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INTEGRITY IN ELECTRONIC FLIGHT CONTROL SYSTEMS

P. R. KURZHALS and R. ONKF,N

ABSTRACT

With the increased use of electronic flight—control systems for better aircraft performance
and cost-effectiveness , development and test techniques which can insure the integrity of
such systems have become critically important. Rapid advances in solid-state electronics
have permitted a hundred—fold decrease in control computer size , powe r and cost over the
past two decades. Designers have capi talized on these gains pr imar ily by incorporating
additional control functions to improve aircraft capabilities . Resulting control systems
have become very complex and reliabflity requirements have mushroomed. This paper
summarizes the evolution of these requirements , outlines the current status of flight
control reliability, and highli ghts promising methods of achieving integrity in future
flight control systems .

INTRODUCTION

While reliable control of the flight path has been man ’s primary concern since the concep-
tion of the airplane , modern flight control really came into its own with the automatic
f l ight control systems introduced after World War II. With the advent of the jet engine
and the attendant extension of the fligh t envelope and airpl ane conf i guration , des igners
increasingly turned to the control engineer for help in the solution of the multitude of
problems brought on by th is new ph ase of f l i gh t . 1

Beginning with the early all—electric autopilots and the first demonstration of automatic
flight , resultant control advances , led by electronic technology gains , have revolutionized
f l igh t con trol functions and mechanizations over the past three decades . Replacemen t of
mechanical linkages by computer modules, and the subsequent miniaturization of these modules,
have provided the potential for control systems volume and weight reductions of nearly two
orders of magnitude . Figure 1 shows the impact of these electronic advances for a repre-
sentative autopilot subassembly.2 A typical 1958 subsystem with about 950 cubic centimeters
of circuit cards could - in 1968 — be produced as two microelectronic modules having a
volume of less than 50 cubic centimeters. By 1973, hybrid design concepts reduced the
volume of these modules to less than 10 cubic centimeters. In practice , much of this
potential has been used to add new f l ight control system functions aimed at fur ther
improving aircraft performance .

As a result , f l i ght control app lications have evolved from simple pilot—relief autopilots
to f l ight-critical and redundant fly-by-wire and active control systems . To assure the
integri ty of these systems , more hardware had to be added to achieve the reliability
needed for flight safety. Figure 2 illustrated this evolution in complexity.2 Early
added con trol system func tions , such as command augmenta tion , could be accommodated with
a single , non-redundant channel. As new functions were adopted and the pilot became more
dependen t on these func tions, in—line monitors were included to check the system integrity.
For flight—critical implementations which required accommodation of inflight failures ,
additional levels of redundancy were incorporated to provide fail-safe and fail-operative
performance . Redundancy management electronics which provided the circuitry for accuracy
enhancement , faul t isolation , fault reporting and built—in test rapidly became the dominant
part of the system. The related growth in complexity has led to a twenty-fold increase
in the number of system elements. Flight control system reliability requirements have
increased at an even faster pace and are now comparable to those for the primary structure .
As represented in Figure 3 by the probability of computer systems failure for a 10 hour
flight period , this increase spans some six orders of magnitude over the past 20 years.
Failure probabilities of less then 10~~ per flight hour , projeci ed for the flight—criticalcontrol systems of the next generation of aircraft , thus present a major and relatively
unexplored challenge to the flight control system designer.

CURRENT STATUS

The curren t stat us of f l ight control systems reliability can best be assessed by reviewinq
the performance of state—of—the—art avionics hardware through the analysis of a quantifiable
parameter such as MTBF (Mean Time Between Failures) . One such study 3 assessed some 98
different types of avionics equipment. Over 1.2 million aircraft failures observed durinq
more than a million f l ight hours were include,~ in the analysis. Avionics subsystems were
found to be involved in more aircraft failures than any other aircraft subsystem , with
the proportion of avionics failures to total failures ranqinq from 27% for helicopters to
52% for supersonic fighters. Avionics subsystems were found to experience one failure
every 2.8 flight hours , on average . As shown in Figure 4 , only 45% of the failures studied
were traceable to specific hardware and software causes. The remaining 55% were classified
either as hardware failures with unknown causes (26%) or as an anomaly  (29%) , defined as
any failure which could not be verified in maintenance checkout . For equipment procured
under contracts which included an MTBF specification as part of the over—all desiqn crite-
ria , less than 25% of the specified MTBF was actually achieved in the field. Even so,
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and sophistication . In addition to providing in the backup system or systems all
the functional capabilities of the prime system , it is also necessary to incorporate some
means for detecting prime system failures in real-time and for switching from prime to
back-up systems . Currently research is being sponsored at several ple’ces to develop the
technology of fault—tolerant computer systems for application where extremely high
reliability is required , with both hardware and software methods being investigated .9’10
The fault-tolerant computer used in future flig ht—control applications will be capable of
detecting computer-system errors. It will further be able to assess the error and take
correct ive ac t ion  as appropriate. For examp le , the highly-reliable computer will be
capable of a l t e r i n g  i t s  i n t e r n a l  processing procedures t h r o u g h  r e c o n f i g u r a t i o n  to bypass
the fault which has been detected . The application of such fault-tolerant techniques
will eventually allow t~~ ~ower of real-time computer processing to be applied even in
flight—critical applications.

Actuators
Hydraulic actuators are used extensively in highly reliable flight—control systems and
reliability is achieved through the application of advanced technology at both the compon-
ent and the system level. On the component level , improvements which continue to be made
in hydraulic fluids , tube connectors , tube materials , seals , and filtration techniques
will ultimately result in enhanced reliability for the entire flight control system. New
system-level technology under consideration includes high-pressure fluid-distribution
systems to achieve substantial reductions in space and weight with improved maintainability
and reliability. Integrated actuators , capable of positioning the control surface directly
from an electrical command , will likely be a part of future highly reliable control systems.

Reliability in actuator systems is often achieved by the application of various redundancy
methods. The multicylinder hydraulic actuator is in widespread use and is found in a
l a rge  number of c o n f i g u r a t i o n s .  Dual and triple designs o tandem cylinders have been
bu i l t , as ha ve multi ple single cylinders , to achieve enhanced reliability. Combinations
of independent con trol surfaces oper ated by individual actuators are also used to further
improve control system reliability.U For the purpose of enchanced failure detection in
redundant  ac tua tors , dig i t a l  or incremental  technology can be applied to the electro-
hy d r a u l i c  par t  of such systems . 12 ’13

SOFTWARE IMPL ICATIONS

The importance of sof tware  r e l i ab i l i t y  is o f t en  underestimated when the question of
overall system reliability is considered. It is assumed that software errors are found
during debugging and testing and that the probability that a hardware component or sub-
system will fail represents the essence of the system reliability concept. Unfortunately ,
errors in the assembly of software code are as likely to escape “final check-out ” as the
design and fabrication shortcomings which eventually lead to hardware failures.

Figure 7 indicates the evolution of computer hardware and software costs. Note that the
ra t io  of sof tware  costs to total  system costs is growing r ap id ly .  This re f lec ts  in part
recent and projected decreases in the cost of computer hardware , but the t rend  is also
due to the growing s ize  and comp lexi ty  of modern sof tware  opera t ing systems . It is to
be expected that this increase in software sophistication will be accompanied by a
corresponding increase in systems—reliability problems associated with software errors .

The relative importance of software reliability becomes clearer when one realizes that ,
in current electronic flight control systems , sof tware  costs exceed computer hardware
costs by a fac tor  of three  to four  and that  the largest e f f o r t  in developing so f twa re  is
due to the t e s t i n g ,  correction , r e t e s t i n g ,  release , recal l , correct ion , and re—release
of sof tware . 14 The task of develop ing the o r ig ina l  code is q u i t e  smal l  in comparison.
Figure 8 represents the estimated and actual costs of developing software for a represen-
tative system,15 This figure illustrates that software costs are often unanticipated , or
at best underestimated , and that considerable effort is routinely expended in the post-
production stage of system development to correct software-related errors.

The magnitude of this problem can be further appreciated when one realizes that , while
the hardware designer has at his disposal a wide range of design methodologies and alter-
natives to use in optimizing hardware reliability, the software designer does no t .
Historically his objective has been limited to developing codinq to the point that it
“works” ; that is, to the point that the software program consistently produces expected
results from a set of known inputs.

When the concept of hardware reliability was originally conceived , hardware-systems
engineering was a well—developed field, fly contrast , the rroblem fac’inq software
designers is that coding is fundamentally an art form , w i t h  no ,n c n e r a l i , ’c i t  nc l hodol ’ tv
ava i l ab le  for  guidance in the  development of s o f t w a r e .

S t r u c t u r e d  p r o g r a m m i n g  techn iques 16 and s t a n d a r d i z e d  h i g h e r — o r d e r  1anqua~ies
1 ‘ ito i ’ffen

some promise  of segment ing  and s i m pl i f y i nq  f u t u r e  s o f t w a r e  g e n e r a t i o n . Comp i I ~’r w i t t i n v i
systems , f i rst  developed by DOD and now being extended by NASA , c,in f t i r t h t ’r a i d th i s
process by automatically translating proqrams written in a higher ord,’r l aii,i t,si” tn ~t o
machine language for a candidate fli ght computer. Used with softwatt ’-rcferenc’e liI’raries ,
which assemble commonly—used software algorithms such as quadratic filt ers , an d  w i t h
built—in validation and verification programs , these compiler writi m”s q systems can a t e-
nificantly decrease the cost of the many iterations and changes inherent in the sl, ’siOfl

of flight control systems.
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Other software reliability—assurance systems ,18 under development by NASA , w ill be
capable of detecting and assessing errors and reconfiguring the operating systems in
such a way that the error mechanism which has been detected is by—passed . In a parallel
e f f o r t , a number of r e l i ab i l i ty  assessmen t methods are being des igned to provide the
design engineer with a yardstick for measuring the reliability of complex computer
systems . An example of such an effort is the compRter-aided reliability analysis (CARE)
program developed by the Langley Research Center.~~’ This program calculates the relia-
bility of a given fault—tolerant system model and is currently being extended to include
multi ply-redundant , hi ghl y-reliable computer configurations.

While efforts are under way within NASA L as well as in industry and DOD, to develop a
consistent software design methodology,’0 progress in this extremely difficult and
complex endeavor is necessarily slow. With the rapid advances now being witnessed in
the technology of reliable, solid-state hardware , it is becoming increasingly likely that
future systems reliability will be paced more and more by developments in software
engineering or that much future software will be replaced by hard-wired equivalents or
firmware.

LIGHTNING CONSIDERATIONS

Pli ght control systems must operate in an environment in which severe electrical transients
caused by lightning strikes are likely , if not cer ta in , to occu r . Lightnin g strikes on
representative transport aircraft have occurred about once per 2500 flight hours.21 It
is important that the designer understand the lightning threat and allow for it in the
design of avionics and flight control systems.

As illustrated in Figure 9, a typical lightning flesh always involves an entry point and
an exit point on the aircraft.21 Usually these points are extremeties on the aircraft,
such as the nose and wing tip. Each lightning flash is composed of a number of high
current strokes , with peak currents ranging from 30 ,000 amperes for a moderate stroke to
around 200,000 amperes for a severe stroke. The total lightning event may last from 0.1
to 1 second , with continuous currents on the order of several hundred amperes between
strokes.

Lightning current flowing through the structural resistance of the aircraft produces a
voltage which can be thought of loosely as an IR drop across the structure. Circuits
with multi ple connections to the aircraft structure will have this voltage developed
across the corresponding terminals. Such IR effects can be countered by employing a
single point ground to the aircraft frame or by using d i f f e r e ntial wir ing in wh ich wires
are provided for signal and power return paths instead of the aircraft frame.

Some insight into the severity of the lightning problem can be gained by reviewing the
results of electrical ~ransient tests conducted in 1973 on the NASA F-8 Digital Fly—by—
Wire (DFBW ) aircraft .2

In these tests, simulated lightning strikes at a non-destructive level of 300 amperes
were applied to an early con f i g u r ation of the DFBW aircraf t while vol tage and cu rrent
measurements were made in various circuits . Results of measurements at this level were
then scaled up by assuming a lightning current of 30,000 amperes. Voltages (for a
30,000 ampere strike) in the range of 60 to 120 volts were determined in the Apollo
guidance computer with levels on the order of 200 volts for the power busses. Currents
measured in the wire bundles located in the left gun bay indicated that up to 180 amperes
peak—to-peak would be induced by a 30,000 ampere strike. Figure 10 illustrates the
resultant distribution of current amplitudes in the cable bundles. These levels , if not
protected against, would exceed the typical 10 ampere peak current specified for elec-
tronic flight control systems.

The designer basically has two optic’i~ for incorporating lightning resistance into his
des ign. He can attempt to insure that all sensitive circuits are contained within a
transient-free -“nvironment or he can specifically design the system to accept transients
at all terminals.

The first approach usually employs a Faraday—cage grounded chassis construction , with the
input power carefully filtered and all wires connecting to other subsystems thoroughly
shielded . The details of the second approach depend on the specifics of the system
being des igned , but certain general practices include coupling transformers to protect
sensi t ive  c i rcui ts  from common—mode surges , ba la nced transmiss ion lines and grounded
shields on a l l  transmission cabl es, and voltage clamps on signal lead s.

FAILURE DETECTION METHODS

Failure detection is one of the keys to high system reliability . Generally, fa i l u res a re
detected at the component level prior to fabrication , or at the system level after fab-
rication . Both failure detection methods will be considered briefly in this section .

Componen t Fai lures
Sin ce the cost of detecting faults on the component level is 1/3 the cost of detecting
failures at the system level,23 the importance of component failure detection cannot be
overemphasized. The purpose of component testing is of course , to screen out faulty
components in the beginninq and to gain some insiqht as to how the performance of a good 
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a R  i ; ’Ii  i s~’ as’ ,; t , ’:ss i s  5i ’i ’ s, m no, s l ot  cv i i i  t mi,’d Ity I he’ pms s s’t’ss .ind m t  S S t  i t  t SI  ‘s~~ S .mst ~l not  ~‘i av t

it i ’~ } m i I t t , I m it  1 s ‘s r h ’ s  u’. it t ‘sit s I is  j, i i s  t n i l  i t t  ‘ I t  i s  ii n i

t o  ,lct is’ ,’ t ,n h i m , ’ , h ’t  ,‘s ’t j o l t , ~~ls t ’ tt ’ I h it ’ ‘ s n s p t t t  S~~siis”s l is  d en  i Vs~ ,l i t t , l , ’it t ’t t . I s ’ tt t l v  I i ’! I It,’

I ’ i t n  rs ’s~~~’ of ,I co 5 1 1 ’ l s ’t o c , smpi t t t t ’ni l I t ’sl . I n  I lie ,‘m , ’l i ye c , iS i t ’ , I hs’i , ‘ a r t ’ pot  t o t  i ca  I I t ’s- il s
,i 1 1 51 a t  ~‘s 5 sf  ,‘sch tv , ;  t ens , ‘i snsp , ’t t t ’n t  I , Fi u m’  Semite tilt ’ I ho,i s ~s t  m c I  m VO 1,1 1 1 i t t t ’ ,ls ’t t’dt i Ot t  I l i t ’

,‘st i s ;  c i i  m m  tat ‘s it a i mimi t  l t  ,m n oi ’t is  l v  w i t h  I hi , ’ siv sl ciii p t s s i ’s ’s tS  a t  Ii , ’t w  i S s ’ P t O d , ’S S ‘sS t ci i t t p t  5’

I t s ’ t i , ’5 ’, ’st , ; , n t i ’  Ion t h i s  k i n t l  ‘5 t e a t  r i t e .  I I  i t ;  , t t  i i v t ’, n t  i mpor t  , iSds ’ t , ’t I I t s ’ 5 t v s ’ n  n l  I m n i t  s ’,l

i t  y , I h i t  tt ,’ a t  I m i m e  , l t ’t s ’ s ’t o n  c it  vet  c m  cat s d m , i , t i i o s ; s ’ t 1 51 own 1,1 ’s l a n , ’,; , I , ’’’. I’S~ is 5’,et

s ’ ,tS i lv !‘t ’ ,n , ’h i , ’v s ’,l , ss’t t , ’ t s  ,t c l  i s’c f a ’ s  l i m v , ’ ,l, ’I ~~~ ‘s emi i s ;  t m s t , ’,l I

i ’ lm , ’ , ‘s’ .i I oat i , ’nt i t t l it , ’ iS ’ i  h O S t  i st  t i  j e h i t  i~~s t t  t n - , s I 5t ’,’~ t I emn a a i t Ii n ,‘a!’s’i ’t to I he ’ m nI ‘‘sir i t v
I . c • I l i t ’ s~~l i i ’ i , ~~n ’ s ,~V , n t t , I  1,1 t I S i n s ’ itt ’ l s~ s~ t i sO t s’s t t t i ’t ’t’ t , Sit1 ’  i t ’d I i ’ S i t  s;5 ‘so il  ,‘ I I i,’ t t ’tt ,’V 155 , 5

I i~~ ~‘ , ‘ t v ii i t  I i ott II t ’ , ’,’, t s t s ; s ’ i s t the ,iro,n m s n  m is ’ l V  s ’S  pi ss i si t i t l e ’ . ‘s p i t t  ,‘,nd !ti ’ s, Snsi I t , ’ dos ” —
\ I t  v of I ho iv s t t  ‘s’s . Re 1,-il sal in v e s t  i s iS1  ion s it t ,’ I l i s t s ’ ,l s ’i ’i’ii ’,i i m si 5 t f l  5’ , ’ I is ,~ , ‘ss  t Is , ’ u s

i5 i s ; ’ ;  u v e  I i i  l i i i - , ’ sl,~ t s ’,’t ion  met ha , l ,;  w i t  hi cssm ttpar  m start t ,o i t  t o n  ot  n , ’it o is ,t , t n i l  sty - I s ’ t l s ’ t  , i ’ , i , ~ ~~; i s ’

nd i i ’ , ’ 1 . 1 1  1 tim ” ,I , ’l , ‘ct i On w t I l t  v, ’m V  Ii i~~lt I t ’ s ; t  I n t ’t~ iin ’ti ~~~’ , 5’ ’Flit ’ p v s ’h’ .tt ’ m i t t  V , s ’  I i ’t ,i I 1. ’” -.

l’,nst oil ott I ,n ii i i i , ’ dot  oct  i on jn femm ,mt I i ’ti , whs m cIt  is ,mt 1 ii n ,nh t ln ’ ili m m ’ ’ s tssm ¶ h , ’ ,ts ’’;t s’flu ~‘~~‘‘‘ , at t i t s

is’ , n s t  i t , i t ’d i s ;  ,iis c r m t , ’m’ i on itt t I  east of t lit ’ mtutni t ’,’t’ s~~l I ,i m I in , ’ a I o l’s’ st i t i s’ t s , ’ I , i ,sm, s at
,a~ s t sssomt ly tt,;, ’,l I , ‘s s t  I ,‘ctin tt sjil t’S t m , ’ i’m t o l l s ’  ,sa t  l t tso ,t  hit ’ n t ’ . “is ;  t a n  I s ;  I hi , ’ s,, ’ t i ’ . , ‘n ‘ i s , ’

,a’tni ’t ’ i  n t , ’,i , s ’n t  l y ~
s , m s t s ;  i v , ’ f , t i  h i m , ’ do t  t ’ s ’t t i ’S I S  ps s , ; ; i i t l , ’ , i’t’san ims ;, ’ I lit ’ s,’nt s ’i ’i t s s I ’ s i t  a
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he ‘sm m tlueii5 ’ed by the comi t rul system. That means , comparison testing of the output siqm sais
I redundamt t - s i t ’ i t  si s  m uni ts is t i s ’ i ’,’S as m y .

W h e t s ’ t his ’ ,I s ’ors ’ e of  r e d um s d a m icy  ‘sit n o t  s’si I f  ic  i s ’ m t t  to p e r m i t  vüt  tho r , th s’ d e s ign e r  may e m p l o y
s’,nm ‘s i sas i  u ,‘,nl — I line ntu oitt ’l mnq t s ’s’Itntis iues , n ;  t i l  read y moI st ieutt ’d s’,nrl is ’ m . These t e c h t m t i t l u t ’s;
m tt , , \ ’ ,, l ao  it s ; , ’ t li s ’ I , ,cI t t t , t t  o ut  p u t a I mon t inidep s�nslent  sense rs .n m c i ’i s i n s p , n  rest, h e r  exam im p i s ’
I It , ’ ~s sn s i t  i t t  n i ,  .ts ’s’, ’l , ’t ‘n , i , ’n ‘ i  l ’ s s ; p l , i , ’ t ’ .h f n s ’ s t ,  t Ii , ’ Sit dr ill ccItt s’r s f  ‘n r ,n ’ , ’ it v  may I s ’ u sed
to ,‘ls , ’,’k t ls ,~ ~‘srt ptit it t 1,1,, ’ n ’ ,’r i ’ .

For sy at  ,‘nts t ‘s us i s l i  oh it ‘son s  is ‘ s i ’ .’ l’~’ p r e s t s ’s, 1 mi a e’s’t mi t I  t ’na ’mt I tot on iv s h or t  per 1 Oi ls  cif
1 5 5 , 5 , ’ , ss ’n , i r a I  t ’’t  1 ’ .’ l en t , q u u s ’ss ’s ’t I t  ~‘, ‘ n  mu d s , ,nc t  us ’ s’ I , i l u m  s’ ,Is ’t,’ct lou can h e  readily
,l1’i’ I ’ss’i i . The - “ I  f — t e s t  ‘s i t u ~‘,,ui i’s’ ~I, ’;’. snt p li al tn ’,h th t rou uttt SI  imul,nI t a t  m o n i t o r i n s n . lI t  St h stiu t—
I , i t , ’51 n u c s u t i t o r ’ s m ’ s q .  ii s essa l 1 t n ,m, ’,’r s ; u ’ t n i , t l  , ~ns ’ru , ’r ’ a l ly  w i t h  :s’ro n nms ’,t ni value , is  p a s a s ’ ,l
hrotisih I ho as’s I ,‘nu , r u , t  I he t a t  p u t  . The s t  tutu 1 us is a I 5,15’ s; at ’ 1 ,‘ct ~‘d t o has’s’ nc~r 1 ho  i b i s ’
I~ S ~~ , st s s\~5l ~~, s,  I’ t ’ i t ~ S t  min t , , ’, ’

s t ,  cit I It,’ i i  nmp 1 , ‘ s; t s;s ’ If — t e s t  ‘ s m i t h  nit ’ t Ii~ ,I a . iv a  i 1 ,nl -1, ’ is t Is, ’ I i x, ’~l ~niodss 1 met hiod , in aRid !
, ‘i ’ I S t i ’ , t t  u ; ’ s i s ave  ts i l t ’ li t ,‘ m i s - i u i s ’ l i s t S  I l it ’ i’it m t t vol avs ; t ,‘nt ~ s s ; i i t n ,n l s  i sv  c e r t a i n  c a r r t s ’r
,‘I , . t r a c t  er  1st t i ’st i t  . s ’ . ~ ssl s - i t ’ I rs ’~l tionus ’v sui t s;hiap ino ) ,nur r,,’ wi lts expect i ’ !  O tis ’s  w i t h i n
‘i s ’’i , ’ t  i l ’s ’ ,! 1 1 m m  I s-i li st i i se n  s; s ’t 01 ~‘o m i , l  it ‘s,st i s  . This melt tied 0,111 hs ’ i nt p l s ’ s ss t t i t  5’,l
cit h r  in s.ni , ! w , , t s ~ ‘s in s-t , ’t  t w , t v c .  ixtnmpl os ‘sni~’1uudsu p u - it s ’ ~‘ls , ’oka and nnn s ’ m o r v — s t t m t t
ohs ’ c k, s . ~~~ a,’ ‘st - I  h~’~ts ‘no 1’,’ 0’s 1 lit ’s i ’ ’  ‘55i V t ’ i t t  , ii ’ I i5’ s ’ .

Fom s’i’ a t  s ’tnt s u s’, ’, ’ I s’ ‘ s a i m  5’, si ssss n i m t  t c i t  iou a’ i th ; t t i s ’ (~ t nioro ,isvntch ronotis ps’ m i  s5’,e ma is , t ho
s , s i s t s I s ,~,, ’ ” s o t  t o i l  ‘s i t  t I  I cmi stss’sI. I!,ini,tstiakc ciu n im n mui m sui ’at tort nt et ti it i ls; r t ’q ul  vs t h , i t  t hi s’

n, ’ i ’s ’ ‘soot’ ,r, ’ss ’ ’r a t ,‘S ,n “ n - t ’ads ” a t ,nn i ,n I b e t  , ‘ t , ’ t h e  s,’tt,!,’r will p a s s; a l’r tt.I Is. Rece i ved
s-t i ‘rn,i lit art’ I ‘ tn ,n ci ’!slp,i rod wit It I r nm isn t i It ed s ‘sqn~s Is to ‘s miss i s  t l i , i t  t hey at , ’ jd,’ui t i c~il

I h~’s i i i ’ n o  , . i I I i t  i s t m t , n l t r ,uu t s ; s , s t sal on s i ta ly  1’,’ u t  t s ’mT t sat , uts t i 1 th is’rs ’ i s  ,i Inst cli .

i , ’i ’,’ass , ’ t i m u  t ie o ,sni l’e used ‘sn ,n s’,’ i y  s ‘snip ls’ se I C — t , ’sl ne t  lied to ts’st for sot tsar,’
,‘r r os ; . I t t  t I t r o i t ’, iy  f;inct ‘s o u s i n g  p r i t u n r , n t n  a d I i s 5’k s i t  tim t l s t ’ I’ m , ‘d, ’ssi ’r iS  rs ’Ss’t at
rs”~n ss 1,1 mi ‘ s t t ,~ vs’s Is. As s ,‘,n n i’,’ or  i , , t , ’ r ~‘set  15 i n st ,‘ rpmt ’t s’d , n s  cv m h ’ni’,~ of some il if f’s cult y

1’o r d i n u  1 , 1  i’ , ’ S S  I i i ’ !  sya  t s ’isis; w i t h ~i fin i t s ’ , m s t d  known ss’l of di  st ~~ t a l  out put pat toruis , us ’ I f —
tos - ;n 5’ ’sv c u u ts ,‘,i:s l’ s ’ i t , ’ !  t 5 s d s ’ t, ’,’t s , r  m a n s .  An error a iin nta i i s  i t s ’ n e rat s’it  s’hen,’’,’,’r Itss’
i sa  t put , t t  S I , ’ rs I visit I Iso know it  a ’  I i ’ I “ ~n o ad “ coil,’ works.

We ) i ,n ’ , ’, ’ t s r  is ’f lv t o uch ed  on ,i f s ’w cit I he m om - ,’ commomi ss’I f — t s’s t i u g  met  hods app i i  c,ih le t o
flieh t i ’, s 5 5 5  n-al sy st e ms which the ds’Smqnci’ has at  h t ’ s s  d i s p o s a l .  C o n s t r a i n t s  imposed by the
dot a i is of  t h i s s  5 \’ st I cut hs ’ i i~~t ,l , ’a I e n u s ’,t d ‘set  at , ’ to a ors ’,t l  s ’x t  su it  wh j e ts ss’l f — t s ’st m e t h o d , i f

m,ik,’s I ts,’ most 5, ’ n i S s ’ . C l e a r l y ,  ss ’ i f — t e s t  i list , when mis s ed i mi cc’n j 000t ion  w i t h  o t h e r
met Rods out I into5l in t h i s  pap s’r , bias the potent is 1 for s h a r p l y  i ntc v, ’,i s im sq th ie reliability

s t 11 ‘sqh t cons t ro 1 sy SI ,‘init

FUTURE ‘FRF,NDS

The number of I i  icu h t — c r i t  i c ,n  I funct ions , such as a u t o m a t i c  l am i d i ng  and act is’o c o n t r o l ,
now performed i’y modern f l i g h t  cs’t i l rd systems are expected to continue to increase in
t h e  f u t u re . As we uncsvs!~ into thin ’ s’ra of i n t e g r a t e d  control , flight control is rap idly
becomine arm equa l partn om ’ wi th aerodynamics , propmilsioti and struc tures in the a i r c r a f t
des ig n process. 25 Th i s  i n t e gr at ed s’iew of a i r f r a m e , p ropuls ion  and subsys tem cont ro l
func tions and niochanizatiomis , illus trated in Figure 13 , w i l l  be a p r i n c i pa l  d r i v e r  in the
efficiency and economics isf future aircraft. Major improvements in aircraft performance
and reduct ions in aircraft weig ht appear possible through combinations of currently—
independent aircraft functions such as active airframe cctm’itrol , propulsion control ,
landing loads contro l , and fue l management. For example , the inteqration of active landing
gear and maneuver load contro l systems can appreciably decrease wing structural stiffness
requirements and weight. Similarly, automatic reconfiguration of control system gains
in the cvcmit of an engine failure can allow sizeable reductions in required control
surface areas. Extensions of this approach to fully-integrated , control-configured
aircraft could provide up to l5~ fue l savings and structural weight reductions.

In addition , integrated control will permit the evolution of a distributed control
,irch its ’cturs’ which utilizes a redundant data bus and standard misicroprocessor modules
to implement all aircraft contro l functions . Such standard programmable modules would
have built-in fault tolerance , multifunctional capability, and standard i~~ erfaces to
yis ’ld significantly fewer control system elements and lower system costs. For example ,
.app licat ion of this ilesign approach to a 11-717 transport could redu ce the number of
standard boxes from the’ 1t4 now used to 20 standard modules with attendant weight sav’snqs
of ,‘sbont 1000 lbs. Potential gains in reliabilit y could he even more important. Prelim-
inary ausalys t’s jnslicate that intcsirated control configurations could he implemented with
twit ’s’ the reliability, half the maintenance cost , and one-third the equipment u sed in
present flight control systems . Projt’rtt’d component advances will further increase
flight control system performance and integrity. Examples of these include solid-state
or ring laiter rats’ gyros , very hi gh—density integrated circuits and multi—layered
p s i c k a it i n su  t o c h u s i q u m e s , fiber optics data links with their inherent potential f o r  l ig h t n i ng
s u r v i v a b i l i t y ,  and l i g h t — w e i g h t  electrohysiraulie actuators. With the flexib ility
, i f f o r de d  by s t i o i t a l  e l e c t r o n i cs  ant I  f l y — b y — w i r e  syst ems . f u t u r e  f l i g h t  control  design
could  be s i g n i f i c a n t l y  s i r np l i f i~ d and s p e c i f i c  syst ems  could be r e a di l y  mechanized
through the assembly of proven sensor , processor , and actuator modules using the latest
technology . 27
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mi’uuN( ’u , t Lixw (; REMARKS

El i gh  t i’ou’st m s t i  sty at ,‘ms t is i h a y  St itnit ,it I I t s ’ t h r e s ht o  l~i , st  a new ,nib ,’ — in t e’ ruts of l ist Is
‘si t iii.’ nt ‘ s i s m i  amid m s ’chami i s’ ,n t  i s s u t  . The first steps , fly—h ’s —wir e ,in,l act ive c o n tr o l , hay , ’
a lr e a d y  bet’ui t ak s ’mt m t  opet’~t I  i s s i i , n  I mmi i l i t  amy ai re v,t It ,and are be m m i i i  ,tes j s t r ’s c d  i n t o  t h i s ’ ci s’ul
I rant 

~I’~’ r 1 5 now on t he di na’ u n t i l  boa rits . beyond IRa t , I he r evo I u t  ion in microelectronics amid
ms ’ la t ,’,t t t ’ c l u u i s i l i ’ ,1 u s ’a otters t hie pmomise o f t o t~illy— itt Ieq r ate d control functiomis and simp li—
fied sys t em c o n f i gu r a t i o n s  w h i c h  t a k e  m a x i m u m  a d v a n t ag e  of standardized modules to increase
re’ 1 u ,,l s ’sli t y wh ‘s Is’ reshu,tc i rig syst suits ds’vs’ Iopmnem t t amid mmm aint enance costs.

The im s tn’ ority of fli gh t control has been , and will cotil inue to be , the key factor in ths’
,lc cn ’pI art ,’,’ is t I Ross’ s’ss t i i ’ept it for ssps’ra t ions 1 appl i cat ion . While cons iit,’rabi ci progress
has been mutash,’ i ii  t h i s  a u t ’ ,n , mima jc’r ,idii j t ional ga i n s  in r - ’  iabl s ’ des i gut approaches snsh
‘sunp lem e n t a t i o m t a  am’ s! esss’m s t i a l  i f  f l ig h t  con t ro l  sy s t e m s  .tre to  reap t h e i r  f u l l  b e n e f i t s
d’si r ing t his ’ mi t’xt itt ’~’i d,’
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