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SRFIMF controller  compensation  transfer  function 

numerator  polynomial  of A ( s )  

denominator  polynomial  of A ( s )  

damping  term in aircraft  rigid-body  second-order  modes 

wing  span 

stiffness  term  in  aircraft  rigid-body  second-order 
modes 

wing  mean  aerodynamic  chord 

control  power  gradient 

Laplace  transform  of  external  disturbances 

transfer  function  defining  aircraft  motion due to 
external  disturbances 

deadband  in  vertical  motion  of MK 1 VC  lever  or  in 
quadrant  motion  of MK 2 VC  lever 

deadband  of  lateral  stick 

deadband  of  longitudinal  stick 

deadband  of  rudder  pedals 

deadband  in  rudder  pedal  integrator 

deadband in horizontal  motion  of MK 1 VC  lever  or  in 
thumbwheel  of MK 2 VC  lever 

reciprocal  of  time  constant  of  aircraft  rigid-body 
first-order  modes 

X, y, and z body  axes  coordinates  of  pilot  station 
relative  to  aircraft  center of gravity 

value of the  highly  damped  root  of a  simple  SRFIMF- 
controlled  system 
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FTFj' FTWj' FTAj forces  produced  by front,  wing, and  aft  fans 
j = R(right),  L(1eft) 

acceleration  due  to  gravity 
, .  

Laplace  transform  of  airplane  rigid-body  modes 

h altitude  of  aircraft  center  of  gravity 
. .  . ' ~  

hA 

hH 

hR 

h 
.. 
hrnm 

hR 

h 
No 

reference  approach  path  altitude  at  start of horizon- 
tal  deceleration 

reference  hovering  altitude 

altitude  of  reference  approach  path  at  distance R 
from  touchdown  point 

vertical  velocity  of  airplane  center  of  gravity 

vertical  velocity  at'  start  of  horizontal  deceleration 

vertical  velocity  indicated  by  vertical  flight  director 

vertical  velocity  commanded  by  pilot 

reference  vertical  velocity  at  distance R from  point 
of  touchdown 

vertical  acceleration  of  airplane  center  of  gravity 

reference  maximum  vertical  acceleration 

reference  vertical  acceleration  at  distance R from 
touchdown  point 

constant  term  of  polynomial H (s) 

constant  term  of  polynomial HN(s) 

transfer  function  representing  the  dynamic  behavior 

D 

of  control  force  or  moment  application 

denominator  polynomial  of H(s) 

numerator  polynomial of H(s) 

i (SI Laplace  transform  of  flight  controller  output  signal 

i,, ip, i Y roll,  pitch,  and  yaw  altitude  flight  controller  output 
signals 
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v e r t i c a l  and la teral  f l i g h t - p a t h   f l i g h t   c o n t r o l l e r  
o u t p u t   s i g n a l s  

IALTPH , IALTPS r o l l  and yaw a t t i t u d e   c o n t r o l l e r  mode s e l e c t i o n   s w i t c h  

IALTU h o r i z o n t a l   ( l o n g i t u d i n a l )   f l i g h t - p a t h   f l i g h t  con- 
t r o l l e r  mode s e l e c t i o n   s w i t c h  

IPDAMP, I Q D A W ,  IRDAMP a t t i t u d e   f l i g h t   c o n t r o l l e r   s w i t c h e s   f o r   r o l l ,   p i t c h ,  
and yaw axes 

ISASUl , I S A S V l  f l i g h t - p a t h   f l i g h t   c o n t r o l l e r   s w i t c h e s   f o r   h o r i z o n t a l /  
v e r t i c a l   a n d  lateral axes  

Ixv 

1x2 

a i r p l a n e  moments o f   i n e r t i a   a b o u t  x ,  y ,  and 2 body 
axes 

p i l o t   i n p u t   t o   v e r n i e r   l o n g i t u d i n a l   f o r c e   c o n t r o l  

p r o d u c t   o f   i n e r t i a   o f   a i r p l a n e   w i t h   r e s p e c t   t o  x and 2 
body axes  

p i l o t   i n p u t   t o   v e r n i e r  la teral  f o r c e   c o n t r o l  

p i t c h  t r i m  i npu t  

t r a n s f e r   f u n c t i o n   r e l a t i n g   a i r c r a f t   r e s p o n s e  x ( s )  t o  
c o n t r o l l e r   o u t p u t  i(s) , I ( s )  = H(s)G(s) 

43 
J ( S  1 polynomia l   used   to   def ine  A ( s )  

cons tan t  term in   po lynomia l  J ( s )  

k~~ 

kX pos i t i on   f eedback   ga in  

r o o t   l o c u s   g a i n   f o r   r e s p o n s e - f e e d b a c k   c o n t r o l l e r  

k2 ra te  feedback  gain 

K forward  loop  gain  of  SRFIMF c o n t r o l l e r  

KO la teral  v e l o c i t y   c o n t r o l l e r   c o u p l i n g   g a i n  component 

K l  

K2 r o l l   c o n t r o l l e r   f o r w a r d   g a i n  component 

r o l l   c o n t r o l l e r   f o r w a r d   g a i n  component 

K 3  r o l l   c o n t r o l l e r   c o u p l i n g   g a i n  

K4 
A-6712 

r o l l   c o n t r o l l e r  rate feedforward  gain 
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w i n g   s p o i l e r   a c t u a t o r   i n p u t   g a i n  

lateral v e l o c i t y   c o n t r o l l e r   i n p u t   g a i n  

lateral  v e l o c i t y   c o n t r o l l e r   c o u p l i n g   g a i n  component 

' yaw  con t ro l l e r   fo rward   ga in  component 

yaw con t ro l l e r   fo rward   ga in  component 

yaw c o n t r o l l e r   c o u p l i n g   g a i n  

wing   louver   ac tua tor   input   ga in  

rudde r   ac tua to r   i npu t   ga in  

s i d e s l i p   c o n t r o l l e r   i n p u t   g a i n  

cascade   l ouve r   ac tua to r   i npu t   ga in  

a f t   h o o d . a c t u a t o r   i n p u t   g a i n  

s i d e s l i p   c o n t r o l l e r   c o u p l i n g   g a i n  

p i t c h   c o n t r o l l e r   f o r w a r d   g a i n  component 

p i t c h   c o n t r o l l e r   f o r w a r d   g a i n  component 

p i t c h   c o n t r o l l e r   c o u p l i n g   g a i n  

e l e v a t o r   a c t u a t o r   a n d   t a i l p l a n e   a c t u a t o r   i n p u t   g a i n  

c o n t r o l  mode phase-out  gain 

w i n g   s p o i l e r   l i n e a r i z i n g   f a c t o r  

r o l l   s t i c k   i n t e g r a t o r   g a i n  

g a i n  of bank ang le   f eedback   i n to  yaw c o n t r o l l e r  

p e d a l   i n t e g r a t o r   g a i n  

p i t c h   a t t i t u d e   f e e d b a c k   g a i n  

p i t ch - ra t e   f eedback   ga in  

r o l l   a t t i t u d e   f e e d b a c k   g a i n  

ro l l - r a t e   f eedback   ga in  

yaw a t t i t u d e   f e e d b a c k   g a i n  
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STUDY  OF THE APPLICATION OF AN IMPLICIT MODEL-FOLLOWING 

FLIGHT CONTROLLER TO LIFT-FAN VTOL AIRCMFT 

Vernon K. Merrick 

A m e s  Research  Center  

SUMMARY 

P a s t   p i l o t e d   s i m u l a t i o n s   o f   l i f t - f a n  V/STOL t r a n s p o r t   a i r c r a f t   e m p l o y i n g  
r e sponse   f eedback   f l i gh t   con t ro l l e r s   have   demons t r a t ed   impor t an t   l imi t a t ions  
o f   t h i s   c o n t r o l l e r   c o n c e p t .  The sea rch   fo r   an   improved   t ype   o f   f l i gh t  con- 
t r o l l e r   h a s   l e d   t o   t h e  s ta te  rate feedback   impl ic i t   model - fo l lowing  (SRFIMF) 
concep t   p re sen ted   he re .   Th i s   con t ro l l e r  is r e l a t i v e l y   s i m p l e :  i t  provides   an  
inpu t /ou tpu t   r e l a t ionsh ip   approx ima te ly   t ha t   o f   any   s e l ec t ed   s econd-o rde r  
system; i t  provides  good gus t   a l l ev ia t ion   and   c ros s -ax i s   decoup l ing ;   and  i t  is  
self-tr imming. 

The SRFIMF f l i g h t   c o n t r o l l e r  w a s  a p p l i e d   t o  a l l  axes of  a comprehensive 
mathematical  model  of a l i f t - f a n  V/STOL t r a n s p o r t .  Power  management c o n t r o l s  
and p i l o t   d i s p l a y s  were des igned   t o   ma tch   t he   va r ious  modes o f   con t ro l   p ro -  
vided  by  the SRFIMF f l i g h t   c o n t r o l l e r .  A p i l o t e d   s i m u l a t i o n  w a s  performed 
u s i n g   t h e  A m e s  six-degree-of-freedom  simulator.  

Both s t r a i g h t  and   curved   dece lera t ing   approaches   to  a ve r t i ca l  landing  
were t e s t e d   i n  IFR zero-zero   condi t ions .  The p i l o t   r a t i n g s   v a r i e d   f r o m  2-112 
f o r  a y = -3" s t r a i g h t   a p p r o a c h   i n   c a l m  a i r ,  t o  4 f o r   a n   i n i t i a l  y = -9" 
curved  approach  with  15-knot  sidewind,  1.52 m/sec (5 f t / s e c )  r m s  tu rbulence  
and   an   eng ine   f a i lu re .  The improved   t r ack ing   p rec i s ion   and   r educed   p i lo t  
work load   no ted   i n   t hese  tests, re la t ive  t o   t h o s e   n o t e d   i n   p r e v i o u s   l i f t - f a n  
V/STOL s i m u l a t i o n s ,  were d u e   b o t h   t o   t h e   u s e   o f   t h e  SRFIMF c o n t r o l l e r   c o n c e p t  
and t o   t h e   h i g h   d e g r e e   o f   i n t e g r a t i o n   o f   t h e   f l i g h t   c o n t r o l l e r ,  power  manage- 
ment c o n t r o l s ,   a n d   d i s p l a y s .  

INTRODUCTION 

From a handl ing   qua l i t i es   v iewpoin t ,   one   o f   the   mos t   inpor tan t   and   cha l -  
l enging  VTOL p i l o t i n g   t a s k s  is t h a t  of f l y i n g  a wel l -def ined,   curved,   deceler-  
a t i n g ,  IFR approach t o  a v e r t i c a l   l a n d i n g .   T h e   p r o b l e m s   a s s o c i a t e d   w i t h   t h i s  
t a sk   have   been   s tud ied  by t h e  NASA i n   f l i g h t  tests o f   t h e  XV-5B ( r e f .  1) and,  
more r e c e n t l y ,   i n   p i l o t e d  moving base   s imu la t ions   o f  a series of  proposed 
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transport-type  aircraft  (refs.  2-10). In addition,  the  Navy  has  sponsored  a 
stpdy  of  the  problem  using  the  X-22A  aircraft  in a  series  of  flight  tests 
which  resulted in the  first  IFR  approach  and  vertical  landing  for  this  class 
of  aircraft  (ref. 11). 

Because  of  the  large  powered-lift  flight  envelope  of VTOL aircraft,  the 
shape  of  the  approach  path  and  the  variation  of  velocity  along  it  need  not  be 
as  rigidly  specified  as  for  CTOL  aircraft.  The  type  of  approach  selected  can 
vary  over a  wide  range  to  attain  such  operational  objectives  as  noise  and  fuel 
reduction. ,However, this.  expanded  operational  flexibility  is  accompanied  by 
some  major  piloting  problems. To fly a well-defined  VTOL  approach,  the  pilot 
has  to  operate,  continuously,  two  primary  controls  to  produce  the  desired 
schedule  of  velocity  and  rate  of  descent.  Even  under  ideal  circumstances,  the 
pilot  workload  is  considerably  greater  than  for  the  constant  velocity  and 
constant  rate  of  descent  approach  typical  of  CTOL  aircraft. 

Both  the  NASA  simulations  and  the  X-22A  flight  tests  show  that  signifi- 
cant  workload  reductions  are  obtained  if  the  pilot is provided  with  direct, 
uncoupled  control  of  the  horizontal  and  vertical  motion of the  aircraft, , 

rather  than  the  more  conventional  thrust  magnitude  and  thrust  vector  angle. 
The  NASA  simulations  demonstrated  that  a  need  to  periodically  retrim  the  pitch 
axis,  during  an  approach,  tended  to  break  the  pilot's  concentration on the 
principal  tracking  task  and  to  cause a  disproportionately  large  increase  in 
workload.  Furthermore,  it  was  repeatedly  demonstrated  that  sidewinds  and  tur- 
bulence  can  cause  both  a  large  increase  in  the  pilot's  workload  and a  signif- 
icant  degradation  of  his  tracking  performance. 

These  resuits  suggest  that,  because  of  the  inherently  high  workload 
associated  with  the  primary  task,  important  benefits  may  accrue  from  decoupling 
all  the  pilot  control  modes  and  from  relieving  the  pilot  of  all  secondary 
control  tasks.  These  features,  along  with  the  generation  of  satisfactory  sta- 
bility  and  response  characteristics,  can  be  incorporated  into  the  design  of 
the  flight  controller.  The  general  controller  requirements are summarized  as 
follows : 

Input-output  relationship  has  the  type  of  dynamic  characteristics , 

favored  by  pilots.  For  most  applications,  these  characteristics 
approximate  a  second-order  system  with  appropriate  frequency  and 
damping. 

Input-output  relationship  is  insensitive  to  changes  of  airframe  and 
propulsion  characteristics. 

In  the  steady  state,  the  commanded  variables  are  independent  of  the 
external  disturbances  (self-trimming). 

Inherently  strong  gust  alleviation. 

Inherently  strong  cross-axes  decoupling. 
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The  first  requirement  is  largely  the  concern  of  existing  VTOL  fixed- 
operating-point  handling  qualities  criteria  (refs. 12 and 13). The  remainidg 
requirements  go  beyond  the  conventional  bounds  of  VTOL  handling  qualities 
criteria.  However,  their  importance  to  the  VTOL  approach  task  has  already 
been  demonstrated  and  there  is  a  need  for  appropriate  quantitative  criteria. 
In the  absence  of  such  criteria,  a  possible  approach  to  the  achievement  of 
acceptable  VTOL  handling  qualities  is  to  adopt  a  flight  controller  concept 
that has  all the  required  characteristics  to  a  high  degree  and,  indeed,  to  a 
much  higher  degree  than  the  response  feedback  controllers  used in previous 
NASA piloted  VTOL  simulations.  This  is  the  approach  explored  here.  The  con- 
troller  concept  adopted  here  gets  its  high  performance  by  using  state  rate 
(acceleration)  feedback  and is  a member  of  the  general  class  of  implicit 
model-following  controllers.  These  general  features  have  led  to  the  name 
state  rate  feedback  implicit  model  follower  (SRFIMF)  to  identify  the 
controller. 

This  report  first  describes  the  controller  concept in  its  simplest  form, 
along  with an heuristic  argument  suggesting  a  high  performance.  This  intro- 
duction  to  the  concept  is  followed  by  a  more  detailed,  single-axis  analysis  of 
its  application  to  the  control  of  both  position  and  velocity  of  a  vehicle. 
The  results  of  this  analysis  are  compared  with  those  obtained  using  a  response 
feedback  controller. It is  then  shown  how  the  SRFIMF  controller  has  been 
applied  to all  axes  of  one  of  the  lift-fan  VTOL  transport  models  previously 
used  in  NASA  piloted  simulations.  In  addition,  a  pilot's  master  power  manage- 
ment  console,  flight-director  laws,  and  electronic  display  formats,  designed 
to match  the  flight  controller,  are  described. The entire  system  has  been 
tested  on  a  piloted  six-degree-of-freedom  simulator  to  obtain  preliminary 
performance  data.  This  simulation  is  described  and  the  principal  results  are 
discussed. 

PERFECT  SRFIMT  FLIGHT  CONTROLLER 

Consider  the  flight  controller  configuration  shown  in  figure 1. The 
variable  to  be  controlled  is x, and  both x and  its  time  derivative 2 are 
assumed  to  be  measured  and  used  in  feedback  loops  to  modify  the  command  signal 
x=. The  system  element  with  the  transfer  function Kx/(S + Kg) is  used  to  pro- 
vide  the  desired  closed-loop  dynamic  performance.  The  analysis  of  this  system 
is  particularly  simple.  Thus,  at  junction 1, 

v = w - 5 2  (1) 

and  at  junction 3, 
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Equat ions  (1) and (2)  when added  give 

o r  

(s2  + K*s + K ) x  = KXxc 
X X 

Equat ion  (3 )  descr ibes   the   c losed- loop   dynamic   behavior   o f   the   en t i re  
s y s t e m ,   i n c l u d i n g   t h e   a i r f r a m e .   I f  KZ and K;: are cons tan t ,   the   sys tem is  of 
second  order  and is  independen t   o f   t he   a i r f r ame   cha rac t e r i s t i c s .  The f r e -  
quency  and  damping  can  be se t  t o  any   des i r ed   va lues  by  choosing  the  appro- 
p r i a t e  v a l u e s   f o r  Kx and K5. Since   equa t ion  ( 3 )  is independent   o f   ex te rna l  
d i s t u r b a n c e s ,   t h e   c o n t r o l l e r   p r o v i d e s   b o t h   s e l f - t r i m m i n g   a n d   p e r f e c t   g u s t  
a l l e v i a t i o n .   F i n a l l y ,   e a c h   c o n t r o l l e d   v a r i a b l e  of a m u l t i v a r i a b l e   c o n t r o l l e r  
of t h i s   t y p e  is  governed by an   equa t ion  similar t o   e q u a t i o n  ( 3 ) .  Such a 
mul t iva r i ab le   sys t em is therefore   uncoupled .  The t y p e   o f   c o n t r o l l e r  shown i n  
f i g u r e  1 a p p a r e n t l y   s a t i s f i e s ,   p e r f e c t l y ,  a l l  the   r equ i r emen t s  set  f o r t h   i n  
t h e   I n t r o d u c t i o n .  

The r e s u l t s  of t h e   a n a l y s i s   c l e a r l y   r u n   c o u n t e r   t o   b a s i c   e n g i n e e r i n g  
i n t u i t i o n   a n d   s u g g e s t   t h a t   t h e   p e r f e c t   b e h a v i o r   o f   t h e   c o n t r o l l e r  m u s t  r e s u l t  
f rom  an   uns t a t ed ,   un rea l i s t i c   a s sumpt ion .  It i s  r e a d i l y   s e e n   t h a t   t h e   o f f e n d -  
ing  assumption i s  tha t   t he   s igna l   pa ths   be tween   t he   sys t em  e l emen t s   have  no 
t r a n s m i s s i o n   l a g s .  The  assumption is r e a l i s t i c  when a p p l i e d   t o   a n y   c l o s e d  
p a t h   c o n t a i n i n g  a system  element  whose  dynamic  response is  slow  compared t o  
the   s igna l   t r ansmiss ion   t ime   be tween   t he   sys t em  e l emen t s .  However, i n   a n y  
closed  path  containing  no  system  elements   (such as loop  1234 i n   f i g .  l), t h e  
assumption i s  u n r e a l i s t i c   s i n c e   t h e   r e s p o n s e  of t h i s   t y p e  of   loop   to   an   input  
i s  ins t an taneous .  The ins tan taneous   response   o f  loop 1234 g i v e s   t h e   c o n t r o l l e r  
i ts pe r fec t   pe r fo rmance ,   bu t   a l so  makes i t  p h y s i c a l l y   u n r e a l i z a b l e .  

The s i g n i f i c a n c e   o f   t h e   c o n t r o l l e r  shown i n   f i g u r e  1 i s  t h a t  i t  repre-  
s e n t s   t h e   l i m i t i n g   c a s e  of a c l a s s   o f   r e a l i z a b l e   c o n t r o l l e r s  whose  performance 
r e s e m b l e s   t h a t   o f   t h e   u n r e a l i z a b l e   c o n t r o l l e r .  The response   o f   these  con- 
t ro l le rs   approximates   tha t   o f   any   se lec ted   second-order   sys tem  and   th i s ,   p lus  
the   i nco rpora t ion   o f  s ta te  r a t e  (2) f e e d b a c k ,   p r o v i d e s   t h e   r a t i o n a l e   f o r   t h e  
name "state ra te  f eedback   imp l i c i t  model fo l lower  (SRFIMF)." 

REALIZABLE SRFIMF FLIGHT  CONTROLLERS 

To make t h e   c o n t r o l l e r   c o n f i g u r a t i o n  shown i n   f i g u r e  1 r e a l i z a b l e ,   i n   t h e  
s e n s e   t h a t   a n a l y s i s   u s i n g   t h e   s t a n d a r d   a s s u m p t i o n s   o f   c o n t r o l - s y s t e m   t h e o r y  
does   no t   p red ic t  a performance  that  is phys ica l ly   imposs ib l e ,  it is c lear   f rom 
the   p rev ious   d i scuss ion   t ha t   l oop  1234 must  be  modified.  However,  any  modifi- 
c a t i o n   t h a t   p r o d u c e s   r e a l i z a b i l i t y   a l s o   b r i n g s   w i t h  i t  more a n a l y t i c a l  com- 
p l e x i t y  and  reduced  generali ty.   Thus,  i t  becomes des i r ab le ,   f rom  bo th  
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c o n c e p t u a l   a n d   a n a l y t i c a l   v i e w p o i n t s ,   t o   i d e n t i f y  two types  of SRFIME' con- 
t r o l l e r s   a c c o r d i n g   t o   w h e t h e r   t h e   c o n t r o l l e d   v a r i a b l e  i s  e i t h e r   a n   a i r c r a f t  
p o s i t i o n   o r   v e l o c i t y .  The c o n f i g u r a t i o n s  of t h e s e  two types  of c o n t r o l l e r s  
are shown i n   f i g u r e s  2 and  3. i n   f i g u r e s  2 and  3 ,   the   modif icat ion  adopted 
t o   p r o d u c e   r e a l i z a b i l i t y   i n v o l v e s   t h e   a d d i t i o n   o f   a n   e l e m e n t   w i t h  a t r a n s f e r  
func t ion  A ( s )  i n   p a t h  41. With th i s   mod i f i ca t ion   o f   l oop   1234 ,   add i t iona l  
cont ro l   over   the   dynamic   behavior   o f   the   sys tem is obtained  by  introducing a 
c o n t r o l l e r   c o u p l i n g   g a i n  K ( f i g s .  2 and 3 ) .  

The r e m a i n d e r   o f ,   t h i s   s e c t i o n   d e s c r i b e s  a r a t i o n a l   p r o c e d u r e   f o r  select-  
i n g   a n   a p p r o p r i a t e  A ( s ) .  I t  i s  assumed,   f rom  the   ou tse t ,   tha t  A ( s )  can  be 
expressed as a r a t i o n a l   a l g e b r a i c   f u n c t i o n ;   t h u s  

where A N ( s )  and A D ( s )  are  po lynomia l s   i n  s of   degree m and n, r e s p e c t i v e l y .  

I f   t h e   s y s t e m s  shown i n   e i t h e r   f i g u r e  2 o r  3 are t o   b e   r e a l i z a b l e ,   t h e n  
A ( s )  must   be  such  that  m < n. The v a l i d i t y   o f   t h i s   s t a t e m e n t   c a n   b e   s e e n  by 
cons ide r ing   t he  case where A ( s )  is  s u c h   t h a t  m = n. I t  is  t h e n   p o s s i b l e   t o  
wri te  A ( s )  as  a cons t an t  p l u s  a n o t h e r   r a t i o n a l   a l g e b r a i c   f u n c t i o n .  The pres-  
ence of t h e   c o n s t a n t  term makes a component  of the   response   o f   loop   1234,   due  
t o   a n   i n p u t ,   i n s t a n t a n e o u s .  I t  f o l l o w s   t h a t   t h e  s y s t e m  is  u n r e a l i z a b l e .  

P o s i t i o n   C o n t r o l l e r  

Consider now t h e   p o s i t i o n   c o n t r o l l e r   c o n f i g u r a t i o n  shown i n   f i g u r e  2 .  A t  
j u n c t i o n  1, 

V ( S )  = A ( s ) z J ( s )  - ? ( s )  (5) 

and a t  j u n c t i o n   3 ,  

By adding   equat ions  (5) and ( 6 ) ,  ~ ( s )  is  e l imina ted   t o   p roduce  

[l - A ( s ) ] z J ( s )  = - ( s 2  + K;s + K,)z(s) + KXxe(S) 

where i t  h a s   b e e n   a s s u m e d   t h a t   t h e   i n i t i a l   c o n d i t i o n s  are  zero .  

S ince ,   f rom  f igure  2 ,  

i(s) = K w ( s )  

equa t ion  ( 7 )  becomes 
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Equat ion (8) is t h e   c o n t r o l l e r   e q u a t i o n .   T h i s   e q u a t i o n   d o e s   n o t   c o n t a i n   a n y  
terms t h a t   e x p l i c i t l y  re la te  t o   e i t h e r   t h e   a i r f r a m e   o r   t h e   d i s t u r b a n c e s   a c t i n g  
on i t .  The q u a n t i t i e s  K,  Kx, K;, a n d   t h e   t r a n s f e r   f u n c t i o n  A ( s )  are a l l  
a v a i l a b l e   t o   t h e   d e s i g n e r .  

B e f o r e   f u r t h e r   p r o g r e s s   i n   t h e   a n a l y s i s  i s  p o s s i b l e ,  i t  i s  n e c e s s a r y   t o  
make some assumpt ions   about   the   form  of   the   equat ions   tha t ’   descr ibe   the  air- 
frame. T h i s   t a s k  is  easier i f  app roached   w i th   t he   fo l lowing   l i ne   o f   r ea son-  
i n g .   I f   t h e   r e a l i z a b l e   c o n t r o l l e r  i s  t o   b e   s u c c e s s f u l ,   t h e n  it must meet t h e  
pe r fo rmance   r equ i r emen t s   g iven   i n   t he   In t roduc t ion .   S ince   t he   un rea l i zab le  
l i m i t  o f   t h i s  class o f   c o n t r o l l e r s   s a t i s f i e s   t h e   r e q u i r e m e n t s   p e r f e c t l y ,  it 
provides  a l a r g e   m e a s u r e   o f   c o n f i d e n c e   t h a t   t h e   r e a l i z a b l e   c o n t r o l l e r  w i l l  
a l s o   s a t i s f y   t h e   r e q u i r e m e n t s .   S i n c e   t h e   p e r f o r m a n c e   o f   t h e   u n r e a l i z a b l e   c o n -  
t r o l l e r  i s  independent   o f   the   a i r f rame,  i t  i s  h i g h l y   p r o b a b l e   t h a t   t h e   r e a l i z -  
a b l e   c o n t r o l l e r   p e r f o r m a n c e  w i l l  no t   be   s t rong ly   i n f luenced   by   t he   fo rm  o f   t he  
a i r f r ame   equa t ions .  It f o l l o w s   t h a t  a t  least  t h e   m a j o r   f e a t u r e s   o f   t h e   r e a l i z -  
a b l e   c o n t r o l l e r   p e r f o r m a n c e   s h o u l d   b e   r e v e a l e d   e v e n   i f   t h e   a i r c r a f t   e q u a t i o n s  
are assumed to   be   o f   t he   s imp les t   r ea sonab le   fo rm;   fu r the rmore ,   t hese   f ea tu re s  
shou ld   be   r e t a ined   even   i f   t he   t rue   a i r f r ame   equa t ions   depa r t   marked ly   f rom 
t h e  assumed  form.  The  assumptions  leading t o  a p a r t i c u l a r l y   s i m p l e   f o r m   f o r  
t h e   a i r f r a m e   e q u a t i o n s  are  

The e q u a t i o n s  are l i n e a r .  

The a i r f r ame   t r ans fe r   func t ion   can   be   approx ima ted  by the   p roduct   o f  
two t ransfer   func t ions ,   one   o f   which   represents   the   h igh- f requency  
control   actuat ion  dynamics  and  the  other   the  low-frequency  r igid-body 
dynamics. 

The low-frequency  rigid-body  dynamics  can  be  approximated  by a s i n g l e  
mode co r re spond ing   t o   each   o f   t he   con t ro l l ed   va r i ab le s .  All modal 
coupl ing is the re fo re   a s sumed   t o   be   r ende red   neg l ig ib l e  by t h e  
c o n t r o l l e r .  

The coup l ing   be tween   t he   bas i c   a i r f r ame   con t ro l s   ( fo rce   and  moment 
producers)  i s  s u f f i c i e n t l y  small t o   b e   r e n d e r e d   n e g l i g i b l e  by t h e  
c o n t r o l l e r .  

The d i r ec t   imp l i ca t ion   o f   t hese   a s sumpt ions  i s  t h a t   t h e   t o t a l   a i r c r a f t   s y s t e m  
can  be  represented by a set  of uncoupled ,   s ing le- input ,   s ing le-output  con- 
t r o l l e r s .  I t  is  e s s e n t i a l ,   o f   c o u r s e ,   t h a t   t h e   c o n t r o l l e r   d e s i g n   a p p r o a c h e d  
i n   t h i s   s i m p l i f i e d  way b e  checked by a more comprehens ive   ana lys i s   o r  by 
s imula t ion .  

The airframe  equat ion  of   motion  for  a s i n g l e   v a r i a b l e  Z(S)  can now be 
expressed as 

(9) 



I 

with 

I ( s )  = H(s)G(s) 

where 

I ( s )  airframe  transfer  function  between  controller  input i(s) and 
controlled  variable x ( s )  

HN (s  1 
H(s) = ~ control  actuation  transfer  function  normalized so that 

HD (S 1 H ~ ( S )  = H D ( s )  = 1 when s = 0 

G (SI rigid-body  transfer  function 

transfer  function  between  disturbance d ( s )  and  controlled 
variable ~ ( s )  

For  the  position  controller,  the  principal  rigid-body  mode  transfer  function 
is of  the  form 

G(S) = 
s + b s + c  

where Cps is  the  control  power  gradient. 

Combining  equations ( 8 ) ,  ( 9 ) ,  ( l o ) ,  and (11) gives  the  following  equation 
governing  the  controlled  variable x ( s ) :  

Since A N ( s )  and A D ( s )  are  subject  only  to  restrictions  on  their  relative 
degree,  they  may  be  chosen to satisfy: 

where  the  polynomial J ( s )  is  open  to  selection.  The  restrictions  on  the 
selection  of J ( s ) ,  necessary  to  ensure  the  correct  relative  degree  of A N ( s )  
and A D ( s ) ,  is established  later. 
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Equat ion ( 1 4 )  c a n   b e   u s e d   t o   s i m p l i f y   e q u a t i o n  ( 1 2 ) :  

where J ( s )  i s  assumed t o   b e   o f   t h e   f o r m  j ( S  + p r )  where p r ,  r = 1,2,. . . ,Z 
and j ,  are a l l  real and, when z = 0,  II (s + p r )  = 1 b y   d e f i n i t i o n .  r= 1 

0 r=1 

I f  d ( s )  and zc(s) are b o t h   s t e p   f u n c t i o n s  a t  t = 0,  t hen   mu l t ip ly ing   each  
s i d e   o f   e q u a t i o n  (15) by s and   app ly ing   t he   f i na l   va lue   t heo rem shows t h a t  

Equation (16) shows t h a t ,   i n   t h e   s t e a d y  s t a t e ,  t h e   c o n t r o l l e d   v a r i a b l e  
z(s) i s  e q u a l   t o   t h e  commanded v a l u e  z,(O+) even i n   t h e   p r e s e n c e   o f  a s t e a d y  
d i s t u r b a n c e  d(O+). Therefore ,   the   sys tem is  se l f - t r imming  ( type  1 s e r v o ) ,  a 
f a c t   t h a t   p r o v i d e s   t h e   r a t i o n a l e   f o r   s e l e c t i n g   e q u a t i o n   ( 1 4 )   t o   d e f i n e  A ( s ) .  

Combining  equat ions  (13)   and  (14)   gives   the  fol lowing  expression  for  
A N ( s )  : 

A N ( S )  = HD(s) - sJ(s )HN(S)  ( 1 7 )  

L e t  t he   deg rees   o f  A N ( s ) ,  J ( s ) ,  H ~ ( s ) ,  and H N ( s )  be m, 2 ,  n ,  and k ,  respec-  
t i v e l y .  The degree  of  s J ( s ) H U ( s )  is  2 + k + 1; J ( s )  may be  chosen so t h a t  

!‘I; 
;, ’ 

Z + k + l = n  (18) 

and 

johNo = h  DO 

where hD and h a r e   t h e   c o e f f i c i e n t s  of t h e   h i g h e s t  power of s i n  H D ( s )  and 

H I ( s ) ,  respect ively.   Condi t ions  (18)   and (19)  s i m p l y   e n s u r e   t h a t   t h e   c o e f f i -  
c i e n t   o f  sn on  the  r ight-hand s i d e  of   equat ion ( 1 7 )  i s  i d e n t i c a l l y   z e r o .  Thus 
m, t he   deg ree   o f  A N ( s ) ,  is  e q u a l   t o  o r  less than  n - 1, t h e r e b y   s a t i s f y i n g   t h e  
r e l a t i v e   d e g r e e   o f  A N ( s )  a n d A D ( s )   r e q u i r e d   f o r   t h e   s y s t e m   t o   b e   r e a l i z a b l e  
( m  < n). 

0 NO 

It follows  from  equations  (18) and (19)  t h a t  a s u i t a b l e   r a t i o n a l   p o l y -  
nomial J ( s )  i s  o b t a i n e d   i f  i t s  degree ,  2 ,  i s  e q u a l   t o  n--k-l and i t s  l e a d i n g  
c o e f f i c i e n t  jo is e q u a l   t o  h~ /hMo. The va lue   o f  pr, r = 1 , 2 ,  ..., 2 may be  
s e l e c t e d   a r b i t r a r i l y .  The t r a n s f e r   f u n c t i o n  A ( s )  can  be  determined, as a 
ra t iona l   po lynomia l ,   f rom  the   express ion:  

C 
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V e l o c i t y   C o n t r o l l e r  

Consider now t h e   v e l o c i t y   c o n t r o l l e r   c o n f i g u r a t i o n  shown i n   f i g u r e  3 .  
The s t e p s   t a k e n   t o   o b t a i n   e q u a t i o n  (8) y i e ld   t he   fo l lowing   ana logous   equa t ion  
f o r   t h e   v e l o c i t y   c o n t r o l l e r :  

r 

s -r n.. 
X 

The a i r f r a m e   e q u a t i o n   o f   m o t i o n   f o r   t h e   s i n g l e   v a r i a b l e  ; ( s )  h a s   t h e  
form: 

wi th  

For   t he   ve loc i ty   con t ro l l e r ,   t he   p r inc ipa l   r i g id -body  mode t r a n s f e r  
func t ion  is  of the  form: 

The equat ion   govern ing  ; ( s ) ,  a n a l o g o u s   t o   e q u a t i o n   ( 1 2 )   f o r   t h e   p o s i t i o n  
c o n t r o l l e r ,  is 

If equat ion  (25) is  m u l t i p l i e d  by s + K;;. a n d   q u a n t i t i e s  b and are 
de f ined  by 

b = K.. + e A 
X 

e = K-e A 
X 

t hen   equa t ion  (25) has  a f o r m   i d e n t i c a l   w i t h   e q u a t i o n   ( 1 2 ) .  It f o l l o w s   t h a t  
t h e   p r o c e d u r e   f o r   s e l e c t i n g  A ( s )  f o r   t h e   v e l o c i t y   c o n t r o l l e r  is i d e n t i c a l   t o  
t h a t   f o r   t h e   p o s i t i o n   c o n t r o l l e r .   F u r t h e r m o r e ,   t h e  dynamic  behavior of t h e  
ve loc i ty-cont ro l led   sys tem is  governed  by  equation  (15)  with x ( s )  and ze(s) 
r ep laced  by i ( s )  and & ( s ) .  
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A Key  SRFIMF C o n t r o l l e r  Example 

Consider a c o n t r o l   a c t u a t i o n   t r a n s f e r   f u n c t i o n   o f   t h e  form: 

T h i s   s i m p l e   l a g   f u n c t i o n   p r o v i d e s  a r e a s o n a b l y   a c c u r a t e   d e s c r i p t i o n  of t h e  
dynamic c h a r a c t e r i s t i c s  of many c o n t r o l   a c t u a t i o n   d e v i c e s .  An example  using 
t h i s   l a g   f u n c t i o n   r e v e a l s   t h e   e s s e n t i a l   b e h a v i o r   o f   t h e  SRFIMF c o n t r o l l e r   i n  
t h e  s i m p l e s t  way. 

From equat ion   (28)  , 

h = 1  
NO 

n = l  

k = O  

Therefore,   from  equations  (18)  and (191, 

and,  from  equation  (201, no t i n g  

j o  L - o J  = T 

0 
t h a t  pFl ( s  + p r )  1, 

S u b s t i t u t i n g   t h e   v a l u e s   f o r  2 and jo f rom  equat ions (29)  in to   equa-  
t i o n   ( 1 5 )   g i v e s   t h e   f o l l o w i n g   c h a r a c t e r i s t i c   s t a b i l i t y   p o l y n o m i a l   i n   r o o t  
locus  form: 

KRL (s2  + K;s + Kz) 
1 +  

s ( s 2  + bs + e) = o  

where   the   roo t   locus   ga in ,  KRL, is given by 

KcP9 KBL = - 
T 
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T h r e e   d i s t i n c t   t y p e s   o f   r o o t   l o c i   c o r r e s p o n d   t o   e q u a t i o n   ( 3 1 )  (shown i n  
f i g .   4 ) .  The z e r o s  shown i n   f i g u r e  4 r e p r e s e n t   t h e   s e l e c t e d   ( m o d e l )   s t a b i l i t y  
desired  for   the  system,  namely,   second  order   with a damping fac tor   o f   0 .75 .  
The d i f fe ren t   types   o f   roo t   loc i   occur   because   the   denominator   po lynomia l  
( s2  + bs + e ) ,  c o r r e s p o n d i n g   t o   t h e   s t a b i l i t y   o f   t h e   r i g i d - b o d y  mode, may have 
e i t h e r   c o n j u g a t e  complex o r  real r o o t s .   I f   t h e   r o o t s  are conjugate  complex, 
t h e   r o o t   l o c i  is o f   t he   t ype  shown i n   f i g u r e   4 ( a ) ;   i f   t h e   r o o t s  are r e a l ,   t h e  
r o o t   l o c i  may be   o f   t he   t ype  shown i n   e i t h e r   f i g u r e   4 ( b )   o r   4 ( c ) .  The r o o t  
l ocus   fo r   t he   pos i t i on -con t ro l l ed   sys t em may be   any   o f   t he   t ypes  shown i n  
f igu re   4 , .   whereas   t he   roo t   l ocus   fo r   t he   ve loc i ty -con t ro l l ed   sys t em  can   be  
on ly  of t h e   t y p e  shown i n   f i g u r e   4 ( c ) .  The r e s t r i c t i o n  on the   form of t h e  
r o o t   l o c u s   f o r   t h e   v e l o c i t y - c o n t r o l l e d   s y s t e m   o c c u r s   b e c a u s e ,   i n   t h i s  case, 
s2 + bs + e = (s + Kz)(s + e )  and ,   s ince  K;;. is a l w a y s   s e l e c t e d   t o   b e   p o s i t i v e ,  
one of the   po les   mus t   a lways   be   loca ted   on   the   nega t ive  real  axis ( f i g .   4 ( c ) ) .  

Also ,  i t  fol lows  f rom  equat ion  (33)   that  

f + K~~ as KRL + 

Using  equat ion  (33)   in   conjunct ion  with  equat ion  (15)   and  assuming 
d ( s )  = 0 g i v e s   t h e   f o l l o w i n g   e x p r e s s i o n   f o r   t h e   r e s p o n s e   o f   t h e   p o s i t i o n -  
c o n t r o l l e d   v e h i c l e   d u e   t o   a n   i n p u t  3ce(s): 

(34) 

where i t  i s  assumed t h a t  KRL i s  s u f f i c i e n t l y   l a r g e   f o r   e q u a t i o n   ( 3 3 )   t o   b e  
v a l i d .  The r e sponse   o f   t he   ve loc i ty -con t ro l l ed   veh ic l e   due   t o   an   i npu t  is 
i d e n t i c a l   i n  form to   equat ion   (35) .   Equat ion   (35)  shows tha t   t he   r e sponse   o f  
t h e   r e a l i z a b l e  SRFIMF c o n t r o l l e r  is t h a t   o f   a n   i d e a l  SRFIMF c o n t r o l l e r  whose 
inpu t  i s  p r e f i l t e r e d   w i t h   t h e  s i m p l e  l a g   f u n c t i o n  KRLI(s + f). C l e a r l y ,   i f  
f i s  l a r g e ,   t h e   e f f e c t   o f   t h i s   l a g  o n   t h e   r e s p o n s e   o f   t h e   c o n t r o l l e r  w i l l  be  
small. I n   a p p l i c a t i o n s   t o   a i r c r a f t   c o n t r o l ,  i t  is d e s i r a b l e   t o  make f h i g h e r  
t h a n   t h e   e f f e c t i v e   f r e q u e n c y   c u t o f f   f o r   p i l o t   i n p u t s .  It  can  be  seen,  from 
t h e  limit r e l a t i o n s h i p  ( 3 4 ) ,  t h a t  when KRL becomes i n f i n i t e   t h e   l a g   f u n c t i o n  
KRL/(S + f) can  be  replaced by u n i t y ,   a n d   t h e   r e s p o n s e   t o   i n p u t s  becomes 
i d e n t i c a l   t o   t h a t  of t h e   i d e a l   c o n t r o l l e r .  However, as be fo re ,   t he   sys t em i s  
then   un rea l i zab le .  

To o b t a i n  some i d e a  of t h e   r e s p o n s e  of t h e   s y s t e m   t o   e x t e r n a l   d i s t u r -  
bances ,   t he   f r equency   r e sponse   o f   acce l e ra t ion   due   t o   ex t e rna l   fo rces   o r  
moments is r e q u i r e d .   I f  d ( s )  is a f o r c e   o r  moment on   t he   veh ic l e ,   exp res sed  
as a n   a c c e l e r a t i o n ,   t h e n  
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C o n s i d e r   f i r s t   t h e   p o s i t i o n - c o n t r o l l e d   v e h i c l e   ( f i g .  2 ) .  Subs t i t u t ing   equa -  
t i o n   ( 2 9 )   i n t o  (15), us ing   equa t ions  (11) and  (36)   for  D ( s ) ,  and  assuming 
z e (s) = 0 y i e l d s  

[ s ( s 2  + bs + e) + K R L ( s 2  + K;s + K x ) 1 x ( s )  = s d ( s )  (37) 

o r  

S u b s t i t u t i n g   e q u a t i o n   ( 3 3 )   i n t o   ( 3 8 )  and a r r a n g i n g   t h e   r e s u l t   i n  Bode form 
g i v e s  

In   subsequen t   app l i ca t ions   o f   t he  SRFIMF c o n t r o l l e r   t o  VTOL a i r c r a f t ,   t h e  
p o s i t i o n   c o n t r o l l e r  is  u s e d   l a r g e l y   f o r   a t t i t u d e   c o n t r o l .   P u b l i s h e d   d a t a   o n  
a t t i t u d e   c o n t r o l   h a n d l i n g   q u a l i t i e s  c r i t e r i a  ( r e f .  1 4 )  i n d i c a t e   t h a t   p r e -  
f e r r ed   va lues   o f  K; and Kx are  3 and 4 ,  r e spec t ive ly .   These   va lues  are 
e q u i v a l e n t   t o   a n  undamped frequency  of 2 r ad l sec   and  a damping fac tor   o f   0 .75 .  
The asymptot ic  Bode p l o t   o f   e q u a t i o n   ( 3 9 ) ,   u s i n g   t h e s e   v a l u e s   o f  Ki and K x ,  
i s  shown i n   f i g u r e  5 f o r   v a r i o u s   v a l u e s   o f  f .  Figure  5 shows t h a t   t h e  con- 
t r o l l e r   a t t e n u a t e s   t h e   r e s p o n s e   o f   t h e   v e h i c l e   t o   e x t e r n a l   d i s t u r b a n c e s   f o r  
a l l  d i s tu rbance   f r equenc ie s ,   a l t hough   t he   a t t enua t ion   becomes   neg l ig ib ly  small 
f o r   f r e q u e n c i e s   g r e a t e r   t h a n  f .  Below a frequency of  f/2, t h e   a m p l i t u d e   r a t i o  
is always less than  0 .5 ;  below a frequency  of  about 1 rad l sec ,   t he   ampl i tude  
r a t i o  i s  i n s i g n i f i c a n t   f o r  all p r a c t i c a l   p u r p o s e s .  The important   point :   to  
n o t e   h e r e  i s  the   power fu l   e f f ec t   o f  f ( p o s i t i o n   o f   t h e   p o l e   o n   t h e  rea l  a x i s  
i n   f i g .  4 )  i n   de t e rmin ing   t he   r e sponse   o f   t he   sys t em  to   ex t e rna l   d i s tu rbances .  

I f   t h e   a n a l y s i s   t h a t   y i e l d e d   e q u a t i o n   ( 3 9 )  i s  r e p e a t e d   f o r   t h e   v e l o c i t y  
c o n t r o l l e r ,   t h e   c o r r e s p o n d i n g   r e s u l t  is 

s i . ( iw)  
d ( i w )  
-N" ( 4 0 )  

X 

I n   s u b s e q u e n t   a p p l i c a t i o n s ,   t h e   v e l o c i t y   c o n t r o l l e r  is u s e d   l a r g e l y   f o r  
f l i g h t - p a t h   c o n t r o l .   U n f o r t u n a t e l y ,   t h e r e  i s  very  l i t t l e  d a t a   a v a i l a b l e   f r o m  
which t o   o b t a i n   f l i g h t - p a t h - c o n t r o l   h a n d l i n g - q u a l i t i e s  c r i t e r i a  f o r  VTOL 
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a i r c r a f t .  However, a n  undamped na tu ra l   f r equency   o f   1 .25   r ad / sec   and  a damp- 
i n g   f a c t o r  of 0.75  appear t o   b e   r e a s o n a b l e ,  as v e r i f i e d   b y   s i m u l a t i o n   r e s u l t s  
descr ibed  la ter .  The va lues   o f  Kz and K? cor re spond ing   t o   t h i s   f r equency   and  
damping are 1 .76   and   1 .57 ,   respec t ive ly .  The asymptot ic  Bode p lo t   o f   equa-  
t i o n  ( 4 0 ) ,  f o r   t h e s e   v a l u e s   o f  Kz and Kz, is shown i n   f i g u r e  6.   Figures  5 
and 6 are i d e n t i c a l   f o r   f r e q u e n c i e s   a b o v e  2 r a d l s e c .  Below 2 r a d l s e c ,   t h e  
v e l o c i t y   c o n t r o l l e r   d o e s   n o t   p r o v i d e  as much a t t e n u a t i o n  as t h e   p o s i t i o n  con- 
t r o l l e r ,   b u t  i s  n e v e r t h e l e s s  s t i l l  e f f e c t i v e .  

N o t e   t h a t   i f  KRL i n c r e a s e s ,  s o  does f and, as shown i n   f i g u r e s  5 and  6 ,  
t h e   v e h i c l e   r e s p o n s e   t o   e x t e r n a l   d i s t u r b a n c e s   d e c r e a s e s .   I n   t h e  l i m i t  when 
KRL is i n f i n i t e ,  f i s  a l s o   i n f i n i t e   a n d ,  as f o r   t h e   p e r f e c t  SRFIMF c o n t r o l l e r ,  
t h e   v e h i c l e   d o e s   n o t   r e s p o n d   t o   e x t e r n a l   d i s t u r b a n c e s .  However, when t h i s  
p o i n t  is  r e a c h e d ,   t h e   c o n t r o l l e r   a g a i n  becomes u n r e a l i z a b l e .  

Comparison  of SRFIMF and  Response  Feedback  Controllers 

The type  of r e s p o n s e   f e e d b a c k   a t t i t u d e   ( p o s i t i o n )   c o n t r o l l e r   u s e d   i n   t h e  
p r e v i o u s   l i f t - f a n  V/STOL s i m u l a t i o n s   ( r e f s .  2 ,   4 ,  and  7) is shown i n   f i g u r e   7 .  
The co r re spond ing   con t ro l l e r   equa t ion  i s  

Combining  equations ( 9 ) ,  ( l o ) ,  (ll), ( 2 8 ) ,  ( 3 6 1 ,  and ( 4 1 )  g i v e s   t h e   f o l -  
l owing   equa t ion   t ha t   desc r ibes   t he   dynamics  of t h e   c o n t r o l l e d   v e h i c l e :  

+ l)(s2 + bs + e) + C k .  (s) + ( T S  + l )d ( s )  ( 4 2 )  
Pg x 

I f  d ( s )  and x e ( s )  are  b o t h   s t e p   f u n c t i o n s  a t  t = 0 ,  t hen   mu l t ip ly ing   each  
s ide   o f   equa t ion  ( 4 2 )  by s and   app ly ing   t he   f i na l   va lue   t heo rem shows t h a t  

Equat ion ( 4 3 )  shows t h a t   t h i s   t y p e   o f   r e s p o n s e   f e e d b a c k   c o n t r o l l e r  i s  n o t  
self- t r imming  (eq.  ( 4 3 )  may be compared with  eq.  (16) f o r   t h e  SRFIMF con- 
t r o l l e r ) .   I n   o t h e r   w o r d s ,   t h e   s y s t e m  i s  a type  0 se rvo .  

The c h a r a c t e r i s t i c   s t a b i l i t y   p o l y n o m i a l   c o r r e s p o n d i n g   t o   e q u a t i o n  ( 4 2 ) ,  
expres sed   i n   roo t   l ocus   fo rm,  is 



where   the   roo t   locus   ga in ,  kRL,  is  given  by 

" kLcPs 
k~~ - T 

(45) 

Equations  (44)  and  (45) are comparable   wi th   equat ions  (31) and (32) f o r  
t h e  SRFIMF c o n t r o l l e r .  

Typ ica l   roo t  l o c i  fo r   t he   r e sponse   f eedback   con t ro l l ed   veh ic l e  are shown 
i n   f i g u r e  8. T h e s e   l o c i  are comparable   with  those shown i n   f i g u r e s   4 ( a )  
and   4(b)   for   the  SRFTMF-controlled veh ic l e .   Un l ike   t he  SRFIMF c o n t r o l l e r   r o o t  
l o c i ,   t h o s e   f o r   t h e   r e s p o n s e   f e e d b a c k   c o n t r o l l e r   h a v e  a po le   t ha t   depends  
e x p l i c i t l y  on t h e  time c o n s t a n t ,  T ,  of t h e   c o n t r o l   a c t u a t o r .  To f i n d   t h e  
va lues   o f  k ,  and k 2  t h a t   g i v e  a reasonably  good approx ima t ion   t o   t he   des i r ed  
s e c o n d - o r d e r   s t a b i l i t y   c h a r a c t e r i s t i c   ( d e f i n e d  by the   s e l ec t ed   va lues   o f  K2 
and Kx), i t  is assumed t h a t   t h e   f o r m   o f   t h e   s t a b i l i t y   p o l y n o m i a l  i s  

Equa t ing   coe f f i c i en t s   o f   equa t ions   (44 )   and   (46 )   y i e lds   t he   fo l lowing  
e q u a t i o n s   f o r   t h e  real  r o o t  f ,  t h e   r o o t   l o c u s   g a i n ,  kRL,  and  the  feedback  gain 
r a t i o ,  k x / k 2 ,  corresponding  to   given  values   of  K, and Ks: 

f = + + b - K ; ; :  (47) 

Thus ,   wi th   f igure   8 (a)  as an  example, as t h e   r o o t   l o c u s   g a i n ,  kRL,  is 
increased  f rom  zero,   one  branch of t he   l ocus  starts a t  the   po le s   g lven  by 
s 2  + bs + e = 0 and passes through  the   roo ts   o f  s 2  -!- K ~ s  + Kx = 0 when 
kRL = 30.75 .  This   va lue   o f  kRL is  g iven  by equa t ion  ( 4 8 ) ,  us ing   va lues   o f  
Kx and K; of 4 and 3 ,  r e s p e c t i v e l y .  The o ther   b ranch   of   the   locus  starts a t  
the   po le   g iven  by s i- (l/~), and moves toward   the   zero   g iven  by s + ( k x / k & ) ,  
where,   f rom  equat ion  (49) ,  k,/k; = 0 . 3 7 .  A t  kRL = 30.75 ,   the   va lue   o f   the  
real  r o o t ,  f ,  is 6 (eq.   (47)) .  

It can   be   seen  by  comparison of f i g u r e s  4 and 8 t h a t   t h e   r o o t   l o c i   f o r  
t h e  SRFIMF- and   r e sponse - feedback-con t ro l l ed   veh ic l e s   d i f f e r   cons ide rab ly .  
With the  SRFIMF-control led  vehicle ,   provided  the real  r o o t  f is  g r e a t e r   t h a n  
K;, t h e   d o m i n a n t   r o o t s   e s t a b l i s h i n g   t h e   v e h i c l e   s t a b i l i t y  are given,   approxi-  
mately,  by s2 + K ~ s  + Kx = 0. T h e r e f o r e ,   i f   t h e   g a i n  is se t ,  i n i t i a , l l y ,  so  
t h a t  f i s  l a r g e  compared wi th  I&, t h e n   t h e   S R F I M F - c o n t r o l l e d   v e h i c l e   s t a b i l i t y  
i s  r e l a t i v e l y   i n s e n s i t i v e   t o   v a r i a t i o n s   i n   t h e   f u n d a m e n t a l   a i r f r a m e   p a r a m e t e r s  
T, C p s ,  b ,  and e ,  s i n c e   s u c h   v a r i a t i o n s   p r i m a r i l y   i n f l u e n c e   t h e   v a l u e  of  f. 
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Examples   of   the   root   loci   of   the  response-feedback-controlled v e h i c l e  shown i n  
f i g u r e  8 d e m o n s t r a t e   t h a t   v a r i a t i o n s   i n  Cps ,  b y  and e c a n   c a u s e   s i g n i f i c a n t  
changes i n  a l l  t h e   r o o t s   a n d   c a n   t h e r e f o r e   s i g n i f i c a n t l y   c h a n g e   t h e   s t a b i l i t y  
c h a r a c t e r i s t i c s  o f   t h e   v e h i c l e .   I n   a d d i t i o n ,   f i g u r e  9 shows t h a t   t h e   v a l u e   o f  
f a t  t h e   d e s i g n   p o i n t   c a n   b e   q u i t e   s m a l 1 , " p a r t i c u l a r l y   i f   t h e   c o n t r o l   a c t u a -  
t i o n  t i m e  cons t an t  T is la rge .   Thus ,   for   example ,  when T = 0 . 2 5   ( f i g .   9 ( c ) ) ,  
f = 1, which is cons iderably  less than   the   va lue   o f  4 s e l e c t e d   f o r  KG. More- 
ove r ,   equa t ion  ( 4 7 )  shows t h a t   i f  ( l / T )  + b < K&, t hen  f < 0, t h e   v e h i c l e  is 
uns t ab le   and   t he   pa r t i cu la r   t ype   o f   r e sponse - feedback   con t ro l l e r   cons ide red  
h e r e  is unworkable. 

It fol lows  f rom  equat ions ( 4 2 )  and ( 4 6 )  t h a t ,  a t  t h e   d e s i g n   p o i n t ,   t h e  
response x ( s )  of   the  response-feedback-controlled v e h i c l e   t o   a n   i n p u t  xe(s )  is 

where i t  is  assumed t h a t  d ( s )  = 0. Equation  (50) is similar i n  form t o  equa- 
t i o n   ( 3 5 )   f o r   t h e  SRFIMF c o n t r o l l e r .  The main d i f fe rence   be tween  the   per for -  
mance of   the two t y p e s   o f   c o n t r o l l e r ,   i n   t h i s   i n s t a n c e ,  is in   t he   magn i tude   o f  
f a t  the   des ign   po in t .   For   example ,   f igure   9 (c)  shows a va lue  of 1 f o r   t h e  
response-feedback-controlled vehic le ,   whereas   the   va lue   o f  f f o r   a n  SRFIMF- 
c o n t r o l l e d   v e h i c l e  i s  t h e o r e t i c a l l y   u n l i m i t e d .  However, i n   p r a c t i c e ,   o t h e r  
c o n s i d e r a t i o n s  w i l l  l i m i t  the   value  of  f to   abou t  10 for  the  SRFIMF-controlled 
v e h i c l e .   T h e r e f o r e ,   t h e   e f f e c t i v e  p re f i l t e r  t i m e  c o n s t a n t   f o r   t h e   r e s p o n s e  
f eedback   con t ro l l e r   can   be  as much as an   order   o f   magni tude   h igher   than   for  
t h e  SRFIMF c o n t r o l l e r   a n d   t h i s   c a n   c a u s e   t h e   r e s p o n s e   t o   d i f f e r   s i g n i f i c a n t l y  
f rom  the   des i red   second-order   sys tem  response   charac te r i s t ic .  

A t  t he   des ign   po in t ,   equa t ions   (42 )   and  ( 4 6 )  show t h a t   t h e   f r e q u e n c y  
r e sponse   o f   veh ic l e   acce le ra t ions   due   t o   ex t e rna l   fo rces   o r  moments of   the  
response-feedback-controlled v e h i c l e  is given  by 

x(iw) " - 1 (1 + Tiw) 
d ( i w )  'Kxf [-l + (K;/Kx)iw - w2/Kxl(1 + i w / f )  
" 

Figure  10 shows the   ampl i tude   response ,   g iven   by   equat ion   (51) ,   fo r  
t h e   t h r e e  cases shown i n   f i g u r e  9.   Figure  10  a lso shows  comparable r e s u l t s  
for   the  SRFIMF-control led  vehicle   obtained  using  equat ion  (39) .  It can   be  
s e e n   t h a t   t h e  SRFIMF c o n t r o l l e r   a t t e n u a t e s   t h e   e f f e c t s   o f   e x t e r n a l   d i s t u r -  
bances much more than   does   t he   r e sponse   f eedback   con t ro l l e r .   I ndeed ,   ove r  a 
range of f r e q u e n c i e s ,   t h e   r e s p o n s e - f e e d b a c k   c o n t r o l l e r   a m p l i f i e s   t h e   e f f e c t   o f  
t h e   e x t e r n a l   d i s t u r b a n c e s .  The p r i n c i p a l   r e a s o n   f o r   t h e   b e t t e r   p e r f o r m a n c e  of 
t h e  SRFIMF c o n t r o l l e r  i s  because  of i t s  much smaller Bode ga in .  The r a t i o   o f  
t h e  Bode g a i n s   o f   t h e  SRFIMF and   r e sponse - feedback   con t ro l l e r s  i s  T f R F / f s R F I m ,  
where fRF  and f s R F I m  are the   va lues   o f  f f o r   t h e  two c o n t r o l l e r s .   T y p i c a l l y ,  
t h i s  Bode g a i n   r a t i o  lies between  0.01  and  0.1,  which is e q u i v a l e n t   t o  a dB 
d i f fe rence   be tween -20  and -40.  
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LIMITATIONS AND PROBLEMS  OF THE SRFIMF  FLIGHT CONTROLLER 

It i s  impor tan t   to   examine ,  at,-lsast q u a l i t a t i v e l y ,   t h e   e f f e c t   o f   c o n t r o l  
ac tua t ion   dynamics   o f   h ighe r   o rde r   t han   t he   s imp le   l ag   u sed   i n   t he   p rev ious  
example.   Higher-order   control   actuat ion  dynamics are common i n   c e r t a i n   t y p e s  
of VTOL a i r c ra f t ,   e spec ia l ly   t hose   t ha t   r e ly   on   eng ine   and   f an   speed   changes  
to   p roduce   t he   con t ro l   fo rces   and  moments. 

The gene ra l   cha rac t e r i s t i c   equa t ion   fo r   an   SRFIMF-con t ro l l ed   veh ic l e  
follows  from  equation  (15) ; t h u s  

KRL (s2 -k K ~ s  + KX) 
1 +  z = o  

?srGl (s  + pr) (s2  + bs + e )  

where 

S ince   the   parameters  p r ,  r = 1 , 2 ,  ..., 2 are a r b i t r a r y ,   t h e y   c a n   b e   g i v e n  
l a r g e ,  real ,  p o s i t i v e   v a l u e s ,   t h u s   p r o d u c i n g  a series o f   p o l e s   d i s t r i b u t e d  
a long   r ea l -nega t ive   axes   o f   t he  s plane.  Although,  within  the  framework of 
t h e   p r e s e n t   t h e o r y ,   t h e   v a l u e s   o f  pr, P = 1 , 2 ,  ..., Z can  be made i n d e f i n i t e l y  
l a r g e ,   i n  practice t h e   c o r r e s p o n d i n g   t r a n s f e r   f u n c t i o n  A ( s )  becomes progres-  
s i v e l y  more d i f f i c u l t   t o   p r o d u c e .  The d i f f i c u l t y  of   p roducing   the   des i red  
A(s )  becomes p a r t i c u l a r l y   a c u t e   i f   t h e   f l i g h t   c o n t r o l l e r   c o m p u t e r  is d i g i t a l  
s i n c e ,   g e n e r a l l y ,   t h e   l a r g e r   t h e   v a l u e s  of p r  t h e  smaller t h e   c y c l e  time must 
be  t o   p r o v i d e   a n   a d e q u a t e   r e p r e s e n t a t i o n  of A(s ) .  This  same problem is  evi- 
d e n t   i n   t h e   d i g i t a l   s i m u l a t i o n  of an  SRFIMF-controlled  vehicle.  A rough,   but  
u s e f u l ,   c r i t e r i o n   h e r e  is t h a t ,   i f  rl is t h e   c y c l e  time of   the  computer ,   then 
to   ma in ta in   an   adequa te   r ep resen ta t ion  of the   cont inuous  SRFIMF c o n t r o l l e r ,  
I (pr)max I < 0.5.  Thus , fo r   example ,   i f   t he   cyc le  time i s  25 msec, then  
j (Pr)maxl should  be less than  20. 

I f   t h e  SRFIMF c o n t r o l l e r  i s  mechanized  using  analog  techniques,   then it 
is l i k e l y   t h a t   t h e   v a l u e s  of p r ,  r = 1 , 2 ,  ..., Z can   be  set t o   h i g h e r   v a l u e s .  
However, a g a i n  some p h y s i c a l  l i m i t  to   the  magni tude  of   (Pr)max w i l l  e x i s t ,  
p o s s i b l y   b e c a u s e   o f   t h e   e x c i t a t i o n   o f  some h igh - f r equency   s t ruc tu ra l  mode of 
t h e   v e h i c l e .  

For   second-order   control   actuat ion,   where Z = 1, t y p i c a l   r o o t   l o c i   f o r  
b = e = 0 are shown i n   f i g u r e  11. It i s  e v i d e n t   t h a t   t h e r e   c a n   b e  two types  
of root   locus   depending  on the   va lue   o f  p l .  Note   tha t ,  as t h e   g a i n  i s  
inc reased ,  one o s c i l l a t o r y  mode approaches   t he   des i r ed  mode given by 
s2 + KGs + KX = 0, w h i l e   a n o t h e r   o s c i l l a t o r y  mode o f   p rog res s ive ly   i nc reas ing  
f r e q u e n c y   a l s o   e v e n t u a l l y   o c c u r s .   I f   t h e  damping f a c t o r  of t h i s   s e c o n d   o s c i l -  
l a t o r y  mode becomes small, i ts  e f f e c t  w i l l  become e v i d e n t   i n   t h e   s t e p   r e s p o n s e  
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of the   overa l l   sys tem.   Thus ,   un l ike   the   p rev ious   example   wi th  i t s  assumed 
f i r s t - o r d e r   c o n t r o l   a c t u a t i o n   d y n a m i c s ,  i t  is n o t   p o s s i b l e   t o   o b t a i n   a n  
inc reas ing ly   be t t e r   pe r fo rmance   w i th   i nc reas ing   ga in .  To i m p r w e   t h e   p e r f o r -  
mance of   the  systems shown i n   f i g u r e  11 beyond that   correspcItc; ing  to  a c e r t a i n  
l i m i t i n g   v a l u e   o f   t h e   g a i n ,   t h e   v a l u e   o f  p1 must f i r s t   b e   l l l c r e a s e d .   B u t ,  as 
noted ear l ier ,  t h e r e  is a l i m i t  t o   t h e  maximum value   o f  p1 depending  on  other 
cons?dera t ions .  It is  c l e a r   t h e r e f o r e   t h a t ,  as w i t h   o t h e r   l i n e a r   c o n t r o l l e r s ,  
t h e  SRFIMF cont ro l le r   has   wel l -def ined   per formance   Limi ta t ions .   Fur thermore ,  
as the   o rder   o f   the   cont ro l   ac tua t ion   dynamics   increases ,   the   p roblems  pre-  
v ious ly   no ted  become p r o g r e s s i v e l y  more se r ious   and   t he  maximum performance 
progress ive ly   degraded .  

The SRFIMF c o n t r o l l e r   d e s c r i b e d   t h u s   f a r   c a n   c a u s e  some p i lo t ing   problems 
i n   t h e   e v e n t  of s a t u r a t i o n   o f   t h e   c o n t r o l   f o r c e s   o r  moments. Cons ide r ,   f o r  
example ,   the   case   in   which  a va lue   o f  xe ( s )  ( f i g .  2) i s  commanded which  causes 
t h e   c o n t r o l   t o   s a t u r a t e .  The va lue   o f   t he   acce le ra t ion ,  Z(s), w i l l  t h e n   f a l l  
t o  a r e l a t i v e l y  small va lue ,   bu t   an   e r ro r  w i l l  e x i s t ,   g e n e r a l l y   b e t w e e n  xe ( s )  
and x ( s ) .  S i n c e   t h e   c o n t r o l l e r  is self- t r imming,   the  loop 1234 i n   f i g u r e  2 
w i l l  b e h a v e   l i k e   a n   i n t e g r a t o r .  Any e r ro r   o f   cons t an t   s ign   be tween  xe(s) and 
x ( s )  w i l l  c a u s e   t h e   s i g n a l  w ( s )  t o   i n c r e a s e   w i t h o u t   b o u n d .   I f ,   a f t e r  a pe r iod  
of time dur ing   which   the   cont ro l  is s a t u r a t e d ,   t h e   i n p u t  command xe(s) is 
reve r sed ,  i t  w i l l  t a k e  some time b e f o r e   t h e   i n t e g r a t i n g   f u n c t i o n  of  loop 1234 
reduces  w ( s )  t o  a v a l u e   s u c h   t h a t   t h e   c o n t r o l  becomes unsa tu ra t ed .   Th i s   k ind  
of   behavior  w i l l  a p p e a r  t o  a p i l o t  as a n   u n d e s i r a b l e   l a g   i n   t h e   r e s p o n s e   o f  
t h e   v e h i c l e   t o   h i s   c o n t r o l   i n p u t .  

A s o l u t i o n   t o   t h i s   p r o b l e m  is  t o   p l a c e  a s i g n a l  l imiter i n   l o o p  1234,  as 
shown i n   f i g u r e  1 2 .  The limits are se t  t o   t h e   v a l u e s   o f  i(s)/K t h a t   c a u s e  
s t e a d y - s t a t e   c o n t r o l   s a t u r a t i o n .  

F i n a l l y ,  a p o s s i b l e   d i f f i c u l t y   w i t h   t h e   i m p l e m e n t a t i o n   o f  SRFIMF con- 
t r o l l e r s  may b e   c a u s e d   b y   n o i s e   i n   t h e   a c c e l e r a t i o n   s e n s o r   o u t p u t   u s e d   i n   o n e  
of   the   feedback   loops .   This   ques t ion   mus t   be   examined   in   de ta i l   bo th  
t h e o r e t i c a l l y   a n d   i n   p r a c t i c e .  

SIMULATION MODEL OF LIFT-FAN VTOL TRANSPORT 

Genera l   Descr ip t ion   of   Ai rcraf t  

The s i m u l a t e d   a i r c r a f t   ( f i g .  13)  i s  a concep tua l   mod i f i ca t ion   o f  a 
DC-9-10. The wings are reduced   i n   span ,  a l i f t   f a n  is  added t o   e a c h   w i n g   t i p ,  
two l i f t   f a n s  are submerged i n   t h e   f o r w a r d   f u s e l a g e ,   a n d   t h e   o r i g i n a l   t u r b o f a n  
e n g i n e s ,   l o c a t e d   o n   t h e   a f t   f u s e l a g e ,  are r ep laced  by two l i f t l c r u i s e   f a n s .  
The f a n s  are i n t e r c o n n e c t e d   w i t h   d u c t i n g   t o  p e r m i t  gas   energy   t ransfer   be tween 
pa i r s  o f   f ans   ( f ig .  1 3 )  b o t h   f o r   c o n t r o l   a n d   t o   p r e v e n t   l a r g e   u n b a l a n c e d  
f o r c e s   i f   a n   e n g i n e   f a i l s .   I n   t h e   p o w e r e d - l i f t   f l i g h t   r e g i m e ,   c h a n g e   o f   f o r -  
ward  speed, a t  a c o n s t a n t   p i t c h   a n g l e ,  is  achieved  by  forward  and a f t   d e f l e c -  
t i o n  of t h e   t h r u s t   v e c t o r s   o f  a l l  s i x   f a n s .  Lateral t r a n s l a t i o n ,  a t  a con- 
s t an t   bank   ang le ,  is  achieved  by l a t e ra l  d e f l e c t i o n   o f   t h e   t h r u s t   v e c t o r s   o f  
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a l l  s i x   f a n s .   P i t c h   a n d   r o l l   c o n t r o l  a t  low  speeds i s  achieved   by   d i f fe ren-  
t i a l  f an   t h rus t   modu la t ion   u s ing   ho t   gas   " ene rgy   t r ans fe r   and   con t ro l ' '  (ETaC) 
( r e f .  15 ) .  Yaw c o n t r o l  a t  low  speeds is achieved by d i f f e r e n t i a l  l a t e ra l  
d e f l e c t i o n   o f   t h e   t h r u s t   v e c t o r   o f   t h e   f o r w a r d   a n d   a f t   f a n s .  The  low-speed 
c o n t r o l   s y s t e m  is  Loupled i n   p a r a l l e l   w i t h   t h e   c o n v e n t i o n a l   f l i g h t - c o n t r o l  
s u r f a c e s   o f   t h e   a i r c r a f t .  The l a t t e r  are t h e  same as fo r   t he   unmodi f i ed  
DC-9-10, e x c e p t   t h a t   t h e   a i l e r o n s  are assumed to b e  removed  and r o l l  c o n t r o l  
i s  ob ta ined   exc lus ive ly   t h rough   w ing   spo i l e r s .  

O r i g i n a l l y ,   t h i s  V/STOL t r a n s p o r t  was assumed t o   b e   e q u i p p e d   w i t h  a 
response- feedback   cont ro l le r   and  w a s  s imu la t ed   on   t he  Ames  six-degree-of- 
f reedom  s imulator  (S.01) and  on  the Ames F l i g h t   S i m u l a t o r   f o r  Advanced A i r -  
c r a f t  (FSAA). The r e s u l t s   o f   t h e s e   s i m u l a t i o n s  are g i v e n   i n   r e f e r e n c e s  5,  6 ,  
and 8. For   t he   s imu la t ion   desc r ibed   he re ,   t he   r e sponse - feedback   con t ro l l e r  
i s  rep laced  by a n  SRFIMF f l i g h t   c o n t r o l l e r .   T h i s   c o n t r o l l e r   c o n c e p t  is 
a p p l i e d   t o  a l l  a x e s   o f   t h e   a i r c r a f t .  The b a s i c   p h i l o s o p h y   a d o p t e d   i n   t h e  
d e s i g n   o f   t h e   f l i g h t   c o n t r o l l e r  is t h a t   t h e   p i t c h   a t t i t u d e   a n d   t h e   h o r i z o n t a l  
a n d   v e r t i c a l   t r a n s l a t i o n  modes should  be  uncoupled.   This   decis ion reflects 
t h e   o p i n i o n   o f   p i l o t s  who p a r t i c i p a t e d   i n  a p r e v i o u s   l i f t - f a n  V/STOL t r a n s p o r t  
s i m u l a t i o n   ( r e f .  8).  Wi th   t he   adop t ion   o f   t h i s   des ign   ph i lo sophy ,  it becomes 
c o n v e n i e n t   t o   d i v i d e   t h e   c o n t r o l l e r   i n t o  two p a r t s :   a n   a t t i t u d e   f l i g h t  con- 
t r o l l e r   ( f i g .   1 4 )   a n d  a f l i g h t - p a t h   f l i g h t   c o n t r o l l e r   ( f i g .   1 5 ) .  It  is assumed 
t h a t   t h e   c o n t r o l l e r   o p e r a t e s   i n  pa ra l l e l  wi th  a "s t ra ight - through"   sys tem  tha t  
connec t s   t he   p i lo t   con t ro l s   d i r ec t ly   t o   t he   fo rce -   and   moment -p roduc ing   dev ices  
o n   t h e   a i r c r a f t .  I t  i s  f u r t h e r  assumed t h a t   t h e   c o n t r o l l e r  i s  a duplex  system 
a n d   h a s   f u l l   c o n t r o l   a u t h o r i t y .   I f   t h e   f l i g h t   c o n t r o l l e r   i n  a given axis 
f a i l s ,  i t  is assumed t h a t  i t s  output  i s  au tomat i ca l ly   d i sconnec ted   f rom  the  
s t ra ight - through  sys tem.  The p i l o t   t h e n   c o n t i n u e s  t o  c o n t r o l   t h e  axis t h a t  
c o n t a i n s   t h e   f a i l e d   c o n t r o l l e r   w i t h   t h e   s t r a i g h t - t h r o u g h   s y s t e m .  It fo l lows  
t h a t   s i n g l e - c h a n n e l   f l i g h t   c o n t r o l l e r   f a i l u r e s  are p a s s i v e .  

Figures  14  and 15 provide  a complete  f low  diagram  of  the  simulation  model 
o f   t h e   a i r c r a f t .  A comple te   descr ip t ion   of   the   mathemat ica l   models   used   to  
s imula te   the   var ious   components  shown i n   f i g u r e s   1 4   a n d   1 5  i s  giT-en i n  
appendices A t o  D.  Appendix A g i v e s   t h e   n u m e r i c a l   v a l u e s   o f   t h e   f l i g h t  con- 
t r o l l e r   p a r a m e t e r s  shown i n   f i g u r e s   1 4  and 15 and  gives   the  mathematical  
models  used t o   s i m u l a t e   t h e   v a r i o u s   a c t u a t o r s   i n   t h e   c o n t r o l   s y s t e m .   T h e  
eng ine   and   f an   s imula t ion   mode l s ,   i nc lud ing   t he   f a i lu re   l og ic ,  are  d e s c r i b e d  
i n  appendix B ,  w h i l e   t h e   t o t a l   f o r c e s  and moments on t h e   a i r c r a f t   d u e  t o  t h e  
propuls ion   sys tem are ca l cu la t ed   f rom  equa t ions   g iven   i n   append ix  C. Appen- 
d i x  D c o n t a i n s   t h e   e q u a t i o n s ,   c o e f f i c i e n t s ,   a n d   s t a b i l i t y   d e r i v a t i v e s   r e q u i r e d  
t o  compute  the  aerodynamic  forces  and moments a c t i n g   o n   t h e   a i r c r a f t .   S i n c e  
t h e   i n v e s t i g a t i o n  is r e s t r i c t e d   t o   p o w e r e d - l i f t   f l i g h t  (0-120 k n o t ) ,   t h e   a e r o -  
dynamic d a t a   i n   a p p e n d i x  D a r e   g i v e n   f o r  a cons tan t   wing   f lap   angle   o f   50" .  
The k inemat ic   equa t ions ,   equa t ion   of   mot ion ,   a tmospher ic   tu rbulence   model ,   and  
l and ing   gea r   equa t ions  are t h e   s t a n d a r d   o n e s   u s e d   f o r   f l i g h t   s i m u l a t i o n  a t  
A m e s  Research   Center   ( re f .  1 6 ) .  

The p r i n c i p a l   w e i g h t ,   i n e r t i a ,   a n d   d i m e n s i o n a l   c h a r a c t e r i s t i c s   o f   t h e  
a i r c r a f t  are given i n  t a b l e  1. 
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P i l o t   C o n t r o l s  

The p i l o t   c o n t r o l s   c o n s i s t   o f   a n   a r t i c u l a t e d   s t i c k   ( s m a l l e r  moment arm 
f o r   r o l l   t h a n   f o r   p i t c h ) ,   c o n v e n t i o n a l   r u d d e r   p e d a l s ,  and a th ree - l eve r  master 
power  management console .  The c o n t r o l   s t i c k  and  rudder   pedal   displacements  
and   forces  are g i v e n   i n   t a b l e s  2 and 3 .  

The  two types  of   master  power  management c o n t r o l s   t e s t e d  are shown i n  
f i g u r e s  16 t o  20. N o r m a l l y ,   w i t h   t h e   f l i g h t - p a t h   f l i g h t   c o n t r o l l e r   i n   o p e r a -  
t i o n ,   t h e   p i l o t   c o n t r o l s   t h e   a i r c r a f t ' s   l o n g i t u d i n a l   v e l o c i t y   ( o r   l o n g i t u d i n a l  
a c c e l e r a t i o n )   a n d   v e r t i c a l   v e l o c i t y   w i t h   t h e   v e l o c i t y  command  (VC) lever. The 
power (P) l e v e r   a n d   t h e   t r a n s i t i o n  (T)  lever are d r i v e n  by  servomotors so  
t h a t ,   i n   n o r m a l   o p e r a t i o n ,   t h e i r   p o s i t i o n s   a l w a y s   c o r r e s p o n d   c l o s e l y   t o   t h e  
power  and t h r u s t   v e c t o r   a n g l e  commanded by t h e   f l i g h t - p a t h   f l i g h t   c o n t r o l l e r .  
The   se rvomotors   d r ive   the  P and T l eve r s   t h rough  e lec t r ic  c l u t c h e s  a t  rates 
up t o   5 0 " / s e c .  

I f  t h e   f l i g h t - p a t h   c o n t r o l l e r   f a i l s ,   t h e   s e r v o m o t o r s  are au tomat i ca l ly  
s topped   the  VC l e v e r   e l e c t r i c a l l y   d i s c o n n e c t e d   f r o m   t h e   f l i g h t - p a t h   f l i g h t  
c o n t r o l l e r .  The p i l o t   t h e n   p u s h e s   t h e  VC lever   forward  through a spr ing-  
loaded  s top  (and  switch)  a t  t h e  end  of i t s  a c t i v e   t r a v e l   f a r t h e s t  awas from 
t h e   p i l o t   ( f i g .  1 6 ) .  T h i s   a c t i o n  moves t h e  VC lever out   o f   the  way of   the  
p i l o t   a n d   c a u s e s   t h e   e l e c t r i c   c l u t c h e s ,   i n   b o t h   t h e  P and T l e v e r   s e r v o d r i v e s ,  
t o   d i sengage .  The p i lo t   can   t hen   r e sume   f l i gh t -pa th   con t ro l  by o p e r a t i n g   t h e  
P and T levers   manual ly .  

A thumb c o n t r o l  on t h e   r i g h t   s i d e   o f   t h e  P l e v e r   ( f i g s .  16 and 1 7 )  a c t i -  
v a t e s   t h e   c l u t c h  on t h e  T lever and   d r ives   t he  T l e v e r  a t  a ra te  p r o p o r t i o n a l  
t o  thumb p res su re .  The maximum T l e v e r   a n g u l a r  r a t e ,  when operated  by  the P 
lever thumb c o n t r o l ,  i s  20"/sec.   This  thumb c o n t r o l   e f f e c t i v e l y   e n a b l e s   b o t h  
engine power and   t h rus t -vec to r   ang le   t o   be   con t ro l l ed   f rom a s i n g l e  lever. 
The o t h e r  thumb c o n t r o l   l o c a t e d  on  top  of  the P l e v e r   ( f i g s .  1 6  and 1 7 )  is a 
two-axis   p ropor t iona l   force   t ransducer   used  by t h e   p i l o t  t o  command v e r n i e r  
t h r u s t   f o r c e s   ( t h r o u g h   t h r u s t   d e f l e c t i o n )   i n   t h e   h o r i z o n t a l   p l a n e .   B o t h  
thumb c o n t r o l s  on t h e  P l e v e r  are  a v a i l a b l e   t o   t h e   p i l o t   o n l y  when t h e   f l i g h t -  
p a t h   f l i g h t   c o n t r o l l e r  i s  no t   ope ra t ing .  

There are  two types  of VC l e v e r .  The MK1 VC l e v e r  is shown i n   f i g -  
u r e s  1 6 ,  1 7 ,  and 18, and t h e  MK2 VC l e v e r   i n   f i g u r e s  1 9  and  20.  The MK1 VC 
l e v e r  is a two-axis   l inear   mot ion   device .  A d e t e n t  i s  l o c a t e d  a t  the  midpoint  
o f   t h e   v e r t i c a l   t r a v e l   a n d   c o r r e s p o n d s   t o   z e r o   v e r t i c a l   v e l o c i t y .  A d e t e n t  i s  
a l s o   l o c a t e d  on t h e   h o r i z o n t a l   t r a v e l ,   b u t   t h i s   h a s  two a l t e r n a t e ,   s e l e c t a b l e ,  
pos i t i ons   co r re spond ing   t o   t he   ze ros   o f   t he  two s e l e c t a b l e   h o r i z o n t a l   ( l o n g i -  
t u d i n a l )   c o n t r o l l e r  modes:   namely,   hor izontal   veloci ty  command and   ho r i zon ta l  
a c c e l e r a t i o n  command. To p r o v i d e   t h e   p i l o t   w i t h   t a c t i l e   i n d i c a t i o n   o f   t h e  
v e r t i c a l   p o s i t i o n  of   the MK1 l e v e r ,   t h r e e   p r o t r u s i o n s  are provided  on  the 
h a n d l e   ( f i g s .  1 6  and 18). A s  t h e   l e v e r  i s  moved v e r t i c a l l y ,   t h e   l o c a t i o n   o f  
o n e   o f   t h e   p r o t r u s i o n s   r e l a t i v e   t o   t h e   o t h e r  two changes,   and  this   change is  
sensed   t h rough   t he   pa lm  o f   t he   p i lo t ' s   hand .  When a l l  t h e   p r o t r u s i o n s  are i n  
l i n e ,   t h e   l e v e r  is  i n   t h e   v e r t i c a l   d e t e n t .  

The MK2 VC l e v e r   ( f i g s .  1 9  and 20) is of   the  quadrant   type  and  resembles  
t h e  P l e v e r .  However, u n l i k e   t h e  P l eve r ,   t he   t humb-ope ra t ed   con t ro l   on   t he  
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t o p   l e f t   o f   t h e   h a n d l e  i s  a small, nonse l f - cen te r ing   whee l   po ten t iome te r  
( f i g s .  1 9  and 20) .  The poten t iometer   has  a t r a v e l   o f  +70", a d e t e n t  a t  z e r o ,  
and a small p r o t r u s i o n   o n   t h e  r i m  a t  t h e   c e n t e r   o f  i t s  t r a v e l .  The p r o t r u s i o n  
p r o v i d e s   t h e   p i l o t   w i t h  a t ac t i l e  i n d i c a t i o n   o f   t h e   w h e e l   r o t a t i o n  re la t ive  t o  
z e r o   ( d e t e n t ) .  The lever has  a d e t e n t  a t  i t s  m i d t r a v e l   p o i n t .  Lever d i s -  
placement is used t o  command t h e  ver t ical  v e l o c i t y   a n d   t h e  thumb wheel is used 
t o  command e i t h e r   o f   t h e   a l t e r n a t e   h o r i z o n t a l   ( l o n g i t u d i n a l )   c o n t r o l  modes. 
The a n g u l a r   t r a v e l   o f   t h e  MK2 VC lever i s  t h e  same as t h a t   o f   s h e  P lever and 
h a s   t h e  same type  of  spr ing- loaded   s top   and   inac t ive   reg ion  a s  f o r   t h e  
MK1 VC l e v e r .  

On top   o f   bo th   t ypes   o f  VC levers is  a thumb-operated,  two-axis  propor- 
t i o n a l   f o r c e   t r a n s d u c e r  similar t o   t h a t   o n   t h e  P lever.  T h i s  thumb c o n t r o l  
p e r m i t s   t h e   p i l o t   t o  command v e r n i e r   t r a n s l a t i o n a l   v e l o c i t i e s   i n   t h e   h o r i z o n t a l  
plane  and i s  used t o   p r e c i s e l y   p o s i t i o n   t h e   a i r c r a f t   o v e r   t h e   r e q u i r e d   t o u c h -  
down p o i n t .  The l o c a t i o n   o f   t h e  power  management c o n s o l e   r e l a t i v e   t o   t h e  con- 
t r o l   s t i c k  and p i l o t  seat  i s  shown i n   f i g u r e  1 7 .  

F l i g h t   C o n t r o l l e r  

The f l i g h t   c o n t r o l l e r  i s  d e s i g n e d   t o   p r o v i d e   t h e   p i l o t   w i t h   t h e   c o n t r o l  
modes  shown i n  t a b l e  4 .  Most o f   t h e s e   c o n t r o l  modes were tes ted i n   p r e v i o u s  
l i f t - f a n  V/STOL t r a n s p o r t   s i m u l a t i o n s  and were found t o   b e   s a t i s f a c t o r y   f o r  
most   tasks .  The a l t e r n a t e   c o n t r o l  modes  shown i n  t a b l e  4 f o r   r o l l   i n   t h e  
O-20-knot speed  range, yaw i n   t h e  30-120-knot speed   range ,   and   longi tudina l  
a x i s   i n   t h e  O-120-knot speed  range are inc luded   because   they   ho ld   p romise   o f  
provid ing  more d e s i r a b l e   h a n d l i n g   q u a l i t i e s   f o r  some t a s k s .  A l s o ,  a v e r n i e r  
h o r i z o n t a l   v e l o c i t y  command  mode ( i n   b o t h   h o r i z o n t a l   a x e s ) ,   u s i n g   t h r u s t  
d e f l e c t i o n ,  i s  i n c l u d e d   i n   t h e  SRFIMF c o n t r o l l e r   d e s i g n   i n   t h e   h o p e   t h a t  i t  
w i l l  p r o v i d e   t h e   p i l o t   w i t h  a c o n t r o l  mode more s u i t a b l e   f o r   p r e c i s e   s t a t i o n  
keep ing   i n   hove r .  

The p i l o t  commands t o   t h e   a t t i t u d e   f l i g h t   c o n t r o l l e r  are  through a con- 
ven t iona l   s t i ck   and   peda l s .  The s t i c k   i n p u t s   i n t o   t h e   p i t c h ,  r o l l ,  and yaw 
channels  are denoted  by 6 6 

p i t c h   c o n t r o l l e r ,  ip, p a s s e s   t o   t h e   e l e v a t o r   a n d   t a i l p l a n e   a c t u a t o r s   a n d   t o  
t h e   e n e r g y   t r a n s f e r   a n d   c o n t r o l  (ETaC) v a l v e   a n d   t h r u s t   s p o i l e r   a c t u a t o r s  o f  
the  forward  and  af t   fuselage-mounted  fans .   Whereas   in   the  previous  s imula-  
t i o n s   ( r e f s .  5 ,  6, and 8) t h e   t a i l p l a n e  w a s  ope ra t ed   s epa ra t e ly   f rom  the  ele- 
va tor   and  w a s  u s e d   f o r  t r i m  o n l y ,   i n   t h e   p r e s e n t   a r r a n g e m e n t   t h e   e l e v a t o r   a n d  
t a i l p l a n e  are o p e r a t e d   t o g e t h e r ,   w i t h   t h e   s i g n a l   t o   t h e   t a i l p l a n e   p a s s i n g  
f i r s t   t h r o u g h  a low-pass f i l t e r  and  deadband  (see  f ig .  5 4  i n  appendix A ) .  
Thus ,   the   t a i lp lane   does   no t   respond  to   the   h igh- f requency   components   in   the  
p i t c h   c o n t r o l l e r   s i g n a l   a n d  acts i n  a " p i t c h  t r i m  follow-up" mode t o   e n s u r e  
t h a t   f u l l   e l e v a t o r  power i s  a l w a y s   a v a i l a b l e .   P i t c h  trim i n   t h e   p r e s e n t  
arrangement i s  achieved by b i a s i n g   t h e   i n p u t   s i g n a l   t o   t h e   p i t c h   c o n t r o l l e r  a t  
a c o n s t a n t  rate e q u i v a l e n t   t o  4" of   p i t ch   pe r   s econd .  

I,' I+ , 
and 

( f i g .  1 4 ) .  The output   f rom  the 

The o u t p u t   o f   t h e   r o l l   c o n t r o l l e r ,  i,, p a s s e s   t o   t h e   w i n g   s p o i l e r  
a c t u a t o r s   a n d   t o   t h e  ETaC valve and   t h rus t   spo i l e r   ac tua to r s   o f   t he   w ing- t ip  
f ans .  The w i n g   s p o i l e r s  are assumed to   be   opera ted   th rough a cam system 
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d e s i g n e d   t o   " l i n e a r i z e "   t h e   s p o i l e r   r o l l i n g   m o m e n t / d e f l e c t i o n   c h a r a c t e r i s t i c  
( s e e   f i g .  51, appendix A ) .  

The o u t p u t   o f   t h e  yaw c o n t r o l l e r ,  iy, p a s s e s   t o   t h e   r u d d e r   a c t u a t o r   a n d  
t o   a c t u a t o r s   t h a t  move t h e   f a n   n o z z l e   c a s c a d e s   t o   p r o d u c e   d i f f e r e n t i a l   s i d e -  
ways thrus t   components   f rom  the   forward   and   a f t   fuse lage   fans .  

N o t e   t h a t   t h e   q u a n t i t i e s   u s e d   i n   t h e   f e e d b a c k   l o o p s   o f   t h e   a t t i t u d e  con- 
t r o l l e r  are t h e   E u l e r   a n g l e  rates a n d   a c c e l e r a t i o n s   r a t h e r   t h a n   t h e   c o r r e -  
sponding   quant i t ies   measured  re la t ive  t o   t h e   a i r c r a f t ' s   b o d y - f i x e d   a x e s .  
Although  body-fixed  angular ra tes  and   acce le ra t ions  are probably easier t o  
o b t a i n ,   t h e i r   u s e   c a n   r e s u l t   i n   s i g n i f i c a n t   c o n t r o l l e r   e r r o r s .   T o r   e x a m p l e ,  
i t  is  w e l l  known t h a t ,   w i t h   z e r o  rate of   change   of   p i tch   angle  ( e  = 0 ) ,  

q = r t a n  I$ ( 5 4 )  

where 

q p i t c h  ra te  i n  body  axes 

r yaw rate  i n  body  axes 

$ bank  angle  

a n d ,   i n  a s t eady- s t a t e   banked   t u rn ,  

where 

g g r a v i t a t i o n a l   a c c e l e r a t i o n  

Va t r u e   a i r s p e e d  

Combining  equation ( 5 4 )  and (55) y i e l d s  

T h e r e f o r e ,   i n  a 30" banked  turneat   30-knots  TAS, t h e   p i t +  ra te  (from 
eq. (56))  is 12.13"/sec  even  though 8 = 0. I f  q r a t h e r   t h a n  8 were u s e d   i n  
t h e   p i t c h - c o n t r o l l e r   f e e d b a c k   l o o p ,  a s t eady- s t a t e   e r ro r   o f   magn i tude  
(KBIKe) x12.13  = 9 .1"  would r e s u l t .   T h i s   p i t c h   e r r o r  i s  c l e a r l y   u n a c c e p t a b l y  
l a r g e .  

The a i r c r a f t   t r a n s i e n t   r e s p o n s e s   d u e   t o   i n p u t   p u l s e s   i n   r o l l ,   p i t c h ,   a n d  
yaw a t  hover ,  60 knots ,   and  120  knots  are shown i n   f i g u r e  21. It can   be   s een  
t h a t ,   a l l o w i n g   f o r   t h e   c h a n g e s   o f   r o l l   c o n t r o l  mode w i t h   s p e e d   ( t a b l e  4 ) ,  t h e  
a i r c r a f t   r e s p o n s e s  are similar to   t hose   o f   t he   des i r ed   s econd-o rde r   sys t em.  
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The r e s p o n s e   i n  yaw a t  120 k n o t s   d i f f e r s   f r o m   t h a t  a t  hover  and 60 knots  
b e c a u s e   o f   s a t u r a t i o n   o f   t h e  yaw c o n t r o l .  However, t h i s  l a t t e r  example serves 
t o   d e m o n s t r a t e   t h a t   t h e   c o n t r o l l e r  i s  w e l l  behaved,  even when c o n t r o l   s a t u r a -  
t i o n   o c c u r s .  

A c o m p a r i s o n   o f   t h e   r e s p o n s e   o f   t h e   a i r c r a f t   t o  a r o l l   i n p u t   p u l s e   f o r  
t h e  two t y p e s   o f  yaw c o n t r o l  mode ( t a b l e  4 )  a t  30 k n o t s  i s  shown i n   f i g u r e  22.  
The o n l y   d i f f e r e n c e   b e t w e e n   t h e s e  two responses  is t h a t ,   f o r   t h e  yaw rate 
sys t em  wi th   bank-ang le   f eedback ,   t he   s ides l ip   ang le   t ends   t o   bu i ld  up s lowly 
w i t h  t i m e ,  reaching  about  5" a f t e r  35 sec. 

The p i l o t  commands t o   t h e   f l i g h t - p a t h   f l i g h t   c o n t r o l l e r  are through  the 
master power  management c o n t r o l   c o n s o l e   d e s c r i b e d   u n d e r   " P i l o t   C o n t r o l s . "  The 
inpu t s   f rom  the  master power  management c o n t r o l   c o n s o l e   t o   t h e   f l i g h t - p a t h  
c o n t r o l l e r  are shown i n   f i g u r e  15. 

The o u t p u t  o f  t h e   v e r t i c a l - a x i s   f l i g h t   c o n t r o l l e r   ( f i g .  15) i s  passed 
through a " t h r o t t l e   g e a r i n g "   ( s e e   f i g .  55, appendix A) befo re   be ing   u sed   t o  
command the   eng ine  RPM ( N G - ) .  The p u r p o s e   o f   t h i s   t h r o t t l e   g e a r i n g  i s  t o  com- 
p e n s a t e   f o r   t h e  severe n o n l i n e a r i t i e s   i n   t h e   v a r i a t i o n   o f   t h r u s t   w i t h   e n g i n e  
speed. The o u t p u t   o f   t h e   h o r i z o n t a l   ( l o n g i t u d i n a l )   a x i s   f l i g h t   c o n t r o l l e r  i s  
u s e d   t o  command t h e   t h r u s t   v e c t o r   a n g l e ,  <TL (de f ined   t o   be   ze ro  when t h e  
t h r u s t  is v e r t i c a l ) .  The choice  of  engine RPM a n d   t h r u s t   v e c t o r   a n g l e  as t h e  
c o n t r o l   q u a n t i t i e s   f o r   t h e  ve r t i ca l  a n d   h o r i z o n t a l   f l i g h t   c o n t r o l l e r   r e s u l t s  
i n  a p a r t i c u l a r l y  s i m p l e  con t ro l l e r   imp lemen ta t ion ,   bu t   t he   i nhe ren t   con t ro l  
coupl ing a t  t h e   h i g h e r   t h r u s t   v e c t o r   a n g l e s  ( ~ T L  > 50") s e v e r e l y  tests t h e  
d e c o u p l i n g   e f f e c t i v e n e s s   o f   t h e  SRFIMF concept.  

The o u t p u t   o f   t h e   h o r i z o n t a l   ( l a t e r a l )  axis f l i g h t   c o n t r o l l e r ,  il 
( f i g .  1 5 ) ,  p a s s e s   t o   t h e   t h r u s t   d e f l e c t i o n   c a s c a d e s   o f  a l l  s i x   f a n s   ( f i g .   1 4 ) .  

The i n e r t i a l   v e l o c i t i e s ,  V x  and V y ,  and t h e i r  time d e r i v a t i v e s ,  fx and 
?y, used as f e e d b a c k   q u a n t i t i e s   i n   t h e   f l i g h t   c o n t r o l l e r ,  are measured rela- 
t i ve  t o  a set  o f   a x e s   t h a t  are r o t a t e d ,  re la t ive  t o   t h e   e a r t h - f i x e d   v e r t i c a l  
axis, th rough   t he   a i r c ra f t ' s   head ing .   Thus  

V = U cos + + V s i n  J, X E  E 

V = V cos $ - U s i n  I) Y E  E 

where 

UE, VE i n e r t i a l   v e l o c i t i e s   a l o n g   t h e   e a r t h - f i x e d  x and y axes  

JI heading 
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Examples  of t h e   t r a n s i e n t   r e s p o n s e   o f   t h e   a i r c r a f t   t o  command p u l s e s  i n  
ver t ical  v e l o c i t y ,   h o r i z o n t a l   v e l o c i t y ,   a n d   h o r i z o n t a l   a c c e l e r a t i o n ,  a t  hover ,  
60 kno t s ,  and 120 k n o t s ,  are shown i n   f i g u r e s  23 ,  24,  and 25.  S i g n i f i c a n t  
dev ia t ions   f rom  the   des i r ed   s econd-o rde r   sys t em  r e sponse   and   s ign i f i can t  
cross-axes  decoupl ing  occur   only when c o n t r o l   a c t i o n  is l i m i t e d  by maximum 
engine RPM a n d   t h r u s t   v e c t o r   a n g l e  limits. 

Figure  26 c o m p a r e s   t h e   a i r c r a f t   r e s p o n s e   i n   h o v e r   t o  a l a t e r a l  v e l o c i t y  
command p u l s e  when each a l ternate  lateral  v e l o c i t y   c o n t r o l l e r  is used 
( t a b l e   4 ) .  So f a r  as l a te ra l  v e l o c i t y   r e s p o n s e  is concerned ,   f igure  26 shows 
t h a t   t h e r e  is l i t t l e  to   choose   be tween  the  two t y p e s   o f   c o n t r o l l e r .   F i g u r e  26 
a l s o  shows t h e   r e s p o n s e   d u e   t o  a r o l l  command p u l s e   w i t h   t h e  la teral  v e l o c i t y  
c o n t r o l l e r   ( u s i n g   t h r u s t   d e f l e c t i o n )   e n g a g e d .   T h i s  l a t te r  example demon- 
strates t h e  power o f   t h e  SRFIMF concep t   i n   decoup l ing   t he   a t t i t ude   and   t r ans -  
l a t i o n a l   m o t i o n   i n   h o v e r .  

F i n a l l y ,   t h e   r e s p o n s e   o f   t h e   a i r c r a f t   t o  a wing- t ip   eng ine   f a i lu re  a t  
hover ,  60 knots ,   and   120   knots  is shown i n   f i g u r e  27. It i s  c l e a r   t h a t   t h e  
SRFIMF has  a f a s t   r e s p o n s e   t o   d i s t u r b a n c e s .  Thus t h e  maximum ro l l - ang le  
dev ia t ion   r eco rded  w a s  about  1" and a l t i t u d e  and v e l o c i t y   d e v i a t i o n s  were 
be low  the   recorder   th reshold .  

Table 4 shows t h a t  a s i g n i f i c a n t  amount  of c o n t r o l  mode b lending  i s  
r e q u i r e d  as  the  speed  changes.   This   blending  takes   place  over  a speed  range 
of  20-30 k n o t s .   F o r   t h i s   s i m u l a t i o n ,  a s imple   l i nea r   b l end ing   t echn ique  is 
used   whereby   the   ou tput   o f   one   cont ro l  mode is  m u l t i p l i e d  by a f a c t o r  Kg, t h e  
o u t p u t   o f   t h e   o t h e r   c o n t r o l  mode is m u l t i p l i e d  by a f a c t o r  1 - Kg, and  the 
r e s u l t s  are added   t oge the r   ( s ee   f i g s .   14  and 15).  The b l e n d i n g   f a c t o r  is  zero  
below 20 knots ,   un i ty   above  30 k n o t s ,   a n d   l i n e a r   i n   t h e  20-30-knot i n t e r v a l  
( s e e   f i g .  50 i n   a p p e n d i x  A ) .  

Cockpit   Instrumentat ion  and  Displays 

The cockpi t   ins t rument   pane l  i s  shown i n   f i g u r e s  28 and  29. In   t he   cen -  
ter of   the   pane l  i s  a d i s p l a y  CRT whose  format i s  descr ibed  later.  On t h e   f a r  
l e f t  of   the   panel   ( f ig .   28)  i s  t h e   e n g i n e   s t a t u s   i n s t r u m e n t a t i o n   c o n s i s t i n g  of 
s i x   e n g i n e  RPM gauges   a r ranged   in  a p a t t e r n  similar t o   t h e   e n g i n e   l o c a t i o n   i n  
a p l a n   v i e w   o f   t h e   a i r c r a f t ,   a l o n g   w i t h   e n g i n e  and f a n   s t a t u s   l i g h t s  mounted 
near   each RPM gauge. I f   a n   e n g i n e   o r   f a n   f a i l s ,   t h e   a p p r o p r i a t e   l i g h t   f l a s h e s .  

To t h e   i m m e d i a t e   l e f t  of t h e   d i s p l a y  CRT is a s t a n d a r d   a i r s p e e d   i n d i c a t o r ;  
mounted  above t h i s  are touchdown i n d i c a t o r   l i g h t s   f o r   e a c h  of t h e   t h r e e   w h e e l s  
( f i g .  2 8 ) .  Below t h e   a i r s p e e d   i n d i c a t o r  i s  t h e   a t t i t u d e   c o n t r o l l e r  s t a t u s  
p a n e l .   T h i s   p a n e l   c o n t a i n s   r o l l ,   p i t c h ,   a n d  yaw c o n t r o l l e r  s t a t u s  l i g h t s   t h a t  
are o f f ,   o n ,   o r   f l a s h i n g   a c c o r d i n g   t o   w h e t h e r   t h e   c o n t r o l l e r  is  o p e r a t i n g ,  
o f f   o r   h a s   f a i l e d .  Below t h e   s t a t u s   l i g h t s  are  r o l l  and yaw  mode s e l e c t i o n  
s w i t c h e s ;   a b o v e   t h e   s t a t u s   l i g h t s  are c o n t r o l  t ravel  s t a t u s  s t r i p  gauges   t ha t  
g ive   normal ized   va lues  (0-10) o f   t h e   c o n t r o l l e r   o u t p u t   q u a n t i t i e s  ip, i,, and 
iy ( f i g .   1 4 ) .  On t h e   l e f t   o f   t h e   a t t i t u d e   f l i g h t   c o n t r o l l e r   s t a t u s   p a n e l  i s  a 
f l i g h t - p a t h   f l i g h t   c o n t r o l l e r   s t a t u s   p a n e l   t h a t   c o n t a i n s   s t a t u s   l i g h t s   a n d  
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c o n t r o l  mode s e l e c t i o n   s w i t c h e s .  The h o r i z o n t a l   ( l o n g i t u d i n a l )  and v e r t i c a l  
a x e s   o f   t h e   f l i g h t   c o n t r o l l e r  are t r e a t e d  as a s i n g l e   u n i t  so f a r  as o p e r a t i n g  
s t a t u s  i s  concerned. The r i g h t   s i d e   o f   t h e   i n s t r u m e n t   p a n e l   ( f i g .  29) con- 
t a i n s  a ba romet r i c  altimeter, ang le -o f -a t t ack   and   s ides l ip   i nd ica to r s ,   and  a 
s t a n d a r d   h o r i z o n t a l   s i t u a t i o n   i n d i c a t o r .  

The  main aim o f   t h e   e l e c t r o n i c a l l y   g e n e r a t e d   d i s p l a y  is  t o   p r o v i d e   s u f f i -  
c i e n t   s i t u a t i o n  and f l i g h t   d i r e c t o r   i n f o r m a t i o n   t o   p e r m i t  a p i l o t   t o   f l y   p r e -  
cise curved   dece lera t ing   approaches  and ver t ica l  l a n d i n g s   i n   c a t e g o r y  3C 
weather   condi t ions .  The d i sp lay   fo rma t   ( f i g s .  30 and 31) is  i n t e n d e d   f o r  
even tua l   u se  as a head-up d i s p l a y .   U n f o r t u n a t e l y ,   t h e   s i m u l a t o r   a v a i l a b l e   f o r  
t h e  tests cannot accommodate the   equipment   requi red   for   head-up   d i sp lay   p ro-  
j e c t i o n .  However, l i t t l e  is  l o s t   i n   u s i n g   t h e   d i s p l a y   f o r m a t   i n   c o n j u n c t i o n  
w i t h   t h e  head-down a r r a n g e m e n t   ( f i g .   2 9 )   s i n c e   t h e   p r i m e   c o n c e r n   i n   t h i s  simu- 
l a t i o n  is  w i t h  a t a s k   f l o w n   i n   c a t e g o r y  3C cond i t ions ,   fo r   wh ich  head-up d i s -  
p l a y   o f f e r s  no s p e c i a l   a d v a n t a g e s .  

F igu re  30 shows the   d i sp l ay   fo rma t   u sed   i n   con junc t ion   w i th   t he   ho r i zon-  
t a l  ( L o n g i t u d i n a l )   v e l o c i t y   c o n t r o l l e r   o p t i o n .  The d e f i n i t i o n  of   the  format  
symbols f o r   t h e   v a r i a b l e s   a n d   t h e   p a r t i c u l a r   v a l u e s   d e p i c t e d   i n   f i g u r e  30 are 
g i v e n   i n   t a b l e  5. 

The d i sp lay   fo rma t   u sed   i n   con junc t ion   w i th   t he   ho r i zon ta l   acce l e ra t ion  
c o n t r o l l e r   o p t i o n  i s  g i v e n   i n   f i g u r e  31. The major   difference  between  f ig-  
u r e s  30 and 31 is  t h a t   t h e   d i s p l a y   f o r m a t   f o r   h o r i z o n t a l   v e l o c i t y  and  horizon- 
t a l  a c c e l e r a t i o n  is reve r sed .  The d e t a i l s  of t he   d i f f e rences   be tween   f i g -  
u r e s  30 and 31 are g i v e n   i n   t a b l e  6. 

The l a r g e   s y m b o l B   i n   f i g u r e s  30 and   31   represents   the   l anding   pad;   d i s -  
t ances  y and R are p r o p o r t i o n a l   t o   t h e  l a t e r a l  and long i tud ina l   d i sp l acemen t  
of t h e   l a n d i n g   p a d   r e l a t i v e   t o   t h e   a i r c r a f t .  The l and ing  pad  appears  on  the 
d i sp lay   on ly  when i t  is  wi th in   152  m (500 f t )   h o r i z o n t a l   r a n g e  of t h e   a i r p l a n e .  
The symbol @ relative t o   t h e   h o r i z o n  and p i t c h   l a d d e r   g i v e s   t h e   d i r e c t i o n   o f  
t h e   i n e r t i a l   v e l o c i t y   v e c t o r .  The q u a n t i t i e s  y~ and 61 are t h e   a n g l e s   t h e  
v e l o c i t y   v e c t o r  makes wi th   t he   ho r i zon  and wi th  a p lane   def ined  by t h e   e a r t h -  
f ixed   ve r t i ca l   and   t he   x -body- f ixed   ax i s   o f   t he   a i r c ra f t .   Thus ,  

When t h e   v e r t i c a l   p o s i t i o n  o f   t he   ve loc i ty   vec to r  symbol C3 exceeds 15", i t  is 
removed f rom  the   d i sp l ay .  

I f   t h e   p i t c h  axis f l i g h t   c o n t r o l l e r  i s  n o t   o p e r a t i n g   ( e i t h e r   f a i l e d   o r  
s w i t c h e d   o f f ) ,   t h e   p i t c h  trim (8,) symbol is  removed f r o m   t h e   d i s p l a y .   I f   t h e  
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f l i g h t - p a t h   f l i g h t   c o n t r o l l e r  is not  operating ( e i t h e r   f a i l e d   o r   s w i t c h e d   o f f ) ,  
the   symbols   represent ing  V x P ,  Vxp ,  and hp are removed  from t h e   d i s p l a y .  

F l i g h t   D i r e c t o r  

It is assumed t h a t   t h e   v a r i a b l e s   d e s c r i b i n g   t h e   d e s i r e d   a p p r o a c h   p a t h   a n d  
t h e   r e q u i r e d   v a r i a t i o n   o f   a i r c r a f t ' s   h o r i z o n t a l   a n d   v e r t i c a l   s p e e d   a l o n g   t h e  
approach  path are known func t ions   o f   t he   d i s t ance   f rom  the  touchdown p o i n t .  
Furthermore,  i t  is  assumed t h a t   b o t h   t h e   d e s i r e d   a n d   a c t u a l   v a l u e s   o f   t h e s e  
v a r i a b l e s  are a v a i l a b l e   f o r   u s e  as i n p u t s   t o  a t h r e e - a x i s   ( l a t e r a l ,   h o r i z o n -  
t a l ,  v e r t i c a l )   f l i g h t   d i r e c t o r .  The f l i g h t   d i r e c t o r   p r o v i d e s   g u i d a n c e   i n f o r -  
m a t i o n   t h a t  is p r e s e n t e d   o n   t h e   p i l o t ' s   e l e c t r o n i c   d i s p l a y   ( f i g s .  30 and  31). 

The lateral f l i g h t   d i r e c t o r   p r o v i d e s   b a n k - a n g l e  commands (A+c) t o   a i d   t h e  
p i l o t   i n   t r a c k i n g   t h e   l o c a l i z e r  beam. F o r   l a r g e   l o c a l i z e r   e r r o r s   ( l a r g e  y) ,  
t h e   f l i g h t   d i r e c t o r   p r o d u c e s   r o l l  commands needed t o   m a i n t a i n  a heading  of 
-1-45" r e l a t i v e   t o   t h e   l o c a l i z e r .   F i g u r e  32 is a block  diagram  of   the la teral  
f l i g h t   d i r e c t o r .  The ou tpu t  L I ~ C  is the   e r ro r   be tween   t he  commanded and a c t u a l  
bank  angles .   This   parameter   controls   the l a te ra l  p o s i t i o n   o f   t h e  la teral  
f l i g h t   d i r e c t o r   b a r  shown on t h e   e l e c t r o n i c   d i s p l a y .  The value  of  A+c is 
l i m i t e d   t o  +20°  of  bank  angle. The i n t e r n a l   l o o p   ( f i g .  32) c o n t a i n i n g   t h e   l a g  
func t ion ,   1 / (14 .9s  + 11, i s  p r o v i d e d   t o   g i v e   t h e   f l i g h t   d i r e c t o r  a s e l f -  
t r imming  property similar t o   t h a t   p r o v i d e d   i n   t h e  SRFIMF con t ro l l e r .   Thus ,  
t h e   f l i g h t   d i r e c t o r  w i l l  give  bank-angle commands s u c h   t h a t ,   i n   t h e   s t e a d y  
s ta te ,  t h e   l o c a l i z e r   e r r o r  y becomes zero  independent   of   any  s teady-state   dis-  
t u r b a n c e s   a c t i n g   o n   t h e   a i r c r a f t   ( e . g . ,   s i d e w i n d ) .  The ga in   va lues  shown i n  
f i g u r e  32 are s u c h   t h a t ,   w i t h  A+c = 0 ,  t h e   e f f e c t i v e  time cons tan t   o f   t he  
e n t i r e   s y s t e m   o f   f l i g h t   d i r e c t o r   a n d   a i r c r a f t  is  about  20 sec .  

The h o r i z o n t a l   ( l o n g i t u d i n a l )   f l i g h t   d i r e c t o r  is  d e s i g n e d   t o   o p e r a t e   i n  
c o n j u n c t i o n   w i t h   t h e   f l i g h t - p a t h   f l i g h t   c o n t r o l l e r   ( f i g .  15) .  Figure  33 is  a 
block  diagram of t h e   f l i g h t   d i r e c t o r .  The o u t p u t   o f   t h e   f l i g h t   d i r e c t o r  i s  
e i t h e r - a   h o r i z o n t a l   v e l o c i t y  command, V X C ,  o r  a h o r i z o n t a l   a c c e l e r a t i o n  com- 
mand, V X C ,  depend ing   on   wh ich   f l i gh t -pa th   f l i gh t   con t ro l l e r  mode is s e l e c t e d .  
The commanded q u a n t i t i e s  VXC and Vxc are shown on   t he   appropr i a t e  scale of   the  
e l e c t r o n i c   d i s p l a y .  The p i l o t ' s   h o r i z o n t a l   v e l o c i t y   o r   h o r i z o n t ? l  accelera- 
t i o n   i n p u t  command t o   t h e   f l i g h t - p a t h   f l i g h t   c o n t r o l l e r  (Vxp o r  V p )  is  a l s o  
shown o n   t h e   d i s p l a y .  To a c h i e v e   t h e   r e q u i r e d   h o r i z o n t a l   v e l o c i t y ,   t h e   p i l o t  
moves h i s   c o n t r o l s  (VC l e v e r )   t o   s u p e r i m p o s e   t h e   f l i g h t   d i r e c t o r  and h i s  own 
command symbols 09 t h e   d i s p l a y .  The ga in   va lues  shown i n   f i g u r e   3 3  are such 
t h a t  , w i t h  p p  = VXC ( h o r i z o n t a l   a c c e l e r a t i o n  mode) , t h e   e f f e c t i v e  time con- 
s t a n t   o f   t h e   e n t i r e   s y s t e m   o f   f l i g h t   d i r e c t o r  and a i r c r a f t  is about  4 set. 

The v e r t i c a l   f l i g h t   d i r e c t o r  is  a l s o   d e s i g n e d   t o   o p e r a t e   i n   c o n j u n c t i o n  
wi th  tne f l i g h t - p a t h   f l i g h t   c o n t r o l l e r .   F i g u r e  34 is a k lock   d iagram  of   the  
d i r e c t o r .  The ou tpu t  is  a commanded v e r t i c a l   v e l o c i t y ,  hc. T h i s   q u a n t i t y  is 
shown o n   t h e  VVI Gcale o f   t h e   d i s p l a y ,   a l o n g   w i t h   t h e   p i l o t s   i n p u t   t o   t h e  
f l i g h t   d i r e c t o r ,  hp.  A s  w i t h   t h e   h o r i z o n t a l   f l i g h t   d i r e c t o r ,   t h e   p i l o t . m o v e s  
his c o n t r o l  (VC lever) to   supe r impose   t he   d i sp l ay   symbol s   r ep resen t ing  hc and 
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hp. The ga in   va lues  are s u c h   t h a t ,   w i t h  h p  = hc, t h e   e f f e c t i v e  t i m e  cons t an t  
of t h e   f l i g h t   d i r e c t o r   a n d   a i r c r a f t  is about  4 sec. 

TEST PLAN 

Scope  of P i lo t ed   S imula t ion  

The broad aims of t h e   s i m u l a t i o n  were t o   e v a l u a t e   t h e   f i x e d - o p e r a t i n g -  
p o i n t   h a n d l i n g   q u a l i t i e s   o f   t h e   a i r c r a f t   e q u i p p e d   w i t h   t h e  SRFIMF f l i g h t  con- 
t r o l l e r  and t o   o b t a i n   a n   o p e r a t i o n a l   e v a l u a t i o n   o f   t h e   c o m p l e t e   s y s t e m   o f  
f l i g h t   c o n t r o l l e r ,   p i l o t   c o n t r o l s ,  and d i s p l a y s   i n  IFR dece le ra t ing   approaches  
a l o n g   s p e c i f i e d   f l i g h t   p a t h s .  

To meet t h e  aims of   t he   s imu la t ion ,  a th ree -pa r t  t es t  p l an  w a s  devised .  
I n  p a r t  1, t h e   p i l o t  w a s  r e q u i r e d   t o   e v a l u a t e   t h e   f i x e d - o p e r a t i n g - p o i n t  
h a n d l i n g   q u a l i t i e s  by  performing  the series o f   t a sks  shown i n   t a b l e  7.  The 
t a s k s   i n   p a r t  2 ( t a b l e  8) were des igned   t o   pe rmi t   an   eva lua t ion   o f   t he  air- 
c r a f t   d u r i n g   t h e   c r i t i c a l   p e r i o d ,   j u s t   b e f o r e   " l e t - d o w n , "  when f i n a l   p o s i t i o n  
changes i n   t h e   h o r i z o n t a l   p l a n e  are r e q u i r e d   t o   b r i n g   t h e   a i r c r a f t   t o  a hover 
ve r t i ca l ly   above   t he   l and ing   pad .   In  p a r t  3 ,  t h e   p i l o t  w a s  r e q u i r e d   t o   p e r -  
form a series of curved and s t r a i g h t  IFR (zero,   zero)   approaches  f rom 120 k n o t s  
t o  a v e r t i c a l  touchdown. The t a s k s   i n  parts 1 and 2 were performed  with 
va r ious   combina t ions   o f   p i lo t   con t ro l  modes, w i t h   t h e   b e s t  se t  b e i n g   s e l e c t e d  
f o r   t h e   p a r t  3 tests. A l l  p a r t s   o f   t h e   s i m u l a t i o n  were performed  with  and 
without   winds  and  turbulence.  

The type   o f   curved   approach   pa th   used   in   the   s imula t ion  is  shown i n   f i g -  
u r e  35. The f i r s t  segment, X A ,  is flown a t  a constant  ground  speed  and a 
c o n s t a n t   f l i g h t - p a t h   a n g l e  YA. From p o i n t  A ,  t h e   l o n g i t u d i n a l   ( h o r i z o n t a l )  
d e c e l e r a t i o n  i s  inc reased  a t  a cons t an t  rate t o   p o i n t  B y  h e l d   c o n s t a n t   t o  
p o i n t  C y  and  then  reduced a t  a cons t an t  rate t o   z e r o  a t  the   hover   po in t  H. 
The magnitude  of   the  constant   decelerat ion  during  segment  BC i s  s u c h   t h a t ,  a t  
p o i n t  H ,  the  ground  speed i s  zero.  The rate of   descent  is  main ta ined   cons tan t  
t o   p o i n t  E. From p o i n t  E t o   p o i n t  H,  t h e  rate o f   d e s c e n t   d e c e l e r a t i o n  
schedule  is  of t h e  same gene ra l   t ype  as the   g round-speed   dece lera t ion   schedule  
f rom  point  A t o  H (appendix E ) .  The magni tude   o f   the   cons tan t  ra te  o f   descen t  
dece lera t ion   dur ing   segment  FC is s u c h   t h a t ,  a t  H ,  t h e  rate of  descent is  
zero.  The d e c e l e r a t i o n   t r a n s i t i o n   s e g m e n t s  A B ,  EF, and CH are p r o v i d e d   t o  
avo id   d i scon t inuous   dece le ra t ion  commands. The time dura t ion   of  a l l  dece lera-  
t i o n   t r a n s i t i o n   s e g m e n t s  is  4 sec. 

The s t r a i g h t   a p p r o a c h   ( f i g .  35) may be  regarded as a special  case   o f   t he  
curved  approach i n  which   po in ts  A and E co inc ide  and p o i n t s  B and F co inc ide  
and t h e  ra te  of   descent  is  p ropor t iona l   t o   t he   g round   speed .  

The equa t ions   de f in ing   t he   approach   pa ths ,   i nc lud ing   t he   r equ i r ed   acce l -  
e r a t i o n s   a n d   v e l o c i t i e s ,  are g iven   i n   append ix  E. The s e l e c t e d   i n p u t   v a l u e s  
used t o   c a l c u l a t e   t h e   p a r t i c u l a r   a p p r o a c h   p a t h s   u s e d   i n   t h e   s i m u l a t i o n  are 
g i v e n   i n   t a b l e  9.  The important   approach  path  parameters ,   expressed as 



func t ions   o f   bo th   t he   d i s t ance   and  time t o   i n i t i a l   h o v e r ,   f o r   b o t h   t h e   c u r v e d  
and s t r a igh t   app roaches ,  are shown i n   f i g u r e s  36  and  37. 

The p r i m e  r e a s o n   f o r   a t t e m p t i n g   t o   f l y   c u r v e d   a p p r o a c h e s   r a t h e r   t h a n   t h e  
concep tua l ly   s imp le r   s t r a igh t   app roaches  is  the  promise  of  some noise   reduc-  
t i on ,   p r imar i ly   because   o f   i nc reased   a l t i t ude .  The  magnitude  of t h i s  
i n c r e a s e d   a l t i t u d e  may be  seen  by  comparing  corresponding  approaches shown i n  
f i g u r e s  36 and  37. A u s e f u l   f a c t   i n   t h i s   c o n n e c t i o n  is t h a t ,   f o r   g r o u n d  
r a n g e s   i n   e x c e s s   o f   t h a t  a t  t h e  start o f   t h e   l o n g i t u d i n a l   d e c e l e r a t i o n  (RA i n  
f ig .   35 ) ,   t he   a l t i t ude   o f   t he   cu rved   approach  is  approximate ly  h ~ / 2  (229 m 
(750 f t )   i n   t h e   e x a m p l e s )   h i g h e r   t h a n   f o r   t h e   c o r r e s p o n d i n g  (same y ~ )  s t r a i g h t  
approach.  However, t o   f l y   t he   t ype   o f   cu rved   approach   pa th   unde r   d i scuss ion ,  
t h e   p i l o t  must  hold h i s   i n i t i a l  rate o f   d e s c e n t   t o  much l o w e r   a l t i t u d e s   t h a n  
f o r   t h e   s t r a i g h t   a p p r o a c h .   T h i s   f a c t  i s  c l e a r l y   e v i d e n t   i n   f i g u r e   3 8 ,   w h i c h  
shows rate of   descent  as a f u n c t i o n   o f   a l t i t u d e   f o r   b o t h   c u r v e d  and s t r a i g h t  
approaches.   For  example,   with y~ = -6" a t  60 m (197 f t )   a l t i t u d e ,   t h e  rate of 
descen t   o f   an   a i r c ra f t   f l y ing   t he   cu rved   approach  i s  6.45 m/sec (1270  f t /min) ,  
a lmost   twice   the   va lue   o f   3 .25   m/sec   (640   f t /min)   for   an   a i rc raf t   f ly ing   the  
s t r a igh t   app roach .  It fo l lows   t ha t   t he   accep tab i l i t y   o f   cu rved   approaches  
d e p e n d s   s t r o n g l y   o n   t h e   p i l o t ' s   o p i n i o n   o f   t h e   a d d i t i o n a l   p s y c h o l o g i c a l  stress 
implied  by  high rates of   descent   near   the   g round  and   of   h i s   workload   in   reduc-  
i n g   t h i s   h i g h  rate o f   descen t   bo th   qu ick ly   and   accu ra t e ly .  

S imula tor  

The tests w e r e  conducted   us ing   the  A m e s  s ix-degree-of-freedom  s imulator  
(S.01) shown i n   f i g u r e  39.  The  motion limits o f   t he   s imu la to r   cab  are g iven  
i n   t a b l e   1 0 ,   a l o n g   w i t h   t h e   f r e q u e n c y  a t  30" phase   l ag   for   each   degree   o f  
f r eedom  o f   t he   bas i c   s imu la to r   (no   mo t ion   washou t   f i l t e r s ,   e t c . ) .  The f r e -  
quency   response   o f   the   bas ic   s imula tor  is g i v e n   i n   g r e a t e r   d e t a i l   i n  
r e f e r e n c e  1 7 .  

The s imula tor   cab   has  a s i n g l e  seat and w a s  equipped as shown i n   f i g -  
u r e s  1 7 ,  18, 28 ,  and  29. Details of t h e   p i l o t   c o n t r o l s ,   i n s t r u m e n t s ,   a n d  d i s -  
plays  have  a l ready  been  given  under   "Simulat ion Model  of Lift-Fan VTOL Trans- 
por t . "  The l o a d i n g   d e v i c e s   o n   t h e   p i l o t ' s   s t i c k   a n d   r u d d e r   p e d a l s  w e r e  
a d j u s t e d   t o   p r o v i d e   t h e   c h a r a c t e r i s t i c s   g i v e n   i n   t a b l e s  2 and  3. 

The s i m u l a t o r  tests w e r e  a l l  conducted   wi th   the   cab   c losed   (p i lo t   cannot  
see o u t s i d e   t h e   c a b ) .   I n   t h e   f i r s t  two p a r t s   o f   t h e  tests, t h e   p i l o t  w a s  
provided  with a b l a c k   a n d   w h i t e   t e l e v i s i o n   p i c t u r e   o f  a model  of a l a n d i n g  
approach scene, w h i l e   i n   p a r t   3 ,   t h e   p i c t u r e   p r o v i d e d  a r e p r e s e n t a t i o n   o f   f o g  
(IFR zero ,   ze ro ) .  The  model   used  represented  par t   land  and  par t  sea w i t h   t h e  
VTOL landing  pad  marked  by L c i rc le  on the  deck  of a f i x e d  model a i r c r a f t  
carrier. The p i c t u r e   o f   t h e  model w a s  generated  by a computer-driven TV 
camera whose   mo t ion   ( su i t ab ly   s ca l ed   i n   t he   t r ans l a t iona l   deg rees   o f   f r eedom)  
f o l l o w e d   t h a t   o f   t h e   a i r c r a f t .  The t r a n s l a t i o n a l   m o t i o n  scale f a c t o r  w a s  s e t  
to   1 /600 .   Wi th   t h i s  scale, t h e   l a n d i n g  pad  diameter w a s  e q u i v a l e n t   t o  
54.25 m (178 f t ) .  
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The limits o f   t h e   v i s u a l   s i m u l a t i o n   s y s t e m  are g i v e n   i n  table 11, along 
wi th   the   f requency  at 30" of   phase   l ag   fo r   each   deg ree   o f   f r eedom.  The f r e -  
quency  response is g i v e n   i n   g r e a t e r   d e t a i l   i n   r e f e r e n c e  1 7 .  

P i l o t   E x p e r i e n c e  

Because   o f   t he   p re l imina ry   na tu re   o f   t hese   s imu la t ion  tests, only   one  
NASA test p i l o t   p a r t i c i p a t e d .  However, t h i s   p i l o t   h a s   e x t e n s i v e   f l i g h t  
e x p e r i e n c e   i n  a l l  c a t e g o r i e s   o f   a i r c r a f t ,   i n c l u d i n g   h e l i c o p t e r s   a n d   v e c t o r e d  
t h r u s t  V/STOL a i r c r a f t .   F u r t h e r m o r e ,   h e   p a r t i c i p a t e d   i n  a l l  p r e v i o u s   l i f t - f a n  
V/STOL a i r c r a f t   s i m u l a t i o n s   c o n d u c t e d  a t  Ames  ( r e f s .  3 ,  5, 6 ,  8, and l o ) .  
Table   12   summar izes   h i s   f l igh t   exper ience .  

The p i l o t   g a v e   r a t i n g s   f o r   t h e   v a r i o u s  tests based  on  the  Cooper-Harper 
h a n d l i n g   q u a l i t i e s   r a t i n g  scale g i v e n   i n   f i g u r e   4 0 .  

SIMULATION  RESULT S 

Fixed-Operat ing-Point   Handl ing  Qual i t ies   (Par t  1) 

The  dynamic e f f e c t s   o f  commanded p i t c h ,   r o l l ,   a n d  yaw a t t i t u d e   c h a n g e s  
in   hove r   and   o f  commanded p i t c h   a t t i t u d e   c h a n g e s  a t  several  speeds were 
e v a l u a t e d   i n   t a s k s  1, 2,  and 3 ( t a b l e  7 ) .  The p i l o t   r a t i n g  f o r  a l l  t h r e e  
t a s k s  w a s  1-112, independent   of   winds  and  turbulence.  The speed  of  response 
and damping   of   the   a t t i tude   changes  were judged  to  be  very  good.  These 
r e su l t s   ve r i fy   t he   f r equency   and   damping  c r i t e r i a  (frequency = 2 r a d l s e c ,  
damping f a c t o r  = 0.75) given i n   r e f e r e n c e   1 4   f o r   h o v e r i n g   f l i g h t ,   a n d   i n d i -  
cate t h a t   t h e s e  cr i ter ia  are v a l i d   f o r   p i t c h   a t t i t u d e   c h a n g e s   t h r o u g h o u t   t h e  
powered- l i f t   f l i gh t   enve lope .  The i n s i g n i f i c a n t   e f f e c t s   o f  wind  and  turbulence 
on the   p rec i s ion   w i th   wh ich   t he   p i lo t   cou ld   pe r fo rm  the   t a sks   sugges t   t ha t   t he  
s e l f - t r i m m i n g   a n d   d i s t u r b a n c e - a l l e v i a t i n g   p r o p e r t i e s   o f   t h e  SRFIMF' f l i g h t  con- 
t r o l l e r  are o f   cons ide rab le   va lue .  

Dur ing   the   t ask-1  tests, t h e   p i l o t  made some p i t c h   a t t i t u d e   c h a n g e s   u s i n g  
t h e  trim switch.  The ra te  of  change  of commanded p i t c h  trim (4' /sec) was 
j u d g e d   t o   b e   s a t i s f a c t o r y ,   a n d   t h e   p i l o t   a p p r e c i a t e d   t h e   d i s p l a y  of h i s  com- 
manded t r i m  a t t i t u d e   ( f i g .  30) - a f e a t u r e   p o s s i b l e   o n l y   w i t h  a self- t r imming 
f l i g h t   c o n t r o l l e r .   T h i s   p i t c h  trim d i s p l a y   e n a b l e d   t h e   p i l o t   t o   q u i c k l y  com- 
mand p r e c i s e   c h a n g e s   o f   p i t c h   a t t i t u d e .  The v a l u e   o f   t h i s   f e a t u r e  w a s  most 
a p p a r e n t   i n   t h e   t y p e   o f   h i g h   w o r k l o a d   s i t u a t i o n   c h a r a c t e r i s t i c   o f   t h e  VTOL 
approaches   (d i scussed   l a t e r ) .  

The  dynamic e f f e c t s   o f  commanded hor i zon ta l   speed   changes ,  commanded 
a l t i t u d e   c h a n g e s ,   a n d   e n g i n e   f a i l u r e s  were e v a l u a t e d   i n   t a s k s  6, 7, and 8. 
The p i l o t   r a t i n g   f o r  a l l  t h r e e   t a s k s  was, a g a i n ,  1 t o  1-112,  independent of  
winds   and   tu rbulence .   These   resu l t s  show tha t   t he   f r equency   o f  1 . 2 5  r a d l s e c  
and  damping f a c t o r   o f  0.75, s e l e c t e d   f o r   t h e   t r a n s l a t i o n a l   m o t i o n ,  were 
s a t i s f a c t o r y ,  a t  least f o r   t h e s e   s i m p l e   t a s k s .   T h e   i n s i g n i f i c a n t   e f f e c t s   o f  
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winds ,   t u rbu lence ,   and   eng ine   f a i lu re s   aga in   demons t r a t ed   t he   e f f ec t iveness   o f  
t h e  SRFIMF f l i g h t   c o n t r o l l e r .  

The p i l o t   r a t i n g s   f o r   t a s k s   6 ,  7 ,  and 8 were not   in f luenced   by   the   type  
o f   h o r i z o n t a l   l o n g i t u d i n a l   c o n t r o l l e r  mode s e l e c t e d   ( a c c e l e r a t i o n   o r   v e l o c i t y ) .  
The p i l o t   e x p r e s s e d  a p r e f e r e n c e   f o r   t h e   h o r i z o n t a l   a c c e l e r a t i o n   c o n t r o l l e r  
mode because i t  o f f e r e d  him an   i nhe ren t ly   smoo the r   r i de .  I f ,  w h i l e   i n   t h e  
h o r i z o n t a l   v e l o c i t y   c o n t r o l l e r  mode, t h e   p i l o t  made a sudden ,   l a rge ,   hor izon-  
t a l  v e l o c i t y  command change ,   then   la rge   and   ra ther   uncomfor tab le   longi tudina l  
a c c e l e r a t i o n s   r e s u l t e d .   T h i s   b e h a v i o r   l e d   t h e   p i l o t   t o   d e s c r i b e   t h e   v e l o c i t y  
c o n t r o l l e r  mode as "jerky."  The h o r i z o n t a l   a c c e l e r a t i o n   c o n t r o l l e r  mode 
removed t h i s   p r o b l e m  by g i v i n g   t h e   p i l o t   c o m p l e t e   c o n t r o l  of h i s   l o n g i t u d i n a l  
a c c e l e r a t i o n   a n d   t h e r e f o r e   h i s   r i d e   c o m f o r t .  On the   o ther   hand ,   once   the  
potency of t h e   h o r i z o n t a l   v e l o c i t y   c o n t r o l l e r  mode w a s  recognized by t h e   p i l o t ,  
and h e   l e a r n e d   t o  move t h e  VC lever smoothly  and s lowly,  it w a s  a lmost  as easy  
and c o m f o r t a b l e   f o r   h i m   t o   u s e   t h e   v e l o c i t y   c o n t r o l l e r  mode t o   a c h i e v e   t h e  
changes i n   h o r i z o n t a l   v e l o c i t y   r e q u i r e d   f o r   t a s k  6 .  

In   pe r fo rming   t a sks  6 and 7 ,  t h e   p i l o t   g e n e r a l l y   p r e f e r r e d   t h e  MK2 VC 
l e v e r   ( f i g .  1 9 ) .  The r e a s o n s   f o r   t h i s   p r e f e r e n c e  are g i v e n   i n   t h e   s e c t i o n  
" A d d i t i o n a l   P i l o t  Comments." 

La te ra l -d i r ec t iona l   dynamics  a t  speeds  above 30 kno t s  were e v a l u a t e d   i n  
t a s k s  4 and 5. These tests showed that   the   ra te-command-at t i tude-hold con- 
t r o l l e r  mode, c h o s e n   f o r   t h e   r o l l   a x i s ,   p r o v i d e d  good response  and  damping 
c h a r a c t e r i s t i c s   ( s t i c k   s e n s i t i v i t y  = 262"/sec/m of s t i c k   ( 6 . 6 7 " / s e c / i n .   o f  
s t i c k ) ,   f r e q u e n c y  = 2 r a d / s e c ,  damping f a c t o r  = 0.75) and, by i t s e l f ,  w a s  
r a t e d  a t  1 to  1-1/2,   independent   of   winds  and  turbulence.   Nei ther   of   the  yaw 
c o n t r o l l e r  modes provided were e n t i r e l y   s a t i s f a c t o r y ,   a n d  yaw c o n t r o l l e r  mode 
d e f i c i e n c i e s  were l a r g e l y   r e s p o n s i b l e   f o r   p r o b l e m s   t h e   p i l o t   e x p e r i e n c e d   w h i l e  
per forming   tasks  4 and 5. The p i l o t   r a t i n g s   g i v e n   f o r   t h e   t u r n   c o o r d i n a t i o n  
t a s k  are g i v e n   i n   f i g u r e  41. I n  calm a i r ,  t h e   s i d e s l i p  command  mode cons is -  
t e n t l y   p r o v i d e d   b e t t e r   t u r n   c o o r d i n a t i o n   h a n d l i n g   q u a l i t i e s   t h a n   t h e  rate- 
command bank-angle  feedback mode. The  main r e a s o n   f o r   t h i s   r e s u l t  w a s  t h a t ,  
w i th   "peda l - f ixed"   t u rns ,   t he   s ides l ip  command sys t em  ma in ta ined   ze ro   s ides l ip  
ang le  - t h e r e b y   p r o v i d i n g   v i r t u a l l y   p e r f e c t   c o o r d i n a t i o n   c h a r a c t e r i s t i c s -  
whereas  the yaw  command system  permit ted a small amount of s i d e s l i p   t o   d e v e l o p  
s lowly   ( f ig .   22) .   This   g radual   increase  of s i d e s l i p  i s  because  the  bank-angle 
feedback  technique of t u r n  coord ina t ion  i s  "open-loop" so f a r  as s i d e s l i p  i s  
concerned,  and  any small e r r o r s   i n   t h e  commanded ra te  of t u r n   d u e   t o   t h e  bank- 
angle   feedback   loop   eventua l ly  becomes ev iden t  as a s l o w l y   i n c r e a s i n g   s i d e s l i p  
angle .  However, even a t  t h e  30 -kno t   wors t   ca se   cond i t ion ,   t he   s ides l ip   ang le  
did  not   exceed 5" and  could  be removed e a s i l y  by  applying yaw c o n t r o l .  The 
i n c r e a s e   i n   p i l o t   r a t i n g s  a t  30 k n o t s   ( f i g .  41) w a s  a l s o   d u e   t o  a tendency  of 
t h e   p i l o t   t o   o v e r s h o o t   t h e   d e s i r e d   h e a d i n g .   S i n c e   t h e   o v e r s h o o t   t e n d e n c y  
occurred when u s i n g   e i t h e r  yaw c o n t r o l l e r  mode, i t  a p p e a r s   l i k e l y   t h a t   t h e  
inc reased  ra te  of t u r n ,  as forward  speed w a s  reduced   (a t   cons tan t   bank   angle) ,  
made i t  more d i f f i c u l t   f o r   t h e   p i l o t   t o   j u d g e  when t o   b e g i n   t h e   r o l l   o u t   o n t o  
the  new heading.   Thus,   for   example,   in  a 10" banked t u r n ,   t h e  rate of t u r n  
doubles   f rom  3.2lo/sec a t  60 knots   to   6 .42" /sec  a t  30 k n o t s .   I n   r e t r o s p e c t ,  
t h e   t a s k  may not  have  been w e l l  conceived. It might   have   been   be t te r   to   have  
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s p e c i f i e d  a bank  angle   for   each   speed  so t h a t   t h e  rate o f   t u r n  w a s  a c o n s t a n t ,  
t h e r e b y   d e f i n i n g  a t a s k   o f  more u n i f o r m   d i f f i c u l t y .  

The in t roduc t ion   o f   w inds   a lone   (no   t u rbu lence )   d id   no t   s ign i f i can t ly  
i n f l u e n c e   t h e   t u r n   c o o r d i n a t i o n   t a s k  when t h e   s i d e s l i p  command  mode w a s  used 
s i n c e   t h e   s i d e s l i p   c o n t r o l l e r  s t i l l  m a i n t a i n e d   z e r o   s i d e s l i p .   I n   c o n t r a s t ,  
when the   yaw- ra t e   con t ro l l e r  mode w a s  u s e d ,   t h e   p i l o t   n o t e d   t h a t   t h e   t a s k  
became  more d i f f i c u l t   b e c a u s e   o f   t h e   n e e d   t o   a p p l y   p r o g r e s s i v e l y   i n c r e a s i n g  
amounts  of yaw c o n t r o l   t o   m a i n t a i n  a small s i d e s l i p   a n g l e .   T h i s   r e s u l t   p o i n t s  
t o   t h e  main  disadvantage  of  bank-angle  feedback as a t e c h n i q u e   f o r   c o o r d i n a t -  
i n g   t u r n s .  The system, as implemen ted   fo r   t h i s   s imu la t ion ,   ma in ta ins  a yaw 
rate e q u a l   t o  (9 t a n  (P)/Vx ( f i g .   1 4 ) .   T h u s ,   i f   t h e   b a n k   a n g l e  (P and   t he  
inertial h o r i z o n t a l   s p e e d  VX are ma in ta ined   cons t an t ,   t he  yaw ra te  is a l s o  
c o n s t a n t   ( p r o v i d e d   t h e   p i l o t   d o e s   n o t   i n t r o d u c e  a yaw c o n t r o l   i n p u t ) .   W h i l e  
t h i s   c o n s t a n t  yaw rate w i l l  m a i n t a i n   z e r o   s i d e s l i p   i n   t h e   a b s e n c e   o f   w i n d s ,  
wi th   winds   the  yaw rate n e c e s s a r y   t o   m a i n t a i n   z e r o   s i d e s l i p  i s  no  longer  con- 
s t a n t .  The r e s u l t  is t h a t ,   w i t h   w i n d s ,   s i d e s l i p   a n g l e   v a r i e s   c y c l i c a l l y ,  
reaching  a m a x i m u m  numer ica l   va lue  twice i n  a complete 360" turn.   Moreover,  
when t h e   i n e r t i a l   s p e e d  Vx i s  small ( e 3 0  k n o t s ) ,   t h e   s i d e s l i p   d e v i a t i o n s   f r o m  
ze ro   can   be   unaccep tab ly   l a rge .  The  problem is  e v i d e n t   i n   f i g u r e   4 2 ,   w h i c h  
shows t h e   v a r i a t i o n   o f   s i d e s l i p   a n g l e   a n d  yaw ra te ,  us ing   each   type   o f  yaw 
c o n t r o l l e r  mode, f o r   t h e   a i r c r a f t   i n  a c o n s t a n t  10" banked  turn,  a t  30-knot 
i n e r t i a l   v e l o c i t y   i n  a 15-knot  wind. It is clear  f rom  f igu re  42 t h a t ,   w i t h  
t h e   s i d e s l i p  command mode, t h e   s i d e s l i p   a n g l e   r e m a i n s   z e r o   a n d  yaw rate v a r i e s  
cyc l i ca l ly ,   whereas   w i th   t he   yaw- ra t e  command mode, t h e  yaw rate remains con- 
s t a n t  a n d   t h e   s i d e s l i p   a n g l e  varies c y c l i c a l l y   t h r o u g h   a n g l e s  as l a r g e  as 3 0 " .  
N o t e   t h a t   l a r g e   s i d e s l i p   a n g l e s  a t  low  speed can in t roduce   dangerous ly   h igh  
r o l l i n g  moments a n d   h a v e   r e s u l t e d   i n  a t  least two a c c i d e n t s   w i t h  VTOL air- 
c r a f t .   I n t e r e s t i n g l y ,   t h i s   p r o b l e m  w a s  a p p a r e n t l y   n o t   r e v e a l e d   i n   p r e v i o u s  
l i f t - f a n  V/STOL a i r c r a f t   s i m u l a t i o n s ,   e v e n   t h o u g h  a similar form  of  bank-angle 
f eedback   t u rn   coord ina t ion  scheme w a s  u sed .   The   r eason   fo r   t h i s  may b e   t h a t  
t h e   t u r n  w a s  no t   con t inued   l ong   enough   fo r   l a rge   s ides l ip   ang le s   t o   deve lop .  

The   i n t roduc t ion  of t u r b u l e n c e ,   i n   a d d i t i o n   t o   w i n d s ,   i n   t a s k  4 d i d   n o t  
s i g n i f i c a n t l y   i n f l u e n c e   t h e   t u r n   c o o r d i n a t i o n   p e r f o r m a n c e  when the  yaw-rate  
c o n t r o l l e r  mode w a s  used ,   because   the   yaw-ra te   cont ro l le r  mode u s e s   i n e r t i a l  
q u a n t i t i e s   i n  i t s  f e e d b a c k   l o o p s   a n d   t h e r e f o r e   t e n d s   t o   c o u n t e r   t h e   e f f e c t s   o f  
tu rbulence  so f a r  as a i r c r a f t   r e s p o n s e  is  concerned.  However,   the  introduc- 
t i on   o f   t u rbu lence  when u s i n g   t h e   s i d e s l i p   c o n t r o l l e r  mode c a u s e d   t h e   p i l o t   t o  
expe r i ence   s eve re   bu f fe t ing .  The b u f f e t i n g  w a s  c h i e f l y   b e c a u s e   o f   t h e   l a r g e  
yaw acce le ra t ions   p roduced  as t h e   c o n t r o l l e r   a c t e d   t o   m a i n t a i n   z e r o   s i d e s l i p  
angle .  A s  shown in   f i gu re   42 ,   1 .52 -m/sec   (5 - f t / s ec )  RMS turbulence  produced 
0.1 g RMS s i d e   f o r c e s  a t  t h e   p i l o t   s t a t i o n .  The r i d e   e x p e r i e n c e d   b y   t h e   p i l o t  
w a s  decidedly  unpleasant   and w a s  r e s p o n s i b l e   f o r   t h e   i n c r e a s e   i n   p i l o t   r a t i n g  
( f i g .  41 ) .  

It  f o l l o w s   f r o m   t h e   p r e v i o u s   r e s u l t s   t h a t ,  so f a r  as t h e  yaw c o n t r o l l e r  
mode i s  concerned,   there  i s  a dilemma. I f   i n e r t i a l   q u a n t i t i e s  are  used 
e x c l u s i v e l y   i n   t h e   c o n t r o l l e r   l o o p s ,   t h e n   l a r g e   p i l o t  yaw c o n t r o l   i n p u t s  may 
b e   r e q u i r e d   t o   m a i n t a i n  low s ides l ip   ang le s ,   and   i f   a i r -mass - r e fe renced  quan- 
t i t i e s  are used   exc lus ive ly ,   t hen   t u rbu lence   i nduces   bu f fe t ing .  It i s  
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c o n c e i v a b l e   t h a t  a yaw c o n t r o l l e r  mode can be   dev i sed ,   u s ing   bo th   i ne r t i a l   and  
air-mass-referenced  quant i t ies ,   which w i l l  be   an   adequa te  compromise.  For 
example, a p o s s i b l e   s o l u t i o n  may b e   t o   u s e  a yaw-rate command w i t h  a bank-angle 
feedback mode whose  feedback  gain is p r o p o r t i o n a l   t o   t h e   r e c i p r o c a l  of   the 
a i r s p e e d   r a t h e r   t h a n   t h e   i n e r t i a l   s p e e d .  Such a system  would  not   require  
l a r g e   p i l o t  yaw c o n t r o l   i n p u t s   t o   c o u n t e r   t h e   e f f e c t s  of s t eady   w inds   i n   t u rn -  
i n g   f l i g h t .   I f ,  i n  a d d i t i o n ,   t h e   a i r s p e e d   s i g n a l  were passed  through a s u i t -  
a b l e   f i l t e r   b e f o r e   b e i n g   u s e d  as a component i n   t he   bank-ang le   f eedback   ga in ,  
i t  may b e   p o s s i b l e   t o   r e d u c e   t h e   b u f f e t   d u e   t o   t u r b u l e n c e   t o   a n   a c c e p t a b l e  
l e v e l .  

The r e s u l t s   f o r   t a s k  5 ( cons t an t  l o o  s i d e s l i p s   w i t h   c o n s t a n t   h e a d i n g )  
were a l l  w i t h i n  a p i l o t   r a t i n g   o f   1 / 2   o f   t h o s e  of  t a s k  4 f o r   t h e   c o r r e s p o n d i n g  
cond i t ions .  The problems  exper ienced   could   be   t raced   to   those   ou t l ined   above  
f o r   t h e  yaw c o n t r o l l e r  mode. 

I n   a d d i t i o n   t o   r a t i n g   e a c h   t a s k   i n   t h e   p a r t  1 tests, t h e   p i l o t   a l s o   g a v e  
c o m p o s i t e   r a t i n g s   f o r   t h e   o v e r a l l   h a n d l i n g   q u a l i t i e s  of t h e   a i r c r a f t  a t  t h e  
va r ious   fo rward   speeds .   These   compos i t e   p i lo t   r a t ings  a re  g i v e n   i n   f i g u r e  4 3  
and, as might   be   expec ted ,   they   c lose ly   fo l low  those   g iven   for   the   tu rn  
coord ina t ion  and s t e a d y   s i d e s l i p   t a s k s ,   i n d i c a t i n g   t h a t   t h e   h a n d l i n g   q u a l i t i e s  
p rob lems   o f   t he   a i r c ra f t  are l a r g e l y   a s s o c i a t e d   w i t h   t h e  yaw c o n t r o l l e r  mode. 
No te   t ha t   t h i s   p rob lem is  no t  a d e f i c i e n c y   i n   t h e   b a s i c  SRFIMF c o n t r o l l e r  
c o n c e p t ,   b u t   r a t h e r   r e f l e c t s   o n   t h e   c h o i c e   o f  yaw c o n t r o l l e r  mode. 

It  i s  a p p r o p r i a t e  a t  t h i s   p o i n t   t o   b r i e f l y  compare the   f ixed-opera t ing-  
p o i n t ,   h a n d l i n g - q u a l i t i e s   r e s u l t s   o b t a i n e d   i n   t h e   p r e s e n t  test w i t h   t h o s e  
o b t a i n e d   i n  a p r e v i o u s   l i f t - f a n  V/STOL s imula t ion .   F igu re  44 g i v e s   t h e  com- 
p o s i t e   p i l o t   r a t i n g s   f o r   t h e   c u r r e n t  tests, f o r   t h e  same a i r c r a f t   e q u i p p e d  
wi th  a r e s p o n s e - f e e d b a c k   c o n t r o l l e r   ( r e f .  5) and  the same a i r c r a f t   w i t h o u t   a n  
a c t i v e   f l i g h t   c o n t r o l l e r .   T h e s e   p i l o t   r a t i n g s  are f o r   t h e   a i r c r a f t   h a n d l i n g  
q u a l i t i e s   i n  calm air .  It i s  e v i d e n t   t h a t   a n   a i r c r a f t   w i t h o u t  a f l i g h t  con- 
t r o l l e r  i s  v i r t u a l l y   u n f l y a b l e  a t  low speeds.  Adding a response-feedback con- 
t r o l l e r   g r e a t l y   i m p r o v e s   t h e   h a n d l i n g   q u a l i t i e s .  The SRFIMF c o n t r o l l e r   p r o -  
vides   even  greater   improvement .  Some care should  be  used i n   i n t e r p r e t i n g   t h e s e  
resu l t s .   Fur ther   improvements  are p o s s i b l e   i n   t h e   a p p l i c a t i o n  of   bo th   the  
response  feedback  and SRFIMF c o n t r o l l e r s   t o   t h i s   a i r c r a f t .   M o r e o v e r ,   t h e   c u r -  
rent  t es t  r e s u l t s   r e p r e s e n t   t h e   o p i n i o n   o f  a s i n g l e   p i l o t ,   w h e r e a s   t h o s e   f o r  
t he   r e sponse - feedback-con t ro l l ed   a i r c ra f t   r ep resen t   t he   op in ion   o f  several 
p i l o t s .  However,  some c o n t i n u i t y   o f   o p i n i o n   e x i s t s   i n   t h a t   t h e   p i l o t  who pro- 
v i d e d   t h e   r e s u l t s   f o r   t h e   c u r r e n t  tests a l s o   p a r t i c i p a t e d   i n   t h e   p r e v i o u s  tests. 

Add i t iona l   F ixed -Opera t ing -Po in t ,   Hand l ing   Qua l i t i e s   i n  Hover ( P a r t  2) 

The  problems  involved i n  making f i n a l   p o s i t i o n   c h a n g e s ,   i n   t h e   h o r i z o n t a l  
p l a n e ,   t o   b r i n g   t h e   a i r c r a f t   t o  a hove r   ve r t i ca l ly   above   t he   l and ing   pad  were 
i n v e s t i g a t e d   i n   t h e   s e c o n d  p a r t  of t h e   s i m u l a t i o n  tests ( t a b l e  8). The main 
aim w a s  t o   e v a l u a t e   t h e   e f f e c t i v e n e s s   o f   v a r i o u s   t y p e s   o f   p i l o t   c o n t r o l s  and 
f l i g h t   c o n t r o l l e r  modes t h a t   c o u l d   b e   u s e d   f o r   t h i s   t a s k   ( t a b l e  4 ) .  The p i l o t  
u s e d   t h e   e l e c t r o n i c   d i s p l a y   t o   j u d g e   t h e   p o s i t i o n  of t h e   a i r c r a f t   r e l a t i v e   t o  
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the  landing  pad  (fig. 30) .  Therefore,  the  task  was  performed  essentially  in 
IFR  conditions. 

In essence,  two  dynamically  distinct  types  of  translational  control  were 
examined,  which  may  be  termed  "direct  force  command"  and  ''velocity  command." 
In the  former,  the  pilot  was  given  direct  control  of  the  orientation  of  the 
gross thrust  vector; in the  latter,  he  was  given  control  of  translational 
velocity  through  the  action  of  the  flight-path  flight  controller.  Both  types 
of  control  were  implemented,  first  through  aircraft  attitude  operated  from  the 
stick,  and  then  through  gross  thrust  deflection  operated  from  one  or  other  of 
the  thumb  controls  located on top  of  the P and  VC  levers  (figs. 16 and 19). 
An evaluation  of  the  influence  of  the  type  of  VC  lever  arrangement  on  the  ease 
with  which  the  thumb  controller  could  be  used  is  given in the  section , 

"Additional  Pilot  Comments. 

Pilot  ratings  for  each  of  the  four  control  techniques  used  are  given  in 
figure 4 5 .  It is  unnecessary  to  distinguish  between  longitudinal  and  lateral 
position  changes  (tasks 1 and  2  in  table 8 )  since  both  received  the  same  pilot 
ratings. It is  evident  from  figure 45 that  precise  horizontal  positioning  of 
the  aircraft,  using  direct  force  control  implemented  through  aircraft  atti- 
tude,  was  relatively  difficult (PR 5 - 6 ) .  This  difficulty  was  caused  by  the 
virtual  absence  of  natural  translational  damping  and  by  the  relatively  long 
time  lag  between  a  pilot  input  to  the  stick  and  the  establishment  of a sig- 
nificant  change in translational  velocity. In an attempt  to  cope  with  these 
deficiencies,  the  pilot  usually  tended  to  apply  too  much  control  and  often 
overshot  the  landing  pad.  This  type  of  problem has  been  observed in past  VTOL 
simulations. The  use  of  direct  force  command  implemented  through  gross  thrust 
deflection  reduced  the  lag  substantially,  but  improved  the  pilot  rating  by 
only  one  point  (fig. 4 5 ) .  This  result  strongly  suggests  that  the  major  prob- 
lem  involved  in  the  use  of  direct  force  command  was  a  lack  of  translational 
damping . 

Tests  performed  using  translational  velocity  command,  implemented  either 
through  aircraft  attitude  or  thrust  deflection,  dramatically  improved  the 
performance  over  that  using  direct  force  command (PR I to  1-1/2). This  result 
tends  to  reinforce  the  earlier  results  suggesting  that  translational  damping 
was  the  critical  factor  in  determining  the  ease  with  which  the  task  could  be 
performed.  Note in figure 45 that  the  pilot  ratings  using  the  deflected 
thrust  implementation  of  velocity  command  were  slightly  higher  than  for  the 
aircraft  attitude  implementation.  This  result  was  not  because  that  task  was 
more  difficult  with  deflected  thrust,  but  because  the  ride  was  less  comfort- 
able.  Deflecting  the  thrust  changes  the  nongravitational  forces  acting  on  the 
aircraft  and  the  pilot  feels  the  reaction  to  these  force  changes.  This  situa- 
tion  also  occurs  when  thrust  deflection  is  used  to  implement  direct  force 
command.  However,  the  associated  ride  quality  problem  was  less  evident  in 
this  case  because  the  pilot  did  not  command  thrust  deflections  as  large  or  as 
fast  as  the  flight-path  flight  controller did in  response  to  pilot  velocity 
commands. 

The good  results  obtained  using  the  aircraft  attitude  implementation  of 
translational  velocity  command  verify  the  results  reported  in  reference 18 
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f o r  a s imula ted  VFR hover ing   task .  The p i l o t ' s   c h i e f   o b j e c t i o n   t o   t h i s  con-' 
t r o l   t e c h n i q u e  w a s  t h e   a t y p i c a l   v a r i a t i o n   o f   a i r c r a f t   a t t i t u d e   w i t h   s t i c k  
input .   For   example,   fol lowing a s t e p  l a te ra l  i n p u t  a t  t h e   s t i c k ,   t h e   r o l l  
a n g l e   i n c r e a s e s   t o  a maximum va lue   and   t hen   dec reases   t o  a r e l a t i v e l y  small 
v a l u e  as t h e   t r a n s l a t i o n a l   v e l o c i t y   a p p r o a c h e s   t h e   v a l u e   e q u i v a l e n t   t o   t h e  
s t i c k   i n p u t   ( f i g .   2 6 ) .  

F igure  45 a l s o  shows t h a t ,  when t h e   t r a n s l a t i o n a l   v e l o c i t y  command w a s  
used ,   winds   and   tu rbulence   had   no   e f fec t   on   the   p i lo t ' s   op in ion  of t h e  task. 
T h i s   r e s u l t  w a s  o b t a i n e d   b e c a u s e   t h e   f l i g h t - p a t h   f l i g h t   c o n t r o l l e r   a t t e n u a t e d  
the   t u rbu lence   and   au tomat i ca l ly   t r immed   t he   e f f ec t s   o f   s t eady   w inds .   S ince  
t h e   f l i g h t - p a t h   f l i g h t   c o n t r o l l e r   m u s t   b e   s w i t c h e d   o f f   f o r   t h e   p i l o t   t o   u s e  
d i r e c t   f o r c e  command fo r   t r ans l a t ion ,   w inds   and   t u rbu lence  made t h e  task more 
d i f f i c u l t   a n d   r e s u l t e d   i n  a p i l o t   r a t i n g   i n c r e a s e   o f   o n e   u n i t .  

IFR Landing  Approaches  and Touchdown ( P a r t  3) 

The r e s u l t s  of t h e   p a r t - 1  tests showed t h a t   t h e   u s e   o f   s i d e s l i p  command 
t o   c o n t r o l   t h e  yaw a x i s   l e d   t o   p o o r   r i d e   q u a l i t i e s   i n   t u r b u l e n c e ,   e s p e c i a l l y  
a t  low speeds ( x 3 0  k n o t s ) .  I t  w a s  dec ided ,   t he re fo re ,   t o   u se   yaw- ra t e  command 
wi th   bank-angle   feedback   for  a l l  approach  and  landing tests. 

The r e s u l t s   o f   t h e   p a r t - 2  tests showed t h a t   f i n a l   p o s i t i o n i n g   o f   t h e  air- 
c r a f t   o v e r   t h e   l a n d i n g   p a d  w a s  bes t   accompl ished   us ing  some form  of   t ransla-  
t i o n a l   v e l o c i t y  command. The th rus t   de f l ec t ion   imp lemen ta t ion   (ope ra t ed  
through  the  thumb c o n t r o l   o n   t h e  VC l e v e r )  w a s  u sed   fo r  a l l  approach  and  land- 
i n g  tests,  even  though i t  appeared  f rom  the  par t -2  tests t h a t   t h e   a t t i t u d e  
implementation may b e   s l i g h t l y   b e t t e r .  The a t t i t ude   imp lemen ta t ion  w a s  n o t  
s e l e c t e d   b e c a u s e   t h e   f l i g h t   c o n t r o l l e r  had   been   des igned   to   p rovide   th i s  mode 
o n l y   f o r   t h e   r o l l   a x i s   ( t a b l e  4 ) .  I n   r e t r o s p e c t ,  i t  would  have  been  desirable  
t o   h a v e   e x t e n d e d   t h i s   c o n t r o l l e r  mode t o   i n c l u d e   t h e   p i t c h  axis so t h a t   t h i s  
sys tem  could   have   been   eva lua ted   in   approach   and   landing  tests. 

The tests were pe r fo rmed   u s ing   bo th   t he   s t r a igh t   and   cu rved   approaches ,  
w i t h   i n i t i a l   f l i g h t - p a t h   a n g l e s   o f  - 3 " ,  - 6 " ,  and -9" ( see   "Scope   of   P i lo ted  
S imula t ion" ) .   Dur ing   t he   f ami l i a r i za t ion   pe r iod ,   be fo re   t he  s t a r t  of  system- 
a t i c  t e s t i n g ,   t h e   p i l o t   f l e w  several  approaches  to   compare  the two a l t e r n a t e  
t y p e s   o f   h o r i z o n t a l   l o n g i t u d i n a l   f l i g h t - c o n t r o l l e r  mode ( t a b l e  4 ) .  The major 
problem when t h e   v e l o c i t y  command  mode w a s  used w a s  t h a t   t h e   p i l o t   t e n d e d   t o  
c h a n g e   v e l o c i t y   i n  a series o f  s t eps ,   r a the r   t han   smoo th ly .   Th i s   t endency  
o c c u r r e d   b e c a u s e   t h e   p i l o t  moved h i s   v e l o c i t y  command thumb whee l   ( f i g .   19 )  
only when h i s   a t t e n t i o n  w a s  on t h e   h o r i z o n t a l   f l i g h t   d i r e c t o r   d i s p l a y .   S i n c e  
t h e   h o r i z o n t a l   f l i g h t   d i r e c t o r  command symbol w a s  moving c o n t i n u o u s l y ,   i n  
a c c o r d a n c e   w i t h   t h e   r e q u i r e d   d e c e l e r a t i o n   s c h e d u l e ,   t h e   p i l o t  moved h i s  thumb 
wheel i n  a series of   ' ' ca tch-up"  s teps ,  a t  t h e   f r e q u e n c y   o f   h i s   s c a n   p a t t e r n .  
This   t echnique   in t roduced   lags ,   which   caused  a d e t e r i o r a t i o n   o f   t r a c k i n g  
accu racy .   Fu r the rmore ,   t he   p i lo t   o f t en   d id   no t   have  t i m e  t o  move t h e  thumb 
w h e e l   s l o w l y   i n   h i s   a t t e m p t   t o   c a t c h  up w i t h   t h e   f l i g h t   d i r e c t o r   a n d ,  as a 
r e s u l t ,   t h e   r i d e   p r o b l e m   n o t e d   i n   p a r t  1 o c c a s i o n a l l y  became e v i d e n t .   I n  con- 
trast ,  when t h e   a c c e l e r a t i o n  command  mode was u s e d ,   t h e   p i l o t   f o u n d   t h a t   h e  
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on ly   had   t o  move t h e  thumb wheel   once   to   match   h i s  commanded d e c e l e r a t i o n   w i t h  
t h a t   i n d i c a t e d  by t h e   f l i g h t   d i r e c t o r .  No f u r t h e r   s i g n i f i c a n t   i n p u t s   t o   t h e  
thumb wheel were r e q u i r e d   u n t i l   t h e   a i r c r a f t  w a s  c l o s e   t o   t h e   l a n d i n g   p a d .  
The r e s u l t  w a s  a smooth r i d e ,   w i t h   h i g h   p r e c i s i o n ,   a c h i e v e d   w i t h   r e l a t i v e l y  
low  workload. The p i l o t   t h e r e f o r e   c o n c l u d e d   t h a t   t h e   a c c e l e r a t i o n  command w a s  
p r e f e r a b l e   f o r   t h e   t y p e s   o f   a p p r o a c h   t o   b e   s t u d i e d   a n d  i t  w a s  d e c i d e d   t o   u s e  
t h i s  mode exc lus ive ly   i n   t he   fo rma l   t e s t ing   p rog ram.  

A l l  approaches were s t a r t e d   w i t h   t h e   a i r c r a f t   o f f s e t ,   l a t e r a l l y ,   1 5 2  m 
(500 f t )  f rom  the  local izer   and  t r immed,   nose down, t o   z e r o   a n g l e   o f   a t t a c k .  
The  nose-down a t t i t u d e  w a s  r equ i r ed   because   t he  maximum a f t   t h r u s t   v e c t o r  
angle  was i n s u f f i c i e n t   t o   e n a b l e   t h e   a i r c r a f t   t o   f l y ,   w i t h  a deck-level  a t t i -  
tude ,  a t  1 2 0   k n o t s ,   o n   t h e   s t e e p e r   g l i d e   s l o p e s  (-6" and - 9 " ) .  

The p i l o t s '   p r e f e r r e d   t e c h n i q u e   f o r   p e r f o r m i n g  a curved  approach  and 
l and ing  is shown i n   f i g u r e  4 6 .  Before   the  start o f   t he  t es t ,  t h e   p i l o t  set 
h i s  VC l eve r   and  thumb whee l   pos i t i ons  so  t h a t   h i s  commanded rate of   descent  
and ho r i zon ta l   acce l e ra t ion   ma tched   t hose   i nd ica t ed  by the   cor responding  
f l i g h t   d i r e c t o r s .  The a i r c r a f t   i n i t i a l   c o n d i t i o n s ,   a n d   t h e   p o s i t i o n s   o f   t h e  
VC lever   and  thumb wheel a t  t h e  start o f   t h e   f l i g h t ,  are shown a t  p o i n t  1 i n  
f i g u r e  4 6 .  

The p i l o t s   f i r s t   a c t i o n  w a s  t o  remove the   152  m (500 f t )   l o c a l i z e r   e r r o r  
by b a n k i n g   t h e   a i r c r a f t   t o   n u l l   t h e  la teral  f l i g h t   d i r e c t o r   i n d i c a t o r .   T h i s  
process  w a s  essent ia l ly   completed  during  the  constant-speed  segment  XA. A 
t y p i c a l  view  of the   d i sp lay   and  power  management c o n t r o l s   d u r i n g  segment XA i s  
shown a t  p o i n t  2 ( f i g .  4 6 ) .  A t  A ,  t h e   h o r i z o n t a l   f l i g h t   d i r e c t o r  starts t o  
i n d i c a t e  a r e q u i r e d   d e c e l e r a t i o n .   T h i s   r e q u i r e d   d e c e l e r a t i o n   i n c r e a s e s  a t  a 
cons t an t  rate t o  B and   then   remains   nominal ly   cons tan t   to  C. The p i l o t   u s e d  
h i s  thumb w h e e l   t o   m a t c h   h i s   a c c e l e r a t i o n  command ind ica to r   w i th   t he   ho r i zon-  
t a l  f l i g h t   d i r e c t o r   i n d i c a t o r   ( f i g .   3 1 ) .  A t yp ica l   v i ew  o f   t he   d i sp l ay   and  
power  management c o n t r o l s   s h o r t l y   a f t e r   t h e  maximum d e c e l e r a t i o n  w a s  es tab-  
l i s h e d  i s  shown a t  p o i n t  3 ( f i g .  4 6 ) .  On segment BC, when t h e   h o r i z o n t a l  
speed w a s  a b o u t   1 0 0   k n o t s ,   t h e   p i l o t   u s e d   h i s   p i t c h  trim s w i t c h   t o   r o t a t e   t h e  
a i r c r a f t   t o  a d e c k - l e v e l   a t t i t u d e   ( p o i n t  4 i n   f i g .  4 6 ) .  

Figure 46 shows t h a t ,   a l t h o u g h   t h e   a i r c r a f t  w a s  head ing   a long   t he   l oca l -  
i z e r  ($ = 90") a t  t h e  start o f   t h e   f l i g h t ,   t h e   s i d e w i n d   g r a d u a l l y  yawed t h e  
a i r c r a f t  t o w a r d   t h e   r e l a t i v e  wind v e c t o r .   T h i s   e f f e c t  w a s  slow  and  the  change 
of  heading  never  exceeded  about 20". The p i l o t   d i d   n o t   f i n d  i t  n e c e s s a r y   t o  
r e e s t a b l i s h   t h e   i n i t i a l   h e a d i n g .  A t  a d is tance   o f   152  m (500 f t )  f rom  the 
touchdown p o i n t   ( p o i n t  5 i n   f i g .  4 6 ) ,  t h e   l a n d i n g  pad  appeared  on  the  display.  
S i n c e   t h e   a i r c r a f t  w a s  yawed t o   t h e   l e f t ,   t h e   l a n d i n g  pad f i r s t   a p p e a r e d  a t  
the   t op   r i gh t -hand   co rne r   o f   t he   d i sp l ay ,   even   t hough   t he   l oca l i ze r   e r ro r  w a s  
zero  (LAP = 0 ) .  

From E o n w a r d ,   t h e   v e r t i c a l   f l i g h t   d i r e c t o r   i n d i c a t e s  a p rogres s ive ly  
reduced   ra te -of -descent   requi rement   which   the   p i lo t   fo l lowed  us ing   h i s  VC 
l e v e r   ( p o i n t s  6 and 7 i n   f i g .  4 6 ) .  S h o r t l y   t h e r e a f t e r ,  a t  C, t h e   h o r i z o n t a l  
f l i g h t   d i r e c t o r   i n d i c a t e s  a p rogres s ive ly   r educed   ho r i zon ta l   dece le ra t ion  
r equ i r emen t ,   wh ich   t he   p i lo t   fo l lowed   u s ing   h i s  thumb wheel. From E onward, 
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t h e   p i l o t   p a i d   p a r t i c u l a r   a t t e n t i o n   t o   t h e   a l t i t u d e   a n d   h i s  commanded horizon- 
t a l  v e l o c i t y  (shown  below VEL on t h e   d i s p l a y ) .  When t h e   a l t i t u d e  w a s  a b o u t '  
30.5 m (100 f t ) ,   t h e   p i l o t   b r o k e   o f f   t h e   d e s c e n t   b y  commanding ze ro  ra te  of  
descent .  He t h e n   c o n t i n u e d   t o   f o l l o w   t h e   h o r i z o n t a l   f l i g h t   d i r e c t o r   u n t i l   h i s  
commanded v e l o c i t y  w a s  approximate ly   zero ,  a t  which   po in t   he   qu ick ly  moved h i s  
thumb w h e e l   t o  command z e r o   a c c e l e r a t i o n   ( p o i n t  8 i n   f i g .  4 6 ) .  A t  t h i s   p o i n t ,  
t h e   a i r c r a f t  w a s  hovering  15-23 m (50-75 f t )  above  ground,   within a r ad ius   o f  
30.5 m (100 f t )   o f   t h e  touchdown p o i n t .  The p i lo t   then   used   the   two-axis ,  
thumb-operated  vernier   veloci ty  command c o n t r o l   t o   t r a n s l a t e   t h e   a i r c r a f t   t o  
a p o s i t i o n   v e r t i c a l l y   a b o v e   t h e   l a n d i n g   p a d .   F i n a l l y ,   h e   u s e d   h i s  VC lever t o  
command a ra te  of   descent   of   about  1 m/sec (200 f t / m i n )   a n d   t h e   a i r c r a f t  
s e t t l e d   o n t o   t h e   l a n d i n g  pad  (point  9 i n   f i g .  4 6 ) .  

The g r e a t e s t   p i l o t   a c t i v i t y   t o o k   p l a c e  a t  t h e  end   o f   t he   ho r i zon ta l  
dece le ra t ion ,   where   bo th   t he  VC l ever  and thumb wheel  must  be  used  simultan- 
e o u s l y   a n d   s e v e r a l   v a r i a b l e s   n o t e d   c a r e f u l l y .  The  most c r u c i a l   p a r t   o f   t h e  
l and ing  w a s  t h e   r e m o v a l   o f   t h e   h o r i z o n t a l   d e c e l e r a t i o n  when t h e   p i l o t ' s  com- 
manded v e l o c i t y  w a s  c l o s e   t o   z e r o   ( w i t h i n  *5 k n o t s ) .   F a i l u r e   t o   p e r f o r m   t h i s  
o p e r a t i o n   a c c u r a t e l y   r e s u l t e d   i n  a p ronounced   t endency   o f   t he   a i r c ra f t   t o  
d r i f t   r e l a t i v e   t o   t h e  touchdown point   and made t h e   t a s k   o f   f i n a l   p o s i t i o n i n g  
o v e r   t h e  touchdown p o i n t ,   w i t h   t h e   v e r n i e r   v e l o c i t y   c o n t r o l ,  more d i f f i c u l t .  

P i l o t   r a t i n g s   f o r   t h e   v a r i o u s   t y p e s   o f   a p p r o a c h  are shown i n   f i g u r e  4 7 .  
F o r   s t r a i g h t   a p p r o a c h e s ,   t h e s e   r a t i n g s  were less than  3-112, independent  of 
the   in i t ia l   approach   angle .   S ide   winds   and   tu rbulence   increased   the   workload  
s l i g h t l y ,  as  r e f l e c t e d   i n   t h e  small i n c r e a s e   i n   p i l o t   r a t i n g   ( f i g .  4 7 ) .  The 
c u r v e d   a p p r o a c h e s   r e c e i v e d   s l i g h t l y   h i g h e r   p i l o t   r a t i n g s   b e c a u s e   t h e   p i l o t  w a s  
less comfor tab le   wi th   the   h igher  rates o f   descen t   nea r   t he   g round   ( f ig .   38 ) .  
In   add i t ion ,   t he   cu rved   approaches   r equ i r ed  more c o n c e n t r a t i o n   f r o m   t h e   p i l o t  
t o   b r i n g   t h e   a i r c r a f t ,   t o  a h o v e r ,   i n  a s a t i s f a c t o r y   p o s i t i o n   r e l a t i v e   t o   t h e  
landing  pad.  The f l i g h t   c o n t r o l l e r  yaw  mode d e f i c i e n c i e s   ( n o t e d   i n   p a r t  1 
t e s t s )   d i d   n o t   i n t e r f e r e   w i t h   t h e   a p p r o a c h   a n d   l a n d i n g   t a s k   l a r g e l y   b e c a u s e  
t h e   p i l o t   d i d   n o t   f e e l   t h e   n e e d   t o   a p p l y   l a r g e  l a t e ra l  s t i c k  and  rudder  pedal 
i n p u t s  a t  low speeds ( z 3 0  k n o t s ) .  

T i m e  h i s t o r i e s   o f  mos t   o f   t he   impor t an t   va r i ab le s   du r ing   t yp ica l  6" curved 
and   s t r a igh t   app roaches  are shown i n   f i g u r e s  48 and 4 9 ,  r e spec t ive ly .   A l so  
shown are t h e   p o i n t s  a t  w h i c h   t h e   i m p o r t a n t   p i l o t   a c t i o n s   ( d e s c r i b e d   e a r l i e r )  
t a k e   p l a c e .  

Note t h a t ,  when f l y i n g   s t r a i g h t   a p p r o a c h e s ,   t h e   r e q u i r e d   g r a d u a l   d e c r e a s e  
i n  rate of   descent  is  p e r f o r m e d   b y   t h e   p i l o t   i n  a series o f   d i s c r e t e   s t e p s  
( f i g .  4 9 ) .  This   type   o f   behavior  i s  similar t o   t h a t   d e s c r i b e d  ear l ier  i n  con- 
n e c t i o n   w i t h   t h e   u s e   o f   t h e   h o r i z o n t a l   v e l o c i t y  mode, and w a s  one   o f   the  rea- 
s o n s   t h i s  mode w a s  r e j e c t e d   i n   f a v o r   o f   t h e   h o r i z o n t a l   a c c e l e r a t i o n  mode. 
A l t h o u g h   t h e   r e q u i r e d   r e d u c t i o n   i n  ra te  of   descent   could  probably  be made 
smoo the r   and   r equ i r e   f ewer   p i lo t   i npu t s   i f  a v e r t i c a l   a c c e l e r a t i o n  mode were 
u s e d ,   q u e s t i o n s   o f   s a f e t y   a l o n e  would  probably  preclude i ts  use .   In   any  case, 
t h e   p i l o t   d i d   n o t  comment on   t he   work load   r equ i r ed   t o   fo l low  the   ve r t i ca l  
f l i g h t   d i r e c t o r .   I n   c o n t r a s t ,   n o t e   t h a t ,  when f ly ing   t he   cu rved   approach  
( f i g .  4 8 ) ,  the   requi red   ra te -of -descent   reduct ion   takes   p lace   qu ick ly   and  the 
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p i l o t   c a n   a p p a r e n t l y   a f f o r d   t o   d e v o t e   m o s t   o f   h i s   a t t e n t i o n   t o  i t  f o r   t h e  
s h o r t   p e r i o d   o f  t i m e  needed. 

A series of tests were s a r r i e d   o u t   i n   w h i c h   f l i g h t - p a t h   f l i g h t   c o n t r o l l e r  
f a i l u r e s  were s imula ted  a t  a l t i t u d e s   v a r y i n g   f r o m  30-150 m (100-500 f t ) .  
A f t e r   t h e   f a i l u r e s ,   t h e   p i l o t  w a s  t o   f o l l o w   t h e   p r o c e d u r e   o u t l i n e d  ea r l i e r  
unde r   "P i lo t   Con t ro l s "   t o   a s sume   f l i gh t -pa th   con t ro l   u s ing   t he  P and T levers 
a n d   a b o r t   t h e   l a n d i n g .   I n  a l l  t h e  tests, t h e   p i l o t  w a s  a b l e   t o   c h e c k   t h e  ra te  
o f   d e s c e n t   w i t h  less than   15 .2  m (50 f t )  l o s s  i n   a l t i t u d e ,  and a t  no   po in t   d id  
t h e  rate of   descent   exceed   tha t  a t  t h e   f a i l u r e   p o i n t .  The procedure,  as a n  
emergency  measure, w a s  r e g a r d e d   b y   t h e   p i l o t  as be ing   bo th   s imple   and   e f fec t ive  
and w a s  given a p i l o t   r a t i n g   o f  4-112. T h e s e   f a i l u r e  tests were n o t   e x t e n s i v e  
and more  work is r e q u i r e d   t o   f u l l y   d e f i n e   t h e   s a f e  ra te  o f   d e s c e n t l a l t i t u d e  
envelope. 

I n   r e c o g n i t i o n   o f   t h e   c o n c e r n   o v e r   t h e   r e l a t i v e l y   h i g h  rates o f   f u e l  con- 
sumpt ion   o f   l i f t - f an  VTOL a i r c r a f t   i n   t h e   p o w e r e d - l i f t   f l i g h t  mode, t h e   p i l o t  
w a s  reques ted   to   comple te  a l l  VTOL l a n d i n g s   i n   t h e  minimum time. However, t h e  
p i l o t  was r e l u c t a n t   t o   m a i n t a i n  a ra te  of   descent  a l l  t h e  way t o  touchdown, 
f avor ing ,   i n s t ead ,  a t e c h n i q u e   o f   f l a r i n g   f i r s t   t o  a hover .   Unfortunately,  
t h i s   t e c h n i q u e   r e q u i r e s  a c o n s i d e r a b l e  time i n   h o v e r ,   t y p i c a l l y  20-40 sec ( a s  
shown i n   f i g s .  48 and 4 9 ) .  Table 13 shows t h e   d e v i a t i o n   f r o m   t h e   i d e a l   m i n i -  
mum l a n d i n g  time, from  4570 m (15,000 f t )   r a n g e   t o   t o u c h d o w n ,   f o r  a series of 
27 VTOL landings .   These   l andings   inc luded   curved   and   s t ra ight   approaches ,  
per formed  wi th   and   wi thout   winds ,   tu rbulence   and   engine   fa i lure .   Also  shown 
i n   t a b l e  1 3  a re   t he   co r re spond ing  rates of   descent  a t  touchdown  and the  touch-  
down d i s t a n c e   d i s p e r s i o n .   T a b l e  13  provides  some i d e a  of   the  kind  of   landing 
per formance   to   be   expec ted .  However, i n   e v a l u a t i n g   t h e s e   d a t a ,   n o t e   t h a t   t h e  
p i l o t ' s   t o t a l   t e s t i n g  time w a s  8 h r ,   o n l y  3 of  which were devoted   to   approaches  
and  landings.  

A d d i t i o n a l   P i l o t  Comments 

During  the tests,  t h e   p i l o t  was a b l e   t o   e v a l u a t e   t h e   e f f e c t i v e n e s s   o f   t h e  
power  management lever   arrangement  (MK1 and MK2, see f i g s .  1 6  and 1 9 )  and  the 
e l e c t r o n i c   d i s p l a y .  

The p i l o t   f o u n d   t h e  MK1 c o n t r o l l e r   t o   b e   o b j e c t i o n a b l e   f o r  two reasons .  
F i r s t ,   h e   f o u n d   t h a t  moving t h e   h a n d l e   v e r t i c a l l y   f o r   h e i g h t   c o n t r o l  was 
awkward a n d   t h e   z e r o   d e s c e n t - r a t e   d e t e n t   h a r d   t o   l o c a t e   ( t h e   t a c t i l e   d e t e n t  
i n d i c a t o r   ( f i g .  1 6 )  was of l i t t l e  va lue) .   Second,   he   found  tha t   there  w a s  a 
tendency   for   h im  to  move t h e   h a n d l e   v e r t i c a l l y   w h i l e   o p e r a t i n g   t h e  thumb con- 
t ro l l e r .   Th i s   p i lo t - induced   coup l ing   i nc reased   t he   work load   su f f i c i en t ly   t o  
be  annoying. The MK2 c o n t r o l l e r   e x h i b i t e d   n e i t h e r   o f   t h e s e   o b j e c t i o n a b l e  
c h a r a c t e r i s t i c s .   F u r t h e r m o r e ,   t h e   p i l o t   f o u n d   t h a t   t h e r e  was a more n a t u r a l  
f e e l   w i t h   t h e  MK2 l e v e r   i n   t h a t  i t  was mechanized i n   t h e  same way a s  a conven- 
t i o n a l  power l e v e r .   T h i s   l a t t e r   p o i n t  was p a r t i c u l a r l y   i m p o r t a n t   s i n c e ,   i n  
t he   even t  o f  a f l i g h t - p a t h   f l i g h t   c o n t r o l l e r   f a i l u r e ,   t h e   p i l o t  i s  r e q u i r e d   t o  
r e v e r t   t o  a convent iona l  power l e v e r .  
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The p i l o t   s t a t e d   t h a t   t h e   i n f o r m a t i o n   p r e s e n t e d   o n   t h e   e l e c t r o n i c   d i s p l a y  
permi t ted  IFR zero-zero   approaches   and   landings   wi th   cons is ten t   accuracy .  
However, h e   a l s o   s t a t e d   t h a t   t h e   d i g i t a l   i n f o r m a t i o n  w a s  sometimes  hard t o  
read  and  the  task  would  have  been easier t o   p e r f o r m   i f   t h e   d i s p l a y   c o u l d   h a v e  
b e e n   p r o j e c t e d   i n  a "head-up" form. A s  f a r  as t h e   d i s p l a y   f o r m a t  w a s  con- 
ce rned ,   t he   p i lo t   sugges t ed   t he   fo l lowing   changes   t o   improve  i t s  e f f e c t i v e n e s s :  

(b) Make t h e  touchdown s q u a r e   r o t a t e   w i t h  a change   o f   a i r c ra f t   head ing .  
This  would  give a p i c t o r i a l  view of a i r c r a f t   h e a d i n g  re la t ive  t o   t h e   l o c a l -  
i z e r  and   would   genera l ly   add   to   the  realism o f   t h e   h o r i z o n t a l   s i t u a t i o n  
r e p r e s e n t a t i o n .  

( c )   T r a n s p o s e   t h e   a c c e l e r a t i o n   a n d   v e r t i c a l   v e l o c i t y   s c a l e s .   T h i s  
change  would make t h e   r e l a t i v e   l o c a t i o n  of t h e  scales a g r e e   w i t h   t h e  re la t ive  
loca t ion   o f   t he   co r re spond ing  VC c o n t r o l s  (thumb  wheel t o   t h e   r i g h t   o f   t h e  VC 
l e v e r   a n d   a c c e l e r a t i o n   s c a l e   t o   t h e   r i g h t   o f   t h e   v e r t i c a l   v e l o c i t y   s c a l e ) .  

CONCLUSIONS 

A s t a t e   r a t e  feedback  implici t   model-fol lowing (SRFIMF) f l i g h t   c o n t r o l l e r  
has  been  advanced  as a p o s s i b l e   a p p r o a c h   t o   i m p r o v i n g   t h e   h a n d l i n g   q u a l i t i e s  
o f   l i f t - f a n  VTOL a i r c r a f t .  It has   been  shown t h a t ,   c o n c e p t u a l l y ,   t h e  SRFIMF 
f l i g h t   c o n t r o l l e r  i s  r e l a t i v e l y   s i m p l e :  i t  provides   an   input -output   re la t ion-  
sh ip   approx ima te ly   t ha t   o f   any   s e l ec t ed   s econd-o rde r   sys t em;  i t  provides  good 
gus t   a l lev ia t ion   and   c ross -axes   decoupl ing;   and  i t  i s  self-tr imming. 

The SRFIMF f l i g h t   c o n t r o l l e r   h a s   b e e n   a p p l i e d   t o  a l l  axes   of  a comprehen- 
s ive  mathematical   model   of  a l i f t - f a n  V/STOL t r a n s p o r t .  Power  management  con- 
t ro l s   and   p i lo t   d i sp lays   have   been   des igned   to   match   the   var ious  modes of  con- 
t r o l   p r o v i d e d   b y   t h e  SRFIMF f l i g h t   c o n t r o l l e r .  A p i l o t e d   s i m u l a t i o n  w a s  
performed  using  the A m e s  s ix-degree-of-freedom  s imulator .  The p r i n c i p a l  con- 
c l u s i o n s   d e r i v e d   f r o m   t h i s   s i m u l a t i o n  are:  

( a )  The a i r c r a f t   w i t h   t h e  SRFIMF f l i g h t   c o n t r o l l e r  had s a t i s f a c t o r y  
(PR 1. 3-1/2)  f i xed -ope ra t ing -po in t   hand l ing   qua l i t i e s   t h roughou t   t he  powered- 
l i f t   f l i g h t   e n v e l o p e .   T h e s e   h a n d l i n g   q u a l i t i e s  were g e n e r a l l y   b e t t e r   t h a n   h a d  
been   ach ieved   i n   p rev ious   s imu la t ions   o f   t he   a i r c ra f t   ( equ ipped   w i th  a 
r e s p o n s e - f e e d b a c k   f l i g h t   c o n t r o l l e r ) .  

(b )   Ne i the r   o f   t he  yaw c o n t r o l l e r  modes tes ted   (yaw-ra te  command w i t h  
bank-angle   feedback  and  s idesl ip  command) w a s  e n t i r e l y   s a t i s f a c t o r y .  With 
the  yaw-rate  command mode, s t e a d y   w i n d s   c a u s e d   l a r g e   s i d e s l i p   a n g l e s   t o  
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develop i n   s t e a d y   t u r n s .  On t h e   o t h e r   h a n d ,   w i t h   t h e   s i d e s l i p  command mode, 
t u rbu lence   i nduced   l a rge  yaw a c c e l e r a t i o n s ,   f e l t   b y   t h e   p i l o t  as l a r g e   s i d e -  
ways  accelerat ions.   Both  problems were most   acute  a t  l o w  speeds ( x30  k n o t s ) .  

(c )   Wi th   the   except ions   no ted  i n  ( b ) ,   t h e   s e l f - t r i m m i n g   f e a t u r e   o f   t h e  
SRFIMF f l i g h t   c o n t r o l l e r   c o m p e n s a t e d   a u t o m a t i c a l l y   f o r   s t e a d y   w i n d s ,   a n d   t h e  
d i s t u r b a n c e   a l l e v i a t i n g   p r o p e r t y   a t t e n u a t e d   t h e   e f f e c t s   o f   t u r b u l e n c e .  The 
o v e r a l l   r e s u l t  w a s  t h a t   w i n d s   a n d   t u r b u l e n c e   d i d   n o t   m a t e r i a l l y   a f f e c t   t h e  
f ixed -ope ra t ing -po in t   hand l ing   qua l i t i e s .  

( d )   D i s t u r b a n c e s   d u e   t o   e n g i n e   f a i l u r e s  were quick ly   and   comple te ly  com- 
pensated by t h e   f l i g h t   c o n t r o l l e r   a n d   r e q u i r e d   n o   a c t i o n   f r o m   t h e   p i l o t .  

( e )  VTOL approaches  and  landings,  i n  IFR zero-zero   condi t ions ,   us ing  
e i t h e r   s t r a i g h t   o r   c u r v e d   a p p r o a c h   p a t h s ,  were f l o w n   w i t h   a c c e p t a b l e   p i l o t  
workload. The p i l o t   p r e f e r r e d   t h e   s t r a i g h t   a p p r o a c h   p a t h s   b e c a u s e   t h e y  
r e s u l t e d   i n   t h e  smallest rates of   descent   near   the   g round.  Wind and  turbu- 
l e n c e   i n c r e a s e d   t h e   w o r k l o a d   o n l y   s l i g h t l y .   P i l o t   r a t i n g s   v a r i e d   f r o m  2-1/2 
f o r   s t r a i g h t   a p p r o a c h e s   i n   c a l m  a i r  t o  4 f o r   a n   i n i t i a l  y = -9" curved 
approach,   with  15-knot   s ide  wind,   1 .52-m/sec  (5-f t /sec)  RMS turbulence,   and  an 
e n g i n e   f a i l u r e .  

( f )  The p i l o t   p r e f e r r e d   t h e   l o n g i t u d i n a l   a c c e l e r a t i o n   f l i g h t   c o n t r o l l e r  
mode o v e r   t h e   l o n g i t u d i n a l   v e l o c i t y  mode. The l o n g i t u d i n a l   a c c e l e r a t i o n  mode 
p r o v i d e d   t h e   p i l o t   w i t h  a smoother   r ide  and a smaller workload. The major 
p r o b l e m   w i t h   t h e   a c c e l e r a t i o n  mode was s w i t c h i n g   t o  a v e l o c i t y  mode fo r   hove r .  

(g) The p i l o t   p r e f e r r e d   t h e  MK2 power  management c o n t r o l   s i n c e  i t  
avoided   the  awkward a r m  a c t i o n   a n d   c o n t r o l   c o u p l i n g   a s s o c i a t e d   w i t h   t h e  MK1 
c o n t r o l   a n d ,   i n   a d d i t i o n ,   c l o s e l y   r e s e m b l e d  a convent iona l  power lever i n  
both  mechanizat ion  and  funct ion.  

(h) The major   d i f f icu l ty   encountered   whi le   per forming  VTOL approaches 
and  landings was swi t ch ing   f rom  long i tud ina l   acce l e ra t ion  command to   l ong i -  
t u d i n a l   v e l o c i t y  command. The technique   adopted   by   the   p i lo t  w a s  s a t i s f a c -  
t o r y ,   b u t   f u r t h e r  improvement i s  r e q u i r e d .  

(i) The sys t em  des igned   t o   hand le   t he   p rob lem  o f   f l i gh t -pa th   f l i gh t  con- 
t r o l l e r   f a i l u r e  and   t he   co r re spond ing   p i lo t ing   p rocedures  were s a t i s f a c t o r y .  

( j )  VTOL approaches  and  landings,  when per formed  by   the   p i lo t ,   took   an  
average  of  30 sec l o n g e r   t h a n   t h e   i d e a l  minimum. T h i s   a d d i t i o n a l  t i m e  w a s  
r e q u i r e d   b e c a u s e   t h e   p i l o t ,   r a t h e r   t h a n   f o l l o w i n g   t h e   v e r t i c a l   f l i g h t   d i r e c t o r  
t o  touchdown,   preferred  to   break  off  t o  a hover a t  15.2 t o  30.5 m ( 5 0   t o  
100 f t )  and  then  to  descend a t  about  1.02 m/sec (200 f t / m i n )  t o  touchdown. 
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(k) Touchdown  dispersion averaged 3.94 m (12.94 ft) for the series of 
landings performed.  However,  the  pilot  could probably reduce  the  dispersion 
substantially  with practice. 

Ames Research Center 
National  Aeronautics and Space  Administration 

Moffett  Field, Calif., 94035,  June 14,  1977 
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TABLE 1.- AIRCRAFT  DIMENSIONS,  WEIGHT, AND INERTIA 

~ 

Parameter - "- - 

Wing  area 

Wing  mean  aerodynamic  chord 

Wing  span 

Horizontal  tailplane  area 

x coordinate  of  pilot  station 
y coordinate of pilot  station 

z coordinate of pilot  station 

We 

Weight 

Inertia  about x body  axis 
Inertia  about y body  axis 

Inertia  about 2 body  axis 

Product  of  inertia  with  respect 
to x and z body  axes 

. D-imensiol - _  

- " Symbol 

SW 

bW 

St 

EPx 
EPY 
EPz 

- 
e W 

. . ~ ,  ~ . .  

5 
" .- . . . . - . .. , 

. . Value " 

71.00 m2 (764.2 ft2) 

3.968 m (13.02 ft) 

18.65 m (61.17 ft) 

25.60 m2 (275.54 ft2) 

11.05 m (36.25 ft) 

-.482 m (-1.58 ft) 

-.152 m (-0.50 ft) 
- _ " "  - .  "" 

ght  and  inertia 

W 

IX 

IY 
'2 

XZ 

.~ .. - " ~ - . "" 

267,000 N (60,000 lb) 

325,800 kg m2 (240,300 s l u g  ft2) 

872,300 kg m2 (643,400 slug ft2) 

1,071,900 kg m2 (790,600 s l u g  ft2) 

70,500 kg m2 (52,000 s l u g  f t 2 )  

TABLE 2. - CONTROL STICK TRAVEL LIMITS . 
Control 

k.0013 m ( t . 0 5  in.) 2.1156 m (24.55 in.) Longitudinal 
+-0.0013 m ( k 0 . 0 5  in.) k0.1156 m ( t4 .55 in.) Lateral 

Deadba-nd . . . ~, Maximum travel- 

Directional 2.0838 m (k3.30 in.) 2.0013 m ( k:0-5--in..)- 

". = . .~ - 
" 

TABLE 3.- CONTROL  STICK  FORCES 
" 

Control 
27.58 N ( 6.2  193 N/m ( 1.1 lb/in.) 5.56 N (1.25 lb) Lateral 

Maximum  force _ _ ~ ~  Force gr-ad-ient .~~ - Breakout  force 
. . ~ ~ .  . .  " _ *  

Longitudinal 
166.81 N (37.5 -1.752- N/*m _(lOp.O~ lb./in.) 22.24 N (5.0 l b )  Directional 

49.82 N (11.2  387 N/m ( 2.2 lb/in.) 5.56 N (1.25 l b )  
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TABLE 4 .  - PILOT  CONTROL  MODES 
Attitude  flight  controller Flight-path  flight  controller 
(stick  and  rudder:  pedals) (VC  lever  system) 

Roll Speed  Pitch  Yaw  Vertical 
range  axis  axis  axis 

Longitudinal  Lateral 
1 

I 
X Y I 

axis axis 

I !- , Bank-' Pitch' 

' command command 
angle  attitude 

20-30 knots 

30 knots- 
conversion 
speed 
(-120 knots) 

velocity , 
command , 

Blend 

Ro 1 1-' 
rate 
command 
with 
bank- 
angle 
ho Id 

Yaw- 
rate 
command 
with 
heading 
hold 

a 

Blend 

Yaw  rate- 
command  with 
bank-angle 
feedback  for 
turn  coord. 
or  sideslip 
angle 
command 

a 

'Nominal  set of pilot  control  modes. 
b These  controller  modes  are  mutually  exclusive. 

b 
P 

Velocity' 
command 
or 
acceleration 
command 
with 
velocity 
hold 

Side b 
velocity 
command 

Phase 
out 

"- 

z 
axis ,, 

Vertical' ' 

velocity 
corn nd 



TABLE 5.- DEFINITION OF  FORMAT  SYMBOLS  USED I N  FIGURE 30 

Airp lane  
state 

42 

Var i ab le   (desc r ip t ion   o f  i ts 
~ . .. . . . - " - "I_ - - . - 

" r,epr-esen_tat i o n   i n  .fig.. 30) 
Bank t o   r i g h t   ( h o r i z o n   a n d  
p i t c h   l a d d e r   r o t a t e d   t o   l e f t )  

P i t c h   a t t i t u d e   ( f i x e d  air- 
plane  symbol -6- on  horizon)  

Heading  (moving  horizontal  
scale above   p i t ch   l adde r ;  
note:  8 means  80") 

S i d e s l i p   t o   i e f  t ( lateral  
accel. b a l l  below  heading 
scale d i s p l a c e d   t o   l e f t )  

F l i g h t - p a t h   a n g l e   ( i n e r t i a l  
ve loc i ty   vec to r   symbol  8 
r e l a t i v e   t o   h o r i z o n )  

Ang le   o f   a t t ack   ( a i rp l ane  
symbol relative t o  
ve loc i ty   vec to r   symbol  @) 

I n e r t i a l   h o r i z o n t a l   v e l o c i t y  
(< on vel s c a l e )  

I n e r t i a l   h o r i z o n t a l  acceler- 
a t i o n   ( b o t t o m   l e f t   d i g i t a l  
r eadou t )  

Vertical v e l o c i t y  (> on WI 
scale - note :  1 means 
(1000  f t /min))  

Ground range  (bot tom  midlef t  
d i g i t a l   r e a d o u t )  

Loca l i ze r   e r ro r   (bo t tom mid- 
r i g h t   d i g i t a l   r e a d o u t )  

Radar a l t i t u d e   ( b o t t o m   r i g h t  
d i g i t a l   r e a d o u t )  

F l i g h t - p a t h   a l t i t u d e   e r r o r  
( h o r i z o n t a l   b a r   r e l a t i v e   t o  
a i rp lane   symbol  -& ) 
R e s u l t a n t   t h r u s t   v e c t o r   a n g l e  
( t o p   l e f t   d i g i t a l   r e a d o u t )  

Engine   speed   ( top   r igh t  
d i g i t a l   r e a d o u t )  
" "" ~ .~_ " _  "I - .  " __-. 

Symbol i n  
" 

" f i g .  - 30 

9 

8 

dJ 

n YP 

YI 

c1 

vX 

Accel 

4. 

Long 

L a t  

A l t  

Ah 

Vect 

RPM 
~ - - -  

. . .  . ~. " 

Display   va lues  
" and u n i t s  . . . . = 

8' 

0" 

87" 

W0.l  g 

-7" 

7" 

42 kno t s  

0.46 m/sec2 ( 1 . 5   f t / s e c 2  

2.95 m/sec (-580 f t / m i n )  

3413 m (11,200 f t )  

-45.7 m (-150 f t )  

640.1 m (2100 f t )  

-22.8 m (= -75 f t )  

15" 

99.8%  of max. cont inuous  
. - . . . . . - 
" - . - " . . ~ 

I II I I I I .  II lillll 11111.1 111111111111 111 11111111IIIIIIIIIII I I  111 I 1111.111111111 ' 



TABLE 5.- Concluded 

P i l o t  
commands 

. .  ~ 

F l i g h t  
d i r e c t o r  

L .. . 

.~ 

Var-iable   (descr ipt ion  of  i ts 
r . e p r e s e n t a t i o n   i n   f i g .  .30) 

P i t c h  t r i m  (I> Q on   p i t ch  
l adde r )  

Commanded i n e r t i a l   h o r i z o n t a l  
v e l o c i t y  (I> on v e l   s c a l e )  

Commanded v e r t i c a l   v e l o c i t y  
(<I on WI s c a l e )  

L o c a l i z e r   d i r e c t o r   ( v e r t .  

symbol 

I n e r t i a l   h o r i z o n t a l   v e l o c i t y  
d i r e c t o r  (- on vel  s c a l e )  ' 

Vertical v e l o c i t y   d i r e c t o r  
(= on WI scale) 

. -  

t o   a i r p l a n e  

.. .~ . 

Symbol i n  
fig.. -30. 

8T 

vxP 

&P 
. .~ . .  

*% 
vxc 

hC 
~~ . " ~ 

59 kno t s  

0 .81  m/sec (160  f t /min> 

=15 " 

88 kno t s  

-6.1  m/sec  (-1200  ft/min 
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Airplane  
s t a t e  

__"__ ~ - _ _  

P i l o t  
commands 

~ I _  

F l i g h t  
d i r e c t o r  

TABLE 6.- DEFINITION OF  FORMAT SYMBOLS USED I N  FIGURE 31 

V a r i a b l e   ( d e s c r i p t i o n   o f  its" 
r e p r e s e n t a t i o n   i n   f i g .  31) 

I n e r t i a l   h o r i z o n t a l   v e l o c i t y  
( b o t t o m   r i g h t   u p p e r   d i g i t a l  
r e a d o u t )  

Symbol i n   D i s p l a y   v a l u e s  
f i g .  31 and. u n i t s  L _ _ _ " _  . .~ .  ". . 

VEL 102 k n o t s  

I n e r t i a l   h o r i z o n t a l  accelera- 
t i o n  (< on accel s c a l e )  I I -0.27 m/sec2 (-0.9 ft/sec2 

- - - "- " ___ ___ __ - "4 T"_ I" &=z=xLr = I =" -; .=-I - " L======= 

Commanded i n e r t i a l   h o r i z o n t a l  
a c c e l e r a t i o n  ( I> on accel  1 Fzp 1 0.305 m/sec2 (1 f t / s e c 2 )  
s c a l e )  

Commanded i n e r t i a l   h o r i z o n t a l  
ve loc i ty   (bo t tom  r igh t   l ower  
d i g i t a l   r e a d o u t )  

VEL 1 2 1  k n o t s  

____ "" "" 
_~_l_l___- ." 

I n e r t i a l   h o r i z o n t a l  accelera- 
t i o n   d i r e c t o r  (E on accel 
s c a l e )  

- - "~ "" ___ _ _ _  - ___~___ " - 

FXC 1.25  m/sec2 ( 4 . 1  f t / s e c 2 :  

No te :   Def in i t i ons  o f  a l l  o ther   format   symbols   used   in   f igure  31 are  g i v e n   i n  
t a b l e  5. 
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TABLE 7 .- SIMULATION TEST PLAN, PART 1 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

No. 

1 

2 

F ixed-ope ra t ing -po in t   hand l ing   qua l i t i e s  
e v a l u a t i o n   t a s k s  a t  0 ,  30, 6 0 ,  9 0 ,  
120 knots  and 152 m (500 f t )   a l t i t u d e  
Change p i t c h   a t t i t u d e  by' t 5 "  and hold 
s t e a d y  

Change r o l l   a t t i t u d e  by  25"  and  hold 
s teady   (hover   on ly)  

Change heading by 240" and  hold  s teady 
(hover   only)  

Coordina ted   tu rns   us ing  t10" of  bank 
and r o l l   o u t   t o  a heading  change  of 
240" (hover  excluded) 

Change s i d e s l i p  by 210" main ta in ing  
heading  (hover   excluded)  

Change h o r i z o n t a l   v e l o c i t y  by + 2 0  k n o t s  
and  hold  s teady 

Change a l t i t u d e  by k30.5 m (+ lo0  f t )  
and  hold  s teady 

Recover i n i t i a l   a t t i t u d e ,   a l t i t u d e ,  
and   speed   fo l lowing   an   engine   fa i lure  

. . . -  

Primary 
p i l o t  

c o n t r o l s  ~~ 

s t i c k  

L a t .  
s t i c k  

Pedals  

Long. 

L a t .  
s t i c k  & 
p e d a l s  

L a t .  
s t i c k  & 
pedals  

vc 
l e v e r  

VC 
lever 

S t i c k  
p e d a l s  
VC l e v e r  

TABLE 8.- SIMULATION  TEST PLAN, PART 2 
. . . " "  

Addit ional   f ix 'ed-operat ing-point  
h a n d l i n g   q u a l i t i e s   e v a l u a t i o n   t a s k s  
a t  hover  

~ ~. ." 

From a n   i n i t i a l   h o v e r ,  ch.ange the   longi -  
t u d i n a l   p o s i t i o n   b y  30.5 m (100 f t )  and 
r e e s t a b l i s h   h o v e r ,   m a i n t a i n i n g  a 
cons tan t  30.5 m (100 f t )   a l t i t u d e  

From a n   i n i t i a l   h o v e r ,   c h a n g e   t h e  
l a t e r a l  p o s i t i o n  by 30.5 m (100 f t )  and 
r e e s t a b l i s h   h o v e r ,   m a i n t a i n i n g  a con- 
s t an t   30 .5  m (100 f t )   a l t i t u d e  

. .  
Primary 

p i l o t  
co n.t r o  1 s 
Long. 
s t-i ck 
VC 
l e v e r  
Vern ier  
v e l o c i t y  
c o n t r o l  
Vernier  
f o r c e  
con t ro l -  
L a t .  
s t i c k  
Vernier  
v e l o c i t y  
c o n t r o l  
Vern ier  
f o r c e  
c-ontrol  

. .   . "  

" . ~ ~~ 

= ~ ~ _ _ _ _  

- =  

P i l o t   c o n t r o l  
modes 

Nominal 
( t a b l e  4 )  

Nominal 

Nominal 

Nominal  and 
a l t e r n a t e  yaw 

Nominal  and 
a l t e r n a t e  yaw 

Nominal  and 
a l t e r n a t e   l o n g .  

Nominal 

Nominal 

. ~~ 

. "  

P i l o t   c o n t r o l  
modes 

Nominal 

Nominal  and 
a l t e r n a t e   l o n g .  

Nominal 

Nominal 
a t t i t u d e  
f l i g h t - p a t h   o f f  
Nominal  and 
a l t e r n a t e   r o l l  
Nominal p l u s  
l a t e r a l  
v e l o c i t y  
Nominal 
a t t i t u d e  
f l i g h t - p a t h   o f f  
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TABLE 9.- VTOL  LANDING  APPROACH PATHS: VALUES  OF  INPUT  QUANTITIES 

Input 
variable 
'XA. knot 

hA 
hH 
hmax 
.. 
"LC, ..sec . 

yA7 deg 

:x max 

(SEE  APPEN 
, ~ ~ . . , - .  

Curved  approach 
~ .. = .~ . ._ 

120 

457.2 m (1500 ft) 

6.10 m ( 2 0  ft) 

0.61 m/sec2 ( 2  ft/sec2) 

4 

- 3 ,  -6, -9 

. .  

'DIX  E) 
. _ _  ~ . . - 

Straight  approach 
.~ . 

1 20 

- " 
6.10 m ( 2 0  ft) 

"- 

4 
- 

-3 ,  - 6 ,  -9 -7.5 

-0.91 m/sec2 -0.49 m/sec2 

TABLE 10.- SUMMARY  OF  SIX-DEGREE-OF-FREEDOM  (S.01)  SIMULATOR  CHARACTERISTICS 

Axis 

Roll 

Pitch 

Yaw 

Longitudinal 

.~ 

Lateral 

Vertical 

-. .- . . . .. 

Displacement 
limits, +_ 

" 

~ 3 5  "-~ 
35" 

35" 

2.7 m ( 9  ft) 

2.7 m (9  ft) 

2.7 m ( 9  ft) 

~ ~. . . .  . . " ~. 

Velocity 
limits, ? 

.1.3rad/sec 

1.7 rad/sec 

3.0 rad/sec 

2.7 m/sec 
(9 .0  ft/sec) 

2.4 m/sec 
(8 .0  ft/sec) 

2.3 m/sec 
(7 .5  ft/sec) 

. ." 

. "~ ". ~ 

. ~ . .  . " " _ i  

Acceleration 
limits, k 

10 rad / s ec2 

4.5 rad/sec2 

3.0 rad/sec2 

2 .3  m/sec2 
(7 .5  ft/sec2) 

2.8 m/sec2 
( 9 . 2  ft/sec2) 

2.7 m/sec2 
( 8 . 8  ft/sec2) 

. .  . . .  " .  

. ~~ ~- . .  " ~ = -  

. . . . . . . 
Frequency 
at 30" 

. . pha . .. s-e  lag 
0 .63  Hz 

.60 Hz 

.80 Hz 

.70 Hz 

.45 Hz 

I. 59 Hz 

. "  - .  - 

TABLE 11.- SUMMARY  OF  VISUAL  FLIGHT  ATTACHMENT  (VFA-2)  CHARACTERISTICS 

Axis 
~. . 

Roll 

Pitch 

Yaw 

Longitudinalu 

Lateral a 

Vertical a 

.~ 

Displacement 
limits 

~ ~ . .. .. . . = _  

100 " 
+20°,  -30" 

Unlimited 

6.44  km ( 4  mi) 

+O. 8 1  km 
( 0 . 5  mi) 

228.6 m 
(750.  ft). . .  

. -, . .~. ". . ~ 

Velocity 
limits, 2 
. - . .  

2 rad  /sec 

3 rad/sec 

0.333 rad/sec 

185 knots 

180 knots 

. .. 

~. .. .~ . . ~ .  _ ~ . "  

Acceleration 
limits, k 

.4 .i /=s e.c=2 . = 

16 rad/sec2 

2 rad/sec2 

15 g 
8.5 g 

5.5 g 
I .  - " " .. i 

8.50 Hz 

.80 Hz 

.40 Hz 

.56 Hz 

.75 Hz 

a At  scale 1: 600. 
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TABLE 12.- PILOT  EXPERIENCE (FLIGHT HOURS) 

I A i r c r a f t   t y p e  I Hours 
I Fixed-wing V/STOL I 28 2 

~ ~ . .  

TABLE 13.- SUMMARY OF  SELECTED TOUCHDOWN DATA FOR VTOL LANDINGS 
. . . . . . . 

Type of approach 
and  conditions 

. .  

-3" curved 
-3" curved 
-3" curved W+T+EF 
-3" curved W+T+EF 
-6" curved 
-6" curved 
-6" curved W+T+EF 
-6" curved W+T+EF 
-6" curved W+T+EF 
-6" curved W+T+EF 
-9" curved 
-9" curved 
-9" curved 
-9" curved W+T+EF 
-9" curved W+T+EF 
-go curved W+T+EF 
-3" s t r a i g h t  
-3" s t r a i g h t  W+T+EF 
-6" s t r a i g h t  
-6" s t r a i g h t  
-6" s t r a i g h t  
-6" s t r a i g h t  W+T+EF 
-6" s t r a i g h t  W+T+EF 
-6" s t r a i g h t  W+T+EF 
-9" s t r a i g h t  
-9" s t r a i g h t  
-9" s t r a i g h t  W+T+EF 

[ Mean. 

"" "" - 
T i m e  from 
4572 m 

(15,000 f t )  
downrange, 

. .  . sec ~~ ~~ 

190 
19 4 
19 2 
168 
13 3 
153 
14 7 
126 
14 7 
117 
122 
131 
127 
143 
133 
119 
126 
118 
15 1 
133 
124 
161 
142 
118 
144 
120 
131 

I S tandard   devia t ion  . .  " 

Note: W = 15-knot sidewind 

" - . 

Excess t i m e  
o v e r   i d e a l ,  

sec 

46 
50 
48 
24 
22 
42 
36 
15 
36 
6 
22 
31 
27 
43 
33 
19 
20 
12 
45 
27 
18 
55 
36 
12 
38 
14 
25 

- -  _.. ~ - -  ". . . ~. 3" 
13 

~ ~~~ ~ ~ 

Touchdown 
rate of 
descent ,  

m/sec ( f t / s e c )  

0.515 (1.69) 
.399 (1.31) 
-671 (2.20) 
.911 (2.99) 
.786 (2.58) 
.783 (2.57) 
1.055  (3.46) 
1.911  (6.27) 
.683  (2.24) 
1.094  (3.59) 
1.155  (3.79) 
.847  (2.78) 
.985  (3.23) 
1.149  (3.77) 
.933  (3.06) 
-643 (2.11) 
.515  (1.69) 
.957  (3.14) 
.710  (2.33) 
.981  (3.22) 
1.417  (4.65) 
.680  (2.23) 
-765 (2.51) 
1.161  (3.81) 
.408  (1.34) 
.951  (3.12) 
.860  (2.82) 
.887 (2.91) 
.314 (1.03) 

Touchdown 
d i s p e r s i o n  

e r r o r ,  
m (f t)  

8.52  (27.95) 
5.47  (17.94) 
4.19  (13.75) 
3.90  (12.80) 
2.31  (7.58) 
5.60  (18.36) 
7.73  (25.72) 
.74  (2.42) 
3.16  (10.36) 
4.78  (15.69) 
3.00  (9.84) 
2.88  (9.46) 
7.87  (25.83) 

to. 20  (33.45) 
.72 (2.36) 
.87 (2.85) 

1.54 (5.04) 
.71 (2.32) 

4.24 (13.92) 
3.12 (10.22) 
2.12 (6.95) 
2.83 (9.29) 
2.07 (6.78) 
9.90 (32.47) 
2.66 (8.74) 
3.05 (10.01) 
2.19 (7.18) 
3.94 (12.94) 
2.71 (8.88) 

T = 1.52-m/sec (5- f t / sec)   tu rbulence  
EF = E n g i n e   f a i l u r e  
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Figure 1.- Ideal  state  rate feedback implicit model following (SRFIMF) con- 
trol ler .  

1 

1 

I I 
Figure 2.- Physically  realizable SRFIMF position  controller. 
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Figure  3.- P h y s i c a l l y   r e a l i z a b l e  

In 
N 

0 

-20 -1 5 

Y) 
N R 

- - ~ 
~ 

SRFIMF v e l o c i t y   c o n t r o l l e r .  

la1 

I? 
11 

-10 

Real 

(bl 
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Real 
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Real 
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1 ,  1 

-5 
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- 

Figure  4.- T y p i c a l   r o o t   l o c i  f o r   c h a r a c t e r i s t i c   e q u a t i o n  
KRL(s2  + K . s  + K ) 

s(s2 + b s  + c) 
1 ; .x 

X = o  
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1 -  
.5 
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- 
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m 
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* O r  
0 -  
""""- 

-20 - 

-40 - 

-60 - 

1 1 I 
.1 1 10 1 00 

w,  radlsec 

Figure  5 .- Frequency   r e sponse   o f   acce l e ra t ion   due   t o   ex t e rna l   d i s tu rbances  
f o r   v e h i c l e   w i t h  SRFIMF p o s i t i o n   c o n t r o l l e r .  

10 - 
1 -  
.5 - 

. I  - 

.01 - 

.001 - 

.0001 - 

m 

c- 
-0 

d 
.- 

20 - 

0 -  

-20 - 

-40 - 

-80 I I I 
0 1 10 100  

w, radlsec 

Figure  6 . -  Frequency   r e sponse   o f   acce l e ra t ion   due   t o  external d i s t u r b a n c e s  
f o r   v e h i c l e  with SRFIMF v e l o c i t y   c o n t r o l l e r .  
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Disturbances 

i k )  I t 

Figure  7.- Response  feedback positiDn c o n t r o l l e r .  

0 Required roots 

-20 

I " 

-20 

Figure  8.- 

(a1 T = 0.1 

1 

I 0 

\o 
0 

n- 7. 
0 

Typica l   roo t  loci f o r   c h a r a c t e r i s t i c   e q u a t i o n  

1 +  - = o  
(s + $) (s2 + b s  + c )  
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(a) T = 0.1 

1 5  

Real 

(b) r = 0.2 
"5 
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-1 0 0 

(c) T = 0.25 
- 5  

Real 

r L  
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-10 - E 

-1 0 
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w.  radlsec 

Figure 10.- Comparison of frequency  response of vehicle   with  response  feed-  
back   con t ro l l e r  and SRFIMF p o s i t i o n   c o n t r o l l e r .  
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I 
-20 

(a) p1 = 15 

1 
-20 

Real 

Figure  11.- T y p i c a l   r o o t   l o c i  f o r  c h a r a c t e r i s t i c   e q u a t i o n  
K m ( s 2  + K;s + Kx) 

1 +  
s 3 ( s  + p 1 = o  

1 

Figure  12.- Locat ion of c o n t r o l l e r   o u t p u t  limiter. 
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Figure 13.- Simulated l i f t - f an  V/STOL t ranspor t .  
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Figure 14.- SRFIMF attitude flight c o n t r o l l e r .  
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Figure  15.- SRFIMF f l i g h t - p a t h   c o n t r o l l e r .  
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Transition (TI lever 

control 

Velocity command (VC) 
lever 

centering double 
throw switch 

(not used) 

Power  (P)  lever 

Direct force proportional 
control 

T  lever  rate  command 
and clutch  switch 

Self 

Detent 

Tactile, position sensor 
on VC  lever 

Spring  loaded stop 

Active' region 
and  clutch disengagement 

switch 
/ I 

~ - / = -  
I 

-" 0 \ 

Detent 
.. . -~ ". ' Inactive 

r I I I  region I 
A 

0 m 2 
0 

Horiz accel  ft/sec2 ..~ Alternate 
scales 

Horiz  velocity k t  
I 

Scales for VC lever 

Figure 16.- L i f t - f a n   t r a n s p o r t  master power  management c o n t r o l s  (MK1). 
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Figure 17.- Lift-fan  transport master  power  management controls (MK1). 

Figure 18.- Lift-fan transport master power  management  controls (MK1) 
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Vernier  velocity proportional 
control 

Direct 

Velocity  command (VC) lever 

Thumb wheel proportional  control 
(center detent) 

Spring  loaded stop 
and clutch disengagement 

switch 

Detent Active region 

\ 
C.~ \ '  
I ,  

N l i  
Figure 19.- Lift-fan  transport master power management  controls (MK2). 
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Figure  20.- L i f t - f a n   t r a n s p o r t  master power  management c o n t r o l s  (MK2). 
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Sideslip angle command 
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Figure 22.- Response to input  pulse at 30 knots for  two  types of yaw 

controller  modes. 

64 



Hover 60 knots 120 knots 

100 

0 

-1 00 
10 2000 

C .- 
E . 
.c e 

0 0 

-2000 
1000 

-10 
300 

200 

1 boi 
0 

. . . . . . . . . . . . . . . . . .  
E 
x- 
m; 
-0 
e 
e .- 
a 

v- e 

0 
250 

60 

40 

20 

0 
110 

. P 
v- e 

0 1 1  . . . . . . . . . . . . . . . . .  . . . . . .  . . . . I . .  1.... 

60 
100 

b : : : : : : ; : : : : : : : ! : : .  

-25 I I . .  
~~ . . . . . . . . . . . . . . .  

Figure  23.- Response t o  a v e r t i c a l   v e l o c i t y  command p u l s e  at hover,  60 knots 
and 120 knots. 
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Figure  24.- Response  to  a h o r i z o n t a l   v e l o c i t y  command p u l s e  a t  hover ,  
60 knots   and  120  knots .  
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Figure 25.- Response to horizontal acceleration  command  pulse at hover, 
60 knots and 120 knots. 
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All cases start from hover 
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Figure 26.- Comparison of two methods of lateral  velocity command (see 
table 4 ) ;  rol l  response with lateral  velocity  controller engaged. 
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Figure 28.- Cockpit instrument  panel  (left side). 

Figure 29.- Cockpit instrument panel (right  side). 
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Figure 31.- Electronic  display  format f o r  longitudinal acceleration  and ver- 
tical velocity command  system. 
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y = localizer  error 

= localizer  heading 

AOC = flight  director  command 
(figures 30 and 31 1 

Figure  32.- Lateral  f l i g h t   d i r e c t o r .  

Switch conditions IALTU = 1 Horizontal  velocity  command { IALTU = 0 Horizontal  acceleration  command 

r3.05 m/sec2 
(r 10 ft/sec2) 

1 
'X R '-\c 10 - 1 * vxc 

IALTU 

VXR = required  horizontal  velocity 
Vx =aircraft horizontal  velocity 
ox, = required  horizontal  acceleration 
Vxc = flight  director  command  (figure 30) 
oxc = flight  director  command  (figure  311 

Figure  33.- H o r i z o n t a l   f l i g h t   d i r e c t o r .  
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hR 1 

II I I 

hR = required  altitude 

h = aircraft  altitude 

tiR = required vertical velocity 

hR = required vertical acceleration 

Iic = flight  director  command (figures 30 and 31)  

f 1.52 mlsec 2 

(i5 ft/sec3 

Figure 34.-  Vertical  flight  director. 
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Figure 35.- Types of VTOL approach path. 
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Figure 36. - Concluded. 
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Figure 37.- Straight VTOL landing approaches. 
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Figure 37.- Concluded. 
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Figure 39.- Ames six-degree-of-freedom moving base simulator. 
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Figure 40.- Handling qualities  rating  scale.  
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0 Sideslip  angle command 

0 Yaw  rate command with bank angle feedback 

As above with 15 knot  wind and 1.52 m/sec ( 5  ft/sec)  turbulence 
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Figure  41.- F ixed -ope ra t ing -po in t   hand l ing   qua l i t i e s  (+ lo"  banked  turns to 
change  heading by + 4 0 " ) .  
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Figure  4 2 . -  Comparison of two types  of yaw c o n t r o l l e r  modes i n   s t e a d y  10' 
banked  turns .  
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0 Sideslip  angle command 

0 Yaw rate command  with  bank angle feedback 

As above with  15  knot  wind and 1.52 mlsec (5 ftlsec)  turbulence 

Note: Below 20 knots both types of  yaw  controller mode  become  yaw  rate command  with heading hold.  (Table 4) 
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Figure 4 6 . -  Display and flight-path  controls (MK2) during typical -6' curved approach and landing. 
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Figure 46.-  Concluded. 
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Figure 48.- Typica l  -6O curved  approach  and vertical l and ing .  



Spikes identified on  right 
Duplexing key 

Dwells identified on left 

15 knot sidewind from north, 1.52 rnhec (5 ft/sec) rms turbulence 

E 
r' 
-0 
m' 
a 
a 
1- c 

10 

0 

-10 

t 

150 

0 

1 50 
100 

0 

, 1 0 0  

150 3 
> 

92 



Dupiexing key 
Spikes identified on right 
Dwells identified on left 

15 knot sidewind from north,  1.52 m h c  . ,..,.1..'../..1.1..1..1.'. 

rms turbulence (5 f t l s e c )  

' ~ ' " ' . " "  
;tart to trlm to . i~ 

b- -10 
Y 

2 > d 
F i E  
E 
E 
8 -  

v)  

c 

P 
- ._ 

, , , : ,  

6 
2 
0 
-2 
-6 

.5 

0 

-.5 

90 100 110 120 130 140\ 

Touchdon 

.. 
0 10 20 30 60 70 80 

Time-sec 

40 50 

Figure  4 9 . -  Typica l  -6' s t r a i g h t   a p p r o a c h   a n d   v e r t i c a l   l a n d i n g .  
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APPENDIX  A - F'LIGHT CONTROLLER AND CONTROL-SYSTEM ACTUATORS 
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I I I II IIII Ill II I I  I 1  I l l  I I I 1  Ill Il l I l l l l l l l  Ill 111111111111111111 I1 III~11ll1ll1lll111l 

NOMENCLATURE FOR APPENDIX A 

D B ~ ~  deadband in horizontal  tailplane  actuator 

HT horizontal  tailplane  rotation  rate 

'HT horizontal  tailplane  incidence  measured  from  airplane  waterline,  posi- 
tive  for  leading-edge  up 

L M ~ ~  

L M ~ ~  

position  limit  in  elevator  actuator  output 

position  limit in rudder  actuator  output 

position  limit  in  spoiler  actuator  output 

position  limit in cascade  louvers  and  hood  rotation  actuator  output 

position  limit in horizontal  tailplane  actuator  output 

pitch  trim  limit 

rate  limit  in P and T lever  servo  actuator  prefilters 

LMAS 

LMCH 

L M ~ ~  

L M ~ ~  

LMF 

TR pitch  trim  rate  gain 

5 P and T lever  servo  actuator  prefilter  damping  factor 

'AC1 

AC2 

time  constant  of  elevator  and  rudder  actuators 

time  constant of spoiler,  cascade  louver,  wing  louver,  and  hood T 
rotation  actuators 

T HT horizontal  tailplane  input  signal  prefilter  time  constant 

00 P and T lever  servo  actuator  prefilter  undamped  frequency 
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The  numerical  values of the  parameters  used in the  attitude  flight  con- 
troller  shown in figure 14 are  given  in  tables 14, 15, and 16. 

TABLE 14.- PITCH  ATTITUDE  CONTROLLER  PARAMETERS 
Parameter. 

Pitch  attitude  feedback  gain 

Pitch  rate  feedback  gain 

Basic f eedf  orward  gain 

Controller  feedforward  gain 

Controller  coupling  gain 

Controller  time  constant 

Elevator  actuator  input  gain 

Longitudinal  stick  deadband 

Longitudinal.stick  limits 

Controller  coupling  limiter 
. . .  

Symbol 
53 
Ki, 

K l  0 0  

K20 0 

K 3 0 0  

T9 

K 5 0 0  
DB 

6 1 0  

LM6 T 
- 0  

LM 
0.c 

- 
Value . ~. 

4:O l/sec2- 

3.0  l/sec 

11.717  rad/sec2 m (0.2976  rad/sec2  in.: 

0.50 rad/sec2  m  (0.0127  rad/sec2  in.) 

0.0178  see2  m/rad  (0.7  sec2  in./rad) 

0.03  sec 
839.9  deg/m  (21.333  deglin.) 

0.0013 m (0.05 in. ) 

0.1156 m (4.55  in.) 

1.3393  rad/sec2 
= _  ~ 

. .  
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TABLE  15.-  ROLL  ATTITUDE  CONTROLLER  PARAMETERS 
- - - . - - - 
Parameter 

Roll  attitude  feedback  gain 

Roll-rate  feedback  gain 

Basic  feedforward  gain 

Controller  attitude  feed- 

" 

~ __ 

forward  gain 

Controller  rate  feedforward 
gain 

Controller  coupling  gain 

Roll  attitude  hold  stick 
integrator  gain 

Controller  time  constant 

Roll  attitude  authority 
limit 

Controller  coupling  limit 

Spoiler  actuator  input  gain 

Lateral  velocity  cont  (LVC) 
input  gain 

Lateral  velocity  feedback 
gain 

Lateral  acceleration  com- 
pensation  gain 

LVC  compensator  time 
constant 

LVC  compensator  time 
constant 

LVC  coupling  gain 

LVC  coupling  gain 

LVC  compensator  limit 

Lateral  stick  deadband 

Lateral  stick  limit 

"F ."" ~ - ~ - . " 

-. . . "_ ~ "- Value 
4.0 l/sec2 
3.0  l/sec 

16.402  rad/sec2 m (0.4166 rad/sec2 i. 
11.083  rad/sec2 m (0.2815  rad/sec2 i 

_" . 

-13.772  rad/sec2 m ( -0 .3498 rad/sec2 

0.0127  sec2  m/rad (0.5 sec2  in.  /rad 

18.323  rad/sec3  m  (0.4654  rad/sec3 

0.05 sec 

3.141  rad/sec2 

1.875  rad/sec2 

2519.7  deg/m (64.0 deg/in. 
160 l/sec  (13.333  ft/sec  in.) 

1.57  l/sec2 

1.76  l/sec 

-1.6667  sec 

1.0 sec 

27.51  rad/sec2 m (0.6988 rad/sec2  i~ 

0.0111 sec2  (0.1335  sec2  in./ft) 
10.278  m/sec2  (33.719  f  t/sec2) 

0.0013  m  (0.05  in.) 

0.1156  m  (4.55  in.) 
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TABLE 16.- YAW ATTITUDE CONTROLLER PARAMETERS 

Parameter 1 
Yaw a t t i t u d e   f e e d b a c k  gain" 

Yaw-rate feedback  gain 

Basic feedforward  gain 

C o n t r o l l e r  ra te  feedforward 
g a i n  

Con t ro l l e r   coup l ing   ga in  

Heading   ho ld   s t ick   in te -  
g r a t o r   g a i n  

Turn  coordinat ion assist 
g a i n  

C o n t r o l l e r  time c o n s t a n t  

Rudder a c t u a t o r   i n p u t   g a i n  

Cascade   louver   ac tua tor  
I 

i n p u t   g a i n  

Hood r o t a t i o n   a c t u a t o r   g a i n  

S ides l ip   ang le   f eedback   ga in  

S i d e s l i p   c o n t r o l l e r  (SC) 
comp. g a i n  

SC i n p u t   g a i n  

~ SC coup l ing   ga in  

' sc coupl ing  limiter 

I Rudder   peda l   i n t eg ra to r  

i 
i 

deadband 

Rudder  pedal  deadband 

Rudder  pedal limits 

Wing l o u v e r   a c t u a t o r   g a i n  

SC t i m e  cons tan t  

Symbol 
K 9 
K* 9 
K 1 0  

K 2  0 

K 3 0  

' 7  

K 5  0 

K7 0 

K 8  0 

K -  
B 

QJ 
K4 0 

' 6  

~~ 

Value 
4.0 l/sec2 

3.0 l /sec  

4.543 r a d / s e c 2  m (0 .1154 r a d / s e c 2   i n . )  

20.83 r a d / s e c 2  m (0 .529  r a d / s e c 2   i n . )  

0.0508 sec2 m/rad (2 .0  sec2 i n .   / r a d )  

8.457 r a d / s e c  m (0 .2148 r a d / s e c   i n . )  

32 .   2 /Vx  l / s ec  

0.05 sec 

-1574.8 deg/m ( -40.0 deg/ in . )  

839.9 deg/m (21 .333  deg/ in . )  

839.9 deg/m (21 .333  deg/ in . )  

4.0 l / sec2  

3.0 l / s ec  

-6.343 rad/m ( -0 .1611 r a d / i n . )  

1.466 sec m/rad ( 5 7 . 7 1  sec i n . / r a d )  

0.375 r a d l s e c  

0.0038 m ( 0 . 1 5  i n . )  

0.0127 m ( 0 . 0 5  i n . )  

0.0838 m ( 3 . 3 0  i n . )  

-839.9 deg/m ( -21.333 d e g l i n . )  

0.333 sec 
.. . . 
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The  phase-out  gain, Kg, used i n   b o t h   r o l l  and yaw channels ,  i s  a f u n c t i o n  
o f   t h e   h o r i z o n t a l   i n e r t i a l   s p e e d ,  Vx ( s e e   f i g .  50).  

0 20 30 40 60 80 100 
Horizontal inertial velocity, Vx,  knots 

J 
120 

Figure  50.- Var i a t ion   o f   phase -ou t   ga in   w i th   ho r i zon ta l   i ne r t i a l   ve loc i ty .  

The i n p u t - o u t p u t   c h a r a c t e r i s t i c s   o f   t h e   s p o i l e r  cam,  shown i n   t h e   r o l l  
sys t em  ( f ig .  14), are g i v e n   i n   f i g u r e  51. T h i s   s p o i l e r  cam i s  used t o  make 
t h e   r o l l i n g  moment, a t  a g i v e n   a i r s p e e d ,   a p p r o x i m a t e l y   p r o p o r t i o n a l   t o   t h e  
cam i n p u t .  

The a c t u a t o r s   f o r   t h e   e l e v a t o r s ,   s p o i l e r s ,   c a s c a d e   l o u v e r s ,   a f t   h o o d s ,  
and  rudder are r ep resen ted  by t h e  block diagram shown i n   f i g u r e  52. The t i m e  
cons t an t s   and   pos i t i on  limits of t h e   v a r i o u s   a c t u a t o r s  are d e f i n e d   i n   t a b l e  1 7  
and   the   cor responding   va lues  are g i v e n   i n   t a b l e  18. 

The p i l o t ’ s   p i t c h  t r i m  s w i t c h   b i a s e s   t h e   i n p u t   f r o m   t h e   s t i c k  a t  a con- 
s t a n t   r a t e   ( s e e   f i g .  53) .  Values   of   the   parameters  shown i n   f i g u r e  53 are 
g i v e n   i n   t a b l e  18. 
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Input 

L Position  limit LM( ) 

. - 

Figure 52.- Actuator  model.  

TABLE 17.- ACTUATOR NOTATION 

Actua tor  

Eleva tor  

Rudder 

S p o i l e r  

Cascade  louver  

Hood r o t a t i o n  

Wing louver  

= . " ~ . " .  

TABLE 18.- ACTUATOR PARAMETERS 

Rudder a c t u a t o r   p o s i t i o n  l i m i t  

S p o i l e r   a c t u a t o r   p o s i t i o n  l i m i t  

Cascade  louvers   and hood r o t a t i o n  l i m i t  

E l eva to r   and   rudde r   ac tua to r  time 
cons tan t  

Spoi le r ,   cascade   louver ,   and  hood 
r o t a t i o n   a c t u a t o r  time cons tan t  

T a i l p l a n e   p o s i t i o n  l i m i t  

T a i l p l a n e  ra te  

P i t c h  trim l i m i t  

P i t c h  t r i m  ra te  

Tai lplane  deadband 

T a i l p l a n e   p r e f i l t e r  time cons tan t  
- ~ - . . . ~.~ " 

L M ~ ~  

MAS 

MCH 
T AC 1 

T AC2 

L " ~ ~  

L M ~ ~  

D B ~ ~  

HT 

TR 

T HT 
" 

*output  

i 

T 

30.0 deg 

60.0 deg 

16.0 deg 

0.05 sec 

0 .1  s e c  

10.0 deg 

1 deg/sec 

0.114 m ( 4 . 5  i n . )  

0 .0229 m/sec (0.9 i n . / s e c )  

2 deg 

2.0 sec 
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Figure  53.- P i t c h  t r i m  actuator   model .  

The t a i l p l a n e  is a r r a n g e d   t o  move au tomat i ca l ly ,  a t  a cons t an t  ra te ,  i n  a 
d i r e c t i o n   s u c h   t h a t   t h e   e l e v a t o r   a n g l e   t o  t r i m  a given  maneuver is reduced   t o  
z e r o   i n   t h e   s t e a d y  s ta te .  The t a i l p l a n e   a c t u a t o r  is  shown i n   f i g u r e  5 4 .  The 
va lues   o f   t he   pa rame te r s  shown i n   f i g u r e  54 are g i v e n   i n   t a b l e  18. 

F igure  54.- T a i l p l a n e   a c t u a t o r  model. 

The numer ica l   va lues   o f   the  parameters used i n   t h e   f l i g h t - p a t h   f l i g h t  
c o n t r o l l e r   ( f i g .  15) are g i v e n   i n   t a b l e s  1 9 ,  20,  and 21. 

The " t h r o t t l e   g e a r i n g "   ( r e f e r r e d   t o   i n   f i g .  15) is a dev ice   u sed   t o  
o b t a i n  a rough ly   cons t an t   change   i n   t h rus t  p e r  u n i t   c h a n g e   i n  power l e v e r  
d i sp l acemen t .   Thro t t l e   gea r ing  i s  shown i n   f i g u r e  55 as a schedule   o f  com- 
manded engine  speed as a f u n c t i o n   o f   t h e   v e r t i c a l   f l i g h t   c o n t r o l l e r   o u t p u t  
i,. The p r e f i l t e r s   ( r e f e r r e d   t o   i n   f i g .  15) are u s e d   t o   p r o v i d e   c o n t r o l   o v e r  
the  motion  of   the P and T l e v e r s ,  when d r iven  by t h e   f l i g h t   c o n t r o l l e r   o u t p u t .  
F igure  56 is a block  diagram  showing  the ra te  l i m i t e d   s e c o n d - o r d e r   p r e f i l t e r  
used i n  t h e   s i m u l a t i o n .  The v a l u e s   o f   t h e   p r e f i l t e r  parameters are g i v e n   i n  
t a b l e  22. 
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TABLE 19.- VERTICAL-AXIS CONTROLLER PARAMETERS /- Vertical ve loc i ty   f eedback  gain- 

Control ler   compensat ion  gain 

C o n t r o l l e r   i n p u t   g a i n  

Con t ro l l e r   coup l ing   ga in  

C o n t r o l l e r  time cons tan t  

Cont ro l le r   upper   coupl ing  l i m i t  

Cont ro l le r   lower   coupl ing  l i m i t  

P i l o t ' s   c o n t r o l   d e a d b a n d  

P i l o t ' s   c o n t r o l  limit (SA) 

P i l o t ' s   c o n t r o l  l i m i t  (6TH.I 
2 

1 

__ " ~ ." 

Value ~ 

. ". 

. " 

1.5  7 l ' isec2 

1 . 7 6   l / s e c  

0.152  m/sec % ( 0 . 5   f t / s e c  X )  

-32.81  sec2 % / m  (-10.0  sec2 % / f ;  

0 . 3   s e c  

o m/sec? ( 0  f t / s e c 2 )  

-2.606  m/sec2 (-8.55 f t / s e c 2 )  

5% 

100% 

100% 

Note: % r e f e r s   t o  % of appropr i a t e   des ign  maximum c o n t r o l   i n p u t   ( f i g .   1 5 ) .  
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TABLE 20.- HORIZONTAL (LONGITUDINAL)  AXIS CONTROLLER PARAMETERS 
- . .  

Parameters  
Hor i zon ta l   ve loc i ty   f eedback   ga in  

Control ler   compensat ion  gain 

C o n t r o l l e r   i n p u t   g a i n   ( v e l o c i t y  
command mode) 

C o n t r o l l e r   i n p u t   g a i n   ( a c c e l e r a -  
t i o n  command mode) 

V e r n i e r   v e l o c i t y  command i n p u t  
ga in  

Con t ro l l e r   coup l ing   ga in  

C o n t r o l l e r  t i m e  c o n s t a n t  

Cont ro l le r   lower   coupl ing  l i m i t  

Con t ro l l e r   uppe r   coup l ing  limit 

Vern ie r   fo rce  command g a i n  

P i l o t ' s   c o n t r o l   d e a d b a n d  ( 6 .  ) 

P i l o t ' s   c o n t r o l  l i m i t  (6. ) 
VX 

P i l o t ' s   c o n t r o l  l i m i t  ( 6  ) 
VX 

P i l o t ' s   c o n t r o l   l o w e r  l i m i t  

vX 

( C T L ~  

( ~ T L ~ )  
P i l o t ' s   c o n t r o l   u p p e r  l i m i t  

P i l o t ' s   c o n t r o l  l i m i t  (Ixv> 
. .   . .  . . . . "  . 

Symbol 

K2U 

K2; 

% 

K3u 

=U 

K 

LMLcl 
LM 

LC2 
K x v  

DB6 

LM6 

LM6 

VX 

P 
LM< 1 

*X 

LM 
52 

LMI 
i~ 

xv 
Note: % r e f e r s   t o  % of appropr i a t e   des ign  

Value 
1.57 l/sec' 

1.76 l /sec 

0.686 m/sec % ( 2 . 2 5   f t / s e c  X )  

0.0152 m/sec2 % ( 0 . 0 5   f t / s e c 2  %) 

0.0914  m/sec % ( 0 . 3  f t / s e c  X )  

3.281 sec2 % / m  (1.0 sec2 % / f t )  

0.15 sec 

o m/sec2 ( 0  f t / s e c 2 )  

28.854 m/sec2 (78 .261   f t / s ec2 )  

0.1 deg/% 

5% 

100% 

100% 

0% 

100% 

100% 

naximum c o n t r o l   i n p u t   ( f i g .   1 5 )  . 
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TABLE 21.- HORIZONTAL (LATERAL) AXIS  CONTROLLER PARAMETERS 

Parameter - 
Lateral ve loc i ty   f eedback   ga in  

~ Contro l le r   compensa t ion   ga in  

, C o n t r o l l e r   i n p u t   g a i n  
I 

C o n t r o l l e r   c o u p l i n g   g a i n  

C o n t r o l l e r  time c o n s t a n t  

C o n t r o l l e r   c o u p l i n g  limit 

Direct f o r c e  command g a i n  

P i l o t ' s   c o n t r o l  limit (6v ) 

P i l o t ' s   c o n t r o l  l i m i t  (Irv) 

Y 

Symbol 

Ku 
% 
K2v9 

T vi4 
K 

u 

L'Lc 

KYv 
LM6v 

Y 
LM 

I Y V  

I I 
- 

Value ~ 

1 . 5 7  l/sec2 

1.76 l / sec  

0.0914 m/sec % ( 0 . 3  f t j s e c  X) 
0.00781 sec2 (0.09375 i n .   s e c 2 / f t )  

0.1 sec 

0.174 m/sec2 (5.0 f t / s e c 2 )  

1 . 1 9 1 ~ 1 0 - ~  m/% ( 4 . 6 8 8 ~ 1 0 ' ~   i n .  /%) 

100% I 
100% 

Note: X r e f e r s   t o  % o f   a p p r o p r i a t e   d e s i g n  maximum c o n t r o l   i n p u t   ( f i g .   1 5 ) .  

TABLE 22.- P AND T LEVER SERVO ACTUATOR PREFILTER PARAMETERS 

Parameter Value Symbol 
Undamped na tu ra l   f r equency  

Damping f a c t o r  

3 r a d / s e c  wO 

Rate limit 

0.7 5 

L 
L'F 30% of max i n p u t j s e c  
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Figure 55.- Simulated throttle gearing. 

Figure 56.- Servo actuator prefilter. 



108 



APPENDIX B - ENGINE AND FAN MODEL 
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NOMENCLATURE FOR APPENDIX B 

fan  thrust  due  to'  fan  *otor 

( k  = 1, 2 . . ., 6)  

F ( k  = 1, 2 . . ., 6)  
TTk 

F ~ ~ ~ '  F ~ ~ ~ ,  F~~~ 

F ~ ~ ~ ,  F ~ ~ L .  'TAL 

FTTss. : I . 

HPk ( k  = 1, 2 . . . , 6 )  

Hpss 
I 

k 
P 

'ESP  1 

K~~~ 1 

K~~~ 3 

' S  

KHPk ( k  = 1, 2 . . . , 6)  

K ( k = 1 , 2 .  
TTk 

K~~~~~ 

LMEVP 

L M ~ ~ ~  

"GI 

110 

. , 6 )  

total  fan  thrust  before  spoiling 

total  fan  thrust  after'  spoiiing ' 

tip  turljine  thrust 

total  thrust  of  the  forward-right,  wing-right,  and 
af  t-right  f.ans 

total  thrust  of  the  forward-left,  wing-left,  and 
aft-1ef.t  fans , 

steady-state  .value  of  tip  turbine  thrust 

tip  turbine  gas  horsepower 

steady-stace  tip  turbine  gas  horsepower 

fan  rotor  pozar  moment  of  inertia 

engine  .number (fig.. 13) . : 

thrust  spoiler  actuator  input  gain 

ETaC  valve  actuator  input  gain 

forward  branch  gain in  thrust  spoiler  and  ETaC  valve 

1 

actuators 

fan  thrust  spoiler  coefficient 

horsepower  coefficient  compensation  for  engine 
failures 

tip  turbine  thrust  coefficient  compensation  for 
engine  failures 

slope of thrust  spoiler  curve 

ETaC  valve  actuator  position  limit 

ETaC  valve  actuator  rate  limit 

engine RPM command 



N ( k  = 1, 2 . . . , 6 )  engine RPM 
Gk 

“.k 

T ( k  = 1, 2 . . . , 6 )  fan  torque 
Fk  

(k = 1, 2 . . . , 6 )  fan rotor RPM 

T ~ ~ k  ( k  = 1, 2 . . . , 6 )  tip  turbine  torque 

M ETaC  valve  area  change 

ACi (i = 4 ,  0 )  ETaC  value  input 

As fan  thrust  spoiler  actuator  output 

‘fwd’ ‘wing’ ‘‘aft nozzle  efficiencies  (to  account  for  variation in 
thrust  recovery) 

‘ l i f t  

‘LC 

efficiency  (to  account  for  thrust  variations  due  to 
backward-facing  engines) 

efficiency  (to  account  for  effect  of  airspeed on 
liftlcruise  fans) 

T ENG 

DCT 

engine  time  constant 

duct  gas-flow  time  constant T 
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The s imula t ed  VTOL a i r c r a f t   h a s   s i x   i d e n t i c a l   e n g i n e / f a n   l i f t   u n i t s ,   o n e  
of  which is shown s c h e m a t i c a l l y   i n   f i g u r e  57. The i n p u t   q u a n t i t i e s   t o   e a c h  
e n g i n e / f a n   u n i t  are t h e  commanded engine  R P M ,  NGI, and t h e   a t t i t u d e   c o n t r o l  
commands. The a t t i t u d e   c o n t r o l  commands t o   t h e   e n g i n e s  on t h e   a f t - r i g h t ,   a f t -  
l e f t ,   f o r w a r d - r i g h t ,   f o r w a r d - l e f t ,   l e f t   w i n g ,   a n d   r i g h t   w i n g  are Ace, Ace, 
-Ace, -bCe, -AC$, and AC4, r e s p e c t i v e l y .  

The ETaC valve a c t u a t o r  model i s  shown i n   f i g u r e  58 and t h e   f a n   t h r u s t  
s p o i l e r   m o d e l ,   i n   f i g u r e  59.  The o p e r a t i o n  of t h e   t h r u s t   s p o i l e r  i s  i l l u s -  
t r a t e d   i n   f i g u r e  57. The  output of t h e   t h r u s t   s p o i l e r   a c t u a t o r  is  m u l t i p l i e d  
by t h e   t h r u s t   s p o i l e r   f a c t o r ,  Ks, t o   p r o d u c e   t h e   t o t a l   f a n   t h r u s t .  The t h r u s t  
s p o i l e r   f a c t o r ,  Ks, as a func t ion   o f  AS, i s  shown i n   f i g u r e  60, and t h e   g a i n s  
and limits ( f i g s .  58 and 5 9 )  are g i v e n   i n   t a b l e  23 and f i g u r e  61. 

P rov i s ion  is  made f o r   t h e   s i m u l a t e d   f a i l u r e  of the   l e f t -wing   engine  
(number 3)  and t h e   r i g h t - a f t   e n g i n e  (number 6 ) .  E n g i n e   f a i l u r e  i s  s imula ted  
by a change i n   t h e   t i p   t u r b i n e   h o r s e p o w e r   c o e f f i c i e n t ,  K H P ~ ,  and t h e   t i p   t u r -  

b i n e   t h r u s t   c o e f f i c i e n t ,  K T T ~ ,  f o r   b o t h   t h e   f a i l e d   e n g i n e  and the   eng ine  con- 

n e c t e d   t o  i t .  The log ic   used   for   changing  KHP and KTT fo l lowing   an   engine  

f a i l u r e ,  is shown i n   f i g u r e  62. The c o e f f i c i e n t s  K and f o r   e n g i n e s  1, 
2 ,   4 ,  and 5 are  always  uni ty .  HPk 

k k ’  

Engine  and  duct   lags  are s i m u l a t e d   u s i n g   l i n e a r   t r a n s f e r   f u n c t i o n s  
( f i g .  6 3 ) .  The va lues   o f   the  time c o n s t a n t s  shown i n   f i g u r e  6 3  are g i v e n   i n  
t a b l e  2 3 .  

The curves  marked HPss and FTT ( f i g .  5 7 )  r e p r e s e n t   t h e   v a r i a t i o n   o f  ss 
s t e a d y - s t a t e  t i p  tu rb ine   horsepower   and   th rus t ,   wi th  ETaC va lve  area change, 
€or   var ious   engine   speeds .  The HPss and FTT curves  are g i v e n   i n   d e t a i l   i n  
f i g u r e s  64 and 6 5 .  ss 

The e q u a t i o n s   f o r   f a n   t h r u s t  and f a n   t o r q u e  as func t ions  of fan   speed  are 
l i s t e d   i n   t a b l e  24.  

The f a n   t h r u s t  is added   to   the  t i p  t u r b i n e   t h r u s t   a n d   t h e   r e s u l t i n g  quan- 
t i t y  is  m u l t i p l i e d  by t h e   t h r u s t   s p o i l i n g   f a c t o r   t o   o b t a i n   t h e   f a n   t h r u s t   o u t -  
p u t  fo r   each   o f   t he   s ix   f ans .  The thrus t   ou tputs   o f   the   forward ,   wing ,   and  
a f t   f a n s  a re  m u l t i p l i e d  by t h e   n o z z l e   e f f i c i e n c i e s  nfud, quin and q a f t ,  
r e s p e c t i v e l y ,   t o   r e p r e s e n t   t h e   e f f e c t s  of t h e   v a r i o u s   t h r u s t   g e f l e c t i o n   s y s -  
tems. The t h r u s t   o f   e a c h   l i f t   f a n  i s  m u l t i p l i e d  by a n   a d d i t i o n a l   e f f i c i e n c y  
“ift t o   accoun t   fo r   t he   r educ t ion   i n   t h rus t ,   w i th   i nc reas ing   fo rward   speed ,  
because  of   af t - facing  engine a i r  i n l e t s .  The l i f t - c r u i s e   f a n   t h r u s t  is mul t i -  
p l i e d  by a f a c t o r  ~ L C  t o   a c c o u n t   f o r   t h e   i n c r e a s e   i n   t h r u s t   d u e   t o   t h e  ram a i r  
e f f e c t  on the   forward- fac ing   engine   in le t s .  The t h r u s t   e f f i c i e n c y   r e l a t i o n -  
s h i p s  a r e  summarized i n  t ab le  25.  

The f i n a l   t h r u s t   o u t p u t  f rom  each   of   the   engine l fan   un i t s  i s  u s e d ,   i n   t h e  
f o r c e  and moment model i n   a p p e n d i x  C y  t o  compute the   ove ra l l   eng ine   and   f an  
f o r c e s  and moments a c t i n g  on t h e   a i r c r a f t .  
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Figure  58.- ETaC v a l v e   a c t u a t o r  model. 

+ output 

Figure  59.- Thrus t   spo i l e r   ac tua to r   mode l .  
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Figure  60.- Fan t h r u s t   s p o i l e r   c u r v e .  
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Figure 61.- ETaC valve position limit. 
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TABLE 23.- ENGINE AND FAN  PARAMETERS 
" 

Parameter 
Engine time c o n s t a n t  

Duct f low time c o n s t a n t  

Fan p o l a r  moment of i n e r t i a  

ETaC v a l v e   a c t u a t o r   i n p u t   g a i n  

ETaC va lve   ac tua to r   fo rward   ga in  

T h r u s t   s p o i l e r   a c t u a t o r   i n p u t   g a i n  

ETaC v a l v e   a c t u a t o r   p o s i t i o n  limit 

ETaC v a l v e   a c t u a t o r  ra te  l i m i t  

S lope   o f   t h rus t   spo i l e r   cu rve  

Symbol 
T ENG 

DUCT T 

IP 
K~~~ 1 

K~~~ 3 

LMEVP 

L M ~ ~ ~  

K~~~~~ 

KESP 1 

_ _ _ _ _ _  "" i - . .  

Value 
" - ~ . . " 

0.0763  sec 

0.045  sec 

26.44  kg m2 ( 1 9 . 5   s l u g   f t 2 >  

629.9 % / m  (16.0 % / i n . >  

629.9 % / m  (16 .0   %/ in .>  

629.9 %/m (16 .0   %/ in .>  

(See  f igure  65)  

112 .5   %/sec  

-0.03  l /deg 
-~~ " .~ ." ~- . - - -__ 

Note: % r e f e r s   t o  % of maximum flow area i n   v i c i n i t y  of ETaC va lve .  
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Engine 
no. 3 

ind icator  

Operate 

Note:  Englne  ?al lures  are  simulated only fo r  engines no .   3   ( l e f t   w lng  
t ip1  and no. 6 (r ight  aft   fuselage) 

Figure 62.- E n g i n e   f a i l u r e   l o g i c .  

F igure  63 . -  Engine  and  duct lags. 
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installed, sea level,  static, 900 F day 

60 

15 -10 -5 0 5 10 

Accelerating 
fan 

Change in  nozzle area, 
AAW 

Figure  6 4 . -  S t e a d y - s t a t e   t i p   t u r b i n e   h o r s e p o w e r .  
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60 

I 0-1 I 1 
10 15 0 0 s -15 F -5 

Change in nozzle area. Decelerating 
fan 

Accelerating AA(%) 
fan 

Figure  65 . -  S t e a d y - s t a t e   t i p   t u r b i n e  stream t h r u s t .  

119 



TABLE 24.- FAN THRUST AND TORQUE EQUATIONS 

2 . 1 5 4 1  
~ ~- ~. 

2.1541 
: - .  . . I  . 

F = 2445.68 (l$o) - N { 549.81 (A) lb] 

T Fk = 850.0 ' p). - 1000 ' Nm { 627.16 (&) " l b  f t ]  

Note: N is t h e  R P M  o f   t h e   k t h  fan. 

' k  

2.1298 
b 

2. 129.8 , .  

Fk ~. ~ I . "  . . .  . .~ 

TABLE 25.- GROSS THRUST EFFICIENCY FACTORS 
"" . ~ . - _  ~. . " . . . . . . . - -  

F~~~ - 'fwd ' l i f t  

F~~~ - 'fwd ' l i f t   F T ( 2 )  

- FT(I-1 

- 

- - 
FTWL ' w i n g   ' l i f t  F T (3) 

F~~~ ' w i n g   ' L i f t  F T (4) 

F~~~ - ' a f t  'LC T 

F~~~ - ' a f t  'LC T 

' B d  

' w i n g  

' a f  t 

- - 

- F (5) 

F (6) - 

= 0.98079 

= 1.0 

= 0.92314 C H D  I 70" 

= 0.65413 + 0.003843 C H D  70" < cHD < 90" 

= 1 . 0  GHD I 90" 

' l i f t  
= 1 . 0  - 7 3 8 . 2 ~ 1 0 - ~ U ~  - 2 . 6 9 ~ 1 0 - ~ U ~ ~  (UB in m/sec) 

= 1.0 - 2 2 5 ~ 1 0 - ~ U ~  - 0 . 2 5 ~ 1 0 - ~ U ~ ~  ( U B  in f t / s e c )  

= 1.0  + 1 5 . 9 1 ~ 1 0 - ~ U ~  + 6 . 7 3 ~ 1 0 - ~ U ~ ~  (UB in m/sec) 

= 1.0  + 4.85~1O-~Ug + 0 . 6 2 5 ~ 1 0 - ~ U ~ ~  (U B in f t / s e c )  

'LC 

~ = .  . " .  . L . _ "  
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APPENDIX C - PROPULSION  SYSTEM  FORCE AND MOMENT  COMPUTATION  AND  RESOLUTION 
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NOMENCLATURE FOR APPENDIX C 

I E i F j  9 E i w j ,   E i A j  
body  axes  coordinates  of  forward,  wing,  and  aft 

. i = X , Y ,  Z 
j = R(right),  L(1eft) fan thrust  application  points 

F i F j 9  FiWj, F i A  j 
-i = X ,  Y ,  Z 
j = R(right),  L(1eft) 

body  axes  thrust  components  of  forward,  wing,  and 
aft  fans 

K~~~~ thrust  vectoring  actuator  forward  gain 

k engine  number,  (fig.  13) 

LF, MF9 NF moments  produced  by  fan  thrust  about X, 3, and z 
body  axes 

LMCA 

LMwI 

moments  produced  by  ram  drag  forces  about X, 9, 
and z body  axes 

forward  cascade  actuator  rate  limit 

wing  cascade  actuator  rate  limit 

L M ~ ~ ~ ~  hood  actuator  rate  limit 
"- 
LP, LR, LV ram  drag  rolling  moment  due  to  roll rate,  yaw  rate, 

and y body  axis  speed 

air mass flow  through  front,  wing,  and  aft  fans 

j = R(right) , L(1eft) 
"- 
M Q ,  Mu, Mw 

"- 
NP, NV, NR 

ram  drag  pitching  moment  due  to  pitch  rate,  speed 
along x body  axis,  and  speed  along z body  axis 

ram  drag  yawing  moment  due to roll  rate,  speed 
along y body axis, and yaw rate 

k (k = 1, 2, . . ., 6)  air  mass  flow  through  fan k 
Fk 

total  fan  thrust  forces  acting  along X, y ,  and z 
body  axes 

' F E ,  'WE, 'AE body  axes x coordinates  of  forward,  wing,  and  aft 
engine  inlets 

'FF, 'WF, 'AF  
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body  axes x coordinates  of  forward,  wing,  and  aft 
fan  inlets 



'RAM' ' R A M '  'RAM 

X Q ,  
- 

'FE, 'WE* 'AE 

'FF, 'WF' 'AF 

"- YP, Y R ,  YV 

' F E ,  'WE, 'AE 

'FF' 'WF' ' A F  

- 
ZQ, 

A 

'CA 

ram  drag  forces  along x, y, and z body  axes 

ram  drag  forces  along x body  axis  due  to  pitch  rate 
and  speed  along x body  axis 

body  axes y coordinate  of  forward,  wing,  and  aft 
engine  inlets 

body  axe.s y coordinate of forward,  wing,  and  aft 
fan  inlets 2 :  

5 

ram  drag  forces  along y body  axis  due to roll  rate, 
yaw  rate,  and  speed  along y body  axis 

body  axes z coordinate  of  forward,  wing,  and  aft 
engine  inlets 

body  axes z coordinate  of  forward,  wing,  and  aft 
fan  inlets 

ram  drag  forces  along z body  axis  due to pitch 
rate  and  speed  along z body  axis 

ratio  of  engine  air mass flow  to  fan  air  mass flow 

fixed  roll  inclination  angle  of  the  forward-  and 
wing-mounted  cascades 
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The th rus t   o f   t he   fo rward   f ans  is  d e f l e c t e d  by a r o t a t i n g   c a s c a d e   s y s t e m  
shown i n   f i g u r e s  66 and 67. The louve r   ang le ,  a c ~ ,  is t h e  la teral  t h r u s t  
d e f l e c t i o n   a n g l e   u s e d   t o   o b t a i n   b o t h  yaw c o n t r o l   a n d   d i r e c t   s i d e - f o r c e   c o n t r o l .  
The c a s c a d e   r o t a t i o n   a n g l e ,  + A ,  is u s e d   t o   d e f l e c t   t h e   t h r u s t   f o r w a r d   a n d   a f t  
f o r   t r a n s i t i o n .  

C C C ~  and tcA angles are varied by the controller 
$cA angle is fixed. (40 deg) 

below) 

Figure 6 6 . -  V i e w  o f   t he   fo rward   f ans   ( l ook ing   a f t ) .  

1 2 4  



is measured in  fan  exit  plane 

Figure   67 . -   S ide   v iew  of   the   forward   le f t   engine   and   fan .  

The t h r u s t   o f   t h e   a f t   f a n s  is  d e f l e c t e d  by a r o t a t i n g  hood  assembly shown 
i n   f i g u r e s  68  and 69.  The hood r o t a t i o n   a n g l e ,  YHD, is  t h e  la teral  t h r u s t  
d e f l e c t i o n   a n g l e   u s e d   f o r   b o t h  yaw c o n t r o l  and d i r e c t   s i d e - f o r c e   c o n t r o l .  The 
hood ex tens ion   ang le ,  <HD, i s  u s e d   t o   d e f l e c t   t h e   t h r u s t   f o r w a r d   a n d   a f t   f o r  
t r a n s i t i o n .  

The t h r u s t   o f   t h e  wing f a n s  is  d e f l e c t e d  by a r o t a t i n g   c a s c a d e   s y s t e m  
i d e n t i c a l   t o   t h a t   u s e d   f o r   t h e   f o r w a r d   f a n s   ( s e e   f i g .  70).  The louver   angle ,  
c t w ~ ,  is t h e  l a t e ra l  t h r u s t   d e f l e c t i o n   a n g l e   u s e d   f o r   d i r e c t   s i d e - f o r c e   c o n t r o l .  
The c a s c a d e   r o t a t i o n   a n g l e ,  <VI, i s  u s e d   t o   d e f l e c t   t h e   t h r u s t   f o r w a r d   a n d  
a f t   f o r   t r a n s i t i o n .  

The o u t p u t   f r o m   t h e   h o r i z o n t a l   ( l o n g i t u d i n a l )   c o n t r o l l e r ,  <TL, is used 
to   d r ive   the   forward   cascades ,   wing   cascades ,  and a f t  hood through  angles  
~ C A ,  <WI, and <HD, r e s p e c t i v e l y .  To e n s u r e   t h a t   t h e   p i t c h i n g  moment remains 
small as t h e   t o t a l   t h r u s t   v e c t o r  i s  d e f l e c t e d   f r o m   f u l l - f o r w a r d   t o   f u l l - a f t ,  
t h e   t h r u s t   d e f l e c t i o n   s y s t e m s  must   be   d r iven   th rough  su i tab le   nonl inear   gear -  
i n g   ( f i g .  15).  A s u i t a b l e  se t  of   gear ing   func t ions  is shown i n   f i g u r e  71. 

The model  of the  cascade  and  hood  actuators  is shown i n   f i g u r e  72. The 
numer i ca l   va lues   o f   t he   ac tua to r   pa rame te r s   ( f i g .  72) are g i v e n   i n   t a b l e  26. 
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Hood  centerline  plane is shown in vertical (A) and  deflected ( 6 )  position. 
Position B corresponds to  positive THD angle. 

For  the  right aft fan, positive ~ H D  is obtained  with  the same direction of hood rotation. 

Figure 68.- A f t  l e f t   e n g i n e  and  fan (looking a f t )  . 
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SHD is measured in hood centerline  plane. 
The angle is positive as shown. 

Figure 69 . -  Aft l e f t  engine and fan. 
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0 Inboard 
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E l  
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\ \ '  
(for installation 

" 

-Thrust vectoring 

\ 

Angle awl is varied by the  controller 
Angle OCA  is fixed 

Fan 

Figure 70.- Thrust vectoring  control wing fans  (looking a f t ) .  
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Figure  71.- S imula t ed   t h rus t   vec to r ing   s chedu le .  
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Rate limits 
? LMcA or f LMWl or t LMHDRAT 

Figure  72.- Cascade  and  hood  actuator  model. 

TABLE 26 . -  THRUST-VECTORING ACTUATOR PARAMETERS 

Is- =. . . . ~ " ~ Value ~ . -~ 

K~~~~ 

LMwI 
50 deg/sec  L M ~ ~ ~ ~  

100  deg/sec 

S.O/sec 

Forward  cascade  actuator ra te  l i m i t  

Wing cascade   ac tua to r  rate l i m i t  

Hood a c t u a t o r  rate l i m i t  

LMCA 100  deg/sec 

The f o r c e  and moment computa t ion   and   reso lu t ion   equat ions  are g iven  i n  
t a b l e  27.  The f i r s t   f o u r   e q u a t i o n s   g i v e   t h e   t h r u s t   c o m p o n e n t s   i n   t h e  x, y, 
and z a i r p l a n e  body axes   o f   each   o f   t he   s ix   f ans .  The las t  set of six equa- 
t i o n s   g i v e s   t h e   n e t   f o r c e s   a n d  moments, a b o u t   t h e  X ,  y, and z body axes,   due 
t o  a l l  s i x   f a n s .  

The f a n   l o c a t i o n s   u s e d   i n   t h e  moment equa t ions  are g i v e n   i n   t a b l e  28. 

The ram d r a g   f o r c e s  and moments are computed  from t h e   f a n   a i r f l o w   a n d   t h e  
t o t a l   l i n e a r  and a n g u l a r   v e l o c i t i e s  relative t o   t h e  a i r  mass. Fan a i r f l o w  is 
computed as a f u n c t i o n  of fan   speed ,   and   engine   a i r f low is  assumed t o   b e  a 
cons tan t   percentage   o f   the   fan   a i r f low.  The f a n   a i r f l o w  is  computed  sepa- 
r a t e l y ,   f o r   e a c h   o f   s i x   f a n s ,   t o   p e r m i t   t h e   s i m u l a t i o n  of e n g i n e   f a i l u r e .  The 
ram drag   force   and  moment equa t ions  are g i v e n   i n   t a b l e  29, and  the  engine  and 
f an  a i r  i n l e t   l o c a t i o n s  are g i v e n   i n   t a b l e  30. 
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~ 

Wing r i g h t  (no. 4 )  

A f t   r i g h t  (no. 6)  

132 



E=LR YP = LV = -E Y R = N Y = - Z Q  YV = zw " - 

1 . 0 5 9 4  1 . 0 5 9 4  

. = 56 .11  (2) kg/sec  ( 123.7 (k) l b l s e c  ] 
'FL = ' F  /9 L R A M  = , V v B + ' P p T + L R r T  

1 
i fFR  = QF / g  'RAM = E v B + Y P p T + Y R r T  

2 

'WL F g  

'WR = ' F q  / g  'RAM = x U u , + z q ,  

- 
= ' / g  N~~~ = N V V  + N P p T + N R r T  B 

'AL  = Q F5 / g  

'AR i 7  F 6  I g  

- 
Z R 4 M  = zw W B  + zq qT 

- 
MRAM = uB + %7 wB + MQ q, 

A = r a t i o  of eng ine   a i r f low t o  fan a i r f l o w  = 0~.131 "" ~ 
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TABLE 30.- ENGINE AND FAN AIR  INLET LOCATIONS 

Engine 
Coord 

F ron t   r i gh t  (no. 2) l y  

Wing r i g h t  (no. 4 )  I y  

c" 
A f t  r i g h t  (no. 6 )  I y  

I z  

- _  "" .~ . .  

Symbol Value 
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APPENDIX D - AIRFRAME AERODYNAMIC FORCES AND MOMENTS 
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NOMENCLATURE FOR APPENDIX D 

‘0 

‘Dt 

‘DTO 

‘2 

‘2 P 

‘2 r 

‘2 
6 R  

‘L 

‘ L t  

‘LTO 

cL 
4 

‘L a 

‘m 

‘m 

‘MTO 

4 

‘me a 

wing  span 

wing mean aerodynamic  chord 

‘ST 
d r a g   c o e f f i c i e n t ,  - - 
d r a g   c o e f f i c i e n t   o f   h o r i z o n t a l   t a i l p l a n e  

TSW 

d r a g   c o e f f i c i e n t   o f   a i r p l a n e  less 
LC, 

ro l l ing-moment   coef f ic ien t  , ~ 

O L  

G%,bw 
c o e f f i c i e n t   o f   r o l l i n g  moment due 

c o e f f i c i e n t   o f   r o l l i n g  moment due 

c o e f f i c i e n t  of r o l l i n g  moment due 

c o e f f i c i e n t   o f   r o l l i n g  moment due 

‘ST l i f t   c o e f f i c i e n t ,  - 7 

qsu 

t a i l p l a n e  

t o   r o l l  r a te ,  L 

a (pspw / 2vaJ 

t o  yaw rate,  L 

a(rs8w/2v 1 a 

t o   s i d e s l i p ,  - as 
a c, 

to   rudder  d e f l e c t i o n ,  ~ 

L 

a6R 

l i f t   c o e f f i c i e n t   o f   h o r i z o n t a l   t a i i p l a n e  

l i f t   c o e f f i c i e n t   o f   a i r p l a n e  less t a i l p l a n e  

c o e f f i c i e n t   o f   l i f t  due t o   p i t c h  rate,  a ( q  12va) acL 

ST W 

8% 
c o e f f i c i e n t   o f   l i f t  due t o  a, Y 

a(ZW/2va)  

MST 
pitching-moment   coeff ic ient ,  - 

sswcw 
a ‘rn c o e f f i c i e n t   o f   p i t c h i n g  moment d u e   t o   p i t c h  ra te ,  a(qsT~J2vaa) 

pi tch ing-moment   coef f ic ien t   o f   a i rp lane  less h o r i z o n t a l  
t a i l p l a n e  

a ‘rn 
a ( Z w / 2 v a )  c o e f f i c i e n t   o f   p i t c h i n g  moment d u e   t o  a, 
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cm a 

'n P 
C 
nr 

C 

6R 
C 

Y 

c 
Yr 

c 
Y 

6 R  

zt 

c o e f f i c i e n t   o f   p i t c h i n g  moment d u e   t o   a n g l e   o f   a t t a c k ,  - 

N", 
aa 

yawing-moment c o e f f i c i e n t ,  - 31. 

+ 2 W  

coe f f i c i en t   o f   yawing  moment d u e   t o   r o l l  rate,  -- 
a(Ps@w/2Va) 

ac 
c o e f f i c i e n t  of yawing moment d u e   t o  yaw rate, n 

a ( P ~ @ ~  / 2 vu) 

acn coe f f i c i en t   o f   yawing  moment d u e   t o   s i d e s l i p   a n g l e ,  - 
a6  

coe f f i c i en t   o f   yawing  moment d u e   t o   r u d d e r   d e f l e c t i o n ,  - n 

a6R 
y,, 

s i d e - f o r c e   c o e f f i c i e n t ,  - 0.l 

;isw 
c o e f f i c i e n t   o f   s i d e f o r c e   d u e   t o   r o l l  rate, a (Ps@u/2Va) 

c o e f f i c i e n t   o f   s i d e f o r c e   d u e   t o  yaw rate, a (pSgw I 2 vu 
aCY 
a 6  

c o e f f i c i e n t   o f   s i d e f o r c e   d u e   t o   s i d e s l i p   a n g l e ,  - 

c o e f f i c i e n t  of s i d e f o r c e   d u e   t o   r u d d e r   d e f l e c t i o n ,  2 
a6R 

d i s t a n c e   f r o m   a i r p l a n e   c e n t e r   o f   g r a v i t y   t o  25 percent   o f  mean 
ae rodynamic   chord   o f   ho r i zon ta l   t a i l p l ane ,   p ro j ec t ed  on t h e  
x s t a b i l i t y   a x i s  

LsT, MsT, NsT aerodynamic moments (exc luding  r a m  d r a g   e f f e c t s )   a b o u t  x, 3 ,  
and z s t a b i l i t y   a x e s  

dynamic p r e s s u r e ,  7 1 2  pVa 

St h o r i z o n t a l   t a i l p l a n e  area 

SW wing area 

UBY vBY wB components   of   the   t rue  a i rspeed  a long  the x, y ,  and z body axes  

Vu 
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'ST' 'ST'  'ST aerodynamic  force  components  (excluding r a m  d r a g   e f f e c t s )  
a long  2, y, and z s t a b i l i t y  axes 

't d i s t a n c e  from t h e   a i r p l a n e   c e n t e r   o f   g r a v i t y   t o   t h e  25 pe rcen t  
of mean aerodynamic   chord   o f   hor izonta l   t a i lp lane ,   p ro jec ted  
on   t he  z s t a b i l i t y  axis 

W 

a o r  g, a i r p l a n e   a n g l e  of a t t a c k ,   t a n - l  - B 

uB . 
a 

a t 

f3 

rate of   change   of   angle   o f   a t tack  

h o r i z o n t a l   t a i l p l a n e   a n g l e   o f   a t t a c k ,  a - Et 

vB a i r p l a n e   s i d e s l i p   a n g l e ,   t a n - l  

+ 6~~ 

"D 

AcM 

ACZS ro l l ing-moment   coef f ic ien t   change   due   to   spoi le r   def lec t ion  

ACns 

6F 

drag   coe f f i c i en t   change   due   t o   l and ing   gea r  

pi tching-moment   coeff ic ient   change  due  to   landing  gear  
29 

29 

yawing-moment c o e f f i c i e n t   c h a n g e   d u e   t o   s p o i l e r   d e f l e c t i o n  

wing f l a p   a n g l e  

downwash angle  a t  t h e   h o r i z o n t a l   t a i l p l a n e  

h o r i z o n t a l   t a i l p l a n e   e f f i c i e n c y   c o e f f i c i e n t  % 
P a tmospher ic   dens i ty  
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The  lift,  drag,  and  moment  coefficients  and  stability  derivatives,  rela- 
tive  to  stability  axes,  are  given  in  figures 73 to 97: These  data  are  for  a 
constant  flap  setting  of 50°, with  all  lift-fan  and  engine  doors  open  and  all 
six  fans  running.  The  coefficients  and  derivatives  are  given  as  functions  of 
wing  angle  of  attack %, defined to be  identical  with  body-axis  angle of 
attack a. The  figures  span  an  angle-of-attack  range  of +go". To obtain  con- 
tinuity  of  data  over  the  entire  angle-of-attack  range  of  *180",  the  curves  are 
linearly  extended  as  shown  in  table  31.  The  increments  in  drag  and  pitching 
moment  due  to  the  landing  gear  are  given  in  table 32. 

-2.0 1- 1 1 1 I I 1 1 I 1 I 
-100 -80 -60 -40 -20 0 20 40 .60 80 100 

Angle of attack, (I, deg 

Figure 73 . -  Estimated  tail-off  lift  coefficient  (power on). 
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Figure 74.- Estimated  tail-off  drag  coefficient  (power on). 
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6~ = 50" 

-1  00 -80 -60 -40 -20 0 20 40 60 80 100 

Angle of attack, a, deg 

Figure 77.-  Est imated  average downwash angle  a t  h o r i z o n t a l  t a i l  E t .  
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Figure  78.- H o r i z o n t a l  t a i l  moment arms. 
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Angle of attack, at , deg 

Figure 79.- Es t ima ted   ho r i zon ta l  t a i l  l i f t   c o e f f i c i e n t   ( b a s e d   o n   h o r i z o n t a l  
t a i l  a r e a ) .  
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Figure 82.- Estimated lift coefficient due to pitch rate. 
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Figure 83.- Estimated pitching-moment coefficient due to pitch rate. 
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Figure 84.- Estimated sideforce  coefficient due  to  sideslip. 
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Figure 85.- Estimated  rolling-moment  coefficient  due to sideslip. 
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Figure 86.- Estimated  yawing-moment  coefficient  due to sideslip. 
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Figure 87.- E s t i m a t e d   s i d e f o r c e   c o e f f i c i e n t   d u e   t o  yaw rate.  
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Figure  88.- Es t imated   ro l l ing-moment   coef f ic ien t   due  to yaw rate. 
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Figure  89.- Es t imated  yawing-moment c o e f f i c i e n t   d u e   t o  yaw rate.  
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Figure  90.- Es t ima ted   s ide fo rce   coe f f i c i en t   due  t o  r o l l  ra te .  
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Figure 91.- Es t imated   ro l l ing-moment   coef f ic ien t   due  t o  r o l l  rate.  
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Figure  92.- Est imated yawing-moment c o e f f i c i e n t   d u e   t o   r o l l  rate. 
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Figure 93.- Estimated sideforce  coefficient due  to  rudder. 
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Figure 9 4 . -  Estimated  rolling-moment coefficient due  to  rudder. 
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Figure 95.-  Est imated yawing-moment c o e f f i c i e n t  due t o  rudder. 
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Figure 96. -  Estimated yawing-moment coefficient due to spoiler deflection. 
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TABLE 31.- AERODYNAMIC COEFFICIENTS FOR  ANGLES  OF ATTACK GREATER THAN 90" - - - 

I Type a: Maintain 
zero level 

Type b: Maintain 
constant level 

Type  c: Slope to 
zero at f 180" 

I -180" -90' 0 90' 180'  -180' -90' 0 90" 180" -1 80" -90" 0 go" 1 go0 

Figure Type Figure  Type 

73 a a 1  a a9 
74 b a2 b 90 
75 C 83 b 91 a 
76 b 84 a 92 a 
77 a 85 a 93 a 

79 a 87 a 95 a 
80 b 88 a 

7 8  C 86 a 94 a 

TABLE 32.- AERODYNAMIC EFFECT OF LANDING GEAR (INCLUDING DOORS) 

Parameter Symbol Value 
Drag  increment  due  to  gear AcD 

zg 

I Pitching-moment  increment  due 
t o   g e a r  

The equations  needed  to compute the   t o t a l   ae rodynamic   fo rces  and  moments, 
i n   s t a b i l i t y   a x e s ,  are g iven   i n   t ab l e   33 ,   a long   w i th   t he   equa t ions   needed   t o  
t r ans fo rm  these   fo rces  and moments t o  body axes.  Note t h a t   t h e   e q u a t i o n s  
c o n t a i n   a n g u l a r   v e l o c i t i e s  ( p s ~ ,  ?ST: and rsT> re lat ive t o  a i r  mass. These 
v e l o c i t i e s  are t h e  sums o f   t h e   i n e r t i a l   v e l o c i t i e s ,  computed  from t h e  equa- 
t ions  of   motion,   and  the wind and   tu rbulence   ve loc i t ies .  

The airplane  dimensions  used  in   the  force  and moment equat ions are given 
i n   t a b l e  1. 
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TABLE 33.- EQUATIONS USED TO CALCULATE AERODYNAMIC FORCES AND MOMENTS 



IIL 
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APPENDIX E - APPROACH PATH EQUATIONS 
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NOMENCLATURE FOR APPENDIX E 

hA r e f e r e n c e   a l t i t u d e  a t  po in t  A 

AA 

hH 

f i r s t  time d e r i v a t i v e  of h 

r e f e r e n c e   a l t i t u d e  of p 0 i n t . H  

A 

hR r e f e r e n c e   a l t i t u d e  a t  ground-range R 

iR, hR f i r s t  and  second time d e r i v a t i v e s   o f  h 
.. 

R 
r e fe rence  maximum vert ical  a c c e l e r a t i o n  

ground  range  of  point A 

ground  range  of  point B 

ground  range  of  point C 

.. 
hmm 

RA 

RB 

R ground  range 

t time t o   h o v e r   p o i n t  H 

tA time from  point A t o   p o i n t  H 

time from  point  B t o   p o i n t  H 

t i m e  from  point C t o   p o i n t  H 

r e f e r e n c e   h o r i z o n t a l   v e l o c i t y  vXR 

r e f e r e n c e   h o r i z o n t a l   a c c e l e r a t i o n  

r e fe rence  maximum h o r i z o n t a l   a c c e l e r a t i o n  

i n i t i a l   h o r i z o n t a l   v e l o c i t y  

i n i t i a l   f l i g h t - p a t h   a n g l e  

time from  point F t o   p o i n t  C 

vxrnax 
'XA 

YA 

AtF 

'158 



The t y p e s   o f   a p p r o a c h   u s e d   i n   t h e   s i m u l a t i o n  are d e s c r i b e d   i n  "Scope of 
P i lo t ed   S imula t ion"  (see f i g s .  35-38).  The ho r i zon ta l   and  ver t ica l  accelera- 
t i o n   p r o f i l e s   i n d i c a t e d   i n   f i g u r e  35 are shown i n   d e t a i l   i n   f i g u r e s  98 and  99, 
r e s p e c t i v e l y .   T h e s e   p r o f i l e s  were i n t e g r a t e d  twice, f i r s t   t o   f i n d   t h e   v e l o c -  
i t i e s  and   t hen   t he   pos i t i ons .  The r e s u l t i n g   e q u a t i o n s  are g i v e n   i n   t a b l e  34 .  

Note  tA - tg = tE-tF = tc 
Time to initial hover, t 

A B C H 

Figure 98.- H o r i z o n t a l   a c c e l e r a t i o n   p r o f i l e .  

E F C H 
Time  to  initial hover, t 

Figure  99.- V e r t i c a l   a c c e l e r a t i o n   p r o f i l e .  
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TABLE 34. -  APPROACH PATH EQUATIONS 

1 Parameter 

' A  

6 . .  rn 

AtF = 

tA = 

tB 
= 

hA 

t;r r 

m a  

RC = 

RB = 

RA = 

(a) Parameter ~~ ~ equations. 
- - --- . " . .  

Curved  approach 
(input quptities 

vxA1 yA 1 'hA1 hmml h H S  t& 

Vn tan y A 
~ 

Input 

h .  "- H 

h 
m m  

- [hA - hH + hma(tC2 + - t A t  + 7 A t F 2 )  
3 1 
~" 2 _C F 

Input 
" 

" 

tB 

";r t C 2  
m m  

6 

Straight approach 
(input-quantities 

ix tan y 
m m  A 

tB + tC 

'XA 

Input 

tB(tB + tC) 
max .̂ 

2 
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TABLE 3 4 .  - Concluded 
(b)  Final   equat ions.  

t =  
(tB + t C )  

2 -. 'X- tB 

R > RA R 2 R > R B  A I R B -  > R > R C   R C ~ R > O  

t, 4- "- 
( 6 t B t c 2  - t 3 ,  + (R  - R B ) 6 t C  C ' X m a x  

i cos 0 = - t =  2 

)xR = 0 
G, ( t ,  + tC - t )  

max  txR = 
tC  

( t  - t ) ( t  - tB - B VXR = - (2 - t) 
VXR = 

tC 'XR = 'Xmax tC 

t > 2 t c  + A t p  

hR = 0 

I- - 

i- 

t = -1 
. .  

VXR = 0 
.. 

I 
v,&= 01 

2 t c  + A t ,  2 t > t, + A t ,  t, + A t p  2 t t ,  t , , t > O  t 5 O  

.. ' m m  i;, = hmax h . =- hmmt 
h = 7 ( 2 t  + A t F  - t )  

R C C  
i; = o  

tC 
R 

h, 
h = h + - ( t  + 3 t C A t F  + 3 A t F 2 )  R H 6 C  

+ hmm - ( t  - t - A t  ) [-t2 + t ( 5 t C  + 2 A t F )  
6 t C  C F  

- tC2. + t C A t F  - A t F 2 ]  .; 

1 h  R = k H  

hmax + - [t 2+ 3 ( t  - t C ) t l  6 C  

4- 

-hmaxt2 

' R  = LR= 0 

h m t 3  
h R = h H + -  

6tC hH 
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APPENDIX F - SIMULATOR MOTION DRIVE LOGIC 
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NOMENCLATURE FOR APPENDIX F 

ASD 
.. 

X,Y ,z 

A 
Fux,Y,z 

A 
.. 
X,Y ,z 

.. 

A 
MLx,y,z 

A 
MLX,Y,Z 

initial  conditions ( I C )  of  simulator x, y, and z 

simulator X, 3, and z commands  (including I C )  

simulator  drive  accelerations  used to calculate  load  factors 
along x, y , and z axes 

desired  simulator x, y,  and z (excluding I C )  

. .  
desired  simulator x, y ,  and z 

equivalent  translational  acceleration  along x, y, and z axes 

simulator  position  (from  cab  or  computer)  along x, y ,  and z 
axes 

calculated  earth-axes  accelerations  at  the  pilot  station 
along x, y ,  and z axes  (inputs  to  high-pass  filter) 

output of high-pass  filter  (multiplied by gains K 1 
along x, y , and z axes X,Y,Z 

gravitational  accelerations  due  to  cab  residual  tilt  along 
x, y ,  and z axes 

limits o f  x, y ,  and 2 

. .  
limits  of x y  y, and z 

limits of x, y ,  and 2 

initial  conditions ( I C )  of simulator +, 0 ,  and + 

simulator 4, 8 ,  and $ commands  (including I C )  

desired  simulator +, 0 ,  and $ (excluding I C )  

calculated  body-axes  accelerations  at  pilot  station  for 
$ y  0 ,  and $ rotations  (input  to  high-pass  filter) 
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AN +,e,+ 
output  of  high-pass  filter  (multiplied  by  gains K +,e,+ 1 

for 4, 8, and J, rotations 

4, 6 ,  and  of  simulator  cab  from  high-pass  filter 

9 

K~~ 

4 and 8 due  to  residual  cab  tilt 

6 and 6 due  to  residual  cab  tilt 

limits  of +, 8, and 9 

limits  of 6, 6 ,  and 4 
acceleration  due  to  gravity 

washout  gains  for x,  y , and z axes 

low-frequency  gains,  residual  tilt  for x and y axes 

gains  for  modifying  calculated  gravitational  acceleration 
components  corresponding  to  residual  tilt  for x, y ,  and z 
axes 

gains  for  modifying  contribution  of  gravitational  accelera- 
tions  to  required  simulator  translational  accelerations 
for x, y , and z axes 

K washout  gains  for +, 8, and $ rotations 
+ , 8 , $  

TMij 
transformation  between  cab-fixed  axes  and  earth-fixed  axes 

( i , j  = 1,2,3) 

x ,  y ,  cab  position  relative  to  earth-fixed  axes;  also  used  to 
designate  translational  axes 

C H  high-pass  washout  filter  damping  factors  for x, y, and z axes 
x; , y i  , zi 
(i = 1,2) 

@i,@i,$i rotations 
(i = 1,2) 

C H  high-pass  washout  filter  damping  factors  for +, 8, and + 

CD 

nC 

O C L L ~  

long-term  filter  damping  factors  for x, y, and z axes 
x , y , z  

load  factors  along x and y axes 
x ,Y 

load  factor  contributions  produced  by  residual  tilt 
3.Y 
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" 
HXi ,yi , zi 
(i = 1,2) 

I l l  I l l1 l l l l11l1l1111l l l l  I Ill II 111ll11l111lll111 I l l  I1 IlIlIIll11l11lll11111 lIlIll11111ll11 Ill11 III~1111111111 1111111 111111l 

h igh-pass   washou t   f i l t e r  undamped f r e q u e n c i e s   f o r  x, y ,  and 
z axes 

high-pass  washout f i l t e r  undamped f r e q u e n c i e s   f o r  I$, 8, and 
J, r o t a t i o n s  

long-term f i l t e r  undamped f r e q u e n c i e s   f o r  x, y ,  and z axes  

f a c t o r s   u s e d   i n   r e s i d u a l  t ilt  c a l c u l a t i o n s  

g a i n s   m u l t i p l y i n g   c o n t r i b u t i o n   t o   r e q u i r e d  6, 6 ,  and 4 of 
e r ro r   be tween   cab   pos i t i on   and   r equ i r ed   r e s idua l  t i l t  

Euler   angles   used  to o r i e n t   c a b   r e l a t i v e   t o   e a r t h - f i x e d   a x e s ;  
Euler   angle   sequence is 8, $, and 4 .  Also   used   to  
d e s i g n a t e   r o l l ,   p i t c h ,   a n d  yaw r o t a t i o n s  
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The  motion  drive  logic  is  designed  to  convert  the  calculated  motion  of 
the  simulated  aircraft  into  drive  signals  that  move  the  simulator cab,  within 
its physical  limits, so that  the  combined  effects  of  cab  acceleration  and 
gravity  subject  the  pilot  to  forces  that  are  the  best  approximation  to  those he 
would  experience  flying  the  real  aircraft.  The  "best  approximation"  is  that 
which  gives  the  best  representation  of  those  forces  that  provide  the  pilot 
with motion  cues  and  that  therefore  can  influence his  control of the  aircraft. 

The  motion  drive  logic  is  shown  in  figures 100 and 101. The  inputs  are 
the  calculated  accelerations  at  the  pilot  station (J,,,,, and A+ , 0 ,+I and  the 
actual  position  of  the  simulator  cab (AFU 1. The output  is  the  required 
cab  position ( A  ). A s  shown  in  figures 100 and 101, the  cal- 
culated  aircraft  accelerations  at  the  pilot  station  are  passed  through  fourth- 
order  washout  filters,  which  strongly  attenuate  the  low-frequency  components 
while  they  allow  the  high-frequency  components  to  pass  virtually  unchanged. 
If the  low-frequency  components  of  acceleration  were  passed  unattenuated to 
the  simulator  drive  system,  they  would  quickly  cause  the  cab  to  move  to  its 
position  limits.  To  recover  the  motion  cues  associated  with  the  low-frequency 
translational  accelerations,  the  cab is rotated  (residual  tilt) so that 
gravity  provides  components  of  force,  acting  on  the  pilot,  roughly  equivalent 
to the  calculated  low-frequency  translational  inertial  forces.  This  residual 
tilt  technique  can  be  used  only  for  force  compensation  in  the  horizontal  plane 
and  must  be  accomplished  at  cab  rotational  accelerations  sufficiently  low  to 
be  undetectable  to  the  pilot.  The  residual  tilt  is  calculated  as  shown  in 
figure  101,  and  its  degree  is  controlled  through  parameters WL and KLL 

XYYYZ 

S%,y,z' AsD+,e,* 

(k = z,y). k k 

The  cab  rotational  commands, ASD; (i = +,e,$), from  the  motion  drive 
logic,  contain some high-frequency  components  that,  if  uncompensated,  would 
produce  false  translational  motion  cues,  through  the  effects  of  gravity. 
These  spurious  motion  cues  are  removed by  cab  translational  accelerations so 
that  the  corresponding  inertial  forces  cancel  the  unwanted  high-frequency 
gravitational  forces,  but  not  the  low-frequency  (residual  tilt)  gravitational 
forces.  This  type  of  compensation  is  produced  in  computations  such as  shown 
at  the  top  of  figure 100, and  its  degree  is  controlled  by  parameters KO and 
K N ~  (i = x,y,z). j 

The  signals  resulting  from  the  calculations  described  above  may  still 
contain  some  residual  low-frequency  translational  acceleration  components.  To 
ensure  that  these  acceleration  components  do  not  cause  excessive  cab  transla- 
tion,  the  translational  velocities  and  positions  derived  from  accelerations 
~ T S , .  (j = x,y,z)  are  passed  through  second-order  washout  (high-pass)  filters 
(fig. 100) . J 

Additional  translational  position  limiting  is  provided  to  protect  against 
inadvertently  driving  the  simulator  hard  into  its  stops.  For  each  transla- 
tional  axis,  calculations  are  performed  which  continually  determine  the  travel 
remaining  in  the  direction  of  motion  of  the  cab.  This  distance,  the  drive 
acceleration  limits,  computation  frame  time,  and  computed  cab  velocity  are 

167 



used to  de termine   whether   the   cab  must b e   g i v e n   a d d i t i o n a l   d e c e l e r a t i o n  to 
a v o i d   c o n t a c t   w i t h   t h e   s t o p s .   D e c e l e r a t i o n  commands from t h i s   l o g i c  are con- 
t i n u e d   u n t i l   b o t h   t h e  commanded a c c e l e r a t i o n   a n d   v e l o c i t y   c h a n g e   s i g n .   I f  
t h i s   a d d i t i o n a l   t r a n s l a t i o n   p o s i t i o n - l i m i t i n g   l o g i c  becomes a c t i v e   d u r i n g  a 
s imula t ion  test, i t  w i l l  in t roduce   spur ious   mot ion   cues .  

I n   s e t t i n g  up the   s imu la t ion ,   t he   pa rame te r s   o f   t he   mo t ion   d r ive   l og ic  
are a d j u s t e d   u n t i l   t h e   m o t i o n   c u e s   f e e l   s u b j e c t i v e l y   c o r r e c t   f o r   t h e   t y p e  of 
a i r c r a f t   s i m u l a t e d   a n d   t h e   t y p e  of t a sk   t o   be   f l own .  The   mot ion   dr ive   log ic  
pa rame te r s   u sed   fo r   t he   s imu la t ion   desc r ibed   he re  are g i v e n   i n   t a b l e  35. 
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Translational  AMLj AMLi 
l im i t ing  , . I  

j = x, y, z axes 
i = @, 0 ,  axes 

Figure 100.- Translational motion dr ive  logic f o r  S.01 simulator. 



Rotational  command 
Rotational  rate 

A ~ ~ i  AICi  I 
I I I  

Residual tilt Transformation I 

k = x, y axes 
i = @, 0,  + axes 

Figure 101.- Rotational motion  drive logic f o r  S.01 simulator. 



TABLE 35.- COEFFICIENT VALUES FOR S.01 SIMULATOR MOTION DRIVE  LOGIC 

"L ' " L  

K ~ ~ x  9 K~~ 
X Y  

Y 

A 9 A~~ A ~ ~ z  

A ~ ~ 4 ,  A ~ ~ e ,  A ~ ~ J l  
"Lx . Y . 
A~~ 9 A~~ ' A~ 

"4 . e . JI 

0.4, 0.1 

0.4,  0.1 

0.4, 0.4 

0.4,  0.4 

0.4, 0.4 

1.4,  1.4 

1.4,  1.4 

1.4,  1.4 

1.4,  1.4 

1.4,  1.4 

1.4,  1.4 

0.5,  0.5,  0.5 
0.5,  0.5,  0.5 
2.0,  2.0 

0.4, 1.0 

0.3, 0.3, 0.3 

0.707,  0.707,  0.707 

0, 1.0, 1.0 

1.0, 1.0, 1.0 

0.5,  0.5,  0.5 

1.71, 2.07, 1.68 

2.44,  2.44,  2.44 

1.2,  1.5,  2.8 

0.5326,  0.5326,  0.5326 
~ _ _ . . _ _ _  
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