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SECTION I 

INTRODUCTION 

From t h e  earliest  s t u d i e s  on t h e  i n t e r a c t i o n  between t h e  human 

p i l o t ' s  neuromuscular system and a i r c r a f t  c o n t r o l  devices  (e.g., Refs. 1 

and 2 )  t h e  presence of a neuromuscular system l imb-manipulator  dynamic 

resonance peak a t  14-19 r a d / s e c  has  been w e l l  known. I n  Ref. 3 t h e  

neuromuscular system c h a r a c t e r i s t i c s  are c i t e d  as "except iona l ly  impor- 

t a n t  and c r i t i c a l l y  l i m i t i n g  i n  such matters as 

c o n t r o l  p r e c i s i o n  where l i m i t e d  by t h e  p i l o t ' s  
neuromuscular system dynamics. 

0 e f f e c t s  of c o n t r o l  system n o n l i n e a r i t i e s ,  includ-  
i n g  t h e i r  connections wi th  c o n t r o l  system s e n s i -  
t i v i t y  requirements." 

Reference 4 and o t h e r  summaries p l a c e  g r e a t  stress on t h e  importance of 

cons ider ing  t h e s e  c h a r a c t e r i s t i c s  even though t h i s  frequency range of 

major a c t i v i t y  may be w e l l  above t h e  bandwidth a s s o c i a t e d  wi th  t h e  

"usual" c o n t r o l  task.  

It is  becomming more and more apparent  t h a t  modern, high perform- 

ance,  high ga in ,  command response f l i g h t  c o n t r o l  system bandwidths may 

be encroaching on t h e  neuromuscular system. Advances i n  f l i g h t  c o n t r o l  

system fly-by-wire technology permit new manipulat ion devices ,  €or 

example f o r c e  sens ing  s i d e - s t i c k s ,  at  t h e  p i l o t  output/effective-vehicle 

i n t e r f a c e .  These have thus  f a r  been g e n e r a l l y  s u c c e s s f u l  i n  appl ica-  

t i o n ,  but  have introduced or enlarged some p i l o t - v e h i c l e  f l y i n g  q u a l i -  

t i es  problems. P a r t i c u l a r  problems include:  

0 high r o l l  c o n t r o l  s e n s i t i v i t y  and PIO's i n  pre- 
c i s i o n  maneuvering; 

0 r o l l  r a t c h e t  i n  otherwise s teady  r o l l i n g  maneu- 
v e r s ;  

0 s e n s i t i v i t y  t o  t h e  way t h e  p i l o t  g r i p s  t h e  s t i c k  
o r  t o  l o c a t i o n  of h i s  handlarm suppor t ;  

4 e f f e c t i v e  t i m e  delay a s s o c i a t e d  w i t h  s t i c k  f i l -  
ters, with a t t e n d a n t  i n c r e a s e  i n  p i l o t  remnant; 
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0 biodynamic i n t e r a c t i o n s ,  e.g., hand/arm s t i c k  
bobweight e f f e c t s .  

The experiment encompassed some 96 manipulator/controlled-element 

c o n f i g u r a t i o n s  involv ing  over  530 runs by two s u b j e c t s .  Key f i n d i n g s  

are summarized i n  Sec t ion  I V .  These show a s t r o n g  c o r r e l a t i o n  w i t h  pre- 

vious f l i g h t  test r e s u l t s ,  i d e n t i f y  t h e  neuromuscular system as poten- 

t i a l l y  involved i n  r o l l  r a t c h e t ,  i n d i c a t e  manipulator ,  response command, 

and e f f e c t i v e  v e h i c l e  dynamics which aggrava te  t h e  nuisance neuromus- 

c u l a r  dynamics, and provide a measurement procedure f o r  a s s e s s i n g  t h e  

p o t e n t i a l  of r o l l  r a t c h e t  us ing  fixed-base s imulat ion.  

Attempts t o  a l l e v i a t e  t h e s e  e f f e c t s  have involved adjustments  i n  s t i c k  

f o r c e  g r a d i e n t s ,  f i l t e r i n g ,  and s e n s i t i v i t y .  These have included i n t r o -  

duc t ion  of v a r i o u s  n o n l i n e a r  elements such as command g a i n  reduct ion  as 

a f u n c t i o n  of p i l o t  input  amplitude o r  frequency, f i l t e r  t i m e  cons tan t  

changes wi th  sense  of i n p u t  ( i n c r e a s e  VS. decrease) ,  and d i f f e r e n t  f o r c e  

g r a d i e n t  f o r  r i g h t  and l e f t  r o l l  commands. These adjustments  have 

g e n e r a l l y  involved ad hoc e m p i r i c a l  modi f ica t ions  i n  t h e  course of t h e  

a i r c r a f t  development. Much of t h i s  has been accomplished i n  f l i g h t  tes t  

w i t h  correspondingly l a r g e  cost .  

Thus t h e r e  i s  a need t o  r e v i s i t  and expand t h e  earlier neuromuscular 

system experimentat ion wi th  a focus on now-practical  f l i g h t  c o n t r o l  sys- 

tem c o n f i g u r a t i o n s  i n  o r d e r  t o  q u a n t i f y  p o s s i b l e  i n t e r a c t i o n s  between 

t h e s e  and t h e  neuromuscular system. The r e s u l t  should provide a f i r s t  

c u t  a t  m a n i p u l a t o r / f l i g h t  c o n t r o l  system design guides  and c r i te r ia  t o  

minimize r o l l  c o n t r o l  problems. The experimental  program documented 

h e r e i n  w a s  undertaken t o  s a t i s f y  t h e s e  goals.  

I n  t h e  s e c t i o n  which fol lows t h e  background is reviewed covering 

v a r i o u s  r o l l  c o n t r o l  problems, r e s u l t s  of s p e c i f i c  f l i g h t  test  i n v e s t i -  

g a t i o n s ,  and previous observa t ions  concerning t h e  neuromuscular system 

dynamic c h a r a c t e r i s t i c s .  This  se ts  t h e  s t a g e  f o r  d e f i n i t i o n  of experi-  

ment g o a l s  and s e t u p  f o r  t h i s  program which are presented  i n  Sec- 

t i o n  111. 

Conclusions and recommendations f o r  f u r t h e r  experimentat ion are con- 

t a i n e d  i n  Sec t ion  V. 
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SECTION I1 

BACKGROUND FOB STUDY 

-.2 - 
0 

Iq' .2- 

J Almost every new a i r c r a f t  wi th  f ly-by-wire o r  commanc. augmentation 

i n  t h e  r o l l  a x i s  has encountered e i t h e r  Pi lot-Induced O s c i l l a t i o n s  (PIO) 

o r  r o l l  r a t c h e t i n g  (or  bo th)  i n  e a r l y  f l i g h t  phases. PI0 has  t y p i c a l l y  

been a s s o c i a t e d  w i t h  high ga in ,  n e u t r a l l y  s t a b l e  closed-loop p i l o t -  

v e h i c l e  c o n t r o l  o s c i l l a t i o n s  with a frequency of about 1 /2  Hz. The 

" r o l l  r a t c h e t "  has been somewhat more obscure and i d i o s y n c r a t i c ,  appear- 

i n g  most o f t e n  i n  r a p i d  r o l l i n g  maneuvers. Ratchet  f requencies  are 

t y p i c a l l y  2-3 Hz. F igure  1 i l l u s t r a t e s  t h i s  oft-remarked but  seldom 

recorded phenomenon. The frequency d i f f e r e n c e  a lone  i n d i c a t e s  t h a t  t h e  

PI0  and r a t c h e t  s i t u a t i o n s  a r e  d i f f e r e n t  phenomena, y e t  both c l e a r l y  

involve  t h e  closed-loop p i l o t  v e h i c l e  system. 

v r  e 
J 

I50 1 

-50 
-4, 

t I I I ! I : : ! ! 4  
0 2 4 6 E IO I 2  14 16 18 20 

l i m e  ( s e c )  

a/ f -16 b) Aircraff A, CAS / 

Figure  1. R o l l  Ratchet  During Banking Maneuver 
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SOME FLYING QUALITIES OBSERVATIONS 

An i n t e r e s t i n g  s e t  of r o l l  r a t c h e t i n g  phenomena occurred in t h e  

f l i g h t  tests of Refs. 5-7. The o s c i l l a t i o n s  were 11-17 r a d / s e c  i n  t h e s e  

cases. Chalk (Ref. 8) s p e c u l a t e s  t h a t  t h e  o s c i l l a t i o n s  were due t o  t h e  

near  K c / s  c h a r a c t e r  of t h e  e f f e c t i v e  c o n t r o l l e d  element. H e  used a 

rudimentary (K e-") non-adaptive p i l o t  model t o  show t h a t  one can g e t  

an i n s t a b i l i t y  a t  about 12-17 r a d / s e c  with a K/s-l ike a i r c r a f t  and h i g h  

p i l o t  gains.  The phase margin f o r  t h e  open-loop p i l o t - a i r c r a f t  system 

i n  t h i s  case is  

./ 

P 

71 
= - - TUc 2 

The i n s t a b i l i t y  corresponds t o  & = 0,  so the  va lue  of T 

t o  t h e  n e u t r a l l y  s t a b l e  frequency, uC = (IL, w i l l  be 

orresponding 

Accordingly,  t h e  e f f e c t i v e  T corresponding t o  o s c i l l a t i o n s  of 12 t o  

17 r a d / s e c  w i l l  be i n  t h e  range from 0.09 t o  0.13 sec. This  e f f e c t i v e  

t i m e  delay must account f o r  all t h e  open-loop system l a g s ,  i.e., con- 

t r o l l e r ,  a c t u a t o r ,  f i l t e r s ,  etc., p l u s  t h e  e f f e c t i v e  l a t e n c y  of t h e  

p i l o t .  So, i f  t h i s  explana t ion  of t h e  r o l l  r a t c h e t  i s  t o  be reasonable  

t h e  t o t a l  T va lue  must be appropr ia te .  The 0.09 - 0.13 second range i s  

remarkably low f o r  t h e  p i l o t  a lone ,  and is very low indeed when a i r c r a f t  

p l u s  c o n t r o l  system e f f e c t i v e  l a g s  are a l s o  considered. 

I n  Ref. 9, M i t c h e l l  and Hoh a l s o  examine some of t h e  same da ta .  

They c i t e  t h e  s i n u s o i d a l  v i b r a t i o n  d a t a  of Ref. 10 i n  which a s imple 

l a te ra l  t r a c k i n g  t a s k  was performed (us ing  a c e n t e r  s t i c k )  while  under 

t h e  i n f l u e n c e  of high frequency l a t e r a l  a c c e l e r a t i o n s .  Frequencies  from 

1 t o  10 Hz were employed and an o s c i l l a t o r y  a rm/s t ick  "bobweight" mode 

occurred a t  about 12 rad/sec.  They note  t h a t  t h i s  h igher  frequency mode 

of t h e  p i l o t - a i r c r a f t  systems is  near  t h e  f requencies  of t h e  observed 

r a t c h e t i n g  i n  t h e  F-16 and Calspan f l i g h t  experiments and c i t e  i t  as a 

p o s s i b l e  cause. 

I 
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SOME PILOT-VEHICLE SYSTEM CONSIDERATIONS 

The p r e s c r i p t i o n  f o r  K/s-l ike c o n t r o l l e d  element dynamics i n  t h e  

reg ion  of p i l o t - v e h i c l e  system crossover  as an of t e n  d e s i r a b l e  form 

stems from t h e  fundamental f e a t u r e  of human dynamics t h a t  no p i l o t  l e a d  

is then  requi red  t o  e s t a b l i s h  good closed-loop dynamics over a wide 

range of p i l o t  gains .  The b a s i c  r e c i p e  is almost i n v a r i a b l y  condi t ioned 

by such s ta tements  as " i n  t h e  frequency reg ion  about crossover." Such 

s ta tements  are made t o  restrict t h e  form of t h e  p i l o t  model t o  t h a t  

r e q u i r e d  only i n  t h e  crossover  region. I n  p a r t i c u l a r ,  t h e  cases covered 

are such t h a t  an e f f e c t i v e  t i m e  delay t e r m  i n  t h e  p i l o t  model is a n  

adequate  approximation t o  t h e  high frequency e f f e c t s .  

Simple t r a c k i n g  t a s k  p i l o t  model forms and a s s o c i a t e d  p i l o t - v e h i c l e  

system p r o p e r t i e s  begin wi th  t h e  i d e a l  c rossover  model of Fig. 2 ( s e e  

e.g., Ref. 4 ) .  I n  t h i s  model t h e  p i l o t  a d j u s t s  h i s  dynamic c h a r a c t e r i s -  

t i c s  so t h a t  t h e  open-loop p i l o t - v e h i c l e  dynamics are approximately K / s  

over  t h e  frequency band immediately above and below t h e  ga in  crossover .  

The model a l s o  i n d i c a t e s  t h a t  i n  f u l l  a t t e n t i o n  t r a c k i n g  opera t ions  t h e  

p i l o t  w i l l  a d j u s t  h i s  g a i n  t o  o f f s e t  any v a r i a t i o n  i n  c o n t r o l l e d  element 

g a i n  i n  o r d e r  t o  maintain a near ly  f i x e d  c o n t r o l  system bandwidth. Thus 

t h e  f u l l - a t t e n t i o n  closed-loop bandwidth oc ( i d e n t i f i e d  as t h e  c rossover  

of t h e  0 dB ga in  l i n e  wi th  t h e  K / s  amplitude r a t i o  p l o t )  i s  independent 

of the c o n t r o l l e d  e l emen t  gain. Furthermore,  t he  p i l o t  tends to keep 

t h e  product of t h e  crossover  frequency and t h e  t a s k  RMS e r r o r ,  ocae, 

constant .  

I n  t h e  c rossover  model t h e  exponent ia l  term wi th  t i m e  delay T 

approximates a l l  t h e  l a g  c o n t r i b u t i o n s  due t o  p i l o t  and v e h i c l e  h i g h  

frequency dynamic modes. The e f f e c t i v e  t i m e  delay is a f u n c t i o n  o f ,  

among o t h e r  t h i n g s ,  t h e  f orce/displacement c h a r a c t e r i s t i c s  of t h e  manip- 

u l a t o r .  A s  shown i n  Fig. 2, an i s o m e t r i c  ( f o r c e )  s t i c k  r e s u l t s  i n  less 

l a g  than does an i s o t o n i c  ( f r e e  moving) s t i c k .  Pas t  experimentat ion has  

i d e n t i f i e d  t h e  d i f f e r e n c e  t o  be approximately 0.1 sec (e.g., Ref. 4 ) .  

I n  Fig. 2 i f  t h e  p i l o t  ga in  were set a t  t h e  value represented  by Kp2 

w i t h  an i s o m e t r i c  s t i c k ,  t h e  bandwidth would be i n d i c a t e d  by oc2 and 
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wc A constant 

# f ( K c )  

wc ce  = constant 

I .o 10 
I I 

Amplitude 
Ratio 
(dB 1 

KP2  

w (rad /sec) 

Phase 
(deg) 

lsomet ric 
Stick 

( f o r c e  1 ( free moving) 

100 
I 

F igure  2 .  I d e a l  Crossover Model 
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t 

would r e s u l t  i n  a system s t a b i l i t y  phase margin, 9m2, and ga in  margin, 

GM. I f  t h i s  same g a i n  were employed wi th  t h e  i s o t o n i c  s t i c k ,  t h e  phase 

margin would be 0, and a low frequency continuous o s c i l l a t i o n  (PIO) 

would r e s u l t .  This o s c i l l a t i o n  can then be a l l e v i a t e d  by t h e  p i l o t  

reducing h i s  g a i n  t o  t h e  va lue  represented  by K and accept ing  t h e  

reduced bandwidth. Thus Fig. 2 can be used t o  demonstrate t h e  common 

low frequency PI0 problem which g e n e r a l l y  occurs  i n  t h e  v i c i n i t y  of 

0.5 Hz and which is r e l i e v e d  by reducing p i l o t  gain.  ( I n  t h e  c rossover  

model an wU of 4 r a d / s e c  corresponds t o  T = . r r /2~ ,  2 0.4 sec f o r  t h e  

t o t a l  p i l o t ,  c o n t r o l  system, a i r c r a f t ,  etc., la tency) .  

P l  

A s  previous ly  noted, e a r l y  s t u d i e s  on t h e  neuromuscular system 

(e.g., Ref. 1 circa 1968) noted t h e  presence of a neuromuscular system 

o r  limb-manipulator peak a t  14-19 r a d / s e c  w e l l  p a s t  t h e  u s u a l  "crossover  

region." The e f f e c t s  of var ious  r e s t r a i n t s  on t h e  limb/neuromuscular 

system are descr ibed  i n  d e t a i l  i n  Ref. 2. Figure  3 (from Ref. 2 )  shows 

closed-loop neuromuscular system model f i t s  t o  pilot/controlled-element 

d e s c r i b i n g  f u n c t i o n  measurements f o r  p r e s s u r e  and f r e e  moving manipula- 

t o r s .  An important p a r t  of t h e  neuromuscular dynamics i n  each case is  a 

q u a d r a t i c  mode wi th  damping and n a t u r a l  frequency of 

MANIPULATOR NM/L DYNAMICS 

Free Moving [0.07, 171 

I s o m e t r i c  o r  P r e s s u r e  [0.138, 18.61 

The experiments which allowed i d e n t i f i c a t i o n  of t h e s e  modes used f o r c i n g  

f u n c t i o n s  having a low power she l f  extending t o  h igher  f requencies  than  

normally u t i l i z e d  i n  t r a c k i n g  tasks .  The human p i l o t  d e s c r i b i n g  func- 

t i o n  d a t a  of Fig. 4 from Ref. 11, provides  an  example of t h e  range of 

f requencies  needed t o  completely d e f i n e  t h e  resonant  peak. Note i n  

Fig.  3 t h a t  t h e r e  i s  a second neuromuscular system mode which is approx- 

imated by a f i r s t - o r d e r  l a g  break a t  about 10 rad /sec .  This mode i s  

a l s o  somewhat dependent on t h e  n a t u r e  of t h e  manipulator  r e s t r a i n t s  

(Refs. 12 and 13). 
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The reason t h a t  t h e  neuromuscular a c t u a t i o n  system dynamics d i f f e r  

when t h e  manipulator  r e s t r a i n t s  are changed i s  phys io logica l  -- t h e  

neuromuscular appara tus  involved depends on t h e  r e s t r a i n t s  and limb 

movements. While g r e a t l y  overs impl i f ied ,  t h e  neuromuscular a c t u a t i o n  

elements of t h e  human may be viewed a s  a two loop system. The i n n e r  

loop p r i n c i p a l l y  involves  Golgi and muscle s p i n d l e  r e c e p t o r s  wi th  s h o r t  

pathways d i r e c t l y  t o  s p i n a l  l e v e l  and back t o  t h e  musculature. Viewed 

from t h e  output  end t h i s  loop i s  p r i m a r i l y  s e n s i t i v e  t o  f o r c e s ,  and 

because of t h e  s h o r t  n e u r a l  pathways t h e  t i m e  l a g s  of information flow 

are small .  The e f f e c t i v e  bandwidth of t h i s  loop can, t h e r e f o r e ,  be 

q u i t e  high. The second o r  o u t e r  loop inc ludes  j o i n t  and o t h e r  (e.g., 

p e r i p h e r a l  v i s i o n )  r e c e p t o r s  as major feedback elements. Their  n e u r a l  

pathways, and a s s o c i a t e d  de lays ,  are longer ,  l ead ing  t o  a lower o u t e r  

loop bandwidth. I n  i s o m e t r i c  (f  o rce-s t ick)  manipulator c o n d i t i o n s ,  

t h e r e  i s  l i t t l e  o r  no j o i n t  movement, so  t h e  i n n e r  loop elements should 

be dominant. With i s o t o n i c  ( f r e e m o v i n g  s t i c k )  condi t ions ,  on t h e  o t h e r  

hand, the  j o i n t  r e c e p t o r s  a r e  major elements. A s  a l ready  i n d i c a t e d  i n  

connection wi th  Fig. 2 t h e  n e t  d i f f e r e n c e ,  i n  terms of an e f f e c t i v e  

l a t e n c y ,  i s  approximated a t  low f requencies  by a d i f f e r e n c e  i n  e f f e c t i v e  

T of about 0.1 sec. 

I f  we now employ t h e  Fig. 3 d e t a i l e d  model of t h e  neuromuscular sys- 

t e m  ( i n s t e a d  of only approximating i t s  phase l a g  c o n t r i b u t i o n  a s  i n  

Fig. 2)  and superimpose i t  on t h e  c o n t r o l l e d  element K/s as i n  Fig. 5 ,  

w e  see an open-loop resonant  peak i n  t h e  2 t o  3 Hz frequency range due 

t o  t h e  neuromuscular system. The correspondence of t h e  neuromuscular/ 

limb q u a d r a t i c  mode numerical  values  and observed r o l l  r a t c h e t  frequen- 

cies is  very u n l i k e l y  t o  be a coincidence. So, a t  observed r o l l  r a t c h e t  

f requencies  t h e  neuromuscular/limb mode c l e a r l y  should be taken i n t o  

account. Since t h e i r  primary e f f e c t  is a resonant  peak from which "Gain 

Margin" might be measured, i t  is  q u i t e  apparent  t h a t  t h e s e  p r o p e r t i e s  

w i l l  be of c e n t r a l  importance f o r  high g a i n  p i l o t  s i t u a t i o n s .  

* 

While t h e  "Gain Margin" shown i n  Fig. 5 i n d i c a t e s  t h e  magnitude 
d i f f e r e n c e  between t h e  (YpYC(dB peak and t h e  zero  dB l i n e ,  t h e  phase a t  
o r  near  t h i s  frequency may d i f f e r  apprec iab ly  from t h a t  requi red  f o r  
i n s t a b i l i t y .  Thus when t h e  "Gain Margin" shown i s  zero only one of t h e  
two condi t ions  f o r  i n s t a b i l i t y  may be s a t i s f i e d .  Consequently t h i s  i s  
not  n e c e s s a r i l y  a t r u e  g a i n  margin i n  t h e  convent ional  sense.  It does,  
however, i n d i c a t e  a resonant  tendency cont r ibu ted  by t h e  p i l o t .  

* 
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Figure  5. Bode Amplitude R a t i o  P l o t  f o r  Neuromuscular 
System Cont r ibu t ion  t o  Rol l  Ratchet  P o t e n t i a l  

P-16 DATA ON ROLL RATCBET 

Although no f requencies  are c i t e d ,  information provided i n  t h e  

Ref. 14 summary of t h e  F-16 s i d e  s t i c k  c o n t r o l l e r / r o l l  p r e f i l t e r  devel-  

opment lends support  t o  t h e  neuromuscular system mode as a key f a c t o r  i n  

r o l l  r a t c h e t .  This r e p o r t  summarizes a 155 f l i g h t ,  34 p i l o t  program 

e v a l u a t i n g  19 d i f f e r e n t  s i d e  s t i c k  and p r e f i l t e r  c o n f i g u r a t i o n s  i n  t h e  

YF and F-16A a i r c r a f t  accomplished over  a per iod of 5 years .  Of t h e s e  

155 f l i g h t s ,  7 4  were devoted t o  s t i c k  displacement,  f o r c e  g r a d i e n t ,  and 

input  a x i s  o r i e n t a t i o n  c o n s i d e r a t i o n s  whi le  81 were devoted t o  r o l l  pre- 

f i l t e r  configurat ions.  

The i n i t i a l  p r e f i l t e r  was a non-linear f i l t e r  which provided a 

0.4 sec t i m e  cons tan t  ( o r  ~ / T F  = 2.5) f o r  command i n p u t s  and a 0.1 sec 

t i m e  cons tan t  ( o r  ~ / T F  = 10) f o r  removal of t h e  commands. This  w a s  

denoted as t h e  0.4/0.1 p r e f i l t e r .  During f l i g h t s  wi th  t h i s  p r e f i l t e r ,  

r o l l  r a t c h e t i n g  w a s  noted i n  moderate rate 360 deg r o l l s ,  decreas ing  

11 



r o l l  rate r o l l s ,  formation f l y i n g ,  etc. The r o l l  r a t c h e t i n g  was charac- 

t e r i z e d  as high frequency l a t e r a l  o s c i l l a t i o n s  which were a t t r i b u t e d  

p a r t i a l l y  t o  p h y s i o l o g i c a l  feedbacks of a i r c r a f t  motion through t h e  

i n e r t i a  of t h e  p i l o t ' s  hand and h i s  grasp  of t h e  c o n t r o l l e r .  However, 

t h e s e  were not a l l  n e c e s s a r i l y  high a c c e l e r a t i o n  maneuvers where hand 

i n e r t i a  might lead  t o  i n a d v e r t e n t  f o r c e  inputs .  

During t h e  course of t h e  F-16 program t h e  p i l o t s  s t a t e d  t h a t  t h e  

g r i p  on t h e  s i d e  s t i c k  c o n t r o l l e r  was too  l a r g e  i n  diameter  t o  a l low a 

comfortable  grasp.  Rol l s  t o  t h e  r i g h t  were uncomfortable because only 

t h e  r i g h t  thumb w a s  a v a i l a b l e  t o  supply t h e  r i g h t  r o l l  f o r c e  while  t h e  

e n t i r e  palm of t h e  hand was a v a i l a b l e  f o r  r o l l s  t o  t h e  l e f t .  I n t e r e s t -  

i n g l y ,  t h e  F-16 r o l l  r a t c h e t  time traces shown i n  both Refs. 8 and 9 are 
f o r  a r o l l  t o  t he  r i g h t  (see Fig. la )  and a second se t  of r o l l  r e v e r s a l  

maneuver time traces i n  Ref. 9 f o r  another  a i r c r a f t  shows a much l a r g e r  

amplitude r o l l  r a t c h e t  f o r  r i g h t  r o l l s  versus  l e f t  r o l l s  ( s e e  Fig. lb) .  

The F-16 r a t c h e t  w a s  a t  12-13 r a d / s e c  whi le  t h e  second a i r c r a f t  was a t  

18 rad/sec.  I n  both cases t h e  s t i c k  p r e f i l t e r  t i m e  cons tan t  w a s  0.1 sec 

and s t i c k  f o r c e s  a r e  about 10-12 lb .  The response t o  command r a t i o  

appears  t o  be i n  t h e  v i c i n i t y  of 6 t o  7.5 deg/sec/ lb .  

It is  shown i n  Ref. 15 t h a t  t h e  frequency of t h e  neuromuscular mode 

i n c r e a s e s  and damping decreases  as muscular t e n s i o n  increases .  F igure  6 

i s  adopted from t h a t  re ference .  Note t h e  locus near  t h e  o r i g i n  i s  a 

second-order mode I C N ,  %] t h a t  can be d r i v e n  t o  zero  damping o r  even a 

divergence wi th  i n c r e a s i n g  "gain" ( l a r g e  muscle t e n s i o n ) .  This  could be 

a cont r ibu tory  f a c t o r  i n  t h e  above noted F-16 r a t c h e t  during r o l l s  t o  

t h e  r i g h t  s i n c e  i t  r e q u i r e s  cons iderably  g r e a t e r  t e n s i o n  of t h e  thumb t o  

command r i g h t  r o l l  than of t h e  hand t o  command l e f t  r o l l  even though t h e  

same f o r c e  is generated i n  both d i r e c t i o n s .  Also n o t e  i n  Fig. 6 t h e  

prev ious ly  mentioned f i r s t - o r d e r  l a g ,  ~ / T N ~ ,  of t h e  neuromuscular system 

which moves toward t h e  zero  a t  about 10 rad/sec.  Therefore  i t s  l a g  con- 

t r i b u t i o n  a l s o  shows up a t  lower and lower frequency as muscle t e n s i o n  

i s  increased.  
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It i s  repor t ed  i n  Ref. 9 t h a t  a second r o l l  maneuver similar t o  t h a t  

shown i n  Fig. l a  was flown a few seconds a f t e r  t h e  maneuver shown he re  

and t h e  r o l l  r a t c h e t i n g  w a s  no t  p re sen t .  Thus t h e  i d i o s y n c r a t i c  n a t u r e  

of t h e  phenomenon. Other  f l i g h t  tes t  programs, f o r  example Ref. 6 flown 

wi th  a f o r c e  sens ing  c e n t e r - s t i c k ,  found t h a t  t h e  r o l l  r a t c h e t i n g  w a s  

s e n s i t i v e  t o  p i l o t  aggress iveness  and could be a l l e v i a t e d  by "backing 

o f f "  (lowering ga in ) .  

I n  summary, t h e  observed r o l l  r a t c h e t i n g  occurs a t  f r equenc ie s  com- 

mensurate wi th  t h e  neuromuscular sys tem n a t u r a l  f requency and may be 

aggrava ted  by t h e  muscular t e n s i o n  r equ i r ed  t o  gene ra t e  f o r c e  p r imar i ly  
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w i t h  t h e  thumb ( r i g h t  r o l l s )  r a t h e r  than  t h e  palm of t h e  hand ( l e f t  

r o l l s ) .  It could a l s o  be a s s o c i a t e d  wi th  limb-manipulator mechanical 

bobweight coupl ing a t  high r o l l  a c c e l e r a t i o n s .  

SIDESTICK FORCE/DISPLACEMENT FLIGHT DATA 

An experimental  program t o  i n v e s t i g a t e  t h e  i n f l u e n c e  of s i d e - s t i c k  

f o r c e ,  displacement,  and command g r a d i e n t  c h a r a c t e r i s t i c s  on a i r c r a f t  

f l y i n g  q u a l i t i e s  i s  repor ted  i n  Ref. 16. This w a s  flown i n  t h e  Calspan 

NT-33 a i r c r a f t  us ing  a r o l l  rate command system. The r o l l  rate command 

VS. s t i c k  f o r c e  g r a d i e n t s  i n v e s t i g a t e d  i n  t h i s  f l i g h t  program are shown 

by t h e  dashed l i n e s  i n  Fig. 7. Four d i f f e r e n t  command/force g r a d i e n t  

c o n f i g u r a t i o n s  were flown. These were r a t e d  a s  l i g h t  ( L ) ,  medium (M), 

heavy (H), and very heavy (VH). In  each case t h e  breakout f o r c e  i s  

approximately 1 lb .  This i s  followed by an i n i t i a l  s l o p e  having h i g h  

f o r c e  t o  r o l l  ra te  command gradien t .  A t  3 l b  f o r c e  a second g r a d i e n t  

begins which has  lower f o r c e  t o  r o l l  rate command r a t i o .  Also shown 

( s o l i d  l i n e s )  i n  Fig. 7 are two sets of g r a d i e n t s  employed i n  t h e  F-16 

f l i g h t  i n v e s t i g a t i o n  repor ted  i n  Ref. 14. These a l s o  had about 1 l b  

breakout but  were followed by a 3 segment grad ien t .  The set  i d e n t i f i e d  

as F-16 FDS were t h e  o r i g i n a l  product ion g r a d i e n t s .  The second set 

( i d e n t i f i e d  as M3) are t h e  b e s t  t h a t  could be obtained through s imple 

modi f ica t ion  of t h e  F-16 f l i g h t  c o n t r o l  computer. Note t h e s e  both have 

i n i t i a l  g r a d i e n t s  which r e q u i r e  much h igher  f o r c e s  than used i n  t h e  

NT-33 up t o  r o l l  rate commands of 20 deg/sec.  Between 20 deglsec  and 

80 deg/sec t h e  f o r c e  g r a d i e n t s  f o r  t h e  F-16 are about t h e  same as those  

i d e n t i f i e d  as very heavy i n  t h e  NT-33, but  have an  a b s o l u t e  f o r c e  l e v e l  

some 3 l b s  h igher  than i n  t h e  NT-33. Above 80 deg/sec  t h e  product ion 

F-16 f orce/command g r a d i e n t  w a s  less than  t h a t  i d e n t i f i e d  as l i g h t  i n  

t h e  NT-33. 

I n  a d d i t i o n  t o  t h e  d i f f e r e n t  force/command g r a d i e n t s  r e f l e c t e d  i n  

Fig. 7 ,  t h e  Ref. 16 f l i g h t  test  a l s o  i n v e s t i g a t e d  3 d i f f e r e n t  s t i c k  d i s -  

placement conf igura t ions .  One w a s  a f i x e d  (no displacement)  s t i c k  as i n  

t h e  F-16, t h e  second had 0.77 deg/ lb  ( smal l )  s t i c k  motion, and t h e  t h i r d  

had 1.43 d e g / l b  ( l a r g e )  s t i c k  motion. F ly ing  t a s k s  included a i r - t o - a i r  

I 
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t r a c k i n g ,  formation, g r o s s  maneuvering, and landing. F igure  8 i s  a sum- 

mary of t h e  c o n f i g u r a t i o n s  eva lua ted  i n  t h e  a i r - t o - a i r  t r a c k i n g  t a s k  

along wi th  handl ing q u a l i t y  r a t i n g s  given t o  each c o n f i g u r a t i o n  and per- 

t i n e n t  p i l o t  comments. The scale on t h e  l e f t  i n  Fig. 8 i s  r o l l  rate 

command/force g r a d i e n t  (deg/sec/ lb) .  A t  t h e  bottom of Fig. 8 t h e  d i f -  

f e r e n t  s t i c k  displacement c h a r a c t e r i s t i c s  a r e  i d e n t i f i e d  a s  F, S, and 

L. The placement of t h e  circles i d e n t i f y  t h e  i n i t i a l  command/force gra- 

d i e n t s  (below 3 l b )  i n v e s t i g a t e d  with each of t h e  s t i c k  conf igura t ions .  

The very heavy f ixed-s t ick  had an  i n i t i a l  command/force g r a d i e n t  of 

6.5 deg/sec / lb  and t h e  l i g h t  conf igura t ion  a g r a d i e n t  of 12.5 deg/sec/  

lb .  For comparison, t h e  x ' s  f o r  t h e  f i x e d - s t i c k  i d e n t i f y  t h e  product ion 

F-16 f o r c e  g r a d i e n t  a t  4 deg/sec / lb  and t h e  modified g r a d i e n t  a t  5 deg/ 

sec/ l  b. 

Numbers i n s i d e  t h e  circles are t h e  handl ing q u a l i t y  r a t i n g s  given t o  

each of t h e  c o n f i g u r a t i o n s  flown i n  t h e  NT-33. Some c a u t i o n  must be 

e x e r c i s e d  i n  employing t h e s e  r a t i n g s  because t h e  p i l o t  w a s  e v a l u a t i n g  

both l o n g i t u d i n a l  and la teral  s t i c k  c h a r a c t e r i s t i c s .  For example, t h e  

l i g h t  g r a d i e n t  f i x e d - s t i c k  w a s  given a handl ing q u a l i t y  r a t i n g  of 8 

apparent ly  due t o  p i t c h  c o n t r o l  problems because t h e r e  w a s  no adverse 

comment about r o l l  cont ro l .  

The p i l o t  comments r e f l e c t e d  i n  Fig. 8 tend  t o  i n d i c a t e  a preference  

f o r  t h e  medium f o r c e  g r a d i e n t s  f o r  a l l  3 types of s t i c k s  a l though i t  i s  

p o s s i b l e  t h e  l i g h t  g r a d i e n t s  w i t h  t h e  f i x e d  and small displacement s t i c k  

may have been considered good a l s o .  The comments i n d i c a t e  t h e  heavy and 

very heavy f o r c e  g r a d i e n t s  are undes i rab le  because of t h e  high f o r c e s  

requi red  and r e f l e c t  s p e c i f i c  problems f o r  r o l l  t o  t h e  r i g h t .  While 

t h e r e  are s e v e r a l  r e f e r e n c e s  t o  j e r k y  r o l l  c o n t r o l  t h e  only a c t u a l  

r e f e r e n c e  t o  r a t c h e t  tendency occurs  w i t h  t h e  l a r g e  d e f l e c t i o n ,  low 

f o r c e  g r a d i e n t  s t i c k .  This  would be t h e  c o n f i g u r a t i o n  which comes 

c l o s e s t  t o  being a f r e e  moving o r  i s o t o n i c  s t i c k .  

F igure  9 p r e s e n t s  a similar summary f o r  t h e  var ious  command/force 

g r a d i e n t  and s t i c k  motion c o n f i g u r a t i o n s  f o r  t h e  g r o s s  maneuvering task.  

For t h i s  case t h e  second command/force g r a d i e n t  was s e l e c t e d  because i t  

i s  assumed t h a t  i n  g r o s s  maneuvering a h igher  r o l l  rate would be com- 
manded and t h e r e f o r e  t h e  l i g h t e r  g r a d i e n t s  would be involved. Again t h e  
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two F-16 configurations are identified with the x symbols, and are found 
to be close to the NT-33 very heavy and heavy configurations. The com- 
ments reflect general problems of excessive maneuvering forces and, in 
particular, problems in right rolls. However, there are no comments 
reflecting tendency to roll ratchet. For the fixed-stick configuration 
the handling quality ratings indicate only command/force gradient in the 
20 to 21 deg/sec/lb region to be acceptable. On the other hand, the 
small stick deflection configuration reflects relative insensitivity to 
the command/force gradients flown. The same also appears true for the 
large deflection stick configuration. The consensus reflected in 
Ref. 16 is that the medium force gradients were considered a best com- 
promise for all flying tasks. 

The possibility of using different force/command gradients for right 
VS. left maneuvering was actually investigated in the F-16 (Ref. 14) 
where command gains for right rolls were greater than those for left 
rolls. Unfortunately the particular gradients selected were not accept- 
able to the pilots who could detect the different response/force char- 
acteristic and felt it actually degraded flying qualities and perform- 
ance. No attempt was made to optimize the difference in gradients, so 

it is not really known whether such an approach could prove feasible. 

In summary, the problems observed in various flight programs include 
sensitivity to command/force gradient and achieving the best compromise 
gradients for various mission phases and tasks. Specific complaints 
often center on jerky or step-like roll rate response when command gain 
is high and on generating sufficient thumb force to obtain adequate roll 
rates to the right when command gain is low. Jerkyness or ratchet ten- 
dency has generally been solved by increasing the prefilter lag (e.g., 
Ref. 14). This leads to the "normal" low frequency PIO. Solutions for 
this low frequency problem are to lower the command gain and to back off 
on the command filtering. Thus a compromise prefilter time constant is 
found for each individual manipulator. But, previous experimentation 
has shown that the manipulator itself might be altered to reduce 
neuromuscular ratchet tendency. 

The search for answers to these problems led to our experimental 
plan. 
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SECTION 111 

EXPERIMENT GOALS AND SETUP 

No accounts have been found where r o l l  r a t c h e t  has  been observed o r  

recognized i n  f ixed-  o r  moving-base s imulat ions.  It apparent ly  has only 

occurred i n  a c t u a l  f l i g h t  and then on a more or  less random bas is .  The 

f i r s t  o b j e c t i v e  of t h i s  experimental  s e t u p  t h e r e f o r e  was t o  tune t h e  

c o n t r o l l e d  element,  manipulator ,  and commandlforce g r a d i e n t s  t o  t r y  t o  

achieve r o l l  r a t c h e t ,  o r  a t  least  maximize r o l l  r a t c h e t  tendencies ,  i n  

t h e  fixed-base s imula t ion .  The experimental  goa ls  were t o  i n v e s t i g a t e  

and q u a n t i f y  l imb/manipulator dynamics and i n t e r a c t i o n s  between t h e  

neuromuscular subsystem, f o r c e  sens ing  s i d e - s t i c k  c o n f i g u r a t i o n ,  high 

g a i n  command augmentation, and command f i l t e r i n g ;  and t o  i n v e s t i g a t e  

p o s s i b l e  r e l a t i o n s h i p s  between t h e s e  i n t e r a c t i o n s  and t h e  r o l l  r a t c h e t  

phenomenon. R e s u l t s  should a l s o  provide a b a s i s  f o r  f u t u r e  f l i g h t  

experiments wi th  t h e  DFRF d i g i t a l  F-8 a i r c r a f t .  A longer  range g o a l  i s  

t o  provide and enhance g u i d e l i n e s  f o r  manipulator-system design. 

The experimental  s e t u p  is depic ted  i n  Fig. 10. A r o l l  t r a c k i n g  t a s k  

was s e l e c t e d  i n  which t h e  p i l o t  matches t h e  bank angle  of h i s  c o n t r o l l e d  

element wi th  t h a t  of a " t a r g e t "  having pseudo random r o l l i n g  motions. 

The random motions are obtained v i a  a computer genera ted  sum of s i n e  

waves. The e r r o r  i s  d isp layed  on a CRT and t h e  p i l o t  a t tempts  t o  n u l l  

t h e  e r r o r  by applying f o r c e  t o  t h e  manipulator,  t h e  output  of which 

becomes t h e  command t o  t h e  c o n t r o l l e d  element,  Yc. The form of t h e  con- 

t r o l l e d  element i s  i d e n t i f i e d  i n  Fig. 10 a long  w i t h  t h e  range of l a g  

t i m e  c o n s t a n t s  and t i m e  de lays  u t i l i z e d  i n  t h e  experiment. This  con- 

t r o l l e d  element approximates a high g a i n  r o l l  rate command system. The 

t i m e  l a g  parameter,  T ,  may be considered t o  be t h e  e f f e c t i v e  r o l l  subs i -  

dence time cons tan t  o r  a f l i g h t  c o n t r o l  system p r e f i l t e r  (between t h e  

p i l o t ' s  s t i c k  command and t h e  f l i g h t  c o n t r o l  system), whichever i s  

l a r g e r .  For very s m a l l  va lues  of T t h e  pure t i m e  delay may be a realis- 

t i c  approximation t o  d i g i t a l  f l i g h t  c o n t r o l  system sample and hold 

dynamics. More g e n e r a l l y  i t  i s  a low frequency approximation f o r  a l l  
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Figure  10. Experimental Setup 

t h e  h igh  frequency l a g s  i n  t h e  system which are not  covered by t h e  t i m e  

l a g  T. Because we are i n t e r e s t e d  p r imar i ly  i n  modern f l i g h t  c o n t r o l  

systems, t h e  parameter va lues  f o r  T and T used i n  t h e  experiment are 
gene ra l ly  c o n s i s t e n t  w i th  va lues  t h a t  would be p resen t  i n  a system 

designed t o  be Level  1 on t h e  b a s i s  of f l y i n g  q u a l i t i e s  s p e c i f i c a t i o n s .  

Thus, t h e  parameter  va lues  used, i n  t h e  main, should produce e x c e l l e n t  

e f f e c t i v e  c o n t r o l l e d  elements  provid ing  t h e  ga in  is a p p r o p r i a t e l y  

ad j u s  ted. 

The manipulator  was a McFadden f o r c e  loade r  system used i n  many air-  

c r a f t  r e sea rch  and development s imula t ions .  Three s t i c k  displacement 

conf igu ra t ions  were employed. One was a f i x e d  (no displacement)  s t i c k  

as i n  t h e  F-16. The second had 0.77 deg / lb  ( sma l l )  s t i c k  motion. The 

t h i r d  had 1.43 deg / lb  ( l a r g e )  s t i c k  motion. The l a t t e r  two matched t h e  

d isp lacement / force  c h a r a c t e r i s t i c s  employed i n  t h e  NT-33 f l i g h t  test. 

Analog s i g n a l s  from t h e  manipulator  f o r c e  senso r  (p,) and t h e  r e s u l t i n g  

21 



c o n t r o l l e d  element r o l l  response $ were passed through an A + D con- 

v e r t e r  t o  a d i g i t a l  computer where Y Y d e s c r i b i n g  func t ions  and v a r i o u s  

performance measures were computed us ing  STI 's  Frequency Domain Analysis  

(FREDA) program. The computations were e s s e n t i a l l y  on-line and p r i n t e d  

o u t  a t  t h e  conclusion of each run. Some 530 d a t a  runs were accomplished 

which provided a tremendous d a t a  base from which t o  determine o r  iden- 

t i f y  t h e  v a r i o u s  i n t e r a c t i o n s  of i n t e r e s t .  

P C  

A key f a c t o r  i n  t h e  experimental  program w a s  t h a t  d e s c r i b i n g  func- 

t i o n  measurements mst cover t h e  limb neuromuscular peaking frequency 

reg ion ,  and f o r c i n g  f u n c t i o n s  should be ad jus ted  t o  emphasize good d a t a  

i n  t h e  neuromuscular subsystem region. Therefore ,  t h e  i n i t i a l  f o r c i n g  

f u n c t i o n  w a s  t h e  sum of 8 s i n e  waves ranging i n  frequency from 0.7 t o  

28  rad/sec.  Example YpY, d e s c r i b i n g  f u n c t i o n  amplitude and phase d a t a  
p o i n t s  f o r  a K / s  c o n t r o l l e d  element and f i x e d  displacement f o r c e  s i d e -  

s t i c k  manipulator conf igura t ion  are shown i n  Fig. 11. The d a t a  p o i n t s  

r e f l e c t  t h e  f requencies  used i n  t h e  summation of s i n e  waves. 

The Bode amplitude p l o t  shows t h a t  Y Y i s  indeed oc /s - l ike  i n  t h e  

reg ion  of crossover  and t h e r e  is a s l i g h t  peaking ( d a t a  p o i n t s  above t h e  

amplitude asymptote) i n  t h e  region of 10-20 rad.  Thus a f i r s t  approxi- 

mation t o  t h e  d a t a  of Fig. 11 i s  t h e  c rossover  model form which, as 

expected,  works very w e l l  i n  t h e  c rossover  region. A more r e f i n e d  

amplitude and phase f i t t i n g  program was then employed t o  i d e n t i f y  f i n e -  

gra ined  d e t a i l s  i n  t h e  dynamic model form and t o  e x t r a c t  parameter 

values.  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  i l l u s t r a t e d  i n  Fig. 11. The 

dashed l i n e s  r e p r e s e n t  t h e  Bode asymptotes and t h e  s o l i d  l i n e  t h e  ampli- 

tude and phase f o r  t h i s  t r a n s f e r  funct ion.  The r e s u l t i n g  p i l o t  model 

(Y,) c o n t a i n s  a low frequency f i r s t - o r d e r  lag-lead, a f i r s t - o r d e r  l a g  a t  

10 rad ians ,  a second-order l a g  wi th  a frequency of 15 r a d i a n s  and damp- 

i n g  r a t i o  of approximately 0.4, and a high frequency l e a d  a t  8 rad lsec .  

The low frequency lag-lead s l i g h t l y  improves t h e  very low frequency 

response,  although they hardly matter here.  The l a g s  a t  10 and 15 r a d /  

sec are from t h e  p i l o t ' s  neuromuscular system. The l e a d  a t  8 rad ians  i s  

t h e  u s u a l  a d j u s t a b l e  p i l o t  l ead  equal iza t ion .  It is a d j u s t e d  by t h e  

p i l o t  h e r e  t o  o f f s e t  some of t h e  neuromuscular system lag.  The p i l o t  

P C  
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model s t i l l  i n c l u d e s  an e-TS, but  i n  t h i s  case t h e  T i s  0.14 i n s t e a d  of 

t h e  u s u a l  0.3 o r  0.35 because i t  no longer  encompasses t h e  neuromuscular 

system cont r ibu t ion .  

Sine Wave ( i )  1 2 3 4  5 6 7 

Frequency ( w i )  0.467 0.701 1.17 1.87 3.51 7.01 11.2 

Amplitude (Ai) 15.2 15.2 15.2 7.6 3.04 0.76 0.38 

On t h e  b a s i s  of such prel iminary runs i t  was decided t o  move t h e  

input  frequency a t  28 r a d l s e c  down t o  approximately 15 r a d l s e c  i n  o r d e r  

t o  provide more d a t a  p o i n t s  i n  t h e  v i c i n i t y  of a n t i c i p a t e d  neuromuscular 

system peaking. Also another  low frequency s i n e  wave was added a t  about 

0.46 r a d / s e c  i n  o r d e r  t o  r e q u i r e  t h e  p i l o t  t o  hold f o r c e s  f o r  a longer  

per iod  of t i m e  and hopefu l ly  f u r t h e r  induce r a t c h e t i n g .  The f i n a l  

experimental  runs were then  accomplished us ing  t h e  summation of s i n e  

waves presented i n  Table 1. 

8 9 

14.0 18.7 

0.228 0.152 

TABLE 1. ROLL TRACKING FORCING FUNCTION 
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SECTION IV 

EXPERIMENTAL RESULTS 

RESULTS CONNECTED WITB THE CROSSOVER WDEL 

It w i l l  be r e c a l l e d  t h a t  i n  t h e  i d e a l  crossover  model t h e  c rossover  

frequency remains cons tan t  even though t h e  c o n t r o l l e d  element g a i n  may 

vary. F igure  12 shows r e s u l t s  obtained us ing  t h e  f i x e d  s i d e - s t i c k  

manipulator  c o n f i g u r a t i o n  and a wide range of command/force g r a d i e n t s  

( c o n t r o l l e d  element ga ins) .  The i n i t i a l  command/force g r a d i e n t s  f o r  t h e  

F-16 and t h e  NT-33 experimental  programs are i d e n t i f i e d  f o r  comparison. 

The c o n t r o l l e d  element forms range from K / s  t o  K e  -O*O7s/s(0.1 s + 1). 

The d a t a  f o r  var ious  t i m e  delay o r  t i m e  l a g s  are i n d i c a t e d  by t h e  sym- 

bols.  The d a t a  p o i n t s  of Fig. 12 i n d i c a t e  two aspec ts .  F i r s t  they  

r e f l e c t  a genera l  decrease  i n  wc as c o n t r o l l e d  element l a g s  increase.  

Second they show t h a t  crossover  frequency, as expected,  i s  e s s e n t i a l l y  

independent of c o n t r o l l e d  element ga in  over a very broad region. But, 

as t h e  c o n t r o l l e d  element ga in  becomes q u i t e  low and t h e  manipulator  

f o r c e s  requi red  t o  achieve t h e  d e s i r e d  r o l l i n g  response become very 

l a r g e ,  a p o i n t  is reached where t h e  p i l o t  can no longer  accommodate and 

a r a p i d  drop o f f  i n  bandwidth r e s u l t s .  I n t e r e s t i n g l y ,  t h e  F-16 

command/force g r a d i e n t s  f o r  both t h e  product ion and t h e  modified f o r c e  

s t i c k  c h a r a c t e r i s t i c s  l i e  r i g h t  a t  t h e  break i n  wc and t h e r e f o r e  repre-  

s e n t  t h e  lowest va lues  which might be considered acceptab le  t o  p i l o t s .  

The r u l e s  a s s o c i a t e d  w i t h  t h e  i d e a l  c rossover  model a l s o  s ta te  t h a t  

f o r  a given c o n t r o l l e d  element t h e  p i l o t  w i l l  a d j u s t  h i s  g a i n  such t h a t  

t h e  product of t h e  c rossover  frequency wc and t h e  nus t r a c k i n g  e r r o r  

remain cons tan t  a c r o s s  a l l  c o n t r o l l e d  element gains .  This premise i s  

t e s t e d  i n  Fig. 13 which p l o t s  wCoe vs. c o n t r o l l e d  element gain. Unfor- 

t u n a t e l y  a c o n s i s t e n t  set of d a t a  f o r  t h i s  performance measure was only 

obta ined  f o r  command/force g r a d i e n t s  between 7.5 d e g / s e c / l b  and 20 deg/ 

sec / lb .  This  is t h e  region f o r  which t h e  crossover  remained r e l a t i v e l y  

cons tan t  i n  Fig. 12 and t h e  r e s u l t s  i n  Fig. 13 show t h a t  t h e  performance 
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measures remain w i t h i n  a r e l a t i v e l y  narrow band. For t h e  b a s e l i n e  K/s 
c o n t r o l l e d  element t h e  performance metric is e s s e n t i a l l y  constant .  For 

t h e  o t h e r  conf igura t ions  which inc lude  time delay and/or p r e f i l t e r  l a g ,  

t h e r e  i s  some scatter; however, t h e  performance measures s tayed  q u i t e  

c o n s i s t a n t  f o r  each set of dynamics. 

P l o t s  of crossover  frequency vs. commandlf o r c e  g r a d i e n t  f o r  t h e  

smal l  and l a r g e  displacement s i d e - s t i c k  c o n t r o l l e r s  are shown i n  

Fig.  14. For  t h e  small displacement s t i c k  t h e  reg ion  where t h e  cross-  

over  frequency remains e s s e n t i a l l y  cons tan t  only extends from 10 t o  

20 deg/sec/ lb .  For c o n t r o l l e d  element g a i n s  less than  t h i s  t h e r e  is 

again  a s teady  decrease  i n  bandwidth achievable .  The lower range of 
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c o n t r o l l e d  element ga ins  were not i n v e s t i g a t e d  wi th  t h e  l a r g e  d i sp lace -  

ment s t i c k  because the  combination of l a r g e  f o r c e s  and l a r g e  d i sp lace -  

ments made t r a c k i n g  almost impossible. However, a t  t h e  h i g h e r  cont ro l -  

l e d  element ga ins  t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  from t h e  smal l  

displacement  s t i c k .  Comparison of Figs.  12 and 14 shows t h e r e  i s  a 

s t eady  r educ t ion  i n  wc as s t i c k  displacement  i s  increased .  

F igu re  15 shows s i m i l a r  r e s u l t s  t o  those  of Fig. 13 i n  t h a t  t h e  per- 

formance measure wcae remains e s s e n t i a l l y  independent of c o n t r o l l e d  ele- 

ment ga in ,  phase l a g ,  and manipulator  displacement. 

RESULTS ASSOCIATED WITH THE LIMB-MANIPULATOR-NHJROMIJSUJLAR !XSTEM 

Turning a t t e n t i o n  now t o  the  neuromuscular sys tem,  we are i n t e r e s t e d  

i n  t h e  ampli tude r a t i o  peaking and t h e  p o s s i b i l i t y  t h a t  t h i s  peaking 

w i l l  be s u f f i c i e n t l y  high t h a t  i t  w i l l  be cu t  by t h e  0 dB crossover ;  

t hus  producing a high frequency resonance which could a f f e c t  r o l l  

r a t c h e t .  F igu re  16 presen t s  t h e  desc r ib ing  func t ion  measurements f o r  

3 runs  us ing  t h e  f i x e d  f o r c e  s t i c k  and a c o n t r o l l e d  element having a 

commandlforce g rad ien t  of 4 d e g l s e c l l b ,  no t i m e  l a g ,  and a t i m e  de lay  of 

about 70 ms.  The s t r a i g h t  l i n e  r e f l e c t s  t h e  r e s u l t i n g  w c / s  c rossover  

c h a r a c t e r i s t i c s .  Amplitude depa r tu re s  from t h i s  asymptote are the  con- 

t r i b u t i o n s  of t h e  p i l o t ' s  neuromuscular sys t em a t  high frequency and h i s  

t r i m  lag- lead at  low frequency. I n  t h e  r eg ion  of c rossover  YpYc i s  

almost exac t ly  w c / s  as suggested by t h e  i d e a l  c rossover  model. The 

ampli tude r a t i o  depa r tu re s  from t h e  asymptote a t  t h e  h ighes t  3 frequen- 

cies shows a peaking i n  t h e  v i c i n i t y  of t h e  14 r a d / s e c  f o r c i n g  f u n c t i o n  

f o r  2 of t h e  3 runs. It a l s o  might be noted t h a t  t h e r e  is remarkable 

cons is tency  i n  both t h e  amplitude and phase measurements a c r o s s  a l l  f r e -  

quencies  f o r  a l l  3 runs. I n  Fig. 16, two of t h e  ampli tude d a t a  p o i n t s  

a t  14 r a d l s e c  l i e  s l i g h t l y  above t h e  0 dB l i n e .  We would t h e r e f o r e  

expect t h i s  t o  re,present a n e u t r a l  o r  s l i g h t l y  uns t ab le  dynamic mode i f  

t h e  phase angle  were near  -180 deg a t  t h i s  frequency. Th i s  then  could 

be i n t e r p r e t e d  as a f f e c t i n g  r o l l  r a t c h e t .  

The two d a t a  p o i n t s  a t  14 r a d / s e c  are 10 dB above t h e  asymptote and 

may o r  may not be e x a c t l y  t h e  a c t u a l  neuromuscular system peak, i.e., 
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t h e  peak i t s e l f  may occur a t  a s l i g h t l y  h igher  o r  lower frequency. The 

peaking tendency shown i n  Fig. 16 is r e p r e s e n t a t i v e  of a l a r g e  amount of 

t h e  d a t a  obtained. For example, t h e  he ight  of t h e  amplitude d a t a  po in t  

above t h e  K / s  asymptote a t  t h e  3 h ighes t  f r equenc ie s  from over 86 runs  

wi th  t h e  f i x e d  s t i c k  is shown i n  Fig. 17. [The number of d a t a  p o i n t s  i s  

not c o n s i s t e n t  ac ross  t h e  t h r e e  f r equenc ie s  because run-to-run v a r i a b i l -  

i t y  tends t o  i n c r e a s e  a t  t h e  h ighes t  f r equenc ie s  and obviously wi ld  d a t a  

po in t s  have been thrown ou t . ]  The c i r c l e s  r e f l e c t  t h e  average va lues  a t  

each frequency and t h e  ba r s  i n d i c a t e  *1 Q ranges. 

A l l  of t h e s e  measurements were made wi th  T = 0.067 and time l a g  t i m e  

cons t an t s  of 0 and 0.1 secs. Cont ro l led  element ga ins  span t h e  complete 

range shown i n  Fig. 12. The d a t a  c o n s i s t e n t l y  show t h e  maximum depar- 

t u r e  t o  be de t ec t ed  a t  t h e  14 r a d / s e c  inpu t  frequency. Again t h i s  may 

o r  may not be t h e  a c t u a l  peak of t he  neuromuscular system. Note t h a t  

t h e  average peaking a c r o s s  t h e  80 runs  is approximately 8.5 dB a t  

14 r ad / sec .  This f requency is  c o n s i s t e n t  wi th  t h e  r o l l  r a t c h e t  frequen- 

cies observed i n  t h e  f l i g h t  t r aces .  

The s e n s i t i v i t y  of t h e  1 4  r a d / s e c  peaking tendency t o  t i m e  de lay  i s  

shown i n  Fig. 18. Here t h e  c o n t r o l l e d  element is Kce-Ts/s. The manipu- 

l a t o r  is aga in  t h e  f i x e d  s t i c k .  As i n d i c a t e d  i n  t h e  f i g u r e ,  runs were 

made wi th  t h e  T of 0.0, 0.05, 0.067, 0.08, and 0.1 secs. R e s u l t s  show 

t h a t  a time delay of approximately 0.065 t o  0.07 tends  t o  maximize t h e  

neuromuscular system peaking. A t  t i m e  de l ays  e i t h e r  below o r  above 

these  va lues ,  t h e  peaking tendency decreases.  Of a l l  t h e  c o n t r o l l e d  

elements  examined he re  Kc / s  shows t h e  minimum tendency f o r  a peak. 

I n t e r e s t i n g l y ,  t h e  t i m e  de lay  va lues  which maximize t h e  neuromuscular 

peaking would be cons idered  good from t h e  MIL-8785 f l y i n g  q u a l i t y  spec i -  

f i c a t i o n  s tandpoin t .  I n  essence ,  t hese  d a t a  show t h a t  t h e  tendency t o  

peaking can be "tuned" by t h e  adjustment of t h e  c o n t r o l l e d  element 

e f f e c t i v e  l a g ,  wi th  a maximum e f f e c t  near  0.07 sec. 

The neuromuscular system peaking s e n s i t i v i t y  t o  c o n t r o l l e d  element 

command/force g rad ien t  i s  shown i n  Fig. 19. Here t h e  command/force 

g r a d i e n t  ranges from 3 d e g / s e c / l b  (which is s l i g h t l y  lower than  t h a t  

employed on t h e  F-16) up through 15 deg / sec / lb  which was u t i l i z e d  i n  t h e  
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NT-33. The d a t a  were obta ined  u s i n g  t h e  f i x e d  s t i c k  and a t i m e  de lay  of 

0.067 sec which was s e l e c t e d  because it  y ie lded  maximum peaking i n  

Fig. 18. Data f o r  t i m e  l a g s  of 0 and 0.1 have been combined. These 

d a t a  show a s l i g h t  peaking tendency i n  t h e  v i c i n i t y  of 7.5 d e g / s e c / l b  

command/force grad ien t .  This  i s  about t h e  same va lue  as t h e  response/ 

f o r c e  r a t i o  f o r  t h e  Fig. 1 f l i g h t  traces of r a t c h e t .  This may o r  may 

not  be co inc identa l .  However, it is  s i g n i f i c a n t  t h a t  t h e r e  is appreci-  

a b l e  peaking of t h e  neuromuscular system a c r o s s  t h e  e n t i r e  g a i n  range 

i n v e s t i g a t e d  i n  t h e s e  experiments. 

The i n f l u e n c e  of s t i c k  motion i s  summarized i n  Fig. 20. These p l o t s  

r e f l e c t  t h e  amplitude r a t i o  peaking a t  t h e  3 h igher  f requencies  (11, 14, 

and 19 r a d / s e c )  f o r  t h e  f i x e d ,  t h e  small d e f l e c t i o n ,  and t h e  l a r g e  

d e f l e c t i o n  s t i c k  conf igura t ions  a t  3 d i f f e r e n t  va lues  of t h e  c o n t r o l l e d  

element t i m e  delay: 0.0, 0.067, and 0.1 secs. A l l  of t h e s e  d a t a  were 

taken w i t h  t h e  command/force g r a d i e n t  of 10 deg/sec / lb ,  which i s  t h e  

medium i n i t i a l  command/force g r a d i e n t  i n  Fig. 8 f o r  a i r - t o - a i r  t r a c k i n g  

and about equal  t o  t h e  second command/f orce  g r a d i e n t  f o r  t h e  product ion 

F-16 i n  g r o s s  maneuvering as shown i n  Fig. 9. The r e s u l t s  i n  Fig. 20 

show t h a t  t h e r e  is r e l a t i v e l y  l i t t l e  d i f f e r e n c e  between t h e  f i x e d  and 

small d e f l e c t i o n  f o r c e  s t i c k .  Both show an i n c r e a s e  i n  neuromuscular 

peaking tendency f o r  t h e  0.067 and 0.1 sec t i m e  delays.  They both show 

a tendency t o  maximum peaking i n  t h e  v i c i n i t y  of 14 rad/sec.  I n  both 

cases t h e r e  is considerably less  peaking f o r  t h e  z e r o  time de lay  cases 

al though t h e r e  may be some argument f o r  t h e  neuromuscular system peak t o  

be occurr ing  a t  19 r a d / s e c  ( o r  h i g h e r )  wi th  zero  t i m e  de lay  and t h e  

f i x e d  s t i c k .  The l a r g e  d e f l e c t i o n  s t i c k ,  on t h e  o t h e r  hand, shows a 

r e l a t i v e l y  cons tan t  amplitude d e p a r t u r e  from t h e  c o n t r o l l e d  element 

asymptote a c r o s s  t h e  11 t o  19 r a d / s e c  frequency band and a lack  of sen- 

s i t i v i t y  t o  t h e  c o n t r o l l e d  element t i m e  delay.  The reason f o r  t h e  

reduced peaking w i t h  t h e  l a r g e  d e f l e c t i o n  s t i c k  is not  f u l l y  e s t a b l i s h e d  

a t  t h i s  po in t ;  however, i t  may be r e l a t e d  t o  t h e  reduced crossover  f r e -  

quency which t h i s  s t i c k  induced ( s e e  Figs.  12 and 14). F igure  12 shows 

t h e  bandwidth achieved wi th  t h e  f i x e d  f o r c e  s t i c k  w a s  g e n e r a l l y  i n  t h e  
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r e g i o n  of 4 t o  6 r a d / s e c  while  Fig. 14 shows t h a t  f o r  t h e  l a r g e  d is -  

placement s t i c k  t h e  bandwidth w a s  i n  t h e  range of 3 t o  5 rad/sec.  This 

t r e n d  is  c o n s i s t e n t  with t h e  p h y s i o l o g i c a l  system and e f f e c t i v e  p i l o t  

neuromuscular system time delay d i f f e r e n c e s  descr ibed i n  Sec t ion  11. 

The i n f l u e n c e  of t h e  l a g  t i m e  cons tan t  on t h e  neuromuscular system 

peaking and t h e  p o s s i b l e  adopt ion of l e a d  by t h e  p i l o t  i s  r e f l e c t e d  i n  

Figs. 16 and 21 through 23. F igure  16 shows t h e  neuromuscular peaking 

obtained wi th  t h e  c o n t r o l l e d  element command/force g r a d i e n t  of 4 deg/ 

s e c / l b  and a t i m e  delay of 0.067 secs. The maximum peaking was noted t o  

be approximately 10 dB and occurred a t  14 rad/sec.  The a d d i t i o n  of a 

f i r s t - o r d e r  l a g  t i m e  cons tan t  of 0.1 sec is  shown i n  Fig. 21. Here t h e  

s o l i d  l i n e  r e p r e s e n t s  t h e  c o n t r o l l e d  element (Y,) Bode asymptote 

ad jus ted  t o  go through uC. The crossover  occurs i n  a region t h a t  i s  K / s  

i n  appearance,  and t h e  amplitude peaking aga in  i s  approximately 10 dB, 

and occurs  near  t h e  14 r a d / s e c  d a t a  point .  The peaks are q u i t e  c l o s e  t o  

t h e  0 dB ga in  l i n e ,  which i n d i c a t e s  a l i k e l y  tendency t o  r o l l  r a t c h e t .  

Comparison of t h e  phase p l o t s  between Figs. 16 and 21 i n d i c a t e  t h a t  t h e  

p i l o t  is genera t ing  l i t t l e  i f  any l e a d  t o  o f f s e t  t h e  t i m e  lag.  

I n  Fig. 22 t h e  t i m e  l a g  has been moved t o  0.2 secs. Comparison of 

t h e  phase angle  d a t a  p o i n t s  i n  Figs. 16 and 22, o r  Figs.  21 and 22, 

i n d i c a t e  t h a t  t h e  p i l o t  has  introduced lead  i n  t h e  Fig. 22 case which 

e s s e n t i a l l y  cance ls  t h e  time l a g  a t  0.2 secs. The asymptote f o r  t h e  

Y Y open-loop system is  thus  represented  by t h e  s o l i d  l i n e  below t h e  

t i m e  break poin t  and t h e  dashed l i n e  above t h a t  break poin t .  Again t h e  

amplitude r a t i o  i s  wc/s-like i n  t h e  v i c i n i t y  of t h e  crossover.  However, 

t h e r e  i s  now cons iderable  scatter i n  t h e  d a t a  p o i n t s  i n  t h e  reg ion  of 

t h e  neuromuscular system peaking dynamics. I n  only one of t h e  t h r e e  

runs shown i n  Fig. 22 was t h e r e  a peaking tendency f o r  t h e  neuromuscular 

system and t h i s  appears  t o  be concentrated i n  t h e  v i c i n i t y  of 11 r a d / s e c  

r a t h e r  than t h e  14 as noted previously.  I n  t h e  o t h e r  two runs,  t h e  

amplitude d a t a  p o i n t s  l i e  q u i t e  c l o s e l y  t o  t h e  Y Y asymptote. 

P C  

P C  

Comparison of t h e  d a t a  f o r  T = 0, 0.1, and T = 0.2 sec (e.g., 

Figs. 16,  21, and 22) provide b a s i c  information about p i l o t  l ead  genera- 

t i o n .  The crossover  model impl ies  t h a t  a f i r s t - o r d e r  c o n t r o l l e d  element 

38 



20 - 

... n ..__- . 

R X  

LOCI w ( rad/sec 1 1a.m 
I I 

........... .. . . .  . . ...... - ___-_ -_ .- - .. \ 

. .  4-ypyc. .- ..... ... .. , . . .  - 

.. - .......... -. . . x 
.- .... . . . .  . .. ........... . .  ... . -am - - - -. - . -~ 

+ 
. . . . . . . . . . . . . . . . . . . .  

-__-__-_-_ ............................... -- ................... * 
. .  

. .  Y 
... . . . . . . . . .  - _ _  . _ .  

--- _.--. .... .. ....... . . . . . . . . . . . . . .  . _. 

.... _ _  - 
X + 
Y 

.... . .  ._ . . -. _ .  - - - . . . . . 

Figure  2 1 .  YpY, Descr ibing Function Amplitude and Phase P l o t  
-0.067s 4e 

s ( 0.1 s+l ) For Y, = 

39  



0.10 
YO .l 

X 

i 

n 

. . -  

\ 

IY-l \ 
. .  

. 4. .ypyc... . . .  - ..... -_ ........ - .... 
. . .  . I  

A. 

- ..... .- .. - ....... ........ .. . - -  

. .  
_. .. 

x x  

_- .- -. - . . - - - -- ___ .. ......................... .... - 
. .  

. . . .  . . .  . . . .  _ _  . .... . - -. .- - . .  

.. -. . . . . . . . .  . . .  . .  v 

Figure  22. YpY, Descr ibing Function Amplitude and Phase P l o t  
4e-0.067~ 

s (0.2s+l) For Yc = 

40 



I 

I 

l a g  i n  t h e  reg ion  of c rossover  i s  compensated f o r  by a p i l o t  lead. I n  

t h e  absence of any such l a g  t h e  p i l o t  l ead  i s  ad jus t ed  t o  o f f s e t  neuro- 

muscular de lays ,  as exemplif ied by t h e  l ead  a t  8 r a d / s e c  i n  Fig. 11. 

Near ly  t h e  same r e s u l t  a p p l i e s  f o r  a c o n t r o l l e d  element l a g  of T = 

0.1 sec. Then, f o r  T > 0.2 s e c  t h e  p i l o t  l ead ,  TL, i s  ad jus t ed  t o  com- 

pensa te ,  i.e., TL = T. 
. 

I n  Fig. 23 t h e  l a g  t i m e  cons tan t  has been moved down t o  0.4 sec. 

Again comparison of t h e  phase p l o t s  shows t h a t  t h e  p i l o t  has  now moved 

h i s  lead  down t o  p r e c i s e l y  cance l  t h e  c o n t r o l l e d  element t i m e  l a g  con- 

t r i b u t i o n  so  t h a t  t h e  r e s u l t i n g  Y Y has t h e  appearance of an  w c / s  

throughout  t h e  frequency reg ion  of i n t e r e s t .  The peaking tendency of 

t h e  neuromuscular system is  no longer  ev ident  and t h e r e  should be l i t t l e  

chance of r o l l  r a t c h e t .  However, t h e  r o l l  c o n t r o l  bandwidth has now 

been reduced t o  approximately 2.5 r ad / sec  whereas i t  w a s  approximately 

4.5 r a d / s e c  wi th  t h e  t i m e  cons tan t  of 0.1 sec. I f  t h e  p i l o t  were t o  

a t tempt  t o  achieve  a 4.5 r ad / sec  bandwidth i n  t h e  presence of t h e  l a g  

c h a r a c t e r i s t i c s  shown i n  Fig. 23, a PI0 would occur a t  roughly t h a t  

frequency ( 4  r ad / sec ) .  Thus i n  reducing o r  e l i m i n a t i n g  t h e  r o l l  r a t c h e t  

tendency, we m y  have s u b s t i t u t e d  a tendency f o r  t h e  lower frequency 

PIO. 

P C  

EXTRAPOLATION OF FIXED-BASE DESCRIBING FUNCTION 
RESULTS TO ESTIMATES FOB FLIGHT 

The previous  s e c t i o n s  have emphasized t h e  neuromuscular peaking 

tendency as a harb inger  of t h e  r o l l  r a t c h e t  phenomenon. Y e t ,  i n  t h e  

d a t a  presented ,  t h e  open-loop system phase angle  has gene ra l ly  been 

g r e a t e r  i n  magnitude than  -180 degrees.  This means t h a t  t h e  ga in  d i f -  

f e r e n c e s  between t h e  peak and t h e  0 dB l i n e  are not n e c e s s a r i l y  t r u e  

ga in  margins. The closed-loop p i l o t - v e h i c l e  systems w i l l ,  t h e r e f o r e ,  

no t  n e c e s s a r i l y  show an o s c i l l a t i o n  a t  t h e  neuromuscular peaking f r e -  

quency a l though t h e  resonant peak w i l l  o r d i n a r i l y  be i n d i c a t e d  i n  t h e  

closed-loop system. The p i l o t  remnant, being r e l a t i v e l y  broadband i n  

c h a r a c t e r ,  w i l l  t he re f  o r e  a c t  as a d r i v i n g  mechanism t o  e x c i t e  t h e  

resonant  peak. 
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I n  some cases t h e  experimental  d a t a  a c t u a l l y  i n d i c a t e d  a r o l l  

r a t c h e t - l i k e  o s c i l l a t i o n  under condi t ions  similar t o  those  where t h e  

phenomenon was found i n  f l i g h t .  Most commonly t h e s e  were s t r e t c h e s  i n  

t h e  t i m e  h i s t o r i e s  which involved n e a r l y  s teady-s ta te  r o l l i n g  v e l o c i t y  

commands. An e x c e l l e n t  example i s  given i n  Fig. 2 4 .  Here a s h o r t  

segment of t h e  r o l l  a t t i t u d e  command input  is n e a r l y  t r i a n g u l a r ,  and t h e  

p i l o t ' s  s t i c k  f o r c e  trace i n d i c a t e s  a 2-3 Hz o s c i l l a t i o n .  Because t h e  

f o r c i n g  f u n c t i o n  i s  a random appearing t i m e  s i g n a l ,  w i t h  only very 

occas iona l  segments a k i n  t o  t h e  t r i a n g u l a r  o r  s teady  r o l l i n g  commands 

shown, t h i s  type of r a t c h e t - l i k e  p i l o t  output  trace is a t y p i c a l  i n  t h e  

contex t  of a t o t a l  experimental  run. The p i l o t  s u b j e c t s ,  i n  f a c t ,  d i d  

not  r e p o r t  t h a t  they had encountered t h e  condi t ion  s i n c e  i t  was so  

t r a n s i t o r y .  Y e t  i t  appeared q u i t e  commonly once t h e  condi t ions  were 

f a v o r a b l e  -- i.e., neuromuscular peaking tendency present  and momentar- 

i l y  s teady  r o l l i n g  v e l o c i t y  command. Consequently t h e  f i x e d  base simu- 

l a t i o n  can be s a i d  t o  have s u c c e s s f u l l y  demonstrated r o l l  r a t c h e t - l i k e  

phenomena . 

Fixed Force Stick Tracking Task 

L R 
+i +e 

I sec 

Figure  2 4 .  Example of R o l l  Ratchet-Like O s c i l l a t i o n  
i n  S t i c k  Force Trace 
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It is a l s o  u s e f u l  t o  re-examine t h e  open-loop descr ib ing  f u n c t i o n  

d a t a  when a f i r s t - o r d e r  c o r r e c t i o n  i s  made t o  t h e  d a t a  t o  account f o r  

r a p i d  r o l l i n g  motion. A s  summarized i n  Ref. 4,  t h e  p i l o t ' s  a n g u l a r  

motion sens ing  n e u r o l o g i c a l  appara tus  acts very much l i k e  a rate gyro 

i n n e r  loop i n  t h e  frequency range near  and s l i g h t l y  above crossover .  

This i n n e r  loop, present  when super threshold  r o l l i n g  v e l o c i t i e s  are 

imposed on t h e  p i l o t ,  has  t h e  e f f e c t  of reducing t h e  e f f e c t i v e  t i m e  l a g s  

i n  t h e  p i l o t ' s  visual-input/manipulator output  response. The r e d u c t i o n  

can be as much as 0.1 second from t h e  fixed-base data.  When changes of 

phase l a g  of t h e  magnitude 0.1 w are made on t y p i c a l  d e s c r i b i n g  f u n c t i o n  

d a t a  showing major neuromuscular peaking, t h e  net phase s h i f t  i n  t h e  

frequency reg ion  about t h e  peak i s  very o f t e n  near  -180 degrees.  Fig- 

u r e  25 shows two t y p i c a l  examples f o r  t h e  f i x e d  f o r c e  s t i c k  configura-  

t i o n  with T = 0,  T = 0.067, and Kc = 10 and 15 deg/sec/ lb .  The s o l i d  

l i n e  on the phase p l o t  reflects the -180" phase line i f  a phase l a g  

reduct ion  of 0 . 1 ~  due t o  motion e f f e c t s  were included. These two cases 

r e f l e c t  t h e  F-16 g r o s s  maneuvering command/force g r a d i e n t s  of Fig. 9. 

Therefore  one can conclude t h a t  t h e  fixed-base neuromuscular peaking 

examples which show negat ive  g a i n  margins of t h e  amplitude r a t i o  peak 

r e l a t i v e  t o  0 dB are q u i t e  l i k e l y  t o  r e s u l t  i n  o s c i l l a t i o n s  i n  t h e  

f l i g h t  s i t u a t i o n .  The r o l l  r a t c h e t  phenomenon i n  t h e s e  c a s e s  would 

t h e r e f o r e  be high-frequency PIO's which i n t i m a t e l y  involve  t h e  p i l o t ' s  

limb-manipulator neuromuscular system dynamics. 

COMPARISONS WITH FLIGHT DATA 

The c o n t r o l l e d  elements i n  Figs. 21-25 e s s e n t i a l l y  d u p l i c a t e  t h e  

F-16 c o n f i g u r a t i o n s  t e s t e d  i n  Ref. 14 and t h e  q u a l i t a t i v e  r e s u l t s  and 

t r e n d s  are t h e  same. The compromise s e l e c t i o n  f o r  t h e  p r e f i l t e r  i n  t h e  

F-16 (Ref. 14) w a s  a t i m e  cons tan t  of 0.2 rad/sec.  The Bode p l o t  of 

Fig. 22 shows t h i s  a l lows a comfortable bandwidth s l i g h t l y  above 3 r a d /  

sec and having 30 t o  35 deg of phase margin and a much reduced neuro- 

muscular peaking tendency. Thus t h e r e  should be minimum tendency f o r  

e i t h e r  low o r  high frequency PI0 al though t h e  d a t a  scatter i n  t h e  h i g h e r  

frequency range of Fig. 22 show t h a t  c o n d i t i o n s  f a v o r a b l e  t o  r o l l  

r a t c h e t  could pop up from t i m e  t o  t i m e .  
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The r o l l  r a t c h e t  encountered i n  t h i s  f l i g h t  test  w a s  descr ibed  as 

"response which was objec t ionably  abrupt ,  r e s u l t i n g  i n  a very high f r e -  

quency, p i lo t - induced-osc i l la t ion  (wing rocking)  o r  having ' square 

corners '  o r  being very ' jerky. '"  The frequency was approximately 

16 rad/sec.  

Y e t  another  comparison between s imula t ion  r e s u l t s  and f l i g h t  d a t a  

can be drawn from t h e  Ref. 6 i n v e s t i g a t i o n  of r o l l  r a t c h e t  and v a r i o u s  

p r e f i l t e r  c o n f i g u r a t i o n s  flown i n  t h e  NT-33. I n  t h i s  case  one set  of 

e f f e c t i v e  c o n t r o l l e d  elements were of t h e  form 

The parameters were v a r i e d  over  t h e  ranges 

0 < T < 0.105 sec 

0.15 < TR < 0.8 sec 

10 < Pss/FAs < 25 deg/sec/% 

and t h e r e f o r e  are a c l o s e  match t o  t h i s  s imulat ion.  A major d i f f e r e n c e ,  

however, was t h e  use of a center -s t ick  i n  t h e  NT-33. 

F igure  26 i s  a r e p l o t  of d a t a  from Ref. 6 w i t h  commandlforce grad i -  

e n t  p l o t t e d  versus  t h e  r o l l  time cons tan t ,  TR. The circles i d e n t i f y  

c o n f i g u r a t i o n s  flown; t h e  open symbols r e f l e c t  no r a t c h e t  obtained,  t h e  

shaded symbols r e f l e c t  r o l l  r a t c h e t  observed by one o r  more of t h e  

e v a l u a t i o n  p i l o t s  over  t h e  range of t i m e  de lays  inves t iga ted .  ( I t  

should be noted in passing t h a t  i n  almost every case, t h e  r a t c h e t  only 

occurred with non-zero r as w a s  t h e  case i n  t h e  l a b  s imulat ion.)  The 

numbers next t o  t h e  circles a r e  t h e  average Cooper-Harper r a t i n g s  g iven  

t h e  configurat ions.  Numbers on t h e  l e f t  a r e  r a t i n g s  f o r  up-and-away 

t a s k s ;  numbers on t h e  r i g h t  are r a t i n g s  f o r  landing tasks .  The t r iangu-  

l a r  symbol a t  TR = 0.2, Kc = 12.5 i s  another  NT-33 d a t a  p o i n t  ob ta ined  

from Ref. 16.  It should be noted t h a t  i n  t h e  Ref. 16 f l i g h t  program t h e  
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r o l l  t i m e  cons tan t  was s e l e c t e d  a t  0.2 sec f o r  up-and-away t a s k s  and 

0.5 sec f o r  landing tasks .  I n  a d d i t i o n ,  two 20 r a d l s e c  f i r s t - o r d e r  

f i l t e r s  were included i n  t h e  r o l l  ra te  command p r e f i l t e r  t o  "e l imina te  

high frequency noise." Even so ,  t h i s  one case of r a t c h e t  tendency was 

obs erved. 

The square symbols i n  Fig. 26 are conf igura t ions  i n v e s t i g a t e d  i n  t h e  

fixed-base s imulat ion.  The open symbols i d e n t i f y  c o n f i g u r a t i o n s  f o r  

which t h e  Y Y z e r o  dB l i n e  d i d  not  pass  through t h e  neuromuscular peak 

(no r a t c h e t  p o s s i b i l i t y ) .  The shaded squares  i d e n t i f y  c o n f i g u r a t i o n s  

f o r  which t h e  zero  dB l i n e  passed through t h e  peak ( r a t c h e t  p o s s i b i l -  

i t y ) .  The le t ters  F ,  S,  L r e f l e c t  t h e  displacement of t h e  s i m u l a t o r  

s ide-s t ick .  It is  l i k e l y  t h a t  t h e  L s ide-s t ick  most c l o s e l y  matched t h e  

NT-33 center -s t ick  c h a r a c t e r i s t i c s .  

P C  

There i s  very good c o r r e l a t i o n  between t h e  f l i g h t  and l a b  s i m u l a t i o n  

r a t c h e t  tendencies  shown i n  Fig. 26. The dashed l i n e  appears t o  separ-  

a t e  t h e  non-ratchet from t h e  r a t c h e t  c o n f i g u r a t i o n s  except  f o r  t h e  two 

o r  t h r e e  lowest commandlforce g r a d i e n t  conf igura t ions  a t  TR = 0.2 sec. 

It i s  p o s s i b l e  t h a t  t h i s  d i f f e r e n c e  may be r e l a t e d  t o  w r i s t  ( s i m u l a t i o n  

s i d e - s t i c k )  versus  arm ( f l i g h t  c e n t e r - s t i c k )  neuromuscular subsystem 

c o n t r i b u t i o n s  a t  t h e  lower command (h igher  f o r c e )  conf igura t ions .  The 

good agreement between f l i g h t  and s imula tor  r e s u l t s  is i n t e r p r e t e d  as an  

encouraging v a l i d a t i o n  of t h e  s imula tor  d e f i n i t i o n  of r a t c h e t  p o t e n t i a l  

-- i.e., neuromuscular peaking cu t  by t h e  Y Y zero dB l i n e .  
P C  

PILOT-MANIPULATOR SPSTEM ASYIWETBIES 

It  w a s  noted i n  t h e  d iscuss ion  of t h e  i n f l u e n c e  of t h e  command/force 

g r a d i e n t  on c rossover  i n  Fig. 12, t h a t  t h e  c o n t r o l  bandwidth wc 
decreased markedly as t h e  command/f o r c e  g r a d i e n t  decreased below 4 d e g l  

s e c l l b .  The reason f o r  t h i s  can be observed i n  t h e  t i m e  traces of 

Fig. 27. The trace on t h e  l e f t  is t h e  random r o l l i n g  motion of t h e  

t a r g e t .  The trace i n  t h e  middle is t h e  r o l l  e r r o r  between t h e  t a r g e t  

and t h e  c o n t r o l l e d  element,  t h e  t r a c e  on t h e  r i g h t  is t h e  s t i c k  f o r c e  

i n p u t  t o  t h e  c o n t r o l l e d  element. It w i l l  be noted on t h e  f o r c e  trace 

t h a t  i n  r o l l  t o  t h e  r i g h t  t h e  s t i c k  f o r c e  r a r e l y  exceeds 5.5 l b s ,  but  i n  
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r o l l s  t o  t h e  l e f t  t h e  f o r c e  f r e q u e n t l y  i s  as high as 8 l b s  and shows a 

maximum peak a t  11 lbs .  This i s  c o n s i s t e n t  w i t h  t h e  p i l o t  commentary 

a s s o c i a t e d  wi th  Figs. 8 and 9 i n  which t h e  p i l o t s  i n d i c a t e  d i f f i c u l t y  i n  

genera t ing  r o l l s  t o  t h e  r i g h t  us ing  t h e  thumb, but have l i t t l e  d i f f i -  

c u l t y  i n  r o l l s  t o  t h e  l e f t  where they can use t h e  e n t i r e  palm of t h e i r  

hand t o  genera te  t h e  force .  Thus w e  see bi-modal c o n t r o l  i n  t h e  traces 

of Fig. 27 w i t h  l a r g e r  magnitude, s h o r t e r  d u r a t i o n  f o r c e s  i n  r o l l s  t o  

t h e  l e f t  and lower magnitude, longer  d u r a t i o n  f o r c e s  being used i n  r o l l s  

t o  t h e  r i g h t .  Notice  t h a t  t h e  r o l l  e r r o r  average i s  approximately z e r o  

i n  t h e  middle trace. Thus t h e  area under t h e  f o r c e  traces f o r  l e f t  VS. 

r i g h t  maneuvers must be approximately t h e  same. For r i g h t  r o l l s ,  lower 

f o r c e s  are he ld  f o r  longer  per iods  of t i m e .  This r e s u l t s  i n  a lower 

c rossover  o r  bandwidth f o r  r i g h t  r o l l s  as compared t o  l e f t  r o l l s  and 

hence a lower average bandwidth f o r  t h e  run. This bi-modal c o n t r o l  

c h a r a c t e r i s t i c  w a s  most ev ident  f o r  t h e  3 deg/sec  and 4 d e g / s e c / l b  con- 

t r o l l e d  element o r  command f o r c e  g r a d i e n t s ,  but w a s  a l s o  ev ident  up as 
high as t h e  7.5 deg/sec/ lb .  Thus t h e  reduced bandwidth shown i n  t h e  

Fig. 12 p l o t s  f o r  t h e  low g a i n  systems. For h igher  command/force grad i -  

e n t s ,  t h e  f o r c e s  employed i n  t h e  t r a c k i n g  t a s k  were s u f f i c e n t l y  low t h a t  

t h e r e  w a s  l i t t l e  d i f f e r e n c e  between l e f t  and r i g h t  maneuvers. 

I n  conclusion,  t h e  r e s u l t s  of t h i s  f ixed-base experimental  program 

have i n d i c a t e d  t h a t  t h e  neuromuscular system appears t o  be a l a r g e  con- 

t r i b u t o r  t o  r o l l  r a t c h e t  tendency. It was f u r t h e r  shown t h a t  t h e  neuro- 

muscular peaking can be i n t e n s i f i e d  by t h e  use of f i x e d  o r  small def lec-  

t i o n  f o r c e  s t i c k s ,  by having c o n t r o l l e d  elements w i t h  t i m e  de lays  i n  t h e  

v i c i n i t y  of 60 t o  70 m s ,  and by having time l a g s  w i t h  t i m e  c o n s t a n t s  of 

0.2 sec o r  less. Thus f o r c e  sens ing  s i d e - s t i c k  manipulators ,  p r e f i l -  

ters,  and f l i g h t  c o n t r o l  system t i m e  de lays  need t o  be c a r e f u l l y  tuned 

i n  o r d e r  t o  minimize neuromuscular peaking and consequent r o l l  r a t c h e t  

tendency and a l s o  t o  minimize r e s t r i c t i o n  of r o l l  c o n t r o l  bandwidth and 

t h e  tendency f o r  low frequency PIO. The experimental  r e s u l t s  a l s o  

demonstrated t h e  problems i n  r o l l i n g  t o  t h e  r i g h t  wi th  f i x e d  o r  small 

displacement s i d e - s t i c k s  having high manipulator f o r c e  grad ien ts .  I n  

s h o r t ,  t h e  s imula t ion  produced r e s u l t s  c o n s i s t e n t  wi th  a l l  of t h e  r o l l  
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c o n t r o l  problems which have been repor ted  i n  previous F-16 and NT-33 in-  
f l i g h t  s i d e - s t i c k  i n v e s t i g a t i o n s .  These r e s u l t s  c o n s t i t u t e  a f i r s t  s t e p  

i n  d e f i n i n g  design guides  and c r i t e r i a  f o r  manipulator and command aug- 

mentation system i n t e r f a c e s  wi th  t h e  p i l o t .  The r e s u l t s  presented h e r e  

r e f l e c t  a mere skimming of t h e  cream from t h e s e  530 s i m u l a t i o n  runs. 

Undoubtedly, t h e  d a t a  a r c h i v e  conta ins  much more information which can 

be gained from f u r t h e r  and in-depth a n a l y s i s  of t h i s  d a t a  bank. 
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SECTION V 

, 

CONCLUSIONS 

This  fixed-base experimental  i n v e s t i g a t i o n  has i d e n t i f i e d  and quan- 

t i f i e d  i n t e r a c t i o n s  between t h e  p i l o t ' s  neuromuscular subsystem and such 

a s p e c t s  of t y p i c a l  modern, high response,  r o l l  rate command c o n t r o l  

system mechanizations as: 

0 s i d e - s t i c k  type  manipulator force/displacement  
c o n f i g u r a t i o n  

0 command augmentation forward loop ga in  

0 c o n t r o l l e d  element e f f e c t i v e  l a g  t i m e  cons tan t  

0 f l i g h t  c o n t r o l  system e f f e c t i v e  t i m e  delay 

The s imula t ion  r e s u l t s  provide i n s i g h t  t o  h igh  frequency r o l l  

r a t c h e t  o s c i l l a t i o n s ,  low frequency PIO, and r o l l - t o - r i g h t  c o n t r o l  and 

handl ing problems previous ly  repor ted  i n  t h e  product ion F-16, NT-33 

s i d e - s t i c k ,  and NT-33 r o l l  rate command augmentation i n v e s t i g a t i o n s .  

The experimental  c o n f i g u r a t i o n s  encompass and/or  d u p l i c a t e  a number of 

a c t u a l  f l i g h t  s i t u a t i o n s  and have reproduced c o n t r o l  problems observed 

i n  f l i g h t .  The d a t a  s t r o n g l y  support  t h e  sugges t ion  t h a t  t h e  r o l l  

r a t c h e t  phenomenon is  a closed-loop p i l o t - v e h i c l e  i n t e r a c t i o n  i n  which 

t h e  p i l o t s  neuromuscular dynamics play a c e n t r a l  ro le .  

This  is bel ieved  t o  be t h e  f i r s t  d e t a i l e d  i n v e s t i g a t i o n  s e a r c h i n g  

f o r  r o l l  r a t c h e t  tendencies  i n  a ground based s i m u l a t i o n  ( f ixed-  o r  

moving-base). Detec t ion  of peaking tendencies  was a f f o r d e d  by t h e  use  

of a t i g h t  r o l l  t r a c k i n g  t a s k  having a c a r e f u l l y  t a i l o r e d  f o r c i n g  func- 

t i o n  conta in ing  e x c i t a t i o n  f requencies  covering t h e  nominal range of t h e  

neuromuscular system mode and a p p l i c a t i o n  of frequency response (FREDA) 

s p e c t r a l  a n a l y s i s  techniques.  These procedures were p a r t i c u l a r l y  impor- 

t a n t  because they allowed d e t e c t i o n  of t h e  h igh  frequency o s c i l l a t o r y  

( r o l l  r a t c h e t )  tendency where small a s  wel l  as l a r g e  manipulator  f o r c e s ,  

and very small e x c i t a t i o n  and/or output  s i g n a l s ,  were involved. Such 

procedures are recommended a s  p r e f l i g h t  development tests w i t h  modern 
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f ly-by-wire  command augmentation systems s i n c e ,  i n  t h i s  f ixed-base simu- 

l a t i o n ,  a t  no t i m e  w a s  r a t c h e t  tendency apparent t o  t h e  s u b j e c t  p i l o t  in 

t h e  t r a c k i n g  d isp lay .  Another a spec t  of t h e  f o r c i n g  f u n c t i o n  s e l e c t i o n  

t o  he lp  d e t e c t  neuromuscular r o l l  r a t c h e t  i n  t i m e  traces of t h e  p i l o t ' s  

manipulator  f o r c e / r o l l  r a t e  command s i g n a l  i s  t h e  t r a c k i n g  t a s k  sce- 

na r io .  This must be s t r u c t u r e d  s o  t h a t  t h e  p i l o t  i s  r equ i r ed  t o  hold 

moderate t o  high cons t an t  f o r c e  l e v e l s  f o r  s e v e r a l  seconds dura t ion .  

These procedures  can s e r v e  as a b a s i s  f o r  manipulator  development on new 

a i r c r a f t  i n  f ixed-base s imula tors .  

Neuromuscular system induced r o l l  r a t c h e t  appears more l i k e l y  i n  

r o l l s  t o  t h e  r i g h t  ( f o r  right-hand s i d e  s t i c k )  because t h e  p i l o t  must 

develop most of t h e  f o r c e  app l i ed  t o  t h e  s t i c k  wi th  t h e  thumb. The 

g r e a t e r  muscular t e n s i o n  r equ i r ed  i n c r e a s e s  t h e  neuromuscular peaking 

and hence t h e  tendency t o  r o l l  r a t c h e t .  S ince  t h e  p i l o t  cannot gene ra t e  

as high a f o r c e  l e v e l  wi th  t h e  thumb as wi th  t h e  palm of t h e  hand, t h e r e  

a l s o  may be a tendency t o  hold a given maneuver f o r c e  a few seconds 

longer  i n  r i g h t  r o l l s  and t h e r e f o r e  make t h e  r a t c h e t  more no t i ceab le .  

Presumably t h e  oppos i t e  tendency would occur f o r  le f t -hand  s t i c k s ,  such 

as proposed f o r  t h e  A320. 

The use  of sensed s t i c k  f o r c e  as t h e  inpu t  t o  a high performance 

r o l l  rate command augmentation sys tem appears p a r t i c u l a r l y  s e n s i t i v e  t o  

pick-up of t h e  neuromuscular system dynamic peaking. Prevent ion  of such 

pick-up r e q u i r e s  a r e l a t i v e l y  low frequency f i r s t - o r d e r  l a g  f i l t e r  which 

may r e s u l t  i n  ob jec t ionab ly  s l u g g i s h  (PI0 prone) r o l l  rate response. 

There appears  t o  be a r e l a t i v e l y  narrow band of accep tab le  f i l t e r  t i m e  

c o n s t a n t s  def ined  by t h e s e  two h igh  and low frequency PI0 type  

responses.  The s imula t ion  r e s u l t s  a l s o  show a r a t h e r  narrow band f o r  

accep tab le  r o l l  ra te  command/force g rad ien t .  This i s  most apparent  f o r  

f i x e d  (no displacement)  t y p e  manipulators .  Comparison between s imula to r  

and f l i g h t  r e s u l t s  tend t o  show t h e s e  f ind ings  apply t o  c e n t e r  as w e l l  

as s ide-s  t i c k  manipulators .  

53 



With s t i c k  f o r c e  sens ing ,  t h e  neuromuscular peaking, r o l l  r a t c h e t  

tendency, and command g r a d i e n t  s e n s i t i v i t y  can be minimized by 

0 providing t h e  manipulator wi th  a moderate amount 
of d e f l e c t i o n  (0.7-0.8 d e g / l b  appears  t o  be a 
d e s i r a b l e  range).  

e minimizing f l i g h t  c o n t r o l  system t i m e  de lay ,  
T < 50 msec. 

0 p l a c i n g  t h e  e f f e c t i v e  r o l l  response t i m e  constant  
i n  t h e  range 0.2 < T < 0.3 sec. 

e maintaining t h e  response / force  g r a d i e n t  i n  t h e  
range 10 < Kc < 20 deg/sec/ lb .  

A r e c a p i t u l a t i o n  of d e t a i l e d  conclusions r e l a t i v e  t o  human p i l o t  

dynamic c h a r a c t e r i s t i c s  is given below. These s p e c i a l i z e ,  and t o  some 

e x t e n t  d u p l i c a t e ,  t h e  broader  conclusions given above. 

1. Crossover Model Refinements 

0 The proper ty  wc(Yc) = cons tan t  extends over an  
order  of magnitude v a r i a t i o n  i n  Kc changes i n  
f o r c e  grad ien t .  wc begins t o  f a l l  o f f  as very 
small Kc demand g r e a t  p i l o t  e f f o r t  ( l a r g e  K t o  
keep wc constant.  

C o n t r o l l e r  element l a g s  f o r  Yc = K ~ / ( T S  + 1) are: 

-- almost e x a c t l y  cance l led  by p i l o t  l e a d  when T 

P 

0 

> 0.2 second ( l a g  breakpoint  of 5 r a d / s e c ) ;  

-- p a r t l y  o f f s e t  by p i l o t  l ead  of approximately 
1/8 second when T < 0.2 second. 

Thus t h e  adjustment r u l e  i n d i c a t i n g  t h a t  p i l o t  
l e a d  w i l l  o f f s e t  c o n t r o l l e d  element l a g s  by 
n e a r l y  exac t  c a n c e l l a t i o n  now has a lower l i m i t  
a t  about 1/8 second. 

2 .  Human P i l o t  Limb-Manipulator Dynamics 

0 The c l a s s i c a l  third-order  system approximation 
f o r  t h e  limb-manipulator p o r t i o n  of t h e  human 
neuromuscular system i s  both adequate and an 
e s s e n t i a l  minimum form needed t o  cons ider  p i l o t -  
a i r c r a f t  system dynamic i n t e r a c t i o n s  i n  t h e  f r e -  
quency range from 8-20+ rad/sec.  
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