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SUMMARY 

The United S t a t e s  A i r  Force i n i t i a t e d  t h e  Survivable  F l i g h t  Control 
System (SFCS) Advanced Development Program i n  J u l y  1969 i n  which one of 
t h e  major ob jec t ives  was t o  e s t a b l i s h  t h e  p r a c t i c a l i t y  of the Fly-by- 
Wire (FBW) concept f o r  use i n  m i l i t a r y  f i g h t e r  a i r c r a f t .  T h i s  advanced 
development program provided f o r  the design, f a b r i c a t i o n ,  q u a l i f i c a t i o n ,  
and highly successful  f l i g h t  test evaluation of a quad-redundant l?BW 
primary f l i g h t  con t ro l  system i n  an F-4 aircraft  without conventional 
mechanical controls .  

Resul ts  from this in t ens ive  FBW advanced development e f f o r t  
i n d i c a t e  s i g n i f i c a n t  improvements i n  o v e r a l l  f r i g h t  con t ro l  system 
performance, r e l i a b i l i t y ,  safety and maintainabi l i ty .  Additionally,  
t h e  s t rong  and c r e d i b l e  FBW technology base  developed as a r e s u l t  of 
this program has paved t h e  way f o r  f u r t h e r  e x p l o i t a t i o n  through t h e  
app l i ca t ion  of advanced concepts such as Control Configured Vehicles 
and Multi-Mode Controls. 

INTRODUCTION 

The A i r  Force has accomplished a s i g n i f i c a n t  major milestone i n  
advanced f i g h t e r  f l i g h t  con t ro l  design and r e l i a b i l i t y  wi th  successful  
completion of i ts  fly-by-wire f l i g h t  test under t h e  Survivable F l igh t  
Control System CSFCS) Program. 
consis ted of a fou r  year, $16.5 m i l l i o n  development program with primary 
ob jec t ive  f o r  developing and f l i g h t  t e s t i n g  con t ro l  elements t o  ?mprove 
combat s u r v i v a b i l i t y  of a i r c r a f t  weapon systems. The development program 
was  performed by McDonnell Douglas under contract  t o  t h e  A i r  Force F l i g h t  
Dynamics Laboratory, wi th  Sperry Rand, General Electric, and L e a r  S i e g l e r  
as the p r i n c i p a l  equipment supp l i e r s .  
program was  t o  develop a highly r e l i a b l e  f l i g h t  con t ro l  system designed 
t o  improve s u r v i v a b i l i t y ,  major improvements i n  handling q u a l i t i e s ,  sta- 
b i l i t y  and performance, and weapon de l ive ry  accuracy Were a l s o  achieved 
goals. 

The SFCS mechanized i n  a YF-4E test aircraft uses a quadruply redundant 
(two-fail ope ra t e ) ,  dispersed, three-axis, analog, fly-by-wire (FBW) p r h a r y  
f l i g h t  con t ro l  system allowing the p i l o t  t o  command a i r c r a f t  motion r a t h e r  
than t h e  conventional con t ro l  su r f ace  pos i t i on .  This is  t h e  f i r s t  high 
performance f i g h t e r  a i r c r a f t  ever t o  f l y  using a f u t u r i s t i c  “al l  electric” 
system. 

This port ion of the SlFCS Program has 

Although the primary purpose of t h i s  

The p o t e n t i a l  and advantages of FBW had been demonstrated in s e v e r a l  
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exploratory development programs beginning i n  1959 a t  the F l igh t  Dynamics 
Laboratory. FBW acceptance w a s  dependent upon answering t h e  quest ion of 
whether electrical  con t ro l  systems, such as implemented i n  t h e  SFCS, could 
be made as r e l i a b l e  as conventional mechanical con t ro l  systems. The task, 
undertaken during t h e  SFCS f l i g h t  tes t ,  w a s  t o  demonstrate t h a t  t h e  system 
developed during t h i s  program performs s i g n i f i c a n t l y  b e t t e r  with g r e a t e r  
r e l i a b i l i t y  than cu r ren t ly  operat ional  f l i g h t  con t ro l  systems. 

TECHNICAL APPROACH 

Simple d i r e c t  mechanical l inkages,  cables ,  and f e e l  sp r ings  f o r  manual 
con t ro l  can no longer cope with m n y  of t h e  con t ro l  system problems associ-  
a t ed  with modem high performance a i r c r a f t  and aerospace vehicles .  I n  an 
e f f o r t  t o  m e e t  t h e  g r e a t e r  demands of t hese  advanced con t ro l  system require- 
ments, t h e  f l i g h t  con t ro l  designer has been forced t o  inc rease  t h e  complexity 
of t h e  mechanical system wi th  a r e s u l t i n g  inc rease  i n  weight, volume, c o s t ,  
and a decrease i n  f l e x i b i l i t y  and r e l i a b i l i t y .  Often he i s  forced t o  com- 
promise between t h e  des i r ed  performance and design requirements and a prac- 
t i ca l  mechanization. FBW not only m e e t s  t,he demands of t hese  advanced con t ro l  
system design requirements but  does so wi th  a decrease i n  complexity, weight, 
volume and cos t .  It a l s o  provides an increase i n  f l e x i b i l i t y ,  r e l i a b i l i t y ,  
and by u t i l i z i n g  redundancy and dispers ion increased s u r v i v a b i l i t y .  

While providing improved s u r v i v a b i l i t y ,  i t  w a s  f e l t  and la te r  v e r i f i e d  
t h a t  t he  use of FBW primary f l i g h t  con t ro l  would enable major improvements i n  
the tact ical  c a p a b i l i t y  of t h e  vehicle .  The design of t h e  system w a s  there- 
f o r e  based upon s t u d i e s  t o  de f ine  a set of con t ro l  l a w s  which provided near ly  
optimum a i r c r a f t  response c h a r a c t e r i s t i c s  des i r ed  by p i l o t s  f o r  use during 
t h e  var ious mission t a s k s  assigned t o  the  test a i r c r a f t  i n  i t s  normal opera- 
t i o n a l  use. 

MIL-F-8785B, were d i r ec t ed  toward bounding t h e  values of various s h o r t  per iod 
response parameters such as frequency, damping, t i m e  constants ,  etc. ,  which 
p i l o t s  have f e l t  are cons i s t en t  with t h e  p rec i s ion  and c o n t r o l  needed during 
maneuvering f l i g h t .  Many of t hese  parameters which are e a s i l y  defined i n  
terms of t h e  b a s i c  a i r c r a f t  dynamics are o f t e n  masked by t h e  forced response 
of multi loop high gain con t ro l  systems. The newer con t ro l  performance cri- 
ter ia  express s h o r t  per iod response i n  terms of a response envelope i n  t h e  
t i m e  domain. These cri teria are app l i cab le  t o  both t h e  high gain multiloop 
con t ro l l ed  a i r c r a f t  response and the  b a s i c  a i r c r a f t  response, and are a 
supplement t o  the t r a d i t i o n a l  forms of con t ro l  performance cri teria.  

h i s t o r y  performance c r i te r ia  with boundaries on both t h e  b a s i c  parameter 
and t h e  t i m e  rate of change of t h a t  parameter. These parameters are a 
normalized blend of p i t c h  rate and normal acce le ra t ion  (C*) f o r  t h e  p i t c h  
axis, a normalized r o l l  rate (PN) f o r  t h e  r o l l  axis,  and a normalized blend 
of la teral  acce le ra t ion  and s i d e s l i p  (D") f o r  t h e  d i r e c t i o n a l  ax is .  A C" 
c r i t e r i o n  has been a v a i l a b l e  f o r  some t i m e  as documented i n  Reference 5. 
The d e f i n i t i o n  of t h e  C* expression i n  equation form as used i n  t h e  SFCS 
program is: 

Trad i t iona l  performance c r i te r ia ,  such as many of t hose  presented i n  

The new criteria used i n  t h e  SFCS program cons i s t  of t h r e e  b a s i c  t i m e  



C" = Anzp 4- K2q 

Anzp = Incremental normal load f a c t o r  a t  p i l o t  s t a t i o n  (g's) 

q = P i t c h  rate Crad/sec) 

K2 

C2 = Dimensional constant (1/32.2 -2) 

Yco = Crossover v e l o c i t y  (assume 400 ft/sec) 

includes no&al e f f e c t i v e  acce le ra t ion  at t h e  a i r c r a f t  cen te r  of g r a v i t y  (c.g.) 
and t h e  a d d i t i o n a l  normal acce le ra t ion  at the p i l o t  s t a t i o n  due t o  p i t c h  ac- 
c e l e r a t i o n  ({), mult ip l ied  by the moment arm from the vehicle c.g. t o  the 
p i l o t  s t a t i o n .  The s t u d i e s  reported i n  Reference 2 proposed modifications t o  
t h e  C" boundary presented i n  Feference 5. 
normalized C" envelope and a C", o r  normalized rate of change of  C", envelope. 
The C" envelope i s  required t o  con t ro l  higher  o rde r  e f f e c t s  such as low damped 
low amplitude o s c i l l a t i o n s  which could b e  accommodated by t h e  C" envelope but  
s t i l l  be undesirable. 

The PN response envelope is shown i n  Figure 2. 
acce le ra t ion  (Pi)  response envelope. 
response t i m e  constant ,  overshoot and o s c i l l a t i o n s .  

The D* cr i ter ia  de f ine  the t r a n s i e n t  response c h a r a c t e r i s t i c s  i n  the 
d i r e c t i o n a l  axis due t o  a lateral  s t e p  command input  from the p i l o t .  
expression combines s i d e s l i p ,  which i s  considered the p r i n c i p a l  low speed 
handling q u a l i t y  parameter, and lateral acce le ra t ion ,  which is a more im- 
por tant  considerat ion during high speed f l i g h t .  The d e f i n i t i o n  of the D" 
expression i n  equation form as used i n  the  SFCS program is: 

= C2Vco = P i t c h  rate gain constant 

The An, is the t o t a l  incremental load f a c t o r  a t  the  p i l o t  s t a t i o n  and 

Figure 1 shows t h e  proposed 

Included a l s o  is  a r o l l  
These envelopes restrict the r o l l  mode 

The D" 

D" = An + K3B 
YP 

Dt = D*/K3 = f3 f Anyp/K3 

An = Incremental lateral  load f a c t o r  a t  p i l o t  s t a t i o n  (g's) 
yp . 

B = S i d e s l i p  angle  (rad) 

K3  

C 3  = Dimensional constant (-9.91 x loB3 w.) 
qco = Crossover Dynamic Pressure (assume 350 l b / f t 2 )  

= CgqcO = S l i d e s l i p  gain constant 

The An i s  t h e  t o t a l  incremental lateral acce le ra t ion  a t  the p i l o t  
s t a t i o n .  
add i t iona l  lateral  acce le ra t ion  at t h e  p i l o t  s t a t i o n  due t o  r o l l  acce l e ra t ion  

IePincludes lateral  acce le ra t ion  a t  the a i r c r a f t  c. g. and the 
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(G) and yaw acce le ra t ion  (;) mult ipl ied by t h e  r e spec t ive  moment arms. 
The r o l l  moment arm is the d i s t ance  from the r o l l  axis t o  the p i l o t  s t a t i o n .  
The yaw moment arm is t h e  d i s t ance  from t h e  aircraft c,g. t o  t h e  p i l o t  
s t a t i o n .  

concept where t h e  equivalent gain constant is a 
funct ion of ve loc i ty ,  t h e  D equation employs a crossover dynamic pressure 
t o  e s t a b l i s h  when low and high speed f l y i n g  q u a l i t i e s  are ra t ed  equally.  
The D* equation can be modified t o  y i e l d  an expression which is more i n  
harmony wi th  t h e  t r a d i t i o n a l  l a t e r a l - d i r e c t i o n a l  handling q u a l i t i e s  speci- 
f i c a t i o n s  on s i d e s l i p  excursion l imi t a t ions .  T h i s  expression, Ill, hag* 
t h e  s i d e s l i p  units of degrees o r  radians.  
t h e  rate of change o f  D f ,  boundaries used i n  t h e  SFCS program. The boundaries 
are expressed i n  terms of t h e  f a c t o r  "K", where '"K" is  t h e  r a t i o  of "commanded 
r o l l  performance" t o  "applicable r o l l  performance requirement" as defined i n  

* I n  c o n t r a s t  t o  t h e  C * 

Figure 3 shows t h e  D 1  and D l ,  

MIL-F-8785B. 
Having now es t ab l i shed  t h e  performance c r i t e r i o n  a six-degree-of-freedom, 

man-in-the-loop simulation proRram w a s  conducted t o  eval uate the con t ro l  
l a w  implementation. This simulation included t h e  c a p a b i l i t y  t o  maneuver the 
a i r c r a f t  throughout the F-4 f l i g h t  envelope including s ta l l  and post  s t a l l  
conditions.  A s  a r e s u l t  of t h i s  simulation, several design modifications 
were i d e n t i f i e d ,  evaluated, and subsequentply implemented i n t o  t h e  SFCS de- 
sign. 
t h e  SFCS t o  assist not  only i n  t h e  design, but  t o  v e r i f y  equipment per- 
formance, t r a i n  p i l o t s ,  and c o r r e l a t e  f l i g h t  test  data.  This test program 
has shown t h e  importance of compat ibi l i ty  t e s t i n g  with a manned s imulator  
i n  preparing f o r  a f l i g h t  test program. Reference 1 descr ibes  completely 
t h e  thorough s imulat ion e f f o r t  which r e su l t ed  i n  savings of t i m e ,  money, 
and most importantly accelerated progression t o  three-axis FBW con t ro l  of 
the a i r c r a f t  i n  t h e  very e a r l y  s t a g e s  of t h e  f l i g h t  test program. 

A series of s imulat ions were used during t h e  development and test of 

SYSTEM DESCRIPTION 

The SFCS is  a three-axis, analog, fly-by-wire, primary f l i g h t  control  
system using secondary ac tua to r s  t o  provide pos i t i on  commands t o  t h e  su r face  
actuators .  

appl ied inputs  t o  command a i r c r a f t  motion, i n s t ead  of su r face  pos i t i on .  I n  
add i t ion  t o  conventional con t ro l s ,  a s i d e s t i c k  c o n t r o l l e r  (SSC) loca ted  on 
the p i l o t ' s  right-hand console is  included f o r  SFCS cont ro l .  
f i g u r a t i o n  of the SFCS as mechanized had no mechanical con t ro l  of con t ro l  
s u r f a c e  p o s i t i o n  i n  any of the three axes. I n  add i t ion  t o  a normal mode of 
operat ion which commands aircraft motion, electrical backup modes command 
su r face  pos i t i ons  i n  t h e  event of malfunctions of t h e  normal mode. A capa- 
b i l i t y  f o r  revers ion t o  a mechanical backup mode, provided i n  t h e  p i t c h  and 
yaw axes f o r  the e a r l y  phase of t h e  f l i g h t  t e s t i n g ,  was  removed following 
f l i g h t  test v a l i d a t i o n  of t h e  SFCS modes and functions.  

The normal mode shown i n  Figure 4 u t i l i z e s  rate and acce le ra t ion  feed- 
backs t o  con t ro l  a i r c r a f t  motion. The three levels of closed-loop gain f o r  
t h e  p i t c h  and yaw normal modes may be s e l e c t e d  e i t h e r  by t h e  p i l o t  o r  auto- 
ma t i ca l ly  by t h e  adaptive gain computer. 

The system functions i n  a closed loop as a d i r e c t  funct ion of p i l o t  

The f i n a l  con- 

This v a r i a b l e  gain system provides 
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an almost unchanging air- 
c r a f t  dynamic response f o r  
varying f l i g h t  conditions.  
The p i t c h  axis normal mode 
provides a n e u t r a l  speed 
s t a b i l i t y  (NSS) auto-trim 
funct ion w i t h  t h e  landing 
gear  r e t r ac t ed ,  The auto- 
t r i m  is  provided by in t e -  
gra t ion  implemented i n  t h e  
forward loop. A s t a l l  warning 
funct ion is provided through 
a blend of angle-of-attack and 
lagged p i t c h  rate. Nose down 
p i t c h  rates are re j ec t ed  in  

Figure4 Survivable Flight Control System Mechanization 

the  cont ro l  l a w  s o  t h a t  p i l o t  push-recovery from a s t a l l  condi t ion i s  not im-  
peded. 
l ong i tud ina l  axis, e f f e c t i v e l y  increas ing  s t i c k  force  p e r  g,  and to remoxe t h e  
r o l l  rate feedback from t h e  r o l l  axis; both changes occur l i n e a r l y  as t h e  s t a l l  
region i s  penetrated.  

provide improved system r e l i a b i l i t y  and t o  achieve a two-fail  opera te  system. 
Four transformer r e c t i f i e r s  (TR), each shunted by a b a t t e r y ,  are independent 
power suppl ies .  
of power t o  t h e  four  TRs. I n  the event of a s i n g l e  generator  f a i l u r e ,  t h e  
remaining un i t  can power a l l  four  TRs. I f  both generators  f a i l ,  t h e  b a t t e r i e s  
can power the  SFCS f o r  approximately one hour of f l i g h t  t i m e ,  s u f f i c i e n t  t o  
allow f o r  a r e t u r n  t o  base.  Three hydraul ic  pressure  sources  are normally 
a v a i l a b l e  i n  t h e  F-4 a i r c r a f t ;  PC-1, PC-2 and u t i l i t y .  A fou r th  hydraul ic  
system, required t o  maintain quadruplex redundancy f o r  t h e  test a i r c r a f t ,  w a s  
an a u x i l i a r y  power u n i t  containing an e l e c t r i c  motor driven hydraul ic  pump. 

The necessary computations f o r  t h e  t h r e e  cont ro l  axes are performed by 
four  analog computer vo te r  u n i t s  (CW), one f o r  each o f  t h e  four  channels. 
The quadruplex electrical s igna l s  i n  each of t h e  t h r e e  axes are processed by 
s i g n a l  s e l e c t i o n  devices ,  and t h e  se l ec t ed  signals are appl ied t o  e l ec t ro -  
hydraul ic  secondary ac tua tors .  
inputs  t o  t h e  rudder,  s t a b i l a t o r  and t h e  two a i l e ron  and s p o i l o r  su r face  
ac tua tors .  Each secondary ac tua to r  (SA) i s  quadruplex i n  t h a t  four  i d e n t i c a l  
un i t s  are in t eg ra t ed  s i d e  by s i d e  and t h e i r  output r a m s  are force-summed pro- 
viding a s i n g l e  po in t  command. 
w i l l  shu t  down any indiv idua l  u n i t  which is determined t o  have a s i g n i f i c a n t l y  
d i f f e r e n t  d i f f e r e n t i a l  hydraul ic  pressure  than the  d i f f e r e n t i a l  hydraul ic  
pressures  of t h e  o t h e r  u n i t s  of t h a t  SA. 
' i nd i ca to r  l i g h t s  are i n s t a l l e d  on t h e  main instrument panel of t h e  test air- 
c r a f t  t o  provide continuous system status information. 
t e n t  f a i l u r e s  can be  reset using these  switches.  

SFCS. 
func t iona l  tests and subsequently ind ica t e s  a GO o r  NO GO condi t ion t o  t h e  
p i l o t  and ground crew.  
t o  a s p e c i f i c  Line Replaceable Unit (LRU). 

The s t a l l  warning funct ion is  t o  reduce the  command gain i n  t h e  

Quarduplex (four  channel) redundancy is  used i n  a l l  system components t o  

Two engine-driven ac generators  provide the primary source 

Four secondary ac tua to r s  provide mechanical 

The CWs monitor the  s t a t u s  of each SA and 

Reset switches with i n t e g r a l  s t a t u s  

Momentary o r  inadver- 

An extensive ground Built-In-Test (BIT) capab i l i t y  is  included i n  t h e  
The system automatical ly  tests t h e  SFCS with several hundred sepa ra t e  

Most de tec ted  f a i l u r e s  are automatical ly  i s o l a t e d  
LRU f a i l u r e  ind ica t ions  are 
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displayed on a maintenance test panel. I n  add i t ion ,  t h e  test number of any 
f a i l e d  test is ind ica t ed  t o  f u r t h e r  ke lp  l o c a t e  where i n  an LRU the f a i l u r e  
occurred. The ground B I T  r equ i r e s  approximately fou r  minutes, and i s  posi- 
t i v e l y  deact ivated during f l i g h t .  

INSTRWEXTATION AND DATA ACQUISITION SYSTEM 

The d a t a  acqu i s i t i on  system consis ted of var ious instrumentation compo- 
nen t s  located i n  t h e  nose area of t h e  test aircraft .  
Ampex AR 200 14 t r a c k  magnetic t a p e  recorder,  PDM multicoders,  proport ional  
NBFM multiplexing equipment, power supp l i e s ,  and s i g n a l  conditioning elec- 
t ron ic s .  An L-Band UHF telemetry system w a s  located i n  t h e  cen te r  fuselage 
upper equipment bay. Approximately 275 d a t a  measurands w e r e  recorded during 
t h e  i n i t i a l  SFCS f l i g h t s .  Certain measurands such as component temperatures 
and multichannel SFCS performance monitoring w e r e  de l e t ed  from t h e  i n s t r u -  
mentation once adequate d a t a  had been accumulated. 

The system included an 

FLIGHT TEST APPROACH 

F l i g h t  t e s t i n g  of t h e  SFCS w a s  i n i t i a t e d  on 29 Apr i l  1972 from t h e  
con t r ac to r ' s  f a c i l i t y  i n  S t .  Louis and, on 5 J u l y  1972, t r a n s f e r r e d  t o  t h e i r  
Edwards AFB f a c i l i t y  f o r  f u r t h e r  f l i g h t  envelope expansion. F l igh t  t e s t i n g  
w a s  s t ruc tu red  i n t o  fou r  progressive phases. 

t i m e ,  and used t o  develop and evaluate  the FBW f l i g h t  con t ro l  f o r  a l l  t h r e e  
axes while r e t a i n i n g  a mechanical backup (MBU) system f o r  t he  p i t c h  and di-  
r e c t i o n a l  axes. During t h i s  phase the f l i g h t  envelope and maneuvering 
boundaries were progressively expanded t o  cover t h e  normal operat ing f l i g h t  
regime of t h e  F-4. 
t h e  long i tud ina l  s t a b i l i t y  and con t ro l  as w e l l  as t h e  l a t e ra l  d i r e c t i o n a l  
mode c h a r a c t e r i s t i c s .  
t ives were t o  develop and demonstrate a funct ional  SFCS, not t o  optimize 
such a system f o r  a p a r t i c u l a r  aircraft such as t h e  F-4. For t h i s  reason a 
minimal amount of e f f o r t  w a s  expended i n  axes optimization. Data w a s  taken 
t o  i n v e s t i g a t e  t h e  system-component's operat ional  environment as w e l l  as the 
e f f e c t s  of simulated equipment f a i l u r e s  on t h e  SFCS. Testing of t h e  MBU 
system w a s  l i m i t e d  t o  only t h a t  which was  required t o  assure  a i r c r a f t  
c o n t r o l l a b i l i t y  when r e v e r t i n g  t o  t h i s  mode. 
a l  operat ion of the FBW system had been e s t ab l i shed  t h e  MBU w a s  removed and 
t h e  second phase of t e s t i n g  i n i t i a t e d .  

F B W  f l i g h t  t i m e .  
performance w i t h  use of t h e  Normal/Adaptive gain mode of operation. 
f l y i n g  q u a l i t i e s  f o r  gross maneuvering and p rec i s ion  of f l y i n g  with t h e  center- 
s t i c k  and s i d e s t i c k  c o n t r o l l e r  and vernier con t ro l  w e r e  evaluated as w e l l  
as simulated combat maneuvering, instrument f ly ing ,  and various o the r  mission 
o r i en ted  tasks .  

The f i r s t  phase consis ted of 27 f l i g h t s ,  providing 23 hours of FBW f l i g h t  

Conventional f l i g h t  test techniques were used t o  examine 

It must be re-emphasized h e r e  t h a t  t h e  program objec- 

When confidence i n  the function- 

The second phase o f  t e s t i n g  required 19  f l i g h t s ,  providing 18 hours of 
This per iod w a s  used t o  continue evaluat ion of the SFCS 

Ai rc ra f t  
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The t h i r d  phase of system evaluat ion was  conducted by t h e  AF Fl igh t  T e s t  
Center. A t e a m  of A i r  Force tes t  p i l o t s  f lew 15 f l i g h t s  with emphasis on 
mission-oriented t a sks .  Testing included evaluat ions of s t a b i l i t y  and con t ro l ,  
c lean and wi th  ex te rna l  tanks,  e lectr ical  back-up control ,  a i r - to-air  and 
air-to-ground t racking,  gross maneuvering, and p rec i s ion  f ly ing .  Detai led 
test r e s u l t s  of t h i s  po r t ion  of t e s t i n g  have been documented i n  Reference 7. 

demonstration, t r a i n i n g  and technology t r a n s i t i o n .  The 21 f l i g h t s  were made 
by t h i r t e e n  Air Force, Marine, and NASA p i l o t s .  A l l  p a r t i c i p a n t s  received 
back seat f l i g h t s  and t h r e e  demonstration p i l o t s  f l e w  t w o  f l i g h t s  each from 
t h e  f r o n t  seat. 
formance and func t iona l  f ea tu re s ,  supersonic and t r anson ic  handling 
c h a r a c t e r i s t i c s  and maneuvering and precis ion f ly ing .  

The f o u r t h  phase consis ted of a t o t a l  of 21 f l i g h t s  used f o r  system 

The f l i g h t s  w e r e  general ly  designed t o  demonstrate SFCS per- 

SUMMARY OF AIRCRAFT FLIGHT CHARACTERISTICS 

Longitudinal S t a b i l i t y  and Control 

When operat ing i n  t h e  Normal FBW mode, p i t c h  con t ro l  w a s  general ly  i m -  
proved over t h e  b a s i c  F-4. 
t h e  a i r c r a f t  s t i l l  had adequate shor t  period response. 
damping ranged from dead-beat t o  s l i g h t l y  over-damped throughout t he  f l i g h t  
envelope. 
motion. S t i c k  center ing w a s  g r e a t l y  improved compared t o  t h e  F-4 r e s u l t i n g  i n  
b e t t e r  PA configurat ion speed s t a b i l i t y  s t i c k  f o r c e  cues. 

The N e u t r a l  Speed S t a b i l i t y  (NSS) funct ion enhanced t h e  long i tud ina l  
con t ro l  c h a r a c t e r i s t i c s  by providing automatic p i t c h  t r i m  t o  maintain 1 g 
f l i g h t  throughout the f l i g h t  envelope with landing gear up. NSS tends t o  re- 
duce the p i l o t  work load during maneuvers involving r ap id  airspeed o r  a l t i t u d e  
changes s i n c e  manual trimming i s  not required.  Consequently, p i t c h  con t ro l  
is improved as only t h e  constant maneuvering s t i c k  fo rces  are required.  
Effect iveness  of the NSS w a s  very obvious during t h e  dece le ra t ing  wind-up 
t u r n  maneuver through the t r anson ic  area. 
present and manual trimming w a s  not  required.  

are compared t o  t h e  b a s i c  F-4 f o r  s eve ra l  f l i g h t  conditions as shown i n  
Figure 4 .  The d a t a  s u b s t a n t i a t e s  p i l o t  comments of improved maneuvering 
p i t c h  con t ro l  over the F-4. 
gradient  and s t i c k  displacement throughout t h e  f l i g h t  envelope allowing 
more p r e c i s e  con t ro l  of p i t c h  rate and g. 
high g values  is  a l s o  a t t r i b u t e d  t o  t h e  o v e r a l l  l i n e a r i t y  of the Fs/g 
gradient  versus  g. The SFCS s t i c k  f o r c e  p e r  g c h a r a c t e r i s t i c s  obtained 
from f l i g h t  test d a t a  compare favorably wi th  t h e  predicted values determined 
from earlier s t u d i e s ,  analyses and simulations.  

P i t c h  MED gain w a s  determined t o  be optimum f o r  takeoff and landing 
wi th  manual gain s e l e c t e d  i n  the  FBW Normal mode. 
at 275-300 knots a f t e r  t akeof f .  Takeoff i n  FBW requires  only a s m a l l  a f t  
s t i c k  f o r c e  t o  ob ta in  the  s t a b i l a t o r  pos i t i on  f o r  r o t a t i o n  a t  l i f t o f f .  The 
app l i ca t ion  o f  a f t  s t i c k  fo rces  g r e a t e r  than required f o r  f u l l  s t a b i l a t o r  
can delay subsequent nose down s t a b i l a t o r  response. 
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The p i t c h  a x i s  w a s  b e t t e r  damped than t h e  F-4 ye t  
P i t c h  s h o r t  period 

The SFCS reduced t h e  tendency t o  couple with t h e  sho r t  per iod 

The normal F-4 nose rise w a s  liot 

The c e n t e r s t i c k  maneuvering fo rce  g rad ien t s  f o r  t h e  long i tud ina l  SFCS 

The SFCS provides a more comfortable s t i c k  f o r c e  

The improved p i t c h  con t ro l  a t  t h e  

Low gain w a s  then s e l e c t e d  

Takeoff con t ro l  i n  



Mach Number 

FIGURE 4 
STICK FORCE PER G vs MACH NUMBER 

Adaptive Gain - Normal Mode 

Normal mode is  good. P i t c h  con t ro l  is  exce l l en t  f o r  landing i n  Normal mode. 
Touch and go landings exh ib i t ed  supe r io r  handling q u a l i t i e s  and the presence 
of ground e f f e c t  w a s  not  detectable .  

and exh ib i t ed  no no t i ceab le  change t o  in - f l i gh t  c h a r a c t e r i s t i c s  as compared 
t o  t h e  clean SFCS a i r c r a f t .  

between t h e  SFCS and a production F-4 a i r c r a f t .  The SFCS a i r c r a f t  has a 
tendency t o  maintain 1 g during s t a l l  approaches, n e c e s s i t a t i n g  p i l o t  a c t i o n  
t o  push t h e  nose down f o r  recovery. The SFCS a l s o  attempts t o  hold zero 
p i t c h  rate a t  t h e  top of a loop and the nose must be pu l l ed  down t o  complete 
t h e  maneuver. P i l o t s  adapted r e a d i l y  t o  these d i f f e rences  which w e r e  not  
considered de f i c i enc ie s .  

The a i r c r a f t  wi th  ex te rna l  wing tanks i n s t a l l e d  w a s  a l s o  w e l l  damped 

Additional differences were noted i n  long i tud ina l  response characteristics 

Lateral S t a b i l i t y  and Control 

During i n i t i a l  f l i g h t  tests, t h e  l a t e r a l - c o n t r o l  system w a s  reported t o  
b e  ove r sens i t i ve  around n e u t r a l  a t  a i rspeeds above 250 knots i n  the  c r u i s e  
configuration. The con t ro l  produced a sharp,  abrupt f i r s t  motion which w a s  
q u i t e  object ionable;  however, t h e  response w a s  not considered object ionable  
f o r  t h e  s teady command inpu t s  required f o r  gross maneuvering. I n  an e f f o r t  
t o  reduce t h i s  f i r s t  motion c h a r a c t e r i s t i c ,  t h e  r o l l  rate t o  lateral fo rce  
gain w a s  s u b s t a n t i a l l y  reduced i n  t h e  f i r s t  1 / 3  of s t i ck  fo rce ,  t h e  a i l e r o n  
over travel w a s  el iminated and t h e  s p o i l e r  deadband increased. This r e su l t ed  
i n  very s lugg i sh  r o l l  response and w a s  considered unsat isfactory.  
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Various f l i g h t  tests w e r e  conducted i n  an attempt t o  d e f i n e  r o l l  power 
f o r  s m a l l  i npu t s  around n e u t r a l  f o r  app l i ca t ion  t o  analog and s imulat ion 
s t u d i e s .  Higher than a n t i c i p a t e d  r o l l  power f o r  small d e f l e c t i o n s  was ident- 
i f i e d  as a major cause of t h e  high lateral s e n s i t i v i t y .  The SFCS F l i g h t  
Simulator w a s  u t i l i z e d  extensively t o  eva lua te  design change candidates which 
would improve the lateral  mechanization. Resul ts  i nd ica t ed  tha t  a t h r e e  grad- 
i e n t  r o l l  rate command would provide t h e  most d e s i r a b l e  lateral c h a r a c t e r i s t i c s .  

a v a i l a b l e  u n t i l  Phase two, an in t e r im  modification was incorporated t o  improve 
t h e  lateral  axis s e n s i t i v i t y  characteristics. The modification r e t a ined  t h e  
o r i g i n a l  two gradient  command, but  provided decreased c r u i s e  configurat ion 
s e n s i t i v i t y  and increased PA configuration s e n s i t i v i t y .  
t i o n ,  i n s t a l l e d  f o r  F l i g h t s  23 through 27,  w a s  reported t o  b e  a s i g n i f i c a n t  
improvement over the previous configurations.  

t h e  Second Phase layup and subsequently evaluated throughout the f l i g h t  
envelope. It w a s  concluded that the modified r o l l  command w a s  an improvement 
over  the two gradient  shaping, but  t h a t  the lateral  con t ro l  had no t  been com- 
p le  t e l y  optimized . 
s m a l l  amplitude o s c i l l a t i o n s  a t  high 
tendency f o r  con t ro l  f r e e  divergence. 
f i g u r a t i o n  i s  c l a s s i f i e d  as good. 
t h e  response is uncomfortably sharp and becomes object ionable  i n  any t i g h t  
con t ro l  t a s k  such as t r ack ing  o r  formation f l i g h t .  The problem w a s  n o t  one 
of r o l l  rate a t t a i n e d  but  of high en t ry  and recovery r o l l  acce l e ra t ions  and 
w a s  r e f e r r e d  t o  by t h e  p i l o t s  as "hard starts and stops". 

The high con t ro l  app l i ca t ion  rates poss ib l e  with FBM technology permit 
reduction i n  t h e  v a r i a t i o n  of r o l l  t i m e  constant normally experienced as a 
funct ion of f l i g h t  condition. The design a i m  o f  a nea r ly  constant r o l l  rate 
t i m e  constant w a s  achieved as shown i n  Figure 5. These da t a  show that the 
SFCS r o l l  t i m e  constant throughout much of t h e  f l i g h t  envelope c lose ly  matches 
t h a t  o f  t h e  b a s i c  F-4 at high speed, low a l t i t u d e  f l i g h t .  This f a s t  r o l l  re- 
sponse together  with such o the r  f a c t o r s  as s t i c k  torquing, l inkage nonlinear- 
i t ies  and high r o l l  power at s m a l l  s u r f a c e  de f l ec t ions  contr ibuted t o  the  
high r o l l  acce l e ra t ions .  

Rol l  rate t o  s t i c k  f o r c e  r a t i o s  w e r e  a l s o  more uniform as shown i n  
Figure 6. A s  i l l u s t r a t e d  i n  t h e  f l i g h t  test  da t a ,  t h e  v a r i a t i o n  i n  r o l l  rate 
t o  s t i c k  fo rce  is s u b s t a n t i a l l y  reduced as comparied t o  the b a s i c  F-4 with 
yaw SAS. The t h r e e  gradient  r o l l  command shaping provides higher r a t i o s  f o r  
l a r g e r  commands t o  allow maximum r o l l  rates t o  be obtained without excessive 
force.  

Since the t h r e e  gradient  r o l l  rate command modification would n o t  be 

T h e  interm modifica- 

The t h r e e  g rad ien t  r o l l  rate command modification w a s  i n s t a l l e d  during 

Lateral response w a s  w e l l  damped a t  a l l  f l i g h t  conditions except f o r  
subsonic conditions and there is  no 
Lateral response i n  t h e  landing con- 

I n  the clean configurat ion above 250 knots,  

D i rec t iona l  S t a b i l i t y  and Control 
D i rec t iona l  con t ro l  w a s  general ly  s a t i s f a c t o r y  throughout t h e  f l i g h t  

envelope. Short  per iod damping w a s  e s s e n t i a l l y  deadbeat t o  s l i g h t l y  over- 
damped. The roll-yaw crossfeed w a s  i n i t i a l l y  weak i n  t h e  PA configuration. 
The PA configurat ion roll-yaw crossfeed gains were modified with incorporat ion 
of t h e  three-gradient r o l l  command i n  t h e  second phase. Roll-yaw crossfeed 
w a s  improved f o r  subsequent t e s t i n g .  
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Mach Number 

FIGURE 5 
ROLL RATE TIME CONSTANT SFCS vs F-4 

(a) Standard F-4E with Yaw SAS - 
P 
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FIGURE 6 
ROLL RATE PER STICK FORCE SFCS vs F-4 
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General Maneuvering 

Various maneuvering tests w e r e  accomplished t o  eva lua te  FBW con t ro l  
f o r  l a r g e  command inputs .  Maneuvering tasks included 360° r o l l s ,  Immelmann 
tu rns ,  t ransonic  dece le ra t ing  wind-up t u  and 1 / 2  Cuban Eights.  Overa l l ,  
t h e  maneuvers exhib i ted  cont ro l  c h a r a c t e r s i t i c s  which w e r e  improved over  the 
b a s i c  F-4 aircraft. A more p o s i t i v e  cont ro l  of load  f a c t o r  w a s  apparent dur- 
ing evaluat ion of wind-up turns .  The dece lera t ion  through the t r anson ic  
region while  holding load f a c t o r  is s i g n i f i c a n t l y  improved since t h e  normal 
F-4 p i t c h  t r a n s i e n t  i s  el iminated by t h e  blended rate and acce le ra t ion  feed- 
back and by t h e  NSS t r i m  funct ion.  
t h e  u s e  of r o l l  rate feedback. 
comfortable wi th  t h e  FBW con t ro l  due t o  the roll-to-yaw crossfeed e f fec t iveness .  

The f u l l  rolls  are more uniform due t o  
The Immelmann tu rn  w a s  reported t o  be more 

Air-to-Air and Air-to-Ground Tracking 

Air-to-air  and air-to-ground t racking  t a sks  were evaluated by th ree  
MCAIR p i l o t s ,  two USAF evaluat ion p i l o t s ,  and t h r e e  USAF demonstration p i l o t s .  
Qua l i t a t ive  p i l o t  comments va r i ed  s l i g h t l y ;  however, c e r t a i n  c h a r a c t e r i s t i c s  
w e r e  noted by a l l  t h r e e  MCAIR p i l o t s .  
t rack ing  by a majori ty  of t h e  p i l o t s .  
previously w a s  i r r i t a t i n g  wi th  either c o n t r o l l e r  f o r  the t racking  task .  
When using t h e  CSC, t h e  normal tendency t o  " t ighten up" r e su l t ed  i n  torquing 
t h e  g r ip ,  producing j e rky  lateral commaads. The SSC provided b e t t e r  lateral 
cont ro l  i n  t h i s  respec t .  However, there w a s  a tendency t o  overcontrol  i n  
p i t c h  wi th  t h e  SSC when making s m a l l  cor rec t ions .  
o r  t h ree  f l i g h t s  w a s  required before  e f f e c t i v e  t racking  a b i l i t y  was  a t t a ined .  
Air-to-ground t racking  w a s  s a t i s f a c t o r y  wi th  either con t ro l l e r .  
s l i p  excursions o r  d r i f t  w e r e  noted on occasions; however, the ground t a r g e t  
w a s  regained eas i ly .  

The CSC w a s  genera l ly  p re fe r r ed  f o r  
The sharp lateral  response discussed 

A l ea rn ing  curve of  two 

Mild s ide-  

SUMMARY OF SFCS SYSTEM OPERATION 

Adaptive Gain Changer 

This funct ion operated s a t i s f a c t o r i l y  throughout t h e  program but  i t  is 
f e l t  t h a t  t h e  complication of  the design due t o  its inc lus ion  was  excessive 
f o r  b e n e f i t s  achieved. A less complicated device,  using a h ighly  r e l i a b l e  
a i r  d a t a  system, would probably be  s u f f i c i e n t  f o r  most vehic les .  

S t a l l  Warning Computer 

The s t a l l  warning funct ion w a s  ac t iva t ed  f o r  evaluat ion on F l igh t  
No. 24 and subsequent f l i g h t s  during the  f i r s t  phase of  f l i g h t  t e s t i n g .  
Functional operat ion of s t a l l  warning w a s  v e r i f i e d  during 1 g s t a l l  approaches 
and wind-up turns .  P i l o t s  commented t h a t  the p i t c h  s t a l l  warning is ef- 
f e c t i v e  i n  wind-up tu rns  where s i g n i f i c a n t  p i l o t  commands are being applied.  
Its e f f ec t iveness  i s  severe ly  l imi ted  i n  s i t u a t i o n s  where only s m a l l  p i t c h  
commands are being appl ied.  For ins tance ,  the NSS funct ion during a 1 g 
dece lera t ion  can s t a l l  t h e  a i r c r a f t  w i t h  no p i l o t  command and consequently 
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no FBW s t a l l  warning s t ick f o r c e  cues. 
cues w e r e  r e t a ined  t o  supply p ro tec t ion  i n  t h i s  region. The environment 
of heavy wing rock was no t  explored t o  assess t h e  t o t a l  e f f ec t iveness  of 
s t a l l  warning funct ion i n  the lateral feedback loop. F l igh t  da t a  however, 
v e r i f i e d  t h a t  t h e  lateral funct ion w a s  opera t ing  s a t i s f a c t o r i l y .  

The normal F-4 audio s t a l l  warning 

S ides t i ck  Cont ro l le r  

Although not  optimized f o r  t h i s  a i r c r a f t ,  t h e  SSC provided an acceptable  
m e a n s  of con t ro l  f o r  a l l  t a s k s  performed during the test program. 
inherent ly  more s e n s i t i v e  t o  p i l o t  inputs  than the cen te r s t i ck ,  but a r e l a t i v e l y  
b r i e f  exposure w a s  necessary f o r  var ious p i l o t s  t o  become accustomed t o  it. 
The c o n t r o l l e r ' s  mounting on t h e  r i g h t  console w a s  no t  an optimum pos i t i on  
f o r  prec is ion  t a s k s  such as landing. 
and coordinated maneuvers were d i f f i c u l t  t o  accomplish at high load f a c t o r s .  

It w a s  

The input  p ivo t  w a s  below t h e  g r i p ,  

R e l i a b i l i t y  and Main ta inabi l i ty  

During 88.5 t o t a l  program f l y i n g  hours,  only 5 equipment malfunctions 
were reported.  
Only one non-reset table  in - f l i gh t  f a i l u r e ,  a yaw rate gyro which does not  
e f f e c t  s a f e t y  of f l i g h t ,  occurred during the e n t i r e  f l i g h t  test program. The 
ca lcu la ted  p robab i l i t y  of f l i g h t  cont ro l  f a i l u r e ,  which is improved over the 
b a s i c  F-4, is  10.685 x 10-7. T h i s  f i g u r e  does no t  consider  t h e  improvement 
provided by EBU. Figures  on maintenance manhours pe r  f l i g h t  hour a l s o  show 
improvement i n  t h e  SFCS system when compared t o  t h e  F-4 mechanical system. 

I n  t h e  l as t  two months o r  44 working days of f l i g h t  t e s t i n g  t h e  test 
a i r c r a f t  flew 31 days, and i n  the last month of 23 working days t h e  a i r c r a f t  
flew 2 1  days. Of a program t o t a l  of 84 f l i g h t s  and 88.5 f l i g h t  hours flown 
during 10  months, 41 f l i g h t s  and 42.8 f l i g h t  hours w e r e  flown i n  the last  two 
months. These last two months w e r e  without delays due t o  maintenance. 

Four of t hese  f a i l u r e s  w e r e  de tec ted  by B I T  p r i o r  t o  f l i g h t .  

CONCLUSION 

Future designs envisioned throughout the indus t ry  inc lude  such Configu- 
r a t i o n  Controlled Vehicle f e a t u r e s  as Relaxed S t a t i c  S t a b i l i t y ,  Direct L i f t  
Control,  Direct  S ide  Force Control,  Maneuver Load Control,  etc., w h i c h  may 
employ canards,  movable t a i l s  and movable wing t i p s .  
s i g n i f i c a n t  maneuvering performance improvements and cont ro l  techniques no t  
poss ib l e  w i t h  a mechanical con t ro l  system. T h i s  makes mandatory t h e  t rans-  
i t i o n  from a mechanical cont ro l  system t o  FBW a b a s i c  necess i ty .  

cos t  and ma in ta inab i l i t y  da t a ,  s p e c i f i c a t i o n  requirements, and most impor- 
t a n t l y ,  the confidence level required f o r  i n s t a l l a t i o n  of advanced f l i g h t  
cont ro l  systems of this type i n  f u t u r e  a i r c r a f t .  

These f e a t u r e s  provide 

This program's f l i g h t  t e s t i n g  has provided design criteria, r e l i a b i l i t y ,  
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