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Ea r ly   app l i ca t ion  of f u l l - a u t h o r i t y   d i g i t a l   c o n t r o l s   t o   e x i s t i n g  j e t  en- 
g ines   involved   dupl ica t ion  of t he   ex i s t ing   hydromechan ica l   con t ro l   l og ic   i n   d i -  
g i t a l  form,  and th i s   p rov ided  l i t t l e  improvement i n  performance.  Presently 
t h e r e  are several d i f f e r e n t  programs t o   a p p l y   d i g i t a l   c o n t r o l s   t o  advanced 
var iab le-cyc le   engines  (VCE's). DDA has   a l r eady   run   t he  GMA 200 gas   generator  
and  the GMA 200 J o i n t  Technology  Demonstrator  Engine (JTDE) under   var ious levels 
of d i g i t a l   c o n t r o l  employing d i g i t a l   l o g i c   d e s i g n e d   s p e c i f i c a l l y   f o r   d i g i t a l  
c o n t r o l  of these   engines .   In   each  case, t h e   c o n t r o l  w a s  "optimized"  according 
t o  a d i g i t a l  model  of the   engine ,  and t h e  actual  optimal  performance  varied  from 
the  design  because of the  modeling  inaccuracies.   This  problem  exists  regard- 
less of the   des ign   technique  - c l a s s i c a l ,   R i c c a t i   o p t i m a l   g a i n ,  LQR, i nve r se  
Nyquist, etc.  I n   g e n e r a l ,   t h e   f u l l   p o t e n t i a l   o f   d i g i t a l   c o n t r o l   f o r  j e t  engines  
w i l l  n o t   b e   r e a l i z e d   u n t i l  a adapt ive,   opt imal   propuls ion  system  control  is 
achieved   tha t  i s  capable  o f  

(1) In t eg ra t ed   con t ro l  of the  propuls ion  system 
( 2 )  A c t i v e   i d e n t i f i c a t i o n  of t h e   p l a n t   t o   b e   c o n t r o l l e d   i n  real  time 
( 3 )  Real-time opt imiza t ion  of t h e   c o n t r o l   f o r   t h e   i d e n t i f i e d   p l a n t  

This   paper   addresses   an  order ly ,  minimum-risk  approach to   ach iev ing   t he  l a t te r  
two goals .  

The mention of adapt ive,   opt imal   control   reminds many of t h e  p a s t  f a i l -  
ures  and  special   problems - e s p e c i a l l y   s t a b i l i t y  - assoc ia ted   wi th   adapt ivecon-  
t r o l s .  Thus, it is  necessary  to   determine a sys temat ic   approach   to   the   cont ro l  
development t h a t   d i s p l a y s   a n   i d e n t i f i a b l e   g a i n  a t  each s t e p  i n   o r d e r   t o   j u s t i f y  
the   add i t iona l   complex i ty   i nhe ren t   i n   t h i s   sys t em.  

The major   charac te r i s t ic   p roposed   here  i s  a bui ld ing-b lock   cont ro l   s t ruc-  
ture   leading  toward  adapt ive,   opt imal   control .   This   approach  s implif ies   the 
a d d i t i o n  of new fea tu res   and   a l lows   fo r  easier checkout   of   the   control  by  pro- 
v id ing  a base l ine  s y s t e m  f o r  comparison.  Also, i t  is  p o s s i b l e   t o   e l i m i n a t e  cer- 
t a in  f e a t u r e s   t h a t  do not  have  payoff by b e j n g   s e l e c t i v e   i n   t h e   a d d i t i o n  of new 
"bui ld ing   b locks"   to   be   added   to   the   base l ine   sys tem.  

This  is  achieved by beginning  with a b a s e l i n e   c o n t r o l   s t r u c t u r e   t h a t  i s  
e a s i l y   i d e n t i f i a b l e   w i t h   p r e s e n t   c o n t r o l   s y s t e m s .  The conf igura t ion  shown i n  
f i g u r e  1 fea tures   an   in tegra ted   p ropuls ion   sys tem management f ea tu re   t ha t   p ro -  
v ides   i npu t s   t o   t he   eng ine   con t ro l  management s e c t i o n ,   l i k e   p e r c e n t   t h r u s t  re- 
q u i r e d ,   i n l e t   c o n d i t i o n s ,  e tc .  The con t ro l  management s e c t i o n  selects t h e  op- 
timal gains ,   engine  schedules ,  and con t ro l   s chedu les   fo r   t he   con t ro l  l a w s  
(c lass ica l   speed   governor ,  LQR, etc).  The c o n t r o l  l a w s  i s s u e   c o n t r o l  commands 
to   min imize   an   e r ro r   c r i t e r ion   w i th in   t he   con t ro l  l a w .  The con t ro l  commands can 
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b e   a l t e r e d   ( g e n e r a l l y   l i m i t e d )   t o   p r o t e c t   t h e   e n g i n e .  The s igna l   syn thes i s   and  
e s t ima t ion   can   be   s imp le   bandpass   f i l t e r s ,  Kalman filters, etc. Every d i g i t a l  
con t ro l   i nc ludes  some degree   o f   con t ro l   d i agnos t i c s   t o   p rov ide  mode s e l e c t i o n  
(backup  control when a f a i l u r e   o c c u r s  as a minimum). 

The first s t e p  toward  adapt ive,   opt imal   control  is  t h e   i d e n t i f i c a t i o n  of 
t h e   p l a n t   o r   e n g i n e   c h a r a c t e r i s t i c s ,   a l o n g   w i t h   t h e   c o n t r o l   d i a g n o s t i c s .   T h i s  
s t e p  i s  chosen f i r s t   b e c a u s e  i t  has   payof f s   ou t s ide   t he   con t ro l .  Of course  en- 
g ine   d i agnos t i c s  i s  a many-faceted  objective. The phi losophy  suggested  here  i s  
s imply   t ha t   eng ine   d i agnos t i c s   be longs   i n   t he   con t ro l   d ig i t a l   compute r   on ly   t o  
t h e   e x t e n t   t h a t   a c t i o n  i s  requ i r ed  by the  control .   This   approach  minimizes   the 
potent ia l   dangers   of   increased  cost ,   complexi ty ,   and  weight   and  reduced relia- 
b i l i t y   i n t r o d u c e d  by adding  engine  diagnostics.   This  must  be  balanced by t h e  
overal l   reduct ion  in   engine  weight ,   cost ,   and  complexi ty  by s h a r i n g   f e a t u r e s  
between the   cont ro l   and   engine   d iagnos t ics .   Poss ib le   ac t ions   wi th in   the   cont ro l  
are 

(1) Lower ga ins  
(2) Lower engine  parameter  upper limits 
(3 )  O p e r a t i n g   l i n e  moved f u r t h e r   f r o m   s u r g e   f o r   e n g i n e   s t a b i l i t y  
( 4 )  A l t e r n a t i v e  modes 

However, most engine   d iagnos t ic   t echniques  employed today are n o t   a c c u r a t e   o r  
s e n s i t i v e  enough to   gene ra l ly   war ran t   such   an   i n t e rac t ion   w i th   con t ro l .   The re -  
f o r e  w e  p roceed   one   s tep   fur ther   to  parameter i d e n t i f i c a t i o n ,  as shown i n  Fig- 
ure  2 ,  to   p rovide  more d iagnos t ics   in format ion   and   to   l ay   the   g roundwork   for  
adapt ive   cont ro l .  Parameter iden t i f i ca t ion   t echn iques  are being  developed  for  
both  l inear   ahd  nonl inear   models ,   and  the  choice w i l l  depend  mainly on t h e  ap- 
p l i ca t ion .   Gene ra l ly  a sequen t i a l   t echn ique  w i l l  be  employed to   p rovide  a real- 
t i m e ,  on - l ine   i den t i f i ca t ion   p rocess .  A f i l t e r ed - sequen t i a l   t echn ique  is  cur- 
r en t ly   f avored  a t  DDA because (1) i t  min imizes   l a rge   t r ans i en t   e f f ec t s ,  (2)  i t  
i s  less s e n s i t i v e   t o   n o i s e ,  ( 3 )  i t  gene ra t e s   t he   r equ i r ed   de r iva t ives ,   and  
( 4 )  i t  i s  well s u i t e d  t o  s lowly   vary ing   parameters   tha t  are  compatible   with  cur-  
ren t   adapt ive   t echniques .  The r e s u l t s  of   parameter   ident i f ica t ion   can   be  ap- 
p l i e d  to 

(1) S igna l   syn thes i s   and   e s t ima t ion   fo r   t he   con t ro l  
( 2 )  Engine  diagnostics 
(3)  Adapt ive   cont ro l  

and th i s   p rov ides   an   i den t i f i ab le   payof f   even   i f  w e  f a i l   i n   t h e   n e x t   s t e p  - 
adapt ive   cont ro l .  

We de f ine   an   adap t ive   con t ro l  as a con t ro l   sys t em  tha t   s enses   p l an t  varia- 
t i o n s  and ad jus t s   con t ro l   pa rame te r s   t o   ach ieve  a con t ro l   ob jec t ive .  The u l t i -  
mate goa l  is  t o   p r o v i d e  a con t ro l   sys t em  tha t   con t inuous ly   ad jus t s   con t ro l  pa- 
rameters to  achieve  optimal  engine  performance. The term opt imal  i s  usua l ly  
loosely  used  s ince i t  i s  o f t e n   d i f f i c u l t   t o   p u t   e x a c t   p h y s i c a l   s i g n i f i c a n c e  on 
what i s  mathematically  optimized  to  achieve  the  desired  engine  performance. 

The next   s tep   toward   adapt ive   cont ro l  i s  t o   l o o k  a t  what c o n t r o l  parame- 
ters one  might   adjust   to   achieve  the  desired  control   performance.  The c o n t r o l  
ga ins   gene ra l ly   on ly   a f f ec t   t he   t r ans i en t   behav io r   o f   t he   con t ro l ,   w i th   on ly  a 
secondary   e f fec t  on s teady-state   performance  for   proport ional   control .   Achiev-  
ing   t rue   op t ima l   ga ins  would gene ra l ly   r equ i r e   an   on - l ine   so lu t ion   t o   t he  
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Riccati equation.  Adjustment  of  the  control  schedules  has a major  influence  on 
the  steady-state  performance  and some e f f e c t  on t h e   t r a n s i e n t   b e h a v i o r  (accel- 
e ra t ion   and   dece lera t ion   schedules) .  Here t rue   op t imal   per formance  would re- 
qui re   on- l ine   op t imiza t ion   of   the   cont ro l   schedules  - gene ra l ly  a g rad ien t  
s ea rch   w i th   mu l t ip l e   cons t r a in t s .  The con t ro l   des igne r   has  l i t t l e  f l e x i b i l i t y  
wi th   the   engine  limits. 

Now w e  have  sensed  engine  variations  and  examined  those  control  parameters 
w e  can   ad jus t .  But  what  about  qualifying  "desired  engine  performance"  or "op- 
t i m i z a t i o n "   i n   t h i s  case. Off - l ine   op t imiza t ion  is  t h e  most p rac t i ca l   app roach  
t h a t  can be  achieved  with  today's  technology. The s t e p s   t o   a c h i e v e   t h i s   g o a l  
are 

Optimize  nominal  system 
Determine  nonnominal  models 
Optimize  nonnominal  systems 
Derive control   parameter   deviat ions  f rom  nominal  
Express   control  "trims" i n  terms of  model dev ia t ions  

The use   o f   cont ro l  trims reduces  the  authori ty   of   the   adapt ive  process   and  pro-  
v ides  a safe  approach.  With  the  development  of  on-line  parameter  identification 
th i s   approach  i s  f eas ib l e   t oday .  

However, one may wish   t o   cons ide r   one   fu r the r   s t ep  - t he   u l t ima te   goa l ,  on- 
l i ne   op t imiza t ion .   Th i s  is a b ig  s t e p  wi th  many potential   problems  and  must 

proach is l i n e a r  model op t imiza t ion   wi th  a poss ib le   c losed- form  so lu t ion .  How- 
ever ,   the   inaccurac ies  of  t h e   l i n e a r  model may l e a v e   t h i s   a p p r o a c h  less opt imal  
than   the   o f f - l ine  method us ing  a nonl inear  model. 

. show s i z a b l e   p a y o f f   t o   o f f s e t   t h e   r i s k  and  complexity. The most f e a s i b l e  ap- 

On-line  optimization of t he   non l inea r  model does  not  seem p r a c t i c a l   w i t h  
today's  techniques - espec ia l ly   w i th   t he   l a rge  number of c o n s t r a i n t s   i n   t h e  en- 
gine  optimization  problem. The on-l ine  opt imizat ion of t he   ac tua l   eng ine  
through  per turba t ion   techniques   c rea tes   even   grea te r   s tab i l i ty   concerns .  Be- 
f o r e  one  rushes  forward  into  on-l ine  opt imizat ion,   the   potent ia l   problems  of  
s t ab i l i t y ,   h igh   computa t iona l   cos t s ,   l a rge   r ange   o f   pa rame te r s ,  and t r a n s i e n t  
e f f e c t s  must   be   weighed   aga ins t   the   po ten t ia l   benef i t s   o f  

(1) Better performance 
( 2 )  Simpler  schedules 
( 3 )  Automat i c   f a i lu re  modes 

The f i n a l   g o a l  is an   adapt ive   op t imal   p ropuls ion   cont ro l .  The road is a 
d i f f i c u l t  one  with many p i t f a l l s .  The approach  presented  here  w i l l  maximize t h e  
p r o b a b i l i t y  of success   wi th  a bui lding-block  s t ructure   that   promises   added pay- 
o f f s  a t  each   s t ep   t oward   t he   f i na l   goa l .  
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F i g u r e  1. - C u r r e n t   c o n t r o l   s t r u c t u r e .  
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Figure 2. - Adaptive optimal control structure. 


