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IDENTIFICATION OF SPACE SHUTTLE MAIN ENGINE DYNAMICS 

ORIGINAL PAGE IS 
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ABSTRACT 
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N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

L e w i s  Research  C e n t e r  
C l e v e l a n d ,  O h i o  44135 
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S v e r d r u p  Techno logy  I n c .  

NASA L e w i s  Research  C e n t e r  Group  
C l e v e l a n d ,  O h i o  44135 

W a l t e r  C. M e r r i l l  
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  

L e w i s  Research  C e n t e r  
C l e v e l a n d ,  O h i o  44135 

0 Sys tem i d e n t i f i c a t i o n  t e c h n i q u e s  a r e  u s e d  t o  
g r e p r e s e n t  t h e  dynamic  b e h a v i o r  o f  t h e  Space Shu t -  A t l e  M a i n  E n g i n e .  The t r a n s f e r  f u n c t i o n  m a t r i c e s  

o f  t h e  l i n e a r i z e d  m o d e l s  o f  b o t h  t h e  c l o s e d  l o o p  
and  t h e  open  l o o p  s y s t e m  a r e  o b t a i n e d  b y  u s i n g  
t h e  r e c u r s i v e  maximum l i k e l i h o o d  me thod .  
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NOMENCLATURE 

s t a t e  space m a t r i c e s  

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

n u m e r a t o r  p o l y n o m i a l  o f  t h e  t r a n s f e r  
f u n c t i o n  m a t r i x  

s i g n a l  d u r a t i o n ,  sec  

e q u a t i o n  e r r o r  

f r e q u e n c y ,  r a d / s e c  

s y s t e m  t r a n s f e r  f u n c t i o n  m a t r i x  and  i t s  
i , j t h  e l e m e n t  

o x y g e n  t o  f u e l  m i x t u r e  r a t i o  o f  t h e  
m a i n  c o m b u s t i o n  chamber 

d i s c r e t e  t i m e  i n t e g e r  

number o f  samp les  

p r e s s u r e ,  p s i  

speed ,  r p m  

t e m p e r a t u r e ,  O R  

t i m e ,  sec  

c l o c k  t i m e ,  sec  

i n p u t .  s t a t e  and  o u t p u t  v e c t o r s  

Z t r a n s f o r m  v a r i a b l e  

S umme I' Fac u 
M e c h a n i c a l  Eng 
a n t i c  U n i v e r s i  

t y  F e l l o w  i n  1988;  p r e s e n t l y  
n e e r i n g  D e p t . ,  F l o r i d a  
y ,  Boca R a t a n ,  F l o r i d a  33432.  

Greek  Symbols 

6u d e v i a t i o n  o f  i n p u t  f rom n o m i n a l  

6x d e v i a t i o n s  o f  s t a t e  from n o m i n a l  

6 Y  d e v i a t i o n s  o f  o u t p u t  f r o m  n o m i n a l  

e v a l v e  a c t u a t o r  o u t p u t  r o t a r y  m o t i o n ,  

S u b s c r i p t s  

d i m e n s i o n l e s s  

ccv 
C 

FPOV 

HPFT 

HPOT 

max 

m i  n 

MFV 

MOV 

OPOV 

R 

c o o l a n t  c o n t r o l  v 

chamber 

f u e l  p r e b u r n e r  ox 

h i g h  p r e s s u r e  f u e  

1 ve 

d i z e r  v a  

t u r b i n e  

v e 

h i g h  p r e s s u r e  o x i d i z e r  t u r b i n e  

maximum 

min imum 

m a i n  f u e l  v a l v e  

m a i n  o x i d i z e r  v a l v e  

o x i d i z e r  p r e b u r n e r  o x i d i z e r  v a l v e  

r e q u e s t  

INTRODUCTION 

A c c u r a t e  r e p r e s e n t a t i o n  o f  t h e  dynamic  
b e h a v i o r  o f  t h e  Space S h u t t l e  M a i n  E n g i n e  (SSME)  
i s  r e q u i r e d  f o r  a v a r i e t y  o f  d i a g n o s t i c  and  con-  
t r o l  d e s i g n  a n d  e v a l u a t i o n  p u r p o s e s .  A c o m p l e t e ,  
n o n l i n e a r  dynamic  s i m u l a t i o n  has  been d e v e l o p e d  
( R o c k e t d y n e  D i v i s i o n  o f  R o c k w e l 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 ,  1 9 8 1 ) .  However ,  i t s  s i z e  and com- 
p l e x i t y  make i t  v e r y  d i f f i c u l t  t o  use  f o r  d e s i g n  
p u r p o s e s .  T h i s  p a p e r  d e s c r i b e s  t h e  i d e n t i f i c a -  
t i o n  of l i n e a r i z e d  dynamic  m o d e l s  o f  t h e  SSME 
f r o m  t h e  n o n l i n e a r  dynamic  s i m u l a t i o n .  The i d e n -  
t i f i e d  l i n e a r i z e d  mode ls  a r e  v a l i d  i n  l i m i t e d  
r e s p o n s e  r e g i o n s  a b o u t  t h e  o p e r a t i n g  p o i n t  c o r -  
r e s p o n d i n g  to t h e  100 p e r c e n t  power  l e v e l .  They 
a r e  s u i t a b l e  f o r  t h e  p u r p o s e  o f  c o n t r o l  sys tem 
d e s i g n  and  d e v e l o p m e n t .  
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I n i t i a l l y  a b r i e f  d e s c r i p t i o n  o f  t h e  SSME 
i i  g i v e n .  T h i s  i s  f o l l o w e d  b y  a d e s c r i p t i o n  o f  
t h e  i d e n t i f i c a t i o n  p r o c e s s  and t h e  model u s e d .  
F i n a l l y .  some r e s u l t s  o b t a i n e d  f rom t h e  i d e n t i -  
f i e d  mode ls  a r e  compared w i t h  t h e  r e s u l t s  
o b t a i n e d  f r o m  t h e  n o n l i n e a r  s i m u l a t i o n  f o r  t h e  
same i n o u t .  

THE SPACE SHUTTLE MAIN ENGINE 

D i f f e r e n t  a s p e c t s  o f  t h e  SSME as  w e l l  as  
it? p r i n c i p l e  o f  o p e r a t i o n  a r e  d e s c r i b e d  i n  t h e  
l i t e r a t u r e  ( L a n d a u e r ,  1988;  K l a t t  e t  a l . ,  1 9 8 2 ) .  
A b r i e f  d e s c r i p t i o n  o f  t h e  m a i n  e n g i n e  i s  g j v e n  
b e l o w  b y  f o l l o w i n g  them.  

The space s h u t t l e  o r b i t e r  m a i n  p r o p u l s i o n  
s y s t e m  i s  composed o f  t h r e e  space s h u t t l e  m a i n  
e n g i n e s .  The e n g i n e s  u s e  l i q u i d  oxygen  and l i q -  
u i d  h y d r o g e n  p r o p e l l a n t s  t h a t  a r e  c a r r i e d  i n  a n  
e x t e r n a l  t a n k  a t t a c h e d  t o  t h e  o r b i t e r .  These 
e l e m e n t s  and  t h e  tvo s t r a p - o n  s o l i d  p r o p e l l a n t  
r o c k e t  m o t o r s  a r e  assemb led  i n  t h e  v e r t i c a l  p o s i -  
t i o n .  ( S o l i d  r o c k e t  b o o s t e r s  and t h e  SSMEs pro- 
v i d e  t h e  t h r u s t  for  t h e  f i r s t  p o r t i o n  o f  t h e  
f l i g h t  u n t i l  t h e  s o l i d  p r o p e l l a n t  m o t o r s  b u r n  o u t  
and  a r e  s e p a r a t e d . )  The SSME's c o n t i n u e  t o  b u r n  
u n t i l  t h e  v e h i c l e  i s  n e a r  t h e  d e s i r e d  o r b i t a l  
v e l o c i t y .  F o l l o w i n g  SSME shu tdown ,  t h e  e x t e r n a l  
t a n k  i s  s e p a r a t e d  and f i n a l  o r b i t  i n s e r t i o n  i s  
a c c o m p l i s h e d  b y  t h e  o r b i t a l  m a n e u v e r i n g  sys tem.  
A f t e r  c o m p l e t i n g  o r b i t a l  o p e r a t i o n s ,  t h e  o r b i t e r  
r e e n t e r s  t h e  a tmosphere  a n d  g l i d e s  t o  a l a n d i n g .  

The e n g i n e s  o p e r a t e  f o r  a t o t a l  o f  480 sec  
from l a u n c h .  Each p r o d u c e s  a sea l e v e l  t h r u s t  
of 375 000 l b  and  a vacuum t h r u s t  of 470 000 l b .  
To u n d e r s t a n d  t h e  o v e r a l l  f low o f  f u e l  and  ox i -  
d i z e r  t o  p r o d u c e  t h e  t h r u s t ,  a s c h e m a t i c  d i a g r a m  
of t h e  p r o p e l l a n t  f l o w s  a n d  t h e  c o n t r o l  v a l v e s  
i s  shown i n  F i g .  1 .  

P r e s s u r i z e d  f u e l ,  p r o v i d e d  b y  t h e  f u e l  t a n k  
f lows t h r o u g h  t h e  low p r e s s u r e  f u e l  pump and  t h e  
h i g h  p r e s s u r e  f u e l  pump, i s  f e d  t o  t h e  r e g e n e r a -  
t i v e  c o o l i n g  and  t h e  p r e b u r n e r s .  A p r e s s u r i z e d  
o x i d i z e r  t a n k  p r o v i d e s  t h e  o x i d i z e r .  I t  f l o w s  
t h r o u g h  t h e  low p r e s s u r e  o x i d i z e r  pump, t o  t h e  
h i g h  p r e s s u r e  o x i d i z e r  pump where  t h e  o u t p u t  
f low s p l i t s  a s  shown i n  F i g .  1 .  

The two h i g h  p r e s s u r e  t u r b i n e s  a r e  d r i v e n  
b y  a f u e l  t u r b i n e  p r e b u r n e r  and a n  o x i d i z e r  t u r -  
b i n e  p r e b u r n e r ,  each  o f  w h i c h  p r o d u c e s  h o t  g a s .  
The low p r e s s u r e  t u r b i n e s  a r e  d r i v e n  from t h e  
h i g h  p r e s s u r e  pump f l o w s .  The f u e l  f r o m  t h e  
h i g h  p r e s s u r e  f u e l  pump (HPFP) goes  t h r o u g h  t h e  
m a i n  f u e l  v a l v e  (MFV).  A f t e r  t h e  MFV. t h e  f low 
d i v i d e s  i n t o  f i x e d  n o z z l e  c o o l i n g  f low, m a i n  
chamber c o o l i n g  f low,  and  c o o l a n t  c o n t r o l  v a l v e  
(CCV) f low.  The r e l a t i v e  p r o p o r t i o n s  o f  t h e s e  
t h r e e  f l o w s  i s  d e t e r m i n e d  b y  t h e  CCV. H e a t  i s  
a b s o r b e d  f r o m  t h e  c o m b u s t i o n  chamber n o z z l e  and  
t h e  f u e l  f l o w s  t o  t h e  p r e b u r n e r s  where  c o m b u s t i o n  
and p r e s s u r e  i s  c o n t r o l l e d  b y  t h e  f u e l  p r e b u r n e r  
o x i d i z e r  v a l v e  (FPOV) a n d  t h e  o x i d i z e r  p r e b u r n e r  
o x i d i z e r  v a l v e  (OPOV). I n  t h e  f i x e d  n o z z l e  c o o l -  
i n g ,  t h e  c o o l a n t  c o n t r o l  v a l v e  d e t e r m i n e s  t h e  
p e r c e n t a g e  o f  t h e  f u e l  u s e d  for  c o o l i n g  t h e  com- 
b u s t i o n  chamber b y  e s t a b l i s h i n g  a bypass  f low 
d i r e c t  f r o m  i n l e t  to d i s c h a r g e .  

The h i g h - p r e s s u r e  f u e l  r i c h  h o t  gas f r o m  
t h e  p r e b u r n e r s  goes t h r o u g h  t h e  two h i g h - p r e s s u r e  
t u r b i n e s  and  r e t u r n s  t h r o u g h  t h e  hot gas  m a n i -  
f o l d s  to t h e  f u e l  i n j e c t o r  ( F I )  of t h e  c o m b u s t i o n  
chamber .  M a i n  chamber c o o l i n g  f u e l  f low powers  
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t h e  Icw p r e s s u r e  f u e l  t u r b i n e  (LPFT) and r e t u r n s  
d i r e c t l y  t o  t h e  f u e l  i n j e c t o r  o f  t h e  m a i n  ccmbus- 
t i o n  chamber .  

pump (HPOP) s o l i t s  i n t o  t h r e e  p a t h s .  F l o w  f r cm 
t h e  f i r s t  p a t h  d r i v e s  t h e  l o w - p r e s s u r e  o x i d i z e r  
t u r b i n e  (LPOT) .  The s u t p u t  flcw from t h e  LPCT 
merges  w i t h  t h e  o u t p u t  o f  t h e  low p r e s s u r e  oAi -  
d i z e r  pump (LPOP) .  The second f low goes t h r o u g h  
t h e  m a i n  o x i d i z e r  v a l v e  (MOV) t o  t h e  o x i d i z e r  
i n j e c t o r  (01) i n  t h e  c o m b u s t i o n  chamber .  The 
t h i r d  f l ow  e n t e r s  t h e  p r e b u r n e r  Q x i d i z e r  pump 
(PEOP) and i s  d i v i d e d  be tween  t h e  p r e b u r n e r s  a; 
d e t e r m i n e d  b y  t h e  FPOV and t h e  OPOV. T h i s  com- 
p l e t e s  :he f i O #  g a t h s  fo r  t u r b i n e  d r i v e  and 
c o n t r o l .  

C x i d i z e r  from t h e  h i g h  p r e s s u r e  o x i d i z e r  

THE CONTROL SYSTEM OF THE SSHE 

The e x i s t i n g  c o n t r o l  s y s t e m  of t h e  SSME u t i -  
l i z e s  f i v e  v a l v e s  FPOV. OPOV, MFV. MOV, and CCY 
t o  c o n t r o l  t h e  m i x t u r e  r a t i o  and t h e  m a i n  chamoer 
p r e s s u r e  w h i c h  i s  c o r r e l a t e d  w i t h  t h e  t h r u s t .  
Open and c l o s e d  l o o p  c o n t r o l  of t h e s e  v a l v e s  a r e  
u s e d  t o  a c c o m p l i s h  t h e  SSME m i s s i o n .  A t y p i c a l  
SSME m i s s i o n  i s  shown i n  F i g .  2 .  

A l l  t h e  v a l v e s  a r e  i n i t i a l l y  s c h e d u l e d  t o  
fo l l ow  t h e  s t a r t  sequence as  i n d i c a t e d  i n  F i g .  3 .  
D u r i n g  t h e  m a i n  s t a g e ,  t h e  t h r u s t  and t h e  m i x t u r e  
r a t i o  a r e  c o n t r o l l e d  b y  a d j u s t i n g  t h e  OPOV and 
FPOV v a l v e s .  T h i s  a d j u s t m e n t  i s  based on t h r u s t  
and  m i x t u r e  r a t i o  r e q u e s t ,  t h r o u g h  a c l o s e d  loop 
p r o p o r t i o n a l  p l u s  i n t e g r a l  f e e d b a c k  c o n t r o l .  A 
c o n c e p t u a l  b l o c k  d i a g r a m  of t h e  c o n t r o l  s y s t e m  
d u r i n g  t h e  m a i n  s t a g e  of o p e r a t i o n  i s  shown i n  
F i g .  4 .  

f o l l o w i n g  i n p u t s  and  o u t p u t s  a r e  u s e d .  The 
c l o s e d  l o o p  s y s t e m  i n p u t s  a r e  t h e  m i x t u r e  r a t i o  
r e q u e s t ,  MRR, and  t h e  chamber p r e s s u r e  r e q u e s t ,  
PCR, w h i c h  i s  p r o p o r t i o n a l  t o  t h e  t h r u s t .  The 
open  l o o p  s y s t e m  i n p u t s  a r e  t h e  a n g u l a r  d i s p l a c e -  
ments  o f  t h e  v a l v e  a c t u a t o r s  f o r  each  o f  t h e  

The o u t p u t s  a r e  t h e  chamber p r e s s u r e  ( P c ) ,  HPFT 
p r e s s u r e  (PHPFT) .  HPOT p r e s s u r e  (PHPOT) ,  HPFT 
t e m p e r a t u r e  ( T H P F T ) ,  HPOT t e m p e r a t u r e  ( T H P O T ) ,  
m i x t u r e  r a t i o  ( M R ) ,  HPFT speed ( S H P F T ) .  and HPOT 
speed ( S H P O T ) .  I n  t h i s  s t u d y  a l l  p a r a m e t e r s  a r e  
n o r m a l i z e d  and  e x p r e s s e d  as  t h e  f r a c t i o n a l  d e v i a -  
t i o n s  from t h e  n o m i n a l  o p e r a t i n g  c o n d i t i o n .  

F o r  t h e  p u r p o s e  o f  mode l  i d e n t i f i c a t i o n  t h e  

f i v e  v a l v e s ,  e o p o v ,  eFPOV, eccv, 8MOV. 8MFV. 

SYSTEM IDENTIFICATION 

I d e n t i f i c a t i o n  may b e  d e f i n e d  as  t h e  d e t e r -  
m i n a t i o n  of t h e  m a t h e m a t i c a l  model o f  a p r o c e s s  
among a c l a s s  of m a t h e m a t i c a l  mode ls  based  o n  
t h e  measurements  of i n p u t  and  o u t p u t  d a t a  of t h e  
p r o c e s s .  Hence,  t h e  s t e p s  i n  i d e n t i f i c a t i o n  con-  
s i s t  o f :  d e t e r m i n i n g  a p r i o r i  know ledge ,  s e l e c -  
t i o n  of a d r i v i n g  s i g n a l  t h a t  c o n t a i n s  enough 
s p e c t r a l  components  t o  e x c i t e  a l l  modes o f  t h e  
sys tem,  s e l e c t i o n  of a m o d e l ,  and  p a r a m e t e r  e s t i -  
m a t i o n .  These s t e p s  a r e  f o l l o w e d  i n  t h e  i d e n t i -  
f i c a t i o n  of SSME dynamics  and  a r e  o u t l i n e d  b e l o w .  

A P r i o r i  Know ledge  

The r e s p o n s e s  of b o t h  t h e  c l o s e d  and  t h e  
open  l o o p  s y s t e m  for t e s t  i n p u t  s i g n a l s  a r e  exam- 
i n e d  t o  o b t a i n  p r e l i m i n a r y  i n f o r m a t i o n  a b o u t  t h e  
t y p e s  o f  n o n l i n e a r i t i e s  and  t h e  b a n d w i d t h  o f  
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t h e s e  sys tems.  The r e s p o n s e s  o f  t h e  c l o s e d  l o o p  
s y s t e m  and some o f  t h e  s e l e c t e d  o u t p u t s  o f  t h e  
open  l o o p  sys tem as w e l l  as t h e  t e s t  i n p u t  s i g -  
n a l s  a r e  shown i n  F i g s .  5 t o  7 .  

The c l o s e d  l o o p  r e s p o n s e ,  as shown i n  
F i g .  5 ,  i n d i c a t e s  e x i s t e n c e  o f  b o t h  t h e  s t i c t i o n  
and b a c k l a s h  t y p e  o f  n o n l i n e a r i t i e s  and a s m a l l  
s y s t e m  b a n d w i d t h  o f  a p p r o x i m a t e l y  5 Hz. The 
b a c k l a j h  n o n l i n e a r i t y  i s  more o b v i o u s  f r o m  t h e  
r e s p o n s e  o f  t h e  open l o o p  sys tem,  s i n c e  t h e  o u t -  
p u t s  c a n n o t  r e t u r n  to t h e i r  i n i t i a l  v a l u e s  when 
t h e  s t e p  i n p u t  i s  removed ,  as shown i n  F i g .  6 .  
F i g u r e  7 i n d i c a t e s  t h a t  CCV, MOV. and MFV v a l v e  
a c t u a t o r  a n g u l a r  d i s p l a c e m e n t s  a r e  e s s e n t i a l l y  
deco i iD led  f rom t h e  o u t p u t s .  T h e r e f o r e  a t  t h i s  
n o m i n a l  o p e r a t i n g  c o n d i t i o n  o n l y  t h e  a c t u a t o r  
a n g u l a r  d i s p l a c e m e n t s  o f  t h e  v a l v e s  FPOV and OPOV 
a r e  used as t h e  i n p u t s  o f  t h e  open  l o o p  s y s t e m .  

S e l e c t i o n  o f  a D r i v i n g  S i q n a l  

I n  t h i s  s t u d y ,  a pseudo  random b i n a r y  
sequence (PRES)  i s  s e l e c t e d  as t h e  i n p u t  p e r -  
t u r b a t i o n  s i g n a l  o f  t h e  s y s t e m  because of  i t s  
c o n v e n i e n c e  and i t s  s u i t a b i l i t y  fo r  s i m i l a r  
a p p l i c a t i o n s  ( C o t t i n g t o n  and Pease, 1978, 
Sudhakar  e t  a l . ,  1 9 8 8 ) .  A PRES i s  a w i d e b a n d ,  
l o n g - d u r a t i o n  s i g n a l  w h i c h  possesses  one o f  two 
v a l u e s .  The s i g n a l  s w i t c h e s  from one v a l u e  t o  
a n o t h e r  a t  t i m e  i n t e r v a l s  d e t e r m i n e d  b y  a c l o c k .  
A PRES i s  e a s i l y  g e n e r a t e d  u s i n g  s h i f t  r e g i s t e r s  
or a compu te r  p r o g r a m ,  and c a n  be made s m a l l  
enough a m p l i t u d e  so as n o t  t o  s i g n i f i c a n t l y  
a l t e r  t h e  o p e r a t i n g  c o n d i t i o n  o f  t h e  e n g i n e  and 
yet  s t i l l  y i e l d  u s e f u l  i n f o r m a t i o n  f o r  i d e n t i f i -  
c a t i o n .  The a m p l i t u d e  o f  t h e  PRES s i g n a l  used 
i n  t h i s  work i s  2 p e r c e n t  o f  t h e  n o m i n a l  o p e r a t -  
i n g  p o i n t  m a g n i t u d e  o f  t h e  chosen  i n p u t .  

The c l o c k  t i m e ,  t c ,  i s  chosen  to be i n  t h e  
r a n g e  o f  s y s t e m  t i m e  c o n s t a n t s  as f o l l o w s .  The 
minimum and t h e  maximum o b s e r v e d  f r e q u e n c i e s ,  
f m i n  and fmax.  a r e  e s t i m a t e d  by e x a m i n i n g  t h e  
r e s p o n s e  o f  b o t h  t h e  c l o s e d  l o o p  and t h e  open 
l o o p  s y s t e m  f r o m  F i g s .  5 and 6.  Then t h e  c l o c k  
t i m e ,  t c .  and t h e  number o f  samples needed a r e  
d e t e r m i n e d  b y  u s i n g  t h e  e s t i m a t e d  v a l u e s  o f  t h e  
minimum and t h e  maximum f r e q u e n c i e s  u s i n g  t h e  
e q u a t i o n s  b e l o w :  

1 t = -  
2fmax 

1 D = -  
f m i  n 

D N = -  
t c  

( 1 )  

( 3 )  

where D i s  t h e  s i g n a l  d u r a t i o n  and N i s  t h e  
number o f  s a m p l e s .  F o r  t h e  i d e n t i f i c a t i o n  o f  
t h e  open  l o o p  s y s t e m ,  a c l o c k  t i m e  o f  0.04 sec 
and 511 samples a r e  u s e d .  T h i s  c o r r e s p o n d s  t o  a 
maximum f r e q u e n c y  o f  7 8 . 5  r a d / s e c  ( 1 2 . 5  H z ) ,  a 
minimum f r e q u e n c y  o f  0 . 3 1  r a d l s e c  (0.05 Hz)  and 
a s i g n a l  d u r a t i o n  o f  2 0 . 4 4  s e c .  A s t e p  i n p u t  i s  
u s e d  as t h e  d r i v i n g  s i g n a l  f o r  t h e  c l o s e d  l o o p  
s y s t e m  s i n c e  i t s  r e s p o n s e  i s  v e r y  s l o w ,  as shown 
i n  F i g .  5 .  

S e l e c t i o n  of a M a t h e m a t i c a l  Model 

A s  m e n t i o n e d  e a r l i e r ,  F i g s .  5 and 6 i n d i c a t e  
t h e  e x i s t e n c e  o f  s i g n i f i c a n t  b a c k l a s h  and s t i c -  
t i o n  n o n l i n e a r i t i e s  a s s o c i a t e d  w i t h  t h e  v a l v e  
d y n a m i c s .  I t  i s  assumed t h a t  t h e s e  two n o n l i n -  
e a r i t i e s  can be i s o l a t e d  f r o m  t h e  r e s t  o f  t h e  
s y s t e m  as shown i n  F i g .  8 .  Here,  t h e  cpen  l o o p  
s y s t e m  i n c l u d e s  a c t u a t o r  dynamics ,  t h e  n o n l i n e a r  
e l e m e n t  w h i c h  c o n t a i n s  v a l v e  s t i c t i o n  and v a l v e  
l i n k a g e  b a c k l a s h ,  and t h e  e n g i n e  sys tem w h i c h  
i n c l u d e s  a l l  o t h e r  n o n l i n e a r i t i e s  and t h e  e n g i n e  
d y n a m i c s .  To s i m p l i f y  t h e  a n a l y s i s ,  t h e  b a c k l a s h  
and s t i c t i o n  were removed f r o m  t h e  s i m u l a t i o n .  
A l l  subsequen t  r e s u l t s  a r e  o b t a i n e d  ' w i t h  the;e 
two n o n l i n e a r i t i e s  removed.  Now t h e  open  l o o p  
sys tem,  w i t h o u t  t h e  b a c k l a s h  and t h e  s t i c t i o n .  
was l i n e a r i z e d  and i d e n t i f i e d .  The b a c k l a s h  and 
t h e  s t i c t i o n  n o n l i n e a r i t i e s  can l a t e r  be added 
t o  t h e  i d e n t i f i e d  s y s t e m .  I n  p r a c t i c e  v a l u e s  for 
b a c k l a s h  and s t i c t i o n  w o u l d  be d e t e r m i n e d  f r o m  
m a n u f a c t u r e r ' s  s p e c i f i c a t i o n s  or bench t e s t i n g  
o f  t h e  i n d i v i d u a l  componen ts .  

The open  l o o p  dynamics  o f  t h e  SSME can be 
d e s c r i b e d  b y  t h e  n o n l i n e a r  e q u a t i o n s :  

x ( t )  = f [ x ( t ) , u ( t ) l  ( 4 )  

y ( t )  = g C x ( t ) l  ( 5 )  

where x ,  u ,  and y a r e  t h e  s t a t e ,  t h e  c o n t r o l ,  
and t h e  o u t p u t  v e c t o r s .  L i n e a r i z i n g  t h e s e  equa- 
t i o n s  a b o u t  a n o m i n a l  o p e r a t i n g  c o n d i t i o n  and 
d i s c r e t i z i n g  y i e l d s :  

( 6 )  

6 y ( n )  = CCx(n)  ( 7 )  

where 6 x .  6 u ,  and 6y  a r e  t h e  d e v i a t i o n s  o f  t h e  
s t a t e ,  t h e  i n p u t  and t h e  o u t p u t  v e c t o r s ,  r e s p e c -  
t i v e l y ,  a b o u t  t h e  n o m i n a l  o p e r a t i n g  c o n d i t i o n .  
T a k i n g  t h e  z - t r a n s f o r m  o f  Eqs. ( 6 )  and ( 7 ) .  t h e  
l i n e a r  s y s t e m  model r e l a t i n g  t h e  i n p u t  v e c t o r  6u 
and t h e  o u t p u t  v e c t o r  6 y  can be o b t a i n e d  a s :  

6 x ( n  + 1 )  = A 6 x ( n )  + 8 6 u ( n )  

6y(z) = H ( z ) G u ( z )  ( 8 )  
where 

( 9 )  

H e r e ,  C i  i s  t h e  ith row of t h e  C m a t r i x  and 
B j  i s  t h e  jth co lumn of t h e  8 m a t r i x .  A 
p a r a m e t e r  e s t i m a t i o n  a l g o r i t h m  can be used t o  
o b t a i n  t h e  p a r a m e t e r s  of each o f  t h e  e l e m e n t s  o f  
t h e  t r a n s f e r  f u n c t i o n  m a t r i x ,  H i j ( Z ) .  

P a r a m e t e r  E s t i m a t i o n  A l q o r i t h m  

The r e c u r s i v e  maximum l i k e l i h o o d  (RML) a l g o -  
r i t h m  ( E y k h o f f ,  1981)  i s  used t o  e s t i m a t e  t h e  
p a r a m e t e r  v a l u e s .  I t  computes t h e  c o e f f i c i e n t s  
o f  t h e  t r a n s f e r  f u n c t i o n  be tween  an i n p u t  and an 
o u t p u t .  T h a t  i s .  i f  6 ~ 1 ( n )  and 6 y i ( n )  a r e  t h e  
i n p u t  and o u t p u t  o f  a l i n e a r  t i m e  i n v a r i a n t  s y s -  
t e m ,  H 1 1 ( z ) ,  t h e n  t h e  RML a l g o r i t h m  d e t e r m i n e s  
H l l ( z )  from t h e  d a t a  6 u i ( n )  and 6 y i ( n )  f o r  some 
r a n g e  o f  t i m e  n .  H l l ( z )  i s  f o u n d  b y  m i n i m i z i n g  
t h e  t o t a l  e n e r g y  o f  t h e  so c a l l e d  e q u a t i o n  e r r o r :  

3 



( 1 1 )  

G e n e r a l l y .  t h e  RML a l g o r i t h m  needs f e w e r  
d a t a  samples  or p a r a m e t e r  e s t i m a t i o n  t h a n  o t h e r  
app roaches  and can  a c c o u n t  for t h e  p r e s e n c e  of 
c e r t a i n  type ;  o f  n o i s e .  I t  can be m o d i f i e d  t o  
t r a c k  s l o w l y  t i m e  v a r y i n g  p a r a m e t e r s  and can be 
e r t e n d e d  t o  t h e  a n a l y s i s  o f  m u l t i - i n p u t  m u l t i -  
9utou.t  sys:ems (Eykhof f ,  1981,  L j u n g  and 
S o d e r j t o r m .  1 9 8 5 ) .  

a rnooel when i t s  o r d e r  i s  known.  However ,  t h e  
d e t e r m i n a t i o n  of t h e  o r d e r  o f  a model i s  s t i l l  a n  
3 p e i  3 r a b l e m  ( L j u n g  and S o d e r s t o r m ,  1 9 8 5 ) .  The 
method emp loyed  h e r e  i s  based  o n  t h e  " P a r s i m o n y  
p r i n c i p l e . "  I n  t h i s  me thod  p a r a m e t e r s  a r e  e s t i -  
n a t e d  f o r  mode ls  o f  i n c r e a s i n g  o r d e r s .  The e s t i -  
mate  o f  t h e  f i n a l  e r r o r  norm i s  computed f o r  
each ,  and t h e  o r d e r  f o r  w h i c h  t h e  d e c r e a s e  i n  
e r r o r  i s  n o  l o n g e r  a p p r e c i a b l e  i s  a d o p t e d  (Box 
and  J e n k i n s ,  1 9 7 0 ) .  Thus ,  from t h e  e r r o r  p l o t ,  
r h i c h  p l o t s  e r r o r  v e r s u s  o r d e r  o f  t h e  mode l ,  t h e  
op t imum o r d e r  i s  chosen  as  t h e  o n e  c o r r e s p o n d i n g  
to t h e  " k n e e '  o f  t h e  e r r o r  p l o t .  A t y p i c a l  
error p l o t  i s  shown i n  F i g .  9 .  

P R B S - i n p u t  p e r t u r b a t i o n s  i s  used  t o  d e t e r m i n e  t h e  
t r a n s f e r  f u n c t i o n  m a t r i x  o f  t h e  l i n e a r i z e d  model 
by u t i l i z i n g  t h e  RML a l g o r i t h m .  Each t r a n s f e r -  
f u n c t i o n  m a t r i x  e l e m e n t  i s  d e t e r m i n e d  b y  u t i l i z -  
i n g  t h e  r e s p o n s e  of t h e  s y s t e m  to  s m a l l  p e r t u r b a - -  
t i o n s  a b o u t  a n o m i n a l  o p e r a t i n g  p o i n t  as  f o l l o w s .  
The j t h  e l e m e n t  o f  t h e  i n p u t  v e c t o r  i s  p e r -  
t u r b e d  a n d  a p p l i e d  t o  t h e  s y s t e m  w i t h  o t h e r  e l e -  
ments  o f  t h e  i n p u t  v e c t o r  s e t  a t  t h e i r  n o m i n a l  
v a l d e s  t o  o b t a i n  t h e  p e r t u r b e d  o u t p u t s .  By sub- 
t r a c t i n g  t h e  n o m i n a l  v a l u e s  f r o m  t h e  p e r t u r b e d  
, v a l u e s ,  t h e  d i f f e r e n t i a l  i n p u t  d u j ( n ) ,  and t h e  
c o r r e s p o n d i n g  o u t p u t s  6 y i ( n ) ,  f o r  i = 1 ,  2 ,  3, 
_ . .  a r e  o b t a i n e d .  T h i s  p r o c e d u r e  i s  r e p e a t e d  
f o r  a l l  t h e  i n p u t s .  

a b l e  i n  a s o f t w a r e  package  c a l l e d  C t r l - C  (Sys tems  
Contro l  T e c h n o l o g y ,  1 9 8 6 ) ,  and  i s  u t i l i z e d  t o  
e s t i m a t e  t h e  p a r a m e t e r s  o f  t h e  m o d e l .  S i n c e  t h e  
n o n l i n e a r  s i m u l a t i o n  i s  u s e d  as  t h e  unknown sys -  
tem, t h e  s y s t e m  i s  assumed t o  be n o i s e l e s s .  
Under  t h i s  c o n d i t i o n  t h e  RML method  s i m p l i f i e s  
t o  t h e  r e c u r s i v e  l e a s t  sciuares me thod .  

The RML n e t h o d  e s t i m a t e s  t h e  p a r a m e t e r s  of 

The o u t p u t  o f  t h e  n o n l i n e a r  s i m u l a t i o n  f o r  

The RML a l g o r i t h m  o u t l i n e d  b e f o r e  i s  a v a i l -  

RESULTS 

The p r o c e d u r e  o u t l i n e d  e a r l i e r  i s  used  t o  
i d e n t i f y  b o t h  t h e  c l o s e d  l o o p  and t h e  open  l o o p  
sys tem.  The r e s p o n s e s  o f  t h e  i d e n t i f i e d  model 
a r e  compared w i t h  t h e  r e s p o n s e s  o b t a i n e d  from 
t h e  n o n l i n e a r  s i m u l a t i o n  for  t h e  same i n p u t  and 
o b s e r v e d  t o  b e  i n  good ag reemen t  as  shown i n  
F i g s .  10 and  1 1 .  The p a r a m e t e r s  o f  t h e  e l e m e n t s  
o f  t h e  t r a n s f e r  f u n c t i o n  m a t r i x  a r e  g i v e n  i n  
T a b l e  1 .  

The r e s p o n s e s  of t h e  open  l o o p  s y s t e m  a r e  
a l s o  compared w i t h  t h e  r e s p o n s e s  o b t a i n e d  from 
t h e  n o n l i n e a r  s i m u l a t i o n .  A t y p i c a l  r e s u l t  i s  
shown i n  F i g .  12 .  I n  g e n e r a l ,  i t  i s  o b s e r v e d  
t h a t  t h e  g a i n s  fo r  p o s i t i v e  and n e g a t i v e  p e r t u r -  
b a t i o n  s i g n a l s  a r e  s i g n i f i c a n t l y  d i f f e r e n t .  I n  
o r d e r  t o  compensate  for  t h i s  phenomenon, a sys -  
tem g a i n  w i t h  d i f f e r e n t  v a l u e s  f o r  p o s i t i v e  and  

n e g a t i v e  p e r t u r b a t i o n s  i s  added t o  t h e  l i n e a r i z e d  
m o d e l .  I n  f a c t  i t  i s  t h i s  r a t i o  o f  t h e  magn i -  
t u d e s  o f  t h e  p o s i t i v e  and n e g a t i v e  v a l u e s  w h i c h  
mus t  be i d e n t i f i e d .  T h i s  r a t i o  i s  e q u a l  to t h e  
r a t i o  o f  t h e  m a g n i t u d e s  o f  t h e  p o s i t i v p  and nega- 
t i v e  s t e a d y  s t a t e  v a l u e s  of t h e  Ou tpu t ;  o b t a i n e d  
f rom t h e  n o n l i n e a r  s i m u l a t i o n .  One model t h a t  
i n c l u d e s  t h i s  v a r i a b l e  sys tem g a i n  can  be 
e x p r e s s e d  m a t h e m a t i c a l l y  a s :  

a 6 ~ ( K )  6 u ( k )  2 0 

( 2  - a ) < u ( k )  6 u ( k )  5 0 

The i d e n t i f i c a t i o n  p r o c e d u r e  i s  c a r r i e d  o u t  

& u ' ( k )  = ( 1 3  

w i t h  t h i s  m o d i f i e d  PRES and a p i e c e w i s e  l i n e a r  
model i s  o b t a i n e d .  Compar i son  o f  t h e  r e s p o n s e s  
o f  t h i s  model w i t h  t h e  r e s p o n s e s  o f  t h e  n o n l i n -  
e a r  s i m u l a t i o n  showed e x c e l l e n t  ag reemen t  as 
shown i n  F i g s .  13 t o  1 6 .  The p a r a m e t e r s  o f  t h e  
c o e f f i c i e n t s  o f  t h e  t r a n s f e r  f u n c t i o n  m a t r i i  as 
w e l l  as t h e  v a l u e s  o f  a a r e  g i v e n  i n  T a b l e  2 .  
The p r o p o s e d  model b l o c k  d i a g r a m  s t r u c t u r e  i s  
g i v e n  i n  F i g .  1 7 .  

CONCLUSiON 

Sys tem i d e n t i f i c a t i o n  t e c h n i q u e s  a r e  used  
t o  r e p r e s e n t  t h e  dynamic  b e h a v i o r  o f  t h e  S S M E .  
The c o m p a r i s o n  o f  t h e  r e s p o n s e s  o f  t h e  n o n l i n e a r  
s i m u l a t i o n  w i t h  t h e  r e s p o n s e s  of t h e  i d e n t i f i e d  
mode l  i n d i c a t e s  v e r y  good ag reemen t .  The i d e n t i -  
f i e d  model can  b e  used  f o r  c o n t r o l  d e s i g n  
p u r p o s e s .  

l i n k a g e  b a c k l a s h  and v a l v e  s t i c t i o n  n o n l i n e a r i -  
t i e s .  These n o n l i n e a r i t i e s  s h o u l d  be added t o  
t h e  i d e n t i f i e d  mode l  and t h e  v a l i d i t y  o f  t h e  
model s h o u l d  be checked  b y  c o m p a r i n g  i t  w i t h  t h e  
f u l l  n o n l i n e a r  s i m u l a t i o n .  

The i d e n t i f i e d  model i s  v a l i d  for a l i m i t e d  
r e s p o n s e  r e g i o n  a b o u t  t h e  100 p e r c e n t  power  l e v e l  
o p e r a t i n g  c o n d i t i o n .  T h i s  s t u d y  w i l l  be e x t e n d e d  
so as  t o  o b t a i n  mode ls  a t  o t h e r  o p e r a t i n g  c o n d i -  
t i o n s .  Then t h e s e  p o i n t  mode ls  can  b e  l i n k e d  t o  
c o v e r  t h e  f u l l  r a n g e  o f  o p e r a t i o n  o f  t h e  SSME. 

The i d e n t i f i e d  mode l  does n o t  i n c l u d e  v a l v e  
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FIGURE 1. - PROPELLANT FLOW AND CONTROL VALVES (ROCKWELL, 1983). 
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FIGURE 2. - TYPICAL 104% SSRE MISSION (ROCKWELL INTER- 
NATIONAL CORP., 1988). 
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V S T A R T  ENABLE COMMAND (ENGINE READY SELF MONITOR) 

i 

VPRE-CHILL  BLEED VALVES CLOSED 

V E N G I N E  START COMMAND 
I 
l V M A l N  FUEL VALVE STARTS RAMP TO FULL OPEN 

I 

I V Q X I D I Z E R  PREBURNER OXIDIZER VALVE STARTS TO OPEN 

i V M A l N  OXIDIZER VALVE STARTS OPEN AT 60% 

V F U E L  PREBURNER OXIDIZER VALVE STARTS TO OPEN 

0- - - - - - - - - SCHEDULE PREBURNER I 
I VALVES FOR PRIMING 
I 

V SCHEDULE CHAMBER COOLANT VALVE 

THRUST LOOP CLOSED 
THRUST TO 100% POWER LEVEL 

v RAMP MAIN OXIDIZER VALVE FULL OPEN 

MIXTURE RATIO LOOP CLOSEDV 

V MAINSTAGE I 

-2 -1 0 1 2 3 4 5 
TIME FROM ENGINE START COMMAND. SEC 

FIGURE 3.  - SSME START SEQUENCE (ROCKWELL INTERNATIONAL CORP.. 1988).  
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OX I D I ZER 
THRUST CONTROL 
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PRESSURE 
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MIXTURE 

1 
MIXTURE RATIO CONTROL COMPARE 

MIXTURE RATIO I- r1 PREBURNER ~F!F:NE 

FLOWRATE 
OXIDIZER 
VALVE 

CALCULATED 

1 MIXTURE RATIO = CONSTANT X CHAMBER PRESSURE 
FUEL FLOWRATE 

FIGURE 4. - SSME PERFORMANCE CONTROL (ROCKWELL INTERNATIONAL CORP.. 1988).  
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