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SUMMARY 

A s tudy was conducted   o f  an i n l e t / e n g i n e / n o z z l e   i n t e g r a t e d   c o n t r o l  mode 
f o r   t h e   p r o p u l s i o n   s y s t e m   o f  an advanced  supersonic   commerc ia l   a i rcraf t .   Th is  
s tudy  showed t h a t   i n t e g r a t i o n   o f   t h e s e   c o n t r o l   f u n c t i o n s  can r e s u l t   i n   b o t h  
o p e r a t i o n a l  and pe r fo rmance   bene f i t s   f o r   t he   p ropu ls ion   sys tem.   Fo r   examp le ,  
t h i s   i n t e g r a t e d   c o n t r o l  mode may make i t  p o s s i b l e   t o   m i n i m i z e   t h e   u s e   o f   i n l e t  
bypass  doors f o r  shock p o s i t i o n   c o n t r o l .   T h i s  may be o f   b e n e f i t   t o   t h e   a i r -  
c r a f t  as a r e s u l t   o f   m i n i m i z i n g :  ( 1 )  bypass   b leed  d rag   e f fec ts ;  ( 2 )  p e r t u r b a -  
t i o n s   t o   t h e   a i r c r a f t   r e s u l t i n g   f r o m   t h e   s i d e   t h r u s t   e f f e c t   o f   t h e   b y p a s s  
bleeds; and, ( 3 )  p o t e n t i  a1 u n s t a r t s   o f   t h e   i n l e t .  A conceptua l   in tegra ted   con-  
t r o l  mode was developed  which makes use o f  many cross-coupl ing  paths  between 
i n l e t  and e n g i n e   c o n t r o l   v a r i a b l e s  and i n l e t  and engine  sensed  var iab les.  A 
m u l t i v a r i a b l e   c o n t r o l   d e s i g n   t e c h n i q u e  based  upon  L inear   Quadrat ic   Regulator  
(LQR)  theory was a p p l i e d   t o   d e s i g n i n g   t h e   f e e d b a c k   g a i n s   f o r   t h i s   c o n t r o l   t o  
a l l  ow a s i m u l a t i o n   e v a l u a t i o n   o f   t h e   b e n e f i t s   o f   t h e   i n t e g r a t e d   c o n t r o l  mode. 

INTRODUCTION 

The Nat iona l   Aeronaut ics  and  Space A d m i n i s t r a t i o n  (NASA) i s  engaged i n  
s t u d i e s  and advanced  technology  programs f o r  fu tu re   superson ic   commerc ia l   a i r -  
c r a f t ,   w i t h  emphasis on improving  environmental  and per fo rmance  charac ter is -  
t i c s .  As p a r t   o f   t h i s   o v e r a l l  program, P r a t t  & W h i t n e y   A i r c r a f t  (P&WA) i s  con- 
duct ing  advanced  propuls ion  technology  programs. 

The t ime   f rame  fo r   t hese   p rog rams   i s   cons i s ten t   w i th   advanced   techno logy  
p r o j e c t i o n s   t h a t   w o u l d   p e r m i t  a U. S. e n t r y   i n t o   t h e   c o m m e r c i a l   s u p e r s o n i c   a i r -  
c r a f t   m a r k e t   b y   t h e   l a t e   1 9 8 0 ' s   o r   e a r l y   1 9 9 0 ' s .  

The work  presented i n   t h i s  paper was accompl ished  dur ing a b r i e f   s t u d y  as 
p a r t  o f  a NASA-sponsored s tudy   conducted   by   the   Lockheed-Ca l i fo rn ia  Company, 
w i t h  P&WA Commerci a1 P r o d u c t s   D i v i s i o n  as sub -con t rac to r .  (1) 

VARIABLE STREAM CONTROL E N G I N E  

Resu l t s   f rom  b road   pa ramet r i c   s tud ies  and r e f i n e d   i n t e g r a t i o n   s t u d i e s   i n -  
d i   c a t e   t h a t   t h e   V a r i a b l e  Stream  Contro En i ne (VSCE) has t h e   g r e a t e s t   p o t e n -  
t i a l   f o r   f u t u r e   s u p e r s o n i c   t r a n s p o r t s . l 2 ~ 3 !   T h i s  VSCE concept   employs  var i -  
able  components and a u n i q u e   t h r o t t l e   s c h e d u l e   f o r   i n d e p e n d e n t   c o n t r o l   o f   t w o  
f low  streams t o   p r o v i d e   r e d u c e d   j e t   n o i s e   a t   t a k e - o f f  and h igh   pe r fo rmance   a t  
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both   subson ic  and superson ic   c ru i se .   F igu re  1 shows the   bas i c   a r rangement   o f  
the  major  engine  components i n  a t w i n   s p o o l   c o n f i g u r a t i o n   s i m i  1 a r   t o  a 
conven t iona l   t u rbo fan   eng ine .  The low  spoo l   cons is ts  o f  an advanced  tech- 
no logy ,   mu l t i - s tage ,   va r iab le   geomet ry   f an  and a l o w   p r e s s u r e   t u r b i n e .  A v a r i -  
able  geometry  compressor  dr iven  by an advanced s i   ng l   e -s tage   h igh   t empera tu re  
t u r b i n e  makes up t h e   h i g h   s p o o l .  The p r imary   bu rne r  and t h e   d u c t   b u r n e r   r e -  
qu i re   l ow   em iss ions ,   h igh   e f f i c i ency   combus to rs .  A two  s t ream,  concentr ic ,  
a n n u l a r   ( c o - a n n u l a r )   n o z z l e   d e s i g n   w i t h   v a r i a b l e   t h r o a t   a r e a s   i n   b o t h   s t r e a m s  
and an e j e c t o r / r e v e r s e r  make up the  exhaust  system. 

CORE EXHAUST 
COMPRESSOR  VANES  NOZZLE AREA 

\ \  

DUCTEXHAUST 
NOZZLE AREA 

I I 
clcn I LKDUU I 

COWL DOORS/ FUEL  (LOW \ I \  
DUCT B l  

FAN  VANES FUEL FI 
EJECTOR 

F i g u r e  1 P r o p u l s i o n  System, I n c o r p o r a t i n g  a Var iab le   S t ream  Cont ro l  
Engine (VSCE), f o r  an Advanced  Supersonic. 

S u p e r s o n i c   I n l e t  

The s u p e r s o n i c   i n l e t   f o r   t h e  VSCE will be e i t h e r  an ax i symmet r i c   con f i gu r -  
a t i o n   w i t h  a t r a n s l a t i n g   o r   c o l l a p s i b l e   c e n t e r b o d y ,   o r  a two-dimensional  de- 
s i g n   w i t h   v a r i a b l e   w a l l s .   A u x i l i a r y   i n l e t   d o o r s  and bypass  doors  are  included 
t o   s a t i s f y   o f f - d e s i g n  and t r a n s i e n t   o p e r a t i n g   c o n d i t i o n s .   D u r i n g   s u p e r s o n i c  
o p e r a t i o n ,   t h e   p r i m a r y   c o n t r o l   r e q u i r e m e n t   f o r   t h e   i n l e t   i s   t o  f i x  t h e  shock 
p o s i t i o n   a t  a l o c a t i o n  downstream o f  t h e   t h r o a t .   V a r y i n g   t h e   i n t e r n a l  geome- 
t r y ,  such as t r a n s l a t i n g   t h e   c e n t e r b o d y   p o s i t i o n ,   v a r y i n g   t h e   b y p a s s   d o o r s  and 
m a t c h i n g   t h e   e n g i n e   a i r f l o w   w i t h   t h e   i n l e t   f l o w   r a t e   r e q u i r e s   c o o r d i n a t i o n .  
T h i s  will a l l o w   o p t i m u m   p o s i t i o n i n g   o f   t h e   s h o c k   f o r  maximum p ressu re   recove ry  
w h i l e   m i n i m i z i n g   i n l e t   s p i l l a g e  and bypass f l o w  and p r e v e n t i n g   i n s t a b i l i t y  
such as u n s t a r t  and  buzz. 
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Engine 

M o d u l a t i n g   e n g i n e   a i r f l o w   t o   m a t c h   i n l e t   a i r f l o w   i s   i m p o r t a n t   f o r   o p t i m i z -  
i ng   i ns ta l l ed   pe r fo rmance .   Se lec ted   ra t i ng   pa ramete rs ,   such  as r o t o r  speeds 
and /o r   eng ine   p ressu re   ra t i o ,   a re  programmed i n t o   t h e   c o n t r o l   s y s t e m   t o   p r o -  
v i d e   t h e   s p e c i f i c   t h r u s t ,   a i r f l o w ,  and t e m p e r a t u r e   r a t i n g s   a t   c r i t i c a l   o p e r a t -  
i n g   c o n d i t i o n s   t h a t   r e s u l t   i n   t h e   d e s i r e d   p e r f o r m a n c e  and environmental  bene- 
f i t s .  

The VSCE f a n   i n c o r p o r a t e s   v a r i   a b l e  camber i n l e t  and e x i t   g u i d e  vanes.  The 
compressor has seve ra l   rows   o f   va r iab le   s ta to rs .   Accu ra te   con t ro l   o f   t hese  
variable  geometry  components i s   r e q u i r e d   t o   o p t i m i z e   p e r f o r m a n c e   o v e r   t h e  
f l i g h t   e n v e l o p e   w h i l e   m a i n t a i n i n g   s t a b i l i t y   m a r g i n s .  

The advanced  main  burner and duc t   burner  have  staged  combustion  systems 
wh ich   requ i re   accura te  and i n d e p e n d e n t   c o n t r o l   o f   f u e l   f l o w   t o  each  stage t o  
o b t a i n   t h e   e f f i c i e n c y  and e m i s s i o n s   b e n e f i t s   a s s o c i a t e d   w i t h   t h e s e   b u r n e r  de- 
s igns.  The cont ro l   sys tem  must   a l  so p r o v i d e  smooth l i g h t - o f f ,   s t a g e - t o - s t a g e  
t r a n s f e r   d u r i n g   t r a n s i e n t   o p e r a t i o n ,  and m o d u l a t e d   t o t a l   f u e l   f l o w   i n  each 
b u r n e r   s t a g e   t o   o b t a i n   t h e   d e s i r e d  power s e t t i n g s .  

Nozzle/Reverser 

Continuous and independent   modu la t ion   o f   bo th   the   p r imary  and duct   s t ream 
n o z z l e   a r e a s   i s   r e q u i r e d   i n   c o n j u n c t i o n   w i t h   t h e   e n g i n e   c o n t r o l   v a r i a b l e s   t o  
p rov ide   t he   des i red   eng ine  and n o z z l e   o p e r a t i n g   c h a r a c t e r i s t i c s .   C o n t r o l   o f  
t he   ac tua ted   e jec to r   doo rs  and the   t h rus t   reve rse r   mus t   a l so   be   p rov ided .  

INTEGRATION 

Operat ion and per fo rmance  o f   the  VSCE p r o p u l s i o n   s y s t e m   i s  a f u n c t i o n   o f  
t h e   i n t e r a c t i o n s   b e t w e e n   t h e   i n l e t ,   e n g i n e ,  and n o z z l e .   B a s i c   i n t e r a c t i o n   e f -  
f e c t s   a r e   r e p r e s e n t e d   i n   f i g u r e  2, and i n d i v i d u a l   p e r f o r m a n c e   f a c t o r s   f o r   t h e  
i n l e t ,   e n g i n e ,  and nozz le   a re  shown i n   f i g u r e  3. S ince   t he   i n teg ra ted   p ropu l -  
s i o n   s y s t e m   i s   a f f e c t e d   b y   a l l   o f   t h e s e   i n t e r a c t i o n s  and per fo rmance  fac to rs ,  
it i s  apparen t   t ha t  an i n t e g r a t e d   c o n t r o l   s y s t e m   i s   r e q u i r e d   n o t   o n l y   t o   o p t i -  
m i z e   i n d i v i d u a l  component  performance,  but a1 so t o   t r a d e  between  engine compo- 
nents.  

An i n t e g r a t e d   c o n t r o l   c a n  a1 low  c loser   opera t ion   to   compressor   surge  
l i m i t s   t o   i m p r o v e  compressor   e f f ic iency and p r e s s u r e   r a t i o   d u r i n g   s t e a d y   s t a t e  
ope ra t i on ,  and u t i l i z e   r e s e t   l o g i c   t o  accommodate i n l e t   d i s t o r t i o n   e f f e c t s   o r  
e n g i n e   t r a n s i e n t s .   A n o t h e r   i n t e g r a t i o n   a p p r o a c h   i s   t o   u s e   e n g j n e   v a r i a b l e s   t o  
c o n t r o l   t h e   i n l e t  shock p o s i t i o n ,  and thereby   min imize   the   use   o f   d rag- induc-  
i ng  bypass  doors. 

I n teg ra t i on   mus t   a l so   be   p rov ided   be tween   a l l   f ou r   p ropu ls ion   sys tems  and 
b e t w e e n   t h e   a i r c r a f t   c o n t r o l   s y s t e m .   T h i s   i s   r e q u i r e d   t o   p r o v i d e   o p t i m u m   o v e r -  
a1 1 a i r c r a f t   p e r f o r m a n c e  and t o   p r o v i d e   o p e r a t i o n a l   r e l i a b i  1 i t y  and s a f e t y   b y  
m i n i m i z i n g   t h e   p o s s i b i l i t y  of i n l e t   u n s t a r t s  as a r e s u l t   o f   a i r c r a f t  maneu- 
vers.  I n   a d d i t i o n ,  i f  an i n l e t   s h o u l d   u n s t a r t ,   t h e   i m p a c t  on a i r c r a f t  con- 
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t r o l l a b i l i t y  would  be  minimized.  Therefore,  a c o n t r o l   s y s t e m   i s   r e q u i r e d   w h i c h  
n o t   o n l y   p r o v i d e s   t h e   p r o p u l s i o n   s y s t e m   c o n t r o l   f u n c t i o n ,   b u t  can a l s o   p r o v i d e  
t h e s e   i n t e g r a t i o n   f u n c t i o n s .  

: Inlet  control  settings : 
: impact engine restart : 
0 1": Engine power sett ing 
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F i g u r e  2 Propu 1 s i  on 
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F i g u r e  3 P r o p u l   s i  on  System  Performance  Factors 
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I n t e g r a t i o n   b e n e f i t s  and i n l e t / e n g i n e / n o z z l e   c o n t r o l   f u n c t i o n   i n t e g r a t i o n  
approaches  were   eva lua ted   under   the   conceptua l   in tegra ted   con t ro l   s tudy ,  (1) 
d iscussed   p rev ious l y .  The i n t e g r a t i o n   b e n e f i t s   i d e n t i f i e d   i n   t h i s   s t u d y   a r e  
s u m a r i z e d   i n   t a b l e  1. 

TABLE I - CONTROL INTEGRATION BENEFITS 

Max imize   s teady   s ta te  and t r a n s i e n t   p e r f o r m a n c e  

M i n i m i z e   i n l e t   u n s t a r t s  and  engine  surge  during  maneuvers 

Min imize   occur rence  o f   buzz  

M i n i m i z e   u s e   o f   d r a g - i n d u c i n g   i n l e t   b y p a s s   d o o r s  

Improve a i r c r a f t  hand1 i ng  qual  i t i  es 

Max im ize   ope ra t i ona l   sa fe ty  

INTEGRATED CONTROL MODE 

G i v e n   t h e   i n d i v i d u a l   c o n t r o l   r e q u i r e m e n t s   f o r   t h e   i n l e t  and VSCE, and i n -  
tegra t io r r   requ i rements  and  approaches, a c o n c e p t u a l   i n t e g r a t e d   c o n t r o l  mode 
was developed. The r e s u l t i n g   c o n t r o l  mode, shown i n   b l o c k   d i a g r a m   f o r m   i n  fi- 
gure 4, rep resen ts  a f u l l y   i n t e g r a t e d  mode i n   t h a t   a l l   a n t i c i p a t e d   s i g n i f i c a n t  
c ross -coup l i ng   l oops ,   bo th   w i th in   t he   eng ine  and between  engine and i n l e t ,  
have   been   i nc luded .   Fu l l   au tho r i t y   i n teg ra to rs   were   se lec ted   f o r   ma in   bu rne r  
fue l   f low (WFE), compressor  bleeds, and bypass  doors. T r i m  i n t e g r a t o r s ,  whose 
o u t p u t  add t o   s t e a d y   s t a t e   r e f e r e n c e   o r   c o r r e l a t i o n   s c h e d u l e s ,   w e r e   s e l e c t e d  
f o r   f a n   i n l e t   g u i d e  vane  (FIGVA),  compressor s t a t o r  vanes (CSVA) , c o r e   n o z z l e  
area  (AJE), and duct   nozz le  area  (AJD).  The use o f   i n t e g r a t o r s  on each c o n t r o l  
v a r i a b l e  was s e l e c t e d   t o   p r o v i d e   a c c u r a t e   c o n t r o l   t o   t h e   d e s i r e d   p r o p u l s i o n  
sys tern r a t  i ngs . 

Design and e v a l u a t i o n  o f  c o n t r o l   l o o p   g a i n s  and dynamic  compensation  for 
such a c o n t r o l  mode requi red  development   o f  a dynamic  s imulat ion  o f   the VSCE 
engine and t h e   s u p e r s o n i c   i n l e t .  The e n g i n e   s i m u l a t i o n   c o n s i s t e d   o f   d e t a i l e d  
non l inear   dynamic   representa t ions   o f   each  eng ine  component a v a i l a b l e   f r o m  
P&WA's s imulat ion  system. The i n l e t   s i m u l a t i o n   s e l e c t e d  was based  upon a simu- 
l a t i o n   t e c h n i q u e   d e v e l o p e d   a t   t h e  NASA Lewis  Research  Center, as d e s c r i b e d   i n  
Reference 4. T h i s   s i m u l a t i o n   t e c h n i q u e   i s   b a s e d  upon a l i n e a r i z e d   m a t h e m a t i c a l  
a n a l y s i s   o f   i n l e t  dynamics and,  as such, i n   o n l y   v a l i d   f o r   s m a l l   t r a n s i e n t  
p e r t u r b a t 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 .  However, t h i s   l i m i t a t i o n   i s   a c c e p t -  
a b l e   f o r   a n a l y s i s   o f   i n t e g r a t e d   c o n t r o l   r e s p o n s e  s i  nce ( 1  ) eng ine   ope ra t i  on a t  
s u p e r s o n i c   c o n d i t i o n s   i s   l i m i t e d   t o  a f a i r l y   l i n e a r   r a n g e  and, ( 2 )  i t  i s  de- 
s i r a b l e   t o   m a i n t a i n   a c c u r a t e   c o n t r o l   o f  shock p o s i t i o n   ( i  .e. ¶ o n l y   a l   l o w   s m a l l  
v a r i a t i o n s   f r o m   t h e   d e s i r e d  shock p o s i t i o n )  so t h a t   i n l e t   o p e r a t i o n  will a l s o  
be l i m i t e d   t o  a f a i r l y   l i n e a r  range. 
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Figure 4 Conceptual  Integrated  Control Mode 

A schematic  of an ideal mixed-compression i n l e t   i s  shown in  f igure 5. The 
cross-sectional  area  variation o f  t h e   i n l e t   i s  approximated by constant  area 
sections t o  minimize the  complexity of the  result ing  simulation. For each  duct 
section  chosen,  the  constant  area  approximation and a l inear  analysis o f  the 
compressible  flow  equations  result  in  one-dimensional wave equations  repre- 
senting t h a t  section. These wave equations  are used to  represent both  the 
supersonic and subsonic  flow  regions. The supersonic and subsonic  flow  sec- 
tions  are  then  coupled by linearized  equations which r e l a t e  normal shock, 
posit ion t o  adjacent  parameters. A l inearized  equation  is   also developed f o r  
bypass  flow,  assuming choked f 1 ow t h r o u g h  the  bypass  door.  Finally  the 1 i ne- 
ar ized  inlet   s imulat ion  is  mated with  the  nonlinear  engine  simulation  to pro- 
vide  the  exit   conditions of the i n l e t .  

+<J-,/:T NORMAL SHOCK -OVERBOARD BYPASS 

- ENGINE 

STATION 0 0‘ 1 2  3 

Figure 5 Idealized Mixed Compression I n l e t  
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INTEtiRATED CONTROL DESIGN APPROACH 

A mu l t i va r iab le   con t ro l   des ign   t echn ique ,   based   on   L inea r   Quadra t i c  Re- 
gu la to r   (LQR)   theory ,  was a p p l i e d   t o   t h e   d e s i g n   o f   t h e   i n t e g r a t e d   c o n t r o l  mode 
f o r   t h e   i n l e t / e n g i n e .   T h i s   t e c h n i q u e   p r o v i d e s  a s y s t e m a t i c   p r o c e d u r e   f o r  de- 
s i g n i n g   a l  l cross-coupled  loops  that   are  employed i n  an i n t e   r a t e d   c o n t r o l  
mode and assures  advantageous  use o f   t h e s e   c r o s s - c o u p l i n g   e f  7 ec ts .   S ince   the  
LQR m u l t i v a r i a b l e   c o n t r o l   d e s i g n   t e c h n i q u e   i s  a l i n e a r   t e c h n i q u e ,   t h e  non- 
l i nea r   equa t ions   rep resen t ing   t he   eng ine   mus t   be   l i nea r i zed  and combined w i t h  
t h e   l i n e a r   e q u a t i o n s   r e p r e s e n t i n g   t h e   i n l e t .   A c c o m p l i s h i n g   t h i s   r e q u i r e d  de- 
f i n i t i o n   o f   t h e   s t a t e ,   c o n t r o l  and o u t p u t   v a r i a b l e s   f o r   t h e   e n g i n e  and i n l e t .  
Genera l ly ,  i t  i s   n o t   d e s i r a b l e   t o   i n c l u d e   e v e r y   s t a t e   v a r i a b l e   i n   t h e   e n g i n e  
s i n c e   t h i s  can r e s u l t   i n  an unnecessar i l y   complex   con t ro l   sys tem;   i .e . ,   the  
LQR techn ique   de te rm ines   con t ro l   f eedback   ga ins   f rom  eve ry   s ta te   va r iab le  
se lec ted   t o   rep resen t   t he   sys tem.  A more e f f e c t i v e   a p p r o a c h   i s   t o   r e c o g n i z e  
t h e   f r e q u e n c y   r a n g e   o v e r   w h i c h   a c t i v e   c o n t r o l   i s   r e a l l y   d e s i r e d ,   o r   p o s s i b l e ,  
and simp1 i f y  t h e   s t a t e   v a r i a b l e   r e p r e s e n t a t i o n   t o   i n c l u d e   o n l y   t h o s e   s t a t e s  
assoc ia ted   w i th   eng ine   dynamics  i n   t h i s   f r e q u e n c y   r a n g e .  

Based on such   cons ide ra t i ons ,   t he   s ta te ,   con t ro l  and o u t p u t   v a r i a b l e s  
shown i n   t a b l e  I 1  w e r e   s e l e c t e d   f o r   t h e   i n l e t /   e n g i n e   r e p r e s e n t a t i o n .  Even 

TABLE I 1  - STATE, CONTROL, AND OUTPUT VARIABLES 

X - STATE VARIABLES U - CONTROL VARIABLES Y - OUTPUT VARIABLES 
“ _ ~ I  

XI - LOW  ROTOR SPEED U 1  - M A I N  BURNER FUEL Y 1  - LOW ROTOR SPEED 
FLOW 

X2 - HIGH ROTOR SPEED U2 - CORE EXHAUST Y2 - HIGH ROTOR SPEED 
NOZZLE AREA 

X3 - MAIN BURNER PRESS. U3 - DUCT EXHAUST Y3 - ENGINE PRESS. R A T I O  
NOZZLE AREA 

X4 - CORE STREAM U4 - COMPRESSOR STATOR Y4 - NORMAL SHOCK 
EXHAUST PRESS. VANES P O S I T I O N  

X5 - DUCT STREAM PRESS. U5 - FAN STATOR VANES Y5 - FAN PRESS. R A T I O  

X6 - NORMAL SHOCK U6 - INLET BYPASS DOOR Y6 - COMPRESSOR PRESS. 
POSIT I O N  AREA RATIO 

X7 - INLET SUBSONIC 
SECTION TEMP. 

X8 - INLET SUBSONIC 
SECTION PRESS. 

Y7 - INLET SUBSONIC 
SECTION PRESS. 

Y8 - H I G H  TURBINE 
INLET TEMP. 

X9 - INLET SUBSONIC 
SECTION AIRFLOW 

Y9 - THRUST 
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though a l l   o f   t h e   i n l e t   s t a t e   v a r i a b l e s   a r e   a s s o c i a t e d   w i t h   h i g h   f r e q u e n c y  
dynamics, i t  i s  necessary t o   i n c l u d e   s e v e r a l   o f  them  s ince   con t ro l   o f   the  
shock p o s i t i o n   r e q u i r e s   r e l a t i v e l y   h i g h   f r e q u e n c y   r e s p o n s e   c o n t r o l   l o o p s .  The 
i n l e t   s t a t e   v a r i a b l e s   a s s o c i a t e d   w i t h   t h e   s u p e r s o n i c   f l o w   s e c t i o n   w e r e   e l i -  
m ina ted   s ince  i t  was f o u n d   t h a t   f e e d b a c k   o f   t h e s e   v a r i a b l e s   d i d   n o t   c o n t r i b u t e  
s i g n i f i c a n t l y   t o   e f f e c t i v e   c o n t r o l   a c t i o n .  The f i r s t   s i x   o u t p u t   v a r i a b l e s  were 
s e l e c t e d   t o   b e   c o n s i s t e n t   w i t h   t h e   r e f e r e n c e   v a r i a b l e s  shown i n   t h e   c o n c e p t u a l  
c o n t r o l  mode i n   f i g u r e  4. 

U s i n g   t h e s e   s t a t e ,   c o n t r o l  and o u t p u t   v a r i a b l e s   t h e   i n l e t /   e n g i n e   s i m u l a -  
t i o n  was l i n e a r i z e d   a t  a s u p e r s o n i c   f l i g h t   c o n d i t i o n   c o r r e s p o n d i n g   t o  an a l t i -  
t u d e   o f  16,800 m (55000 f t )  and a Mach number o f  2.3. T h i s   l i n e a r i z a t i o n   r e -  
s u l t e d   i n  a s t a t e   v a r i a b l e   r e p r e s e n t a t i o n   o f   t h e   s y s t e m   c o n s i s t i n g   o f   t h e   f o l -  
l o w i n g   t w o   m a t r i x   e q u a t i o n s :  

6 X  = A 6 X  + B 6  U 

6Y = C 6 X  + D 6  U 

The n e x t   s t e p   i n   t h e  LQR c o n t r o l   s y n t h e s i s   p r o c e d u r e   i s   t o   d e f i n e  a p e r -  
formance  index as a measure o f   t h e  goodness o f   t h e   c o n t r o l   e f f e c t i v e n e s s .  A 
q u a d r a t i c   p e r f o r m a n c e   i n d e x   o f   t h e   f o l l o w i n g   f o r m   i s   r e q u i r e d   f o r   t h e  LQR syn- 
t h e s i s   t e c h n i q u e   t o   s o l v e   t h e   " o u t p u t   r e g u l a t o r "   p r o b l e m .  

T T 
Performance  Index = J (  6 U) = 6Y Q S Y  + 6 U   R 6 U   d t  1 

M i n i m i z a t i o n   o f   t h i s   p e r f o r m a n c e   i n d e x   r e s u l t s   i n   " o p t i m a l   t r a n s i e n t   p e r -  
formance" as determined  by  the  se lected  va lues i n   t h e  Q and R w e i g h t i n g   m a t r i -  
ces  on t h e   o u t p u t  and con t ro l   va r iab les ,   respec t i ve l y .   Fo r   examp le ,   p lac ing  a 
h i g h   w e i g h t i n g  on  shock p o s i t i o n  will i m p r o v e   c o n t r o l   r e g u l a t i o n   o f  shock 
pos i t i on .   W i th   t he   pe r fo rmance   i ndex   de f i ned ,   t he   "ou tpu t   regu la to r   p rob lem"  
i s  so lved by s o l v i n g   t h e   m a t r i x   R i c c a t i   e q u a t i o n   f o r   t h e   s t e a d y   s t a t e   v a l u e  of 
K.  

A -I? = KA + ATK - GTRG + CTQC 

A 
where R = R + DTQD 

A 
and G = R - 1  (DTQC + BTK) 

The m a t r i x  I; i s   t h e   m a t r i x   o f   f e e d b a c k   g a i n s   f r o m  each s t a t e   v a r i a b l e   t o  
each c o n t r o l   v a r i a b l e .  

R e f e r r i n g  back t o   f i g u r e  4, i t  can  be  seen t h a t   i n t e g r a t o r s   a r e   d e s i r e d  on 
e a c h   c o n t r o l   v a r i a b l e   t o   m a i n t a i n   z e r o   e r r o r s   b e t w e e n   r e f e r e n c e  and sensed  en- 
g i n e   v a r i a b l e s   d u r i n g   s t e a d y   s t a t e   o p e r a t i o n .   N o t e   t h a t   t h e   r e f e r e n c e   v a r i a -  
b l e s   f o r   f a n  match,  compressor  match and shock p o s i t i o n  were   rep laced   w i th   f an  
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p r e s s u r e   r a t i o ,   c o m p r e s s o r   p r e s s u r e   r a t i o  and ac tua l   no rma l   shock   pos i t i on   f o r  
t h i s   s t u d y .   T h e s e   i n t e g r a t o r s   w e r e  accommodated by   i nc lud ing   t hem as a d d i t i o n -  
a l   s t a t e   v a r i a b l e s   a l o n g   w i t h   t h e   i n l e t / e n g i n e   s t a t e   v a r i a b l e s ,  and s o l v i n g  
t h e   m a t r i x   R i c c a t i   e q u a t i o n   f o r   t h e   c o n t r o l   f e e d b a c k   g a i n s   f r o m   t h e   c o m p l e t e  
s e t   o f   s t a t e s .   T h i s   a p p r o a c h   r e s u l t s   i n  a s o l u t i o n   f o r   t h e  G mat r ix   wh ich   can  
be  broken down i n t o  a G1 m a t r i x  f o r  t h e   i n l e t / e n g i n e   s t a t e s  and a 62 m a t r i x  
f o r   t h e   c o n t r o l   i n t e g r a t o r s  as shown i n   f i g u r e  6. 

19x61 

19x11 

u -  1 6u '  + x 6 x  
B C 

5 I S 

19x91 

GZ I 
16x61 I A 19x91 LINEAR  INLETIENGINE I 

F i g u r e  6 S o l u t i o n   o f   t h e   M a t r i x   R i c c a t i   E q u a t i o n   D e t e r m i n e s   t h e  G 1  and 62 
Feedback   Ga in   Mat r i ces   f rom  the   In le t /Eng i  ne and C o n t r o l   S t a t e  
Var i ab1 es 

The r e s u l t i n g   c o n t r o l  mode s t r u c t u r e   i s   n o t   e q u i v a l e n t   t o   t h a t  shown i n  
f i g u r e  4. To o b t a i n   t h i s   s t r u c t u r e   r e q u i r e s  a t r a n s f o r m a t i o n   o f   t h e   c o n t r o l  
g a i n   m a t r i c e s  G1 and G2 t o   t h e  new m a t r i c e s  H, L1  and  L2 o p e r a t i n g  on t h e   o u t -  
p u t   v a r i a b l e s  Y .  D e f i n i n g   t h e   d i f f e r e n t i a l s  6 U  and 6 Y  as 

6 U  = U - U r e f  

6Y = Y - Y r e f  

a l lows  imp lementa t ion  o f  t h e   c o n t r o l  system, as shown i n   f i g u r e  7, on a non- 
l i  near i n l   e t / e n g i  ne s i m u l   a t i  on f o r   e v a l   u a t i  on o f   s m a l l   p e r t u r b a t i o n   r e s p o n s e  
a t   t h e   s e l e c t e d   o p e r a t i n g   p o i n t .  

The L2 g a i n   m a t r i x   i s   r e q u i r e d  i f  t h e  number o f   s t a t e   v a r i a b l e s   i s   l a r g e r  
t h a n   t h e  number o f   c o n t r o l   v a r i a b l e s .   T h i s  can  be  seen  more c l e a r l y   b y   c o n s i -  
d e r i n g   t h e  summary o f   t h e   m a n i p u l a t i o n s   d i s c u s s e d  above. F i r s t ,   t h e   c o n t r o l  
design  procedure  determines a c o n t r o l   f e e d b a c k   g a i n   f r o m   e v e r y   s t a t e   v a r i a b l e  
t o   e v e r y   c o n t r o l   v a r i a b l e ;  i.e., t h e  G m a t r i x   o r   t h e  G1, and 62 m a t r i c e s .  Then 
a se t   o f   independent   ou tpu t   o r   observed  var iab les   (wh ich   can   be   sensed) ,   equa l  
i n  number t o   t h e  number o f   s t a t e   v a r i a b l e s ,   i s   s e l e c t e d   t o   r e p l a c e   t h e   s t a t e  
v a r i a b l e s ;  i. e., t h e   s e t   o f   s t a t e   v a r i a b l e s ,   s e l e c t e d   f o r   c o n v e n i e n c e   o f  
ana lys i s ,  may n o t   a l l  be   eas i l y   measured  o r  may n o t   b e   e q u a l   t o   t h e   r e f e r e n c e  
v a r i a b l e s   d e s i r e d   f o r   c l o s i n g   t h e   i n t e g r a l   c o n t r o l  1 oops. In t h i s   i n t e g r a t e d  
c o n t r o l  mode, s i x   r e f e r e n c e   v a r i a b l e s   a r e   s e l e c t e d   f o r   d r i v i n g   t h e   c o n t r o l   i n -  
t e g r a t o r s   t o   o b t a i n   t h e   d e s i r e d   s t e a d y   s t a t e   o p e r a t i n g   p o i n t .  Thus, t h e   f i r s t  
s i x   o u t p u t   v a r i a b l e s   m u s t  be t h e  same as t h e   s i x   r e f e r e n c e   v a r i a b l e s .   T h i s   i n  
t u r n   a l l o w s   t h e   m a n i p u l a t i o n   o f   t h e   c o n t r o l   g a i n   m a t r i c e s   i n t o   t h e   s t r u c t u r e  
shown i n   f i g u r e  7 w i t h   t h e  L1  and H m a t r i c e s   a c t i n g  on t h e   f i r s t   s i x   o u t p u t  
e r r o r   t e r m s .  The  L2 m a t r i x   t h e n   o p e r a t e s   o n   t h e   l e f t o v e r   o u t p u t   v a r i a b l e s .  

I 
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F i g u r e  7 T r a n s f o r m a t i o n   o f   t h e   C o n t r o l  Mode S t r u c t u r e   t o   I n t e g r a l  and 
P r o p o r t i o n a l   C o n t r o l   P a t h s  

I f  t h e   k e y   i n l e t / e n g i n e   v a r i a b l e s  have  been  chosen f o r   t h e   f i r s t   s i x   c l o s -  
ed l o o p   c o n t r o l   p a t h s ,   t h e n  many o f   t h e   r e m a i n i n g   p a t h s   w o r k i n g   t h r o u g h   t h e  L2 
m a t r i x  will p r o b a b l y   b e   i n s i g n i f i c a n t  and  be a b l e   t o   b e   i g n o r e d .  If a l l   o f  
these  paths  can  be  ignored,   then  the  cont ro l  mode s t r u c t u r e   r e d u c e s   c o m p l e t e l y  
t o   t h a t   d e s i r e d   i n   f i g u r e  4. Th is   comple te   p rocess   o f  mode s t r u c t u r e   m o d i f i c a -  
t i o n  and e l i m i n a t i o n   o f   i n s i g n i f i c a n t   g a i n   t e r m s  was n o t   c a r r i e d   o u t   d u r i n g  
t h i s   b r i e f   s t u d y .  A p a r t i a l   t r a n s f o r m a t i o n   o f   t h e   g a i n   m a t r i c e s  was  made, as 
shown i n   f i g u r e  8, w h i c h   f e e d s   b a c k   t h e   f i r s t   s i x   o u t p u t   v a r i a b l e s   f o r   f o r m i n g  
t h e   i n t e g r a t o r   e r r o r   t e r m s ,   b u t   r e t a i n s   t h e   r e m a i n d e r  of the  feedbacks  f rom 
t h e   i n l e t / e n g i n e   s t a t e   v a r i a b l e s .  All s imu la t i on   runs   were   t hen  made w i t h   a l l  
e lemen ts   o f   t he   ga in   ma t r i ces   re ta ined .  

INTEGRATED  CONTROL TRANSIENT PERFORMANCE 

The LQR c o n t r o l   d e s i g n   t e c h n i q u e  was used t o   d e f i n e   t h e   f e e d b a c k   c o n t r o l  
g a i n s ,   p r e v i o u s l y   d i s c u s s e d ,   a t   t h e  16800 m (55000 f t )   a l t i t u d e ,  2.3 Mach num- 
b e r   f l i g h t   c o n d i t i o n   f o r   t h e   f u l l y   i n t e g r a t e d   c o n t r o l  mode. These  gains  were 
then  implemented  on  the  nonl inear   in le t /engine  dynamic  s imulat ion,  as i n d i c a t -  
ed i n   f i g u r e  8, t o   e v a l u a t e   s m a l l   p e r t u r b a t i o n   t r a n s i e n t s   a b o u t   t h e   s t e a d y  
s t a t e   o p e r a t i n g   p o i n t .  A n o n - i n t e g r a t e d   c o n t r o l  mode was a l s o   d e s i g n e d   f o r  
c o m p a r i s o n   w i t h   t h e   i n t e g r a t e d   c o n t r o l  mode i n   o r d e r   t o   e v a l u a t e   o p e r a t i o n a l  
b e n e f i t s   a s s o c i a t e d   w i t h   t h e   i n t e g r a t e d   c o n c e p t .   T h i s   n o n - i n t e g r a t e d   c o n t r o l  
was deve loped  by   app ly ing   the  LQR c o n t r o l   d e s i g n   t e c h n i q u e   t o   d e t e r m i n e   t h e  
f e e d b a c k   c o n t r o l   g a i n s   f o r   t h e   e n g i n e   b y   i t s e l f .  Then a s i n g l e - i n p u t ,   s i n g l e -  
o u t p u t   c o n t r o l   l o o p  was d e s i g n e d   f o r   t h e   i n l e t   t o   c o n t r o l  shock p o s i t i o n   w i t h  
i n l e t  bypass  doors. 

F i g u r e  8 P a r t i a l l y   T r a n s f o r m e d   C o n t r o l  Mode S t r u c t u r e  Used f o r   T r a n s i e n t  
Eva1 u a t i  ons 
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Two types   o f   smal l   per tu rba t ion   t rans ien ts  were  evaluated on the  dynamic 
s i m u l a t i o n   w i t h   t h e   i n t e g r a t e d  and non- in tegrated  cont ro l  modes.  The f i r s t  
cons i s ted   o f  a 1 percent   pu lse i n  ambient  pressure  of 0.04 second d u r a t i o n   t o  
s imulate an external   d isturbance  such as a wind  gust. The second consis ted of  
a step change i n  duct   burner   fue l   f low  to   s imulate a duc t   bu rne r   l i gh t -o f f .  
For   th is   s tudy,  i t  was a lso assumed t h a t   a l l   s t a t e   v a r i a b l e s   i n c l u d i n g  shock 
p o s i t i o n  were d i r e c t l y  measurable. 

T rans ien t   p lo t s   o f  shock p o s i t i o n  and i n l e t  bypass  door  area fo r   t he   p res -  
su re   pe r tu rba t i on   t rans ien ts   f o r   bo th   con t ro l  modes are shown i n   f i g u r e  9. 
For   both  the  in tegrated and non- in tegrated  cont ro l  modes t h e   d e v i a t i o n   i n  
shock pos i t ion   towards   uns tar t  was approximately  the same. The i m p l i c a t i o n  i s  
t ha t   t he   i n teg ra ted   con t ro l  mode i s   n o t   p r o v i d i n g  any b e t t e r   c o n t r o l  of  shock 
pos i t ion   than  the   non- i   n tegra ted   con t ro l .  In f a c t ,   t h e   i n t e g r a t e d   c o n t r o l   r e -  
s u l t s  show bypass  door  area  moving more than i n   t h e   n o n - i n t e g r a t e d   c o n t r o l  
case t o   r e s u l t   i n   t h e  same q u a l i t y  of  shock p o s i t i o n   c o n t r o l .   T h i s   i s   t h e o r i z -  
ed t o   r e s u l t  f r o m  the manner i n  which  the  engine i s  b e i n g   c o n t r o l l e d   i n   b o t h  
cases. 
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Figure 9 Trans ient  Response t o  an Ambient  Pressure  Pulse 

Re fe r r i ng  back t o   f i g u r e  4, i t  i s  seen that  the  reference  parameters  for  
the  engine,  i.e.,  the f i r s t   s i x   o u t p u t   v a r i a b l e s ,   a r e   s u c h   t h a t   r e g u l a t i n g   t o  
these  var iab les   resu l ts  i n  accura te   con t ro l   o f   eng ine   cor rec ted   a i r f low.  Thus, 
t he   eng ine   con t ro l   po r t i on   o f   bo th   con t ro l  modes responds  rap id ly   to  changes 
i n  ambient   pressure  s ince  th is  has an immediate e f f e c t  on the  engine  reference 
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var iab les.  The r e s u l t  i s  r a p i d  movement o f   eng ine   con t ro l   va r iab les   t o   res to re  
cor rec ted   a i r f low  opera t ion .   Th is ,  i n  t u r n ,   c o n t r i b u t e s   d i r e c t l y   t o   m i n i m i z i n g  
shock pos i  ti on movement. 

The f a c t   t h a t   t h e   i n t e g r a t e d   c o n t r o l  mode  made more  use o f   t h e  bypass  door 
area  would  imply   that   the  engine  cont ro l   por t ion  o f   the  in tegrated mode  was 
no t  as wel l   tuned as the   eng ine   con t ro l   fo r   the   non- in tegra ted   con t ro l  mode. 
I n   o t h e r  words, the  weight ing  ga ins i n   t h e  performance  index  would have t o  be 
changed i n   t h e   d e s i g n   p r o c e d u r e   f o r   t h e   i n t e g r a t e d   c o n t r o l  mode t o  reduce i t s  
dependence on bypass  doors. These i t e r a t i o n s   o f   t h e   c o n t r o l   d e s i g n  were no t  
c a r r i e d   o u t   d u r i n g   t h i s   s t u d y .  

R e s u l t s   o f   t h e   d u c t   b u r n e r   l i g h t - o f f   t r a n s i e n t s   f o r   b o t h   c o n t r o l  modes are 
shown i n   f i g u r e  10. The in teg ra ted   con t ro l  mode r e s u l t s   i n   l e s s  movement o f  
shock p o s i t i o n   w i t h   l e s s  use o f  bypass  doors  than does the  non- in tegrated 
mode. These r e s u l t s   i n d i c a t e   t h a t   t h e r e   i s  a p o t e n t i a l   b e n e f i t   o f  an i n t e g r a t -  
ed c o n t r o l  mode i n  terms o f   m i n i m i z i n g  use o f   t h e   i n l e t  bypass  doors f o r  shock 
p o s i t i o n   c o n t r o l .  

To eva lua te   t h i s   po ten t i a l   bene f i t   f u r the r   wou ld   requ i re   add i t i ona l   ana ly -  
s i s  o f   b o t h   t h e   i n t e g r a t e d  and non- in tegra ted   con t ro l  modes. 
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Figure  10 Transient  Response t o  a Duct  Burner  Light-Off 
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CONCLUSIONS 

The conceptual  integrated  control mode, for  an Advanced Supersonic  Trans- 
port  propulsion  system,  evaluated  in this  study, makes use of several  cross- 
coupling pa ths  between in l e t  and engine control  variables and in le t  and engine 
sensed  vari ab1 es. Design  of the  control loop gains and dynamic compensation 
fo r  such a control mode can  be effect ively accomplished ut i l iz ing a multivari- 
able  control  design  technique based on Linear  Quadratic  Regulator Theory. Such 
i ntegrated  control modes  may provide  operational and performance benefits such 
as minimizing the use of in le t  bypass doors for  shock position  control. 
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