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SUMMARY 

A computer s i m u l a t i o n  o f  a  human response p i l o t  mechanism w i t h i n  t he  
f l i g h t  c o n t r o l  l oop  o f  a  high-performance modern h e l i c o p t e r  i s  presented.  A 
human response mechanism, implemented by a  low-order,  l i n e a r  t r a n s f e r  f u n c t i o n ,  
i s  used i n  a  decoupled s i n g l e - v a r i a b l e  c o n f i g u r a t i o n  t h a t  e x p l o i t s  t h e  dominant 
v e h i c l e  c h a r a c t e r i s t i c s  by a s s o c i a t i n g  c o c k p i t  c o n t r o l s  and i n s t r u m e n t a t i o n  
w i t h  s p e c i f i c  v e h i c l e  dynamics. Low-order h e l i c o p t e r  models ob ta i ned  f r om 
eva lua t i ons  o f  the  t ime  and f requency  domain responses o f  a  n o n l i n e a r  s imula- 
t i o n  model, p rov ided  by NASA Lewis Research Center ,  a re  p resen ted  and consid- 
ered i n  t he  d i scuss ion  of  t h e  p i l o t  development. P i l o t  responses and r e a c t i o n s  
t o  t e s t  maneuvers a re  p resen ted  and d iscussed.  Higher  l e v e l  implementat ion,  
us i ng  t he  p i l o t  mechanisms, a re  d iscussed and cons idered  f o r  t h e i r  use i n  a  
comprehensive c o n t r o l  s t r u c t u r e .  

INTRODUCTION 

When cons ide r i ng  human-pi loted f l i g h t - c o n t r o l  environments,  t h e  p i l o t  
must contend w i t h  a  l a r g e  number o f  t asks  t h a t  a re  assoc ia ted  w i t h  t h e  o v e r a l l  
o p e r a t i o n  o f  t he  a i r c r a f t .  The most bas i c  o b j e c t i v e  i s  t o  ach ieve s t a b i l i z e d  
c o n t r o l  ove r  t he  v e h i c l e ' s  a t t i t u d e s ,  r a t e s ,  and o r i e n t a t i o n s .  Th i s  i s  the  
c e n t r a l  component o f  any o p e r a t i o n  t h a t  r e q u i r e s  maneuvering t h e  v e h i c l e  and 
should t h e r e f o r e  be cons idered  the  most fundamental c o n t r o l  f u n c t i o n  t h a t  a  
p i l o t  executes.  

A command-based cascaded c o n t r o l  l o o p  s t r u c t u r e  assoc ia ted  w i t h  p i l o t -  
based f l i g h t  c o n t r o l  i s  shown i n  f i g u r e  1. Th is  s t r u c t u r e  was used t o  i n v e s t i -  
gate  a  model o f  human p i l o t  behav io r  w i t h i n  t h e  f l i g h t  c o n t r o l  loops o f  a  
modern high-performance h e l i c o p t e r .  Th is  c o n t r o l  c o n f i g u r a t i o n  i s  based on t he  
assumption t h a t  t he  p i l o t  o b t a i n s  feedback p r i m a r i l y  th rough  v i s u a l  i n s p e c t i o n  
o f  t he  c o c k p i t  i n s t r u m e n t a t i o n  and e x t e r n a l  v i s u a l  cues. Thus, t he  p i l o t ' s  
dependence on v i s u a l l y  based feedback p resen ts  a  s i g n i f i c a n t  problem, due t o  
the  l i m i t a t i o n s  o f  t h e  human v i s u a l  system's i n f o rma t i on  p rocess ing  c a p a b i l i -  
t i e s .  These l i m i t a t i o n s  r e s t r i c t  t he  p i l o t ' s  a b i l i t y  t o  s imu l taneous ly  mon i t o r  
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and control the appropriate states of the aircraft. For the purpose of simula- 
tion, the pilot observes and considers only one control variable at a time. 
Thus, the flight control loop implementation is organized in such a way that 
manipulating one specific cockpit control mechanism is based on the instrument 
or external visual cue as shown in figure 2. 

The single-variable control of this configuration presents a significant 
task because of the he1 icopter's strongly coupled behavior. The lack of con- 
trol over the secondary response characteristics can promote widespread vari- 
ations in vehicle orientation. To create a suitable control configuration, the 
pilot is forced to rely only on an understanding of the dominant response char- 
acteristics of the helicopter. The dominant responses are considered to be the 
most pronounced variation of a vehicle attiltude or rate, due to a deflection of 
a cockpit control mechanism. The secondary responses are the remaining vehicle 
reactions, which may be coupled to the primary response. 

The remainder of this report presents and discusses the development of a 
set of singular human response pilot mechanisms for use in the flight control 
loops of a high-performance helicopter. The main approach is to determine the 
necessary single-variable control features of the individual pilot mechanisms. 
These mechanisms are considered to be ideal, in the sense that the intrinsic 
random behavior of the human is neglected so as to investigate only the funda- 
mental control-based responses. Implementing the random behavior processes is 
discussed for use in actual pilot operations. The set of singular mechanisms 
provides the foundation for higher level pilot implementations. Pilot evalu- 
ations have been conducted by direct insertion into the previously indicated 
nonlinear simulation model (ref. 1 )  provided by NASA. The pilot responses and 
reactions to test operations are presented and discussed. 

NOMENCLATURE 

Laplacian of altitude position, ft 

Laplacian of vertical rate, ftlsec 

time constant 

pole time constant of altitude models, sec-l 

compensative zero time constant for low-speed heading con- 
trol pi lot, sec-1 

compensative pole time constant for low-speed heading con- 
trol pilot, sec-1 

center of gravity of vehicle 

Laplacian of main rotor collective stick deflection, in. 

time constant of total lag of human response model, sec 



longi tudi nal mai n rotor forward thrust component prior to 
maneuver 

longitudinal main rotor forward thrust component after 
maneuver 

transfer function of main rotor collective stick to alti- 
tude, ftlin. 

transfer function of main rotor collective stick to verti- 
cal rate, ft/(in.-sec) 

low-speed transfer function of lateral cyclic stick to roll 
angle, deglin. 

high-speed transfer function of lateral cyclic stick to 
roll angle, deglin. 

single-variable linear transfer function of human response 
mechanism 

transfer function of human response altitude control pilot, 
in./ft 

transfer function of human response vertical rate control 
pilot, in.-seclft 

PHI 
G ~ ~ ~ ( S ) 2 0 ,  40 transfer function of human response roll control pilot for 

low speeds, in./deg 
PHI 
G~~~(S)60.80, 100 transfer function of human response roll control pilot for 

high speeds, in./deg 

PSI 
G~~~(S)20,40 transfer function of human response heading control pilot 

for low speeds, in.1deg 
PSI 

G~~~(S)60.80, 100 transfer function of human response headng control pilot 
for high speeds, in.ldeg 

transfer function of physical representation in human 
response model 

transfer function of human response pitch control pi lot, 
in. /deg 

low-speed transfer function of tail rotor collective pedals 
to yaw angle, deg/in. 

high-speed transfer function of tail rotor collective 
pedal s to yaw angle, deglin. 

transfer function of longitudinal cyclic stick to pitch 
rate, rad/(in.-sec) 



transfer function of longitudinal cyclic stick to pitch 
angle, deg/in. 

gravitational acceleration, ftlsec2 

single-variable transfer function of primary response 

mu1 tivariable transfer function of secondary responses 

forward path gain of human response transfer function com- 
pensation block (units depend on application) 

gain of vehicle altitude model, (sec2)-l 

gain of vehicle vertical rate model, sec-1 

gain of a1 ti tude control pi lot, (sec2)-l 

gain of vertical rate control pi lot, sec-1 

gain of high-speed heading control pi lot, in. lsec2 

gain of low-speed heading control pi lot, in. /sec2 

gain of pitch control pi lot, in.lsec2 

gain of high-speed heading models, (in.-sec3)-1 

gain of low-speed heading models, (in.-sec3)-1 

gain of vehicle pitch angle model, (in.-sec2)-1 

gain of vehicle pitch rate model, (in.-sec3)-1 

longitudinal main rotor lift component prior to maneuver 

longitudinal main rotor lift component after maneuver 

lateral component of main rotor lift prior to maneuver 

1 ateral component of main rotor 1 ift after maneuver 

Laplacian of lateral cyclic stick, in. 

Laplacian of longitudinal cyclic stick deflection, in. 

vehicle mass, slugs 

order of human response 1 ag approximation 

Laplacian of tail rotor collective pedal deflection, in. 

Laplacian of roll angle, deg 



Laplacian of yaw angle, deg 

perturbation roll rate along body axis, radlsec 

pitch rate, radlsec 

perturbation pitch rate along body axis, radlsec 

perturbation yaw rate along body axis, radlsec 

Laplacian variable 

lateral component of main rotor thrust vector prior to 
maneuver 

lateral component of main rotor thrust vector after maneuver 

time constant of human lag approximation, sec 

time constant of the action lag, sec 

time constant of information processing lag, sec 

time constant of transmission zero of human response compen- 
sation block, sec 

time constant of pole of human response compensation block, 
sec 

time constant of pole of muscular system model, sec 

time constant of visual system lag, sec 

tail rotor thrust prior to maneuver 

tai 1 rotor thrust after maneuver 

longitudinal main rotor thrust component prior to maneuver 

longitudinal main rotor thrust component after maneuver 

main rotor thrust vector in lateral plane pr'ior to maneuver 

main rotor thrust vector in lateral plane after maneuver 

Laplacian of pitch rate, radlsec 

Laplacian of pitch angle, deg 

velocity perturbation along X body, ftlsec 

vehicle velocity 

velocity perturbation along Y body, ftlsec 



v e l o c i t y  p e r t u r b a t i o n  a l ong  Z body, f t t s e c  

n a t u r a l  f requency o f  r o l l  ang le  models, r a d l s e c  

n a t u r a l  f requency o f  dominant po les  o f  low-speed heading 
models, r a d l s e c  

n a t u r a l  frequency o f  resonan t  zeroes o f  low-speed heading 
model s , r a d l s e c  

n a t u r a l  f requency o f  resonant  po les  of low-speed heading 
models, r a d l s e c  

n a t u r a l  frequency o f  p i t c h  models, r a d l s e c  

X-body component 

Y-body component 

Z-body component 

l o n g i t u d i n a l  main r o t o r  ang le  o f  a t t a c k  p r i o r  t o  maneuver 

l o n g i t u d i n a l  main r o t o r  ang le  of a t t a c k  a f t e r  maneuver 

damping r a t i o  o f  r o l l  ang le  models 

damping r a t i o  o f  dominant po les  o f  low-speed heading models 

damping r a t i o  o f  resonant  zeroes o f  low-speed heading models 

damping r a t i o  o f  resonant  po les  o f  low-speed heading models 

damping r a t i o  o f  p i t c h  models 

v e h i c l e  heading p r i o r  t o  maneuver, deg 

v e h i c l e  heading a f t e r  maneuver, deg 

HUMAN RESPONSE MODEL 

The l i n e a r  t r a n s f e r  f u n c t i o n  model o f  human responses t h a t  i s  used i n  
t h i s  d i scuss ion  i s  g i ven  i n  r e fe rence  2 and shown i n  f i g u r e  3. The r e s u l t i n g  
t r a n s f e r  f u n c t i o n  i s  g i ven  by 

Th is  model assumes a cascaded c o n f i g u r a t i o n  and uses assessments o f  v i s u a l l y  
based i n f o r m a t i o n  t o  produce compensative c o n t r o l  mechanism d e f l e c t i o n s  t h a t  



achieve the  des i r ed  response c h a r a c t e r i s t i c s .  Human mannerisms a re  represen ted  
by a s s o c i a t i n g  phys i ca l  and judgmental  response a t t r i b u t e s  t o  t he  s p e c i f i c  
parameters o f  t he  t r a n s f e r  f u n c t i o n .  Human t r a i t s  tend  t o  l i m i t  t he  opera- 
t i o n a l  performance of  t he  p i l o t .  

The phys i ca l  a t t r i b u t e s  a re  regarded as t he  p h y s i o l o g i c a l  a b i l i t i e s  and 
l i m i t a t i o n  o f  t he  mechanisms t h a t  t h e  human r e l i e s  on t o  c a r r y  o u t  t h e  c o n t r o l  
and compensation r e a c t i o n s .  The judgmental o r  e q u a l i z a t i o n  a t t r i b u t e s  f u r n i  sh 
t h e  compensating parameters t h a t  t h e  p i l o t  uses w i t h i n  t he  c o n t r o l  loop.  These 
parameters s p e c i f y  t he  manner i n  which the  human r e a c t s  when con f ron ted  w i t h  a 
c e r t a i n  c o n t r o l / s t a b i l i z a t i o n  s i t u a t i o n .  

As p r e v i o u s l y  d iscussed,  t h e  human response models t h a t  a re  used i n  t h e  
f o l l o w i n g  d i scuss ion  a re  cons idered t o  be i d e a l  o r  z e r o  remnantlnonrandom. 
Implement ing a somewhat more r e a l i s t i c  human response model i s  accompl ished by  
augmenting a remnant ( r e f .  2 )  c o n t r o l  a c t i o n .  Th i s  p rov ides  an o v e r a l l  degree 
o f  u n c e r t a i n t y  t h a t  accounts f o r  a wide v a r i e t y  o f  random behav io rs  t h a t  can 
be a t t r i b u t e d  t o  humans. 

SIMULATION ENVIRONMENT AND MODELS 

The p r i n c i p a l  t o o l  used t o  examine t he  he1 i c o p t e r  and t o  eva lua te  t h e  
p i l o t  models was a r e a l  t ime  s i m u l a t i o n  program ( r e f .  1) p rov i ded  by  NASA 
Lewis. Th is  program, developed by NASA Ames, implements a n o n l i n e a r  mathemati- 
c a l  model developed by S i ko r sky .  The model i s  a t o t a l  f o r c e ,  l a r g e  angle ,  
n o n l i n e a r  r e p r e s e n t a t i o n ,  i n  s i x  r i g i d  body degrees o f  freedom. Ro to r  b lade  
f l a p p i n g ,  lagg ing ,  and hub r o t a t i o n a l  degrees o f  f reedom are  a l s o  implemented. 
I n  a d d i t i o n ,  the  s i m u l a t i o n  environment implements t he  p r ima ry  mechanical  and 
automated s t a b i l i t y l f l i g h t  c o n t r o l  systems ( s t a b i l i t y  augmentat ion system 
(SAS), f l i g h t  pa th  s t a b i l i z e r  (FPS), p i t c h  b i a s  a c t u a t o r  (PBA), and t a i l  s ta -  
b i l a t o r  c o n t r o l  (TSC)). 

The low-order l i n e a r  f l i g h t - c o n t r o l  s t r u c t u r e  t h a t  i s  p resen ted  r e q u i r e s  
a l i n e a r  r e p r e s e n t a t i o n  o f  t h e  h e l i c o p t e r ' s  f l i g h t  dynamics. The o v e r a l l  com- 
p l e x i t y  o f  t he  n o n l i n e a r  model makes any f o rm  o f  d i r e c t  l i n e a r i z a t i o n  ve r y  d i f -  
f i c u l t .  A l i n e a r ,  p o i n t  mass, smal l  p e r t u r b a t i o n  s t a t e  space model f o r  t he  
high-performance h e l i c o p t e r  ( r e f .  3 )  was used i n i t i a l l y .  Th is  model i s  l i n e a r -  
i z e d  about trimmed f l i g h t  c o n d i t i o n s  and cons iders  o n l y  t h e  v e h i c l e  dynamics. 
Augmenti ng t h i  s model w i  t h  t he  a c t u a t i o n  and automated systems c rea ted  a model 
whose comp lex i t i e s  r i v a l e d  those o f  t he  n o n l i n e a r  model. The h i g h  o r d e r  of 
t h i s  o v e r a l l  l i n e a r  model tended t o  overwhelm the  des ign  and e v a l u a t i o n  o f  t he  
low-order p i l o t  model. I n  a d d i t i o n ,  t he  s t a t e  model showed some inadequacies 
due t o  i t s  seemingly nonrobust  behav io r .  Th is  model d i d ,  however, r evea l  ce r -  
t a i n  c h a r a c t e r i s t i c s  t h a t  suggested t he  decoup l ing  scheme t h a t  was adopted and 
i s  d iscussed subsequent ly .  

The low-order models developed and used i n  t he  des ign  o f  t he  p i l o t  models 
i n  t h i s  research  were ob ta i ned  by an a n a l y s i s  o f  t he  t ime  and f requency  
responses o f  t he  computer-s imulated h e l i c o p t e r ' s  f l i g h t  dynamics. These models 
i n d i c a t e  t he  most fundamental aspects o f  t he  h e l i c o p t e r ' s  behav io r  and p r o v i d e  
i n s i g h t  i n t o  t he  bas i c  f e a t u r e s  o f  t he  compensation needed t o  ach ieve an ade- 
quate c o n t r o l .  



INVESTIGATION OF THE DOMINANT FLIGHT CHARACTERISTICS 

This  s e c t i o n  p resen ts  t he  development o f  a  se t  o f  low-order t r a n s f e r  func -  
t i o n  models t h a t  a re  based on an i n v e s t i g a t i o n  o f  t h e  fundamental behav io r  o f  
the  h e l i c o p t e r  s i m u l a t i o n .  The low-order models descr ibe  t he  p r ima ry ,  low- 
f requency v e h i c l e  r e a c t i o n s  t h a t  a re  induced by d e f l e c t i o n s  o f  s p e c i f i c  c o c k p i t  
c o n t r o l  mechanisms. These models a re  in tended  t o  i d e n t i f y  t he  s t r onges t  opera- 
t i o n a l  modes o f  t he  s p e c i f i c  c o n t r o l  mechanisms. 

The v e h i c l e  r e a c t i o n s  t h a t  a re  generated by o p e r a t i n g  a  c o c k p i t  c o n t r o l  
mechanism can be cha rac te r i zed  by two components: a  p r imary ldominan t  response 
and the  s e t  o f  secondary responses ( f i g .  4 ) .  

The c o n t r o l  mechanisms a re  t h e  l a t e r a l  and l o n g i t u d i n a l  c y c l i c  s t i c k ,  main 
r o t o r  c o l l e c t i v e  s t i c k ,  and t he  t a i l  r o t o r  c o l l e c t i v e  pedals .  The v e h i c l e  
responses a re  t he  Eu le r  angles (yaw, p i t c h ,  r o l l ) ,  angu la r  r a t e s ,  a l t i t u d e  com- 
ponents,  v e l o c i t y  components, e t ~ .  

The dominant v e h i c l e  r e a c t i o n s  were i d e n t i f i e d  by t he  d i r e c t  e v a l u a t i o n  o f  
t he  n o n l i n e a r  model computer s i m u l a t i o n ' s  t ime and frequency responses due t o  
impulse and s tep  d e f l e c t i o n s  o f  t he  c o c k p i t  c o n t r o l  mechanisms. The f requency 
responses were ob ta i ned  by f a s t  F o u r i e r  t rans fo rms o f  t he  t ime responses. I t  
was necessary t o  s u f f i c i e n t l y  e x c i t e  t h i s  f requency r e g i o n  t o  ach ieve an ade- 
quate u l t ra - low- f requency  response. Two methods were used: ( 1 )  a d m i n i s t e r i n g  
v e r y  l ong  d u r a t i o n  t e s t s  ( > I 0 0  sec), and ( 2 )  i n j e c t i n g  u l t ra - low- f requency  
s inuso ids .  Both techniques tended t o  promote u l t ra - low- f requency  d i s t o r t i o n s  
which were caused by t he  i n t e r a c t i o n s  and coup l ings  o f  t he  secondary v a r i a b l e s .  
The t ime responses p rov i ded  i n s i g h t  i n t o  t he  sources o f  t h e  d i s t o r t i o n s  and 
i r r e g u l a r i t i e s  t h a t  were a t t r i b u t e d  t o  these occurrences. 

The response t e s t s  were conducted w h i l e  i n  tr immed f o rwa rd  f l i g h t  a t  
v e l o c i t i e s  o f  20, 40, 60, 80, and 100 kno ts  ( kn ) .  The i n i t i a l  t e s t s  were car -  
r i e d  o u t  w i t h  a l l  automat ic  onboard c o n t r o l  systems disengaged. The f i n d i n g s  
suggested i n s t a b i l i t i e s  t h a t  were cha rac te r i zed  by low-frequency d ivergence.  
The p i t c h  b i a s  a c t u a t o r ,  t a i  1 s t a b i  l a t o r  c o n t r o l ,  and s t a b i  1  i t y  augmentat ion 
systems ( d i g i t a l  and analog)  were engaged t o  enhance t h e  f l i g h t  c h a r a c t e r i s t i c s  
o f  t h e  h e l i c o p t e r .  Th is  p rov i ded  a s u b s t a n t i a l  improvement i n  t he  v e h i c l e  
r e a c t i o n s .  

To s t r u c t u r e  t he  i n v e s t i g a t i o n ,  a  degree o f  i n i t i a l  decoup l ing  was 
achieved by sepa ra t i ng  the  c o n t r o l  and response c h a r a c t e r i s t i c s  o f  t h e  he l i cop -  
t e r  i n t o  two se ts :  t he  l o n g i t u d i n a l  c o n t r o l  s e t  and t he  l a t e r a l - d i r e c t i o n a l  
c o n t r o l  s e t .  These se ts  cons ider  t he  e f f e c t s  o f  the  c o n t r o l  mechanisms on t he  
o r i e n t a t i o n  o f  t he  h e l i c o p t e r  w i t h i n  s p e c i f i c  o r thogona l  p lanes .  The o r i e n t a -  
t i o n  o f  t he  h e l i c o p t e r  w i t h i n  these p lanes i s  shown i n  f i g u r e  5. Note t h a t  
a l though  these se ts  a re  coupled t h e i r  c o n t r o l  procedures can be separated.  
The v e h i c l e  and aerodynamic v a r i a b l e s  t h a t  a re  cons idered i n  t h i s  d i s c u s s i o n  
a re  d e f i n e d  i n  t he  appendix.  

For t he  c o n t e x t  o f  t h i s  and t h e  rema in ing  d iscuss ions ,  t h e  dynamics and 
o v e r a l l  accurac ies  and d i s t o r t i o n s  o f  t he  c o c k p i t  i n s t r u m e n t a t i o n  a r e  n o t  
cons idered.  



LONGITUDINAL CONTROL SET MODELS 

The l o n g i t u d i n a l  c o n t r o l  s e t  s p e c i f i e d  t he  c o n t r o l  mechanisms and t h e i r  
assoc ia ted  r e a c t i o n s  whose dominant e f f e c t s  p r i m a r i l y  e x i s t  i n  t he  X,Z-body 
p lane .  The l o n g i t u d i n a l  c y c l i c  s t i c k  c o n t r o l s  t he  d i r e c t i o n  o f  t h e  main r o t o r  
t h r u s t  v e c t o r ,  i n  t h e  X,Z-body p lane,  by  c o n t r o l l i n g  t he  ang le  o f  a t t a c k  o f  
the  main r o t o r  b l ade  d i s k  ( f i g .  6 ) .  Th i s  and t h e  rema in ing  p i c t o r i a l  desc r i p -  
t i o n s  a re  exaggerated t o  c l a r i f y  r e l a t i o n s  between v a r i a b l e s .  V a r i a t i o n s  o f  
t he  t h r u s t  v e c t o r  w i t h i n  t h i s  p lane  p r i m a r i l y  a f f e c t  t he  f o rwa rd  v e l o c i t y  and 
t he  body p i t c h  ang le .  Th i s  c o n t r o l  mechanism a l s o  has an e f f e c t  on t he  h e l i -  
c o p t e r ' s  a l t i t u d e  components. D is tu rbances  i n  t he  o t h e r  c o n t r o l  p lanes can be 
expected because of t he  mod i f i ca t i ons  o f  t he  main r o t o r ' s  t h r u s t  v e c t o r .  The 
main r o t o r  c o l l e c t i v e  s t i c k  c o n t r o l s  t he  magnitude o f  t he  main r o t o r  t h r u s t  
v e c t o r  by c o n t r o l l i n g  t he  ang le  o f  a t t a c k  o f  each b lade  o f  t he  main r o t o r  by 
the  same amount. The p r ima ry  e f f e c t  i s  on t he  l i f t  v e c t o r ;  thus,  t h e  a l t i t u d e  
and v e r t i c a l  r a t e  dominate i n  t h i s  c o n t r o l  mechanism ( f i g .  7). Th i s  mechanism 
e f f e c t i v e l y  a d j u s t s  how much t he  main r o t o r  " d i g s "  i n t o  t h e  atmosphere and 
thus can c rea te  severe main r o t o r  to rque  r e a c t i o n  d is tu rbances  i n  t h e  o t h e r  
c o n t r o l  p lanes.  

P i t c h  Angle Model 

Th i s  model cons iders  t h e  p r ima ry  c h a r a c t e r i s t i c s  o f  t h e  p i t c h  ang le  
response due t o  o p e r a t i n g  t h e  l o n g i t u d i n a l  c y c l  i c  s t i c k .  The time-based, 
impulse responses o f  t h e  p i t c h  r a t e  QB a t  60 and 100 kn  can be seen i n  f i g -  
u res  8 and 9. These show a  damped s i n u s o i d a l  behav io r  whose damping r a t i o  
decreases w i t h  i n c r e a s i n g  f o rwa rd  v e l o c i t y .  I n  a d d i t i o n ,  t he  100-kn response 
shows t he  h igh- f requency v i b r a t i o n s  o f  t he  main r o t o r  b lade f l a p p i n g .  The f r e -  
quency response o f  t he  p i t c h  r a t e  a t  60 kn  i s  shown i n  f i g u r e  10. The f r e -  
quency response c h a r a c t e r i s t i c s  l end  themselves t o  an S-plane c o n f i g u r a t i o n  
s i m i l a r  t o  t h a t  shown i n  f i g u r e  l l ( a 1 .  Th is  c o n f i g u r a t i o n  does n o t  account f o r  
t he  u l t r a - l ow - f r equency  behav io r  shown i n  f i g u r e  10. The f requency response o f  
t he  p i t c h  angle  ( f i g .  12) shows t h e  expected i n t e g r a t i n g  c h a r a c t e r i s t i c s .  I n  
a d d i t i o n ,  f i g u r e  12 shows what appears t o  be a  low-frequency no tch  f e a t u r e  near  
w = 0 .03 r a d l s e c .  The no t ch  appears t o  be p a r t  o f  a  peak-notch p a i r  t h a t  i s  
n o t  comp le te ly  v i s i b l e  because o f  t h e  low-frequency t e s t  l i m i t a t i o n s .  F i gu re  
11 (b )  shows the  t ype  o f  response c h a r a c t e r i s t i c s  t h a t  a re  be1 ieved  t o  e x i s t  i n  
the  p i t c h  r e a c t i o n .  The S-plane c o n f i g u r a t i o n  f o r  t h i s  t ype  o f  response i s  
shown i n  f i g u r e  l l ( c ) .  The t r a n s f e r  f u n c t i o n  assoc ia ted  w i t h  t he  s i m p l i f i e d  
S-plane c o n f i g u r a t i o n  i s  g i ven  by 

Eva lua t ions  o f  t h e  p i t c h  r a t e ' s  damping envelopes and f requency responses 
revea l  t he  f o l  l ow ing :  



The low-order approximation for the longitudinal cyclic's effect on the 
pitch angle can be summarized as 

This model does not consider the resonant behavior that can be induced by oper- 
ating the longitudinal cyclic stick. 

Vertical Rate Model 

This model considers the vertical rate responses due to operating the col- 
lective control mechanism. Evaluations of the high-performance helicopter's 
reactions to the test inputs applied to the main rotor collective stick suggest 
the following transfer function description: 

The corresponding parameters are as follows: 

This model does not consider the resonant behavior that can be induced by oper- 
ating this control mechanism. 



A l t i t u d e  Model 

Th is  model i s  t he  pure i n t e g r a t i o n  o f  t h e  v e r t i c a l  r a t e  model. The a l t i -  
tude  response model i s  g i ven  by 

LATERAL-DIRECTIONAL CONTROL SET MODELS 

The l a t e r a l - d i r e c t i o n a l  c o n t r o l  s e t  s p e c i f i e s  t he  r e a c t i o n s  and t h e i r  
assoc ia ted  c o n t r o l  mechanisms whose dominant e f f e c t s  a re  i n  t h e  Y,Z-body p lane  
( l a t e r a l )  and the  X,Y-body p lane  ( d i r e c t i o n a l ) .  The fundamental maneuvering 
c h a r a c t e r i s t i c s  o f  t h i s  s e t  tend t o  o r i e n t  t h e  v e h i c l e  i n  such a  way t h a t  t he  
aerodynamic p r o f i l e s  induce d rag - re l a ted  responses. The l a t e r a l  c y c l i c  s t i c k  
c o n t r o l s  t he  l a t e r a l  (Y,Z-plane) d i r e c t i o n  o f  t he  main r o t o r ' s  t h r u s t  v e c t o r  
( f i g .  13).  V a r i a t i o n s  i n  t he  l a t e r a l  p lane  o f  t he  main r o t o r  t h r u s t  v e c t o r  
p r i m a r i l y  a f f e c t  the  l a t e r a l  v e l o c i t y  and t he  body r o l l  ang le .  The cos ine  
r e l a t e d  r e d u c t i o n  i n  t he  v e r t i c a l  l i f t  component a f f e c t s  t he  a l t i t u d e  compo- 
nents .  The t a i l  r o t o r  c o l l e c t i v e  pedals  c o n t r o l  the  magnitude and d i r e c t i o n  
o f  t h e  t a i l  r o t o r ' s  t h r u s t  v e c t o r  by a l t e r i n g  t h e  ang le  o f  a t t a c k  o f  each 
b lade  o f  t he  t a i l  r o t o r .  V a r i a t i o n s  i n  t h e  t a i l  r o t o r ' s  t h r u s t  induce to rqued  
r o t a t i o n s  about t he  Z-body a x i s  which r e s u l t  i n  yawing mot ions ( f i g .  14).  The 
p e d a l ' s  e f f e c t  on t he  yawlheading ang le  promotes i t s  use i n  d i r e c t i o n a l  r egu la -  
t i o n .  I n  a d d i t i o n ,  the  pedals  a r e  t he  p r ima ry  cand ida te  t o  coun te rac t  t he  
torque- induced r e a c t i o n  d is tu rbances  o f  t he  main r o t o r .  

R o l l  Angle Model 

Th is  model cons iders  t h e  fundamental  aspects  o f  t he  body r o l l  ang le  due t o  
o p e r a t i n g  t h e  l a t e r a l  c y c l i c .  An a n a l y s i s  o f  t h e  t e s t  r e s u l t s  i n d i c a t e d  two 
s l i g h t l y  d i f f e r e n t  response c h a r a c t e r i s t i c s ,  one f o r  low speeds (20 t o  40 kn) 
and one f o r  h i g h  speeds (60  t o  100 kn ) .  Th is  behav io r  has been a t t r i b u t e d  t o  
t h e  mode s w i t c h i n g  o f  t he  yaw SAS near 60 kn. The low-speed model i s  g i ven  by 
t he  t r a n s f e r  f u n c t i o n  

and t he  high-speed model i s  g i ven  by 

These models do n o t  show t h e  resonan t  behav io r  t h a t  can be seen i n  t h e  respon- 
ses. F i gu re  15 shows t h e  f requency  response o f  t h e  r o l l  r a t e  a t  80 kn .  Sub- 
s t a n t i a l  peak-notch-type c h a r a c t e r i s t i c s  can be seen near 2  and 22 r a d l s e c .  
The h igh- f requency resonance i s  a t t r i b u t e d  t o  t h e  main r o t o r  b lade  f l a p .  The 



lower  f requency resonance i s  i n  a t roublesome f requency r e g i o n  because t he  
p i l o t  a t tempts  t o  ach ieve a c l osed  loop  w i t h i n  t h i s  f requency  bandwidth.  

Head ing ID i rec t i ona l  Yaw Angle Model 

Th i s  model cons iders  t h e  dominant e f f e c t s  o f  t he  t a i l  r o t o r  c o l l e c t i v e  
pedals  on t he  he1 i c o p t e r ' s  heading. The t e s t  r e s u l t s  show a s t r ong  i n t e g r a t -  
i n g  tendency a t  a l l  f o rwa rd  v e l o c i t i e s .  The h i ghe r  speeds show s igns  o f  aero- 
dynamic i n f l u e n c e s  which tend t o  cause weather vane e f f e c t s .  These e f f e c t s  
a re  due t o  aerodynamica l l y  induced torques t h a t  tend t o  r e a l i g n  t h e  f use lage  
w i t h  t he  f o rwa rd  v e l o c i t y  v e c t o r .  Th is  to rque  makes i t  d i f f i c u l t  t o  m a i n t a i n  
f i x e d  yaw o r i e n t a t i o n s  t h a t  correspond t o  l a r g e  s i d e s l i p  angles when o p e r a t i n g  
a t  h i g h e r  speeds. 

An a n a l y s i s  of t he  lower  v e l o c i t y  f requency responses ( f i g .  16) shows a 
moderate peak-notch c h a r a c t e r i  s t i c  near 2 r a d l s e c .  The p r o p e r t i e s  o f  t he  yaw 
r a t e  suggest a low-speed S-plane r e p r e s e n t a t i o n  f o r  t h e  yaw ang le  ( f i g .  17). 
Thus, t h e  f o l l o w i n g  r e l a t i o n  was developed f o r  t he  yaw ang le  a t  l ow speeds: 

An examinat ion o f  t he  f requency  and t ime  responses suggests t h e  f o l l o w i n g  
approximate r e l a t i o n s :  

The h i ghe r  speed ope ra t i ons  d i d  n o t  s u f f e r  f r om  t h e  problems t h a t  plagued 
t h e  lower  speed models and t h e r e f o r e  r e l i e d  o n l y  on t h e  r e p r e s e n t a t i o n  

v, 
kn 

20 
40 

The g a i n  p r o f i l e  i s  
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PILOT IMPLEMENTATIONS 

The s i n g l e - v a r i a b l e  c o n t r o l  c o n f i g u r a t i o n  t h a t  i s  used f o r  t he  a n a l y s i s  
and ope ra t i on  o f  t h e  p i l o t  mechanism i s  shown i n  f i g u r e  18. Th is  t ype  o f  con- 
f i g u r a t i o n  a1 lows t h e  c o n t r o l  o f  o n l y  t h e  p r ima ry  v a r i a b l e .  The r e a c t i o n s  t h a t  
occur  i n  the  secondary v a r i a b l e s  a re  cons idered  t o  be d is tu rbances .  The s t r u c -  
t u r e  o f  the  human response mechanism l i m i t s  t he  f o rm  o f  compensation t o  a  lead-  
l a g l l a g - l e a d  type  c o n f i g u r a t i o n .  Thi s arrangement p rov i ded  an accep tab le  p i  l o t  
c o n t r o l  framework t h a t  was d i r e c t l y  a p p l i e d  t o  t he  low-order h e l i c o p t e r  models 
v i a  r o o t  locus techniques.  

An impo r tan t  f a c t o r  t h a t  cou ld  n o t  be over looked  was t he  l a g  assoc ia ted  
w i t h  the  human v i s u a l  and i n f o rma t i on  p rocess ing  system. I n  t h e  con t inuous  
t ime domain, t h i s  l a g  corresponds t o  an i n f i n i t e  number o f  po l es  a t  S = -a 
on t he  r e a l  a x i s .  These po les  i n t r o d u c e  an i n f i n i t e  number o f  asymptotes t h a t  
a re  p a r a l l e l  t o  t he  r e a l  a x i s  and r e s u l t  i n  s i g n i f i c a n t  d e s t a b i l i z i n g  d i s t o r -  
t i o n s  o f  the  asympto t i c  behav io r  o f  t he  r o o t  locus  as shown i n  f i g u r e  19. The 
main problem i n  d e a l i n g  w i t h  t he  de layed r o o t  locus  i s  t h a t  most o f  t he  non- 
de layed assumptions a re  no l onge r  v a l i d .  For t h e  purpose o f  t he  des ign  and 
a n a l y s i s ,  the  pure de lay  was approximated by 

To remain w i t h i n  computat iona l  l i m i t s ,  20 po les  were p laced  a t  -100 on t h e  r e a l  
a x i s .  The p r ima ry  asymptote o f  t h i s  p o l e  group had a 9" ang le  o f  i n c i dence  and 
an imaginary  a x i s  i n t e r c e p t  near 15.84 (15.71 f o r  t he  i d e a l  pure de lay ) ,  as 
i l l u s t r a t e d  i n  f i g u r e  20. Th i s  approx imat ion  a l lowed t he  complete use o f  a l l  
nondelayed assumptions. 

To adhere t o  t h e  p h y s i c a l  l i m i t a t i o n s  o f  human r e a c t i o n s ,  the  t ime  con- 
s t a n t  assoc ia ted  w i t h  muscular response was s e t  a t  0.1 sec. The de lay  assoc i -  
a t ed  w i t h  the  v i  s u a l / n e u r o l o g i c a l  l a g  was s e t  a t  0.2 sec. The r e s u l t i n g  common 
p h y s i c a l  p i l o t  c o n f i g u r a t i o n  was 

The human response model, which has been d iscussed,  i s  a  cont inuous t ime  
r e p r e s e n t a t i o n .  W i t h i n  t he  s i m u l a t i o n  environment,  a  zero-order-ho ld  d i s c r e t e  
t ime  r e p r e s e n t a t i o n  was used. The p i l o t  development s t r a t e g y  cons i s t ed  o f  a  
cont inuous t ime domain des ign  w i t h  r o o t  locus  techniques and then t ransforma-  
t i o n  i n t o  t he  d i s c r e t e  t ime  domain f o r  d i r e c t  i n s e r t i o n  i n t o  t he  s i m u l a t i o n  
environment.  

The remainder o f  t h i s  s e c t i o n  p resen ts  t he  des igns and implementat ions o f  
t he  i n d i v i d u a l  p i l o t s .  S ince many o f  t he  h e l i c o p t e r  models have h igh- f requency 
complex po les  t h a t  a re  p r e c a r i o u s l y  c l ose  t o  t he  r i g h t  h a l f  p lane,  ca re  must 
be taken t o  ensure t h a t  these po les  do n o t  m i g r a t e  i n t o  t h e  r i g h t  h a l f  p l ane .  
I n  a d d i t i o n ,  the  resonan t  behav io r ,  desc r ibed  p r e v i o u s l y ,  must be cons idered .  
Gain l i m i t a t i o n  and reduced c losed- loop bandwidths may be unavoidable  because 
of these problems. 



A1 t i  tude Con t ro l  P i  l o t  

Th is  p i l o t  p rov ides  a  p o s i t i o n  c o n t r o l  o f  t he  v e h i c l e  a l t i t u d e  by  v i s u a l  
assessment o f  the  a l t i m e t e r  and d e f l e c t i o n  o f  t h e  main r o t o r  c o l l e c t i v e .  The 
human response l i m i t a t i o n s  imposed on t h e  compensating z e r o  ( a  2 0.8) d i c t a t e  
a  type 1  implementat ion.  The t ype  1  s t r u c t u r e  p rov i des  a  z e r o  e r r o r  t r a c k  o f  
s tep  commands and d i s t u rbances .  Th i s  may induce o f f s e t  ope ra t i ons  when ramp- 
t ype  d is tu rbances  a re  i n t r oduced  i n t o  t he  a l t i t u d e  c o n t r o l .  I n i t i a l l y ,  t h e  
dominant c losed- loop po les  were p o s i t i o n e d  near w = 3 r ad l sec ,  6 = 0.8.  When 
i n s e r t e d  i n t o  the n o n l i n e a r  s i m u l a t i o n  program, t h e  p i l o t  tended t o  e x c i t e  res -  
onant  behav io r  i n  the X-Y (yaw) p lane  a t  a l l  f o rwa rd  v e l o c i t i e s .  To reduce t h e  
resonance problems, t he  loop  was c l osed  near w = 1.45 r a d l s e c ,  6 = 0.75. The 
r e s u l t i n g  s i n g l e - v a r i a b l e  t r a n s f e r  f u n c t i o n  o f  t he  p i l o t  mechanism i s  g i ven  by 

The g a i n  p r o f i l e  i s  

V e r t i c a l  Rate P i  l o t  

Th i s  p i l o t  p rov ides  a  r a t e  c o n t r o l  o f  t h e  v e h i c l e  a l t i t u d e  by m o n i t o r i n g  
t he  v e r t i c a l  r a t e  i n d i c a t o r  and o p e r a t i n g  t he  main r o t o r  c o l l e c t i v e .  The 
p i l o t  f u r n i s h e s  the  i n t e g r a t i o n  component and t h e r e f o r e  p rov i de  a  t ype  1  con- 
f i g u r a t i o n .  Again, t h i s  t ype  o f  system i s  n o t  capable o f  z e r o  e r r o r  t r a c k i n g  
ramps o r  h i ghe r  o rde r  d i s t u rbances .  C l o s i n g  t he  l oop  near w = 3 .0  r a d l s e c  
caused resonant  e x c i t a t i o n .  The dominant c losed- loop po les  were p l aced  near  
w = 1.3 r a d l s e c  and 6 = 0.65. The p i l o t  mechanism's s i n g l e - v a r i a b l e  t r a n s f e r  
f u n c t i o n  i s  g iven  by 



and t he  g a i n  p r o f i l e  i s  

P i t c h  Angle P i l o t  

Th is  p i l o t  p rov ides  a  p o s i t i o n  c o n t r o l  o f  t h e  p i t c h  angle  by assess ing  
t h e  a r t i f i c i a l  h o r i z o n  and o p e r a t i n g  t he  l o n g i t u d i n a l  c y c l i c  s t i c k .  The r e l a -  
t i o n  o f  l o n g i t u d i n a l  c y c l i c  t o  p i t c h  ang le  a1 lows t he  c o n s t r u c t i o n  o f  a  t ype  2  
system. Th is  p rov ides  an improved o p e r a t i o n a l  t r a c k  and d i s t u rbance  r e j e c t i o n .  
C l o s i n g  t he  loop  a t  w = 3.0 r a d l s e c  induced a  l a r g e  resonan t  r e a c t i o n  i n  t h e  
X,Y-pl ane because o f  to rque  r e a c t i v e  d i  sturbances. I n  addi  t i o n ,  a  moderate 
degree o f  ve r y  low f requency resonance was a l s o  no ted  i n  t he  p i t c h  ang le .  The 
p i t c h  ang le  behav io r  appears t o  be caused by t h e  low-frequency peak-notch t h a t  
was mentioned e a r l i e r .  Reducing t h e  bandwidth t o  w = 1.8 r a d l s e c  reduced t h e  
resonan t  e x c i t a t i o n  and r e s u l t e d  i n  t h e  p i l o t  t r a n s f e r  f u n c t i o n  shown i n  

The g a i n  p r o f i l e  i s  

R o l l  Angle P i  l o t  

t h e  
s t  i 

Th is  p i l o t  p rov ides  a  p o s i t i o n  c o n t r o l  o f  t h e  r o l l  ang le  by assess ing  
a r t i f i c i a l  h o r i z o n  and o p e r a t i n g  t h e  l a t e r a l  component o f  t h e  c y c l i c  

ck.  The p i l o t  p rov i des  an i n t e g r a t i o n  component which a l l o w s  a  t ype  2  sys- 
tem c o n f i g u r a t i o n .  Because o f  t h e  extreme resonance shown i n  f i g u r e  15 near 
w = 2.0 r a d l s e c ,  the  c losed- loop p o l e  was p o s i t i o n e d  near  w = 1.5 r a d l s e c ,  
6 = 0.75. The s i n g l e - v a r i a b l e  p i l o t  t r a n s f e r  f u n c t i o n  f o r  high-speed condi -  
t i o n s  i s  



PHI 0.68(S + 0.8)e -0.2s 

G ~ ~ ~ ( S ) 6 0 , 8 0 , 1 0 0  ' S(S + 10) 

The low-speed c o n f i g u r a t i o n  r e q u i r e d  a  l e s s e r  bandwidth.  The loop  was c losed  
a t  w = 1.1 r a d l s e c ,  6 = 0.7. The r e s u l t i n g  p i l o t  t r a n s f e r  f u n c t i o n  i s  

PHI 0.57(S + 0.8)e -0.2s 

G ~ ~ ~ ( S ) 2 0 . 4 0  = S(S + 10) 

YawIDi r e c t i o n a l  P i  l o t  

Th is  p i l o t  p rov ides  a  p o s i t i o n  c o n t r o l  o f  t he  yawlheading ang le .  The 
i n t e g r a t i n g  tendency of t h i s  c o n f i g u r a t i o n  suggests a  t ype  2  s t r u c t u r e .  The 
presence o f  t h e  complex zeroes a t  t he  lower speeds caused t r o u b l e  i n  implement- 
i n g  t h e  type  2  s t r u c t u r e  because o f  resonant  i n t e r a c t i o n s  w i t h  t he  dominant 
c losed- loop po les .  I t  was p o s s i b l e  t o  f o r c e  t h e  po les  o u t  o f  t h i s  r e g i o n  b u t  
t h i s  caused d e s t a b i l i z a t i o n  o f  t he  h i ghe r  f requency po les .  To lessen  t he  po le-  
ze ro  i n t e r a c t i o n ,  t he  p i l o t ' s  compensation p o l e  was s h i f t e d  t o  t h e  l e f t .  The 
c o n f i g u r a t i o n  i s shown i n  f i g u r e  21 . Thi s  improved t h e  po l  e-zero i n t e r a c t i o n  
b u t  reduced t he  system t o  a  t ype  1.  The c losed- loop po les  were p l aced  near w 
= 1.2 r a d l s e c ,  S = 0.55. The r e s u l t i n g  s i n g l e - v a r i a b l e  t r a n s f e r  f u n c t i o n  o f  
the  low-speed p i l o t  mechanism i s  

0.2s 
PSI - K ~ s ~ ( S  + a ~ ~ ~ ) e  

G ~ ~ ~ ( S ) 2 0 , 4 0  - ( 5  + bpSL)(S + 10) 

The f o l l o w i n g  g i ves  the  g a i n  p r o f i l e s  and t he  compensation p o l e  and z e r o  p lace-  
ments: 

The high-speed c o n f i g u r a t i o n  was n o t  plagued by  t he  con juga te  zeroes and thus  
a l lowed a  t ype  2  s t r u c t u r e .  The dominant c losed- loop po les  were p l aced  a t  
w = 1.5 r a d l s e c  and S = 0.6 by u t i l i z i n g  t he  s i n g l e - v a r i a b l e  p i l o t  mechanism 
shown i n  

KpSH(S + 0.8)e -0.2s 
PSI 

G ~ ~ ~ ( S ) 6 0 , 8 0 ,  100 = S(S + 10) 



The r e s u l t i n g  g a i n  p r o f i l e s  a re  

.51 
100 .65 

RESULTS OF PILOT INSERTION 

Tests and eva lua t i ons  o f  t he  p i l o t  mechanisms were performed by i n s e r t i n g  
t h e  i n d i v i d u a l  p i l o t s  i n t o  the  n o n l i n e a r  s i m u l a t i o n  environment.  A  s p e c i f i c  
f l i g h t  c o n t r o l  l oop  was c losed  by d i r e c t  i n s e r t i o n  o f  t he  assoc ia ted  d i s c r e -  
t i z e d  p i l o t  mechanism w i t h i n  t he  s i n g l e - v a r i a b l e  con f i gu ra t i on .  The p i l o t  was 
then  sub jec ted  t o  va r i ous  command-oriented f l i g h t  maneuvers. The s i n g l e -  
v a r i a b l e  r e s t r i c t i o n  l i m i t e d  t he  r e a l i s t i c  o p e r a t i o n a l  scenar ios  t h a t  cou ld  be 
implemented. 

A l l  p i l o t  mechanisms p rov i ded  an adequate c o n t r o l  ove r  t h e i r  s p e c i f i c  p r i -  
mary v a r i a b l e s .  The secondary v a r i a b l e s  showed t h e  a n t i c i p a t e d  wide v a r i e t y  o f  
d i s t u r b e d  behav io r .  The d is tu rbances  ranged f r om smal l  s ca le  d isp lacements  and 
o s c i  11 a t i o n s  t o  unbounded second-order (parabo l  i c l a c c e l  e r a t o r y )  t r a j e c t o r i e s .  

The f o l l o w i n g  c losed- loop responses were ob ta i ned  w i t h  s tep  commands from 
an 80-kn tr immed f l i g h t  a t  200 ft. The SAS and PBA were bo th  f u l l y  engaged. 

V e r t i c a l  Rate P i l o t  

F i gu re  22 shows t he  c losed- loop v e r t i c a l  r a t e  response t o  a  10 f t l s e c  s t ep  
command. Note t he  long- term l a g g i n g  o f  t h e  undershoot .  The p i l o t ' s  o p e r a t i o n  
o f  t he  main r o t o r  c o l l e c t i v e  s t i c k  i s  shown i n  f i g u r e  23. Note t h a t  t he  con- 
t r o l  mechanism d e f l e c t i o n  i s  n o t  excess ive.  

F igures  24 and 25 show an i n t e r e s t i n g  s e t  o f  responses. The i n t r i n s i c  
to rque  v e c t o r  r e l a t i o n  o f  t h i s  maneuver would i d e a l l y  have a  pronounced e f f e c t  
on t he  v e l o c i t y .  The u l t ra - low- f requency  o c i l l a t i o n s  may a c t u a l l y  emanate from 
the  p r o p u l s i o n  system. F igures  26 and 27 show the  e f f e c t s  o f  main r o t o r  to rque  
d is tu rbances  on the  yaw and p i t c h  mot ions.  The yaw ang le  ramp ( f i g .  27) i s  
assoc ia ted  w i t h  the  stepped inc rease  i n  t h e  main r o t o r  to rque  which overpowers 
t he  tr immed counter  to rque  supp l i ed  by t he  t a i l  r o t o r .  

A1 t i  tude P o s i t i o n  P i  l o t  

F i gu re  28 shows t he  c losed- loop a l t i t u d e  p o s i t i o n  response t o  a  10- f t  s t e p  
command. A s l i g h t l y  more aggress ive c o n t r o l  mechanism o p e r a t i o n  i s  shown i n  
f i g u r e  29. I n  f i g u r e  30 t he  yaw ang le  shows t he  e f f e c t  o f  main r o t o r  to rque  
d i s t u rbances .  Th is  response can be a t t r i b u t e d  t o  t he  main r o t o r  t o rque  pu l se  



assoc ia ted  w i t h  t h i s  maneuver. The o t h e r  v e h i c l e  r e a c t i o n s  d i d  n o t  show any 
s igns  o f  severe d i s t u rbance .  

P i t c h  Angle P i l o t  

F i gu re  31 shows t h e  c losed- loop response o f  t h e - p i t c h  angle  t o  a  5" s t e p  
command. Note the  i n t e r e s t i n g  lagged overshoo t  and t h e  nonzero s teady-s ta te  
e r r o r  i n  t r a c k i n g .  The t r a c k i n g  e r r o r  i s  due t o  t he  t r i m  t r a c k i n g  o f  t he  con- 
t r o l  mechanism. Th i s  can be seen i n  t he  l a t t e r  phases o f  t he  l o n g i t u d i n a l  
c y c l i c ' s  o p e r a t i o n  ( f i g .  32).  Th is  i s  caused by the  v a r i a t i o n s  o f  t he  t r i m  
c o n d i t i o n s  as t he  v e l o c i t y  decreases ( f i g .  33). F igures  32 and 33 show t h e  
expected i nve rse  r e l a t i o n  between the  a l t i t u d e  and the  v e l o c i t y  as t he  main 
r o t o r ' s  t h r u s t  v e c t o r  i s  r e d i r e c t e d .  F igures  35 and 36 show the  t w i s t i n g  and 
t u r n i n g  o f  t h e  h e l i c o p t e r  as i t  slows down. The p a r a b o l i c  response o f  t he  yaw 
angle  may p resen t  problems due t o  i t s  h i g h  o r d e r .  

R o l l  Angle P i l o t  

F i gu re  37 shows t h e  c losed- loop response o f  t he  r o l l  ang le  t o  a  10" s t ep  
command. The s l ugg i sh  r o l l  ang le  response tends t o  l a g  t he  l a t e r a l  c y c l i c  
s t i c k  ( f i g .  38). The ramped d i s t u rbance  i n  t he  yaw ang le  ( f i g .  39) shows t he  
r e d i r e c t i o n  o f  the  X,Y-component o f  t h e  main r o t o r ' s  t h r u s t  because o f  t h e  
a d d i t i o n  o f  a  l a t e r a l  t h r u s t  component. F i gu re  40 shows t h e  drop o f f  i n  a l t i -  
tude t h a t  i s  expected because o f  t h e  cos ine  r e d u c t i o n  i n  t h e  t o t a l  l i f t  v e c t o r .  

Yaw Angle P i l o t  

F i gu re  41 shows t h e  c losed- loop response o f  t he  yaw ang le  t o  a  10" s t e p  
command. I t  i s  i n t e r e s t i n g  t o  no te  t he  extended overshoo t  behav io r  and t h e  
nonzero s teady-s ta te  t r a c k i n g  e r r o r .  F i gu re  42 shows what appears t o  be add i -  
t i o n a l  t r i m  t r a c k i n g  because o f  t he  v e l o c i t y  stepped inc rease  ( f i g .  43 ) .  F ig -  
u r e  44 shows t he  r o l l  ang le  d i s t u rbance .  Th i s  t ype  o f  behav io r  i s  s i m i l a r  t o  
t i p p i n g  t h e  wings o f  an a i r p l a n e  by o p e r a t i n g  t h e  rudder  pedals .  The a1 ti tude 
descent ( f i g .  45) i n d i c a t e s  an uncoord ina ted  h e l i x  mot ion.  

CONCLUDING REMARKS 

The p i l o t  mechanisms t h a t  have been developed p rov i de  adequate c o n t r o l  o f  
t he  high-performance h e l i c o p t e r  when used i n  s i n g l e - v a r i a b l e  c o n t r o l  con f i gu ra -  
t i o n s .  The s imple compensative response t r a i t s  m a i n t a i n  a  r o b u s t  p r o f i l e  even 
though no suppress ion o f  secondary response d is tu rbances  i s  cons idered.  The 
p i l o t  mechanisms can t h e r e f o r e  be used as a  bas i s  f o r  h i ghe r  l e v e l  c o n t r o l  con- 
f i g u r a t i o n s  t h a t  w i  11 e f f e c t i v e l y  implement t h e  o v e r a l l  mu1 t i v a r i a b l e  p i  l o t  
s t r u c t u r e  as a  group o f  these mechanisms. 

The companion r e p o r t  ( r e f .  4) t o  t h i s  one g i ves  one way o f  do i ng  t h i s .  
I t  i s  recommended t h a t  a d d i t i o n a l  research  be conducted t o  use va r i ous  forms 
o f  adap t i ve  and l e a r n i n g  processes t o  f u r t h e r  improve t he  o v e r a l l  e f f e c t i v e -  
ness o f  t h e  p i l o t  mechanisms. 



APPENDIX - DEFINITION OF VARIABLES 

The v a r i a b l e s  a re  referenced t o  a  l o c a l  n o n r o t a t i n g  frame which o r i g i n a t e s  
a t  t he  cen te r  o f  g r a v i t y  of t he  he1 i c o p t e r  w i t h  axes p a r a l l e l  t o ,  b u t  o f f s e t  
from, a  f l a t  Ea r th  i n e r t i a l  frame. XL, YL, and ZL r ep resen t  these axes; xb, 
yb,  and zb represen t  axes f i x e d  i n  t he  h e l i c o p t e r ' s  body w i t h  o r i g i n  a t  t he  
cen te r  o f  g r a v i t y .  

Long i t ud ina l  Va r i ab les  

8 t J' qb cos - rb s i n  + d t  

qb p e r t u r b a t i o n  p i t c h  r a t e  i n  body a x i s  n  X-body component 

rn Eu le r  r o l l  angle ZL Z-component o f  l o c a l  frame 

n  v e l o c i t y  p e r t u r b a t i o n  a long  X-body zb Z-body component 

w v e l o c i t y  p e r t u r b a t i o n  a long  Z-body n  8 Eu le r  p i  t c h  angle 

XL X-component o f  l o c a l  frame Eu le r  r o l l  angle 

L a t e r a l  Va r i ab les  

rb cos + + qb s i n  + 
cos 8 

rb p e r t u r b a t i o n  yaw r a t e  i n  body a x i s  yb Y-body component 

vb v e l o c i  t y  p e r t u r b a t i o n  a long  Y-body a x i  s  q Eu le r  yaw angle 

YL Y-component o f  l o c a l  frame 



b perturbation roll rate in body axis 

4 Euler roll angle 

Airstream Variables 

Vehicle angle of attack: 

Vehicle sideslip angle: 

VEL. 
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rCONTROL MECHANISMS rAERODYNAnIC-CONTROL 
C O M N D  SURFACES 

VEHICLE'S ATTITUDES 

INSTRUHENTATION 

EXTERNAL VISUAL CUES 14 ' I  
FIGURE 1. - BLOCK DIAGRAM OF PILOT I N  LOOP CONTROL STRUCTURE. 

FIGURE 2. - SINGLE-VARIABLE CONTROL STRUCTURE BASED ON 
DOMINANT VEHICLE RESPONSES. 
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FIGURE 3. - BLOCK DIAGRAM OF kRUER-KRENDAL HUMAN RESPONSE ECHANISN. 
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RESPONSE --- 
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DYNAJtICS RESPONSES I RUCTIONS 

FIGURE 4. - DOMINANT RESPONSE MOML FOR SINGLE-VARIABLE 
CONTROL NECHAN I R S  . 
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FIGURE 5. - HELICOPTER DESCRIPTION WITHIN ORTHOGONAL CONTROL 
PLANES. 

FIGURE 6. - SIMPLIFIED ILLUSTRATION OF EFFECTS OF BACKWARD DEFLECTION OF 
LONGITUDINAL CYCLIC STICK. ANGLE OF ATTACK, Ui.  

FIGURE 7. - SIMPLIFIED ILLUSTRATION 
OF EFFECTS OF UPWARD MFLECTION 
OF R4IN ROTOR COLLECTIVE STICK. 



QB Cradsfsec3 VS T I M E  Csec3 QB C r a d r / t e c 3  VS T I M E  C t e c 3  

FIGURE 8. - TIME RESPONSE OF PITCH RATE DUE TO IMPULSE ON 
LONGITUDINAL CYCLIC STICK AT 60 KN. 

FIGURE 9. - TIME RESPONSE OF PITCH RATE DUE TO IMPULSE ON 
LONGITUDINAL CYCLIC STICK AT 100 KN. 

(a )  LOW-ORDER 
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M W I T U D E  CdB3 VS FREQUENCY C r a d r / s e c 3  
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(b) FREQUENCY RESPONSE OF tc)  HIGHER ORDER 
PITCH ANGLE. LAPLACE PLANE 

REPRESENTATION 
OF PITCH RATE. 

FIGURE 10. - FAST FOURIER TRANSFORM (FFT) OF IMPULSE RE- FIGURE 11. - VEHICLE PITCH DESCRIPTlONS BASED ON LONGITUDINAL CYCLIC 
SPONSE OF PITCH RATE AT 60 KN. STICK DEFLECTIONS. 

FIGURE 12. - FAST FOURIER TRANSFORM (FFT) OF IRULSE RE- 
SPONSE OF PITCH ANGLE AT 60 KN. 

FIGURE 13. - SIRLIFIED ILLUSTRATION OF EFFECTS 
OF RIGHTWARD DEFLECTION OF LONGITUDINAL CYCLIC 
STICK. 



I \ TOTAL 
TRIMMED COUNTER PlANEUVER I NG 
THRUST. To THRUST, T1 

FIGURE 14. - SIMPLIFIED ILLUSTRATION OF EFFECTS OF 
CLOCKWISE ROTATION OF T A I L  ROTOR COLLECTIVE 
PEDALS. 

FIGURE 16. - FAST FOURIER TRANSFORM (FFT) OF IMPULSE RE- 
SPONSE OF YAW RATE AT 2 0  KN. 

FIGURE 15.  - FAST FOURIER TRANSFORM (FFT) OF IMPULSE RE- 
SPONSE OF ROLL RATE AT 8 0  KN. 

FIGURE 17. - LOW-ORMR LAPLACE 
PLANE REPRESENTATION OF YAW 
ANGLE FROM T A I L  ROTOR COLLEC- 
T I M  PEDAL DEFLECTION. 
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FIGURE 18. - BLOCK DIAGRAM OF SINGLE-VARIABLE PILOT MECHANISM WITHIN 
DOMINANT RESPONSE CONTROL LOOP. NOND;EL+I; 4;;f 
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FIGURE 19. - COMPARATIVE ILLUSTRATION OF DIS- 
TORSION OF DELAYED ROOT LOCUS VERSUS A NON- 
DELAYED ROOT LOCUS. 
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FIGURE 20. - ILLUSTRATION OF PRIMARY ASYMPTOTES OF PURE DELAY APPROXIMATION. 

FIGURE 21. - ROOT LOCUS OF CLOSED-LOOP 
POLES OF YAW ANGLE CONTROL LOOP AT 
20 KN. 



ALT DOT (FPS) VS TIME (SEC) 

FIGURE 22. - CLOSED-LOOP STEP RESPONSE OF SINGLE-VARIABLE 
VERTICAL RATE CONTROL AT 8 0  KN. 

FIGURE 211. - PITCH ANGLE REACTION DUE TO STEP I N  VERTICAL 
RATE. 

PHI (DEG) VS TIME (SEC) 

FIGURE 26. - ROLL ANGLE REACTION DUE TO STEP I N  VERTICAL 
RATE. 

COLL. (IN) VS TIIE(SEC) 

FIGURE 23. - MAIN ROTOR COLLECTIVE STICK DEFLECTION BY HUMAN 
RESPONSE RECHANISM TO ACHIEVE STEP MANEUVER I N  FIGURE 22. 

FIGURE 25. - VELOCITY REACTION DUE TO STEP I N  VERTICAL RATE. 
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FIGURE 27. - YAW ANGLE REACTION DUE TO STEP I N  VERTICAL RATE. 
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FIGURE 28. - CLOSED-LOOP STEP RESPONSE OF SINGLE-VARIABLE 
ALTITUDE CONTROL AT 80 KN. 
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FIGURE 30. - YAW ANGLE REACTION DUE TO STEP IN ALTITUDE. 
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FIGURE 32. - LONGITUDINAL CYCLIC STICK DEFLECTION BY HUMAN 
RESPONSE MECHANISM TO ACHIEVE STEP MANEUVER IN FIGURE 31. 

FIGURE 29. - MAIN ROTOR COLLECTIVE STICK DEFLECTION BY HUMAN 
RESPONSE RECHANISN TO ACHIEVE STEP MANEUVER IN FIGURE 28. 
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FIGURE 31. - CLOSED-LOOP STEP RESPONSE OF SINGLE-VARIABLE 
PITCH ANGLE CONTROL AT 80 KN. 

V E W l V  (KTS) VS TIME (SEC) 

FIGURE 33. - M L O C l N  REACTION DUE TO STEP IN PITCH ANGLE. 
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FIGURE 34. - ALTITUDE REACTION DUE TO STEP IN PITCH ANGLE. 
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FIGURE 35. - ROLL ANGLE REACTION DUE TO STEP IN PITCH ANGLE. 
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FIGURE 36. - YAW ANGLE REACTION DUE TO STEP IN PITCH ANGLE. 
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FIGURE 37. - CLOSED-LOOP STEP RESPONSE OF SINGLE-VARIABLE 
ROLL ANGLE CONTROL AT 80 KN. 

FIGURE 38. - LATERAL CYCLIC STICK DEFLECTION BY HUMAN RE- 
SPONSE MECHANISM TO ACHIEVE STEP MANEUVER IN FIGURE 37. 
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FIGURE 39. - YAW ANGLE REACTION DUE TO STEP IN ROLL ANGLE. 
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FIGURE 40. - ALTITUDE REACTION DUE TO STEP I N  ROLL ANGLE. 

FIGURE 42. - TAIL ROTOR COLLECTIVE PEDAL DEFLECTION BY HUMAN 
RESPONSE MECHANISM TO ACHIEM STEP MANEUVER . I N  FIGURE 41. 

FIGURE 41. - CLOSED-LOOP STEP RESPONSE Of SINGLE-VARIABLE 
YAW ANGLE CONTROL AT 80 KN. 
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FIGURE 43. - VELOCITY REACTION DUE TO STEP I N  YAW ANGLE. 
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FIGURE 44. - ROLL ANGLE REACTION DUE TO STEP I N  YAW ANGLE. 

K T  (FEET) VS TIME (SEC) 

FIGURE 45. - ALTITUDE REACTION DUE TO STEP I N  YAW ANGLE. 
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