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SUMMARY 

F l i g h t  tests were conducted for t h e   p u r p o s e   o f   v e r i f y i n g   a n   a n a l y t i c a l  
ae rodynamic   de r iva t ive  model of a CH-47 tandem-ro tor   he l icopter  a t  low cruise 
s p e e d s   a n d   t r a n s i t i o n  to hove r   po r t ions  of cu rved ,   dece le ra t ing   l and ing   approach  
f l i g h t   p a t h s .  The f l i g h t   t e s t i n g  was performed  on a closed loop basis w i t h   t h e  
s t a b i l i t y   a u g m e n t a t i o n   s y s t e m  (SAS) o f   t h e  (33-47 o p e r a t i n g ,   a n d   t r a n s i e n t  
response  data were obta ined   us ing   bo th   manual   and   computer -genera ted   input  
maneuvers. 

The model v e r i f i c a t i o n   c o n s i s t e d   m a i n l y  of comparing t h e  e x i s t i n g   a n a l y t i -  
cal  d e r i v a t i v e s   w i t h  those i d e n t i f i e d   f r o m   t h e   f l i g h t   d a t a   u s i n g   b o t h   e x t e n d e d  
Kalman f i l t e r  (EKE') and maximum l i k e l i h o o d   e s t i m a t i o n  (MLE) a lgo r i thms ,   t hen  
comparing  the  measured  response time h i s t o r i e s   w i t h  those predic ted   by   each   of  
t h e  three sets of d e r i v a t i v e s .  The o v e r a l l   e v a l u a t i o n   f u r t h e r   i n c l u d e d   v e r i f i -  
c a t i o n  of t h e   a n a l y t i c a l  SAS model, as well as i n v e s t i g a t i o n  of t h e   e f f e c t s  of 
c l o s e d   l o o p   f l i g h t   t e s t i n g   o n   d e r i v a t i v e   i d e n t i f i c a t i o n .  

The r e s u l t s   i n d i c a t e  some ampl i tude   and   f r equency   d i f f e rences   be tween   t he  
measured response  time his tor ies  and those p r e d i c t e d  by t h e  a n a l y t i c a l   d e r i v a -  
t i v e s   t h a t   v a r y   i n   m a g n i t u d e  w i t h  each test r u n ;  these d i f f e r e n c e s   a p p e a r  t o  
be main ly  due  t o  i n a c c u r a t e   v a l u e s  for some d e r i v a t i v e s .  The presence  of non- 
z e r o  trim a c c e l e r a t i o n s   i n  t h e  f l i g h t  data a f f e c t e d  t h e  M U  and EKF i d e n t i f i e d  
d e r i v a t i v e s  so t h a t   t h e  time his tor ies  p r e d i c t e d  from them also d i f f e r e d  from 
the   measured   ones .  With some e x c e p t i o n s  t h e  d i s c r e p a n c i e s  are n o t   s e v e r e ,   a n d  
the   overa l l   agreement   be tween t h e  measured  and  computed time his tor ies  i s  rea-  
sonably  good. 

The resu l t s  f u r t h e r   i n d i c a t e   n o   a d v e r s e   e f f e c t s   a t t r i b u t a b l e  t o  closed loop 
f l i g h t   t e s t i n g ,  n o r   a n y   d e f i c i e n c i e s   i n   t h e   a n a l y t i c a l   m o d e l i n g  of t h e  SAS. 
The u s e  of computer-generated  input  maneuvers  proved t o  be superior t o  manual 
ones  and was found to  be h i g h l y   e f f e c t i v e   i n   g e n e r a t i n g   t r a n s i e n t   r e s p o n s e  data 
having  good modal e x c i t a t i o n   w i t h o u t   e x c e e d i n g   s m a l l   p e r t u r b a t i o n   a m p l i t u d e  
b o u n d s .   S u b s e q u e n t   f l i g h t   t e s t i n g   f o r  other p u r p o s e s   i n d i c a t e d   t h a t  t h e  prob- 
l e m  with  nonzero trim a c c e l e r a t i o n s   c o u l d  be l a r g e l y   e l i m i n a t e d  by a l s o   u s i n g  
t h e  f ly-by-wire   cont ro l   sys tem to a u t o m a t i c a l l y  tr im t h e   a i r c r a f t   p r i o r  to 
i n i t i a t i n g  a test  maneuver. 

INTRODUCTION 

Avionics  research for helicopters h a s   b e e n   i n   p r o g r e s s  a t  the   Langley  
Research   Center   over   the  past s e v e r a l   y e a r s  as p a r t   o f  t h e  VTOL approach  and 
landing   technology (VALT) program (ref.  1).  An NASA/Army/Boeing Vertol CH-47 
helicopter s e r v e d  as t h e  basic r e s e a r c h   a i r c r a f t   f o r  a comprehensive test pro- 
gram  which  has as its u l t ima te   goa l   t he   deve lopmen t  of technology  necessary  for 
optimum VTOL s h o r t   h a u l   t r a n s p o r t a t i o n   i n  t h e  coming decade. The  need  for  a 
s u i t a b l e   a n a l y t i c a l   d e s c r i p t i o n   o f   t h e   h e l i c o p t e r   d y n a m i c s ,   a n d  the  r a t i o n a l e  



for  selecting  a  linear  perturbation model based on aerodynamic  stability  and 
control  derivatives,  is  delineated  in  reference 2. 

The  extensive  tables of aerodynamic  derivatives  contained  in  reference 2 
were  generated  by  means  of an analytical  small  perturbation  technique,  involving 
detailed  equations  for  the  helicopter  forces  and  moments,  and  cover  essentially 
the  entire  CH-47  flight  regime.  Although  these  derivatives  appeared to  provide 
a  good  representation of the  helicopter  dynamics,  comparison  with  results 
obtained  from  actual  flight  data  remained as an important step in  verifying 
the  chosen  analytical  model. The  flight  tests  described in reference 3 were 
designed  to  obtain  suitable  data  for  this  purpose  and,  also,  to  permit  identi- 
fication of aerodynamic  derivatives for comparison  with  the  tabulated  analytical 
values.  Because  landing  approach  and  transition  to  hover  from  low  cruise  speeds 
of  about 60 knots  comprise  the  flight  regime of primary  interest  for  the VALT 
program,  flight  data  for  the  remainder  of  the  CH-47  operating  range  were  unnec- 
essary  and  were  not  obtained. 

The actual  flight  testing  and  ensuing  derivative  identification  activities 
were  planned  and  conducted  in  cooperation  with  the  Structures  Laboratory  of  the 
U.S. Army  Research  and  Technology  Laboratories  (USARTL)  at  the  Langley  Research 
Center.  A  joint  effort  was  undertaken  with  the  objectives  being  to  make  the  model 
verification  as  comprehensive  as  possible  and  to  provide  a  basis  for  evaluating 
differing  methods  of  identifying  aerodynamic  derivatives  from  flight  data.  Ref- 
erence 4 contains  comparisons  of  analytical  derivatives  from  reference 2 with 
those  computed  by USARTL using an extended  Kalman  filter (Em) algorithm  and 
with  preliminary  values  from  the  maximum  likelihood  estimator (MLE) employed 
in  the  present  report. 

The primary  purpose  herein  is  to  document  the  completed MLE results  and 
to  include  comparisons  of  measured  transient  response  time  histories  with  those 
predicted  by  each  available set  of  analytical  and  identified  derivative  values. 
The effect  of  the  CH-47  stability  augmentation  system (SAS) on the  derivative 
identification  process  was  also  investigated, as the  flight  testing  was  neces- 
sarily  conducted on a  closed  loop  basis  to  avoid  unstable  responses  which 
quickly  exceed  acceptable  small  perturbation  bounds.  This  mode  of  testing  fur- 
ther  provided  the  opportunity  to  verify  the  analytical  model  of  the SAS given  in 
reference 5. An  additional  objective  of  the  flight  test  program  was to compare 
results  obtained  by  using  conventional  doublet  type  manual  input  maneuvers  with 
those  from  computer-generated  inputs,  implemented  by  utilizing  the  fly-by-wire 
control  system  of  the  test  aircraft  in  conjunction  with  an  onboard  computer. 
(See ref. 4.) 

SYMBOLS 

A,B,C,K,Z aircraft SAS model  matrices (eqs. (10) and (11))  

A1 fA2 control  input  amplitude  coefficients, cm (eq.  (21 ) ) 

b  measurement  bias vector 

d  data  sample  (eq.  (23) ) 
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F,G a i r c ra f t  dynamics system matrices  (eq. ( 4 ) )  

f frequency, Hz 

9 acceleration due to   gravi ty ,  m/sec2 

H I D  a i r c ra f t  response measurement system matrices (eq. ( 3 ) )  

hn d i g i t a l   f i l t e r  weights  (eq. (26)  1 

I x , I z I I ~ z  a i r c ra f t  moments  of iner t ia ,  kg m2 

J MLE performance function  (eq. (1) ) 

N number  of data samples or d i g i t a l   f i l t e r  weights 

"x, ny, "2 body axis components  of aircraft   l inear  acceleration, g u n i t s  

P ,Q,R rol l ,   p i tch,  and  yaw rates  about a i r c ra f t  body axes,  respectively, 

P,9, r perturbations i n  P, Q, and R, respectively, deg/sec 

P MLE parameter identification  vector  (eq. (2)  

deg/sec 

R ( t )  weighting  matrix 

S number of f i l tered  data  samples 

t time, sec 

u,v,w body axis components of aircraft   l inear  velocity,  m/sec 

U , V , W  perturbations i n  U ,  V, and W, respectively, m/sec 

U aircraft  control  input  vector 

U perturbation i n  U (eq. (1 0)) 

V a i r c r a f t  SAS model s t a t e  vector  (eq. (1 0 ) )  

W white measurement noise  vector  (see  equation  following eq. ( 5 ) )  

X a i rcraf t   s ta te   vector  

X perturbation i n  X (eq. (1 0)) 

Y aircraft  output  response  vector 

Y perturbation i n  Y ( f ig .  2) 

%ong longitudinal  control  input, cm 
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~ m l l  collective  control  input, cm 

%at  lateral   cyclic  control  input,  c m  

6r ud differential  control  input, cm 

~ ~ , S A S ~ % , S A S , Q , S A S  rol l ,  pitch, and  yaw SAS feedback command signals, 

K control  input  amplitude  scale  factor (eq. (21 ) ) 

a, 0 r o l l  and pi tch  a t t i tudes about a i r c r a f t  body axes, deg 

+,e perturbations i n  0 and 0, deg 

cp a i r c r a f t   s t a b i l i t y  and control  derivatives  vector 

w frequency,  rad/sec 

Subscripts : 

respectively, cm 

C control  input or cut-off  frequency 

f f i na l  value 

m measured value 

i l j ,k  indices  for  scalar,   vector,  or matrix  quantities 

n index 

0 ini t ia l ,   t r im,  or central  value 

t termination  frequency 

SAS s t a b i l i t y  augmentation  system 

Notation: 

E( 1 stat is t ical   expectat ion 

( 1”  matrix  inversion 

( 1T matrix  transposition 

(9 estimated  value 

A (  1 increment 

(-1 normalized  or  average  value 
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Abbrevia t ions :  

EKF ex tended  Kalman f i l t e r  

MLE maximum l i k e l i h o o d  estimator 

SAS s t a b i l i t y   a u g m e n t a t i o n   s y s t e m  

USARTL U.S.  Army Research and   Technology  Labora tor ies  

VALT VTOL approach  and  landing  technology 

VTOL v e r t i c a l   t a k e - o f f   a n d   l a n d i n g  

MAXIMUM LIKELIHOOD ESTIMATOR 

The a e r o d y n a m i c   d e r i v a t i v e  estimates documented i n  t h i s  report were com- 
puted by means of t h e  maximum l i k e l i h o o d  estimator of r e f e r e n c e  6. The  mathe- 
matical developnent   of   the  MLE a lgo r i thm as used   here in  is desc r ibed  by equa- 
t i o n s  (1) to  ( 9 ) ;  and   t he   ae rodynamic   de r iva t ive  model employed  for   the CH-47, 
by e q u a t i o n s  (10) to  (20) . 

Algori thm  Formulat ion 

The a lgor i thm  for   implement ing  t h e  MLE estimator i s  f o r m u l a t e d   i n  t h e  same 
manner as i n   r e f e r e n c e  7 ,  e x c e p t  for added   computa t iona l   op t ions ,   and  is based 
on minimizing t h e  error i n   t h e   p e r t u r b a t i o n   r e s p o n s e   o u t p u t  of t h e  a i r c ra f t  i n  
t h e  l ea s t  s q u a r e s   s e n s e  by us ing  a performance  funct ion  of  t h e  form 

where y m ( t )  and $ ( p , t )  are t h e  measured and   es t imated   ou tput   response   vec-  
t o r s   o v e r  a da ta -ga the r ing  period [to,tf], and R ( t )  i s  a symmetr ic ,   pos i t ive-  
d e f i n i t e   w e i g h t i n g   m a t r i x .   S i n c e  t h e  a lgo r i thm is d e v e l o p e d   i n   d i s c r e t e   f o r m  
fo r   computa t iona l   r ea sons ,  J ( p )  i s  approximated: 

i=l 

5 



w h i c h   r e p r e s e n t s  N samples of t h e   o u t p u t  error d u r i n g  . The corre- 
n _  dJ 

sponding least  squa res   no rma l   equa t ions  - = 0 are then   so lved  for 6, which 
aP 

which is also cal led a q u a s i l i n e a r i z a t i o n  or mod i f i ed  Newton-Raphson  minimiza- 
t i o n   t e c h n i q u e .   ( S e e   r e f .  6.) As i n   r e f e r e n c e  7,  the   convergence  c r i t e r i a  used 
was lA$j i 4 I O .  01 $ j  I s i m u l t a n e o u s l y   f o r  a l l  e lements   o f  $. 

If the   measu red   con t ro l   i npu t   and   ou tpu t   r e sponse   vec to r s  um,  and  ym, 
are assumed to h a v e   t h e  forms 

and 

which   accoun t   fo r   t he   p re sence  of b i a s e s   a n d  random w h i t e  n o i s e ,   t h e  estimated 
o u t p u t  ?i r e q u i r e d   i n   e v a l u a t i n g   e q u a t i o n  ( 2 )  is then  modeled as 

w h e r e   t h e  s ta te  v e c t o r   x i  is o b t a i n e d   b y   n u m e r i c a l   i n t e g r a t i o n  of t h e   a i r c r a f t  
dynamica l   equa t ions  

h 
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I 

and  the  control  input  vector  ui is estimated  from 
A 

h h 

ui = um,i - bc 

The weighting  matrix R in equation (1) is  conventionally  taken  to  have  the 
diagonal  form 

where E[wi] = 0 at  every  sample  point.  Furthermore,  the  estimate 2 used  in 
equation (2) is  recalculated at each  iteration  of  the  differential  correction 
process  from  the  expression 

Other  than  the  specific  forms of the  vectors  and matrices, which  are  defined 
with  the  aerodynamic  derivative  model  for  the CH-47 in  the  next  section,  the 
remaining  quantities  to be determined  in  evaluating  equation (2 )  are  the 
partial  derivatives &/ap obtained by differentiating  equations ( 3 )  
and (5) : 

in  which ai;,/abC and aG/ab (as well  as ag/axo in  eq. ( 8 )  below) are equiv- 
alent  to  identity  matrices  of  suitably  corresponding  dimensions.  Since  the full 

rank  of  the  parameter  vector i; = [@!%,: b/xo]T  includes  the  option  for  estimat- 
ing  the  initial  state  conditions Go as  well as the  aerodynamic  derivatives  and 
biases,  the  following  partitioning of 

' A  '6 
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and 

- = 1 - 1 -  i 
s e r v e s  to  ind ica t e   t he   co r re spond ing   componen t   s t ruc tu re  of t h e s e  matrices. 
The v a l u e s  for afi/ap are gene ra t ed   by   numer i ca l   i n t eg ra t ion   o f  

which is o b t a i n e d  by d i f f e r e n t i a t i o n   o f   e q u a t i o n s  ( 4 )  and ( 5 ) .  The  elements of 
a$i/ap and a^xi/ap form  according t o  t h e   r u l e   f o r   J a c o b i a n s ,   w h e r e a s   t h o s e  

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

aF(P)  A a G ( p )  A 

aH(P) A aD(P) A 

aP  aP 
x i ,   a n d  - u i  are d e f i n e d  by 

aP  aP 

The   a lgor i thm is f u r t h e r   c o n f i g u r e d  to  p r o v i d e   o p t i o n s   f o r   d e l e t i n g   m e a s u r e m e n t s  
from ym,i   and €or hold ing   any   combina t ion   of   e lements   o f  p" c o n s t a n t   d u r i n g  
t h e   i t e r a t i v e   s o l u t i o n  process. To de le te ,   say ,   the   k th   measurement   f rom  ym, i ,  
t h e   k t h  row of a?i/ap  and  kth  element  of  (ym,i  - ^yi) a r e  se t  t o  zero.   Holdlng 
t h e   r t h   e l e m e n t   o f  f3 c o n s t a n t  is accompl ished   in  a s i m i l a r  manner  by s e t t i n g  
t h e   r t h  row of ay^i/ap to  z e r o ,   b u t   w i t h   t h e   a d d i t i o n a l   r e q u i r e m e n t   t h a t   t h e  
r t h   e l e m e n t  of t h e   r t h  row of t h e   r e s u l t i n g   i n f o r m a t i o n   m a t r i x  

t h e n  be reset  to  h a v e   t h e   v a l u e   o f   u n i t y   i n s t e a d   o f   z e r o .  

i = l  
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A e r  odynam i c Der i va t i ve Mode 1 

The l i n e a r   p e r t u r b a t i o n  model of t h e  CH-47 dynamics  employed i n   r e f e r e n c e  2 
is c h a r a c t e r i z e d  by e q u a t i o n  ( 4 ) ,  which expresses t h e  a i rc raf t  r e s p o n s e   r e l a t i v e  
to  a n   e q u i l i b r i u m  or nominal t r im f l i g h t   c o n d i t i o n   i n  terms o f   t h e   c o n t r o l   i n p u t  
and s ta te  vectors. Equat ions  (10) and (11) d e f i n e   t h e   e x t e n s i o n  of equa- 
t i o n s  ( 3 )  and ( 4 )  t o  i n c l u d e   m o d e l i n g   o f   t h e   h e l i c o p t e r   s t a b i l i t y   a u g m e n t a t i o n  
system (SAS) and are g i v e n   i n  closed loop form by 

y = [H iGZ] [-:-I + [iJ u + b 

and 

i n  which t h e  r i g i d  body and SAS p o r t i o n s  of t h e  model a r e   i n d i c a t e d  by p a r t i t i o n -  
i n g .  The corresponding  segments   of  t h e  t o t a l  s ta te  v e c t o r  are denoted by x 
and  v. The a e r o d y n a m i c   s t a b i l i t y   a n d   c o n t r o l   d e r i v a t i v e s   c o n s t i t u t e  t h e  p r i n -  
cipal e lements  of the matrices H, D,  F, and G,  and   t hose   e l emen t s  to be 
i d e n t i f i e d  by  means of e q u a t i o n  ( 2 )  comprise t h e  Cp p o r t i o n   o f   t h e   p a r a m e t e r  
vec tor   p .  The remaining  matr ix   components  G Z ,  GC, KB, and A p e r t a i n  to  
t h e  SAS model. 

W h i l e   o r i g i n a l l y   i n c l u d e d  to p e r m i t   v e r i f i c a t i o n   o f   t h e  model obta ined   by  
c o n v e r t i n g   t h e  SAS t r a n s f e r   f u n c t i o n s   g i v e n   i n   r e f e r e n c e  5 t o  s t a t e   v a r i a b l e  
form (see r e f .  3 ) ,  t h e   r e s u l t i n g  SAS model a l s o   p r o v i d e s   t h e   u s e f u l   o p t i o n  of 
p e r f o r m i n g   d e r i v a t i v e   i d e n t i f i c a t i o n  w i t h  e i ther  open or closed loop  formula-  
t i ons .   Equa t ions  (10 )  and (11) r e v e r t  t o  open loop form b y   s i m p l y   d e l e t i n g   t h e  
SAS terms; however, the  e f f e c t  of the  SAS still must be t a k e n   i n t o   a c c o u n t   s i n c e  
a l l  f l i g h t  tests were conducted  on a closed l o o p   b a s i s   w i t h   t h e  SAS o p e r a t i n g .  
This   requi rement  is e a s i l y   s a t i s f i e d  by adding t h e  SAS o u t p u t   s i g n a l s ,   w h i c h  
were measured as p a r t   o f  t h e  CH-47 f l i g h t  t es t  data,  t o  t h e  c o n t r o l  s t i c k  i n p u t s .  
For v e r i f i c a t i o n   a g a i n s t   t h e i r   m e a s u r e d   v a l u e s ,   a n a l y t i c a l  estimates of these 
commands are o b t a i n e d   f r a n  the SAS model by  means of 
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where   t he   func t ions   o f   t he   ga ins   and  state v a r i a b l e s   a p p e a r i n g   i n   t h e s e   f o r m u l a s  
are s u b s e q u e n t l y   i n d i c a t e d   i n   t h e   a p p r o p r i a t e   o n e s   o f   e q u a t i o n s  (1 5) to  (1 8 ) .  
The numer i ca l   va lues   u sed   fo r  a l l  ga ins   and   o the r  SAS model c o n s t a n t s  are l i s t e d  
i n   t a b l e  I. 

A l t h o u g h   t h e   d e r i v a t i v e s   t a b u l a t e d   i n   r e f e r e n c e  2 are f o r   t h e   u s u a l   s i x  
degree-of - f reedom  formula t ion ,   the   fo l lowing   express ions   for   the   cor responding  
uncoup led   l ong i tud ina l   and  l a t e ra l  t h r e e   d e g r e e - o f - f r e e d m   r e p r e s e n t a t i o n s  were 
used i n   g e n e r a t i n g   t h e  MLE d e r i v a t i v e   v a l u e s   p r e s e n t e d   i n   t h i s  report. T h i s  
s i m p l i f i c a t i o n  was made o n   t h e   b a s i s  of t h e   c o n c l u s i o n   t h a t   b o t h   s i m u l a t i o n  
s tud ies  (see ref .  3) a n d   t h e   a c t u a l   f l i g h t  data i n d i c a t e d   t h e  SAS uncouples  
t h e s e  modes very  well. 

Long i tud ina l   mode . -   Fo r   t he   l ong i tud ina l   mo t ions   o f   t he   he l i cop te r ,   t he  
respec t ive   th ree   degree-of - f reedom  forms  of e q u a t i o n s  (1 0) and  (11) are 
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Lateral-directional mode.-  The corresponding  three  degree-of-free 
tions  for  the  lateral  helicopter motions are 
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where the  individual  elements of the p vector components are  given by 

cp= Y Y Y L L L N N N Y  
* * * * * *  * * * * T  [ p r p p SlatYGrudL61atL6r~dN61atN6rud] 
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and 

* * * * LG' = LV + KVLBrud; = Lp - KpL61at; L:' = Lr - K ~ L ~ ~ ~ ~  
* * 

which contain feedback  terms corresponding to  the  respective  gain  elements i n  
equations (1 3) and ( 1 4 )  for   the  rol l  SAS and yaw SAS commands.  The r o l l  and 
yaw derivatives  are  further modified  according to  

which account for  cross  products of i ne r t i a   r a t io s   t ha t  couple  the p and r 
equations.  (See  ref. 8.) Conversion of the  identified  derivatives  to  the  for- 
mat  of reference 2 is given by the  inverse  relationships 

L 

and the  values  given i n  reference 2 for  the CH-47 moments  of iner t ia   are  
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IX = 50 386.3 kg m2 

Iz = 257  685 kg m2 

IxZ = 19  838.3 kg m2 

Lastly,  the  trim  values of Uo, Wo, and 0, appearing  in  equations (16)  
and (18)  are  listed  in  tables I1 to IV for  each  of  the  flight  test  runs. 

PROCEDURE 

The CH-47 flight  tests  were  conducted  for  the  conditions  given  in  table V, 
which are representative  of  the  landing  approach  trajectories  of  interest  for 
the  VALT  program. The 15  principal  test  points  listed  involve  a  total of 
44 individual  runs  and  encompass  most  of  the  test  plan  presented  in  reference 3. 
As conventional  Pitot-static  airspeed  indicators  are  too  inaccurate  below  about 
50 knots, the  time  histories  of  the  helicopter  velocity  for  each  run  were 
obtained  instead  by  means  of  precision  radar  tracking.  (See  ref. 4 . )  The cor- 
responding  wind  magnitudes  for  correcting  the  velocity  data  to  local  freestream 
values  were  determined  in  the  same  manner  by  tracking  weather  balloons  between 
successive  runs  and  are  also  listed  in  table V. 

Input  Maneuvers 

The test  program  set  forth  in  table V includes  runs  for  both  manual  and 
computer-generated  input  maneuvers. Due to  the  complexity of the  piloting  task, 
the  former  were  limited  to  single  control  stick  commands  while  the  latter  were 
implemented  with  both  single  and  double ones  as indicated. The manual  inputs 
are  of  the  usual  doublet  type,  whereas  those  generated  by  means  of  the  onboard 
computer  consist  of  a  long  and  a  short  period  sinusoid  described  by 

u(t) = K(A1 sin q t  + A2 sin  w2t) (21 1 

and  are  depicted  by  the  sketch  accompanying  table VI which  lists  the  amplitude 
and  frequency  coefficients for  each  of  the  four  basic  helicopter  control  stick 
commands 610ng, 6c011, 6lat, and 6,Ud. The  frequencies  of  these  sinusoids, 
for  both  the  longitudinal  and  lateral  dynamical  modes,  were  chosen to correspond 
to the  principal  long  and short period  characteristic  roots  of  equations (16)  
and ( 1 8 ) .  Each of the  single  input  maneuvers  for  the  runs at hover  and at 
20 knots  were generated  by  evaluating  equation (21)  for  only one of  the  four 
basic  control  stick  commands,  while  the  double  input ones for  the 40 and 
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60 knot  runs  employ a s e c o n d   s u c h   s i n u s o i d a l  s t i c k  command commencing 6 sec 
la ter  t h a n   t h e   f i r s t   o n e .  The v a l u e s   e n t e r e d   i n  table V I  for t h e   s t a r t i n g  
times to,l   and  t0,2 permit combining  6col l   wi th  610ng and  6rud  with 
61,t as r e q u i r e d  for t h e   r u n s   l i s t e d   i n  part  (b) of t a b l e  V. To avoid   nonl in-  
ear responses ,  A2 s i n  U2t of   6 long   for   the   double   input   maneuvers  is de layed  
6 sec so t h a t   t h e  t w o  s i n u s o i d s   o c c u r   s e p a r a t e l y   i n s t e a d  of s imul taneous ly .  

I n   a d d i t i o n  to  t h e  scale f a c t o r  K, which was i n c l u d e d   w i t h   t h e   c o m p u t e r  
implementat ion of equa t ion   (21  ) to permit v a r y i n g   t h e   a m p l i t u d e s  of t h e  u (t) 
so as to restrict  the   ym, i  t o  l i n e a r   v a l u e s ,  a p i lo t  s t a b i l i z a t i o n  model of 
t h e   f o r m  

' l o n g p i l o t  = ~ ( 0 . 2 1 1 7 ~  - 0 . 7 8 6 7 ~ )  

was also programed.  The  use of 

response  t o  61,t i n p u t s ,   p r e d i c t e d  by s i m u l a t i o n   r e s u l t s   d e s c r i b e d   i n  refer-  
ence 3, t h a t   c a n   c a u s e   l a r g e   n o n l i n e a r   c h a n g e s   i n  u of  9 m/sec or more a t  
a i r s p e e d s   o f  40 knots   and   h igher .   Accord ing  to  r e f e r e n c e  3,  t h i s   r e s p o n s e  w i l l  
occu r   because   t he   l ong  period p i t c h   d i v e r g e n c e  mode becomes   apprec iab ly   uns tab le  
a t  a i r speeds   o f   abou t  40 knots .  

610ngpi lot  was recommended to counter  p i t ch  

Data P r o c e s s i n g  

After comple t ion   of   the  basic d a t a   r e d u c t i o n ,   t h e   f l i g h t   d a t a   r e c o r d s  were 
e d i t e d   a n d   t h e n   f i l t e r e d  t o  remove h i g h   f r e q u e n c y   n o i s e   p r i o r  to ar ranging   them 
i n   p e r t u r b a t i o n   f o r m   f o r   u s e   i n   p e r f o r m i n g   t h e   d e r i v a t i v e   i d e n t i f i c a t i o n   a n d  
model v e r i f i c a t i o n  tasks. The f i l t e r i n g  was accomplished  by  means  of   the  digi-  
t a l  f i l t e r  o f   r e f e r e n c e  9 

i n  which 
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and d i  and d i  d e n o t e   t h e   f i l t e r e d   a n d   u n f i l t e r e d  
of a m e a s u r e d   q u a n t i t y   i n  a d a t a  record c o n t a i n i n g  a 
Equat ion  (23)  is an a l t e r n a t e   f o r m u l a   f o r   t h e   f i l t e r  

v a l u e s   o f   t h e   i t h  sample 
total  o f  S samples.  
t h a t  is conven ien t   fo r  

hand l ing   t he   beg inn ing   and   end ing   po r t ions   o f   t he   da t a   r eco rd   where   va lues   o f  
d i   t h a t  do n o t  l i e  w i t h i n  ,SI are c a l l e d   f o r   i n  the f i l t e r i n g   p r o c e s s .  

The weights  hk a p p l y  to 2 N  + 1 of t h e  S samples   fo r   each   va lue  of i 
and are normal ized   accord ing  t o  

i n  which  each  weight i s  d i v i d e d  by t h e  sum of a l l  2N + 1 va lues .  The  number 
of w e i g h t s   t o  be used,  which  depends  on  the cu t -o f f  and   t e rmina t ion   f r equenc ie s  
fc   and f t  a n d   t h e   s a m p l i n g   i n t e r v a l  A t ,  was determined by 

as recommended i n   r e f e r e n c e  9. 

The set of we igh t ing   func t ions   hn  are genera ted  by  means  of t h e   f o r m u l a  

where W = 2lTf. As equa t ion   (26 )  is i n d e t e r m i n a t e  for n = 0, and for 

n A t  = as well, t h e   e x p r e s s i o n  
1 

2 ( f t  - f,) 

f f  t cos u t  n A t  + f c  cos oC n A t 1  

o b t a i n e d  by means of L'Hapital's r u l e  is then  used.   Evaluat ion of equa- 
t i o n  ( 2 7 )  for n = 0 y i e l d s   h o  = f t  + f, €or t h e   v a l u e   o f   t h e   c e n t r a l   w e i g h t .  
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A typical example  of   the f i l t e r  e f f e c t i v e n e s s   i n   r e m o v i n g   h i g h   f r e q u e n c y  
n o i s e  is i l l u s t r a t e d   b y   t h e   s o l i d   c u r v e   p l o t t e d   i n   f i g u r e   1 ,   w h i c h   r e p r e s e n t s  
t h e   f i l t e r e d  r o l l  ra te  time h i s t o r y  from run  10.   (See table IV.) The sampling 
ra te  a n d   t h e   c u t - o f f   a n d   t e r m i n a t i o n   f r e q u e n c i e s   u s e d  to  p r o d u c e   d i   f o r   t h i s  
plot, and for a l l  of t h e   f l i g h t  data, were A t  = 1 /40 sec, fc = 1 Hz, and 
f t  = 2 Hz. T h e s e   c h o i c e s   r e s u l t e d   i n   t h e   u s e  of 1 6 1   w e i g h t s   s i n c e   t h e  corre- 
sponding   va lue  of N ,  as de termined   f rom  equat ion   (25)  , is 80. 

After a p p l y i n g   t h e  wind c o r r e c t i o n s  from t a b l e  V a n d   r e s o l v i n g   t h e  resul t -  
i n g  freestream ve loc i ty   componen t s   a long   t he  aircraft  body  axes ,   the   remain ing  
p r o c e s s i n g  step was to  r e p r e s e n t   t h e  data as p e r t u r b a t i o n s   r e l a t i v e  to  e q u i l i b -  
rium or trim f l i g h t   c o n d i t i o n s .   T h i s   r e d u c t i o n   o n l y   a m o u n t s  to  fo rming   t he  
d i f f e r e n c e s   b e t w e e n   t h e  t o t a l  output   response   measurements  Yml i a n d   t h e i r  
r e s p e c t i v e  trim v a l u e s  Ym, as i n d i c a t e d   i n   f i g u r e  2. 

F o r   t h e  ideal s i t u a t i o n   w h e r e   t h e   c h o i c e   o f  Y,,, is f r e e  from error,  
t h e   d e s i r e d   o u t p u t   r e s p o n s e   p e r t u r b a t i o n   d a t a  is simply ym, i = Ym, i - Yml0 
which   a l so   subt rac ts   ou t   any   measurement   b ias .  However, i f   p rob lems   such  as 
unsteady trim c o n d i t i o n s  cause t h e   s e l e c t i o n  of t h e  trim p o i n t   v a l u e  t o  be i n  
error as denoted by YA, i n   f i g u r e  2, t h e n  Y h l 0  = Yml0 - b a n d   t h e   r e s u l t i n g  
p e r t u r b a t i o n   d a t a  become 

so t h a t   t h e   e f f e c t  of t h e  trim p o i n t   s e l e c t i o n  error is t o  i n t r o d u c e  a bias b 
i n t o  a l l  i va lues   o f  y;, i. Note t h a t   t h e  small A t o  time o f f s e t   b e t w e e n  
Y A l o  and Ymlo has  no e f f e c t   o t h e r   t h a n  t o  s h i f t   t h e  time a t  which y;,! 
s t a r t s  and does n o t   c o n t r i b u t e   a n y  lead or l a g .  The b i a s  estimate term In  equa-  
t i o n  ( 3 )  was inc luded   ma in ly  as a means to  compensa te   fo r   t he  trim error b i a s e s  
j u s t  descr ibed .   Equat ion   (5)  was s i m i l a r l y   s t r u c t u r e d   s i n c e   e s s e n t i a l l y   t h e  
same s i t u a t i o n  occclrs wi th   t he   con t ro l   i npu t   measu remen t s .  

MLE D e r i v a t i v e   I d e n t i f i c a t i o n  

The computation  of $ by  means o f   t h e  M I X  a lgo r i thm  g iven  by e q u a t i o n   ( 2 )  
was n o t   e n t i r e l y   s u c c e s s f u l   s i n c e  some o f   t h e  test  r u n s   i n  t ab le  V were compro- 
mised by d ropou t s   i n   t he   r ada r   measu remen t s   and   f a i lu re  to  achieve  good trim 
c o n d i t i o n s  prior to  i n i t i a t i n g   t h e  test maneuvers. 

The d r o p o u t s   o f t e n   c a u s e d   u n c e r t a i n t y   i n   d e t e r m i n i n g   t h e  trim v a l u e s  of 
Uo and Wo r e q u i r e d   i n   e v a l u a t i n g   e q u a t i o n s  (1 6) and (18) and  prec luded  
o b t a i n i n g   a n y   v a l u e s   f o r  them a t   a l l  for some o f   t h e   r u n s .   T h i s   p r o b l e m   f u r t h e r  
p r e v e n t e d   i n c l u d i n g   t h e   v e l o c i t y   p e r t u r b a t i o n   m e a s u r e m e n t s   u i  = U i  - Uo, 
v i  = V i  - VOl and w = W i  - Wo as e l emen t s   o f   t he  Ym, i v e c t o r   i n   t h e   a p p r o -  
p r ia te  one   o f   equa t ions  (1 5)  and (1 7 ) .  I n s p e c t i o n   o f   e q u a t i o n s  (1 5) t o  (1 8) , i 
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however ,   shows  the   der iva t ive   in format ion   conta ined   in   these   measurements   essen-  
t i a l l y   d u p l i c a t e s   t h a t  of t h e   l i n e a r   a c c e l e r a t i o n s  nx,  ny,  and  nz so t h a t  
omiss ion   o f  u,  v,  and w does n o t  impair or p r e v e n t   d e r l v a t i v e   i d e n t i f i c a -  
t i o n .   T h u s ,   n o   f u r t h e r  attempt was made to use  u,   v,  or w as r e sponse  mea- 
s u r e m e n t s   i n   g e n e r a t i n g   a n y   o f   t h e  MLE r e s u l t s .  

The  consequences  of  inadequate trim c o n d i t i o n s   g a v e  r ise to a more s e r i o u s  
p rob lem  wh ich   i n   e f f ec t  is e q u i v a l e n t  t o  modeling error.  Unsteady trims can 
i n t r o d u c e   a p p r e c i a b l e   l i n e a r   a n d   a n g u l a r   a c c e l e r a t i o n   c o n t r i b u t i o n s  t o  t h e  a i r -  
c r a f t  r e s p o n s e   m o t i o n s   t h a t  are assumed to  be n e g l i g i b l e   i n   p o s t u l a t i n g   t h e  
l i n e a r   p e r t u r b a t i o n  model. (See ref. 8.) S ince   t he   dynamica l   mode l s   de f ined  
by e q u a t i o n s  (16)  and (1 8)  do n o t   c o r r e c t l y   d e s c r i b e   t h e   a i r c r a f t   r e s p o n s e   u n d e r  
s u c h   c o n d i t i o n s ,   t h e  MLE algorithm t h e n   c a n n o t   y i e l d   a c c u r a t e   d e r i v a t i v e  esti- 
mates. The trim c o n d i t i o n s  assumed i n   s t a t i n g   t h e s e   e q u a t i o n s  are t h a t  
Vo = Po = Qo = R, = 0 and t h a t  Uo and Wo have   cons t an t   va lues .   Typ ica l  
v a l u e s   f o r   t h e s e   q u a n t i t i e s  are i l l u s t r a t e d  by t h e   c u r v e s   i n   f i g u r e  3 which are 
p l o t t e d   f o r   r u n  1 8  from test p o i n t  5. ( S e e   t a b l e  V.) 

Due t o  t h e   c h a n g i n g   v a l u e s   o f   t h e  trim v a r i a b l e s ,   t h e   m a g n i t u d e s   o f   t h e  
c o r r e s p o n d i n g   a c c e l e r a t i o n   c o n t r i b u t i o n s   c a n   v a r y   s h a r p l y   a n d   c a n  cause t h e  
c o n v e r g e n c e   c h a r a c t e r i s t i c s   o f  $ to be v e r y   s e n s i t i v e  t o  t h e   c h o i c e   o f   t h e  
i n i t i a l  time to from  which  the t e s t  maneuver is  presumed t o   s t a r t .  A change 
i n  to o f   o n l y  1 / 4 0  sec, f o r   e x a m p l e ,   c a u s e d   d i v e r g e n t   s o l u t i o n s  t o  converge 
and v i c e   v e r s a   f o r  some o f   t h e  t es t  runs.   The MLF, d e r i v a t i v e   i d e n t i f i c a t i o n  
c o m p u t a t i o n s   w i t h   t h e   p r e s e n t   f l i g h t  data u s u a l l y   y i e l d e d   c o n v e r g e n t   s o l u t i o n s  
f o r  cp when to could  be c h o s e n   s u c h   t h a t   t h e  trim v a l u e s   o f   t h e   l i n e a r   a n d  
a n g u l a r   a c c e l e r a t i o n s  were w i t h i n   a b o u t  0.3 m/sec2 and 0.5 deg/sec2,  respec- 
t i v e l y .  The slopes o f   t h e   c u r v e s   p l o t t e d   i n   f i g u r e  3 show t h a t   t h e s e  limits 
cannot  be s a t i s f i e d   f o r   a n y   u s a b l e   c h o i c e  of to, which   apparent ly  i s  t h e  pr i -  
mary  reason a c o n v e r g e n t   s o l u t i o n  was n o t   o b t a i n e d   f o r   r u n  18 .  The b e s t  @ 
attempt occur red  for to = 2 sec as marked  on  the plots  i n   f i g u r e  3 b u t  
d i v e r g e d   o n   t h e   2 0 t h   i t e r a t i o n .  

h 

Unsteady trim c o n d i t i o n s  also appeared t o  be c a u s a l l y  re la ted t o  t h e  slow 
convergence   obse rved   fo r   s eve ra l   o f   t he   o the r  tes t  runs,   which is c h a r a c t e r i s t i c  
o f   t h e   s o l u t i o n   b e h a v i o r   i n   t h e   p r e s e n c e   o f   m o d e l i n g  error.  Convergence  of 
e q u a t i o n   ( 2 )   t y p i c a l l y   r e q u i r e d  1 0  to 20 i t e r a t i o n s ,  compared  with 5 to  8 i t e ra -  
t i o n s   f o r   s o l u t i o n s   b a s e d   o n   t h e   u s e   o f   s i m u l a t e d   y m , i   d a t a   w h i c h   c o n t a i n e d   n o  
m o d e l i n g   e r r o r .   C o i n c i d e n t a l l y ,   t h e   v a l u e s   o f  cp were o f t e n   d i s t o r t e d  from rea- 
l i s t ic  l e v e l s ,   a n d   t h o s e   f o r  %, Gc, and x. were u s u a l l y  much l a r g e r   t h a n   t h e  
maximum error tha t   cou ld   poss ib lyAbe   i n t roduced   i n   fo rming   ym, i   and  Urn, i. 
The f a c t   t h a t   i n c l u d i n g  b and b, i n  p c a u s e d   t h e   s o l u t i o n s   f o r  some r u n s  
to converge - a l b e i t  to p h y s i c a l l y   i n c o r r e c t   v a l u e s   w h i c h  were nonconvergent 
when o n l y   t h e  cp wereAes t imated  - f u r t h e r   i n d i c a t e s   m o d e l i n g  error.  Addit ion-  
a l l y ,   t h e   v a l u e s   f o r  cp, b,  bc,  and x. were a l l  c o r r e c t l y  a n d   a c c u r a t e l y  
de te rmined  when i d e n t i f i e d   f r o m   s i m u l a t e d   d a t a   c o n t a i n i n g   o n l y   m e a s u r e m e n t  
error . 

A 

A 

A 

A 

A h 

T h e s e   r e s u l t s  are  c o n s i s t e n t   w i t h   t h e  well known f a c t   t h a t   t h e   m i n i m i z a -  
t i o n  process embodied i n   e q u a t i o n   ( 2 )  w i l l  va ry  a l l  of the   e l emen t s   o f  $, i n  
a c c o r d a n c e   w i t h   t h e   a n a l y t i c a l   s t r u c t u r e  of t h e   x i   a n d   y i   m o d e l s ,  so as to  
minimize   (ym, i  - y i )   i n   t h e  l ea s t  s q u a r e s   s e n s e .  (See r e f .  1 0 . )  When modeling 

A h 

A 
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error is present,  the  estimated  parameters  therefore  become  more  and  more  dis- 
torted  as  the zank of 8 increases. The MLE algorithm  then  will  in  essence 
"misuse"  b,  bc,  and x. to  fit modeling  error;  this  explains  why  generally 
better  results  were  obtained  when  only  the  elements  of f$ were  identified. 
Thus,  the  acceleration  contributions  arising  from  inadequate  trim  conditions 
appear  to  be  a  more  likely  source of modeling  error  than model  structure  con- 
siderations  associated  with  the  rank of $ or  with  the  models  for  xi  and 
yi assumed  in  equations (16)  to (18).  Evaluating  the  effect  of  such  errors 
on the  computed  response  time  histories,  as well  as  on the  accuracy of $, 
accordingly  represents  an  important  part of the  overall  model  verification 
task . 

h h 

A 

h 

RESULTS AND DISCUSSION 

The  principal  steps in  verifying  the  linear  perturbation model of  refer- 
ence 2 were  to  compare  the  respective  estimated  and  measured  output  response 
time  histories yi and  ym,i  and  to  compare  the  corresponding  analytical 
derivatives  with  the  EKF  and  MLE  values  identified  from  the  flight  data.  These 
comparisons  accordingly  involve  three  sets  of  yi  which  were  generated  using 
the  analytical  derivatives  of  reference 2, the  EKF  values  of  reference 4 ,  and 
the MLE estimates  of 8 from  equation ( 2 ) .  As stated  in  reference 4,  the EKF 
derivatives  were  obtained  using  a  six  degree-of-freedom  model  subsequent  to  pre- 
processing  the  flight  data  with  a  Kalman  filter  based on kinematical  relation- 
ships. The effect  of  the SAS is  taken  into  account  in  the  EKF  algorithm  by 
adding  the  measured SAS signals  directly  to  the  control  inputs  in  the  equiva- 
lent  open  loop  fashion  described  in  connection  with  equations (10) and (11).  
Since  the  analysis  being  presented  assumes  decoupled  three  degree-of-freedom 
dynamical  modes,  the  three  sets of $i for  each of the  longitudinal  and 
lateral-directional  runs  listed  in  table V were  obtained  separately  by  evaluat- 
ing equation (15)  or (17 )  as appropriate. The corresponding  time  histories 
of  Xi  required  in  these  computations  were  generated  by  numerically  integrating 
equations (1  6) and (1 8 )  using  the  fourth-order  Runge-Kutta  method  with  a  fixed 
step  size of 0.10 sec. 

A 

A 

A 

In order  to  avoid  an  unwieldy  volume  of  plotted  and  tabulated data, which 
contributes  little  additional  information,  only  results  of  runs  from  test 
points 2, 3, 5, 7, 10, 13, and 1 5  of  table V are  presented.  An  exception  is 
run 33 from  test  point 11, which  is  included  in  connection  with  model  structure 
verification. The  results  from  the  single  input  runs in  test points 2, 3 ,  and 5 
that  involve cjco1l and 6,,d were also omitted as being  unnecessary  for  the 
purposes  herein. A l l  of  the  manual  input  runs  were  eliminated  from  further  con- 
sideration  in  the  early  stages  of  the  derivative  identification  computations 
because  these  data  did  not  yield  convergent  solutions  for cp. Most  of  these 
runs  resulted  in yml i  values  that  exceeded  acceptable  small  perturbation 
bounds  and  generally  exhibited  poor  excitation  of  both  the  short  and  long  period 
response  modes. 

n 

In  generating  the MLE solutions,  the  reference 2 derivatives  were  always 
used  for v0 in equation (2) since  they  represented  the  best  available  starting 
values  for  initiating  the  iteration  process.  Because  the ym,i responses  to 
single  input  maneuvers  contain no information  about  the  control  derivatives 

A 
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corresponding  t o  t h e   o m i t t e d   i n p u t  other than   th rough  feedback  (see eqs. (15) 
to (1 8 ) ) ,  t h e s e   d e r i v a t i v e s  were n o t  estimated and were h e l d   c o n s t a n t  a t  t h e i r  
r e f e r e n c e  2 i n i t i a l   v a l u e s  for a l l  s u c h   r u n s .   T h i s   f a c t  is i n d i c a t e d  by t h e  
p a r e n t h e t i c a l l y  marked e n t r i e s   i n  tables I1 and IV. 

L o n g i t u d i n a l   D e r i v a t i v e s  and Response Time Histories 

The time histories y i  a n d   y F , i   f o r   t h e   s e v e n   l o n g i t u d i n a l   r u n s   5 ,  9 ,  
1 7 ,  25, 31,   39,  and 43 from test p o l n t s  2, 3 ,   5 ,   7 ,  10,  1 3 ,  and 1 5  of  table V 
are p l o t t e d   i n   f i g u r e s  4(a) t o  4 ( g ) ,   a n d   t h e   c o r r e s p o n d i n g   d e r i v a t i v e   v a l u e s   a n d  
trim c o n d i t i o n s  are l is ted i n   t a b l e  11. No MLE r e s u l t s  are p r e s e n t e d   f o r   r u n s  9 
and  25  because  convergence  of 8 was a p p a r e n t l y   p r e v e n t e d   b y   t h e  data problems 
d i scussed   p rev ious ly .   Canpa r i sons   w i th   t he  EKF method are made for o n l y   f i v e  of 
t h e   s e v e n   r u n s   s i n c e   d e r i v a t i v e   v a l u e s   f o r  t h e  other t w o  are n o t   g i v e n   i n  refer- 
ence 4 .  To i n v e s t i g a t e   t h e   v a l i d i t y   o f   t h e   m o d e l   s t r u c t u r e   a s s u m e d   i n   e q u a -  
t i o n  (1 6) f o r   t h e   l o n g i t u d i n a l  mode, t h e   r e s u l t s   f o r   r u n  33 of test p o i n t  11 
from t w o  d i f f e r e n t   f l i g h t s  are  compared i n   f i g u r e  5 and table  111. 

h 

By r e f e r r i n g  t o  f i g u r e  4,  r easonab le   ag reemen t   be tween   t he   y i   gene ra t ed  A 

from t h e   a n a l y t i c a l   d e r i v a t i v e   v a l u e s   o f   r e f e r e n c e  2 a n d   t h e   y m , i   f l i g h t  data 
is s e e n  to e x i s t   f o r  a l l  s even   runs ,   w i th  some except ions .   These   concern  t h e  
presence   o f   unmodeled   response   mot ion   and   d i screpancies   in  t h e  y i   r e s p o n s e  
characterist ics associated w i t h  t he  v a l u e s  of t h e  modeled s t a b i l i t y  a n d   c o n t r o l  
de r iva t ives .   Men t ion   shou ld  be made of the fact  t h a t  p i lo t  model i n p u t s  as 
g iven  by equa t ion   (22 )  were i n a d e v e r t e n t l y   a d d e d  to  6long for r u n s  33 
( f l i g h t  0 3 5 ) ,   3 9 ,  and 43.  Other   than  to  s l i g h t l y   d i s t o r t  the  s i n u s o i d a l   s t r u c -  
t u r e   o f  610ng, t h e  a d d i t i o n   o f  

A 

' l o n g p i l o t  t o  t h e s e   r u n s   d i d   n o t  appear t o  

create problems or a f f e c t   d e r i v a t i v e   i d e n t i f i c a t i o n .  

Unmodeled response.-   The time h i s t o r i e s   p l o t t e d   i n   f i g u r e  4 show an  oscil- 
l a t o r y   c o n t r i b u t i o n  t o  t h e  response   mot ion  t h a t  o c c u r s  a t  n e a r l y  t he  damped 
n a t u r a l   f r e q u e n c y  of t h e  l o n g i t u d i n a l  short  p e r i o d  mode and is n o t   p r e d i c t e d  
by e q u a t i o n  (16 )  for e i t h e r   o f  t h e  t h r e e  sets o f   d e r i v a t i v e s  l i s t ed  i n   t a b l e  11. 
T h i s  unmodeled  response appears m a i n l y   i n   t h e  nx plots b u t  is also e v i d e n t  
i n   t h o s e  for q, nz,  and 68 SX f o r  some runs.  These e f f e c t s ,   w h i c h  are most 
p rominen t   i n   runs  5, 1 7 ,  and 55 ,  are a l m o s t   a b s e n t  from r u n s  31,   39,   43,  and 
b o t h   r u n s  33 i n   f i g u r e  5.  A l t h o u g h   h y s t e r e s i s   a n d   n o n l i n e a r i t y   i n   t h e  CH-47 
c o n t r o l   s y s t e m  (or perhaps  rotor dynamics )   r ep resen t   poss ib l e   sou rces ,   t he   cause  
of t h e  unmodeled  response  motion was not   de te rmined .  

V a r i a t i o n   i n   l o n g i t u d i n a l  . . " - response  - - c h a r a c t e r i s t i c s . -   T h e   s e c o n d  area of 
d i s a g r e e m e n t   e x h i b i t e d b y   t h e  gi  plots i n   f i g u r e  4 p e r t a i n s  to  d i f f e r e n c e s  
be tween   t he   cha rac t e r i s t i c s   o f   t he   measu red   and   computed   r e sponses  t o  main ly  
t h e   s h o r t  period component A1 s i n  W l t  of both  'long and  6col l   inputs .  
(See eq. (21 ) .) The r e s u l t s   f o r  a l l  seven   runs   show  the   r e sponses  t o  
A1 s i n  ~1 t of each t y p e   i n p u t ,  as g e n e r a t e d   u s i n g   t h e   r e f e r e n c e  2 d e r i v a t i v e s ,  
to occur  a t  s l i g h t l y   h i g h e r   f r e q u e n c i e s   a n d   w i t h  smaller a m p l i t u d e s   t h a n   t h e  
measured data. A l though   t he re  may be sane c o n t r i b u t i o n  t o  t h e s e   d i f f e r e n c e s  
from unmodeled a c c e l e r a t i o n s   a r i s i n g   f r a n   u n s t e a d y  trim c o n d i t i o n s ,   i n c o r r e c t  
s t a b i l i t y   a n d   c o n t r o l   d e r i v a t i v e s  also c a n   a f f e c t   t h e   r e s p o n s e  characteristics 
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of the computed time his tor ies .  The fact   that  t h e  plots i n  f igure 4 show d i f -  
ferences between the y i  from the  reference 2 and MLF: derivatives  strongly sug- 
gests  that   error i n  these  parameters  probably  accounts  for most  of the  dis- 
agreement w i t h  the ym,i data. 

A 

I n  order t o  determine which derivatives dominate these  variations i n  
response characterist ics,   several   families of y i  sensitivity  curves were  gen- 
erated i n  which each of the  15  derivatives modeled i n  equation (1 6) were s e t   t o  
zero one a t  a time. These plots,  which were  computed  from the  reference 2 deriv- 
atives  for  airspeeds of 0, 20, 40,  and 60 knots,  indicate  that  the  frequency and 
damping character is t ics  of the Qi are most sensi t ive  to  changes i n  %. Refer- 
ence to   t ab le  I1 suggests  that  the  reference 2 values  for % are  too  large, 
which t h u s  appears  to be the main reason  the  frequency and  damping  of the  corre- 
sponding short  period  responses  are  accordingly  too  large. The ?i generated 
from the MLF, derivatives  tend  to  agree more closely w i t h  the ym, i ,  b u t  the 
values  for may  be somewhat too  small,  particularly  at  the higher airspeeds. 
Except for  runs 1 7  and 25, the EKF results  also  indicate  the  reference 2 values 
for  are  too  large and agree  better w i t h  the MLE estimates. 

A 

I n  addition  to showing the  short  period damping to  be dominated mainly by 
q, the sensit ivity  plots  further  indicate  the  amplitudes of the ?i responses 
to  610ng and 6col l  inputs  to be approximately  proportional to   the  magnitudes 
of the  corresponding  control  derivatives,  as  expected. The pitch  rate time h i s -  
tories  plotted i n  figure 4 t h u s  indicate  that  the  reference 2 and MLE values 
for l i s ted  i n  table  I1 are of about  the  correct  magnitudes,  while  those 

for  the EKF model appear to  be three  to  four times too  small.  Similarly,  the 
plots of nx suggest  that  the MLE values  for  are  reasonably  correct 

and that  those  for  the  other two models are an order of magnitude too  small. 
The plots of nz exhibit  about the same behavior  for  the  runs a t  hover  and 
20 knots,  except  that  the s i g n  of also  appears  to be incorrect  for 

the  reference 2 and EKF models. The three  sets  of 

agreement for  the  runs  at 40 and 60 knots; however, the  sensi t ivi ty   plots  i n d i -  
cate  that  damping of the nz responses is also  strongly  affected by Zw. These 
resul ts  show the MLE estimates of Zw for  runs 31 and 39 to  be  of incorrect 
sign and imply that  the  reference 2 values  are  perhaps a factor of 2 too  large. 
The 6,11 control  derivatives  for  the  three  derivative models agree more 
closely than  those  for &long and  do not  give r i s e   t o  any large  differences 

between the  amplitudes of y i  and ym, i. 

M%ong 

x %ong 

%ong 

%ong values  are i n  better 

A 

Pitch SAS model.- The plots  for 60,s- i n  f igure 4 (and a l so  i n  f ig .  5) 
generally  exhibit  the same response characterist ics  as would be expected  for q 
since  the SAS states  VI , v2, and v3 are  dominated by the  pitch  rate  response. 
(See  eqs. (1 2) and (1 6) .) These curves  indicate  about  the same level of agree- 
ment between the measured pitch SAS time his tor ies  and those  predicted by each 
of the  three  sets of derivatives. Thus ,  the 6 0 , s ~ ~  resu l t s  tend to  verify 
the  pitch SAS modeling employed i n  equations (1 5) and (1 6). 
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Model s t r u c t u r e . -  The compar i son   o f   r e su l t s  from t w o  d i f f e r e n t  t r i a l s  of 
r u n  33 from test p o i n t   1 1 ,   p r e s e n t e d   i n   f i g u r e  5 a n d   t a b l e  111, p r o v i d e s   d a t a  
f o r   i n v e s t i g a t i n g   t h e   v a l i d i t y   o f  t he  m o d e l   s t r u c t u r e  assumed i n   e q u a t i o n   ( 1 6 )  
and   r ep resen t s   an   impor t an t   a spec t  of t h e  o v e r a l l   m o d e l   v e r i f i c a t i o n  t a s k  as 
p r e v i o u s l y   d i s c u s s e d .   I n   f i g u r e   5 ( a )  , and vice v e r s a   i n   f i g u r e   5 ( b )  , t h e  $i 
genera ted  by t h e  $ i d e n t i f i e d   u s i n g  the  p l o t t e d   y m , i  are compared with both 
t h e   y i  computed  with  the $ f rom  the   o the r   run   and  t h e  y i  from the r e f  er- 
ence 2 d e r i v a t i v e s .   B o t h  sets of r e s u l t s   i n d i c a t e   r e l a t i v e l y  minor   degrada t ion  
of the   cu rve  f i t  when cp from a d i f f e r e n t  t r i a l  o f   t he  same run  is used t o  gen- 
erate y i .  The agreement  between  ym, i a n d   t h e  MLE estimates of ŷi from  both 
runs i n d i c a t e d   i n   f i g u r e  5 a n d   t a b l e  I11 does n o t ,   t h e r e f o r e ,  appear t o  be j u s t  
t h e   r e s u l t  of s a t i s f y i n g  t h e  M I X  minimizat ion c r i t e r i a  b u t   r e p r e s e n t s   l i m i t e d  
v e r i f i c a t i o n  of e q u a t i o n  (1 6) . A s  t h e  trim c o n d i t i o n s  for bo th   runs  were gener- 
a l l y   b e t t e r   t h a n   t h o s e  for most of t h e  o the r   h ighe r  airspeed r u n s ,  t h e  degrada- 
t i o n   i n   a c c u r a c y  o f  t h e  cp due t o  n o n z e r o   a c c e l e r a t i o n s   i n   t h e  yml i is prob- 
a b l y   n o t   v e r y   g r e a t .  

n h 

n 

A 

A 

Late ra l -Di rec t iona l   Der iva t ives   and   Response  Time Histories 

The t ime-his tory  comparisons for t h e  s e v e n   l a t e r a l   r u n s   6 ,  10, 18, 26,  32, 
4 0 ,  and 44 from tes t  p o i n t s  2, 3 ,  5, 7, 10, 1 3 ,  a n d   1 5   a r e  plotted i n   f i g -  
ures 6 ( a )  t o  6 ( g ) ,   a n d   t h e   c o r r e s p o n d i n g   d e r i v a t i v e s   a n d  trim c o n d i t i o n s  are 
l i s t e d  i n   t a b l e  I V .  A s  w i t h  r u n s  9 and 25, da t a   p rob lems   appa ren t ly   p reven ted  
convergence of $ so t h a t  no M U  r e su l t s  f o r   r u n  1 8  are p r e s e n t e d .  The EKF 
results f o r   r u n   1 8   a r e  also omitted s i n c e   t h e y   a p p e a r e d  t o  be s i m i l a r l y   a f f e c t e d  
by t h e  same data  problems.  Comparisons w i t h  t h e  EKF method  accordingly were 
made for j u s t   f o u r  of the   seven   runs   because  the  n e c e s s a r y   d e r i v a t i v e   v a l u e s  
€or r u n s  1 0  and 44 are n o t   g i v e n   i n   r e f e r e n c e  4.  Unfor tuna te ly ,   none  of t h e  
MLE s o l u t i o n s  for t h e   l a t e r a l   r u n s   p r o v i d e d   s u i t a b l e   d u p l i c a t e   d a t a  for model 
s t r u c t u r e   v e r i f i c a t i o n  of e q u a t i o n  (1 8)  , as was done w i t h  e q u a t i o n  (1 6 ) .  

The r e s u l t s   p r e s e n t e d   i n   f i g u r e  6 g e n e r a l l y   i n d i c a t e   a b o u t   t h e  same l e v e l  
of agreement  between y i  f r m  t h e  r e f e r e n c e  2 d e r i v a t i v e s   a n d   t h e   y m , i   f l i g h t  
d a t a  as for t h e  l o n g i t u d i n a l   r u n s   a n d   e x h i b i t   s i m i l a r   d i s c r e p a n c i e s   a s  well. 
Al though  no   un in ten t iona l   p i lo t   model   implementa t ion   occur red  w i t h  t h e  l a t e r a l  
runs, t h e  f a c t   s h o u l d  be m e n t i o n e d   t h a t   t h e   6 I a t   i n p u t s   f o r   r u n s  26 and 32 
conta in   an   unprogramed  s igna l  of unde te rmined   o r ig in  which is not  modeled  by 
equat ion   (21)  . T h i s  s i g n a l  resembles t h e   p i l o t  model i n p u t   g i v e n  by equa- 
t ion   (22) ;   however ,  t h e  a m p l i t u d e   v a r i a t i o n s   i n  u and w o v e r   t h e   r e l e v a n t  
p o r t i o n s  of their  time histories are too small i n  b o t h   r u n s  t o  g e n e r a t e  a 

' l o n g p i l o t  

t h i s  s i g n a l  was therefore n o t   t h e  p i lo t  s t a b i l i z a t i o n  model, its presence  
appeared  to have   no   no t iceable  effect on t h e  r e s u l t s .  

A 

comparable t o  t h e   i n p u t   s i g n a l   i n   q u e s t i o n .   W h i l e   t h e   s o u r c e   o f  

Urnode-led response . -   TheAt ime  h i s tory  plots i n   f i g u r e  6 show an  unmodeled 
o s c i l l a t o r y   - c o n t r i b u t i o n  to y i  similar t o  t h a t   n o t e d   i n   f i g u r e  4;  however, 
t h e  f requency  i s  g e n e r a l l y   h i g h e r   r e l a t i v e  t o  t h a t  of the l a t e r a l  s h o r t  period 
mode and   t he   ampl i tude  is s m a l l e r .  A s  w i t h  t h e  long i tud ina l   runs ,   t he   unmode led  
response  is most p r m i n e n t   i n  t h e  l i n e a r   a c c e l e r a t i o n  plots. Th i s   behav io r ,  
which is n o t   p r e d i c t e d   b y   e q u a t i o n  (1 8)  for e i t h e r  of t h e   t h r e e  sets of deriva- 
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t ives  listed i n  table  I V ,  is evident i n  t h e  ny curves  for a l l  seven r u n s  and 
i n  the 6 $ , s ~  plots  for runs 6 and 1 0  also. The period of t h i s  osci l la t ion 
appears t o  be about 1 sec or  roughly  half  that observed for  the ones i n  the 
longitudinal runs .  As i n  the  case of t h e  longitudinal mode, the  cause of the 
unmodeled response was not identified.  

Variation i n  lateral-directional  response  characteristics.- The charac- 
t e r i s t i c s  of the measured and  computed responses to  the A1 s i n  q t  component 
of 61,t and 6rud inputs  exhibit  differences  that  are  similar  to  those noted 
for t h e  longitudinal  runs. I n  the same  manner as  for  equation (1 6) , sensit iv- 
i t y  time his tor ies  were generated  for  the 1 5  derivatives modeled i n  equa- 
tion (1 8 ) .  These plots were also computed for  airspeeds of 0, 20, 40, and 
60 knots  using t h e  reference 2 derivatives. They indicate  that   variation i n  
Lp has the most effect  on the  lateral-directional  short  period  frequency and 
damping characterist ics.  

Examination of the p i  plots i n  f igure 6 and the  entries i n  table I V  sug- 
gests  that  the  reference 2 values  for Lp are  perhaps 20 percent  too  small  for 
the hover  and 20 knot runs, and roughly  the same  amount too  large  for  the  runs 
a t  40  and 60 knots. By comparison, the MLE estimates of yield 9i  tha t  
agree more closely w i t h  the  yT,i  at  the lower airspeeds, u t  the  entries  for 
the  higher  airspeeds  appear  sllghtly  too  small  except  for run 44.  With  the 
exception of run 40,  a l l  of the EKF' values  for Lp are  of positive  sign  as 
noted i n  reference 4. The positive  values  for Lp resu l t  i n  insufficient damp- 
i n g  of the  lateral-directional  short  period mode and cause  sune of the ŷi i n  
figure 6 to  exhibit  divergence.  (See  fig. 6 (a)  for example.) 

L% 

With regard t o  amplitude,  the  principal  areas of disagreement between Gi 
and ym, i concern the  curves  for p and ny plotted i n  figure 6 .  The deriv- 
ative  sensit ivity  plots  indicate  that   the  differences i n  the  response  amplitudes 
of p t o  d l a t  inputs  are not due to  the damping action of Lp alone. The 
plotted  results t h u s  imply that  the  values  for l i s t ed  i n  table IV are 

too  small by 30 percent or more for   a l l   three  der ivat ive models. The curves 
for ny show 180° phase differences i n  the  responses  to both d l a t  and Grud 
inputs  that  indicate  the  reference 2 and EKF values  for  the  lateral   force con- 
t rol   der ivat ives  have incorrect signs. The entr ies  i n  table  I V  and the ny 
plots  generated from the M L E  derivatives  suggest  that 

t ive   for   a l l  seven runs w i t h  approximately  the magnitudes of the  reference 2 
values.  Similarly, YGrud should remain posit ive w i t h  magnitudes somewhat 

larger  than  the MLE estimates. 

LGlat 

6 l a t  should be nega- 

R o l l  SAS and  yaw SAS models.- I n  a manner analogous to  the  plots 
i n  figures 4 and 5, the  time his tor ies  of 6 6 - s ~ ~  and ~ $ - S A S  presented i n  
figure 6 exhibit  about  the same response characteristics  as  those  for p and 
for  the  composite of r and ny, as would  be inferred from equations (1 3 ) ,  
(1 4)  , and (1 8 ) .  The measured and  computed SAS signals  again  reflect  the same 
level of agreement as  that between the ym, i and the  three  sets of yi ,  except 
that  the  amplitudes of t he   ro l l  SAS measurements are 1 0  to  20 percent  larger 
than  predicted by either of the  three  derivative models. The reason  appears 

I r I 

A 
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to be  that  canceling one of  the  two roll SAS actuators  to  halve  the ro l l  SAS 
gain Kp (see  table  I), as recommended in reference 3 to  minimize  rotor- 
fuselage  coupling  predicted  by  simulation  studies,  did  not  yield  exactly  the 
desired 6.35 value. However,  the  results  plotted  in  figure 6 do not  otherwise 
indicate  any  deficiencies  which  would  invalidate  the SAS models incorporated 
in equations (1 7) and (1 8) . 

Closed  Loop MLE Derivative  Identification 

As mentioned in  the  Introduction,  one of the  objectives of the  overall 
model verification was to  investigate  the  effect on derivative  identification 
of conducting  the  flight  tests  on  a  closed  loop  basis  with  the SAS operating. 
The  preliminary  checkout  of  the MLE algorithm  for  the CH-47 application,  using 
simulated  ym,i  data  which  include  the  effects of the SAS, indicated  that  good 
closed loop identification  accuracy  should  be  attainable  with  reasonably  consis- 
tent  flight  data. The MLE results  presented in figures 4 to 6 and  tables  I1 
to Iv strongly  suggest  that  comparable  accuracy  also  would  have  been  achieved 
with  the  actual  flight  data  if  the  trim  conditions  had  been  more  adequately 
obtained.  Although  the  modeling  error  introduced  by  inadequate  trim  conditions 
may  retard or even  prevent  convergence  of  the MLE algorithm,  the  checkout  compu- 
tations  further  showed  that no increase  in  the  number  of  iterations  of  equa- 
tion (2) should  occur  because of performing  derivative  identification  with  a 
closed  loop  dynamical  system. 

The notions  that  the SAS  will  suppress response modes and  cause  what  is 
termed  masking  of  the  derivatives, so as to reduce or impair  their  identifi- 
ability,  were not  observed  to  be  true  of  the 8 computations  with  either  simu- 
lated or actual  flight data. To the  contrary,  the  plots  of  ym,i  in  figures 4 
to 6 show  well  defined  responses  with  no  evidence  of  any  suppression  of  either 
the short or long  period  modes. By preventing  divergent  responses,  the SAS thus 
appears to facilitate  rather  than  impede  good  modal  excitation. In addition 
to  decoupling  the  longitudinal  and  lateral-directional  modes  very  effectively, 
as  discussed  in  conjunction  with  equations (1 5) to (1 8 )  , the SAS also Seems  to 
enhance  the  identifiability of the  control  derivatives  when the MLE algorithm 
is  used. 

Comparison of Manual  and  Computer-Generated  Input  Maneuvers 

The primary  purpose  in  comparing  results  from  manual  and  computer-generated 
input  maneuvers  is  to  evaluate  the  suitability  of  each  for  generating  flight 
data  for  derivative  identification  purposes. In this  connection,  the  most 
important  requirement for  the response  data  is  good  excitation  of  the  aircraft 
dynamic  modes at the  largest  amplitudes  that  remain  within  practical  small  per- 
turbation  bounds. The ym,i curves  for  run 36 plotted  in  figure 7 and  for 
run 40 in  figure 6 illustrate  typical  response  measurements  generated  by  manual 
and  computer-generated  inputs at the  same  test  conditions.  Although  the  plots 
in  figure 7 are  not  representative of typical  pilot  performance  in  any  sense 
because no practice  maneuvers  were  flown,  they do however  demonstrate  inherent 
difficulties  that  can  be  encountered  in  manually  implementing  a  doublet  pulse 
input  maneuver  having  the  desired  frequency  and  amplitude  characteristics. In 
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this  example,  the  amplitude  of  the 61at input  is  satisfactory  but  the  fre- 
quency  is  almost  three  times  less  than  the  value  for wi listed  in  table VI. 
Primarily  because  the  pulse  duration  is  thereby  too  long,  the  resulting  ampli- 
tude of p  (see  fig. 7)  is  too  large  and  is  seen  to  be  roughly  double  that 
produced  by  the  corresponding  computer-generated  dlat  input  maneuver. The 
manual  inputs  also  are  not  very  repeatable, as both  the  pulse  duration  and 
amplitude  are  usually  determined  by  the  pilot's  judgment  with  the  result  that 
accurate  repetition of even  the  most  simple  doublet  pulse  is  almost  impossible 
to  achieve. Furthermore,  the  complexity of the  piloting  task  essentially  pro- 
hibits  using  inputs  that  require  superimposing  multiple  pulses of differing 
frequency  and  amplitude  content. 

Computer-generated  inputs,  by  comparison,  exhibit  the  potential  for  alle- 
viating  practically  all  of  the  difficulties  just  described. The results  pre- 
sented  in  figures  4  to 6 indicate  that  these  inputs  can  solve  the  problem of 
response  mode  excitation  very  successfully.  Most  of  the  ym,i  curves  show 
well-defined  sinusoids  that  have  precisely  the  intended  short  and  long  period 
response  frequencies. In this  connection,  using  the  variable  scale  factor K 
(see  eq.  (22))  proved  to  be  highly  effective  in  constraining  the  response  ampli- 
tudes  of  the  ym,i  in  these runs within  practical  linearity  limits. 

The onboard computer, by  providing  the capability for  programing  any  vari- 
ety  and  number  of  input  shapes or waveforms  that  can be  represented  mathemati- 
cally,  thereby  offers  the  means  for  assuring  proper  modal  excitation  which  effec- 
tively  solves  the  most  difficult  part  of  the  input  design  problem. The remaining 
task  then concerns  determining  an  optimum  combination  of  the  number  of  sinusoids 
or other  input shapes, their frequencies  and  amplitudes,  and  the  number  of 
cycles  each  one  is  to  be  repeated  during  the course  of the  input  maneuver.  Since 
they can be  precisely  repeated as often  as  desired  once  programed,  these  inputs 
also  can  facilitate  generating  duplicate  ym{i  data  for  model  structure  verifi- 
cation.  Thus,  when  the  test  aircraft  is  equlpped  with  the  necessary  electronic 
control  system,  the  use of computer-generated  inputs  appears  to  be  superior  to 
manual  ones.  Subsequent  flight  tests  for  other  purposes  showed  that  very  good 
trim conditions  can  be  achieved  by  means of the  electronic  control  system. 
Hence, the  problem  with  nonzero  trim  accelerations  can  be  largely  avoided by 
also  automating  the  trimming  of  the  aircraft  prior  to  initiating  a  test 
maneuver. 

CONCLUSIONS 

The results  from  flight  tests  for  verifying an existing  analytical  model 
of the  aerodynamic  derivatives  for  a  CH-47  tandem-rotor  transport  helicopter 
indicate  the  following  conclusions: 

1. The  analytical  model  is  reasonably  correct  with  respect  to  the  stability 
derivatives,  which  exhibit  only  minor  inaccuracies,  but  some  of  the  longitudinal 
and lateral  force  control  derivatives  have  incorrect  signs  and  magnitude  errors 
as  large  as  a  factor  of 10. 

2. Although  nonzero  trim  accelerations  in  the  flight  data  caused  the  deriv- 
atives  identified  from  both  extended  Kalman  filter (EKF) and  maximum  likelihood 
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estimator (MLE) algorithms  to be  in  error  also,  the  results  from  the  latter 
show a  strong  tendency  to correct  the  deficiencies  in  the  analytical  model  that 
indicates  the MLE algorithm  would  yield  good  accuracy  if  trim  accelerations  were 
absent. 

3. Closed  loop  flight  testing  with  the  aircraft  stability  augmentation  sys- 
tem (SAS) operating  does  not  adversely  affect  derivative  identification  for 
tandem-rotor  helicopters. 

4 .  The use  of  computer-generated  input  maneuvers  is  superior  to  manual 
ones and  is  highly  effective  in  generating  transient  response  data  having  good 
modal  excitation  without  exceeding  practical  small  perturbation  amplitude 
bounds. 

5. Whenever  the  necessary  electronic  control  system  is  available,  the  prob- 
lem  with  nonzero  trim  accelerations  should  be  largely  avoidable  by  also  automat- 
ing  the  trimming of the  aircraft  prior  to  initiating  a  test  maneuver. 

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
November 21,  1979 
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TABLE I.- CH-47 SAS MODEL CONSTANTS 

Feedback gains: 
Kq. cm/rad/sec . . . . . . . . . . . . . . . . . . . . . . . . . . .  43.94 
aKp.  cm/rad/sec . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.35 

K r .  cm/rad/sec . . . . . . . . . . . . . . . . . . . . . . . . . . .  26.21 . 

%P. cm/rad/sec . . . . . . . . . . . . . . . . . . . . . . . . . .  16.43 
K Y W :  

V- Eo = 0 to  20  knots.  cm/m/sec . . . . . . . . . . . . . . . . . . .  0 
Eo = 20 to  40 knots.  cm/m/sec . . . . . . . . . . . . . . . . . . .  0.1233 
yo = 40  to 60 knots.  cm/m/sec . . . . . . . . . . . . . . . . . . .  0.2717 
Uo = 60 to $0 knots.  cm/m/sec . . . . . . . . . . . . . . . . . . .  0.2958 

State  variable  coefficients: 
a0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0364 
a1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.8177 
a2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.0401 

ba4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.3725 
a6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.2433 

Feedback gain  coefficients: 
bl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -1.2890 
b2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.2676 
b3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -8.8799 
b5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.3125 
b7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.2433 

aValue one-half that  given in reference 5 . (See  also ref . 3.) 
ba4 = 2a4; eo < 40  knots . 
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TABLE 11.- LONGITUDINAL  AERDDYNAMIC DERIVATIVES AND TRIM  CONDITIONS 

- -~ 

Run 25 I Run 31 1 Run 3 9 .  1 Run 43 

40 60 60 40 
0 2.54 0 2.54 

44.9 
-0.00 

41 . 2  
2.78 

62.8 
0.93 

6 3 . 2  

3.20 
3.71 

5.31 1.91 2.49 

I Q u a n t i t y  ' D e r i v a t i v e  
model 

( a )  

Run 5 1 Run 1 7  

0 
0 

" 

0 
2.54 

20 
2.54 

- 0,. k n o t s  . . . . . . . . . 
no. m s-1 . . , . . . . . . 
Trim: 

U,, knots . . . . . . . . 
no, m s-1 . . . . . . . . 
0,. deg . . . . . . . . . 

S t a b i l i t  
Mq, s- T: . . . . . . . . . 
Mq, s-1 . . . . . . . . . 
%, s-1 . . . . . . . . . 
hr s-1 m-1 . . . . . . . b, s-1 m-1 . . . . . . . 
M,, s-1 m-1 . . . . . . . 
4, s-1 m-1 . . . . . . . 
M,, s-1 m-1 . . . . . . . 
M", s-1 m-1 . . . . . . . 
z,, s-1 . . . . . . . . . 
G, s-; . . . . . . . . . 
z,, s- . . . . . . . . . 
%, s-1 . . . . . . . . . 
x,, s-1 . . . . . . . . . x,, s-1 . . . . . . . . . 

-0.00 
1.7 

6.36 

1 .o 

7.42 
2.1 5 

1 8 . 4  

3.90 
3.67 

0 
0 
0 

-1.2293 

-0.6680 
-0.8882 

0.0077 
-0.0284 
-0.0496 

0.0304 
0.0321 
0.0344 

-0.2956 
0.1203 
0.0454 

0.0326 
0.2425 
0.0382 

-1.3422 
-0.6005 
-0.1471 

0.2248 
0.0402 

-0.0483 

0.031  7 
0.01 26 
0.0009 

-0.31 55 
-0.41 21 
-0.5977 

0 .0322  

0.01 80 
0.1 947 

0.001 3 
-0.01 26 
-0.0323 

-1.5695 -1.6084 
-0.4776 
-0.4633 

-0.0591 
0.0680 

-0.01 57 

-0.0076 
-0.0239 
-0.0008 

-0.41 55 

-0.1 055 
0.41  07 

-0.01 1  7 
0.0385 

0.0436 

-0.0093 
-0.0383 
-0.01  54 

-1.681 8 
-0.2911 -0.51 59 _ _ _ _ _ _ _  -0.6040 

-1.7072 

0.0579 

_ _ _ _ _ _ _  -0.01 07 
0.0097 0.0480 
0.0623 

-1.6089 

0.0583 0 
0 
0 -0.0363 

0 
0 
0 
0 

0 
0 

-0.0034 

0.001  4 

-0.4454 

- " " __ 

- " - " - 
-0.0429 

0.0387 

0.031 5 
- " " " 

-0.01 1 6  
" -_  -_ - 
-0.0358 

-0.01 38 
-0.001 3 
-0.01 57 

-0.551 2 

-0.1 550 
0.0758 

0.0376 

0.0201 
0.0755 

-0.01 70 
0.01 00 

-_ _" - - 

-0.2266 
-0.5345 

0 
0 
0 

-0.0340 
0.0390 

x,, s-1 . . . . . . . . . 0 

x,, s-1 . . . . . . . . . -0.0429 
X,, S-l . . . . . . . . . 1 1 -0.0690 

-0.021  1 -0.0205 -0.01 9 2  
-0.0304 1 0.0001 I -0.0483 _______ "" _" 

C o n t r o l :  
.-2 cm-l 

":long' . . . .  
M61m9; .-2 cm-l 

s-2 m-l 
0 

0 0.1278 0.1397 0.1080 ------- 0.1577 ------- 0.11 1 6  0 
0.1 296 

------- 0.0473 0.0313 0.0206 0.0129 ------- 0.0588 

0.1 549 0.1 540 0.1395 0.1401  0.1289 0.1 258 . . . .  
long . . . .  

0.0359 
0.01  37 
0.0392 

0.0254 

0.051  2 
0.1184 
0.0604 

-1.001 3 

-0.6787 
-0.7883 

0.1363 
0.01 2 5  

0.01 21 

0.0661 

0.0642 
0.0444 

0.01 87  
0.0602 

0.0117 

0.0561 
0.1106 
0.0853 

-1 .1232 
-0.6667 
-0.781  2 

0.01 52 
0.1744 
0.01  37 

0.051  2 
0.0568 
0.0523 

0.0306 
0.0662 

"" "_ 

0.0355 
0.0630 

n6 S-2 m-1  . . . . 
MSC0l1: s - ~  cm-l . . . . 0 

0 
MgcOl1, s - ~  an-l . . . . mll  

::long' m s-2 cm-1 . . . 

0 
0 

m 5-2 m-1  . . . 0 
~6',,"8: m s-2 cm-1 . . . 0 

~ 6 , ~ ~ ,  m s-2 cm-1 . . . 0 
~ 6 , ~ ~ .  m 5-2 an-] . . . 0 
~ 6 ~ ~ ~ ~ ,  m 5-2 cm-1 . . . 0 0.01 3 7  0.01 31 
~ 6 ~ ~ ~ .  m s-2 an-1 . . . 

m s-2 cm-1 . . . 0 
0 

~ 6 ~ ~ ~ .  m s-2 m-1  . . . 0 
~ 6 ~ ~ ~ ,  m s-2 cm-1 . . . 0 

0.0075 

"_"" -0.0055 
------- b(0.0075)  

0 .0069 

0.0036 0.0038 

0.0037 ------- 
-0.1608 --_-___ 

Z6c011, m S-' an-' . . . 0 -0.9674 

______- -0.7836 
------- b(-0.9674) 
-0.9661 

0.01 41 

0 EKF ( r e f .   4 ) .  

------- 0.0980 0 m s-2 an-1 . . . ------- b(0.1126)  
0 .1125 0.1126 

------- 0.151  4 
------- 

aO R e f e r e n c e  2 o m  
held o o n s t a n t  a t  r e f e r e n c e  2 v a l u e s .  

0.001 3 
b(0.0013)  

-0.0033 

-0.1 466 
0.01 99 

0.01 42 

(-0.9784) 
-0.9784 

-1.1295 

0.01  26 
0.1  784 
0.0269 

b(0.0831)  
0.0831 

0.0743 

0.0115 

0.0444 

0.0206 

-1.0282 

-1.1  296 

" _"" 

- - "_ " 

0.01 3 0  

-1.0990 
-0.7668 

0.01 5 0  
0.1257 

0.01 43 

0.0655 0.0550 
0.0670 

- -_ " - - 0.0655 
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TABLE 111.- LONGITUDINAL AERODYNAMIC DERIVATIVES AND TRIM  CONDITIONS 

FOR RUN 33 FROM TWO DIFFERENT  FLIGHTS 

. - " ......... 

Q u a n t i t y  

. .  ~- ." . 

Trim: 
uo, k n o t s  . . . . . . . . . .  
w,, m s-1 . . . . . . . . . .  
Oo, deg . . . . . . . . . . .  

S t a b i l i t  : 
S -7 . . . . . . . . . . .  
.-1 ,-1 
s-l m-l 
S-1 . . . . . . . . . . .  
S-1 . . . . . . . . . . .  
S-1 . . . . . . . . . . .  

. . . . . . . . .  . . . . . . . . .  

01 : 
s-2 cm-1 . . . . . . .  

M%ong' m-l M6coll' .-2 cm-l 
. . . . . . .  . . . . . .  &long 

z%oll '  
X610ng' 
x%ol l f  

. . . . . .  m s-2 cm-1 
m s-2 cm-1 
m s-2 m-1 

. . . . . .  . . . . . .  
. . . .  . . . . . .  

___ - 

R e f e r e n c e  2 
0 

. -  . 

40 
5.08 
4.68 

-1.6547 
0.0790 

-0.01 49 
-0.3  849 
0.0384 

-0.0069 

0.1 397 
0.0450 
0.0602 

-0.9680 
0.011 9 
0.0663 

F l i g h t  031 
. ." 

0 

41  .7 
5.52 
3.55 

-1 .lo70 
-0.1 1 95 
0.1 803 

-0.361 2 
-0.1 071 
0.21 45 

0.091 1 
0.01 02 

-0.1 61 5 
-0.8264 
0.1 308 
0.0354 

- -  . 

F l i g h t  035 
0 

39.6 
6  -61 
3.66 

-0.5236 
-0.1 030 
-0.0262 
-0.4440 
-0.1 21 7 
-0.030 5 

0.0890 
-0.0035 
-0.1 54  8 
-0.7306 
0.1 155 
0.0555 
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TABLE IV.- LATERAL-DIRECTICNAL  AERODYNAMIC  DERIVATIVES AND TRIM  CONDITICNS 

Quant i ty  

. z,. k n o t s  . . . . . . . . .  
w,. m s-1 . . . . . . . . .  
Trim: 

U.. knots  . . . . . . . .  
w.. m s-1 . . . . . . . .  
oO. deg . . . . . . . . .  

S t a b i l i t  
YV . s- 7' . . . . . . . . .  
Yv. s-1 . . . . . . . . .  
Y, . s-1 . . . . . . . . .  
L,. s-1 m-1 . . . . . . .  L,,. s-1 m-1 . . . . . . .  
L,. s-1 m-1 . . . . . . .  
Lp. s-1 . . . . . . . . .  
Lp. s-1 . . . . . . . . .  Lp. s-1 . . . . . . . . .  
N ~ .  s-1 m-1 . . . . . . .  
q. s-1 m-1 . . . . . . .  
N,. s-1 m-1 . . . . . . .  

. . . . . . . . .  . . . . . . . . .  
Np. . . . . . . . . .  
Nr.  s-l . . . . . . . . .  
Nr.  S-l . . . . . . . . .  
Nr.  S-l . . . . . . . . .  

Contro l :  

1 D e r i v a t i v e  
model 
(a) 

0 
0 
0 
0 

0 
0 

0 
0 
0 
0 

0 
0 

0 

8 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

8 

Run 6 

0 
0 

-0.00 
0.4 

8.48 

-0.1  371 
-0.11 70 
0.0481 

-0.0202 
-0.0200 

0.021 6 

-1.3592 
-0.6950 

0.4069 

-0.0000 
-0.0020 

-0.01 58 

0.0008 
-0.2458 
-0.0301 

-0.041  7 

-0.0470 
0.4230 

0.1  391 
-0.1736 
-0.081 8 

-0.0065 
b(-0.0065) 
-0.0059 

0.1 636 
0.2030 
0.1 637 

Run 10 

2.54 
0 

1.7 
2.48 
6.72 

-0.1  31 8 
0.1 531 

-0.01  91 
-0.0851 
........ 

I ........ 
-0.001  8 
0.0076 
. . " " " 

-0.001  5 
-0.3781 
........ 

-0.0408 
0 . 3891 
........ 

0.1 389 
0.0393 
........ 

(-0.0066) 
-0.0066 

........ 

0.1 634 
0.1 303 
........ 

-2 an-l . . . . .  
L6.ud. ," .2 m-l 0 
L6rud, .. 2 an-i 

. . . . .  . . . . .  %Ud, 

0 
0 
0 

0.0036 
0.0204 

-0.0068 

0.0036 
0.031  8 
........ 

-2 an-1 . . . . .  0.0802 0.0801 . . . . .  
........ . . . . .  

~ ~ _ -  
b e l d   c o n s t a n t   a t   r e f e r e n c e  2 v a l u e s  . aO Reference  2 o m  0 WF ( r e f  . 4) . 

I-Run 18 I Run 26 

20 
2.54 

40 
0 

21 . 8 
3.20 

38.4 
-1 . 71 

4.72  4.25 

-0.1 083 
-0.1 227 
-0.0689 

0.1872 

-0.01  85  -0.01 82 
-0.0597 

. . -" .. -0.0239 

-0.7489  -0.7748 
-0.21 66 
0.9993 

0.0043 0.0009 
0.0022 
0.0023 

. . "_ . . 

....... 

....... 

. " . . " 

....... 

....... 

....... 

-0.0098 
-0.2730 
-0.01 44 

-0.0898 

-0.0409  -0.0398 
0.1842 

-0.0575 

....... 

. . " . " 

....... 

....... 

0.1  371 
-0.0531 
0.1 352 

0.1 824 

-0.0045 -0.0046 
0.1 089 

-0.0036 

0.1  61 7 0.1 601 
0.1777 
0.24 02 

....... 

....... 

....... 

....... 

....... 

....... 

-0.0523 -0.0518 
-0.0558 ....... 

" " " . .a . 0667 
0.0040 

-0.0036 ....... 
0.01  21 
0.0039 

0.0792 0.0780 
0.0609 
0.031 2 

....... 

....... 

....... 

Run 32 

I 4:.54 

47.1 

3.08 
2.33 

-0.0642 
0.1 738 
0.1393 

-0.01  71 
-0.1 274 
0.0056 

-0.8270 
-0.4264 
0.2083 

0.0007 
-0.01 17 
0.0007 

-0.01 42 
0.4883 

-0.0344 

-0.0394 

-0.04 72 
0.1422 

-0.0477 
0.1 343 

0.1 797 

-0.0050 

-0.0049 
0.0792 

0.1772 
0.1 594 

0.1 635 

-0.0518 
-0.041 6 
.o . T 403 
0.0038 
0.01  29 
0.0052 

0.0775 
0.0433 
0.0490 

. 62.8 . 0.85 
63.4 

3.20 
3.51 
0.62 

-0.0740 

-0.1  01 0 
0.0041 0.0271 

-0.0704 

-""" 

-0.0180 -0.0168 
0.031 6 0.01 82 
0.0051 .---.-- 

-0.81 84 -0.8789 
-0.6662 -0.9739 
-0.7586 _ _ _ _ _ _ _  
-0.0003 

-0.0080 
-0.0040 0.0082 
-0.0005 

""-" 

-0.0166 -0.0150 
0.3367 -0.1 738 
0.0396 ------- 

-0.0391 
0.1832 

-0.0383 
1.0857 

-0.031  8 __--___ 

0.1 344 
-0.0716 -0.0924 
0.1 331 

-.-.-" 0.1  21 0 

-0.0064 -0.0072 
0.0642 0.0509 

-0.0063 __._._. 

0.1597 
0.2065 0.2367 
0.1587 

.------ 0.0522 

-0.0530 

__.___. -0.0501 

-0.0532 
-0.1 020 -0.0489 

0.0035 0.0033 
-0.0360 0.01  28 
-0.0007 _ _ _ _ _ _ _  
0.0776 0.0768 
0.0228 0.0681 
0.0291 -..-... 
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TABLE V.- CH-47 FLaIGEIT TEST RUN SCHEDULE 

i n p u t  

2 

3 

4 

5 

.. . 

1 

6 

12 

5 
6 
7 
8 

9 
10 
1 1  
12 

13 
14 
15 
16 

17 
18 
19 
20 
" 

1 
2 
3 
4 

21 
22 
23 
24 

35 
36 
37 
38 

Glong 
6 1 a t  

ud 
% o n  

%ong 
%t 

ud 
% o n  

(a) S i n g l e   i n p u t   m a n e u v e r s  

". . 

Airspeed  Uo, 1 Descent  rate so, I Wind v e l o c i t y ,  I A l t i t u d e ,  
- 

k n o t s  
- 

I -  - ." . .. . - 1  m/sec 

Compute r   gene ra t ed  

0 
(Hover ) 

0 

0 
(Hover ) 

20 

" 

0 
(Hover ) 

40 

60 

0 

2.54 

0 

2.54 

.. ~ 

Manual 

0 

0 

0 

k n o t s  I m 
I 

4 

7 

3 

13 

20 

61 .O 

137.2 

15.2 
( I n   g r o u n d   e f f e c t )  

259.1 

61 .O 

243.8 

243.8 
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TABLE V.- Concluded 

(b)  Computer-generated  double  input  maneuvers 

I I 

Airspeed Uo, 
knots 

40 

- 

40 

40 

" 

40 

60 

Descent  rate 
m/sec 

0 
. .  

-5.08 

.. 

-2.54 

2.54 

~" .~ 

5.08 

0 

.- - - 

2.54 

2.54 

Wind  velocity, 
knots 

1 3  
1 0  

8 
7 

8 
8 

1 1  
1 1  

.. . - 

1 1  
8 

.~ - .. 

20 
20 

. .  

6 
6 

20 
8 

~ 

Altitude, 
m 

243.8 

21  3.4 

228.6 

259.1 

274.3 

243.8 

259.1 

259.1 
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TABLE VI.-  COEFFICIENTS FOR COMPUTER-GENERATED INPUTS 

Time, sec 

. . .  

a%ong 
a %o 11 

6 l a t  
6r ud 

%ong 
%o 11 
61 a t  
'r ud 

5 . 0 8 . 1  1 .27 
1.27 

. .. 

3.56 
" 

Double 
-. . 

.89 
2.54  .25 

i 

3.43 
2.70  .32 
2.70  .32 

" 

n p u t  maneuvers a t  40 and 60 kno t s  
.. 

3.43 
3.50  .32 1 . 8  
3.50  .32 7 . 8  >1 5 

. . . .  - 
a L o n g i t u d i n a l   i n p u t s  were implemented  with opposite s i g n s   i n   f l i g h t  

t es t  because   o f   s ign   conven t ion   employed   i n   r e f e rence  3 .  

I 
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u 
a, 
m 
-& 
a a, 

a" 

10 15E 

+ + + Unfiltered 
Filtered 

n 
f \  

Time, sec 

. 

Figure 1.- D i g i t a l   f i l t e r i n g  of f l i g h t   d a t a  from run 10. 



Time,  sec 

Figure 2.- Reduction of fl ight  data  to  perturbation format. 

35 



1 2 F  

0 1 2 3 10 11 12 13 14 15 0-5 
t - . - - - " I y L y y I  " 

Time, sec  Time,  sec 

Figure 3.- Typical trim  conditions. Run 18; U, = 20 knots; io = 2.54 m/sec. - 



I 

+Measured 
o Reference 
0 MLE 
0 EKF (ref. % 

6 
'CI 

2 

4.) 

(a) Run  5; Uo = 0; Wo = 0. 

Figure 4.- Camparison of longitudinal  response  time histories. 

- - 
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+Measured 
OReference 2 

- 
(b) Run  9; Uo = 0; Wo = 2.54 m/sec. 

- 

Figure 4.-  Continued. 
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+ Measured 
o Reference 2 
0 MLE 
O E K F  (ref. 4) 

- 
( c )  RUI 17; uo = 20 knots;  W, = 2 .54  m/sec. 

Figure  4.-   Continued. 

- 
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40 

- 
(d )  Run  25; Uo = 4 0  knots ;  Wo = 0. 

- 

F i g u r e  4.- Continued.  



+Measured 
2 

4) 

-.4L -4k 

0 1 2 3 4 5 6 7 0 9 1 0  0""" 
h,,i,,,,,,,,,i,,,,,,,,, 

Time,  sec 

- 
( e )  Run 31 ; Uo = 40 kno t s ;  w0 = 2 .54  m/sec. 

F i g u r e  4.- Continued.  

- 
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42 

Figure  4.- Continued. 



+Measured  
oReference  2 
2MLE 

.4€ 4F 

F i g u r e  4 .- Concluded. 
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+ Measured 
0 Reference 2 

O 3 l I  035 

0 1 2 3 4 5 6 7 8 9 1 0 0 1 2 3 4 5 ~ 7 ~ g ~ o  
Time, sec Time, sec 

(a) Run 33 ( f l i gh t  031) : Vo = 40 knots; W0 = 5-08 m/sec. 
- - 

Figure 5,- Comparison of longitudinal  response time h is tor ies  €or 
two d i f f e ren t   f l i gh t s   a t  same tes t  conditions. 
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F i g u r e  5.- Concluded. 
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.l6[ 

.12 1 P’ 
2 .d .08 

’ .04 c: 

M 

c “h 0 

-.04 

-l - 2. B 

-.08 E 

(a) Run 6; U, = 0; W, = 0. 

Figure 6.- Comparison of lateral-directional  response time  histories. 
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2 + Measured 
0 Reference 2 

v 1  
E n MLE 

$ G o  

s" -1 

-2  

4 

3 

2 

1 

10 

a 

$ 4  

g o  

E 

\ 
(II 

-a 
F; -4 - 2  

-3 -a 
12 2 

a E 
u 1  

4 
M 

$ 0  

.. ...... .....,..,.. .. ........ 
4 "."+ ~ 

s" 
-4 - 2  

-a 
.oa E 

Time,   sec  

F i g u r e  6 .- Continued. 
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i.."------- .. ....... ... . ...& 5 + Measured  Reference ....... . ...... - 2 

~~~ "' 

-c, . . . . . . . .. .... . ... s -1 

.......................... ... - 2 

- -4  -3 

"&' 
"... ".. lo ..... '..... 

0 -0. ..... 
a 
k 

- a *  "" "0 0 

-8  -4 

I 

(c) ~ u n  18 ;  u0 = 20 knots ;  Wo = 2.54 m/sec. 
- 

F i g u r e  6.- Continued. 
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E 2 
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V 

-16 
E 1  
0 

&--4 -8 I 
A 

-3  

+ Measured 

MLE 
0 Reference 2 

0 EKF(ref. 4) 

+ Measured 
0 Reference 2 

0 EKF(ref. 4) E 2 MLE 

-. /-\. -_  " 

- 
(a) Run  26; U, = 40 knots :  W, = 0. 

- 

F i g u r e  6 .- Continued.  
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+ Measured 
0 Reference 2 

MLE 
0 EKF  (ref.  4) 

(e)  Run 32; U, = 40 knots ;  io = 2 .54  m/sec. 
- 

F i g u r e  6.- Continued.  
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F i g u r e  6 .- Continued.  
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Figure 6.- Concluded. 
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Time,  sec  Time,  sec 

F i g u r e  7.- T y p i c a l   l a t e r a l - d i r e c t i o n a l   r e s p o n s e  time h i s t o r i e s   g e n e r a t e d  
by manual   input   maneuver .  Run 36; U, = 40 knots ;  W, = 0. 

- - 
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