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FULL-SCALE ENGINE DEMONSTRATION OF AN ADVANCED SENSOR FAILURE DETECTION. ISOLATION, 
AN0 ACCOMMODATION ALGORITHM - PRELIMINARY RESULTS 

I 

Walter C. Merrlll. John C. OeLaat, Steven M. Kroszkewlcz, and Mahmood Abdelwahab 
Natlonal Aeronautics and Space Admlnlstration 

Lewls Research Center 
Cleveland, Ohio 44135 

-~ Abstract 

The objective of the advanced detection, l s o -  
lation, and accommodation (ADIA) program I s  to 
Improve the overall demonstrated reliability of 
digital electronic control systems for turbine 
engines. For this purpose, algorithms have been 
developed which detect, Isolate, and accomnodate 
sensor failures using analytical redundancy. In 
thls paper prelimlnary results o f  a full scale 
engine demonstration of the ADIA algorlthm are pre- 
sented. Mlnlmum detectable levels of sensor fail- 
ures for an FlOO turbofan englne control system are 
determlned and compared to those obtained during a 
previous evaluation of this algorithm uslng a real- 
tlme hybrld computer slmulatlon of the engine. 

Introduction 

The objective of the advanced detection. l s o -  
lation, and accommodation (ADIA) program I s  to 
Improve the overall demonstrated reliability of 
digital electronic control systems for turbine 
engines by detecting, Isolatlng, and accommodating 
sensor failures using analytlcal redundancy methods. 
This paper dlscusses the prellmlnary results of a 
full scale engine demonstration of an analytlcal 
redundancy based algorithm developed as part of the 
AOIA program. 

Over the past 35 years hydromechanical lmple- 
mentatlons of turbine engine control systems have 
matured into highly reliable units. However, there 
I s  a trend towards Increased englne complexity. 
Thls Increased complexity I s  required t o  meet ever 
increasing englne performance requirements. Conse- 
quently, the englne control has become Increasingly 
complex. Because of thls complexity trend and the 
revolutlon in dlgltal electronics, the control has 
evolved from a hydromechanical to a full authority 
digital electronic (FADEC) Implementation. These 
FAOEC type controls have to demonstrate the same or 
improved levels of reliabillty as their hydro- 
mechanical predecessors. 

In an effort to improve the overall reliability 
of the dlgltal electronlc control system, varlous 
redundancy management techniques have been applied 
to both the total control system and t o  indlvldual 
components. 
reliable of the control system components are the 
engine sensors. In fact some type o f  sensor redun- 
dancy will be requlred to achieve adequate control 
system rellabllity. One Important type I s  analytl- 
cal redundancy (AR) . 2  Analytical redundancy uses 
a model to generate redundant Information that can 
be compared to measured information to detect fall- 
ures. Analytical redundancy based systems can have 
cost and welght savings over other approaches such 
as hardware redundancy. 

Considerable progress has been made in the 
appllcatlon of analytical redundancy to Improve 
turbine engine control system reliability. The 

Studlesl have shown that the least 

accomplishments. surveyed in Ref. 2, point to sev- 
eral technology needs. These Include: ( 1 )  the 
abillty t o  detect small (soft) fatlures, (2) real- 
tlme implementatlons of algorithms capable of 
detectlng soft failures. (3) a comparison of fail- 
ure detection algorithm complexity versus perform- 
ance, (4) a full scale demonstration of a soft 
failure detection capability, and (5) an evaluation 
of the pseudollnearlzed modeling approach. The 
AOIA program conducted at the NASA Lewls Research 
Center addresses all of these technology needs. 

development, implementation. evaluatlon, and demon- 
stration. References 3 t o  7 describe the develop- 
ment, implementation, and evaluation phases. In 
the development phase3e4 the ADIA algorithm was 
designed using advanced filtering and detectlon 
rnethodologles. 
advanced algorithm was tmplemented in mlcroproces- 
sor based hardware. A parallel computer archltec- 
ture (three processors) was used to allow the 
algorithm to execute in a frame tlme consistent 
wlth stable real-time operation. In the evalu- 
atlon phasebp7 an evaluation of algorithm per- 
formance was obtained using a real-time engine 
slmulation running on a hybrld computer. The 
objectives of the evaluation were t o  (1) validate 
the algorithm for sensor failure detection, lsola- 
tion. and accommodatlon (DIA) effectiveness, 
(2) document algorithm performance, (3) validate 
the algorithm's real-tlme lmplementatlon. and 
(4) establish a data base for the demonstration 
phase of the ADIA program. This report describes 
the demonstration of the ADIA algorithm on a full 
scale FlOO engine In the NASA Lewls altitude test 
facil lty. 

Thls paper begins wlth a description of the 
test bed system used in the demonstration of the 
AOIA algorithm. Next. a descrlption of the ADIA 
algorithm I s  given followed by a descrlption of the 
implementation hardware. The results of the demon- 
stration are then presented. Finally, conclusions 
and recommendations for further work are glven. 

The ADIA program I s  organized Into four phases: 

In the implementatlon phase5 this 

Test Bed System Description 

The algorithm was demonstrated using a test 
bed system conslstlng of ( 1 )  an engine system, 
(2) a multivariable control, and (3) the ADIA 
algorithm. The algorithm will be descrlbed In the 
next section. The test bed system I s  shown in 
Fig. 1. 

m n e  System 

engine and Its associated control actuators and 
sensors. The FlOO turbofan engine Is a high- 
performance, low-bypass ratio, twin-spool turbofan 
engine. The test englne has four controlled 
inputs, five sensed outputs, and four sensed envl- 
ronmental variables. 

The engine system conslsts of an FlOO turbofan 
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These v a r l a b l e s  are  d e f i n e d  as f o l l o w s .  

C o n t r o l l e d  eng ine  I n p u t s ,  Ucom and U, 

WF Main combustor f u e l  f l o w  
AF Exhaust n o z z l e  area 
C I V V  Fan I n l e t  v a r i a b l e  vanes 
R C V V  Rear  compressor v a r l a b l e  vanes 

Sensed eng ine  ou tpu ts ,  Zm 

N1 Fan speed 
N2 Compressor speed 
PT4 Burner p r e s s u r e  
PT6 Exhaust n o z z l e  p ressu re  
FTIT Fan t u r b i n e  i n l e t  t empera tu re  

Sensed env i ronmenta l  v a r i a b l e s .  E, 

PO Ambient ( s t a t i c )  p r e s s u r e  
PT2 Fan I n l e t  ( t o t a l )  p r e s s u r e  
TT2 Fan I n l e t  tempera ture  
TT25 Compressor I n l e t  t empera tu re  

S t r i c t l y  speaking, TT25 I s  a sensed eng ine  o u t p u t  
v a r i a b l e .  However, s i n c e  TT25 I s  used o n l y  as a 
schedu l i ng  v a r l a b l e  I n  t h e  c o n t r o l  ( l i k e  TT2). I t  
i s  cons lde red  an env i ronmen ta l  v a r l a b l e  and I s  n o t  
covered by t h e  A D I A  l o g l c .  

M u l t l v a r l a b l e  Con t ro l  System 

The m u l t l v a r l a b l e  c o n t r o l  (MVC) system shown 
I n  F i g .  1 I s  e s s e n t i a l l y  a model f o l l o w l n g ,  p ropor -  
t i o n a l - p l u s - I n t e g r a l  c o n t r o l .  The MVC c o n t r o l e  
was p r e v l o u s l y  demonstrated i n  an a l t i t u d e  t e s t  o f  
an  F l O O  e n g ' ~ n e . ~  The components o f  t h e  c o n t r o l  
a r e  t h e  re fe rence  p o l n t  schedules,  t h e  t r a n s l t l o n  
schedu les ,  t h e  p r o p o r t i o n a l  c o n t r o l  l o g l c ,  t h e  
I n t e g r a l  c o n t r o l  l o g l c .  and t h e  eng lne  p r o t e c t i o n  
l o g i c .  The re fe rence  p o i n t  schedules genera te  a 
d e s i r e d  eng lne  o p e r a t i n g  p o i n t  I n  response t o  t h e  
p i l o t ' s  t h r u s t  command (PLA) and sensed eng ine  
env i ronment .  The t r a n s l t l o n  l o g l c  genera tes  r a t e  
l l m l t e d  command t r a j e c t o r l e s  f o r  smooth t r a n s l t l o n  
between s teady -s ta te  o p e r a t l n g  p o i n t s .  The p ropor -  
t i o n a l  and i n t e g r a l  c o n t r o l  l o g i c  m in im ize  t r a n s l -  
e n t  and s t e a d y - s t a t e  d e v l a t i o n s  f r o m  t h e  commanded 
t r a j e c t o r l e s .  The eng ine  p r o t e c t l o n  l o g i c  l i m i t s  
t h e  s i z e  o f  t h e  commanded eng lne  i n p u t s .  The n o r -  
mal c o n t r o l  mode i n  t h e  M V C  l o g l c  used f u e l  f l o w  t o  
s e t  eng ine  f a n  speed and n o z z l e  a rea  t o  s e t  n o z z l e  
p r e s s u r e  (eng ine  p r e s s u r e  r a t l o ) .  However, a t  
t hose  c o n d l t l o n s  where l i m i t i n g  I s  r e q u i r e d ,  f u e l  
f l o w  can be used t o  l l m l t  t h e  maxlmum FTIT, t h e  
maxlmum PT4, o r  t h e  minimum PT4. 

Demonst ra t ion  Hardware 

The A D I A  a l g o r i t h m  was demonstrated u s i n g  an  
FlOO eng lne  I n  the  NASA Lewis a l t i t u d e  t e s t  f a c l l -  
i t y .  T h l s  f a c l l l t y  can d u p l l c a t e  a w ide  range o f  
f l l g h t  c o n d l t l o n s  ( a l t i t u d e  and Mach number). 
Reference 1 0  descr ibes  t h e  mlc roprocessor -based 
c o n t r o l  system computer wh ich  implemented t h e  MVC 
and A D I A  a lgo r i t hms ,  I n c l u d i n g  accompanylng i n t e r -  
f a c e  and m o n i t o r i n g  hardware I n t e r a c t l v e  d a t a  
a c q u l s i t i o n  so f tware .  A separa te  persona l -computer -  
based system f o r  s l m u l a t l n g  sensor f a l l u r e s l l  was 
used. Th is  f a l l u r e  s l m u l a t o r  was l o c a t e d  between 
t h e  eng lne  sensors and t h e  c o n t r o l  system computer.  
I t  s l m u l a t e d  sensor f a i l u r e s  by add lng  an a p p r o p r l -  
a t e  b l a s  v o l t a g e  t o  t h e  s e l e c t e d  eng ine  sensor 

o u t p u t s  s i g n a l s .  A l l  sensor  f a i l u r e s  (1.e. .  b o t h  
h a r d  and s o f t )  were i n j e c t e d  I n  t h i s  f a s h l o n .  

A l s o r l t h m  D e s c r i p t l o n  

The A D I A  a l g o r i t h m  d e t e c t s ,  I s o l a t e s ,  and 
accommodates sensor  f a l l u r e s  i n  an  F l O O  t u r b o f a n  
eng lne  c o n t r o l  system. The a l g o r l t h m  I n c o r p o r a t e s  
advanced f i l t e r l n g  and d e t e c t i o n  l o g l c  and I s  
genera l  enough t o  be a p p l i e d  t o  d i f f e r e n t  eng lnes  
o r  o t h e r  t ypes  o f  c o n t r o l  systems. The A D I A  
a l g o r i t h m  ( F i g .  1 )  c o n s i s t s  o f  t h r e e  e lements :  
(1) ha rd  sensor  f a i l u r e  d e t e c t i o n  and I s o l a t i o n  
l o g l c ,  ( 2 )  s o f t  sensor f a i l u r e  d e t e c t l o n  and i s o l a -  
t i o n  l o g i c ,  and ( 3 )  an accommodatlon f l l t e r .  Hard 
f a i l u r e s  a r e  d e f l n e d  as ou t -o f - range  o r  l a r g e  b l a s  
e r r o r s  t h a t  occu r  I n s t a n t a n e o u s l y  i n  t h e  sensed 
va lues .  S o f t  f a i l u r e s  a r e  d e f i n e d  as sma l l  b l a s  
e r r o r s  o r  d r i f t  e r r o r s  t h a t  I n c r e a s e  r e l a t i v e l y  
s l o w l y  w i t h  t ime .  

I n  t h e  normal o r  u n f a i l e d  mode o f  o p e r a t l o n .  
t h e  accommodation f l l t e r  uses t h e  f u l l  s e t  o f  eng lne  
measurements t o  genera te  a s e t  o f  o p t l m a l  es t ima tes  
o f  t h e  measurements. These e s t i m a t e s  ( Z )  a r e  used 
by t h e  c o n t r o l  law.  When a sensor  f a i l u r e  occurs ,  
t h e  d e t e c t l o n  l o g i c  de termlnes  t h a t  a f a i l u r e  has 
occu r red .  The I s o l a t i o n  l o g i c  t h e n  de termines  wh ich  
sensor  I s  f a u l t y .  T h l s  s t r u c t u r a l  i n f o r m a t l o n  I s  
passed t o  t h e  accommodatlon f l l t e r .  The accommoda- 
t i o n  f l l t e r  removes t h e  f a u l t y  measurement f r o m  
f u r t h e r  c o n s i d e r a t i o n .  The f i l t e r .  however, con- 
t i n u e s  t o  genera te  t h e  f u l l  s e t  o f  o p t i m a l  es t lma tes  
f o r  t h e  c o n t r o l .  Thus t h e  c o n t r o l  does n o t  have t o  
r e s t r u c t u r e  f o r  any sensor f a i l u r e .  The A D I A  
a l g o r i t h m  I n p u t s  as shown I n  F l g .  1 a r e  t h e  sensed 
eng ine  o u t p u t  v a r i a b l e s .  Zm, and t h e  sensed eng ine  
I n p u t  v a r i a b l e s .  Um( t$ .  The o u t p u t s  o f  t h e  a l g o -  
r i thm. t h e  es t ima tes ,  ( t ) .  o f  t h e  measured eng ine  
ou tpu ts ,  Z,(t), a r e  used as I n p u t  t o  t h e  p ropor -  
t i o n a l  p a r t  o f  t h e  c o n t r o l .  Du r ing  normal  mode 
o p e r a t i o n ,  eng ine  measurements a r e  used I n  t h e  
I n t e g r a l  c o n t r o l  t o  ensure  a c c u r a t e  s t e a d y - s t a t e  
o p e r a t l o n .  When a sensor f a i l u r e  i s  accommodated. 
t h e  measurement I n  t h e  I n t e g r a l  c o n t r o l  I s  rep laced  
w i t h  t h e  co r respond ing  accommodatlon f l l t e r  e s t l -  
mate by r e c o n f l g u r l n g  t h e  I n t e r f a c e  s w i t c h  m a t r i x .  

Accommodation F l l t e r  

The accommodation f l l t e r  i n c o r p o r a t e s  an eng ine  
model a l o n g  w l t h  a Kalman g a i n  uRdate t o  genera te  
es t lma tesAo f  t h e  eng lne  s t a t e s  X and t h e  eng ine  
o u t p u t s  Z as f o l l o w s .  

f = F ( f  - xb)  t G(Um - ub) t Ky 

y = Z , - i  

Here t h e  s u b s c r l p t  b rep resen ts  t h e  base p o i n t  
( s t e a d y - s t a t e  eng ine  o p e r a t i n g  p o i n t )  and X I s  
t h e  4 by 1 model s t a t e  v e c t o r ,  Urn t h e  4 by 1 
sensed c o n t r o l  v e c t o r .  and Z, I s  t h e  5 by 1 
sensed o u t p u t  v e c t o r .  The m a t r i x  K i s  t h e  Kalman 
g a i n  m a t r i x  and y I s  t h e  r e s i d u a l  v e c t o r .  The 
F, 6. H, and D m a t r l c e s  a r e  t h e  a p p r o p r i a t e l y  
dimensioned system m a t r l c e s .  T h e i r  i n d l v i d u a l  
m a t r i x  elements a l o n g  w l t h  those  o f  K a r e  c o r -  
r e c t e d  by t h e  eng ine  I n l e t  c o n d i t i o n s -  Em and 
scheduled an n o n l i n e a r  f u n c t i o n s  o f  Z. These 
f u n c t i o n s  a r e  g l v e n  I n  Ref.  2. 
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Reconflguratlon of the accommodatlon filter, 
after the detectlon and isolation of a sensor fall- 
ure, I s  accomplished by forclng the approprlate 
resldual element t o  zero. This effectlvely substl- 
tutes the estlmate for the feedback (sensed) varl- 
able. For example lf a compressor speed sensor 
failure (N2) has been Isolated, the effect of recon- 
flguratlon I s  to force y 2  = 0. This i s  equivalent 
t o  setting sensed N2 equal to the estlmate of 
N2 generated by the filter. The reslduals gen- 
erated by the accommodatlon fllter are used In the 
hard fallure detectlon loglc. 

Hard Fallure Detection and Isolation Logic 

The hard sensor failure detectlon and lsola- 
tlon loglc I s  straightforward. To accomplish hard 
failure detectlon and Isolation the absolute value 
of each component of the resldual vector I s  com- 
pared t o  Its own threshold. If the residual abso- 
lute value is greater than the threshold, then a 
failure I s  detected and Isolated for the sensor 
correspondlng t o  the residual element. Threshold 
sizes are lnltlally determined from the standard 
devlatlon of the nolse on the sensors. These 
standard devlation magnltudes are then Increased to 
account for modellng errors In the accomnodatlon 
fllter. The hard detectlon threshold values are 
twice the magnitude of these adjusted standard 
devlatlons. These magnltudes are summarized In 
Table 1. 

Soft Fallure Oetectlon and Isolatlon Loslc 

The soft fallure detectlon loglc conslsts of 
multiple-hypothesis-based testing. Each hypothesis 
I s  Implemented uslng a Kalman filter. The soft 
fatlure detectlon/lsolation loglc structure I s  
shown in Fig. 2. A total of S I X  hypothesis fllters 
are shown, one for normal mode operatlon and five 
for the failure modes (one for each engine output 
sensor). The structure for each hypothesis filter 
'IS Identical to the accommodatlon fllter. However, 
each hypothesis fllter uses a dlfferent set of 
measurements. For example the first hypothesls 
filter (HI) uses all of the sensed englne outputs 
except the first. N1. The second uses all of the 
sensed outputs except the second, N2, and so on. 
Thus, each hypothesis fllter generates a unlque 
resldual vector, y l .  
hypothesls filter generates a statlstlc or llkell- 
hood based upon a welghted sum of squared reslduals 
(WSSR). Assuming Gausslan sensor noise, each sam- 
ple of y1 has a certaln likelihood or probability 

From thls resldual each 

-WSSR1 
L1 = P I ( Y ~ )  = k e 

where k I s  a constant and 

WSSRl = yiE-'yl 

wlth 

2 E = dlag(ul) 

The are the standard devlatlons defined In 
Table 1. These standard deviation values scale the 
reslduals t o  unltless quantities that can be summed 
t o  form WSSR. The WSSR statistic I s  smoothed to 
remove gross noise effects by a flrst order lag 

wlth a time constant of 0.1 set. Hathematlcally, 
when the log of the ratio of llkellhoods I s  taken, 
then 

LR1 = log (2) = WSSRO - WSSRl 

The log of the ratio of each hypothesis llkellhood 
to the normal mode likelihood i s  calculated. If 
the maximum log llkellhood ratio exceeds the thres- 
hold, then a fallure I s  detected and Isolated and 
accomnodatlon occurs. If a sensor fallure has 
occurred In N1 for example, all of the hypothesis 
f1lter.s except H1 wlll be corrupted by the faulty 
Information. Thus each of the correspondlng llke- 
llhoods wlll be small except for HI. Thus, LR1 
wlll be the maximum and It wlll be compared t o  the 
threshold t o  detect the fallure. 

Initlally, t h e  soft failure detectlon/tsolatlon 
threshold was determlned by standard statlstlcal 
analysis of the reslduals to set the confidence 
level of false alarms and mlssed detectlons. Next, 
the threshold was modified to account for modellng 
error. It was soon apparent from lnltlal evaluatlon 
studies that translent modellng error was domlnant 
in determlnlng the flxed threshold levels. It was 
also clear that thls threshold was too large for 
deslrable steady-state operatlon. Thus, an adaptive 
threshold was Incorporated. The adaptive threshold 
is trlggered by an Internal control system variable 
whlch I s  lndlcatlve of translent operation. When 
the engine experiences a translent, the tsolatlon 
threshold i s  expanded. The exact modlflcatlon was 
found by experlmentatlon on a slmulatlon to mlnlmlze 
false alarms during translents. The adaptlve thres- 
hold expanston logic enabled the steady-state detec- 
tion threshold t o  be reduced to EO percent of Its 
orlglnal value. Addltlonal details of the algorlthm 
can be found in Ref. 6. 

Fallure Accommodation 

For accommodation two separate steps are taken. 
Flrst, all seven of the fllters (the accommodatlon 
filter and the S I X  hypothesls fllters) are recon- 
figured to account for the detected failure mode. 
Second, if a soft fallure was detected, the states 
and estlmates of all seven fllters are updated t o  
the correct values of the hypothesls filter whlch 
corresponds to the failed sensor. 

3 

ADIA Algorlthm Implementation 

To conduct the test-bed demonstratlon an 
Implementation of the ADIA algorlthm was Integrated 
with an existing rnlcrocomputer lmplementatlon of 
the FlOO multlvarlable control (HVC) algorlthm. 
The resulting controls mlcrocomputer system was 
based on the Intel E0186 microprocessor archltec- 
ture. To satlsfy the control update Interval 
requlrement of 40 msec to guarantee engine stabll- 
lty. three processors (CPU's) operating In parallel 
are used. Data I s  transferred between CPU's through 
dual-ported memory. Synchronlzatlon between CPU's 
I s  achieved through Interrupts. 

The exlstlng MVC lmplementatlon was p r o g r a m e d  
in flxed polnt assembly language and was used wlth- 
out change on CPU No. 1. The ADIA algorlthm exe- 
cutes on CPU's No. 2 and No. 3 and was p r o g r a m e d  
uslng floating polnt arlthmetlc and FORTRAN. The 



t o t a l  memory requ l rement  f o r  t h e  t h r e e  C P U ' s  I s  
57 Kbytes f o r  t he  a l g o r i t h m  and 1 5  Kbytes f o r  t h e  
execu t i ve .  I n  a l l  cases t h e  code and cons tan ts  
were about  65 pe rcen t  and t h e  d a t a  or v a r i a b l e s  
abou t  35 pe rcen t  o f  t h e  t o t a l  memory r e q u i r e d .  
A d d l t l o n a l  d e t a l l s  o f  t h e  imp lemen ta t i on  can be 
found I n  Ref.  6. 

Demonst ra t ion  R e s u l t s  

T h i s  s e c t i o n  desc r lbes  p r e l i m i n a r y  r e s u l t s  
ob ta lned  i n  demons t ra t i ng  t h e  A D I A  a l g o r i t h m  u s l n g  
t h e  F l O O  engine. The t e s t  p rocedure  and t h e  r e s u l t s  
o f  t h e  demons t ra t l on  a r e  d iscussed.  The o b j e c t l v e  
o f  t h e  eng lne  t e s t  was t o  demonst ra te  t h e  o p e r a t i o n  
and performance o f  t h e  A D I A  a l g o r i t h m  and I t s  
Imp lemen ta t i on  ove r  a s u b s t a n t i a l  p o r t i o n  o f  t h e  
f l i g h t  envelope o f  t h e  F l O O  eng lne .  

Procedure 

The t e s t  m a t r i x ,  shown I n  F i g .  3, sumrnarlzes 
t h e  t e s t s  used t o  demonst ra te  t h e  a l g o r l t h m .  The 
d i f f e r e n t  engine o p e r a t i n g  c o n d i t i o n s  ( a l t l t u d e / M a c h  
number) used f o r  t h e  demons t ra t i on  a r e  l i s t e d  ac ross  
t h e  t o p  o f  t h e  m a t r i x  and t h e  d i f f e r e n t  t e s t s  con- 
duc ted  a t  these p o l n t s  a l o n g  t h e  s l d e .  C u r r e n t l y ,  
o n l y  r e s u l t s  f o r  t h e  10 000 f t  a l t i t u d e ,  0.6 Mach 
number ( 1 0  K/0.6) o p e r a t i n g  c o n d l t l o n  have been 
ob ta lned .  Engine power (PLA) s e t t i n g s  were s e l e c t e d  
wh lch  rep resen t  maximum n o n a f t e r b u r n i n g  ( l n t e r m e d l -  
a t e )  t h r u s t  (PLA = 80) and -50 p e r c e n t  o f  i n te rme-  
d l a t e  t h r u s t  (PLA = 50 and 70) .  The r a t i o n a l e  used 
t o  s e l e c t  t h e  t e s t  m a t r i x  o p e r a t i n g  p o i n t s  was t o  
d u p l l c a t e  as many o f  t h e  p o i n t s  used I n  t h e  F l O O  
M u l t i v a r i a b l e  C o n t r o l  Program7 as p o s s i b l e .  t o  
a v o i d  h l g h  f a n  I n l e t  p ressu res ,  and t o  reasonab ly  
span t h e  envelope. T h l s  r a t i o n a l e  I s  a compromise 
among t a k l n g  advantage o f  p r e v i o u s  r e s u l t s  f o r  com- 
p a r i s o n .  l i m i t e d  r i s k  eng ine  o p e r a t i o n .  and f u l l  
enve lope v a l i d a t i o n .  

The t y p e  o f  t e s t s  used i n  t h e  demons t ra t l on  
were s e l e c t e d  t o  comp le te l y  d e f i n e  d e t e c t i o n  p e r -  
formance f o r  t h r e e  common f a i l u r e  modes. A lso ,  
t e s t s  were conducted t o  de te rm ine  eng ine  c o n t r o l  
per fo rmance w i t h  and w l t h o u t  eng ine  sensor f a l l -  
u res .  The t e s t s .  a r e  summarlzed i n  Tab le  2.  

Three types o f  demons t ra t i on  r e s u l t s  w i l l  now 
be p resen ted .  The f i r s t  shows t h e  accuracy  o f  t h e  
accommodation f l l t e r  w i t h  no  sensor f a i l u r e s .  t h e  
second shows the  d e t e c t i o n  per fo rmance o f  t h e  A O I A  
a l g o r l t h m .  F l n a l l y ,  accommodation per fo rmance i s  
demonstrated. 

E s t i m a t o r  accuracy .  The s i n g l e  most I m p o r t a n t  
element i n  de te rm in ing  A D I A  a l g o r i t h m  per fo rmance 
i s  t h e  accuracy  o f  t h e  eng ine  o u t p u t  e s t i m a t e s  used 
I n  t h e  a l g o r i t h m .  These es t ima tes  a r e  de termined 
u s i n g  t h e  a c c o m o d a t l o n  f l l t e r ,  wh lch  i n c o r p o r a t e s  
a s i m p l i f i e d  engine model. A sample o f  t h e  accuracy  
o f  t h e  f i l t e r  I s  p resented  i n  F i g .  4 wh lch  shows an 
Idle-to-lntermedlate-power PLA p u l s e  t r a n s l e n t  gen- 
e r a t e d  a t  t h e  10 K/0.6 c o n d i t i o n .  The v a r i a b l e s  
shown. f a n  speed ( N l )  and exhaust  n o z z l e  p ressu re  
(PT6). demonst ra te  t h e  e x c e l l e n t  e s t i m a t e  accuracy  
ach ieved.  These r e s u l t s  a r e  t y p i c a l  o f  t h e  o t h e r  
es t ima tes .  

Detec t lon /accommodat lon  performance. Two t ypes  
o f  sensor f a l l u r e  were cons ide red ,  h a r d  and s o f t .  
Hard f a l l u r e s ,  because o f  t h e l r  s l z e ,  a r e  e a s l l y  
d e t e c t e d .  Thus, ha rd  f a l l u r e  d e t e c t i o n  per fu rmance,  
a l t h o u g h  I m p o r t a n t  t o  system r e l i a b l l l t y ,  was exam- 
i n e d  a t  o n l y  one o p e r a t i n g  c o n d l t l o n  (10  K/0.6).  
The A D I A  a l g o r i t h m  e x h l b i t e d  e x c e l l e n t  h a r d  de tec -  
t i o n  per fo rmance a t  t h l s  c o n d l t l o n .  There were no  
f a l s e  a la rms o r  missed d e t e c t i o n s  o f  any h a r d  
f a i l u r e s .  Hard f a l l u r e s  were I n j e c t e d  I n  each o f  
t h e  eng lne  sensor o u t p u t  s l g n a l s .  Success fu l  de tec -  
t l o n  and accommodation o f  t h e  f a i l u r e  was accom- I 
p l l s h e d  i n  each case. I n  a d d i t i o n  no f a l s e  a la rms 
I n  t h e  h a r d  d e t e c t i o n  l o g l c  were encountered  d u r l n g  1 
t h e  subsequent s o f t  f a i l u r e  demons t ra t l on ,  

~ 

S o f t  sensor  f a l l u r e s .  a l t h o u g h  sma l l  I n  magni-  
tude,  I f  unde tec ted  may r e s u l t  I n  degraded or unsa fe  
eng lne  o p e r a t i o n .  S o f t  f a l l u r e s  a r e  more d i f f l c u l t  
t o  d e t e c t  t h e n  ha rd  f a l l u r e s .  T h e r e f o r e  t h e  demon- 
s t r a t i o n  c o n c e n t r a t e d  on s o f t  f a l l u r e  per fo rmance.  
Two s o f t  f a l l u r e  modes were s t u d i e d ,  b i a s  and d r l f t .  
The c r i t e r i a  used t o  e v a l u a t e  d e t e c t i o n .  I s o l a t i o n .  
and accommodation per fo rmance were: ( 1 )  mlnlmum 
d e t e c t a b l e  b l a s  va lues  and d r l f t  r a t e s ,  ( 2 )  e lapsed  
t i m e  between sensor f a i l u r e  and d e t e c t i o n .  
( 3 )  s t e a d y - s t a t e  per fo rmance d e g r a d a t i o n  a f t e r  
f a l l u r e  accommodation, and ( 4 )  t r a n s i e n t  response 
o f  t h e  eng lne  t o  t h e  f l l t e r  and c o n t r o l  r e c o n f l g u -  
r a t i o n  o f  f a i l u r e  accommodation. The mlnimum 
d e t e c t a b l e  l e v e l s  o f  b l a s  and d r l f t  r a t e  o b t a i n e d  
f o r  t h e  1 0  K/3.6 c o n d l t l o n  a r e  summarlzed I n  
Tab le  3. The mlnimum d e t e c t a b l e  d r i f t  r a t e s  were 
de termined by a d j u s t i n g  t h e  d r i f t  magn l tude such 
t h a t  a f a l l u r e  was d e t e c t e d  -5 sec a f t e r  f a l l u r e  
I n c e p t i o n .  

, 
1 1 
i 
I 

The demons t ra t i on  r e s u l t s  a r e  compared t o  t h e  
l e v e l s  o b t a i n e d  d u r i n g  t h e  r e a l - t l m e  h y b r i d  eva lu -  
a t i o n  phase o f  t h e  program. The comparison a t  
PLA = 80" shows an e x c e l l e n t  agreement f o r  b o t h  
b l a s  and d r i f t  magn i tudes .  A t  PLA = 50" however, 
t h e  demons t ra t l on  r e s u l t s  a r e  s l l g h t l y  h i g h e r  t h a n  
t h e  h y b r l d  e v a l u a t i o n  r e s u l t s .  I n  t h i s  case t h e  
d e t e c t l o n  t h r e s h o l d  has been expanded by a f a c t o r  
o f  two t o  s tudy  t h e  d e g r a d a t l o n  I n  per fo rmance t h l s  
would cause. I n  genera l ,  t h e  d e t e c t i o n  l e v e l s  a r e  
s t i l l  good excep t  f o r  N1. The a l g o r i t h m  was unab le  
t o  d e t e c t  a f a l l u r e  s m a l l e r  t h a n  t h e  hard  d e t e c t i o n  
l e v e l  o f  600 rpm. 

t i a l  f a l l u r e s  was s t u d i e d .  S I X  d i f f e r e n t  sequences 
o f  s o f t  f a l l u r e s  were I n j e c t e d  i n t o  t h e  t e s t  bed 
system. One example o f  a f a i l u r e  sequence was t o  
f a i l  N1, t h e n  4 sec l a t e r  f a l l  N2, t h e n  PT4, and 
t h e n  PT6. I n  each case t h e  a l g o r i t h m  s u c c e s s f u l l y  
d e t e c t e d  and accommodated each sensor f a i l u r e  i n  
t h e  c o r r e c t  o r d e r .  These t e s t s  demonst ra te  t h e  
a b i l i t y  o f  t h e  a l g o r l t h m  t o  c o n t i n u e  t o  s u c c e s s f u l l y  
p e r f o r m  even a f t e r  some sensors have f a i l e d .  

F l n a l l y .  a s lmu l taneous s o f t  f a i l u r e  o f  PT4 
and PT6 ( b o t h  f a i l e d  a t  t h e  same i n s t a n t  o f  t i m e )  
was i n j e c t e d  I n t o  t h e  eng lne  system. The a l g o -  
r i t h m ,  a l t h o u g h  n o t  s p e c i f i c a l l y  des lgned f o r  t h l s  
ex t reme ly  l ow  p r o b a b l l i t y  event ,  s u c c e s s f u l l y  
d e t e c t e d  and accommodated t h i s  f a i l u r e  s c e n a r l o .  

A d d i t i o n a l l y ,  d e t e c t i o n  per fo rmance for sequen- 

Accommodation per fo rmance.  Two exper iments  were 
used t o  demonst ra te  t h e  success fu l  accommodation o f  
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sensor failures. The first experiment consisted of 
Injecting. detecting. and accommodating a single 
sensor failure and then commanding a PLA pulse 
transient. 
dated failed sensor is compared to normal mode 
engine performance. Typical results are shown for 
the PT6 single failure case for fan speed 
(Fig. 5(a)) and exhaust nozzle pressure (Fig. 5(b)). 
Performance was good since the desired or request 
values were closely maintained. A slight drop in 
actual PT6 can be seen but this i s  acceptable. In 
all other cases the accommodated single failure 
translent performance was good. 

The second experiment demonstrated the excel- 
lent accuracy of the engine model. In this experi- 
ment, first all the engine sensors were failed and 
accommodated. Then, a PLA pulse transient was 
generated from idle to about 75 percent of full 
power. Results for N1 and PT6 are shown In Fig. 6. 
Again excellent performance was demonstrated. Lit- 
tle or  no overshoot was observed and engine steady- 
state performance was good. This demonstrates the 
capability of safe, predictable engine operation 
without any engine feedback Information over a 
broad power range. 

Engine performance with this accommo- 

Conclusions 

Based on results of engine tests obtained so 
far. several preliminary conclusions have been 
reached. First, It can be concluded that the ADIA 
failure detection algorithm works quite well. Sen- 
sor failure detection and accommodation were demon- 
strated at two power conditions. The mlnimum 
detectable failure magnitudes represent excellent 
algorithm performance and compare favorably to val- 
ues predicted by simulatlon. Accommodation per- 
formance was excellent. Transient engine operation 
over the full power range with single sensors failed 
and accommodated was successfully demonstrated. 
Open loop engine operation (all sensors failed and 
accommodated) over 75 percent of the power range 
was also demonstrated. Second. the algorithm Is 
implementable in a realistic environment and in an 
update interval consistent with stable engine oper- 
ation. Off-the-shelf microprocessor based hardware 
and straightforward programming procedures, includ- 
ing FORTRAN and floating point arithmetic, were 
used. Parallel processing was also used and shown 
to be an effective approach to achieving a real-time 
Implementation using off-the-shelf (cost effective) 
computer resources. Finally, it is concluded that 
the demonstrated high performance detection, isola- 
tion, and accommodation capabilities of the ADIA 
algorithm justifies further demonstration throughout 
the flight envelope. Pending the anticipated SUC- 
cessful outcome of the additional demonstration 
testing, a flight test evaluation may be justified 
as future work. 
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Sensor Adjusted 
standard 
devi at1 on 

N1 300 rpm 
N2 400 rpm 
PT4 30 psi 
PT6 5 psi 
FTIT 250 R 

PLA 

Detection 
threshold 

600 rpm 
800 rpm 
60 psi 
10 psi 
500 R 

50 

80 

1 Mlnlmum d e t e c t a b l e  d r i f t  f a i l u r e  1 

TABLE 2. - TEST DEFINITIONS 

Name 

Sensor failures 
Hard 

Soft 

Drift 

SSF 

PLA transients 
Pulse 

Sing 

Open 

e 

Descri pt i on 

Large magnitude (hard) bias failure 

Small magnitude (soft) bias failure 

Small magnitude (soft) drift failure 

A sequence of successive sensor 

is induced. 

is induced. 

is induced. 

failures Is induced. 

Idle to intermediate to idle 
transient PLA excursions. The 
intermediate power level is 
maintained for 10 sec. 

Pulse test with a single sensor 
failure accommodated before 
initiating the transient. 

Same as the Pulse test except that 
the minimum power level is raised 
slightly and the maximum power 
level is decreased slightly and 
the engine is controlled without 
using any sensed engine output 
information in the control, 
i.e., all sensors failed. 

TABLE 3 .  - MINIMUM DETECTABLE BIAS AND D R I F T  FAILURE MAGNITUDES 
[ A l t i t u d e  = 10 K ,  Mach = 0 . 6 . 1  

Hybrld Engl ne 

N1 
N2 

PT4 
PT6 
F T I T  

N1 
N2 

PT4 
PT6 
F T I T  

300.0  
300.0 

12 .5  
3 . 0  

50.0 

-350.0  
-350.0  

-12 .5  
-3 .0  

-150.0  

-_-_ 
350 

30 
5 

200 

-350 
-350 

-1 4 
-3  

-200 

Hybr ld  
s l m u l a t l o n  

100.0  
1 0 0 . 0  

2 .5  
0 . 8  

70.0 

-125.0  
-125.0  

- 1 . 3  
- 0 . 6  

-70 .0  

Engine 
demonstrat lon 

200.0  
100.0 

4 . 0  
0 . 9  

1 0 0 . 0  

- 1 2 5 . 0  
-125.0  

- 2 . 5  
- 0 . 6  

-100.0  

rpm/sec 
psl /sec 
psl /sec 
deg/sec 

rpm/sec 
r pm/ s ec 
psi /sec 
psl /sec 
deg/sec 
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