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SUMMARY 

The F l O O  Mul t iva r i ab le   Con t ro l   Syn thes i s  @WCS) program w a s  conducted t o  
demonst ra te   the   benef i t s   o f   l inear   quadra t ic   regula tor   synthes is   methods   in  de- 
s ign ing  a mul t ivar iab le   engine   cont ro l   capable   o f   opera t ing   an   engine   th roughout  
i ts  f l i g h t   e n v e l o p e .  The program,  joint ly   sponsored by t h e  A i r  Force Aero  Pro- 
puls ion  Laboratory  and  the NASA L e w i s  Research  Center,  encompassed  the  design, 
real-time hybr id   computer   eva lua t ion   and   fu l l - sca le   engine   t es t ing   o f  a m u l t i -  
v a r i a b l e   c o n t r o l   f o r   a n  FlOO engine. 

This p a p e r  r ev iews   t he   en t i r e  MVCS program,  with  par t icular   emphasis   on 
engine tests conduc ted   i n   t he  NASA L e w i s  Propuls ion  Systems  Laboratory  a l t i tude 
f a c i l i t y .  The m u l t i v a r i a b l e   c o n t r o l   h a s   b a s i c a l l y  a p ropor t iona l -p lus - in t eg ra l ,  
model-fol lowing  s t ructure   with  gains   scheduled as  f u n c t i o n s  of f l i g h t   c o n d i t i o n .  
The m u l t i v a r i a b l e   c o n t r o l   l o g i c   d e s i g n  i s  desc r ibed ,   a long   w i th  COntTOl  compu- 
ter implementat ion  aspects .  

A l t i t u d e  tests demons t r a t ed   t ha t   t he   mu l t iva r i ab le   con t ro l   l og ic   cou ld  con- 
t ro l   an   engine   over  a wide  range  of test c o n d i t i o n s .   R e p r e s e n t a t i v e   t r a n s i e n t  
responses are presented   to   demonst ra te   engine   behavior   and   the   func t ion ing   of  
t h e   c o n t r o l   l o g i c .  

INTRODUCTION 

The FlOO Mul t iva r i ab le   Con t ro l   Syn thes i s  (MVCS) program was j o i n t l y   i n i -  
t i a t e d  by t h e  A i r  Force  Aero  Propulsion  Laboratory (AFAPL) and  the NASA L e w i s  
Research  Center. Its o b j e c t i v e  w a s  to   demonst ra te  the b e n e f i t s  of u s i n g   l i n e a r  
q u a d r a t i c   r e g u l a t o r  (LQR) syn thes i s   t echn iques   i n   t he   des ign   o f  a m u l t i v a r i a b l e  
con t ro l   sys t em  fo r   ope ra t ing  a turbofan  engine  throughout  i ts  f l i gh t   enve lope .  

The program was d i v i d e d   i n t o   t h r e e   p h a s e s .  The goal  of  phase 1 w a s  t o  de- 
s i g n   t h e   c o n t r o l   l o g i c   b a s e d  on a set of   l inear   operat ing-point   models   and  to  
e v a l u a t e   t h e   c o n t r o l  on a d i g i t a l  FlOO engine  s imulat ion.   Systems  Control ,   Inc.  
(Vt.)  (SCI)  and P r a t t  & Whitney A i r c r a f t  Group,  Government Products   Divis ion 
(P6W  GPD) were c o n t r a c t e d  by t h e  A i r  Force   to   conduct   th i s   phase .  P&W GPD gen- 
e ra ted   the   requi red   l inear   models   and   def ined  a set of c o n t r o l  cr i ter ia  upon 
which  the LQR des ign   could   be   based .   SCI ' s   t ask  w a s  t o   p r o d u c e   t h e   a c t u a l  mul- 
t i v a r i a b l e   c o n t r o l  (MVC) des ign   and   to   eva lua te  i t  on a d i g i t a l  F l O O  s imu la t ion  
provided by P&W GPD. The goal   of   phase 2 w a s  t o   e v a l u a t e   t h e   c o n t r o l  by  pro- 
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gramming it on a cont ro l   computer   and   cont ro l l ing  a real-time FlOO hybr id  simu- 
l a t i o n .  It w a s  NASA L e w i s '  r e spons ib i l i t y   t o   p rog ram  the   hybr id   s imu la t ion   f a -  
c i l i t y .  Assuming successful   complet ion  of   phases  1 and 2, t h e   g o a l  of phase 3 
was to   demons t r a t e   t he   mu l t iva r i ab le   con t ro l   o f   an  FlOO e n g i n e   i n   t h e  NASALewis 
Propulsion  Systems  Laboratory (PSL) a l t i t u d e   f a c i l i t y .  

A l l  three  phases   have now been  successful ly   completed.  The r e s u l t s   o f  
phases 1 and 2 have  been  documented i n   r e f e r e n c e s  1 t o  8. This   paper   descr ibes  
t h e   r e s u l t s  of the   phase-3   engine   a l t i tude  tests conducted by NASA L e w i s .  

FlOO MULTIVARIABLE CONTROL L O G I C  DESIGN 

The P r a t t  & Whitney F100-PW-100 eng ine   u sed   i n   t he  FlOO MVCS program is  
shown i n   f i g u r e  1. It has f ive  cont ro l led   var iab les :   main-burner   fue l   f low,  
va r i ab le -a rea   exhaus t   nozz le ,   va r i ab le   f an - in l e t   gu ide   vanes ,   va r i ab le  compres- 
sor  geometry,  and  compressor exit bleed.  Although i t  i s  n o t  as m u l t i v a r i a b l e  
as var iab le-cyc le   engines  now under  development,  the FlOO e x h i b i t s   s u f f i c i e n t  
con t ro l   complex i ty   t o  test  LQR theory .   S ince   bo th   d ig i ta l   and  real-time hybrid 
FlOO s imula t ions   ex i s t   and   an   eng ine  was a v a i l a b l e   f o r   a l t i t u d e   t e s t i n g ,   t h e  
FlOO w a s  s e l e c t e d   f o r   u s e   i n   t h e  MVCS program. 

I n   a d d i t i o n   t o  a system  dynamic  model i t  was necessary   to   have  a set of 
c o n t r o l   c r i t e r i a  upon  which t o   b a s e   a n  LQR design.  The cr i ter ia  f o r   t h e  FlOO 
engine were formulated by P&W  GPD ( r e f .  1) and  can  be  summarized as fol lows:  
P r imar i ly ,   t he   con t ro l   mus t   p ro t ec t   t he   eng ine   aga ins t   su rge   and   keep   t he  en- 
gine  f rom  exceeding  speed,   pressure,   or   temperature  limits. Airframe-engine- 
i n l e t   c o m p a t i b i l i t y   c o n s i d e r a t i o n s   r e q u i r e   t h a t  minimum burne r   p re s su re  limits 
be accommodated  and t h a t  maximum and minimum a i r f low  requi rements   be   adhered   to  
a t  c e r t a i n   f l i g h t   c o n d i t i o n s .  The con t ro l   mus t   i n su re   t ha t   eng ine   t h rus t   and  
fuel  consumption are w i t h i n   t o l e r a n c e   f o r   s p e c i f i e d   e n g i n e   d e g r a d a t i o n s - a n d   f o r  
i n s t a l l a t i o n   e f f e c t s .  It is  i m p o r t a n t   t h a t   t h e   c o n t r o l   a c c e l e r a t e   t h e   e n g i n e  
sa fe ly ,   r ap id ly   and   r epea tab ly   w i th  small o v e r s h o o t s   i n   r e s p o n s e   t o   b o t h   l a r g e  
and small power l e v e l   a n g l e   i n p u t s .   F i n a l l y ,  i t  must   control   the   engine  accur-  
a t e ly   du r ing   f l i gh t   maneuver s  and  accommodate d i s tu rbances   such  as a f t e r b u r n e r  
l i g h t s .  

These  controls  c r i te r ia  were t r a n s l a t e d  by  SCI in to   quadra t ic   per formance  
i n d e x   s p e c i f i c a t i o n s   f o r   u s e   i n   t h e  LQR des ign   process .  The d e t a i l s   o f   t h e  de- 
s i g n  are c o n t a i n e d   i n   r e f e r e n c e  2 .  The des ign   p rocess   and   t he   r e su l t i ng   mu l t i -  
v a r i a b l e   c o n t r o l   s t r u c t u r e  w i l l  be   b re i f ly   rev iewed  here .   L inear   s ta te -var iab le  
engine  models were genera ted   f rom  the  P&W d i g i t a l   s i m u l a t i o n  a t  a l a r g e  number 
of f l i g h t   p o i n t s   a n d  power condi t ions   th roughout   the   f l igh t   enve lope .  The  en- 
g ine   models '   s t ruc tures  were inves t iga t ed   and   u sed   t o   ob ta in   r educed   f i f t h -o rde r  
l inear   models .  Each l i n e a r  model i s  d e s c r i b e d   i n  terms of i t s  c o n t r o l ,  s ta te ,  
and   ou tput   vec tors .  The va r i ab le s   u sed  by t h e  MVC are shown i n   f i g u r e  1. 

Af te rbu rne r   fue l   f l ow w a s  s p e c i f i c a l l y   n o t   c o n s i d e r e d   f o r   c o n t r o l  by t h e  
MVC; bu t   compressor   b leed ,   no t   cont ro l led  by t h e   c u r r e n t  FlOO c o n t r o l ,  w a s  used 
as an MVC c o n t r o l   i n p u t .  The output   vec tor  shown c o n s i s t s   o f   t h e   v a r i a b l e s   t h a t  
t h e   f i v e   c o n t r o l   i n p u t s   r e g u l a t e   t o   e s t a b l i s h   t h e   s t e a d y - s t a t e   e n g i n e   o p e r a t i n g  
p o i n t .  
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Using t h i s   s t a t e - v a r i a b l e  model d e s c r i p t i o n ,  SCI designed  what is  bas i -  
c a l l y  a p ropor t iona l -p lus - in t eg ra l ,   mode l - fo l lowing   con t ro l   hav ing   ga inmat r i ces  
scheduled as f u n c t i o n s   o f   f l i g h t   c o n d i t i o n s .   F i g u r e 2   s h o w s t h e   s t r u c t u r e   o f   t h e  
r e s u l t i n g  MVC design.  The reference-point   schedules  are based   on   the   cont ro l  
schedules  used by t h e   c u r r e n t  FlOO c o n t r o l .  They p roduce   r e fe rence   va lues   fo r  
states, ou tpu t s ,   and   con t ro l s  as func t ions   o f  power l e v e l   a n g l e  (PLA) and   the  
ambient   var iab les  PO, PT2, and TT2. The t rans i t ion   cont ro l   p roduces   smooth ,  
r a t e - l i m i t e d   t r a n s i t i o n   v a l u e s  xs, ys,  and u between  desired  reference val- 
ues  so  t h a t   e x c e s s i v e   c o n t r o l   e r r o r   b u i l d u p  is prevented. The rates are func- 
t ions   o f   engine   face   dens i ty   and  power level. The reference-point   schedules  
and   t r ans i t i on   con t ro l   compr i se   e s sen t i a l ly   t he  "model" that   themodel-fol lowing 
cont ro l   fo l lows .  

S 

There are three   pa ths   th rough  the   cont ro l :   the   feedforward   us ,   the   p ro-  
po r t iona l   pa th   t h rough   t he  LQR ga ins ,   and   t he   i n t eg ra l   con t ro l   pa th   t h rough   t he  
i n t e g r a l   g a i n s .  The LQR ga in   ma t r ix  w a s  designed by us ing   s tandard  LQR design 
techniques.  The LQR ga ins   r educe   t he   dev ia t ion   be tween   t he   f i ve   eng ine  states 
and the i r   scheduled   va lues   and   thus  a l t e r  eng ine   t r ans i en t   r e sponse .  The in- 
t e g r a l   g a i n   m a t r i x  w a s  designed by using a combination  of LQR and  decoupled 
pole-placement  techniques. The i n t e g r a l  trims s e r v e   t o   d r i v e   t h e   e r r o r s  be- 
tween f i v e   s e l e c t e d   o u t p u t s   a n d   t h e i r   r e s p e c t i v e   r e f e r e n c e   v a l u e s   t o   z e r o   i n t h e  
s t eady  state. S e l e c t i o n   o f   t h e   o u t p u t s   t o   b e  trimmed i s  performed  by  the  engine 
p ro tec t   l og ic   and  i s  desc r ibed  la ter .  Con t r ibu t ions   f rom  the   t h ree   con t ro l  
pa ths  are  f i n a l l y  summed to   p roduce   t he   f i ve   con t ro l l e r   ou tpu t s .   Because   o f  
eng ine   non l inea r i ty ,   bo th  LQR and i n t e g r a l   g a i n   m a t r i c e s  were scheduled as a 
function  of  engine  face  density  and  scheduled  compressor  speed N2,. 

The e n g i n e   p r o t e c t   l o g i c   c o n t a i n s   s c h e d u l e s   t h a t   p l a c e   a b s o l u t e  limits on 
commanded c o n t r o l   v a r i a b l e s   t o   a s s u r e   s a f e   e n g i n e   o p e r a t i o n   i n   t h e  tes t  c e l l  
should a s e n s o r   o r   l o g i c   f a i l u r e   o c c u r .   A l s o ,   i f   a n   a c t u a t o r   s a t u r a t e s ,   t h e  
log ic   c lamps   the   assoc ia ted   in tegra tor   and   e l imina tes   one  column  from the   i n -  
t e g r a l   g a i n   m a t r i x   t o  accommodate t h e   l o s s   i n   d e g r e e s  of control   f reedom. 

The s e n s o r   f o r   t h e   f a n   t u r b i n e   i n l e t   t e m p e r a t u r e  (FTIT) i s  slow.  Figure 2 
shows an FTIT es t ima to r   b lock   t ha t  w a s  designed  to  produce  an estimate o f   t he  
t r u e  FTIT and   thus   compensa te   for   the   sensor   l ag .  The  FTIT estimate i s  an en- 
g i n e   p r o t e c t i o n   p a r a m e t e r   t h a t  is used   to  l i m i t  f ue l   f l ow a t  i n t e r m e d i a t e  power 
(PLA = 83'). 

Prope r   s t eady- s t a t e   eng ine   ope ra t ion  is  obta ined   th rough  the   ac t ion   of   the  
i n t e g r a l  trims. Fan-discharge AP/P ( f an   d i scha rge  Mach number parameter) i s  
trimmed t o  i t s  s c h e d u l e   t o  set the   f an   ope ra t ing   po in t .   A l so ,  rear compressor 
va r i ab le   vanes  (RCW) and   compressor   in le t   var iab le   vanes  ( C I W )  are trimmed t o  
be on t h e i r   s c h e d u l e s ,   a n d   t h e   b l e e d   i n t e g r a t o r   a d j u s t s   t o   c l o s e   t h e   b l e e d   i n  
s teady state. The o t h e r   f o u r  columns are only  used  one a t  a t i m e ,  depending  on 
f l i g h t   c o n d i t i o n   a n d  power leve l .   Usual ly ,   fan   speed  is trimmed t o  i t s  sche- 
dule.  However, i f  a maximum o r  minimum burne r   p re s su re  is  reached,  fan  speed 
is al lowed  to  go of f   schedule ,   and   the  limit is accommodated by s w i t c h i n g   i n  
t h e   a p p r o p r i a t e  column. I f   a n  FTIT l i m i t  i s  reached ,   the  FTIT column is 
s w i t c h e d   i n   t o   a l l o w   t h e   i n t e g r a t o r   t o   t r i m   f u e l   f l o w   a n d  area i n  o r d e r   t o  ac- 
commodate t h e  l i m i t .  A n  FTIT l i m i t  t a k e s   p r i o r i t y   o v e r  a b u r n e r p r e s s u r e l i m i t .  

2 3  



SYSTEM  CONFIGURATION  FOR  ALTITUDE  TESTS 

A l t i t u d e   t e s t i n g  of t h e  FlOO m u l t i v a r i a b l e   c o n t r o l   l o g i c  w a s  performed i n  
t h e  NASA L e w i s  PSL a l t i t u d e   f a c i l i t y .   F i g u r e  3 shows a system  diagram  descr ib-  
i n g   t h e  test se tup .  FlOO engine XDll-8 was l o c a t e d  i n  t h e  PSL, b u t   t h e  SEL810B 
con t ro l   compute r   had   t o   be   s t a t ioned  some 1000 feet away i n   t h e   h y b r i d  computa- 
t i o n   c e n t e r .  A r e m o t e   i n t e r f a c e   u n i t ,   l o c a t e d   i n   t h e  PSL c o n t r o l  room, r ece ived  
f ive  c o n t r o l  command s i g n a l s   f r o m   t h e  SEL a n d   s e n t  24 sensed  engine  and  ambient 
v a r i a b l e s   t o   t h e  SEL. A l l  s i g n a l s  were z e r o   t o   1 0   v o l t s   a n d  were t r a n s m i t t e d  
ove r   tw i s t ed -pa i r   l i nes   w i th   ana log - to -d ig i t a l   and   d ig i t a l - to -ana log   conve r s ion  
performed a t  t h e  computer  end. 

F ive   r e sea rch   ac tua to r s   hav ing  e lec t r ica l  i n p u t s   h a d   t o   b e   u s e d   i n   p l a c e  
of   the   s tandard  FlOO hydromechanica l   ac tua tors .   In   addi t ion ,  a backup  control  
w a s  r e q u i r e d ,   b o t h   f o r   c o n t r o l   o f   t h e   e n g i n e   d u r i n g   s t a r t u p   a n d   t o   t a k e   o v e r  
c o n t r o l   i n   t h e   e v e n t   o f  a compute r ,   s enso r ,   o r   r e sea rch   ac tua to r   ma l func t ion .  
Fuel  f low  and R C W  r e s e a r c h   a c t u a t o r s  were modif ied FlOO types,   and  backup con- 
t r o l   f o r   e a c h  came from t h e   s t a n d a r d  FlOO c o n t r o l .  The r e s e a r c h   a c t u a t o r s   f o r  
t h e   o t h e r   t h r e e   c o n t r o l s  w e r e  s tandard   pos i t ion   se rvos .   Nozzle  area and  bleed 
backups were s inp ly   f i xed   s e rvo  command s i g n a l s .  The e l ec t r i ca l  backup command 
f o r  CIW was genera ted  on an  analog  computer   funct ion  generator .   In   the  research 
mode of   opera t ion ,   a f te rburner   fue l   f low  (zone  1 on ly )   con t inued   t o   be   con t ro l l ed  
normally by t h e   s t a n d a r d  FlOO c o n t r o l .  

The va r i ab le s   s ensed  by t h e   m u l t i v a r i a b l e   c o n t r o l  were eng ine   con t ro l ,  
s ta te ,  and   ou tpu t   va r i ab le s  as w e l l  as PO, PT2, and PLA. Temperature TT2.5 w a s  
a l s o   s e n s e d ,  as t h e  MVC used it  i n   c a l c u l a t i n g   t h e  R C W  schedule .  

The c o n t r o l   o f   t h e   e n g i n e ' s  power lever ang le   r ema ined   i n   t he  PSL c o n t r o l  
room, wi th   an  e lectr ical  PLA s i g n a l   s e n t   t o   t h e  SEL computer.   Switching  of  the 
control  from  backup  to MVC w a s  c o n t r o l l e d   i n   t h e  PSL by t h e  tes t  engineer ,  who 
a l s o   c o n t r o l l e d   t h e   a b o r t - t o - b a c k u p   b u t t o n   i n  case of  emergency. To a i d   t h e  
con t ro l s   eng inee r s ,   l oca t ed   i n   t he   hybr id   computa t ion   cen te r ,  a cathode-ray- 
t u b e   d i s p l a y  of real-time engine  parameters  w a s  p rovided ,   a long   wi th   pane l  meter 
d i s p l a y s  of key   engine   var iab les .  A two-way v o i c e   l i n k   a n d  a one-way cont ro l -  
room te lev is ion   moni tor   fac i l i t a ted   communica t ions .  

During a t y p i c a l   a l t i t u d e  tes t  of t h e   m u l t i v a r i a b l e   c o n t r o l ,   t h e   e n g i n e  
w a s  s t a r t e d   o n  i t s  b a c k u p   c o n t r o l   a n d   t h e   a l t i t u d e   f a c i l i t y   a d j u s t e d  t o  t h e  ap- 
p ropr i a t e   va lues   o f  PO, PT2, and TT2 f o r   t h e   f l i g h t   c o n d i t i o n   d e s i r e d .  

The MVC was a l lowed  to   per form i t s  c o n t r o l   c a l c u l a t i o n s   w i t h  a l l  i n t e g r a l  
trims set  to   ze ro   and   gene ra t ed  a set o f   f i v e   a c t u a t o r  commands. These com- 
mands were compared t o   t h e   f i v e   s e n s e d   c o n t r o l   s i g n a l s .  The i n t e g r a l  trims 
were a d j u s t e d   u n t i l   t h e  commanded con t ro l s   equa l l ed   t he   s ensed   and   t hen   t he   i n -  
t e g r a t o r s  were clamped.  This  allowed a smooth t ransfer   f rom  backup  to   mul t i -  
va r i ab le   con t ro l .   Each   o f   t he   f i ve   con t ro l   va r i ab le s  was t h e n   s e q u e n t i a l l y  
switched  from its backup t o  i t s  r e s e a r c h   a c t u a t o r .  The i n t e g r a l  trims were re- 
l eased   and   t he   eng ine  w a s  then   on   mul t ivar iab le   cont ro l .   Engine   cont ro l  rever- 
t e d   t o   t h e  backup mode i f   t h e  computer   detected a s e n s o r   o r   a c t u a t o r   f a i l u r e .  
A t  the   complet ion  of  MVC t e s t i n g ,   a n   a b o r t  command i n i t i a t e d   e i t h e r  by t h e  SEL 
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computer   operator   or  by the   eng ine   ope ra to r   pu t   t he   eng ine   con t ro l   i n   backup  
mode i n   p r e p a r a t i o n   f o r   e n g i n e  shutdown. 

COMPUTER IMPLEMENTATION 

The MVC l o g i c  shown i n   f i g u r e  2 w a s  implemented on t h e  Lewis  SEL810B con- 
t r o l  minicomputer.  The SEL810B h a s   s p e c i f i c a t i o n s   r e p r e s e n t i n g  a c u r r e n t  
f l igh t - type   computer   wi th  a 24K l b b i t   c o r e  memory and a 0.75-microsecond  cycle 
t i m e .  O the r   cha rac t e r i s t i c s   o f   t he   mach ine  are as fol lows:  

Two 16-bit   accumulators 
Memory s p e c i f i c a t i o n s  - 

24K magnet ic   core  
0.75-psec  cycle time 
Expandable  to 32K 

1.5-psec  add t i m e  
4.5-psec  multiply time 
8.25-psec  divide time 

Double-precision arithmetic 
I n f i n i t e   i n d i r e c t   a d d r e s s i n g  
I n f i n i t e   i n d e x i n g  
Di rec t  memory access 
28-Levels   o f   vec tored   pr ior i ty   in te r rupt  
66 T o t a l   i n s t r u c t i o n s  

Two's-complement, f ixed-poin t   mul t ip ly   and   d iv ide  - 

Shown i n   f i g u r e  4 is a control   t iming  diagram of t h e  M V C  l o g i c   u s e d   i n   t h e  
PSL tests. In   the   12-mi l l i second  update  time of the   cont ro l ,   the   computer   per -  
fo rms   t he   con t ro l - a lgo r i thm  con t ro l   s equenc ing ,   s enso r -ac tua to r -ou tpu t   f a i lu re  
checks,   and  research  data   input   and  output .  The con t ro l   a lgo r i thm  and   t he  con- 
t r o l   s e q u e n c i n g   o p e r a t i o n  were d iscussed   prev ious ly .  

The sensor   fa i lure   checks   per formed by t h e  SEL810B cons i s t   o f  a simplemin- 
max limit check on a l l  s e n s o r s   a n d   e i t h e r  a d e l t a   c h e c k   o r  a s e t - p o i n t d e v i a t i o n  
check. The de l ta   check   compares   the   p resent   va lue   o f   the   sensor   to   the   pas t  
v a l u e   i n   o r d e r   t o   d e t e c t  errat ic  s igna l   behav io r .  The se t -po in t   dev ia t ioncheck  
u s e s   t h e   m u l t i v a r i a b l e   c o n t r o l ' s  own se t -po in t   s chedu les   and   t r ans i t i on   l og ic  t o  
gene ra t e  a modeled v a l u e   f o r   t h e   s e n s o r .   T h i s  modeled va lue  i s  compared w i t h  
t h e   a c t u a l   s e n s e d   v a l u e   t o   d e t e r m i n e   i f   t h e   s e n s o r  i s  behaving  in   an  abnormal  
manner. The ac tua tor   checks  are made by do ing   non l inea r   s imu la t ions   fo r   t he  
ac tua tor   dynamics   in   the   cont ro l   computer .  The outputs   o f   the   s imula t ions  are 
compared w i t h   t h e   a c t u a t o r   f e e d b a c k   s i g n a l s   t o   v e r i f y   t h a t   t h e   a c t u a t o r s   a r e b e -  
having   wi th in   normal   bounds .   For   the   sensor   and   ac tua tor   checks   the   fa i lure  
must   be   p resent   dur ing   four   consecut ive   update   in te rva ls   for   the   s igna l   to   be  
declared  bad. The ou tpu t   checks   ve r i fy   t ha t   t he   d i f f e rence   be tween   t he   cu r ren t  
ou tpu t   and   t he   pas t   ou tpu t  is wi th in  some spec i f i ed   t o l e rance .   Th i s   a l l ows  de- 
t e c t i o n  of a p o s s i b l e   f a i l u r e   i n   t h e   a r i t h m e t i c   u n i t ,   u n d e t e c t e d   s h i f t   o v e r -  
f lows, etc.  T h i s   c h e c k   h a d   t o   b e   i n v a l i d   f o r   o n l y   o n e   u p d a t e   i n t e r v a l   i n   o r d e r  
t o   be   cons ide red  a f a i l u r e .  

The research   da ta   input   and   ou tput   func t ions  are performed 
p u t e r ' s   s p a r e  t i m e .  Th i s   spa re  time occurs  when t h e   c o n t r o l  is 

d u r i n g   t h e  com- 
w a i t i n g   f o r   t h e  
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i n t e r v a l   t i m e r   i n t e r r u p t  after i t  has   f i n i shed   ca l cu la t ing   t he   upda te   o f   t he  
con t ro l   and   du r ing   t he  time t h a t   t h e   d i g i t i z e r  is sampl ing   t he   i npu t   da t a .   In  
th i s   spa re   t ime   an   i npu t -ou tpu t   p rog ram  ca l l ed  INFORM (ref. 9) i s  run  to   gener-  
ate necessa ry   r e sea rch   da t a .   These   da t a   can   be   e i the r   t r ans i en t   o r   s t eady  
state. The s t e a d y - s t a t e   d a t a  are o u t p u t   i n   e n g i n e e r i n g   u n i t s   t o  a f loppy  d i sk .  
o r   t o   t h e   t e l e t y p e .   T h e t r a n s i e n t   d a t a   c a n   a l s o   b e   o u t p u t   t o   t h e   d i s k   f o r  la ter  
p r o c e s s i n g   o r   t o   b r u s h   r e c o r d e r s   f o r  dynamic r ea l - t ime   da t a   eva lua t ion   and  de- 
bugg ing .   Theda ta   ou tpu t   t o   t he   f l oppy   d i sk   can   be   t r ansmi t t ed   t o  a centralcom- 
p u t e r   f o r   f u r t h e r   p r o c e s s i n g ,   p l o t t i n g ,  etc.  

Table I shows t h e   c o n t r o l ' s  memory r equ i r emen t s .   The to t a l  amount  of s o f t -  
ware necessary   to   per form  the  MVC a lgo r i thm is  7787 words.   This   includes 
4091  words  of  code  and  2488  words  of  schedule  and  matrix  data. The sensor- 
actuator-output  checks  add  another  1743  words.   Therefore a to t a l   o f   app rox i -  
mately 9500  words is necessary   to   the   comple te  MVC t a s k   f o r   t h e  FlOO engine.  
Furthermore  the  general-purpose  input-output  and  debug  package (INFORM) adds 
5694  words t o   t h e   t o t a l   c o n t r o l s   p a c k a g e .  

ALTITUDE TEST RESULTS 

Transient   and  s teady-state   performance  of   the MVC w a s  demonstrated by test- 
ing  a t  s ix   subsonic   and  four   supersonic   points .   These  points  were s e l e c t e d   t o  
r ep resen t   t he   ope ra t ing   enve lope   o f   t he  FlOO engine .   S teady-s ta te   opera t ing  
l i n e   d a t a  were taken a t  a l l  p o i n t s .   I n   c e r t a i n   r e g i o n s ,   a i r f l o w   a n d / o r   b u r n e r  
p r e s s u r e  limits r e s t r i c t e d   t h e   r a n g e   o f   s t e a d y - s t a t e   o p e r a t i o n   t o   b e   c l o s e   t o  
i n t e rmed ia t e  (PLA = 83O). A t o t a l  of  309 i n d i v i d u a l   s t e a d y - s t a t e   d a t a   p o i n t s  
were taken. Overall, t h e  MVC t racked   the   re fe rence-poin t   schedules  w e l l .  FTIT 
and  burner   pressure limits were accommodated  where r equ i r ed .  The R C W ' s  and 
CIW's were h e l d   t o   t h e i r   r e s p e c t i v e   s c h e d u l e s   t h r o u g h   t h e   i n t e g r a l  trims. The 
two remain ing   scheduled   var iab les   tha t   de te rmine   the   s teady-s ta te   opera t ing  
p o i n t  are  fan  speed  and  fan-discharge AP/P. They were made t o   t r a c k   t h e i r  
schedules   p roper ly   th rough  use   o f   in tegra l   t r ims  on exhaust   nozzle  area a n d f u e l  
flow.  There were, however, some minor  problems  with area-trim i n t e g r a t o r   s a t u -  
r a t i o n   n e a r  midpower a t  some f l i g h t   c o n d i t i o n s ,   b u t   t h e s e   c o u l d   b e   c o r r e c t e d  by 
fur ther   schedule   re f inements .  

Trans ien t   per formance   of   the   mul t ivar iab le   cont ro l  w a s  a s ses sed  a t  a l l  
f l i g h t   p o i n t s .   L a r g e  PLA t r a n s i e n t s   ( i d l e   t o  83', 50' t o  83',  83' t o   i d l e ,  
e t c . )  were run a t  a l l  poin ts   where   a i r f low  schedules   a l lowed PLA ope ra t ion  be- 
low 83'. Three-degree PLA t r a n s i e n t s  were run   to   check   regula tor   per formance ,  
and c y c l i c   o r  random PLA sequences were r u n   t o   v e r i f y   c o r r e c t   g a i n   s c h e d u l i n g  
l o g i c   o p e r a t i o n .   I n  a l l  cases, PLA w a s  changed a t  t h e  rate of  2126  degrees  per 
second.  Repeatable PLA t r a n s i e n t   i n p u t s  were a s su red  by the   use   o f  a program- 
mab le   func t ion   gene ra to r   t o   con t ro l  PLA d u r i n g   t r a n s i e n t  tests. I n  a l l ,  93 
t r a n s i e n t s  were r u n   o n   m u l t i v a r i a b l e   c o n t r o l .   I n   t h i s   p a p e r   o n l y   t h r e e  w i l l  be 
p re sen ted   t o   demons t r a t e   t yp ica l   con t ro l   pe r fo rmance   i n   r e sponse   t o  (1) a l a r g e  
PLA inpu t  a t  a low-a l t i tude ,   subsonic   condi t ion ;  (2)  a n   a f t e r b u r n e r   l i g h t  a t  
supersonic   condi t ions;   and  (3)  a s imula ted   f l igh t   maneuver .  

Figure 5 shows the   r e sponse   o f   t he   eng ine   unde r   mu l t iva r i ab le   con t ro l   t o  a 
PLA snap  from 50' t o  83' a t  10 000 f e e t ,  Mach 0.6.   Engine  dynamic  characteris-  
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t ics h e r e  are q u i t e   s i m i l a r   t o   t h o s e  a t  sea-level s ta t ic  c o n d i t i o n s .   T h i s t r a n -  
s i e n t   e x e r c i s e d  a number o f   m u l t i v a r i a b l e   c o n t r o l   l o g i c   f u n c t i o n s :   t r a n s f e r  
from  fan-speed trim t o  FTIT trim, regu la to r   and   i n t eg ra to r   ga in   s chedu l ing  as a 
function  of  compressor  speed, FTIT es t imat ion   of  FTIT, and  trimming  of  nozzle 
area t o  set fan-discharge AP/P. It can be   s een   t ha t ,   be fo re   t he  PLA snap oc- 
cu r red  a t  0.5 second,  fan  speed w a s  on  schedule.   After PLA moved, t h e   t r a n s i -  
t i o n   c o n t r o l   g e n e r a t e d   r e q u e s t   v a l u e s   o f   t h e  state v a r i a b l e s   ( f a n   a n d  compres- 
sor   speed  and burner   and   a f te rburner   p ressure .   Di f fe rences   be tween  the   sensed  
and  scheduled  values were fed   t h rough   t he   r egu la to r   t o   cause   t he   s ensed  values 
to   t r ack   t he   s chedu les .  The states responded i n  a s t a b l e ,   c o n t r o l l e d   f a s h i o n ,  
w i th  l i t t l e  o r  no overshoot .  The  FTIT estimate reached  the FTIT l i m i t   s h o r t l y  
be fo re  1 second. A t  t h i s   p o i n t   t h e   f u e l - f l o w   i n t e g r a t o r   i n p u t   e r r o r  was 
switched  f rom  fan  speed  to  FTIT, and  consequent ly   fan  speed  fe l l   below i t s  
scheduled   va lue   in   s teady  state. 

Fuel   f low  and  the  three  components   that ,   added  together ,   produced i ts  com- 
mand are a l s o   p l o t t e d   i n   f i g u r e  5: t he   s chedu led   va lue ,   t he  LQR output ,   and 
the   fue l - f low  in t eg ra to r   ou tpu t .   Fue l   f l ow  r ema ined   c lose   t o  i t s  scheduled 
value.  The LQR c o n t r i b u t i o n   i n i t i a l l y   i n c r e a s e d   t o   r e d u c e   n e g a t i v e   e r r o r s   i n  
t h e  state va r i ab le s .   Fue l - f low  in t eg ra to r   up t r im  w a s  i n h i b i t e d   u n t i l   t h e  FTIT 
estimate reached  the limit. A t  t h i s   po in t   t he   i n t eg ra to r   i n t roduced   downt r im,  
which  reduced fuel   f low  below its scheduled  value.   This   caused  the FTIT esti-  
mate t o   d e c r e a s e  so  t h a t   i n   t h e   s t e a d y  s ta te  FTIT was a t  its limit. 

The nozz le  area moved b o t h   t o  t r i m  fan-discharge AP/P t o  i t s  schedule  and 
t o   r e d u c e   s t a t e - v a r i a b l e   e r r o r s   d u r i n g   t h e   t r a n s i e n t .   F i g u r e  5 shows t h a t ,  be- 
f o r e   t h e  PLA snap ,   nozz le  area w a s  on a scheduled maximum-area l i m i t ;  conse- 
quent ly  AP/P w a s  lower  than i t s  scheduled  value.   This area l i m i t  was i n t r o -  
duced   dur ing   the   hybr id   eva lua t ion   to   insure   s tab i l i ty   for   PIA 'S   be low  about  
50'. After   the  snap  began,   the  LQR n o z z l e   c o n t r i b u t i o n   i n i t i a l l y   i n c r e a s e d  
nozz le  area, p r i m a r i l y   i n   r e s p o n s e   t o  a nega t ive   fan-speed   e r ror ,   and   then  a t  
about  1.5  seconds  decreased  nozzle area t o   n u l l   o u t  a n e g a t i v e   e r r o r   i n   a f t e r -  
burner   pressure.  The area i n t e g r a t o r  trim r e d u c e d   t o   c l o s e   t h e   n o z z l e   a n d  
cause AP/P t o   b e  on schedule  a t  PLA = 83O. The las t  two t r a c e s   i n   f i g u r e  5 show 
t h e  R C W ' s ,  which   he ld   qu i te   c lose ly   to   schedule ,   and   the  CIW's. C I W ' s l a g g e d  
behind  the C I V V  schedule   because  of  a con t r ibu t ion   f rom  the  LQR t h a t  cambered 
t h e  C I V V ' s  in order   to   reduce   the   magni tude   o f   fan-speed   e r ror .   In   s teady  
state, however, t h e  C I W  in tegra tor   over rode   any  LQR c o n t r i b u t i o n   t o   p o s i t i o n  
CIW's on schedu le .   La rge   t r ans i en t   r e sponses   fo r   o the r   f l i gh t   po in t s  were 
q u a l i t a t i v e l y  similar t o   t h e   r e s p o n s e s  shown i n   f i g u r e  5. Exceptions were a t  
h i g h - a l t i t u d e ,  low-Mach-number p o i n t s  (45  000 and 50 000 f t  a t  Mach 0.9), where 
responses  were more  underdamped  than  desired.  This is  p o s s i b l y   d u e   t o   t h e   e f -  
f e c t s  of  unsteady test-cell condi t ions .   Also ,  a slower-than-normal  burnerpres- 
s u r e   t r a n s d u c e r   c a u s e d   t h e   m u l t i v a r i a b l e   c o n t r o l   r e s p o n s e s   t o   b e   s l o w e r   t h a n d e -  
s i r e d   f o r   c e r t a i n   l a r g e  PLA t r ans i en t s .   Th i s   s low  s igna l   caused   t he   s t anda rd  
FlOO WF/PB schedule  programmed as p a r t   o f   t h e   e n g i n e   p r o t e c t   l o g i c   ( f i g .  2) t o  
i n a d v e r t e n t l y   l i m i t   f u e l   f l o w   d u r i n g   t h e s e   a c c e l e r a t i o n s .  

A f t e r b u r n e r   l i g h t s  were performed a t  a l l  f l i g h t   p o i n t s   t o  test t h e   a b i l i t y  
o f   t h e   m u l t i v a r i a b l e   c o n t r o l   t o   a t t e n u a t e  external dis turbances.   Feedforward 
l o g i c  is u s e d   i n   t h e   s t a n d a r d  FlOO c o n t r o l  i n  o r d e r   t o   r e d u c e   t h e   e f f e c t   o f   a n  
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a f t e r b u r n e r   i g n i t i o n   p u l s e .   C o n t r o l   o f   t h e   a f t e r b u r n e r  was s p e c i f i c a l l y   e x c l u -  
ded  from  the MVC design.   Feedforward  logic  was not   used  by t h e  MVC; hence  the 
a f t e r b u r n e r   p u l s e   a c t e d  as a d i s t u r b a n c e   t o   t h e   s y s t e m .   F i g u r e  6 shows t h e  re- 
s u l t s   o f   a n   a f t e r b u r n e r   l i g h t  a t  a h i g h - a l t i t u d e   s u p e r s o n i c   c o n d i t i o n  (55 000 f t  
a t  Mach 1.8). The c o n t r o l   r a p i d l y   r e s p o n d e d   t o   a t t e n u a t e   t h e   a f t e r b u r n e r   p r e s -  
s u r e   p u l s e   r e s u l t i n g   f r o m   t h e   l i g h t .  The r e s u l t s   a l s o   v e r i f y   t h e   c o r r e c t   s c h e -  
du l ing  of LQR and i n t e g r a l   g a i n s  and  reference-point  schedules a t  t h i s   s u p e r -  
sonic ,   h igh- in le t - tempera ture   po in t .  The l i g h t   o c c u r r e d  a t  0.5 second, as shown 
by t h e  rise i n   a f t e r b u r n e r   f u e l   s u p p l y   p r e s s u r e   i n   t h e   t o p  trace. The e f f e c t  of 
t h e   l i g h t  w a s  t o   c a u s e   a f t e r b u r n e r   p r e s s u r e   t o   i n c r e a s e   a n d   f a n   s p e e d   t o   d r o p .  
Compressor   speed  remained  essent ia l ly   constant .  The  FTIT estimate fo l lowed  the  
sensed   va lue   wi th   an   o f fse t   o f   about  8 degrees .   Dur ing   t he   l i gh t   t he  estimate 
w a s  h e l d   c l o s e   t o   t h e  limit t h r o u g h   i n t e g r a l  t r i m  on fue l   f l ow,   t hus   caus ing   t he  
sensed  value  of FTIT t o  remain  below t h e  l i m i t .  

F igure 6 a l s o  shows tha t   f an - speed   e r ro r   ( and   t o  some e x t e n t   a f t e r b u r n e r  
p r e s s u r e   e r r o r )   a c t e d   t h r o u g h   t h e  LQR area o u t p u t   t o   i n i t i a l l y  open  the  nozzle.  
A t  t h e  samt time, fan-discharge AP/P dropped  below  schedule  and  caused  the area 
t o  open u n t i l  AP/P was back  on  schedule .   The  net   resul t  was t h a t   a f t e r b u r n e r  
p re s su re  was a t t e n u a t e d  as des i red .   There  was a l s o  some s l i g h t   c o n t r o l   a c t i v i t y  
on f u e l   f l o w  as t h e   f u e l - f l o w   i n t e g r a t o r  trimmed t o  keep FTIT  below i t s  l i m i t .  
The m u l t i v a r i a b l e   c o n t r o l   s u c c e s s f u l l y   a t t e n u a t e d   a f t e r b u r n e r   p r e s s u r e   p u l s e s  a t  
a l l  o t h e r   f l i g h t   p o i n t s   e x c e p t   f o r  45 000 and 50 000 f e e t  a t  Mach 0.9. Here, 
sensed  fan-discharge AP/P d i d   n o t   c h a n g e   s u f f i c i e n t l y   t o   a l l o w   n o z z l e  t r i m  con- 
t r o l   t o   s u p p r e s s   t h e   d i s t u r b a n c e .   F u r t h e r   a n a l y s i s   o f   s e n s e d  AP/P d a t a   i n   t h i s  
r eg ion  is being  undertaken. 

A t o t a l  of n ine   s imula ted   f l igh t   maneuvers  were performed  to  test, i n   p a r -  
t i cu l a r ,   ga in   s chedu l ing   and  FTIT es t imator   per formance   wi th   vary ing  PLA andam- 
b i e n t   c o n d i t i o n s .  Maneuvers  included  combinations  of  cl imbs,  dives,   accelera- 
t ions ,   and   dece lera t ions ;   and   the   mul t ivar iab le   cont ro l   per formed w e l l  i n  a l l  
tests. F igu re  7 shows  one  representat ive  maneuver ,   an  accelerat ion a t  a con- 
s t an t   10   000- foo t   a l t i t ude .   Ac tua l   p re s su re   a l t i t ude   va r i ed   f rom  abou t  8500 t o  
11 000 f e e t   d u r i n g   t h e   t r a n s i e n t ,   a n d  Mach number increased  f rom 0.6 t o  0.9 i n  
about 15 seconds.   Inlet   temperature   could  not   be  changed,  so  t h e   i n i t i a l   c o n d i -  
t i o n  was s t anda rd   day   and   t he   f i na l   cond i t ion  was 40 degrees  F co lder   than   s tan-  
dard  day. The PLA was increased  manually  from 6 5  t o  83' i n  about 5 seconds. 
Figure 7 shows  compressor  speed  making a c o n t r o l l e d   t r a n s i t i o n   w i t h  a s l i g h t  
overshoot.   Fan  speed  tracked i ts  schedule   wi th  a s l igh t   ove r shoo t .   F igu re   7 (b )  
shows t h a t  a t  about 4 seconds  the FTIT es t ima to r   r eached   t he  l i m i t  and   the   fue l -  
f low  integrator   ceased  t r imming on fan-speed  error   and downtrimmed f u e l   t o  keep 
FTIT below i ts  l i m i t .  I n s t e a d y  state, F T I T h e l d   t o   t h e  l i m i t  w i t h i n  5 degrees F. 
F i n a l l y ,   f i g u r e   7 ( b )  shows t h a t   t h e   e x h a u s t   n o z z l e  area c losed  down t o   k e e p f a n -  
d i scha rge  AP/P on schedule  as d e s i r e d .   I n  summary, t h e   m u l t i v a r i a b l e   c o n t r o l  
produced a w e l l - c o n t r o l l e d   t r a n s i t i o n  of engine power s e t t i n g   w i t h   v a r y i n g  am- 
b i en t   cond i t ions .  

0 

CONCLUSIONS 

The o b j e c t i v e  of t h e  FlOO Mul t ivar iab le   Cont ro l   Synthes is   p rogram was t o  
demonstrate   that  a c o n t r o l   t h a t  would ope ra t e  a modem  turbofan  engine  over i t s  
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f l igh t   enve lope   could   be   des igned  by u s i n g   l i n e a r   q u a d r a t i c   r e g u l a t o r  (LQR) 
design  methods. 

The m u l t i v a r i a b l e   c o n t r o l  w a s  t e s t e d   w h i l e   c o n t r o l l i n g   a n  FlOO engine a t  
10 f l i g h t   p o i n t s   i n   a n   a l t i t u d e   f a c i l i t y .  The c o n t r o l   e x h i b i t e d  good steady- 
state performance,   that  is, t h e   a b i l i t y   t o   h o l d   e n g i n e  t r i m  var iab les   on   sche-  
du le  a t  a l l  f l i g h t   p o i n t s .  

Good t rans ien t   per formance  w a s  demonstrated a t  a l m o s t . a l 1   f l i g h t   p o i n t s .  
The i n t e g r a l  trims s u c c e s s f u l l y  accommodated FTIT limits and  low  burner  pres- 
s u r e   l i m i t s  where  required.  The c o n t r o l   a t t e n u a t e d   a f t e r b u r n e r   p r e s s u r e   p u l s e s  
o c c u r r i n g   d u r i n g   a f t e r b u r n e r   l i g h t s  a t  a l l  b u t  two f l i g h t   p o i n t s .  A t  super- 
son ic   po in t s ,   where   ope ra t ion  w a s  permi t ted   on ly  a t  intermediate   and  above,  ex- 
ce l l en t   suppres s ion   o f   a f t e rbu rne r   d i s tu rbances  was observed. A number of 
f l i g h t  maneuvers were performed  to   check  the  control ' s   performance  with  s imul-  
taneously  varying PLA and  ambient  conditions.  The con t ro l   t r acked   r e fe rence -  
po in t   schedules  w e l l  and  accommodated a l l  limits. 

Senso r   and   ac tua to r   f a i lu re   de t ec t ion   l og ic  w a s  i n c o r p o r a t e d   i n t o   t h e  con- 
t r o l   f o r   a l t i t u d e  tests and  functioned well in   con junc t ion   w i th  a backup  con- 
t r o l .  All t h e   c o n t r o l   l o g i c  w a s  programmed i n  9.5K of co re ,   u s ing  a 12-mill i-  
second  computer  cycle t i m e .  These  computer  requirements are w i t h i n   t h e  capa- 
b i l i t i e s  of  present-generation  computers  envisioned  for  use as engine-mounted 
d i g i t a l   c o n t r o l s .  

It i s  concluded  that  LQR-based cont ro l   des ign   techniques   can   be   success-  
fu l ly   u sed   t o   des ign   d ig i t a l   eng ine   con t ro l s .  The s y s t e m a t i c ,   s t r u c t u r e d  ap- 
proach  used i n   t h e  FlOO MVC design  has  much t o   o f f e r   i n   t h e   d e s i g n  of c o n t r o l s  
for   next -genera t ion   a i rbrea th ing   engines .  
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TABLE 1. - CORE REQUIREMENTS FOR MVC PROGRAM 

MVC Control  Algorithm: 
FTIT Estimator 30 9 
Set  Point Schedules  6 18 
Gain Control  8 34 
Transition  Control 632 
Integral Control  783 
LQR Control 347 
Engine Protection 198 
Function  Generation 37 0 

Total 4091 
- 

Block  Data: 
Schedules 1752 
Matrices 7 36 

Total 2488 
- 

Failure Detection  Logic: 
Sensor Checks  1169 
Actuator and a t p u t  Checks 574 

Total 1743 

Control Executive 1208 

Grand Total 195301 
- 

General-Purpose hpt-output 5694 
and  Debug 
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Figure 2. - Structure of FlOO multivariable  control. 
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Figure 3. - Control system schematic for altitude tests.  
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