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LOW FREQUENCY V I B R A T I O N  ISOLATION TECHNOLOGY FOR M I C R O G R A V I T Y  SPACE E X P E R I M E N T S  

C a r l o s  M. Grods insky  and Gera ld  V .  Brown 
N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  

Lewis Research Cen te r  
C leve land ,  Oh io  44135 

SUMMARY 

h c 1 The dynamic a c c e l e r a t i o n  env i ronment  observed on 
-:,! Space S h u t t l e  f l i g h t s  t o  d a t e  and p r e d i c t e d  for t he  
1, Space S t a t i o n  has comp l i ca ted  t h e  a n a l y s i s  o f  p r i o r  

m i c r o g r a v i t y  exper iments  and prompted concern  for t h e  
v i a b i l i t y  o f  proposed space exper iments  r e q u i r i n g  long-  
t e r m ,  low-g env i ronments .  I s o l a t i o n  systems capab le  o f  
p r o v i d i n g  s i g n i f i c a n t  improvements i n  t h i s  env i ronment  
e x i s t ,  b u t  have n o t  been demonst ra ted  i n  f l i g h t  c o n f i g -  
u r a t i o n s .  Th is  paper p r e s e n t s  a summary o f  t h e  theo- 
r e t i c a l  e v a l u a t i o n  for  two one degree-of- f reedom (DOF) 
a c t i v e  magnet ic  i s o l a t o r s  and t h e i r  p r e d i c t e d  response 
t o  b o t h  d i r e c t  and base e x c i t a t i o n s ,  t h a t  can be used 
t o  i s o l a t e  a c c e l e r a t i o n  s e n s i t i v e  m i c r o g r a v i t y  space 
exper imen ts .  
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m a g n e t i c - c i r c u i t  c u r r e n t  amp1 

m a g n e t i c - c i r c u i t  i s o l a t o r  s t i  

f i e r  s t i f f n e s s  

fness 

m a g n e t i c - c i r c u i t  p r o p o r t i o n a l  g a i n  

m a g n e t i c - c i r c u i t  c u r r e n t  s t i f f n e s s  

e r  g a i n  

n 

magnet i c - c i  r c u  

m a g n e t i c - c i r c u  

t sensor a m p l i f  

t d e r i v a t i v e  ga 

k e  

rn 

N 

R 

U 

X 

E l  

T 

yl 

W 

Ona 

On 

m a g n e t i c - c i r c u i t  p o s i t i o n  s t i f f n e s s  

mass 

number o f  ampere t u r n s  

r e s i s t a n c e  

p o s i t i o n  o f  base 

p o s i t i o n  o f  pay load  

p a s s i v e  damping c o e f f i c i e n t  

t ime  c o n s t a n t  = RC 

magnet ic  f i e l d  s t r e n g t h  

exc t a t i o n  f requency  

a c t  ve system resonance f requency  

sys em resonance f requency  

INTRODUCTION 

I n t e r e s t  i n  v i b r a t i o n  i s o l a t i o n  for  m i c r o g r a v i t y  
exper imen ts  has i nc reased  w i t h i n  t h e  m i c r o g r a v i t y  s c i -  
ence community as t h e  f l i g h t  program has p rog ressed  and 
t h e  s m a l l ,  b u t  s i g n i f i c a n t  l e v e l s  o f  r e s i d u a l  a c c e l e r a -  
t i o n  on t h e  Space S h u t t l e  ( S T S )  have become more w i d e l y  
recogn ized  and documented (Hamacher, 1986: Workshop 
Proceed ings ,  1986) .  These background a c c e l e r a t i o n s  
r e s u l t  f rom s e v e r a l  sources c h a r a c t e r i s t i c  of the  o r b i t -  
i n g  c a r r i e r  and the  o r b i t a l  env i ronmen t .  Very low f r - e -  
quency Hz t o  dc )  a c c e l e r a t i o n s  due to d rag ,  t i d a l  
e f f e c t s ,  and g r a v i t y  g r a d i e n t s  c o n t r i b u t e  submicro-g/go 
l e v e l s .  STS t h r u s t e r  a c t i v i t y  can c o n t r i b u t e  t 2  

g/go a c c e l e r a t i o n s  w i t h  s i g n i f i c a n t  d u r a t i o n .  b u t  
can be p r e d i c t e d  and c o n t r o l l e d .  The most v i s i b i e  and 
t roub lesome c o n t r i b u t i o n  t o  most exper iments  i s  t he  
moderate f requency  (10-3 t o  100 Hz) dynamic spec t rum o f  
a c c e l e r a t i o n s  h a v i n g  magnitudes i n  t h e  range 10-5 t o  
lo-*  g/go. T h i s  dynamic background i s  due s u b s t a n t i a l l y  
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:o random e x c i t a t i o n s  f rom manned a c t i v i t y  on the  
x b i  t e r .  Hcwever. o r b i t e r  s t r u c t u r e  and f l i g h t  systems 
a l s o  c o n t r i b u t e  observab le  i n t e r m i t t e n t  and resonan t  
a c c e l e r a t i o n s  t o  the  background as the  o r b i t e r  i n t e r a c t s  
" i t h  i t s  dynamic mechanical  and thermal  env i ronment .  

The e v o l u t i o n  o f  the  Space S t a t i o n  des ign  has 
l e d  t o  many d i s c u s s i o n s  o f  the  p o t e n t i a l  l i m i t a t i o n s  on 
l ong  t e r m ,  low g r a v i t y  e x p e r i m e n t a t i o n  i n  t h i s  e n v i r o n -  
ment.  I t  i s  now obv ious  t h a t  m o s t  of the  t r u e  m ic ro -  
g r a v i t y  exper iments  ,di 1 1  r e q u i r e  " p r o t e c t i o n "  f rom t h i s  
random, m i l l i - g  env i ronment  if v a l i d  and r e p r o d u c i b l e  
r e s u l t s  a r e  t o  be expec ted .  Because a l a r g e  p a r t  o f  
t he  t r a n s i e n t  d i s t u r b a n c e s  have a f requency  range from 
m i l l i - H z  t o  1 Hz, i t  i s  ex t reme ly  d i f f i c u l t  t o  des ign  
a pass i ve  i s o l a t i o n  system w i t h  a resonance f requency  
a t  most I /  & times the  l owes t  e x c i t a t i o n  f requency o f  
i n t e r e s t ,  m a i n l y  t h e  sub-Hz range.  

The s e r i o u s  l i m i t a t i o n  o f  p a s s i v e  i s o l a t o r s  i s  
t h e  absence o f  m a t e r i a l s  which have u s e f u l  ranges o f  
b o t h  low-modulus ( p r o v i d i n g  low f requency)  and appro- 
p r i a t e  damping ( t o  a v o i d  l a r g e  amp l i t ude  o s c i l l a t i o n ) .  
Two-stage pass i ve  i s o l a t o r s  can decrease t h e  f requency  
b u t  l i m i t e d  damping leads  t o  p o t e n t i a l l y  u n s t a b l e  sys- 
tems i n  the  random e x c i t a t i o n  env i ronment .  I t  i s  
apparent  t h a t  a p a s s i v e  i s o l a t i o n  system would n o t  s u f -  
f i c e  because o f  t he  requ i remen t  of an ex t reme ly  low 
s t i f f n e s s  f o r  t he  i s o l a t i o n  o f  smal l  d i s t u r b a n c e  f r e -  
quencies f o r  t y p i c a l  va lues  o f  mass f o r  m i c r o g r a v i t y  
exper imen ts .  On t h e  o t h e r  hand, when t h e r e  a r e  d i r e c t  
d i s t u r b a n c e s  on the  pay load,  a smal l  v a l u e  o f  s t i f f n e s s  
i s  n o t  d e s i r a b l e .  There fo re ,  t h e r e  i s  a t r a d e  o f f ,  and 
an o p t i m a l  des ign  would need t o  compensate for b o t h  
d i r e c t  d i s t u r b a n c e s ,  i f  p r e s e n t ,  and low f r equency  base 
d i s t u r b a n c e s .  Thus, a c t i v e  systems o f f e r  s i g n i f i c a n t  
advantages o v e r  p a s s i v e  systems i n  t h e  o r b i t a l  a c c e l e r -  
a t i o n  env i ronmen t ,  due t o  b o t h  t h e  e x t r e m e l y  smal l  
s t i f f n e s s e s  needed t o  i s o l a t e  a g a i n s t  such low f r e -  
quency base d i s t u r b a n c e s  and t h e  a b i l i t y  t o  adapt  t o  
d i r e c t  d i s t u r b a n c e s  f o r  t he  o p t i m a l  i s o l a t i o n  o f  the  
pay load ,  s i n c e  the  responses  t o  these two e x c i t a t i o n s  
r e q u i r e  c o n f l i c t i n g  s o l u t i o n s .  

A c t i v e  systems r e q u i r e  sens ing  o f  mo t ion  or 
p o s i t i o n  and a feedback c o n t r o l  l o o p  t o  c o u n t e r a c t  
mechan ica l  e x c i t a t i o n  and m i n i m i z e  m o t i o n  o f  an i s o l a t e d  
body. Such systems i n t r o d u c e  t h e  c o m p l e x i t y  o f  a h igh -  
g a i n  c o n t r o l  system, b u t  o f f e r  s i g n i f i c a n t  advantages 
i n  v e r s a t i l i t y  and per fo rmance (Ruz icka ,  1969).  

Th is  paper  summarizes t h e  t h e o r e t i c a l  e v a l u a t i o n  
o f  b o t h  a f u l l y  m a g n e t i c a l l y  suspended one DOF system 
and a p a s s i v e  s t a t i c  suppor t  system b u t  w i t h  e l e c t r o -  
n a g n e t i c  damping. The f u l l y  m a g n e t i c a l l y  suspended 
system i s  e v a l u a t e d  u s i n g  an a t t r a c t i v e  e lec t romagne t ,  
w h i l e  the  e l e c t r o m a g n e t i c a l l y  damped system i s  e v a l u a t e d  
u s i n g  a L o r e n t z  magnet. These magnet ic  systems, spec i -  
f i c a l l y  t h e  a t t r a c t i v e  t ype ,  have been used f o r  t h e  
suspens ion  o f  r o t a t i n g  s h a f t s  f o r  a number o f  yea rs  and 
the  r e q u i r e d  n e g a t i v e  feedback loops t o  c o n t r o l  such 
systems have been d i scussed  i n  numerous papers ,  g i v i n g  
the  e q u i v a l e n t  s t i f f n e s s  and damping c o e f f i c i e n t s  for  
s p e c i f i c  c o n t r o l l e r s .  However, these s t u d i e s  have n o t  
Seen i n t e r e s t e d  i n  t h e  i s o l a t i o n  o f  t h e  suspended body 
from d i r e c t  and base e x c i t a t i o n s .  Thus, t h e  response 
o f  such systems t o  these t ype  o f  d i s t u r b a n c e s  has n o t  
been documented. There fore ,  we e v a l u a t e  t h e  dynamic 
response t o  base and d i r e c t  d i s t u r b a n c e s  o f  b o t h  sys- 
t e m s .  A p i c t o r i a l  r e p r e s e n t a t i o n  o f  b o t h  systems e v a l -  
ua ted  i s  shown i n  F i g .  1 where b o t h  systems can be 
rep resen ted  by  an i s o l a t o r  between a base suppor t  and 
the  i s o l a t e d  pay load .  T h i s  i s o l a t e r  i s  s i m p l y  an aCtU- 
a t o r  which i s  d r i v e n  i n  p r o p o r t i o n  t o  c e r t a i n  feedback 
s i g n a l s  depending on a d e s i r e d  response o f  t he  pay load .  
S p e c i f i c a l l y ,  f o r  t he  m a g n e t i c - c i r c u i t  i s o l a t o r ,  an 
a t t r a c t i v e  magnet ic  a c t u a t o r  was ana lyzed where bo th  
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FIGURE 1. 

t he  t i f f n e s s  and damping c o e f f i c i e n t s  a r e  d e r i v e d  f rom 
a r e  a t i v e  p o s i t i o n  sensor and f o r  the  e l e c t r o m a g n e t i c  
damp ng i s o l a t o r  a Lo ren tz  a c t u a t o r  was ana lyzed  uhere 
t h e  damping c o e f f i c i e n t  was d e r i v e d  f r o m  an i n e r t i a l  
sensor and t h e  s t i f f n e s s  o f  t he  i s o l a t o r  i s  s imp ly  a 
c o n s t a n t  s p r i n g  s t i f f n e s s  o f  a p a s j i v e  s p r i n g .  P r e s -  
e n t l y ,  t h e r e  a r e  l a b o r a t o r y  models o f  these t h e o r e t i -  
c a l l y  r e p r e s e n t e d  one DOF i s o l a t i o n  systsms. However, 
t h e  emphasis a t  NASA Lewis i s  t o  pe r fo rm d i g i t a l  
a c t i v e  c o n t r o l  on deper lde i t  mu l t i deg rse ;  n i  freedom. 
C u r r e n t l y ,  these sysrems a r e  p i -o jec red  f ~ r  t e s t  i n  a 
f u l l  s i x  DOF f r e e  f a l l  c o n d i t i o n ,  p r o v i d e d  by the  X 4 3  
Lewis low g r a v i t y  a i r c r a f t ,  i n  o r d e r  t o  a c q u i r e  the  
coup led  response between a l l  s i x  DOF i n  a law g r a v i t y  
env i ronmen t .  

STATEMENT OF THE PROBLEM 

To c a t e g o r i z e  the  d i s t u r b a n c e s  wh ich  a r e  
p r e s e n t  i n  t h e  Space S h u t t l e  and w i l l  be p r e s e n t  i n  
t h e  Space S t a t i o n ,  one can group these a c c e l e r a t i o n s  
i n t o  t h r e e  f requency  ranges (Jones e t  a l . ,  1987) :  

( 1 )  Q u a s i - S t a t i c  E x t e r n a l  D is tu rbances  
( 2 )  Low Frequency V i b r a t i o n  Sources 
( 3 )  Medium-High Frequency V i b r a t i o n s  

The d i s t u r b a n c e s  l i s t e d  under t h e  f i r s t  ca tegory  
a r e  aerodynamic d rag ,  g r a v i t y  g r a d i e n t  e f f e c t s  and pho- 
t o n  p r e s s u r e  a c c e l e r a t i o n s .  These a c c e l e r a t i o n s  have 
f requency  ranges l e s s  than a mHz and a c c e l e r a t i o n  mag- 
n i t u d e s  o f  abou t  g/go and lower .  The second c a t -  
ego ry  would i n c l u d e  e x c i t a t i o n s  due t o  l a r g e  f l e x i b l e  
space s t r u c t u r e s ,  crew mot ion ,  spacec ra f t  a t t i t u d e  con- 
t r o l ,  and r o b o t i c  arms. These d i s t u r b a n c e s  range f rom 
mHz t o  abou t  t h e  10 Hz f requency  range.  The t h i r d  c a t -  
ago ry  would l i s t  d i s t u r b a n c e s  due t o  on-board equipment 
such as pumps and motors  h a v i n g  a dynamic range o f  
about  10 Hz and above. (See appendix (Hamacher. 1986; 
Ruz icka ,  1969; Hamacher e t  a l . ,  1986) . )  

OVERVIEW 

The a c t i v e  i s o l a t o r s  d e s c r i b e d  i n  t h i s  paper a re  
e f f e c t i v e  a t  a f requency range o f  about  a t e n t h  o f  a Hz 
and above. Th is  c o n s t r a i n t  does n o t  a r i s e  f r o m  a tech -  
n o l o g y  l i m i t a t i o n ,  b u t  from p r a c t i c a l  l i m i t a t i o n s  due 
t o  t h e  f a c t  t h a t  t he  s t r o k e s  needed t o  i s o l a t e  a g a i n s t  
t h e  v e r y  low f requency  range a r e  n o t  o b t a i n a b l e  because 
o f  t h e  volume c o n s t r a i n t s  i n  t h e  s h u t t l e  and i n  the  
f u t u r e  Space S t a t i o n  manned env i ronment  l a b o r a t o r y  
modules.  For example, aerodynamic d rag  i s  a f u n c t i o n  
o f  t h e  a tmospher i c  c o n d i t i o n s  d u r i n g  a s p e c i f i c  m i s -  
s i o n ,  b u t  an average magnitude o f  g /go  w i l l  be 
used for  t h e  sake o f  argument.  The re fo re ,  t h e  f r e -  
quency a t  wh ich  such a d i s t u r b a n c e  would a c t ,  i n  a 
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s o l a r  p o i n t i n g  s t a t i o n ,  would be a t  t h e  o r b i t a l  f r e -  
quency. which i s  about  90 min  per  o r b i t .  Thus, t h e  
d i s t a n c e  an o b j e c t  would t r a v e l  under such an a c c e l e r a -  
t i o n  would be 
i n c l u d i n g  i n i t i a l  c o n d i t i o n s .  Thus, r e a l i s t i c a l l y ,  an 
i s o l a t e d  pay loaa r o u l d  have t o  f o l l o w  such movement o f  
t he  s p a c e c r a f t  and be a c t i v e  i n  a much s m a l l e r  r e g i o n ,  
which would depend on volume c o n s t r a i n t s  o f  a pay load 
i n  the  s h u t t l e  or Space S t a t i o n  m i c r o g r a v i t y  modules. 

The f o l l o w i n g  two cases can be ana lyzed as 
spring-mas; damper systems, where the  s p r i n g  and damper 
c h d r a c t e r i r t i c s  a r e  a c t i v e l y  c o n t r o l l e d  and t r a n s l a t e d  
i n t o  a c t u a t o r  response by  a c o n t r o l  law depending on 
the  response c h a r a c t e r i s t i c s  d e s i r e d .  Us ing  an a t t r a c -  
t i v e  e lec t romagne t  a c t u a t o r ,  one can produce fo rces  i n  
o n l y  one d i r e c t i o n .  There fo re ,  to ach ieve  a push -pu l l  
c o n f i g u r a t i o n  one needs t o  use two e lec t romagne ts  a c t -  
i n g  on an armature .  For these e lec t romagne t  a c t u a t o r s ,  
t he  f o r c e  produced by one magnet i s  p r o p o r t i o n a l  t o  the  
square of t he  c u r r e n t  and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  
square o f  t he  gap, making t h e  s y s t e m  open l o o p  uns ta-  
b l e .  Due to these n o n l i n e a r  c h a r a c t e r i s t i c s ,  a b i a s  
c u r r e n t  l i n e a r i z a t i o n  techn ique  i s  u t i l i z e d .  I n  add i -  
t i o n ,  n o n l i n e a r i t i e s  a l s o  a r i s e  between magnet ic  f l u x  
and i n p u t  c o i l  c u r r e n t  due t o  h y s t e r e s i s  and sa tu ra -  
t i o n .  I n  o r d e r  t o  c o n t r o l  t h i s  system, one must c l o s e  
a c o n t r o l  l oop  around p o s i t i o n  and v e l o c i t y  feedback 
s i g n a l s  w i t h  a b i a s  c u r r e n t  t o  work i n  the  more l i n e a r  
regime o f  t he  f o r c e  versus  c u r r e n t  p l o t  of  a magnet ic -  
c i r c u i t  as shown i n  F i g .  2.  

F i g u r e  2 shows t h e  m a g n e t i c - c i r c u i t  a c t u a t o r ' s  
squared dependence on c u r r e n t .  Thus, t h e  c u r r e n t  b i a s  
i b  i s  used t o  produce a n e a r l y  l i n e a r  c o n t r o l  law such 
t h a t  for sma l l  d i s t u r b a n c e s  about  t h i s  c u r r e n t  t h e  con- 
t r o l  f o r c e  produced can be assumed l i n e a r .  

x = (a /w2)2  = 1 . 5  m ( 4 . 7  f t ) ,  n o t  

F 

i 
i b  

FIGURE 2. 

I n  c o n t r a s t .  t h e  L o r e n t z  a c t u a t o r  can produce 
f o r c e s  b i d i r e c t i o n a l l y .  The f o r c e  produced by  a 
L o r e n t z  a c t u a t o r  i s  a v e c t o r  q u a n t i t y  equal  t o  t h e  c u r -  
r e n t  c r o s s  f i e l d ,  y.  There fo re ,  depending on t h e  
d i r e c t i o n  o f  c u r r e n t  flow i n  t h e  c o i l  one can produce 
a f o r c e  i n  e i t h e r  a p o s i t i v e  or n e g a t i v e  d i r e c t i o n .  
Due t o  t h i s  a c t u a t o r ' s  l i n e a r  dependence w i t h  t h e  con- 
t r o l  c u r r e n t  and because i t  i s  n o t  s i m p l y  an a t t r a c t i v e  

3 

system, the  c o n t r o l  law f o r  t h i s  a c t u a t o r  i s  open loop  
s t a b l e .  The L o r e n t z  a c t u a t o r ,  b e i n g  a l i n e a r  d e v i c e ,  
has advantages o v e r  the  m a g n e t i c - c i r c u i t ,  b u t  t h e  power 
needed t o  p roduce a c e r t a i n  f o r c e  i s  h i g h e r  f o r  a 
L o r e n t z  a c t u a t o r  than f o r  an a t t r a c t i v e  m a g n e t i c - c i r c u i t  
c o n f i g u r a t i o n .  However, due t o  the  smal l  f o r c e s  needed 
t o  c o n t r o l  a pay load  i n  t h e  w e i g h t l e s s  env i ronment  o f  
space, t h i s  i n e f f i c i e n c y  i s  n o t  as l i m i t i n g  as i n  the  
e a r t h ' s  g r a v i t a t i o n a l  f i e l d .  

The b a s i c  concept  beh ind  these a c t i v e  i s o l a t i o n  
techn iques  i s  t h e  sens ing  o f  p o s i t i o n ,  v e l o c i t y  and/or  
a c c e l e r a t i o n ,  and d r i v i n g  an a c t u a t o r  180" out o f  phase 
w i t h  t h i s  s i g n a l  i n  o r d e r  t o  cance l  a d i s t u r b a n c e  t o  
t h e  pay load .  I f  t h e r e  i s  some knowledge about  c e r t a i n  
d i s t u r b a n c e s ,  a f e e d  fo rward  l o o p  c o u l d  a l s o  be employed 
t o  a n t i c i p a t e  an e x c i t a t i o n  and r e a c t  t o  i t  w i t h o u t  an 
e r r o r  s i g n a l .  These a c t i v e  i s o l a t i o n  techn iques  can 
be implemented u s i n g  e i t h e r  ana log  or d i g i t a l  c o n t r o l  
schemes to c l o s e  t h e  feedback or f e e d  f o r w a r d  c o n t r o l  
l oops .  

To summarize the  l i n e a r i z e d  c o n t r o l  law for  a 
one DOF m a g n e t i c - c i r c u i t  i s o l a t o r  and t h e  l i n e a r  con- 
t r o l  law for  a L o r e n t z  e l e c t r o m a g n e t i c a l l y  damped one 
DOF system, one can g i v e  t h e i r  t r a n s m i s s i b i l i t i e s  and 
e f f e c t i v e n e s s  i n  i s o l a t i n g  a g a i n s t  b o t h  base and d i r e c t  
d i s t u r b a n c e s .  F i r s t ,  t h e  response or t r a n s m i s s i b i l i -  
t i e s  o f  b o t h  systems w i l l  be genera ted  f o r  harmonic 
base e x c i t a t i o n s ,  u s i n g  t h e  a c t i v e  i s o l a t i o n  sys tem's  
d i f f e r e n t i a l  equa t ions  o f  m o t i o n .  These equa t ions  o f  
mo t ion  were w r i t t e n  u s i n g  Newton 's  f i r s t  and second 
laws.  Where u i s  a c t u a l l y  a t i m e  f u n c t i o n  so 
u = u ( t )  w i t h  t h e  same i m p l i e d  f o r  a d i r e c t l y  a p p l i e d  
f o r c e ,  such t h a t  i n  a c t u a l i t y  F = F ( t ) .  The re fo re ,  
for a s p r i n g  mass damper system, t h e  equa t ions  o f  
mo t ion  fo r  base e x c i t a t i o n  become: 

M a q n e t i c - c i r c u i t  I s o l a t o r  

( 1 )  m - + k  d'x ( x - u ) + c  eq ( & - % ) = O  d t  
d t 2  eq 

E lec t romagne t i c  dampinq I s o l a t o r  

d'x dx m - + c - + K x  = Ku d t  d t 2  

These systems l o o k  v e r y  s i m i l a r  t o  pass i ve  v i s -  
c o e l a s t i c  s y s t e m s  w i t h  t h e  e x c e p t i o n  t n a t ,  for a l l  
p r a c t i c a l  purposes ,  t h e  s t i f f n e s s  and damping o f  b o t h  
t h e  m a g n e t i c a l l y  suspended i s o l a t o r  and t h e  e l e c t r o -  
magnet ic  damping case can be s e t  a t  whatever c o e f f i -  
c i e n t  i s  d e s i r e d  for an a p p r o p r i a t e  response t o  an 
e x c i t a t i o n  sou rce .  There fo re ,  these systems can be 
e a s i l y  c o n f i g u r e d  f o r  an a d a p t i v e  system where. by 
u s i n g  sensed i n f o r m a t i o n  from t h e  d i s t u r b a n c e  e n v i r o n -  
ment,  t h e  c o n t r o l  law c o u l d  be changed to  o p t i m i z e  the  
i s o l a t i o n  of t h e  pay load .  
c i r c u i t  a c t u a t o r  as an i s o l a t o r ,  t h e  s t i f f n e s s  and 
damping a r e  n o t  p u r e l y  independent .  However, t h i s  
dependency i s  m in ima l  and i f  c e r t a i n  c o n t r o l  parameters 
a r e  n o t  v i o l a t e d ,  t hese  i s o l a t i o n  parameters  can be 
assumed t o  be independent .  To ach ieve  a p u r e l y  damped 
response independent  o f  s t i f f n e s s ,  be i t  a c t i v e  o r  
p a s s i v e  s t i f f n e s s ,  one would need to use a L o r e n t z  
a c t u a t o r .  I n  c o n t r a s t ,  for t h e  m a g n e t i c - c i r c u i t  case, 
a c e r t a i n  amount o f  damping i s  needed i n  o r d e r  t o  
overcome open l o o p  i n s t a b i l i t y .  

I n  d e f i n i n g  t h e  dynamic base mo t ion  equa t ions  f o r  
b o t h  systems, the  s t i f f n e s s  and damping t e r m s  can be 
s o l v e d  by  u s i n g  t h e  a p p r o p r i a t e  c o n t r o l  law needed f o r  
a s t a b l e  n e g a t i v e  feedback s y s t e m .  I n  summary, t h e  
s t i f f n e s s  c o e f f i c i e n t  for  t h e  m a g n e t i c - c i r c u i t  becomes: 

I n  u s i n g  the  magnet ic -  



Thus. t h e  t r a n s f e r  f u n c t i o n s  i n  t e r m s  o f  f r e -  
- RcT,w2) t (kq + kr)(RC t rl)RcwZ] quency response a r e  v e c t x s  i n  the  complex p lane  and 

k e q  2 kg + 2 2  t h e  maqnitudes o f  v i b r a t i o n s  measured an the  i s c l a t e d  
(1 - RCrlw2)’ + ( R C  + T ~ )  w 

( 3 )  

and f o r  the  e l e c t r o m a g n e t i c  i s o l a t o r ,  because t h e  mass 
i s  b e i n g  s t a t i c a l l y  suppor ted  by a p a s s i v e  s p r i n g ,  t h e  
s t i f f n e s s  i s  s i m p l y  K .  Summariz ing t h e  damping coef- 
f i c i e n t s  f o r  b o t h  i s o l a t o r s .  t he  m a g n e t i c - c i r c u i t  damp- 
i n g  c o e f f i c i e n t  becomes: 

kik,k [(l - RCT1w2)(kq + kr)RC - kq(RC + T ~ ) ]  

( I  - R C T ~ ~ ~ ) ~  + (RC t r1 ) *w2 
c =  

eq 

(4) 
and for t h e  e l e c t r o m a g n e t i c  damping case: 

c = -9NI avv where: Iavv = E a v v / R  

(No te :  c a l c u l a t i o n s  assume n e g l i g i b l e  i nduc tance )  
A s  one can see, t h e  m a g n e t i c - c i r c u i t  a c t u a t o r  

system i s  more complex than  t h e  L o r e n t z  a c t u a t o r  due 
t o  the  n o n l i n e a r  c h a r a c t e r i s t i c s  o f  t h e  magnet. Also. 
s i n c e  t h e  s t i f f n e s s  i s  a f u n c t i o n  o f  t h e  e x c i t a t i o n  
f requency ,  t h e  n a t u r a l  f requency  o f  t h i s  system i s  n o t  
c o n s t a n t .  However, f o r  sma l l  e x c i t a t i o n  f requenc ies ,  
which i s  t h e  range o f  i n t e r e s t ,  t h e  n a t u r a l  f requency  
o f  the  system can be assumed c o n s t a n t .  The s t i f f n e s s  
and damping s o l u t i o n s  f o r  b o t h  cases a r e  summarized i n  
a paper wh ich  i s  i n  p r e p a r a t i o n  (Grods insky .  1989).  
However, t h e  s t i f f n e s s  and damping c o e f f i c i e n t s  f o r  
t h e  m a g n e t i c - c i r c u i t  i s o l a t o r  case a r e  d e r i v e d  i n  a 
manner s i m i l a r  t o  those  wh ich  a r i s e  for a magnet ic  
b e a r i n g  c o n f i g u r a t i o n ,  and such d e r i v a t i o n s  can be 
found i n  many papers on t h e  s u b j e c t  o f  magnet ic  bear -  
i n g s ;  for  example (Humphris,  1986).  

base e x c i t e d  system t r a n s f e r  f u n c t i o n ,  t h e  dynamic 
equa t ions  w i l l  be t rans fo rmed  i n t o  the  f requency  
domain u s i n g  the  Lap lace  t r a n s f o r m a t i o n :  

In o r d e r  t o  s o l v e  t h e  equa t ions  by d e f i n i n g  t h e  

(6) 

Then, t r a n s f o r m i n g  t h e  t r a n s f e r  f u n c t i o n s  i n t o  v i b r a -  
t i o n  n o t a t i o n ,  t h e  two equa t ions  become: 

M a g n e t i c - c i r c u i t  T r a n s f e r  F u n c t i o n  

2 2Ew s + wn 

s 2  t 2sw s t w 

X n 
2 
n 

i ( s )  = 

n 
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2 
n 0 X 

2 2  i ( 5 )  = 
s2 + 2EWnS + wn 

Thus, t he  f requency  response for b o t h  f u n c t i o n s  a r e  
o b t a i n e d  by the  r e l a t i o n :  

where: j = a 

( 7 )  

( 8 )  

( 9 )  

pay load  r e s u l t i n g  f rom a s i n u s o i d a l  e i c i  t a t i o n  
u s i n ( w t )  i s  t h e  v e c t o r  l e n g t h  o f  X / U ( j w ) .  Th is  v a l -  
ue i s  a s c a l a r ,  s i n c e  t h e  phase ang le  i s  n o t  used, 
and i s  c a l l e d  t h e  t r a n s m i s s i b i l i t y  f u n c t i o n  o f  the  
system. The t r a n s m i s s i b i l i t y  i s  g e n e r a l l y  w r i t t e n  as 
T = I X / U ( j w ) l .  

The re fo re ,  t h e  t r a n s m i s s i b i l i t y  f u n c t i o n s  f o r  
b o t h  systems o f  i n t e r e s t  become: 

M a g n e t i c - c i r c u i t  T r a n s m i s s i b i l i t y  F u n c t i o n  

E lec t romagne t i c  Dampinq T r a n s m i s s i b i l i t y  F u n c t i o n  

By p l o t t i n g  these t r a n s m i s s i b i l i t i e s ,  one can s e e  
the  e f f e c t  o f  chang ing  the  s t i f f n e s s  or damping of 
e i t h e r  system. A s  can be seen f r o m  t h e  s t i f f n e s s  coef-  
f i c i e n t  f o r  t h e  magnet ic  suspens ion  case,  u s i n g  the  
a t t r a c t i v e  m a g n e t i c - c i r c u i t  a c t u a t o r ,  t he  n a t u r a l  f r e -  
quency o f  t h e  system i s  f r equency  dependent on the  
e x c i t a t i o n  sou rce .  However, f o r  smal l  d i s t u r b a n c e  
f r e q u e n c i e s  o f  100 Hz and be low,  t h i s  dependence i s  
n e g l i g i b l e  and wn i s  assumed c o n s t a n t .  The t r a n s -  
m i s s i b i l i t y  cu rve  for  the  f i r s t  case i s  i l l u s t r a t e d  i n  
F i g .  3 .  F i g u r e  3 demonst ra tes  t h e  e f f e c t  o f  i n c r e a s -  
i n g  t h e  damping c o e f f i c i e n t  o f  t h e  m a g n e t i c - c i r c u i t  
i s o l a t o r  system. A s  can be seen by t h e  cu rves  i n  
F i g .  3 ,  i n c r e a s i n g  t h e  v e l o c i t y  feedback g a i n ,  K r ,  t he  
system can become o v e r l y  damped, wh ich  g i v e s  r i s e  t o  
the  damped response a t  resonance and l e s s  i s o l a t i o n  a t  
e x c i t a t i o n  f r e q u e n c i e s  a b o v e w  t imes  on  t h a n  would 
be a c h i e v a b l e  w i t h  a l e s s  damped s y s t e m .  The e f f e c t  
o f  i n c r e a s i n g  t h e  p o s i t i o n  g a i n  would s h i f t  t h e  na tu -  
ral f r equency  o f  the  system t o  t h e  r i g h t  because of 
t h e  i n c r e a s e  i n  e q u i v a l e n t  s t i f f n e s s  o f  t h e  system, 
w h i l e  t h e  o p p o s i t e  would r e s u l t  by dec reas ing  t h e  
p o s i t i o n  g a i n  Kg.  The subsequent e l e c t r o m a g n e t i c  
damping case i s  i l l u s t r a t e d  i n  F i g .  4 .  F i g u r e  4 shows 
t h e  e f f e c t  o f  i n c r e a s i n g  t h e  damping c o e f f i c i e n t  of 
t h e  L o r e n t z  e l e c t r o m a g n e t i c  damping system. The curves 
show t h e  response of t h e  system to  i n c r e a s i n g  t h e  
v e l o c i t y  feedback  t e r m  and t h u s ,  i n c r e a s i n g  t h e  damped 
response o f  t h e  system. The advantage o f  a c t i v e  damp- 
i n g  feedback ,  d e r i v e d  from an i n e r t i a l  r e f e r e n c e ,  i s  
t h a t  i t  can remove t h e  resonan t  response,  b roaden ing  
and smoothing t h e  t r a n s i t i o n  between the  low f requency  
and h i g h  f requency  r e g i o n s ,  w h i l e  r e d u c i n g  b o t h  the  
t r a n s m i s s i o n  and t h e  response,  p a r t i c u l a r l y  i n  t h e  low 
f requency  range o f  i n t e r e s t .  The e f f e c t s  o f  such a 
system for  l a r g e  va lues  o f  v e l o c i t y  feedback g a i n  can 
be unders tood  by  c o n s i d e r i n g  t h a t  i t  i s  e q u i v a l e n t  t o  
hav ing  a p a s s i v e  damper a t t a c h e d  between t h e  i s o l a t e d  
mass and a v i r t u a l  i n e r t i a l  r e f e r e n c e .  A s  t h e  f r i c -  
t i o n  i n  the  damper i s  i nc reased ,  t h e  i s o l a t e d  mass 
becomes more and more t i g h t l y  coup led  t o  t h e  (mot ion-  
l e s s )  i d e a l  i n e r t i a l  r e f e r e n c e .  U n l i k e  the  p a s s i v e  
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damper, t he  s t r o n g e r  t h e  c o u p l i n g ,  t h e  b e t t e r  t h e  i s o -  
l a t i o n .  Th is  a r i s e s  because t h e  v e l o c i t y  p r o p o r t i o n a l  n o i s e "  th rough  such an i s o l a t o r  and the  r e s u l t a n t  
g a i n  i s  de termined from t h e  i n t e g r a t i o n  o f  an i n e r t i a l  
sensor s i g n a l .  Th i s  t y p e  o f  response i s  n o t  seen i n  A s  e x p l a i n e d  p r e v i o u s l y ,  these curves  31 1 demon- 
the  pure  suspens ion  case because t h e  v e l o c i t y  t e rm was 
de termined f r o m  t h e  d e r i v a t i v e  o f  a r e l a t i v e  p o s i t i o n  mo t ions .  However, d i s t u r b a n c e s  may a l s o  3e genera ted  
sensor g i v i n g  r i s e  t o  t h e  response shown i n  F i g .  3 .  

p o i n t s  show t h e  e f f e c t  o f  f i l t e r i n g  t h i s  "mechanical  

" w o r s t  case" 1 i ne.  

s t r a t e  system response t o  base e x c i t e d  harmonic 

d i r e c t l y  on t h e  pay load  i t s e l f .  The s e n s i t i v i t y  o f  

K,KgKpCKg+ K r )  - Kg1.022110-3 
I =  

I n  o r d e r  t o  r e l a t e  these curves  to  t h e  m ic rog rav -  
i t y  env i ronmen t ,  one can use a g/go ve rsus  f requency  
p l o t ,  wh ich  was genera ted  f r o m  t y p i c a l  M i c r o g r a v i t y  
Science L a b o r a t o r y  a c c e l e r a t i o n  d a t a  ( r e f s .  1 and 2 ) ,  
and super impose these  t r a n s m i s s i b i l i t y  cu rves  on  t h i s  
da ta ,  t o  p r e d i c t  t h e  i s o l a t i o n  performance a c h i e v a b l e  
for such d i s t u r b a n c e s ,  measured on an e a r l i e r  s h u t t l e  
f l i g h t .  By super impos ing  these  cu rves ,  one can g e t  a 
rough i d e a  o f  t h e  c a p a b i l i t y  o f  such techn iques  i n  

These cu rves  a r e  p resen ted  i n  F i g .  5 (Hamacher, 1989; 
Ruz icka .  1969) .  F i g u r e  5 shows s e l e c t e d  peak a c c e l e r -  
a t i o n s  (open d a t a  p o i n t s )  t y p i c a l  o f  those obse rved  on 
STS m i s s i o n s  (Hamacher, 1989; Ruz icka ,  1969) and an 
upperbound ( l i n e  w i t h  p o s i t i v e  s lope )  t h a t  i s  i n t e n d e d  
to  r e f l e c t  t h e  " w o r s t  case" l i m i t  f o r  a t r a n s m i s s i b i l -  
i t y  c u r v e  o f  a t h e o r e t i c a l  i s o l a t o r .  The f i l l e d  d a t a  

& 

7 i s o l a t i n g  a g a i n s t  such low f requency  d i s t u r b a n c e s .  

t h e  i s o l a t e d  pay load  t o  a d i s t u r b i n g  f o r c e  : d i l l  be 
c h a r a c t e r i z e d  by a te rm c a l l e d  t h e  i s o l a t e d  pay load  
m o b i l i t y .  The m o b i l i t y  o f  t h e  pay load  i s  t h e  v e c t o r  
magn i tude o f  X ( s ) / F ( s ) .  T h i s  parameter  measures t h e  
amp l i t ude  of the  pay load  d e f l e c t i o n  per  u n i t  of f o r c e  
a m p l i t u d e .  The equa t ions  o f  m o t i o n  f o r  b o t h  systems, 
for d i r e c t  d i s t u r b a n c e  o n l y  a r e :  

M a q n e t i c - c i r c u i t  Equa t ion  o f  M o t i o n  

dLx dx 
eq - 'eq ;ji d t 2  - 

M - - F ( t )  - K 
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used. Th is  r a t i o  w i l l  be c a l l e d  t h e  m o b i l i t y  e f f e c -  
t i v e n e s s  X f ( s ) .  T h e r e f o r e ,  i f  X f ( s )  i s  u n i t y ,  t he  
a c t i v e  system does n o t h i n g .  I f  X f ( s )  i s  z e r o ,  no 
mo t ion  o f  t h e  pay load  r e s u l t s  f r o m  a f i n i t e  a p p l i e d  
f o r c e .  I f  X f ( s )  i s  g r e a t e r  than u n i t y ,  t hen  the  
a c t i v e  system a m p l i f i e s  t h e  e f f e c t  of t h e  a p p l i e d  
f o r c e ,  i n c r e a s i n g  t h e  pay load  mo t ion .  The equa t ions  
f o r  t he  e f f e c t i v e n e s ;  f u n c t i o n  fo r  b o t h  cases .  i n  
terms o f  f requency  response.  where t h e  v e c t o r  l e n g t h  
o f  X f ( s )  i s  I X f ( j w ) l ,  become: 

Magnet ic  C i r c u i t  E f f e c t i v e n e s s  

( 1 6 )  

E lec t romagne t i c  Damping Equa t ion  o f  Mo t ion  Where: f o r  sma l l  e x c i t a t i o n  f r e q u e n c i e s  wna = an; 

dx 
M - - F ( t )  - K X  - C - d t  

2 d x  

d t 2  - 
E ,  = damping c o e f f i c i e n t  o f  p a s s i v e  s p r i n g  ( A  v a l u e  of 
0.05 was used for  < , . )  

( 1 3 )  

These equa t ions  can be p l a c e d  i n  t h e  Lap lace  
o p e r a t i o n  f o r m a t  and from t h e  d e f i n i t i o n  o f  t h e  v e c t o r  
magnitude X ( s ) / F ( s ) .  one can w r i t e  t h e  m o b i l i t y  equa- 
t i o n  f o r  b o t h  cases as f o l l o w s :  

M a q n e t i c - c i r c u i t  M o b i l i t y  Equa t ion  

A c t i v e :  W, =& ; > = 2[wn 

E l e c t r o m a q n i t i c  Dampinq E f f e c t i v e n e s s  

(14)  X ( s )  1 
F ( s )  M s  + C s + K 2 - =  

eq eq 

E lec t romagne t i c  Dampinq M o b i l i t y  Equa t ion  

( 1 5 )  X ( s )  1 

F ( s )  - Ms2 + cs t K 
- -  

Where: 

I n  o r d e r  t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  o f  these 
a c t i v e  systems, t h e  r a t i o  o f  X ( s ) / F ( s )  a c t i v e  t o  
X ( s ) / F ( s )  f o r  an e q u i v a l e n t  p a s s i v e  system w i l l  be 
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€,, = damping c o e f f i c i e n t  o f  p a s s i v e  s p r i n g  ( A  v a l u e  of 

0.05 was used f o r  E , . )  

These e f f e c t i v e n e s s  f u n c t i o n s  a r e  p l o t t e d  i n  
F i g s .  6 and 7 .  F i g u r e s  6 and 7 p r e s e n t  t h e  e f f e c t i v e -  
ness o f  t he  a c t i v e  feedback ,  f o r c e  a c t u a t e d  v i b r a t i o n  
i s o l a t i o n  systems as compared to a p a s s i v e  s y s t e m  w i t h  
a c r i t i c a l  damping c o e f f i c i e n t  o f  0.05, wh ich  i s  t y p i -  
c a l  o f  pass i ve  systems o f  t h e  t ype  u t i l i z e d  w i t h  low 
f requency  system resonances .  

CONCLUDING REMARKS 

I n  conc lus ion ,  i t  i s  apparen t  t h a t  t h e  a c t i v e  
magnet ic  systems d e s c r i b e d  he re  have advantages o v e r  
pass i ve  i s o l a t o r s  due t o  t h e i r  a b i l i t y  t o  i s o l a t e  
a g a i n s t  t h e  low f requency  reg ime o f  t h e  o r b i t a l  c a r r i -  
e r s ,  as w e l l  as t h e i r  a b i l i t y  t o  implement an a d a p t i v e  
c o n t r o l  t o  i s o l a t e  a g a i n s t  b o t h  t h e  d i r e c t  and base 
e x c i t a t  ons wh ich  w i l l  be p r e s e n t  i n  a l l  p r e s s u r i z e d  
modules There fo re ,  t h e  o p t i m a l  i s o l a t i o n  o f  a m ic ro -  
g r a v i t y  sc ience  pay load  w i l l  e v e n t u a l l y  need an adapt -  
i v e  d i g  t a l l y  c o n t r o l l e d  system i n  o r d e r  t o  o p t i m i z e  

1.0 

u) VY W 

- E 
I- 
U W 

W 

> 

1.0 

E 
-1 - 
P 

.01 
. 1  

i s o l a t i o n  c o e f f i c  
d i s t u r b a n c e s  from 
I n  o r d e r  to lower 
a c t i v e  system one 
l a r g e r  and l a r g e r  
i m p o s s i b l e  due t o  

en ts  t o  most e f f e c t i v e l y  p r e v e n t  
p e r t u r b i n g  the  i s o l a t e d  pay load .  
the  co rne r  f requenc ies  o f  sucn an 
would need t o  use a c t u a t o r s  I! t h  
s t r o k e s .  However, t h i s  would o e  
the  volume c m s t r a i n t ;  a resen t  i i  

space f l i g h t  v e h i c l e s .  
l o a d  w i l l  have t o  f o l l o w  these v e r y  low s t e a d y - s t a t e  
a c c e l e r a t i o n s  such as aerodynamic d rag  and g r a v i t y  
g r a d i e n t  e f f e c t s .  I n  o r d e r  t o  ach ieve  the  m ic rog rav -  
i t y  requ i remen ts  imposed on the  Space S t a t i o n  f a c i l i t y  
( F i g .  8), f o r  any s i g n i f i c a n t  l e n g t h  of t i m e ,  m ic ro -  
g r a v i t y  v i b r a t i o n  i s o l a t i o n  w i l l  have t o  become a sys- 
tems eng ineered s o l u t i o n  as w e l l  as an exper iment  
s p e c i f i c  concern .  Thus. these requ i rements  f o r  acce l -  
e r a t i o n  s e n s i t i v e  m i c r o g r a v i t y  space exper iments  w i l l  
d i c t a t e  m u l t i - s t a g e  i s o l a t i o n  concepts wh ich  w i l l  com- 
b i n e  b o t h  p a s s i v e  and a c t i v e  systems where the  c o n t r o l  
o f  t h e  c e n t e r  o f  g r a v i t y  o f  t he  Space S t a t i o n  w i l l  be 
c l o s e d  around m i c r o g r a v i t y  s teady -s ta te  a c c e l e r a t i o n s .  

Thus. ;uch an i s o l a t e d  oay- 
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APPENDIX 

The range o f  a c c e l e r a t i o n s  wh ich  have been 
observed on seve ra l  STS miss ions  o r  e s t i m a t e d  f o r  the  
a c c e s s i b l e  o r b i t  a r e  summarized be low (Hamacher, 1986: 
Ruz icka ,  1969; Hamacher, e t  a l . ,  1986) .  

Quas i -S teady  or "DC" A c c e l e r a t i o n  D is tu rbances  

g /go  Frequency, Source 
Hz 

0 t o  Aerodynamic d r a g  

0 t o  10-3 G r a v i t y  g r a d i e n t  
10-8 0 t o  10-3 L i g h t  p ressu re  

P e r i o d i c  A c c e l e r a t i o n  D is tu rbances  

g /go  Frequency, Source 
Hz 

2x10-2 9 T h r u s t e r  f i r e  ( o r b i t a l )  
2x10-3 5 t o  20 Crew mot ion  
2x10-4 17 Ku band antenna 

Nonper iod i c  A c c e l e r a t i o n  D is tu rbances  

g/go Frequency, Source 

10-4 1 T h r u s t e r  f i r e  ( a t t i t u d e )  
10-4 1 C r e w  push o f f  

Hz 
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