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SUMMARY 

The  demand f o r   h i g h e r   p e r f o r m a n c e  l e v e l s  o f   t u rbo fan   eng ines   has  re- 
s u l t e d   i n   t h e   d e v e l o p m e n t   o f   i n c r e a s i n g l y   m o r e   s o p h i s t i c a t e d  air  b r e a t h i n g  
e n g i n e   d e s i g n   c o n f i g u r a t i o n s .  A s  the  performance  demands become  more re- 
s t r i c t i v e ,   t h e  number o f   m a n i p u l a t e d   i n p u t s   i n c r e a s e   i n   c o r r e s p o n d e n c e   w i t h  
t h e   i n c r e a s e   i n   t h e  number  of con t ro l l ed   ou tpu t s .   Thus ,   f rom a c o n t r o l  
sys t em  des ign   v i ewpo in t ,   t he   eng ine   mus t   be   t r ea t ed  as a mult i - input-mult i -  
ou tput   sys tem.  The c o n t r o l   d e s i g n  may then  proceed  using  modern  design 
m e t h o d o l o g i e s   i n   e i t h e r   t h e  t i m e  domain o r   i n   t h e   f r e q u e n c y   d o m a i n .  

I n h e r e n t   t o   a n y   s u c c e s s f u l   c o n t r o l   s y s t e m   d e s i g n  i s  t h e   r e q u i r e m e n t   t o  
a c c u r a t e l y   r e c o r d   o n - l i n e   e n g i n e   p e r f o r m a n c e   a n d   t o   r e l i a b l y   a c t u a t e   t h e  
c o n t r o l   i n p u t   s i g n a l s .  A f a i l u r e   o f   a n y   s e n s o r   o r   a c t u a t o r   u s e d  by t h e  
c o n t r o l l e r   c a n  l e a d  t o   s i g n i f i c a n t l y   r e d u c e d   p e r f o r m a n c e   l e v e l s .  The e x t e n t  
of t he   pe r fo rmance   r educ t ion  i s  de te rmined   by   t he   sou rce   and   t ype   o f   f a i lu re  
and  the  dependency of  the   des ign   methodology on t h a t   i n f o r m a t i o n .  

T r a d i t i o n a l l y ,   t h e   p r o b l e m  of s e n s o r / a c t u a t o r   f a i l u r e   h a s   b e e n   r e s o l v e d  
th rough   t he   u t i l i za t ion   o f   r edundan t   componen t s .  The f a i l e d  component was 
t h e n   e a s i l y   d e t e c t e d   u s i n g   s t a n d a r d   v o t i n g   p r o c e d u r e s .  A s  t u rbo fan   eng ine  
d e s i g n s  become  more  complex,  hardware  redundancy  becomes  more  impractical. 
With t h e   i n t r o d u c t i o n  of  o n - b o a r d   d i g i t a l   c o m p u t e r s   f o r   f l i g h t   c o n t r o l  
(F100  and QCSEE) hardware  redundancy may b e   r e p l a c e d   w i t h   a n a l y t i c a l  re- 
dundancy. 

For t i m e  domain c o n t r o l   p r o c e d u r e s   r e q u i r i n g   t h e   f u l l   s t a t e   v e c t o r   f o r  
c o n t r o l   a c t u a t i o n   t h e   r e s i d u a l s   o f   t h e  Kalman-Bucy f i l t e r  may be   examined   for  
"whiteness ."  If t h e  s ta t is t ics  a s s o c i a t e d   w i t h   t h e   r e s i d u a l s   d e p a r t   f r o m  
t h e   w h i t e   n o i s e   c o n d i t i o n ,   t h e n  a f a i l u r e  i s  dec lared .   Wi l l sky   and   Jones   [11  
u s e   t h i s   c o n c e p t   t o   d e v e l o p  a p r o c e d u r e   f o r   s e n s o r / a c t u a t o r   f a i l u r e   d e t e c t i o n  
u s i n g  a Genera l i zed   L ik l ihood   Ra t io  (GLR) h y p o t h e s i s  t es t .  S i n c e   t h e   s e n s o r  
d a t a  i s  u s e d   t o   g e n e r a t e  s ta te  estimates which are t h e n   u s e d  t o  r e c o n s t r u c t  
o u t p u t  estimates f o r   d e t e c t o r   e v a l u a t i o n ,   t h e  number o f   f a i l u r e  modes con- 
s i d e r e d   b y   t h e   d e t e c t o r  is l a r g e .   T h u s ,   d e t e c t i o n  time i n c r e a s e s   i n   d i r e c t  
p r o p o r t i o n   t o   t h e  number o f   f a i l u r e  modes c o n s i d e r e d .  
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I f   t he   f eedback   con t ro l   des ign   does   no t   r equ i r e  an estimate o f   t h e  
s ta te  vec to r ,  as i n  t h e  case of   the   Mul t ivar iab le   Nyquis t   Array  Method 
(MNA) [2,3] ,  t h e  Kalman f i l t e r  "model" of  the system is no  longer   required.  
Thus, the  '~ ' res iduals ' '   can  be  generated  by  comparing  the  sensor   outputs  
wi th  a similar set of outputs   genera ted  by an   accu ra t e   non- l inea r   s imu la t ion  
model.  The concept   of   the  GLR c a n   t h e n   b e   r e t a i n e d   t o   p r o v i d e  a r e l i a b l e  
e v a l u a t i o n   o f   s e n s o r   o r   a c t u a t o r   o p e r a t i o n   s i n c e   s e n s o r   o u t p u t s  are no  longer  
needed t o   p r o v i d e   d a t a  estimates. F igure  1 d iag rams   t he   p roposed   f a i lu re  
de tec t ion   procedure   us ing  a simulation  model.  

The development  of  the  proposed GLR d e t e c t o r   u s i n g  model r e s i d u a l s   u t i -  
l i z e s   t h e   f o l l o w i n g   a s s u m p t i o n s :  

A. The phys ica l   sys tem may be   non- l inear   wi th   ou tputs  
contaminated by zero-mean a d d i t i v e   w h i t e   n o i s e  of 
known i n t e n s i t y .  

B. The on-board d i g i t a l  computer is o f   s u f f i c i e n t  s l z e  f o r  
s t o r a g e  of t he   no i se - f r ee   non l inea r   s imu la t ion   o f   t he  
p l an t ,   t he   de t ec t ion   so f tware   and   t he   f eedback   con t ro l l e r .  

C.  The r e s i d u a l s  are zero  mean  when no f a i l u r e  ex is t s .  

D.  Under a f a i l e d   s e n s o r   o r   a c t u a t o r   t h e   r e s i d u a l s   h a v e  
non-zero mean. 

E. It i s  d e s i r a b l e   t o  estimate which   sensors   o r   ac tua tors  
f a i l e d ,   t h e   f o r m   o f   f a i l u r e   o c c u r r i n g   a n d   t h e  time 
t h e   f a i l u r e   o c c u r r e d .  

F. An obse rva t ion  "window" of f i n i t e   d i m e n s i o n  i s  t o  
b e   u s e d   f o r   f a i l u r e   d e t e c t i o n   t o   r e d u c e   s t o r a g e   a n d  
computat ional   requirements .  

G .  The set of f a i l u r e  modes i s  f i n i t e  and i s  known a 
p r i o r i .  

U t i l i z ing   t hese   r equ i r emen t s  a GLR d e t e c t o r  w a s  developed  for   hard-over  
f a i l u r e   c o n d i t i o n s   o f   t h e   f o l l o w i n g   t y p e :  

1. Actuator  s t e p  f a i l u r e s  

2 .  B r i e f   d i s t u r b a n c e s   i n   a c t u a t o r   o u t p u t  

3 .  S e n s o r   s t e p   f a i l u r e s  

For  each case a hypothes is  test was es tab l i shed   for   compar ison   wi th  
t h e   n u l l   h y p o t h e s i s  (.i .e.,  n o   f a i l u r e   c o n d i t i o n ) .  The GLR was formed,   data  
window wid ths   s e l ec t ed  f o r  low p r o b a b i l i t y   o f   f a l s e  alarms and c r o s s  de- 
t ec t ion .   Thresho ld   l eve l s  are then   es tab l i shed   f rom  these   requi rements .  

14 0 



The performance of the  proposed GLR method was evaluated by a p p l i c a t i o n  
t o   t h e   G e n e r a l   E l e c t r f c  QCSEE turbofan  engine [ 4 ] .  Using the   non- l inea r  
s i m u l a t i o n   f o r   t h e  under-the-wing  model  of QCSEE developed by Mihaloew [SI the 
output  sensor  measurements PS11, NL, NH, P12,  P4,  and T3  were cor rupted  by 
wh i t e   no i se   t o   r ep resen t   t he   phys i ca l   eng ine .  The ac tua tors   cons idered  
were those   a s soc fa t ed   wf th   t he   fue l   me te r ing   va lve   pos i t i on ,   f an   nozz le  area 
p o s i t i o n ,  and t h e   f a n   p i t c h  mechanism dr ive   motor   pos i t ion .  A d u p l i c a t e  
software  program w a s  u s e d   t o   r e p r e s e n t   t h e   p l a n t  model as i n d i c a t e d   i n  
F igure  1. 

For  the  appl icat ion  considered  here ,   the   62.5% of f u l l  power condi t ion  
w a s  used .   For   the   ac tua tor   and   sensor   fa i lure   condi t ions   c i ted   above ,   the  
GLR d e t e c t o r   a c c u r a t e l y   d i a g n o s e d   t h e   f a i l u r e   t y p e  and i d e n t i f i e d   t h e   f a i l e d  
component c o r r e c t l y  i n  every case. I n   a d d i t i o n ,   t h e  GLR d e t e c t o r   c o r r e c t l y  
i d e n t i f i e d   t h e  t i m e  a t  which t h e   f a i l u r e   o c c u r r e d .  A r e p r e s e n t a t i v e   p l o t  
of t h e  GLR index is presented   in   F igure   2 .  

To o b t a i n   t h e   d a t a  of F igure  2 ,  t h e  GLR index  for   each  actuator   and 
sensor  i s  computed f o r  a l l  assumed faT lu re  modes. A comparison  of a l l  
i n d i c e s  i s  made and the   l a rges t   i ndex  i s  s e l e c t e d  a t  each time s t e p  and 
p l o t t e d .   P r i o r   t o   t h e   a c t u a l   i n d u c e d   f a i l u r e  (K = 10) t h e  maximum GLR index 
i s  non-de f in i t i ve   s ince  no f a i l u r e   h a s   o c c u r r e d  and the  index  remains  below 
the   e s t ab l i shed   t h re sho ld  (E F 34) .  With  an  induced f a i l u r e   i n  P S l l  (.at 
K = 10) t h e   d e t e c t o r   c o r r e c t l y   i d e n t i f i e s   t h e   s e n s o r  and t h e   f a i l u r e  t i m e .  
The threshold  of E = 34 i s  e s t a b l i s h e d   p r i o r   t o  any test runs  and i s  s t r i c t l y  
a func t ion  of t h e   d a t a  window l eng th ,   t he   p re -e s t ab l i shed   p robab i l i t y  of a 
f a l s e  alarm, and the   covar iance  of t he   s enso r   no i se .  
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Figure 2. - Maximum GLR i n d e x   f o r   s e n s o r - s t e p   f a i l u r e   i n  P S l l  as func t ion   of   observa t ion  
number. 


