The housings are prov ided w 
f o r  fas ten ing  from outs ide t h e  f a i r i n g ,  and 
ment. The la tch ,  a  preloaded assembly, i s  
t h e  two f a i r i n g  ha1 ves. 

The l a t c h  system, show11 i n  F igure 3, cons is ts  o f  a  b a l l  re lease mechan- 
ism (BRM), and s i x  sp r i ng  th rus te rs .  Open c o i l e d  he1 i c a l  compression spr ings 
o f  22-mm OD and spr ing  r a t e  o f  75.5 N/cm (43.6 l b / i n )  are used. The spr ings 

ide,  and a  t e l escop i c  mechanism 
1 oy angle sect ions closed a t  
bottom l a t c h  housings f o r  mount- 
t h  f l o a t i n g  p l a t e  nuts  t o  a l low 
t o  accommodate any ho le  misa l  ign -  
n s t a l l e d  as a  module t o  j o i n  

The BRM cons is ts  o f  a  stud, a  hexagonal housing, a  spr ing,  and an M-10 
b o l t  f o r  fastening. A p i s t o n  moving i n s i d e  t h e  s tud  i s  locked by t h r e e  
b a l l s  extending through t h ree  r a d i a l ,  equa l l y  spaced holes d r i l l e d  i n  t h e  
stud. These s t e e l  b a l l s ,  which p r o j e c t  f rom t h e  s tud  outs ide diameter i n  
t h e  locked condi t ion,  a re  seated i n s i d e  the  hexagonal housing. Three 90' 
con ica l  seats a re  provided, 120" apar t ,  on t h e  i n s i d e  bore o f  t he  housing. 
I n  t he  locked condi t ion,  t h e  housing and t h e  s tud  o f  t h e  BRM ac t  as an i n -  
t e g r a l  u n i t  and can be b o l t e d  t o  t h e  aluminum a l l o y  housing. On release, 
i n i t i a t e d  by t h e  forward mot ion o f  t h e  p is ton ,  t he  b a l l s  recede r a d i a l l y  
inward and t h e i r  externa l  p ro j ec t i ons  d i  szppear, thereby re l eas ing  t h e  bo l t ed  
hexagonal housing. The b a l l s  are contained i n  t h e  s tud on t h e  p i s t o n  recess 
and t he  b a l l  r e t a i n e r  sp r i ng  prevents t h e i r  escape. The j e t t i s o n  sp r i ng  
t h r u s t w s  are bo l t ed  t o  t h e  bottom l a t c h  hcusings and on re lease impar t  
t h e  requ i red  j e t t i s o n  v e l o c i t y  t o  t h e  f a i r i n g  halves. The i n d i v i d u a l  t h rus -  
t e r  sp r i ng  compressions can be ad justed w i t h  c lose to le rance  t o  ma in ta in  
t h e  mat ing plane a t  t h e  t o p  l a t c h  housing. The spr ings a r e  c l o s e l y  matched 
w i t h  +3 percent to le rance  on s t i f f n e s s .  By s u i t a b l y  matching t h e  spr ings 
d u r i n g  assembly, t hc  e f f e c t  o f  d i f f e r e n t i a l  f o r ce  i s  reduced. 

Gas B o t t l e  w i t h  Pyro Valve 

The gas b o t t l e  cons is ts  o f  a  c y l i n d r i c a l  she1 1 t h a t  i s  75 cu cm i n  
volume and 40 mm i n  diameter, w i t h  one end spher ica l  and t h e  o ther  end open. 
The ma te r i a l  i s  aluminum a l l o y ,  AA-6351. A re leaser  t h a t  a l s o  serves as 
a  f i l l i n g  adapter i s  screwed i n t o  t h e  open end o f  t h e  b o t t l e .  This re leaser  
incorpordtes a  diaphragm t h a t  i s  punctured by a  pyro valve. Ni t rogen gas 
a t  15 MPa i s  f i l l e d  through t h e  re leaser  f i l l i n g  por t .  

Groove J o i n t  w i t h  Springs 

The c i rcumferen t ia l  groove j o i n t  i s  shown i n  F igure 2. The female groove 
i s  provided i n  the a f t  end r i n g  o f  the  f a i r i n g  and t he  male groove a t  the 
veh i c l e  i n t e r f a c e  r ing .  Both r i n g s  a re  made o f  A I S I  4340 a l l o y  s t e e l  forged 
and machined. The j o i n t  i s  d r y  l u b r i c a t e d  w i t h  molybdenum d i su lph ide  f o r  easy 
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assembly and j e t t i s o n .  Four spr ing  t h rus te r s  a re  loca ted  a t  the  s p l i t  plane. 
These t h rus te r s  impar t  l a t e r a l  t h r u s t  t o  the f a i r i n g  halves w i t h  respect. t o  
the  vehic le .  A f t e r  the f a i r i n g  i s  assembled t o  the vehic le ,  the t h rus te r s  a re  
preloaded by removal o f  a l ock  w i re .  

SYSTEM PERFORMANCE 

Separation and J e t t i s o n  System 

This system performed as expected, developing a j e t t i s o n  v e l o c i t y  01 
1.65 mps (5.4 f t / s e c )  w i t h i n  an a c t i o n  t ime  o f  19 ms. The t o t a l  system 
weight was 15.7 Kg. The shock caused by j e t t i s o n  was 'recorded t o  be less  
than 5 g. The l a t c h  module had re lease pressures ranging from 2.8 t o  4.0 
MPa. The t o t a l  f o r ce  exerted by t h e  s i x  t h r u s t e r  spr ings a re  1750 N w i t h  
a ne t  compression o f  38 mm on release. The b a l l s  o f  t h e  BRM a re  a r res ted  
by t he  r e t a i n e r  spr ings, thus ensur ing no f r e e - f l y i n g  debr is.  F igure 4 
shows an a c t i o n  photograph o f  t h e  f a i r i n g  j e t t i s o n .  F igure 5 shows t h e  
l a t c h  assembly before and a f t e r  release. 

Pvro Valve 

The pyro  va lve i s  p i s t o n  actuated t o  puncture t h e  aluminum a l l o y  d ia -  
phragm o f  t h e  gas b o t t l e .  The f unc t i ona l  delay o f  t h e  va lve was w i t h i n  
10 ms. The ac tua t ing  pressure c a r t r i d g e  had a s i n g l e  i n i t i a t o r  and dual 
b r idge  wi res w i t h  t h e  f o l l  owing e l e c t r i c a l  c h a r a c t e r i s t i c s :  

No f i r e  current--500 mA; 5-min dura t ion  
r A l l  f i r e  cbrrent-1 A 50-111s dura t ion  

Recommended f i r i n g  current - -2  A; 10-ms du ra t i on  

The valve, which was t es ted  t o  es tab l i sh  a r e l i a b i l i t y  o f  0.975 a t  
85 percent  confidence l eve l ,  i s  a t o t a l  l y  contained system. 

Groove J o i n t  w i t h  Spr i  ngs 

The groove j o i n t  was 800 mm (31.5 i n )  nominal diameter and was s t r u c t u r -  
a l l y  t e s t e d  t o  t h e  f o l l  owing loads: 

Bending moment--15,000 N-m 
r Ax ia l  load--23,000 N 
r Shear force--  6,500 N 

The t o t a l  sp r i ng  f o r c e  f o r  each f a i r i n g  h a l f ,  a c t i n g  on t h i s  j o i n t ,  
was 270 N. The spr ings were loca ted  60 mm (2.36 i n )  from t h e  f a i r i n g  s p l i t  
plane. 

Nonreturn Valve and Compression Tube F i t t i n g s  rl 
1 

' b i  

r C  A standard nonreturn va lve f o r  6.35-mm diameter t u b i n g  was ussd i n  
t h e  penumatic c i r c u i t .  The va lve had a ra ted  pressure o f  21 MPa and a crack- 







i n g  pressure o f  7x10'5 Pa. Single f e r r u l e  compression tube f i t t i n g s  of 
e l l s ,  tees, and s t r a i g h t  connectors were used a t  t he  j o i n t s  of t he  tubing. 

DEVELUPIYENT PROBLEMS 
Development problems encountered i n  t h i s  system were: 

0 Achieving precis ion fab r i ca t i on  o f  the BRM 
0 System funct ional  t e s t  f a i l u r e s  during the  i n i t i a l  phase 
0 Matching a f  resu l tan t  force and center o f  g rav i t y  o f  FRP f a i r i n g s  

Elaborat ing on the  f i r s t  problem, the  BRM fab r i ca t i on  required high 
precision, especial l y  i n  l oca t ing  t h e  b a l l  -seat ing hol  os which ca r r i ed  angu- 
l a r  tolerances o f  +5 arc-mins on the  120" spacing. A d r i  1 l i n g  f i x t u r e  pre- 
c i s e  w i t h i n  +30 arc-secs was necessary t o  achieve t h i s .  I n  addit ion, t h e  
ins ide piston, a moving part,  i s  o f  case-hardened steel ,  w i t h  a hardness 
o f  55 t o  60 Rockwell "C" scale. The p i s ton  required concen t r i c i t y  t o  w i th in -  
20 microns. Attempts a t  achieving t h i s  prec is ion  by gr ind ing on t h e  outside 
diameter resul ted i n  a h igh  r e j e c t i o n  rate. F ina l l y ,  c r i t i c a l  dimensions 
on the  BRM housing required gr inding the external f l a t  surfaces. The dimen- 
s ion  across the  f l a t s  was toleranced t o  30 microns. This was necessary 
because th2 f l a t s  served as a reference t o  cont ro l  t he  depth o f  t he  b a l l  
seating. 

The f i r s t  few funct ional  t e s t s  f a i  l ed  because o f  asynchronous release 
o f  the  fo re  and a f t  l a t c h  pairs. Inves t iga t ion  revealed t ime delays on 
the order o f  20 t o  40 ms, which caused the  forward p a i r  t o  release f i r s t  
and the  a f t  p a i r  t o  f a i l  t o  release. This t ime delay was a r e s u l t  o f  t h e  
spr ing load o f  the  forward p a i r  being transmitted t o  t h e  a f t  pa i r .  Because 
o f  the  load increase on the  a f t  pai  r, the  pressure was i n s u f f i c i e n t  t o  pro- 
duce release. I n i t i a l l y ,  gas b o t t l e  pressure was only 7 MPa (70 bar;). 
Two solut ions were imp1 emented: 

0 Reduction o f  r e l a t i v e  release delays o f  the  two pa i r s  o f  latches 
by ad jus t ing  t h e  l o c a t i m s  o f  the  pressure i npu t  pa in t  

0 Increase o f  actuatiorl pressure t o  15 MPa which f u r t h e r  reduced t h e  
r e l a t i v e  delay. 

Another problem encountered was the  l a rge  uncerta inty i n  the  locat ion  
o f  t he  center c f  g rav i t y  (c.g.), inherent w i t h  FRP fa i r i ngs .  Because o f  
the nature o f  the  groove j o i n t ,  the  resu l tan t  force vector i s  required t o  
pass through the  f a i r i n g  coge  w i t h i n  a tolerance o f  +O/-15 mn. Location 
o f  ,le resul tant  force vector above the  c.g. would not r e s u l t  i n  separation, 
so ba l l as ts  were added t o  adjust  t he  cog. w i t h i n  the  design l i m i t s .  

RELIABILITY MODELLING 

A f a i r i n g  r e l i a b i l  i t y  requirement o f  0.985 w i th  85 percent confidence 
leve l  was speci f ied by the mission. Apportioning t h i s  re1 :,bil i t y  between 



the s t ruc tu re  and separat i on - j e t t i son  systems, s t ruc tu ra l  performance should 
be demonstrated t o  a r e l i a b i l i t y  o f  0.995 and j e t t i s o n  t o  a r e l i a b i l i t y  
o f  0.985. The ove ra l l  confidence l eve l  was apportioned according t o  the  
f o l  1 owing model 1 aw: 

where 
C = Overal l  system confidence 1 evel 
Cs = S t ruc tura l  confidence 1 evel j i nc l  uding thermal ) 

= Separation 6nd j e t t i s o n  sys tern confidence 1 evel 

Accordingly, tho sys tern confidence l eve l  o f  0.5 was a r r i v e d  a t  a f t e r  
f i x i n g  the s t ruc tu ra l  l eve l  a t  0.7. This requi red t h a t  34 j e t t i s o n  system 
t e s t s  be performed successfully. To s a t i s f y  t h i s  requirement, t h e  system 
has undergone 40 successful j e t t i s o n  tests. 

tJAL IFICATION TESTS 

System qua1 i f i c a t i o n  t e s t s  are d iv ided i n t o  three categories: funct ion-  
a l ,  s t ruc tu ra l ,  and environmental. Table 1 shows the t e s t  summary. Table 
2 shows the  t e s t  l eve l s  used f o r  environmental simulation. The f a i r i n g ,  
a f t e r  undergoing v ib ra t i on  and shock tes ts ,  was func t i ona l l y  tested f o r  
j e t t i son .  The performance proved normal. A t y p i c a l  one-g t r a j e c t o r y  p l o t t e d  
from h igh  speed ~ o v i e  data i s  shown i n  Figure 6. 

FLIGHT TEST QUALIFICATION 

The system was q u a l i f i e d  i~ four  f l i g h t  t e s t s  o f  SLV-3. The system 
performed successful l y  i n  a1 1 f l i g h t  tests. The performance was monitored 
by means o f  telemetry from microswitches a t  each la tch,  event monitc ;, 
an3 snap-off plugs. The vehic le disturbance ra tes  were w i t h i n  speci l  ca- 
t ions ,  and the  system performed normally. 

11. BALL LOCK MECHANISM AS A STAGING SYSTEM FOR APOGEE MOTORS 

INTRODUCTION 

The apogee motor o f  t he  SLV-3 and a s a t e l l i t e  weighing 400 kg (881.8 
l b )  were t o  be separated from the  spent t h i r d  stage a t  an a l t i t u d e  o f  400 
km (248.6 mi). This procedure requi red t h a t  t n e  in te rs tage connecting the  
apogee motor be a x i a l l y  separated without any c o l l i s i o n .  

Because o f  mission cons t ra in ts  on the  SLV-3 vehicle, i t  was requi red 
t h a t  the  separation system impart minimal separation disturbances and a 
d i f f e r e n t i a l  ve loc i t y  o f  1 mps wh i le  releasip; 10 contamination o r  debris. 



- 
No. - 
1 

2 

3 

4 

- 

Table 1 
Qua1 if i c a t i o n  Test Summary 

No. 01 
Type of Test [ tests  

Funct iora l  a t  
l g  ' 40 
cond i t ion  

Environmental t e s t  
0 Vibrat ion 
0 Shock 

o g  
cond i t ion  

St ruc tura l  t e s t  

F l i g h t  t es t s  I 

3 

3 

Result 

Successful. Veloc i ty  
1.65 mps 

Normal 

System functioned 
norm51 
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Remarks 

Je t t i son ing  ve loc i t y  
measured & ve r i  f i ed 
w i th  p red i c t i on  

F a l l i n g  p la t fo rm 
f a c i l i t y  i s  used* 

Ve r i f i ed  j o i n t  ro ta -  
t i o n  o f  groove j o i n t  
1.5 x  rad/Nm** 

Disturbance rates 
0.34 deg/sec 

*A f a c i l i t y  having a p la t fo rm f a l l  f r e e l y  guided by columns, thus s imu la t ing  
'0' g 

**Improves good category beyond 30 percent o f  t e s t  loads 

Table 2 
V ibra t ion  and Shock Test Levels 

TY pe 

Sine 

TY pe 

Random 
X X  zz 

A x i s  
X X  & Y Y  

Shock 
pulse- 
ha1 f s ine 
wave 

Axis 
- -- -- 

zz 

XX & Y Y  

Duration 

2 min 

2 min 

ZZ ax is  

Freq. range 

Band width Hz 

Level 
- 

1.2 m DA 
6 'g '  
0.2 mn DA 
2.7 g 

PSD $/HZ 

0.0024 t o  
0.04 uni formly 

0.003 t o  
0.04 uni formly 

Shock t e s t  
1 eve1 
40 g +lo% 

Sweep r a t e  
- - - 

20 oct/min 

20 oct/min 

G rms 

6.9 g 

7 9 

3 shocks 
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A b a l l  lock mechanism was se lected as a s tag ing  dev ice f o r  t h i s  app l i ca t ion .  
The choice was based on i t s  proven r e l i a b i l i t y  on 560-rcm (1.84-ft) diameter 
sounding rocket  f l  igh ts  and var ious t r ade  s tud ies f o r  ach iev ing h ighest  
system r e l i a b i l i t y .  

MISSION SPECIFICATIONS 

The SLV-3 requ i red  t h e  f o l l o w i n g  t h i r d  stage separat ion system s p e c i f i -  
cat ions:  

The system should ensure clean, c o l l  i s i on - f r ee  separat ion from t h e  
veh i c l e  c u r i n g  t h e  stage 3 motor coast phase 
The system should f unc t i on  a t  an a l t i t u d e  o f  390 t o  400 k s  (242 
t o  286 mi ) 
A minimum o f  1 mps (3.3 f t / s e c )  r e l a t i v e  a x i a l  v e l o c i t y  i s  t o  be 
pr  ~ v i d e d  
Tipoff ra tes  imparted t o  t h e  upper stage du r i ng  separat ion should 
be <0.5 deg/sec 
No contamination o r  debr is  i s  permi t ted  
The system pyros must i n i t i a t e  on e l e c t r i c a l  comnand through snapoff  
from t h e  veh ic le  (recommended f i r i n g  cu r ren t  i s  2 A f o r  10 ms) 
The system should meet a reliability o f  0.995 a t  an 85 percent con- 
f i dence 1 eve1 
As a s t r u c t u r a l  j o i n t  i t  should be capable o f  w i ths tand ing  f l i g h t  
loads and environmental cond i t ions  
The system must be loca ted  between t he  a f t  end r i n s  o f  t h e  apogee 
motor and t h e  forward end r i n g  o f  t h e  i n te r s tage  s t r u c t u r e  
Size 

- Inner  diameter--648 mm (25,s i n )  
- Outer diameter--767 mm (30.2 i n )  
- Length--48 mn (1.9 i n )  

Al lowable weight--7 kg (15.4 l b )  
E l e c t r i c a l  i n t e r f a c e  

- The mechanism must accommodate s i x  snapoff  connectors o r i en ted  
symmetrical l y  about t h e  veh i c l e  p i t c h  ax i s  

TECHNICAL DESCRIPTION 

The b a l l  l ock  system i s  shown i n  Figures 7 and 8, The system cons i s t s  
o f  upper and lower stage adapter r i ngs  he ld  together  by s tee l  b a l l s  which 
i n  t u r n  a r e  h e l d  by a r e t a i n e r  r i ng .  The r e t a i n e r  r i n g  i s  provided w i t h  
escape holes f o r  t he  ba l l s .  In t he  locked condi t ion,  t h e  ho les i n  t h e  re -  
t a i n e r  r i n g  a re  given an angular o f f s e t .  Dur ing release, t h e  r e t a i n e r  r i n g  
i s  r o ta ted  by two pyro t h rus te r s  (one f o r  redundancy), n u l l i f y i n g  the  o f f -  
set .  The py ro  t h r u s t e r s  a re  i n i t i a t e d  by pressure ca r t r i dges  on e l e c t r i c a l  
command from the  cen t ra l  sequencer o f  t h e  vehicle.  Reta iner  r i n g  r o t a t i o n  
i s  l i m i t e d  by a stopper. 

He1 i c a l  compression spr ings pos i t ioned  between the f langes impar t  the  
requ i red  d i f f e r e n t i a l  ve loc i t y .  The lower stage (ou te r )  r i n g  i s  prov ided w i t h  
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through holes fo r  the b a l l s  i n  the locked condi t ion and the upper stage 
adaptor r i n g  i s  provided w i t h  conical b s l l  seats. The r a d i a l  component o f  
the spr ing fo rce  pushes the b a l l s  outward and releases the inner  r ing ,  thus 
ensuring a clean separation. 

The adaptor flanges have prov is ions f o r  fastening the  upper and lower 
flanges, I n  the  locked pos i t ion ,  t he  re ta ine r  r i n g  i s  he ld  p o s i t i v e l y  by 
shear screws t o  prevent accidental r o t a t i o n  caused by shock, v ib ra t ion ,  
and other  veh ic le  loads. The pyro t h r u s t e r  i s  a p is ton-cy l inder  type. 
The p i s ton  provides the necessary r i n g  r o t a t i o n  force through pressure devel 
oped by the  car t r idges  i ns ide  the  cy l i nde r  (Figure 9). 

DESIGN CONCEPTS 

The system was designed f o r  1.4 times the mtximum ant ic ipa ted  f l i g h t  
bending moment. The sections were designed f o r  bending, ax ia l ,  and shear 
loads. A margin o f  safety o f  1.5 t 3  2 was b u i l t  i n t o  t h i s  design. The number 
of b a l l s  was selected based on t h f  load on each b a l l  and the  corresponding 
contact s t ress  induced on the  conical  b a l l  seats. The load on each b a l l  was 
evaluated from: 

where 

n 
= Force on the nth b a l l  contact 

n 
= Circumferent ial  angle made by the nth b a l l  

The contact stresses were evaluated based on the c o e f f i c i e n t  o f  f r i c t i o n  
between the aluminum a l l o y  and s tee l .  The j o i n t  s t i f f n e s s  was predic ted by 
determining contact de f lec t ion .  Table 3 shows the calculated de f l ec t i on  and 
j o i n t  ro ta t i on .  

The funct ional  design was determined by f i nd ing  the net rad ia l  outward 
component caused by spr ing  force on the  b a l l  ac t i ng  on the  re ta ine r  r i n g  
(Figure 10). The net torque required t o  r o t a t e  the  r i n g  i s  t he  sum o f  a l l  
t h e  r a d i a l  component forces m u l t i p l i e d  by t h e  f r i c t i o n  c o e f f i c i e n t  between 
the  s tee l  b a l l  and the re ta ine r  r ing. Because these components are made 
o f  hardened steel  ( the  r i n g  hardness i s  30 t o  35 Rockwell "C"  scale), t he  
indentat ion was very low (0.01 mm) and the  f r i c t i o n  c o e f f i c i e n t  was assumed 
t o  be i n  t he  0.08 t o  0.10 range. The shear screw i n  the  pyro t h r u s t e r  pro- 
vides funct ional  safety f o r  any accidental  re1 ease. 
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Figure 9 .  Pyro Thruster 

Table 3 
Contact Surface Deflections 

Radial distance 
in mn (inch). 

327.00 (12.87) 

323.43 (12.73) 

312.86 ( 12.32) 

295.77 (11.64) 

272.90 (10.74) 

245.25 ( 9.66) 

214.02 ( 8.43) 

180.59 ( 7.11) 

146.41 ( 5.76) 

112.97 ( 4.45) 

81.75 ( 3.22) 

54.10 ( 2.13) 

31.22 ( 1.23) 

14.14 ( 0.56) 

3.57 ( 0.14) 

Deflection in nnn 
( inch . Rotation in 

radians 



'he sprjngs for j e t t i s i n  were fur iy p u j b d  during eyansjon ,,,( were 
screened o r  0 of 3 percent on s t  

fie ~jmen~jOn1l  scFel- j n  e n s  d e n  i n  for c o t  o 1 i n  h e  
On and momentum balance, the d i  f fe ren t ja l  veloc ity was calculated ~ P O R  the spring enerw 

*s = and ve loc i ty  of the upper , ype 

Me? = Mass and ve loc i ty  the lower i t ape  

K = Total spring constant 
A 

6 = Net compression 



SYSTEM PERFORMANCE 

The b a l l  l ock  system funct ioned successful  l y  i n  separat ion and j e t t i  son 
of t he  connect ing stages. A d i f f e r e n t i a l  v e l o c i t j  o f  1.2 mps (3.9 f t / s e c )  
was imparted w i t h i n  a  t ime  o f  15 ms. The measured shock was 3  g  and t he  
d is turbance r a t e  was 0.14 deg/sec i n  t he  r o l l  d i r e c t i o n .  The system was 
t e s t e d  t o  demonstrate a  r e l i a b i l i t y  o f  0.995 a t  an 85 percent conf idence 
leve l .  The system was f u l l y  contained and t he  ba l l s ,  springs, and r e t a i n e r  
r i n g  a1 1  remained w i t h  t h e  lower stage as designed. No f l y i n g  loose p a r t s  
were observed. 

The p r i n c i p a l  diameter of the  b a l l  l o ck  system a t  the 5eparat ion plane 
was 696 rnm (27.4 i n ) .  The system assembly was s t r u c t u r a l l y  tes ted  f o r  i t s  
j o i n t  charac te r i s  t i c s .  Tha t e s t  loads were: 

@ Bending moment--11,768 N-m (8,675 f t  l b )  
@ Ax ia l  load--56,879 N (12,786 l b )  
e Shear force--6,031 N (1,355 I b )  

The d e f l e c t i o n  was 0.07 mm (0.00 9 i n )  and t h e  j o i n t  ( f l e x i b i l i t y  con- 
s tan t )  was 4.4~10-8 rad/N-m (5.02~10-6 rad / in - lb ) .  The performance o f  t h e  
j o i n t  was w i t h i n  acceptance 1  im i t s .  

The pyro t h rus te r ,  a  p is ton-cy l inder  type, had a  pressure c a r t r i d g e  
o f  dual - type squibs w i t h  e l e c t r i c a l  c h a r a c t e r i s t i c s  t h e  same as t h a t  of  
t h e  pyro valve o f  t h e  gas b o t t l e  p rev ious ly  mentioned. The c a r t r i d g e  was 
i n d i v i d u a l l y  proven f o r  i t s  r e l i a b i l i t y  requirements. F igure  11 shows t h e  
assembly o f  the  b a l l  lock system and t he  py rs  t h rus te r .  

DEVELOPMENT PROBLEMS 

Development p r c b l  ems included: con t ro l  1  i n g  t h e  sp r i ng  cha rac te r i s t i c s ,  
dea l ing  w i t h  contact  s t ress  dur ing  dynamic loading, ana Fabr ica t ion  o f  t h e  
b a l l  seat ing,  espec ia l  l y  con t ro l  1  i n g  t h e  depth. 

Matching and symmetrical d i s t r i b u t i o n  o f  spr ings necess i ta ted s e l e c t i o n  
from a  l a r g e  supply and resu l t ed  i n  h igher  cos t  o f  t h e  system. The contact  
s t ress  was h igher  than predicted, and when t he  same assembly was v i b ra ted  
and s t r u c t u r a l  l y  tested, t h e  s t i f f n e s s  o f  t h e  j o i n t  was found t o  have chang- 
ed. This problem was solved by p rov id i ng  a  hard-chromium coa t ing  w i t h  a  
th icknes o f  20 t o  30 microns. The j o i n t  s t i f f n e s s  was increased t o  
4.44~10-Q rad/N-m (moderate category). I n  order  t o  achieve t h i s ,  a  p r e c i s i o n  
f i x t u r e  was needed. The f i x t u r e  prov ided a  re ference surface and d r i l l i n g  
was used t o  achieve t h e  con t ro l  l e d  depth. 

QUALIFICATION TESTS 

The t es t s  were d i v i ded  i n t o  funct ional  . s t r u c t u r a l  , and environmental 
tes ts .  The environmental condi t ions simulated were v i b ra t i on ,  shock, and 
thermal soak. 
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Funct ional  t e s t s  were performed bo th  i n  grounded and f fee- fa1 1 m d i  - 
t i o n s  t o  eva luate t h e  disturbance leve ls .  The f unc t i ona l  t e s t s  i n  zero 
g r a v i t y  were performed w i t h  a  s imulated mass- iner t ia  model t o  v e r i f y  d i f f e r t n -  
t i  a1 v e l o c i t y  and disturbance cha rac te r i s t i c s .  L i m i t a t i o n s  i n  t h e  d i s t u r b -  
ance measurement were caused by t h e  atmosphere and i t s  damping e t f e c t  on 
t h e  measured ra tes.  The r e s u l t s  showed t h a t  t h e  p i t c h  and yak ra tes  were 
i n s i g n i f i c a n t ,  whereas t h e  r o l l  r a t e  had a  value o f  0.14 deglsec. I n  t he  
s t r u c t u r a l  t e s t ,  t h e  system performed normal ly, as pred ic ted.  The j o i n t  
5 t i f f n e s s  was, according t o  s p e c i f i c a t i o n ,  L ?  moderate c lass.  The v i b r a t i o n  
and shock t e s t s  were s t i p u l a t e d  t o  q u a l i f y  t h e  system i n  t h e  f unc t i ona l  
mode a f t e r  these environmental loadiogs. The thermal -soak t e s t  was c a r r i e d  
out a t  'O°C w i t h  a  one-hal f  hour soak t o  q u a l i f y  f o r  L . 2  expected tzmperature 
i n s i d e  t h e  ':?at s h i e l d  du r i ng  f l i g h t .  The system functi5a was t es ted  and 
found normal. A q u a l i f i c a t i o n  t e s t  summary i s  shown I n  Table 4. 

CONCLllDING REMARKS 

The s tag ing  and t h e  heat s h i e l d  systems meet a l l  t he  miss ion requ i r e -  
ments. These systems have successful  l y  performed t h e i r  f unc t f  on i n  a1 1  
f ou r  SLV-3 f l i g h t  t es t s .  Both systems have excel l e n t  performance character -  
i s t i c s  o f  lcw shock, low-disturbance ra tes ,  and complete freedom from cotr- 
taminat ion.  No f r e e - f l y i n g  debr i s  occurs i n  these systems. I n  t h i s  respect,  
these systems f a r e  one order  h igher  compared t o  a merman band system and 
so 3 re  a t t r a c t i v e  f o r  launch veh i c l e  app l i ca t i ons  o f  a  s i m i l a r  c lass.  

Table 4  
Qua1 i f  i ca t  i on Test Summary 

TY pe 

Funct i  ona 1  
- 1 g cond i t i on  

- 0 g  cond i t i on  

S t ruc tu ra l  

V i  b r a t  i on* 

Shock* 

Thermal soak 
7 O°C 

F l i g h t  t e s t  

.evels are as per  Ti 

No. of 
t e s t  

15 

3  

2 

1 

1 

1 

4  

w 

Per fo r -  
mance 

Norma 1  

d  0 

As pre-  
d i  c t ed  

d  0 

do 

Norma 1  

d 0 

- 
2 98 

Clean separat i on. 

Measured d is turbance r a t e  
i n  r o l l  0.14 degreelsec 
(No s i g n i f i c a n t  p i k h  and 
yaw ra tes )  

J o i n t  fa1  1s i n  moderate 
category 

Functioned normal a f t e r  
v i b ra t i on .  

Functioned normal a f t e r  
soak 

Distrubance r a t e  less  than 
0.1 degreelsec 
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SMART MOTOR TECHNOLOGY 

D. Packard* 
D. Schmitt*s: 

ABSTRACT 

Current s p a c e c r a f t  des ign  r e l i e s  upon microprocessor c o n t r o l ;  however, 
motors u s u a l l y  r e q u i r e  e x t e n s i v e  a d d i t i o n a l  e l e c t r o n i c  c i r c u i t r y  t o  i n t e r f a c e  
wi th  t h e s e  microprocessor c o n t r o l s .  Th i s  paper d e s c r i b e s  a n  improved c o n t r o l  
technique t h a t  a l lows a %mart" b r u s h l e s s  motor t o  connect d i r e c t l y  t o  a 
microprocessor c o n t r o l  system. An a c t u a t o r  wi th  "smart motors" r e c e i v e s  
a s p a c e c r a f t  command d i r e c t l y  and responds i n  a "closed loop" c o n t r o l  mode. 
I n  f a c t ,  two o r  more smart motors can be c o n t r o l l e d  f o r  synchronous opera- 
t i o n .  

SMART MOTOR TECHNOLOGY 

Today's e l e c t r i c  motors r e q u i r e  s u b s t a n t i a l  a d d i t i o n a l  equipment t o  
achieve "control led"  performance. These a d d i t i o n a l  i tems may include a power 
e l e c t r o n i c s  box, a servo e l e c t r o n i c s  box, encoders,  tachometers,  o r  potent io-  
meters. The use of these  "extras"  causes  system complexity and c o s t  t o  
inc rease .  

Stepper  motors and c o n t r o l s  have been in t roduced as a means of reducing 
complexity. The s imple r  s t e p p e r  systems, however, in t roduce  o t h e r  u n d e s i r a b l e  
c h a r a c t e r i s t i c s  such as s lower  speed,  h igher  power d i s s i p a t i o n ,  and ou tpu t  
l o a d  s e n s i t i v i t y  uhen compared t o  d c  motors and c o n t r o l s .  

Recent developments wi th in  t h e  motor indus t ry  now make i t  p o s s i b l e  t o  
combine advanced br~lshiess-motor technology, microprocessor c o n t r o l ,  and micro- 
processor  programmability t o  c r e a t e  a "smart motor." The smart motor possess- 
e s  i n t e r n a l  e l e c t r o n i c  c o n t r o l s  t h a t  a l low d i r e c t  i n t e r f a c e  between t h e  motor 
and t h e  s p a c e c r a f t  command system. This  e l i m i n a t e s  t h e  need f o r  expensive,  
heavy e l e c t r o n i c  c o n t r o l  boxes and e x t e r n a l  e lec t romechan ica l  devices .  

One s e t  of smart motor performance c h a r a c t e r i s t i c s  w i l l  now be described.  
The c o n t r o l  techniques  t o  be presented a r e  an  outgrowth of t h e  "dual d r i v e  
a c t u a t o r "  development e f f o r t  t h a t  was presented a t  t h e  16th  Aerospace 
Mechanisms Symposium i n  1362. The d u a l  d r i v e  a c t u a t o r  uses  a n  advanced 
brushless-motor conf igura t ion  t h a t  w i l l  be d i scussed  i n  d e t a i l  and then used 
i n  d e s c r i b i n g  smart  motor c h a r a c t e r i s t i c s .  

The dual  d r i v e  motor (Figure  1) is  produced f o r  t h e  J e t  Propuls ion 
Laboratory by Aeroflex Labs of Plainview, New York. The u n i t  c o n t a i n s  
i n t e r n a l  e l e c t r o n i c  c i r c u i t r y  ~lia'. provides  a rudimentary degree of opera t ing  
i n t e l l i g e n c e .  This  c i r c u i t r y  performs a l l  commutation f u n c t i o n s ,  thereby 

*Jet Propulsion Laboratory,  C a l i f o r n i a  I n s t i t u t e  of Technology, Pasadena, 
C a l i f o r n i a  

**Lockheed M i s s i l c s  and Space Company, Sunnyvale, C a l i f o r n i a  
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p r o v i d i n g  a  "two-wire" e l e c t r i c a l  i n t e r f a c e  r e q u i r i n g  o n l y  r e v e r s i b l e  d c  
power f o r  o p e r a t i o n .  

F i g u r e s  2 and 3 show mechanica l  and e l e c t r i c a l  d e s i g n  d e t a i l s .  The r o t o r  
p o s i t i o n  s e n s o r  ( F i g u r e  2b)  is  a noncon tac t ing  mechanica l  assembly  t h a t  
pe r fonns  t h e  same f u n c t i o n  as t h e  b r u s h  set and commutator i n  a t y p i c a l  d c  
motor  

(0)  

STATOR 
COILS 
(THREE- 
PHASE 
WINDIYG) 

PERANENT MAGNETO- 
MAGNETS RESISTORS 
(3 PL) 1 (6 PL) 

PERMANENT 
MAGNET ROTOR ROTATING 

TARGET 

F i g u r e  2. Motor mechanical  c o n s t r u c t i o n :  ( a )  r o t o r / s t a t o r  d e s i g n ,  ( b )  r o t o r  
p o s i t i o n  s e n s o r  

Magne to re s i s to r s  a r e  t h e  a c t i v e  s e n s o r  e lements .  These a r e  semiconductor  
r e s i s t o r s  t h a t  p rov ide  an  i n c r e a s e  i n  r e s i s t a n c e  when they  a r e  exposed t o  
i n c r e a s e d  magnetic  f l u x .  Thus t h e  p rox imi ty  of t h e  r o t o r  t a r g e t  t o  each  
m a g n e t o r e s i s t o r  governs  i t s  r e l a t i v e  r e s i s t a n c e .  The m a g n e t o r e s i s t o r s  a r e  
connected  t o  form t h e  l e g s  of a b r i d g e  network,  as t h e  t a r g e t  r o t a t e s ,  a 
s i g n a l  is g e n e r a t e d  from t h e  r o t o r  p o s i t i o n  s e n s o r  f o r  subsequen t  s i g n a l  
p roces s ing .  The t h r e e  magnets c r e a t e  a  th ree-phase  s i g n a l  g e n e r a t e d  from 
t h r e e  independent  b r i d g e  c i r c u i t s ,  t h e r e b y  producing  three-phase  c o n t r o l .  

A p o r t i o n  of t h e  p o s i t i o n  s e n s o r  c i r c u i t r y  is c o n t a i n e d  w i t h i n  t h e  
mechanica l  assembly, and t h e  remainder  of  t h e  c i r c u i t  is l o c a t e d  w i t h  t h e  
d r i v e  c o n t r o l  e l e c t r o n i c s  on t h r e e  p r i n t e d  c i r c u i t  boards  a t t a c h e d  t o  t h e  r e a r  
of t h e  motor. The d r i v e  c o n t r o l  c i r c u i t  c o n s i s t s  of f o u r  major  e l e c t r o n i c  
subsystems:  

( 1 )  A d iode  b r i d g e  c o n t r o l s  t h e  p o l a r i t y  of t h e  r e f e r e n c e  v o l t a g e  be ing  
a p p l i e d  t o  t h e  s e n s o r  c i r c u i t .  T h i s  v o l t a g e  p o l a r i t y  r e v e r s e s  when 
t h e  i n p u t  power p o l a r i t y  i s  r eve r sed .  The r e v e r s a l  c a u s e s  a  phase 
change of t h e  s w i t c h i n g  s i g n a l s  t o  t h e  a m p l i f i e r s ;  however, t h e  
d i o d e  b r i d g e  s i m u l t a n e o u s l y  a p p l i e s  a f i x e d  p o l a r i t y  v o l t a g e  t o  t h e  
a m p l i f i e r s  r e q a r d l e s s  of t h e  i n p u t  power p o l a r i t y  ( c u r r e n t  a lways  
f lows through t h e  motor i n  one d i r e c t i o n ) .  
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PAIRS) 
Figure  3. Dual d r i v e  motor c i r c u i t  diagram 

(2)  A diode vo l t age  r e g u l a t i o n  c i r c u i t  provides  a r e g u l a t e d ,  15-V power 
supply t o  t h e  comparator. 

( 3 )  The comparator r e c e i v e s  low-level (50 mV) swi tch ing  s i g n a l s  from 
t h e  r o t o r  p o s i t i o n  s e n s o r  and a m p l i f i e s  t h e s e  s i g n a l s  i n t o  h i g h e r  
l e v e l  swi tch ing  s i g n a l s  capable  of c o n t r o l l i n g  t h e  three-phase 
t r a n s i s t o r  d r i v e  c i r c u i t .  

( 4 )  The t r a n s i s t o r  d r i v e  c i r c u i t s  provide  t h e  three-phase (304) d r i v e  
pu l ses  t o  t h e  windings loca ted  i n  t h e  main motor s t a t o r .  These 
d r i v e  c i r c u i t s  a l s o  c o n t a i n  d iode cross-s t rapping,  which precludes  
s imul taneous  o p e r a t i o n  of more than one winding. 

The motor t h a t  h a s  been descr ibed is a d i r e c t ,  h igh ly  r e l i a b l e  replace- 
ment f o r  aerospace-qual i ty ,  d c  brush-type, permanent magnet motors. The 
dua l  d r i v e  motor h a s  on ly  rudimentary i n t e l l i g e n c e ,  making i n t e r n a l  c o m t a -  
t i o n  poss ib le .  But even wi th  t h i s  l i m i t e d  c a p a b i l i t y ,  t h e  dua l  d r i v e  motor 
avoids  t h e  shortcomings of brush-type motors (vacuum brush wear and poor 
h e a t  t r a n s f e r )  whi le  providing t h e i r  advantages  such as a s i m p l i f i e d  e l e c t r i -  
c a l  i n t e r f a c e ,  h igh s t a r t i n g  to rque ,  and lorpower/high-speed opera t ion .  
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The key element in the more advanced versions of smart motor technology 
is based on the fact that commutation means both knowing how to switch and 
when to switch. Smart motors achieve this electronically through the use of a 
rotor position signal that is processed within the motor, starting as a 
low-level, 50-mV signal and ending as a 30-V, high-current drive pulse. The 
rotor position sensor is a coarse, but accurate incremental encoder and it is 
possible to "tap into" the motor circuitry through appropriate additional 
electrical interfaces so that the commutation signal call be processed for use 
just as the signal from any auxiliary servo component can be processed for 
closed loop control. The internal motor circuitry can also be tapped at a 
point that allows direct control by low-level logic signals, typical of the 
output from a spacecraft command system. This direct control means the total 
elimination of the drive electronics box usually required on today's systems. 

SMART MOTOR FEATURES 

Incremental Positioning (Stepping) 

The two primary motor types used for spacecraft applications are high- 
speed dc motors and low-speed stepper motors. Each motor type has certain 
optimum applications. For example, the stepper motor drive usually provides 
superior performance when slow-speed operation is desired over a long period 
of time (e.g., solar array sun-pointing drives). Likewise, the high-speed 
dc motor (with appropriate gear reduction) provides superior performance 
when high torque and high speed are required (e.g., acceleration of very large 
inertias during deployment). Therefore, it would be very useful to have a 
motor that can be operated as an incremental (stepper) motor or as an analog 
(high-speed) motor. 

The dual drive motor circuit can be used to demonstrate how easily this 
can be accomplished. "AND" gate circuits may be inserted into the motor 
circuit between the comparator and the drive transistor pairs (Figure 4). Each 
"GATE" has multiple inputs and all of these inputs must be simultaneously 
positive for the comparator drive signal to reach the transistors. This makes 
commutation control possible from a low-level, external logic command applied 
to the second input of each gate. The pulse repetition rate of this external 
command can be adjusted to produce stepping motion at any desired speed within 
the limits of the motor electrical time constant (LIR). 

Motor shaft rotation will begin when both gate inputs become positive and 
will continue until the comparator switches to the next coil or until the 
external logic signal is terminated. The advantage of this scheme is 
twofold: (1)  failure to complete a step will not cause a torque dropout 
because as the sequential external pulses continue, full motor torque will 
again be developed, and ( 2 )  a long external pulse can be used without the 
danger of excessive power dissipation within the motor because the comparator 
input to the gate will drop to zero as soon as 60' of shaft rotation occurs, 
thereby terminating the drive signal 'to that transistor pair, regardless of 
the status of the external command. 

This technique allows a smart motor to be driven at a selectable pulse 
rate either by a series of manual commands from a mission specialist or by a 
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Figure  4. Incrementa l  p o s i t i o n  c o n t r o l  diagram 

sequenced command d i r e c t l y  from a s p a c e c r a f t  command system. Also, t h e r e  i s  
never a  danger of torque dropout when high-speed r o t a t i o n  is  d e s i r e d  because 
the incrementa l  command can a l s o  be supp l i ed  a s  a  simultaneous enable  s i g n a l  
t o  a l l  t h r e e  g a t e s .  Th i s  a c t i o n  w i l l  c a u s e  t h e  s t e p p a b l e  motor t o  o p e r a t e  
as a  normal dc  motor.. The smart motor can s t e p  o r  run a s  d i r e c t e d  by t h e  
s p a c e c r a f t  command system o r  miss ion  s p e c i a l i s t .  

Torque P r o f i l e  Control  

Proper o p e r a t i o n  of s t e p p e r  motors r e q u i r e s  c a r e f u l  a t t e n t i o n  t o  t h e  
magnitude of f r i c t i o n  and i n e r t i a  i n  t h e i r  d r i v e n  loads .  Because energy is  
added t o  t h e  d r i v e n  load t o  cause  motion and must then be removed t o  s t o p  
t h e  motion, s t e p p e r  motor c o n t r o l l e r s  u s u a l l y  apply a  f ixed-dura t ion ,  ramped 
d r i v e  p u l s e  t h a t  i s  p r e s e l e c t e d  t o  provide t h e  d e s i r e d  performance f o r  a  speci -  
f i c  load.  The pu l se  d u r a t i o n  i n t r o d u c e s  motion and i s  a p p l i e d  con t inuous ly  
u n t i l  motion ceases .  

Smart motor des igns  can accommodate an a d d i t i o n a l  c a p a b i l i t y  t o  vary the  
magnitude of each d r i v e  torque pulse.  Th i s  pulse  width modulation technique 
i s  achieved by us ing a th ree - inpu t ,  three-gate  "AND" c i r c u i t  a s  shown i n  
Figure  5. Two of t h e  i n p u t s  a r e  opera ted a s  p rev ious ly  desc r ibed  f o r  
incrementa l  motion, and t h e  t h i r d  inpu t  t o  each g a t e  r e c e i v e s  a  cont inuous  
s t r i n g  of pu l ses  a t  a freqdency t o  provide  a  pu l se  d u r a t i o n  g r e a t e r  than t h e  
motor e l e c t r i c a l  time c o n s t a n t ,  but a l s o  s i g n i f i c a n t l y  h igher  than t h e  
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Figure 5. Torque p r o f i l e  c o n t r o l  diagram 

frequency of t h e  incrementa l  motion command being app l i ed  at. t h e  second inpu t  
t o  each ga te .  The pu l se  width duty c y c l e  of the  t h i r d  input  determines t h e  
t o t a l  "ON" time f o r  each t r a n s i s t o r  p a i r  and thereby c o n t r o l s  t h e  t o t a l  amount 
of energy a p p l i e d  t o  the  load dur ing each s t e p .  The torque developed by a  
motor is d i r e c t l y  p ropor t iona l  t o  c u r r e n t .  Therefore ,  i t  is  p o s s i b l e  t o  u s e  
a ~ e r i e e  r e s i s t o r  w i t h i n  t h e  motor c i r c u i t ,  similar t o  t h e  dua l  d r i v e  cur ren t -  
sens ing  r e s i s t o r ,  t o  provide a  c u r r e n t  feedback s i g n a l  t o  t h e  c o n t r o l  system. 
This  w i l l  p rovide  a  d i r e c t  measure of t h e  torque being g e n e r ~ t e d  by the  
motor. The independently c o n t r o l l a b l e  pu l se  width modulation wi th  c u r r e n t  
feedback w i l l  a l low t h e  motor torque p r o f i l e  t o  be t a i l o r e d  t l  any d e s i r e d  
f u n c t i o n  w i t h i n  t h e  limits of the  motor. 

Mul t iun i t  Synchronizat ion 

Synchronizat ion of t h e  motioa of two o r  more smart  motors is a l s o  pos- 
s i b l e  and is achieved by s imul taneously  app ly ing  t h e  same s t e p  command 
t o  each r e s p e c t i v e  smart motor g a t e  (Figure  6) .  The commutation s i g n a l s  from 
a11  motors a r e  then monitored wi th  an  e x t e r n a l  "OR" g a t e  c i r c u i t .  The output  
of t h e  "OR" c i r c u i t  c o n t r o l s  t h e  i n i t i a t i o n  of the  next  s e q u e n t i a l  s t e p  
command, which cannot occur u n t i l  t h e  monitored conmutation s i g n a l s  i n d i c a t e  
completion of  t h e  previous  s t e p  f o r  a l l  indeprnci2nt u n i t s .  

Power w i l l  cont inue t o  be a p p l i e d  t o  any motor t h a t  h a s  not  completed 
t h e  c o u n d e d  s t e p .  As each i n d i v i d u a l  u n i t  completes t h e  s t e p ;  however, i t s  
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p o s i t i o n  sensor  w i l l  au tomat ica l ly  shu t  power o f f  and i t  w i l l  wa i t  f o r  t h e  
o t h e r  u n i t s  t o  c a t c h  up, This  permits  the  use of independent motors w i t h  
d i f f e r e n t  output  loadings  ye t  provides  synchronous motion wi th  never more than 
a s i n g l e  s t e p  d i f f e r e n c e .  

Analog Rate Control  

Incremental  motion c o n t r o l  ( s t epp ing)  of the  smart  motor, a s  desc r ibed  
above, r e p r e s e n t s  one of t h e  methods of r a t e  c o n t r o l .  There a r e  o t h e r  c o n t r o l  
techniques  t h a t  w i l l  a l low t h e  smart motor t o  o p e r a t e  ss a n  analog (high- 
speed) motor wi th  v e l o c i t y  c o n t r o l .  F igure  7 shows a c o n t r o l  method t h a t  
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121 
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Figure  7. Analog r a t e  c o n t r o l  diagram 



w i l l  c o n t r o l  r a t e  w i t h  a  broad t o l e r a n c e  of approximately 10 percent .  T h i s  
c o n t r o l  technique u s e s  t h e  "AND" g a t e  d i scussed  p rev ious ly  and t h e  o u t p u t  
s i g n a l  from one phase of t h e  motor c i r c u i t .  The motor c o n t r o l  provided by 
t h i s  technique w i l l  r e s u l t  i n  a sawtoothed v e l o c i t y  p r o f i l e .  The motor w i l l  
t u r n  "ON" when a  minimum speod t h r e s h c l d  is reached and t u r n  "OFF" when a  
meximum speed t h r e s h o l d  i s  exceeded. 

A more p r e c i s e  r a t e  c o n t r o l  can  be achieved through t\ e u s e  of pulse- 
width modulation of t h e  d r i v e r  s i g n a l  similar t o  t h e  to rque  c o n t r o l  technique 
previously  d iscussed.  Th i s  technique w i l l  provide  only  t h e  power necessary  t o  
main ta in  t h e  d e s i r e d  v e l o c i t y .  With a v a r i a b l e  l o a d ,  t h e  pulse-width 
modulation w i l l  be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  load ,  thereby providing more 
power wi th  l o n g e r  d r i v e r  p u l s e s  a s  t h e  motor speed t ends  t o  dec rease  because 
of t h e  added load.  Th i s  h igh-eff ic iency method f o r  r a t e  c o n t r o l  would be 
very  d e s i r a b l e  f o r  l a r g e  power u n i t s .  

With pulse-width modulation, t h e  power t r a n s i s t o r s  a r e  s t i l l  used i n  t h e  
swi tching mode and a r e  h igh ly  e f f i c i e n t .  The power a p p l i e d  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  pu l se  dura t ion .  With heavy loads ,  t h e  pu l se  width w i l l  
i nc rease  t o  provide t h e  necessary  to rque  t o  genera te  power. Conversely, w i t h  
l i g h t  loads ,  the  pu l se  width w i l l  decrease  t o  provide only  t h e  power necessary  
t o  mainta in  t h e  ve loc i ty .  

The u s e  of a  pulse-width modulation f o r  power c o n t r o l  is s u i t a b l e  f o r  
high-accuracy c o n t r o l  systems t h a t  i n t e g r a t e  t h e  e r r o r  s i g n a l  wi th  time. 
Thus, a smal l  e r r o r  s i g n a l  i n t e g r a t e d  over  a  long per iod of time w i l l  p rovide  
a l a r g e  e r r o r  s i g n a l  f o r  r a t e  conerol .  

This technique i s  e a s i l y  adapted t o  high-power systems t h a t  need high- 
e f f i c i e n c y  e l e c t r o n i c s  t o  d r i v e  l a r g e  motors. Th i s  des ign approach can be 
a p p l i e d  t o  t h e  motor f o r  l a r g e  ou tpu t  power l e v e l s ,  y e t  keep t h e  e l e c t r o n i c s  
small i n  s i z e  because of t h e  h igh  e f f i c i e n c y .  

P o s i t i o n  Control  

A simple method (Figure  8)  f o r  smart motor p o s i t i o n  c o n t r o l  i s  t o  count 
t h e  output  s i g n a l  from t h e  comparator. This  s i g n d ,  c o n s i s t i n g  of s i x  p u l s e s  
irom t h e  p o s i t i o n  sensor  f o r  each m t o r  r e v o l u t i o a ,  can be used t o  determine 
e x a c t l y  how many revo lu t ions  the  Totor r o t a t e s  t o  a  g iven p o s i t i o n .  

The g r a n u l a r i t y  of t h i s  p o s i t i o n  c o n t r o l  technique i s  very  good. Use of 
t h i s  smart motor i n  a  dua l  d r i v e  having a  gea r  r a t i o  of 880:l d i l l  provide 
580 x  6 = 5280 p o s i t i o n  inc reuen t s  pe r  d u a l  d r i v e  output  r evo lu t ion .  This 
amounts t o  more than 212 b i t s  of informat ion p e r  output  r evo lu t ion .  
Reasonably p r e c i s e  p o s i t i o n  c o n t r o l  can be achieved when output  g e a r i n g  
backlash/index e r r o r s  a r e  minimized and output  s t i f f n e s s  i s  maximi zed. 

For p o s i t i o n  c o n t r o l ,  a  b ina ry  address  can be provided corresponding t o  
the  d e s i r e d  p o s i t i o n  t o  be achieved.  If t h e  b ina ry  code address  i s  d i f f e r e n t  
from the  binary  code genera ted from t h e  s e r i a l  d a t a ,  t h e  d r i v e  p u l s e s  w i l l  be 
provided. When t h e  genera ted binary  code e q u a l s  t h e  b inary  code address ,  t h e  
d r i v e  pu l ses  t o  t h e  motor w i l l  s t o p  and t h e  motor w i l l  be a t  t h e  d e s i r e d  
p o s i t i o n .  
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I f  t h e  generated binary  code i s  lower than the  address  code, a  d r i v e  
s i g n a l  wi th  a  given sequence w i l l  be provided t o  t h e  motor and w i l l  i nc rease  
the  genera ted binary  code. Conversely, i f  t h e  des i red  address  i s  l e s s  than 
t h e  genera ted binary  code, the  motor w i l l  be dr iven t o  decrease  t h e  generated 
binary  code t o  t h e  des i red  address .  The e r r o r  s?gnal  caused by the  two binary  
codes w i l l  provide t h e  sequence d r i v e  pu l se  t o  the  motor from t h e  microproces- 
s o r ,  which w i l l  c o n s i s t  of t h r e e  p u l s e s  i n  proper  phase sequence,  Th i s  
c o n t r o l  technique is  a n  incrementa l  method of e s t a b l i s h i n g  p o s i t i o n ,  and t h e  
i n t e r r u p t i o n  of power w i l l  r e s u l t  i n  l o s s  of d a t a  r e fe rence .  The motor d e t e n t  
torque and gea r ing  s t a t i c  f r i c t i o n ,  however, w i l l  hold t h e  last  commanded 
p o s i t i o n  u n t i l  power i s  res to red .  (The dua l  d r i v e  gear ing can be s e l e c t e d  t o  
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Figure 10. Size comparison: (a) dual drive motor with discrete electronic 
components, (b) smart motor with hybrid electronics 

Expansion of the smart motor technology into higher-powerllong-life 
applications will require consideration of a number of potential improvements. 
The principal limitations include direction reversing, power dissipation in 
the circuit components, and stability of the circuitry under "worst-case" 
environmental conditions. 

Direction Reversals 

Some applications may require that the motor rotational direction be 
reversed thousands of times during the normal lifetime of a spacecraft 
system. T,le use of mechanical relays is usually considered to be impractical 
when this amount of switching is needed. An alternate and more reliable 
switching scheme is possible by modifying the motor current control circuit. 
The motor's direction of rotation can be reversed using an electronic circuit 
to reverse the voltage on the position sensor circuit (Figure 11). This will 
provide direction control and proper phase sequence of the sensor signals. 
This cmtrol technique also hhs the advantage that the transistors are a1.l 
operated as switches, either full "ON" or full "OFF," thus making them 
efficient. L C  is also in~pcrtant that the "ON-OFF" relationship of the 
traasistor pairs be maintained. This will be ensured if a single component 
(binary flip-flop) is used to provide both the positive and negative signal6 
simultaneously. 

Power Dissipation 

The present dual drive motor has a very low operating power level (3 W at 
no load speed, 13 W at stall) and it was not necessary to optimize the power 
dissipation of that unit. For larger motors, however, the power dissipation 
characteristics of the circuit can be significantly improved. 

The present motor design uses a switching power transistor configurdtion 
called a Darlington Pair (Figure 12). Under worst-case conditions, a voltage 
drop of 1.7 Vdc can occur across that portion of the motor circuit. This 
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Figure 11. Direction control without mechanical relays: (a) CW command 
diagram, ( b )  CCW command diagram 

results in increased power dissipation within the transistors and a reduction 
in output efficiencv. 

Figure 12 shows an alternate method for power switching. This config- 
uration called a complementary driving circuit, will allow the power transis- 
tors to saturate fully. Use of this circuit will rssult in a greatly improved 
switching effic:. -,y with a worst-case voltage drop of only 0.2 Vdc, and in 
a complementary circuit power stress level of approximately 118 (12 percent) 
of the level expected in the Darlington configuration. This significant 
improvement becomes very important when the higher-power configurations are 
considered. With the complementary configuration, the transistor environmental 
temperature can increase sig~ificantly without high temperature over-stress. 
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Figure 12. Comparative motor driver circuits: (a) Darlington circuit diagram, 
(b )  complementary circuit diagram 

Alternately, the amount of current can be increased by a factor of eight with 
the same transistor and heat sink configuration. This would permit the use of 
the same size of transistor to drive a motor about eight times larger than the 
present configuration. It reduces the requirement for special heat sinks for 
the power transistor to prevent over-stress conditions. The lower voltage 
loss in the power transistor also results in a power gain in the motor. This 
becomes very important when operation is at the minimum voltage conditim. 
There will be as much as 6 percent more power available to the motor simply 
from the circuit configuration when the voltage is 24 Vdc. This added gain, 
coupled with the higher power-handling capability, makes the complementary 
circuit very attractive for higher-power applications. 

Circuit Stability 

At present, the maximum and minimum operating temperature limits (-51 
to +71° C) of the dual drive motor are constrained by the voltage stability 
of the position sensor circuit. A major improvement of the stability can be 
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provided through the use of a constant current control (Figure 13). This 
technique provides a constant reference voltage to the sensor circuit 
regardless of input power variations and achieves control of the sensor circuit 
current. 

The constant reference voltage can be tailored to have a zero temperature 
coefficient, which will give a more uniform signal output control. In fact, 
the circuit can be designed to compensate for the negative temperature 
coefficient of the sensor elements, thereby eliminating the temperature 
effects on the output signals, and significantly increasing the operating 
temperature limits of the motor. 

OUTPUT 
SIGNALS 

- 
I - - - - - - 

Figure 13. Constant current diagram. Constant current applied to bridge 
permits uniform EREF independent of source voltage. E S ~ ~ ~ ~ ~  
is more uniform and independent of source voltage or temperature. 
VCE(SAT) of switch transistors is very small and almost 
constant. CW and CCW command change phase of sensor cPrcuiL same 
as in Figure 11. 

SMART MOTOR BENEFITS 

The benefits of this new technology can be graphically demonstrated by 
comparing the future "smart drive system" with earlier systems. The NASAIJPL 
Seasat spacecraft, launched in 1978, contained a drive system that had been 
developed in the mid-1970s. The Seasat solar array drive system consisted 
of two rotary drives weighing a total of 10 kg (22 lb) and an electronic con- 
trol box weighing 5 kg (11 lb). Figure 14 shows a schematic diagram of one 
of the two electronic circuits contained within the control box. The shaded 
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portion of the circuit is equivalent to the entire smart motor circuit required 
to perform the same job. Studies are being conducted of dual drivelsmart 
motor combinations for similar drive systems. It is estimated that the "smart 
system" will weigh only 2.7 kg (6 lb) total, that the electronic control box 
can be totally eliminated, and that the total system cost will decrease by 
a factor of approximately 50 percent. 

The versatility of a smart clotor has now been presented. The 
incorporation of a few additional electronic interfaces into the motor greatly 
increases the capabilities of that unit. These approaches use simple, 
conventional electronic designs. The innovation is in the synergistic 
combination of separate technologies. 

The current development work at JPL is aimed at  facilitating the develop- 
ment of smart motors that will be the maximum number of usable interfaces 
and capabilities consistent with performance and packaging constraints. JPL 
is working with the aerospace motor industry to develob and qualify unit config- 
urations that will be usable for widely differing applications. This develop- 
ment is a lengthy task with a number of sequential steps rec,uired tc perfect 
the motor design and to ensure that stringent aerospace electronic design 
standards are met. JPS's motor development program, however, allows sufficient 
lead time to maximize the usefulness of smart motors. We expect that within 
3 to 4 years the motor industry will be a complete line of fully analyzed, 
fully qualified smart motors available for the complex mechanisms of the 
future. 
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