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Abstract 

Frequency-domain methods are used t o  extract t h e  open-loop dynamics of t h e  XV-15 tilt- 
The frequency r o t o r  a i r c r a f t  from f l i g h t  test da ta  f o r  t he  c r u i s e  condi t ion (V = 170 knots) 

responses are numerically f i t t e d  with t ransfer-funct ion forms t o  i d e n t i f y  equivalent modal 
c h a r a c t e r i s t i c s  The a s soc ia t ed  handling q u a l i t y  parameters m e e t  o r  exceed Level 11, C a t e -  
gory A, requirements f o r  fixed-wing m i l i t a r y  a i r c r a f t  Step response matching i s  used t o  
v e r i f y  the  time-domain f i d e l i t y  of t h e  t ransfer-funct ion models f o r  t he  c r u i s e  and hover f l i g h t  
condi t ions.  
cases, except f o r  t he  normal acce le ra t ion  response t o  e l eva to r  d e f l e c t i o n  i n  c r u i s e  This dis-  
crepancy is probably due t o  t h e  unmodeled r o t o r  rpm dynamics 
domain approach f o r  dynamics i d e n t i f i c a t i o n  and ana lys i s  is c l e a r l y  demonstrated 

The t r a n s i e n t  responses of t he  model and a i r c r a f t  are i n  c lose  agreement i n  a l l  

The u t i l i t y  of t he  frequency- 

1. Introduct ion 

The i d e n t i f i c a t i o n  of XV-15 t i l t - r o t o r  dynamics (Fig 1) from f l i g h t  test d a t a  is an 
extensive ongoing e f f o r t  t o  support t h e  development of t he  next generat ion of tilt r o t o r s - t h e  
j o i n t  s e rv i ces  V/STOL a i r c r a f t  (fix). 
The key concerns of t h e  e f f o r t  are t h e  
documentation of open-loop XV-15 
dynamics, and the  va l ida t ion  of 
generic  t i l t - r o t o r  models (Refs [l] 
and [2 ] )  A frequency domain-based 
i d e n t i f i c a t i o n  approach was  developed 
and successful ly  appl ied f o r  t h e  hover 
f l i g h t  condi t ion (Ref [3]) Transfer 
funct ion models descr ibing t h e  open- 
loop response c h a r a c t e r i s t i c s  of t h e  
XV-15 a i r c r a f t  were extracted and com- 
pared with the  s imulat ion cha rac t e r i s -  
tics. Reference [3] presents  a 
d e t a i l e d  desc r ip t ion  of t h e  frequency- 
domain methodology and the  r e s u l t s  f o r  
t h e  hover f l i g h t  condi t ion.  

A s  i n  a l l  i d e n t i f i c a t i o n  
research,  a key concern of t h i s  e f f o r t  
is t h e  f i d e l i t y  of t h e  extracted 
models f o r  input  forms o the r  than 
those used i n  the  i d e n t i f i c a t i o n  pro- 
cess The f l i g h t  t e s t i n g  technique of 
Ref [3] uses  a pilot-generated swept 
s i n e  wave input  t o  excite t h e  veh ic l e  
dynamics. This  y i e l d s  an exce l l en t  
i d e n t i f i c a t i o n  of frequency responses 
and t r a n s f e r  funct ions f o r  s inusoidal-  
l i k e  inputs .  Such information i s  
use fu l  f o r  frequency domain-based 
handling q u a l i t y  s p e c i f i c a t i o n s  such 
as t h e  M i l  Handbook f o r  m i l i t a r y  air- 
c r a f t  (Ref. [4]) However, f o r  t i m e -  
domain s p e c i f i c a t i o n s  such as 
Mil-H-8501 (Ref [5])  and Mil-F-83300 
(Ref. [6 ] ) ,  criteria are l a r g e l y  based 
on responses t o  s t e p  inputs ,  so 
extracted models must accu ra t e ly  
r e f l e c t  these c h a r a c t e r i s t i c s  as w e l l  

Figure 1 The Xv-15 Tilt-Rotor A i rc ra f t  (a) Cruise 
configurat ion (b) Hover configurat ion,  
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This  paper reviews t h e  frequency-domain based methodology and d iscusses  t h e  i d e n t i f i c a -  
t i o n  of t r a n s f e r  func t ion  models f o r  t h e  c r u i s e  f l i g h t  condi t ion  (170 knots) .  
l i m i t i n g  case f o r  comparison with t h e  Previous hover r e s u l t s  (Ref. [ 3 ] ) .  Time-domain matching 
is presented t o  v e r i f y  t h e  s t e p  response c h a r a c t e r i s t i c s  of t h e  ex t rac ted  models f o r  t h e  hover 
and c r u i s e  f l i g h t  condi t ions .  
func t ion  models f o r  handling q u a l i t i e s  and c o n t r o l  system appl ica t ions .  

This  is a good 
$ 

These r e s u l t s  show the u t i l i t y  of r e l a t i v e l y  simple t r a n s f e r  

2. Review of I d e n t i f i c a t i o n  Methodology 

This  s e c t i o n  reviews t h e  frequency-domain i d e n t i f i c a t i o n  and time-domain v e r i f i c a t i o n  
techniques. 
and are mnly out l ined  i n  t h i s  paper. 

The d e t a i l s  of t h e  i d e n t i f i c a t i o n  approach are ex tens ive ly  discussed i n  Ref [3]  

Frequency-domain i d e n t i f i c a t i o n  is based on t h e  s p e c t r a l  a n a l y s i s  of input  and output  
time h i s t o r i e s  using Fast  Fourier  Transform techniques 
func t ions  which are (complex-valued) l i n e a r  d e s c r i p t i o n s  of t h e  input-to-output processes  The 
i d e n t i f i c a t i o n  r e s u l t s  are presented i n  Bode p l o t  format: magnitude and phase versus  frequency 
System bandwidth and e f f e c t i v e  t i m e  delay,  important metrics i n  cur ren t  handl ing q u a l i t i e s  
s p e c i f i c a t i o n s ,  can be read d i r e c t l y  from these  p l o t s  
are f i t t e d  with a n a l y t i c a l  t r a n s f e r  func t ion  forms t o  e x t r a c t  modal c h a r a c t e r i s t i c s  f o r  handl ing 
q u a l i t i e s  s p e c i f i c a t i o n s  given i n  terms of lower order  (equivalent)  system models Also, t h e  
t ransfer-funct ion models can be dr iven  with s t e p  inputs  t o  e x t r a c t  f a m i l i a r  t i m e  domain metrics 
such as rise t i m e ,  overshoot, and s e t t l i n g  t i m e  

This  a n a l y s i s  produces descr ibing 

Tabulated frequency response r e s u l t s  

The swept s i n e  wave (frequency-sweep) input i s  a good e x c i t a t i o n  f o r  t h e  frequency-domain 
i d e n t i f i c a t i o n  approach This  e x c i t a t i o n  r e s u l t s  i n  bounded and reasonable excursions of t h e  
a i r c r a f t ,  s u i t a b l y  e x c i t i n g  the  important r i g i d  body modes over t h e  e n t i r e  frequency range of 
i n t e r e s t  (0.2-6.0 rad/sec)  The input is generated by t h e  p i l o t  i n  one a x i s  a t  a t i m e ,  with 
minimal regula t ion  of the  remaining axes S t a r t i n g  from a t r i m  condi t ion,  the  p i l o t  f i r s t  exe- 
cu tes  two 20 s e c  period inputs  t o  ensure good low-frequency i d e n t i f i c a t i o n  Then the  frequency 
of the  inputs  is slowly increased up t o  a maximum of about 6 rad/sec,  y ie ld ing  a t o t a l  run 
length of about 90 sec  
i n  t h e  ana lys i s ;  t h i s  technique minimizes the  e f f e c t s  of random noise  

Repeat runs a r e  executed t o  allow concatenation of the  90 sec records 

When t h e  bare  a i r f rame c h a r a c t e r i s t i c s  of the  vehic le  a r e  highly uns tab le ,  a s  i n  the  
XV-15 i n  hover, execut ion of a 90 sec frequency sweep on t h e  open-loop vehic le  i s  c l e a r l y  not 
p r a c t i c a l .  Subject t o  some important q u a l i f i c a t i o n s ,  the  bare  a i r f rame t r a n s f e r  func t ions  can 
be ex t rac ted  from t h e  closed-loop f l i g h t  d a t a  Referr ing t o  Fig 2 ,  i d e n t i f i c a t i o n  of the  open- 

(BARE. 
(PILOT) A I R F R AM E 1 

(INPUT) 1-1 
(OUTPUT) 

I (FEEDBACK' 

- 
(SCAS) 

Figure 2 .  
model. 

S ingle  degree-of-freedom p i t c h  response 

loop t r a n s f e r  func t ion  (q/&,) requi res  
t h e  measurement of t h e  output (9) and 
sur face  d e f l e c t i o n  (6,) s i g n a l s  This  
t o t a l  sur face  d e f l e c t i o n  is made up of 
components from the  p i l o t  (6Lo~! and the  
s t a b i l i t y  and cont ro l  augmentation sys- 
t e m  (SCAS) feedback (6fe)  

requirement is t h a t  t h e  t o t a l  sur face  
d e f l e c t i o n  must conta in  a s i g n i f i c a n t  
component from t h e  p i l o t  which is uncor- 
r e l a t e d  with the  output The use of t h e  
"programed" swept s i n e  wave input  
avoids  t h e  otherwise troublesome r e s u l t  
of ident i fy ing  t h e  inverse  feedback 
t r a n s f e r  funct ion (-l/G ) from passive 

t racking  t a s k s  

A key 

Fq 

When the  vehic le  dynamics are 
h ighly  coupled, mul t ip le  c o n t r o l  def lec-  
t i o n s  w i l l  occur  i n  a l l  degrees of f ree-  
dom. I f  the  sur face  d e f l e c t i o n s  are not 

fu l ly  correlated with each o t h e r ,  t h e  des i red  s ingle- input  t r a n s f e r  func t ion  can be i s o l a t e d  
using t h e  multi-input multi-output methodology descr ibed i n  Ref [3]  This  r e s t r i c t i o n  was 
s a t i s f i e d  f o r  t h e  hover f l i g h t  condi t ion s i n c e  t h e  cross-control  inputs  suppl ied by t h e  p i l o t  
were l a r g e l y  uncorre la ted  with t h e  primary frequency sweep inputs  
t o  i s o l a t e  t h e  yaw response t o  a i l e r o n s -  an important source of coupling f o r  t h e  hover f l i g h t  
condi t ion.  

Therefore, it w a s  poss ib le  

For the c r u i s e  f l i g h t  condi t ion,  open-loop longi tudina l  t r a n s f e r  func t ions  were a l s o  

I n  the  la teral  a x i s ,  t h e  l a r g e  

However, t h e  s t a b i l i t y  augmentation system suppl ies  

i d e n t i f i e d  from t h e  closed-loop tests s i n c e  the  e l e v a t o r  inputs  suppl ied by t h e  p i l o t  w e r e  uncor- 
r e l a t e d  with t h e  outputs  and t h e  o ther  sur face  d e f l e c t i o n s  
degree of inherent  closed-loop s t a b i l i t y  allowed t h e  p i l o t  t o  execute frequency sweeps of t h e  
a i l e r o n  without applying rudder cor rec t ions .  
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rudder inputs  which are highly c o r r e l a t e d  t o  t h e  a i l e r o n  inputs  and r o l l  rate outputs  
f o r e ,  e x t r a c t i o n  of t h e  s ingle- input ,  single-output open-loop t r a n s f e r  funct ions from closed- 
loop f l i g h t  d a t a  w a s  not  poss ib le  f o r  t h i s  f l i g h t  condi t ion;  t h e  l a t e r a l - d i r e c t i o n a l  tests w e r e  
repeated with the SCAS disengaged When t h e  bare  a i r f rame dynamics are too highly coupled 6r 
unstable  t o  make t h i s  p r a c t i c a l ,  t h e  open-loop dynamics can u s u a l l y  be ex t rac ted  from t h e  
closed-loop test da ta ,  as was successfu l ly  accomplished f o r  t h e  XV-15 i n  hover (Ref [3 ] )  

There- 

Once t h e  f l i g h t  da ta  have been d i g i t i z e d  and preprocessed, t h e  input ,  output ,  and cross  
spec t ra  (G,(f), Gyy(f) , and Gxy(f), respec t ive ly)  are ca lcu la ted  using modern Chirp 
2-transform methods (Ref [3]) S p e c i f i c  t r a n s f e r  func t ions  G(f) are obtained from t h e  r a t i o  
of t h e  appropr ia te  c ross  and input  au to  spec t ra :  

and a r e  presented in  Bode format The coherence func t ion  (y2 ) defined as: 
XY 

is  a good indica t ion  of t h e  input-to-output l i n e a r i t y  This  frequency-dependent parameter may 
be i n t e r p r e t e d  as t h a t  f r a c t i o n  of t h e  output  spectrum which can be accounted f o r  by l i n e a r  
r e l a t i o n  with t h e  input  spectrum, When t h e  process  under i n v e s t i g a t i o n  is p e r f e c t l y  l i n e a r  and 
t h e  s p e c t r a l  estimates a r e  noise  f r e e ,  the  coherence funct ion w i l l  be u n i t y  f o r  a l l  f requencies  
i n  t h e  exc i ted  input  spectrum range A value of t h e  coherence func t ion  less than u n i t y  w i l l  
r e s u l t  from n o n l i n e a r i t i e s  i n  t h e  system, input loutput  no ise ,  o r  cross-coupled cont ro l  inputs  
The magnitude and phase responses are then f i t t e d  with a n a l y t i c a l  t r a n s f e r  func t ion  models t o  
obta in  closed form descr ip t ions  of the  input-to-output processes  I n  order  t o  obta in  a unique 
f i t  of t h e  frequency responses, c e r t a i n  phys ica l  r e s t r a i n t s  on commonality of t h e  t r a n s f e r  
funct ion denominator f a c t o r s  are imposed 

Current m i l i t a r y  handling q u a l i t y  s p e c i f i c a t i o n s  (Ref [ 4 1 )  l i m i t  the  allowable mismatch 
between t h e  t r a n s f e r  func t ion  f i t s  and t h e  frequency response d a t a  However, even s m a l l  dec ibe l  
devia t ions  i n  t h e  frequency-domain can produce surpr i s ing ly  l a r g e  discrepancies  i n  time-domain 
c o r r e l a t i o n s  Time-domain v e r i f i c a t i o n  f irst  requi res  converting t h e  t r a n s f e r  func t ions  t o  
canonical  form: 

where 

F =  

J 

-ao -al -a 2 -an- 

G =  

and a O ,  a,, . , an-l are t h e  denominator (ascending) c o e f f i c i e n t s  and b o ,  b,, . , bm 
are t h e  numerator (ascending) c o e f f i c i e n t s  of t h e  t r a n s f e r  func t ion  model being evaluated 
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This  model i s  dr iven  w i t h  step-input da ta  from t h e  f l i g h t  tapes ,  and t h e  r e s u l t i n g  
This  approach responses are then compared t o  t h e  aircraft d a t a  f o r  time-domain f i d e l i t y .  

allows t h e  v e r i f i c a t i o n  of t r a n s f e r  func t ions  assoc ia ted  with t h e  stable degrees of freedom, 
s ince  spurious model inputs  (due t o  inexact  i n i t i a l  condi t ion matching and turbulence regula- 
t i o n )  do not  cause a divergence of  t h e  t r a n s i e n t s  w i t h  time 
of freedom, these spurious inputs  cause a rap id  divergence of t h e  f l i g h t  and model responses 
For such cases, conclusive q u a n t i t a t i v e  s ta tements  on t h e  s t e p  response f i d e l i t y  of t h e  t rans-  
f e r  func t ion  models cannot be made, even though the q u a l i t a t i v e  form of t h e  response i s  c o r r e c t  
and small d i f fe rences  i n  t h e  pred ic ted  level of i n s t a b i l i t y  are probably not  important 

However, f o r  t h e  unstable degrees 

3 Dynamics I d e n t i f i c a t i o n  f o r  t h e  Cruise  F l igh t  Condition 

I n  t h i s  sec t ion ,  t h e  c h a r a c t e r i s t i c s  f o r  t h e  c r u i s e  f l i g h t  condi t ion are considered: 
V = 170 knots ( ind ica ted) ,  n a c e l l e  incidence = oo,  a l t i t u d e  = 8000 f t  
lateral f l i g h t  dynamics are f u l l y  decoupled i n  t h i s  condi t ion 
airframe t r a n s f e r  func t ions  of i n t e r e s t  are p i t c h  rate and normal a c c e l e r a t i o n  responses t o  
e leva tor  d e f l e c t i o n ,  q/6, and az/6e, respec t ive ly  
func t ions  are r o l l  rate response t o  a i l e r o n ,  p/6,, and s i d e s l i p  ( a t  t h e  c .g  ) response t o  
rudder, BCg/6,. 

The longi tudina l  and 
The primary longi tudina l  bare- 

The important l a t e r a l - d i r e c t i o n a l  t r a n s f e r  

The following d iscuss ion  of longi tudina l  dynamics i d e n t i f i c a t i o n  and a n a l y s i s  i s  pre- 
sented i n  d e t a i l  t o  i l l u s t r a t e  t h e  frequency-domain methodology and t o  compafe the  longi tudina l  
r e s u l t s  f o r  t h e  hover f l i g h t  condi t ion presented i n  Ref [ 3 ]  

Longitudinal Dynamics 

Since t h e  longi tudina l  and la teral  dynamics are f u l l y  decoupled and e l e v a t o r  sur face  
d e f l e c t i o n s  are measured d i r e c t l y ,  t h e  f l i g h t  t e s t i n g  f o r  t h e  longi tudina l  a x i s  w a s  conducted 
with t h e  SCAS engaged This  was not considered e s s e n t i a l ,  however, s ince  t h e  dynamics f o r  t h i s  
f l i g h t  condi t ion are very s t a b l e  

The longi tudina l  s t i c k  displacements f o r  two concatenated frequency sweeps a r e  shown i n  
F ig ,  3 A s  previously discussed,  each run las ts  roughly 90 sec and i s  i n i t i a t e d  with two 20-sec 

lo]+ SWEEP1 , SWEEP2 

. ' 1  

-10 -I I I I 

0 50 100 150 200 
TIME, sec 

Figure 3 Two longi tudina l  s t i c k  frequency sweeps 
i n  c r u i s e  

301 

-30 
1 1 10 

FREQUENCY rad/sec 

Figure 4 Elevator  sur face  input  autospectrum 
(G6,6,) - 

cycles  t o  ensure good low-frequency iden- 
t i f i c a t i o n  The s inusoida l  s t i c k  def lec-  
t i o n  is very regular  with a near ly  con- 
s t a n t  amplitude of roughly +5% The 
e l e v a t o r  s i g n a l  is a l s o  very regular  with 
a near ly  constant  amplitude of 2 deg 
These da ta  are very t y p i c a l  of t h e  
t r a n s i t i o n - f l i g h t  and forward-flight 
condi t ion r e s u l t s .  The r e l a t i v e  s t a b i l -  
i t y  of the  longi tudina l  and l a t e r a l  axes 
made execution of t h e  frequency sweeps a 
very rapid and acceptable  f l i g h t - t e s t  
procedure The input  autospectrum f o r  
t h e  concatenated e l e v a t o r  t i m e  h i s t o r i e s  
i s  shown i n  Fig 4 This  spectrum is  
f a i r l y  f l a t  at  low frequencies ,  dropping 
off  s l i g h t l y  f o r  t h e  higher  frequency 
inputs  For f requencies  outs ide  t h e  
p l o t t e d  range, t h e  magnitude drop-off is 
much more pronounced 

The p i tch- ra te  s igna l  (conditioned 
with a 2 5 Hz low-pass f i l t e r  f o r  output  
presenta t ion  only) is shown i n  Fig 5. 
The p i tch- ra te  excursions are very regu- 
l a r  with a roughly constant  peak-to-peak 
amplitude of 5 deg/sec These o s c i l l a -  
t i o n s  are considered very acceptable  t o  
t h e  research p i l o t s ,  and are comparable 
with those encountered during t h e  hover 
f l i g h t  test The assoc ia ted  output  auto- 
spectrum f o r  t h e  concatenated p i tch- ra te  
t i m e  h i s t o r i e s  are shown i n  Fig. 6 .  The 
output  spectrum fol lows t h e  input  spectrum 
a t  l o w  input  f requencies  and e x h i b i t  t h e  
f a m i l i a r  20 dB/decade rol l -off  a t  higher  
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f requencies  (which i s  t y p i c a l  of r i g i d  
body motion). The cross-spectrum 
between e l e v a t o r  sur face  and p i t c h  
rate is shown i n  Fig. 7 and demon- 
strates a similar c h a r a c t e r i s t i c ,  

The e l e v a t o r  surface-to-pitch 
rate t r a n s f e r  funct ion,  q/6,, is shown 
i n  Figs .  8 (a)  and 8(b) The smooth 
s p e c t r a l  d a t a  over t h e  majori ty  of t h e  
frequency range are t y p i c a l  of the 
exce l len t  r e s u l t s  obtained from t h e  
Chirp z-transform algori thm< Due t o  
t h e  shor t  period-mode e x c i t a t i o n ,  
t h e r e  is a peak i n  t h e  p i tch- ra te  
response a t  abouf 2.0 rad lsec ,  with 
an assoc ia ted  phase l a g  of 4 5  deg A t  
h igher  f requencies ,  t h e  magnitude 
response r o l l s  of f  a t  20 dB/decade and 
t h e  phase s h i f t  approaches -90 deg 
owing t o  t h e  K/s pi tch- ra te  charac- 
teristic and n e g l i g i b l e  f l e x i b i l i t y /  
servo-lag e f f e c t s  The drop i n  t h e  
magnitude response and assoc ia ted  
p o s i t i v e  phase response f o r  frequen- 
c i e s  below 0 . 3  rad lsec  are due t o  t h e  
phugoid dynamics 

The coherence func t ion  shown i n  
Fig 9 i s  s t rong  over t h e  frequency 
range of i n t e r e s t  (0 -2-6 ,O rad/sec)  , 
as shown. For input  f requencies  above 
7 0 rad lsec ,  the  coherence funct ion 
becomes erratic and t h e  t r a n s f e r -  
funct ion i d e n t i f i c a t i o n  is l e s s  accu- 
r a t e  For low-frequency inputs  ( l e s s  
than 0 3 r a d l s e c ) ,  t h e  p i tch- ra te  
response decreases ,  even f o r  t h e  
near ly  constant  input  amplitude owing 
t o  the  e f f e c t  of the  phugoid dynamics 
This  r e s u l t s  i n  a decrease of informa- 
t i o n  t r a n s f e r  and an assoc ia ted  drop 
i n  the  coherence funct ion This  
coherence-function ro l l -of f  i s  a l s o  
a t t r i b u t a b l e  t o  atmosphere turbulence 
e f f e c t s ,  which become more important 
a t  low frequency where t h e  turbulence 
spectrum peaks (Ref [ 71) 

-5 4 I I I I I I I ' I  1 
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Figure 5 Pi tch- ra te  response (4) during longi tudina l  
frequency sweeps 
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Figure 6 P i tch- ra te  output  autospectrum (G ) 49 
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Figure 7 Magnitude of cross-spectrum between ele- 
v a t o r  sur face  inputs  and p i tch- ra te  response ( I G g  eq 1 )  

The Bode p l o t  of F igs  8(a)  and 8(b)  is  t h e  bas ic  format f o r  present ing classical 
frequency-domain r e s u l t s  It provides u s e f u l  information on dynamic c h a r a c t e r i s t i c s  and on 
handling q u a l i t i e s  implicat ions To t h e  ex ten t  t h a t  t h e  l inear-descr ibing funct ion is  a n  accu- 
r a t e  representa t ion  of t h e  input-to-output process ,  t h e  Bode p l o t  is an exact descr ip t ion  of t h e  
vehic le  dynamics and contains  no i m p l i c i t  assumptions on model order  o r  s t r u c t u r e  This  is the  
key advantage of frequency-domain i d e n t i f i c a t i o n  over t h e  more conventional time-domain 
approaches 

Recent m i l i t a r y  s p e c i f i c a t i o n s  f o r  piloted-handling q u a l i t i e s  (Ref [ 4 ] )  are based on 
two key frequency-domain parameters: 
t i c u l a r  t r a n s f e r  funct?on, t h e  bandwidth is def ined as t h a t  frequency where t h e  pgase margin is 
45 deg, o r  the  gain margin is 6 dB, whichever i s  lowest A s  discussed i n  Ref [ 4 ] ,  t h e  band- 
width i s  a measure of t h e  speed of response; a high bandwidth r e f l e c t s  quick response and accu- 
rate t racking  c a p a b i l i t y ;  a low bandwidth suggests  s luggish  response and pilot-induced o s c i l l a -  
t i o n  tendencies. 
f requencies  near the bandwidth value A l a r g e  e f f e c t i v e  t i m e  delay ( e . g  , g r e a t e r  than 

bandwidth (wBw) and e f f e c t i v e  t i m e  delay (T ) For a par- 

The e f f e c t i v e  time delay is a measure of t h e  s lope  of t h e  phase curve f o r  

100 msec) r e s u l t s  i n  a s i g n i f i c a n t  

For longi tudina l  cont ro l ,  a 
8/6,, which is e a s i l y  der ived from 

degradat ion of p i l o t e d  handling- q u a l i t i e s  

key t r a n s f e r  func t ion  is p i t c h  a t t i t u d e  response t o  e leva tor ,  
t h e  p i tch- ra te  t r a n s f e r  func t ion  as: 
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Figure 8 
i n  c r u i s e  (a)  Transfer  funct ion magnitude 
(b) Transfer  func t ion  phase 

Pi tch-rate  response t o  e l e v a t o r  (q/-6,) 

f I I I I I I I I  

1 1 10 
FREQUENCY rad/sec 

Figure 9 Coherence funct ion f o r  p i tch- ra te  
response i d e n t i f i c a t i o n  (yieq) 
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where s is  t h e  Laplace opera tor  
The Bode p l o t  f o r  p i tch-a t t i tude  
response may be obtained from the 
p i tch- ra te  response by r o t a t i n g  t h e  
magnitude curve about the w = 1 rad/sec 
poin t  by s lope  of 20 dlldecade. The 
phase curve is s h i f t e d  by a constant  
va lue  of -90 deg. 
the c r i t i ca l  bandwidth c r i t e r i o n  is 
phase margin which is 45 deg a t  a f re -  
quency of W B W ~  = 2 5 rad lsec  The 

e f f e c t i v e  time delay is negl ig ib le  s i n c e  
t h e  phase curve i s  near ly  f l a t  where it 
is near 180 deg. These bandwidth and 
t i m e  delay va lues  are w e l l  wi th in  t h e  
Ref [ 4 ]  Level 11, Category A, s p e c i f i -  
ca t ions  (adequate handling q u a l i t i e s  f o r  
high-precision t racking  t a s k s ) ,  and cer- 
t a i n l y  r e f l e c t  s a t i s f a c f o r y  character- 
istics f o r  SCAS f a i l u r e  condi t ions.  

Referr ing t o  Fig. 8, 

The t r a n s f e r  func t ion  f o r  noma2 
acceleration response to  elevator,  
aZ/6,, is shown i n  Figs .  10(a) and 10(b) 
The response is dominated by t h e  classi- 
c a l  second-order short-period mode over 
t h e  majori ty  of the  frequency range. 
The magnitude curve is f l a t  a t  mid- 
frequency indica t ing  a constant  normal 
a c c e l e r a t i o n  response t o  a s t e p  e leva tor  
input ,  with a ro l l -of f  i n  response f o r  
f requencies  beyond t h e  shor t  per iod mode 
The f a l l - o f f  i n  normal acce lera t ion  
response f o r  f requencies  below 
0 3 rad lsec  is probably due t o  t h e  
dominance of the  phugoid dynamics The 
phase curve e x h i b i t s  t h e  classical second 
order  response; i .e  , zero phase l a g  a t  
low frequency, 180 deg of phase l a g  a t  
high frequency, and 90 deg of phase 
l a g  a t  the  second order  mode 
(w 2 2 0 rad lsec)  
with t h e  previous p i tch- ra te  r e s u l t s L  
The coherence func t ion  f o r  t h e  normal 
a c c e l e r a t i o n  response shown i n  F ig  11 
is  s t rong  over t h e  frequency range of 
0 3 t o  10.0 rad /sec ,  with t h e  f a l l - o f f  
a t  low frequency, again owing t o  t h e  
dominance of phugoid dynamics and tur -  
bulence e f f e c t s  A s  before ,  t h i s  sug- 
g e s t s  exce l len t  i d e n t i f i c a t i o n  over t h e  
e n t i r e  frequency range of i n t e r e s t .  

Longitudinal Transfer  Function F i t t i n g  

This  is cons is ten t  

Analy t ica l  t r a n s f e r  funct ion 
forms a r e  se lec ted  f o r  each degree of 
freedom based on configurat ion and f l i g h t  
condi t ion f a c t o r s  I n  t h e  hover f l i g h t  
condi t ion,  vehic le  dynamics are dominated 
by the hovering cubic ,  and decoupled 
heave and yaw modes. I n  wing-borne 
f l i g h t ,  t h e  conventional longi tudina l  
and la teral  q u a r t i c  equat ions dominate. 
Thus, t ransfer-funct ion models which are 
appropr ia te  f o r  the  hover f l i g h t  condi- 
t i o n  are not necessar i ly  appl icable  to  
forward f l i g h t  condi t ions.  Obviously, i f  FREQUENCY radlsec 
a model of high enough order  is se lec ted ,  
t h e  parameters can be adjusted t o  accom- 
modate each f l i g h t  condi t ion.  However, 
such t r a n s f e r  func t ion  models no longer  

Figure 10. Ver t ica l -acce lera t ion  response t o  
e leva tor  (a,/&,) i n  c r u i s e  
magnitude. (b) Transfer-function phase 

(a)  Transfer-funct ion 
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r e t a i n  t h e  phys ica l  s ign i f icance  of t h e  1.0- 
classical lower-order parameters. 
Also, higher-order t ransfer-funct ion 
models tend t o  be s t rongly  tuned t o  t h e  

i d e n t i f i c a t i o n  procedure ( e  .g , a f r e -  N 6- 
quency sweep) and are o f t e n  very poor 
pred ic tors  of o t h e r  test inputs  (e  g , 
s t e p  inputs)  Therefore, higher-order 
models are not  d e s i r a b l e .  I n  the 
approach taken i n  Ref [3] ,  t h e  I ,  

minimum-order t ransfer-funct ion models 1 1 10 
which can s a t i s f a c t o r i l y  f i t  t h e  f r e -  

Figure 11. Coherence func t ion  f o r  v e r t i c a l -  quency responses are used with t h e  

of t h e  system. 6eaz) 

N 
s p e c i f i c  inputs  which are used i n  t h e  m 

* 

.2 

FREQUENCY rad/sec 

upper limit taken as the physical Order acceleration response i d e n t i f i c a t i o n  (v2 

Examination of t h e  longi tudina l  frequency responses of F igs .  8 (a)  and 8(b)  shows t h a t  t h e  
longi tudina l  dynamics of t h i s  f l i g h t  condi t ion are dominated by t h e  s h o r t  per iod mode 
(osp = 2 radfsec)  
responses t o  elevator*: 

Therefore, w e  adopt t h e  classical p i t c h  rate and normal acce lera t ion  

where q(s)/6,(s) is the  Laplace-transformed p i t c h  rate response t o  e l e v a t o r  sur face  def lec t ion ,  
deglsecldeg-elevator ;  Mge is t h e  e leva tor  p i t c h  s e n s i t i v i t y ,  1 /Te2  

t o r  inverse  t i m e  constant ;  5 , are t h e  equivalent  short-period mode damping and n a t u r a l  
frequency, respec t ive ly ;  andsP-rews!s the  e f f e c t i v e  t i m e  delay;  and 

is t h e  f i r s t -order  numera- 

where a,(s)/6,(s) is the  Laplace-transformed v e r t i c a l  a c c e l e r a t i o n  response ( p o s i t i v e  downward) 
t o  e l e v a t o r  sur face  def lec t ion ,  g/deg-elevator, 26, 

t h e  denominator parameters a r e  i d e n t i c a l  t o  those of Eq 
v e r t i c a l  acce le ra t ion  response is T 

is t h e  e l e v a t o r  v e r t i c a l  s e n s i t i v i t y ;  and 

(5) The e f f e c t i v e  t i m e  delay f o r  the  

a2 

W e  ignore the  low-frequency phugoid dynamics s ince ,  as seen from Figs  8 and 10, these 
are important only f o r  t h e  very lowest frequency i n p u t s  

The longi tudina l  t r a n s f e r  func t ions  of E q s  (5) and (6) have t h e  same denominator f a c t o r s ,  
so simultaneous f i t t i n g  of these responses, while imposing t h e  r e s t r i c t i o n  of commonality of 
denominator parameters, makes good physical  sense Also, t h e  analyses  of Refs, [3]  and [ 8 ] ,  
suggest t h a t  such simultaneous f i t t i n g  techniques are needed t o  ensure unique and phys ica l ly  
meaningful values  f o r  the  numerator f a c t o r s  For t h e  longi tudina l  t r a n s f e r  funct ions,  t h i s  
avoids t h e  otherwise so-called "fixed o r  free" La problem (Ref [4] )  

The t ransfer-funct ion parameters of Eqs (5) and ( 6 )  a r e  i t e r a t i v e l y  var ied i n  order  t o  

This  procedure is completed using t h e  computer pro- 
ob ta in  a bes t  least-squares  f i t  between t h e  equat ions and the  frequency responses of Figs  
and 10 over t h e  s e l e c t e d  frequency range 
gram LONFIT developed by Hodgkinson e t  a l  (Ref [SI) For t h e  present  case, t h e  s e l e c t e d  range 
f o r  simultaneous f i t t i n g  of  t h e  p i t c h  r a t e  and normal a c c e l e r a t i o n  responses i s  0 . 3  t o  7 rad lsec  
I n  t h i s  frequency range, t h e  dynamics a r e  c l e a r l y  dominated by t h e  short-period mode and t h e  
coherence i s  s t rong  f o r  both t r a n s f e r  func t ions  Once t h e  short-period damping and n a t u r a l  f re -  
quency (CSp, wsp) are obtained f o r  t h e  simultaneous f i t ,  t h e  high-frequency gain f o r  t h e  normal 
acce lera t ion  response (Z6e) is  var ied  holding t h e  damping and frequency constant .  

mizes t h e  
t h i s  measurement remains s t rong  out t o  higher  f requencies  
t h e  p i t c h  rate and normal a c c e l e r a t i o n  responses are f i n a l l y  obtained as: 

8 

This  op t i -  

a, f i t  over t h e  frequency range 0 3 t o  10.0 radfsec  s i n c e  t h e  coherence func t ion  f o r  
The t r a n s f e r  funct ion parameters f o r  

*Shorthand notat ion:  15. w] implies  s2 + 2 5 ~ s  + w 2 ,  5 = damping r a t i o ,  o = undamped 
n a t u r a l  frequency ( rad lsec)  ; and (1/T) implies  s + ( l /T) ,  rad lsec  
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7 Mge = -7 727 deglsec'ldeg-elevator 

I = -32 144 deglsec'lin .-gLON 

1 /Te ,  = 1.035 rad lsec  

csp = 0 554 

w = 2 179 rad lsec  
SP 

T~ = 0.016 sec  

Zge = 1 5 9 7  g/deg-elevator 

= 6 644 g / i n  -gLON 

csp = 0 554 

wsp = 2 179 rad lsec  

T = 0.018 sec az  

A comparison of these  lower-order models with t h e  f l i g h t  test r e s u l t s  is presented i n  Figs  
and 10 
(0.3-10 0 rad lsec  f o r  
s e n t s  the high- and mid-frequency dynamics For low-input f requencies  (w < 0 3 r a d l s e c ) ,  t h e  
phugoid mode causes a drop i n  t h e  p i t c h  response, a c h a r a c t e r i s t i c  which i s  not "captured" by 
t h e  s h o r t  per iod model 
f l i g h t  d a t a  is not near ly  as good i n  t h e  f i t t i n g  range, and shows a not iceable  discrepancy i n  
t h e  magnitude response f o r  f requencies  of g r e a t e r  than 2 rad lsec  Poss ib le  sources  of t h e  mid- 
and high-frequency discrepancy a r e  t h e  r o t o r  r p m  dynamics, which are known t o  be important f o r  
t h e  forward f l i g h t  condi t ions  (Ref [lo]) and r o t o r  inflow dynamics Nei ther  of these  sources  
of added dynamics is d i r e c t l y  accounted f o r  by t h e  classical short-period approximation, except 
t o  t h e  extent  t h a t  t h e  shor t  per iod parameters are adjusted i n  order  t o  b e s t  f i t  t h e  f l i g h t  
d a t a  
goid mode from t h e  t ransfer-funct ion model 

8 
The pitch-response model matches t h e  d a t a  very w e l l  over t h e  s e l e c t e d  f i t t i n g  range 

q16,), which shows t h a t  t h e  shor t  per iod approximation adequately repre- 

The match between t h e  normal a c c e l e r a t i o n  t r a n s f e r  func t ion  and t h e  

A s  i n  t h e  p i t c h  response, t h e  low frequency mismatch i s  due t o  t h e  omission of t h e  phu- 

Guidelines are given i n  t h e  M i l  Handbook (Ref [41) f o r  t h e  maximum allowable mismatch i n  
lower-order system modeling 
(Figs 10(a) and 10(b))  are w e l l  wi thin these  allowable guidel ines ,  s o  t h e  i d e n t i f i e d  parameters 
should be usefu l  i n d i c a t o r s  of piloted-handling q u a l i t i e s  The c a p a b i l i t y  t o  d i r e c t l y  eva lua te  
t h e  e f f e c t  of model order  on response f i t t i n g  is c l e a r l y  seen i n  t h i s  example, again represent-  
ing a unique advantage of t h e  frequency domain approach Further  analyses  could include t h e  
r o t o r  rpm and phugoid degrees-of-freedom i n  t h e  t ransfer - func t ion  models, and could eva lua te  
t h e i r  importance with respec t  t o  vehic le  dynamics and handling q u a l i t i e s  

The d iscrepancies  shown i n  t h e  normal a c c e l e r a t i o n  responses 

Lower order  system parameters are u s e f u l  i n  charac te r iz ing  t h e  v e h i c l e  dynamics f o r  com- 
par ison with t h e  dynamics of o ther  a i r c r a f t  The i d e n t i f i e d  shor t  per iod damping and frequency 
(esp = 0,554 
based on t h e  r a w  Bode p l o t  information The r e l a t i v e l y  high degree of damping is a r e f l e c t i o n  
of t h e  s m a l l  response peak of t h e  p i tch- ra te  t r a n s f e r  func t ion  The small e f f e c t i v e  t i m e  de lays  
( i n  t h e  p i t c h  a t t i t u d e  and normal a c c e l e r a t i o n  t r a n s f e r  f i t s )  i n d i c a t e  t h a t  t h e  high frequency 
f l e x i b i l i t y  and servo-lag e f f e c t s  are not important f o r  t h i s  f l i g h t  condi t ion,  as noted earlier. 
The M i l  Handbook requirements f o r  lower-order equivalent  system p i t c h  response are given i n  
terms of t h e  parameters 
and (8) are w e l l  wi thin t h e  Level I ,  Category A ,  handling q u a l i t i e s  requirements, confirming 
t h a t  t h e  longi tudina l  c h a r a c t e r i s t i c s  f o r  SCAS  off  condi t ions  are adequate. 

and wsp = 2 18 rad lsec)  are cons is ten t  with prel iminary observat ions which are 

wspTe2, cSp, and The values  of these  parameters given i n  Eqs. (7) 

Time-domain v e r i f i c a t i o n  of t h e  longi tudina l  t r a n s f e r  func t ion  models w i l l  be addressed 
a f t e r  lateral response models are presented 

Lateral Dynamics 

The open-loop t r a n s f e r  func t ion  f o r  roll-rate response to  a i k r o n s  p/ba, is shown i n  
Figs. 12(a)  and 12(b) This  i s  a c l a s s i c a l  f i r s t - o r d e r  system i n  which a i l e r o n  inputs  produce 
a constant  r o l l  a c c e l e r a t i o n  at high frequency, and a constant  r o l l  rate a t  l o w  frequency. The 
corner frequency i s  about 1 r a d l s e c ,  with an assoc ia ted  phase l a g  of roughly -45 deg, as 
expected The dominant t i m e  constant  is thus  roughly 1 sec, implying about 2 t o  3 sec t o  reach 
a s teady-state  r o l l  rate 13 is very s t rong  over t h e  f re -  
quency range of 0 1 t o  9 0 rad /sec ,  ind ica t ing  an exce l len t  i d e n t i f i c a t i o n  of t h e  r o l l - r a t e  
dynamics. 

The coherence func t ion  shown i n  F ig  
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Speci f ica t ions  f o r  the lateral 
handling q u a l i t i e s  of m i l i t a r y  air- 
c r a f t  are given i n  t h e  M i l  Handbook 
(Ref 
equivalent-system model f o r  t h e  r o l l -  
a t t i t u d e  dynamics ($/Sa) When r o l l /  
yaw coupling is minor, t h e  spec i f ica-  
t i o n  on the equivalent  system r o l l  
mode t i m e  constant  (T,) can be i n t e r -  
p re ted  as t h e  r e c i p r o c a l  of t h e  r o l l  
response bandwidth (wBw+) I Referr ing 

again t o  Fig. 12(b) ,  t h e  bandwidth f o r  
r o l l  att i tude response t o  a i l e r o n s  i s  
oBW+ = 0 9 rad/sec,  y ie ld ing  a domi- 

nant t i m e  constant  of about 1 . 1  sec 
This  s a t i s f i e s  t h e  Ref [41 spec i f ica-  
t i o n  (Tr < 1.4 sec)  f o r  Level I ,  Cate- 
gory A, handling q u a l i t i e s  

[4] ) ,  based on a lower-order 

Aerodynamic s i d e s l i p  measure- 
ments are obtained from a s i d e s l i p  
ind ica tor  loca ted  roughly 18 f t  ahead 
of t h e  a i r c r a f t  c g The s i d e s l i p  at  
the  c . g  , Beg, i s  ca lcu la ted  by cor- 
r e c t i n g  t h e  measured s i g n a l  f o r  posi-  
t i o n  e r r o r  based on yaw r a t e  and air- 
speed N o  cor rec t ions  a r e  made f o r  
sensor dynamics because these  a r e  not 
f k l t  t o  be s i g n i f i c a n t  within t h e  
i d e n t i f i c a t i o n  bandwidth 

The t r a n s f e r  funct ion f o r  side- 
s l ip  response ( a t  the  c ,g  ) t o  rudder 
inputs BCg/6,, is  shown i n  Figs 14(a) 
and 14(b) The response i s  character-  
ized by a l i g h t l y  damped second-order 
mode with a frequency of about 
1 6 rad/sec High-frequency rudder 
inputs  y i e l d  a constant  s i d e s l i p  accel-  
e r a t i o n ,  while  low-frequency rudder 
inputs  y i e l d  a constant  s i d e s l i p  angle 
corresponding t >  a steady-state  yaw 
rate The coherence funct ion f o r  t h i s  
case, shown i n  Fig 15 is s t rong  over 
t h e  frequency range 0 , l  t o  5 0 rad /sec ,  
f a l l i n g  of f  sharply i n  t h e  high f r e -  
quency range 

The rap id  and r e l a t i v e l y  low- 
frequency dec l ine  of t h e  coherence 
funct ion of Fig 15 is unl ike  the  pre- 
vious t r a n s f e r  func t ions  considered 
f o r  t h e  c r u i s e  f l i g h t  condi t ion The 
reason f o r  t h i s  d i f fe rence  is  t h a t  
aerodynamic s i d e s l i p  is a s ta te  var i -  
a b l e  which is one d e r i v a t i v e  lower 
than t h e  o t h e r  rate v a r i a b l e s  consid- 
ered previously The response of 
parameters such as r o l l  rate and 
p i t c h  rate f a l l s  off  a t  high f r e -  
quency with a s lope  of 20 dB/decade 
However, t h e  aerodynamic s i d e s l i p  
response as seen i n  Fig.  14(a)  f a l l s  
o f f  a t  t h e  much f a s t e r  rate of 
40 dB/decade Although t h e  input  
autospectrum is roughly constant  
over t h e  e n t i r e  p l o t t e d  frequency 
range, t h i s  rap id ly  f a l l i n g  response 
causes a marked reduct ion of t h e  
output autospectrum and cross-  
spectrum and an assoc ia ted  dec l ine  

FLIGHT DATA 
30] TRANSFER FUNCTION MODEL 

1 5 ~ 1  

1 1 10 
FREQUENCY rad/sec 

Figure 1 2  Rol l - ra te  response t o  a i l e r o n  (p/6,) i n  
c r u i s e  (a)  Transfer-function magnitude 
(b) Transfer-function phase 

.6 I I I I I I 1 1 1  I I I 1 4 I 1 1 1  

1 1 10 

FREQUENCY rad/sec 

Figure 13 Coherence funct ion f o r  r o l l - r a t e  response 
i d e n t i f i c a t i o n  (y$ ) 

a P  

FLIGHT DATA 
TRANSFER FUNCTION MODEL 

1 1 10 
FREQUENCY radlsec 

Figure 14 
c r u i s e  (a)  Transfer-function magnitude 
(b) Transfer-function phase 

S i d e s l i p  response t o  rudder (BCg/Sr) i n  
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FREQUENCY, rad/sec 

Figure 15. 
i d e n t i f i c a t i o n  ( y i r ~ c g )  

Coherence func t ion  f o r  s i d e s l i p  response 

i n  t h e  coherence funct ion 
s i z e s  t h e  advantages of using t h e  
h igher  state d e r i v a t i v e s  i n  ident i fy-  
ing  t h e  high-frequency dynamics and 
suggests  the poss ib le  advantages of 
us ing  a t t i t u d e  s i g n a l s  t o  i d e n t i f y  t h e  
low-frequency dynamics However, s ince  
t h e  yaw mode of i n t e r e s t  has  a n a t u r a l  
frequency of roughly 1 . 6  rad lsec ,  the 
f a l l i n g  coherence f o r  f requencies  
g r e a t e r  than 5 r a d / s e c  is not a severe 
l i m i t a t i o n .  

This  empha- 

As i n  t h e  r o l l  ax is ,  handl ing 
q u a l i t i e s  s p e c i f i c a t i o n s  f o r  the yaw 
a x i s  response are given i n  terms of 
equivalent  system m o d e l s  These are 
derived i n  t h e  following s e c t i o n .  

LateraL Transfer  Function F i t t i n g  

Equivalent system f i t t i n g  using decoupled and coupled l a t e r a l / d i r e c t i o n a l  models has  
been considered i n  d e t a i l  by Bischoff (Ref [81) With t h e  decoupled model, t h e  responses are 
f i t  independently, using a f i r s t - o r d e r  r o l l  rate and a second-order s i d e s l i p  t r a n s f e r  funct ion.  
The coupled model approach is based on simultaneous f i t t i n g  of t h e  r o l l  and s i d e s l i p  responses 
t o  o b t a i n  the following fourth-order t r a n s f e r  func t ions  

where p(s)/b,(s) is  t h e  Laplace-transformed r o l l  r a t e  response t o  a i l e r o n  sur face  d e f l e c t i o n ,  
deg/sec/deg-aileron; Lg, 

t o r  damping and n a t u r a l  frequency, respec t ive ly ;  l / T s ,  l / T r  
subsidence modes; <d, Wd 
respec t ive ly ;  and T$ is the e f f e c t i v e  t i m e  delay 

is  t h e  a i l e r o n  r o l l  s e n s i t i v i t y ;  Cg, ug 

a r e  t h e  equivalent  Dutch r o l l  mode damping and n a t u r a l  frequency, 

are the  second-order numera- 

a r e  t h e  equivalent  s p i r a l  and r o l l  

where 6, ( s ) / b r ( s )  is  t h e  Laplace-transformed s i d e s l i p  response t o  rudder sur face  def lec t ion ,  
deg/deg-efevator ; Ygr  is t h e  rudder s i d e s l i p  s e n s i t i v i t y ;  l / T B l ,  ~ / T B ~ ,  ~ / T B ~  a r e  t h e  f i r s t -  

order  numerator inverse time-constants; and t h e  denominator parameters are i d e n t i c a l  t o  those  
of Eq. (9) The e f f e c t i v e  t i m e  delay f o r  t h e  s i d e s l i p  response i s  '6 The simultaneous f i t -  
t i n g  approach is cons is ten t  with t h a t  used i n  the  longi tudina l  a x i s  and allows t h e  i d e n t i f i c a -  
t i o n  of the  
hand1 ing q u a l i t i e s  assessment 

w /ud "coupling e f f e c t "  i n  t h e  r o l l  response (Eq ( 9 ) ,  which is important i n  t h e  

The coherence func t ion  r e s u l t s  of Figs  13 and 15 show a s a t i s f a c t o r y  i d e n t i f i c a t i o n  of 
both r o l l  and s i d e s l i p  responses i n  t h e  frequency range of 0 1 t o  5 0 rad/sec Based on t h i s  
f i t t i n g  range, t h e  computer program LATFIT (Ref [Ill) was used t o  o b t a i n  t h e  parameters of 
Eqs (9) and (lo), simultaneously Since t h e  coherence f o r  t h e  ro l l  response is s a t i s f a c t o r y  
over t h e  e n t i r e  range of 0 1 t o  10 0 rad lsec ,  t h i s  degree of freedom w a s  r e f i t  alone, holding 
t h e  denominator f a c t o r s  constant  at the  va lues  obtained from the  simultaneous s o l u t i o n  This  
procedure is analogous t o  t h a t  used i n  t h e  longi tudina l  case and optimizes t h e  values  of t h e  
high-frequency ga in  and numerator parameters i n  t h e  r o l l  t r a n s f e r  funct ion.  
f o r  t h e  parameters of  Eqs. (9) and (10) are: 

The f i n a l  r e s u l t s  

Lba = 4 486 degfsec'/deg-aileron 

= 1 7  630 deg/sec2/ in  -GUT 

cg = 0 313 

u$ = 1 887 rad lsec  

l / T s  = 0 063 radfsec  

l / T r  = 1.090 rad /sec  

Cd = 0 . 2 4 8  
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wd = 1,581 r a d l s e c  

T$ = 0.045 sec 

Ygr = -0 051 

= -0.408 deg/sec/in.-gped 

l /Tg,  = 0.086 rad lsec  

= 0,818 rad lsec  1/TB2 

l / T g ,  = 47 946 r a d l s e c  

l / T s  = 0,063 r a d l s e c  

l /Tr  = 1,090 r a d l s e c  

Cd = 0,248 

J wd = 1,581 r a d l s e c  

T~ = 0 026 sec  

The l a t e r a l l d i r e c t i o n a l  t r a n s f e r  func t ion  f i t s  are p l o t t e d  as dot ted  l i n e s  f o r  compari- 
son with t h e  f l i g h t  d a t a  of F igs  1 2  and 14 
(Fig 1 2 )  is exce l len t  over t h e  e n t i r e  frequency range 
matching is apparent f o r  low frequency inputs  
f l i g h t  d a t a  i s  a l s o  exce l len t  (Fig 14) 

The matching of t h e  roll-response magnitude 
Only a s l i g h t  anomaly i n  t h e  phase 

The agreement between t h e  s i d e s l i p  f i t  and t h e  

A s  a r e s u l t  of t h e  simultaneous f i t t i n g  of t h e  r o l l  and yaw responses, t h e  t r a n s f e r  
funct ion parameters of Eqs, (9) and (10) have c l e a r l y  re ta ined  t h e i r  physical  s ign i f icance .  
The inverse r o l l  mode t i m e  constant ,  l / T r  = 1 090 rad lsec  is roughly equal  t o  t h e  r o l l  response 
bandwidth as expected; both are w e l l  wi thin t h e  Level I r o l l  response requirements, a s  mentioned 
e a r l i e r .  
corresponding t o  t h e  peak i n  t h e  s i d e s l i p  Bode magnitude p l o t  (Fig 14(a) )  The s m a l l  e f f e c t i v e  
time de lays  f o r  t h e  r o l l  and s i d e s l i p  responses r e f l e c t  negl ig ib le  high-frequency f l e x i b i l i t y  
and servo-lag e f f e c t s ,  and are cons is ten t  with t h e  previous longi tudina l  r e s u l t s  The s m a l l  
t i m e  delay i n  t h e  s i d e s l i p  response a l s o  supports  t h e  omission of cor rec t ions  f o r  s i d e s l i p  
sensor dynamics 

The equivalent  Dutch r o l l  mode i s  l i g h t l y  damped with a n a t u r a l  frequency roughly 

The r a t i o  of t h e  n a t u r a l  frequency of t h e  numerator complex zero (w$) t o  t h e  denominator 
complex pole  (wd) i s  one measure of rol l /yaw coupling i n  response t o  a i l e r o n  inputs  When 

wg = the  numerator and denominator quadra t ic  f a c t o r s  roughly cancel ,  and t h e  r e s u l t i n g  
decoupled r o l l  response is charac te r ized  e n t i r e l y  by t h e  roll-mode t i m e  constant  This  case 
leads  t o  t h e  b e s t  handling q u a l i t i e s  f o r  a nominal value of t h e  roll-mode t i m e  constant .  A s  
t h e  ro l l lyaw coupling increases ,  t h e  numerator and denominator quadra t ic  f a c t o r s  of Eq (9) no 
longer  cancel  and an undesirable  o s c i l l a t o r y  component of r o l l  rate is generated.  
Eq ( l l ) ,  t h e  near un i ty  va lue  w$/wd = 1 19 

Referr ing t o  
suggests  no such concern f o r  ro l l lyaw coupling 

A more d i r e c t  measure of t h e  rol l /yaw coupling is obtained from evaluat ing t h e  r a t i o  of 
r o l l  a t t i t u d e  t o  s i d e s l i p  evaluated at  t h e  Dutch r o l l  frequency 
(Ref. [4]) t h a t  t h e r e  i s  a d i r e c t  c o r r e l a t i o n  between t h e  
l a t o r y  r o l l  rate t o  s teady r o l l  rate f o r  s t e p  a i l e r o n  inputs  
less than 1 . 4 )  suggests  a small o s c i l l a t o r y  r o l l - r a t e  componenr and d e s i r a b l e  handling qual i -  
ties. A l a r g e  value causes r o l l  response overshoot and r e l a t e d  poor t racking  c h a r a c t e r i s t i c s  
A cross c o r r e l a t i o n  of ro l l  rate and s i d e s l i p  responses y i e l d s  
such t racking  d e f i c i e n c i e s ,  
decoupled and f i r s t  o rder  i n  nature .  Therefore, t h e  simple, f i r s t - o r d e r  r o l l  rate model could 
be adopted f o r  f u t u r e  s t u d i e s  

1$/81d Analyses show 
I$/@ld r a t i o  and t h e  r a t i o  of o s c i l -  

A s m a l l  value of /+ /$Id  ( e , g , ,  

\ $ / $ i d  = 1 2 1 ,  which implies  no 
The preceding analyses  have shown t h a t  t h e  r o l l  response is l a r g e l y  

4.  Time Domain V e r i f i c a t i o n  of Transfer  Function Models 

The t r a n s f e r  funct ion is the minimum r e a l i z a t i o n  descr ip t ion  of a l inear input-output 
process. The t ransfer-funct ion models developed above can be used to  generate  a l l  o t h e r  f re -  
quency and t i m e  domain information. 
usefu l  output  format f o r  t h e  l i n e a r  i d e n t i f i c a t i o n  procedure. However, t h e  adequacy of these  
l inear ized  t ransfer-funct ion models f o r  p r e d i c t i n g  t h e  time-domain dynamics of nonlinear systems 
is a t  quest ion.  
funct ion which is s t r i c t l y  v a l i d  only f o r  t h e  input  amplitudes which w e r e  used i n  t h e  f l i g h t  
test experiment. Also, s ince  i d e n t i f i c a t i o n  procedures tend t o  be  tuned t o  t h e  type of test 
inputs  used (e.g , a sine-sweep), t h e i r  accuracy i n  pred ic t ing  responses t o  o t h e r  classes of 

Therefore, a set of v e r i f i e d  t r a n s f e r  func t ion  models is a 

For such nonl inear  systems, t h e  t r a n s f e r  func t ion  is a c t u a l l y  a descr ibing 
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inputs  ( e ,g . ,  s t e p s ,  doublets)  is o f t e n  uncertain.  
t he  previous s e c t i o n  between t h e  t ransfer-funct ion f i ts  and t h e  frequency-response f l i g h t  da t a  
never exceeded t h e  allowable handling q u a l i t y  s p e c i f i c a t i o n s ,  t he  importance of t hese  discrep- 
anc ie s  i n  p red ic t ing  t i m e  response behavior is st i l l  a t  i s sue .  
i n  t h e  following sec t ion .  

Las t ly ,  although t h e  mismatches observed i n  

These quest ions are addressed 

The b a s i c  v e r i f i c a t i o n  approach is t o  compare t h e  s t e p  response of t h e  a i r c r a f t  with the  
response of t h e  t ransfer-funct ion model dr iven by t h e  same recorded con t ro l  inputs .  
responses were completed f o r  a l l  f l i g h t  condi t ions with t h e  s t a b i l i z a t i o n  system disengaged i n  
order  t o  show t h a t  t h e  extracted t ransfer-funct ion models are v a l i d  f o r  t h e  bare-airframe con- 
f i g u r a t i o n  The t r a n s f e r  funct ions f o r  t h e  hover f l i g h t  condi t ion and those extracted i n  t h e  
present  ana lys i s  f o r  t h e  c r u i s e  f l i g h t  condi t ion are summarized i n  Table 1. For i l l u s t r a t i v e  
consistency, a l l  t r a n s f e r  funct ions are referenced t o  the  t h r e e  su r face  de f l ec t ions :  
a i l e ron ,  and rudder 
f i r s t  

The s t e p  

e l eva to r ,  
The v e r i f i c a t i o n  r e s u l t s  f o r  t h e  hover f l i g h t  condi t ion are presented 

TABLE 1.- SUMMARY OF IDENTIFIED TRANSFER-FUNCTION MODELS~ FOR THE 
HOVER AND CRUISE FLIGHT CONDITIONS 

Hover (V = 0) Cruise (V = 170 knots,  indicated)  

Longitudinal dynamics 

a~ 1,597 e-' 

'e 
554, 1791 ; gldeg- e l eva to r  ; g/in.- power l eve r  _ -  a~ -0.108 e-' O o 5 '  

& C  (0 115) 
- =  

9 = -2.607s(-0.075) (0.686)e-' 044s 
6e (0 115)(1 597)[-0 978, 0 3931 ' 

q - -7.727(1.035)e-' . 

[0  554, 2 1791 ' 6e 
- _  

degjsecldeg . e leva to r  deglsecjdeg-  e l eva to r  

L a t e r a l  dynamics 
-~ 

- -  p - 3,959s(-O,092)(0.570)e-' O Z 2 '  . 
6a (0 108) ( 1  429)f-0 581, 0.4271 ' 

p - 4.486s[O 313, 1.887le-0 0 4 5 s  . 
6a (0 .063)(1 090)[0 248, 1.5811 ' - _  

deglsecldeg- a i l e r o n  deglsecldeg - a i l e r o n  

- =  r 0,708 (o e-' 108) *19s ; deg/sec/deg - rudder ',, = -0 .051(0.086)(0.818)(47,946)e-0~026s ~ 

(0 063) (1.090) 10 248, 1 5811 6r 6r 
I 

r 0,398(-0,310)[0.762, 0.524]e-' 046s 

6a 
- =  

(0 108)(1.429)[-0 581, 0 4271 ' 

degldeg - rudder 

deglsecldeg - a i l e r o n  

aShorthand notat ion:  [ 5 .  w] implies s2  + 25ws + u2, 5 = damping r a t i o ,  w = undamped na tu ra l  
frequency ( r ad l sec ) ;  and (1/T) implies s + ( l / T ) ,  r ad l sec  

Hover Fl ight  Condition 

A co-plot of t h e  t ransfer-funct ion model f o r  yaw rate response t o  rudder r/6, (Table 1)  
with the  frequency response d a t a  of Ref 131 is  presented i n  Fig 16 The t ransfer-funct ion 
model matches the  f l i g h t  d a t a  very w e l l  at  high frequency i n  both magnitude and phase but not as 
w e l l  a t  low frequency Even so, t h e  f i t  m e e t s  t h e  mismatch criteria of Ref [4] f o r  handling 
q u a l i t i e s  assessment 
which t h e  f i t  is exce l l en t  f o r  t h i s  case 

These c r i t e r i a  emphasize t h e  p i l o t i n g  crossover range of 1-3 r ad l sec ,  i n  

When t h e  t ransfer-funct ion model is dr iven with one of t he  swept sine-wave inputs used i n  

The t ransfer-funct ion model and f l i gh t -da ta  responses f o r  a t y p i c a l  frequency sweep 
the i d e n t i f i c a t i o n  procedure, t h e  time-domain r ami f i ca t ions  of model mismatch are c l e a r l y  
exposed. 
a r e  compared i n  Fig 17 The input  amplitude shown i n  Fig.  17(a) is roughly 220% of t h e  maximum 
pedal t r a v e l  producing a yaw response amplitude of roughly +20 deglsec,  as seen i n  Fig. 17(b).  
The f l a t  spot i n  the  yaw rate s i g n a l  a t  50 sec is due t o  yaw-rate sensor  l imi t ing .  
t he  match between t h e  t ransfer-funct ion response and t h e  f l i g h t  d a t a  is exce l l en t .  
and form of the  model response matches t h e  f l i g h t  d a t a  very w e l l ,  with t h e  only not iceable  
anomaly being an  underestimation of t h e  peak amplitudes f o r  low-frequency inputs .  
r e s u l t  of the f i t  mismatch a t  low frequency (Fig 
r a t e l y  captures  the  essence of t he  yaw-rate response over t h e  frequency range of i n t e r e s t ,  and 
can be considered adequate f o r  sine-wave type inpu t s  

I n  general ,  
The phasing 

This  is a 
16) Thus, t he  t r a n s f e r  funct ion model accu- 
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The f l i g h t  d a t a  f o r  yaw rate 
response t o  a step pedal input is shown 
i n  Figs. 18(a)  and 18(b) The c o n t r o l  
d e f l e c t i o n  represents  roughly 40% of 
t h e  maximum cont ro l  power, a f a i r l y  
l a r g e  amplitude input .  The maximum 
yaw-rate response i s  about 35 deglsec,  
which is 75% g r e a t e r  than t h e  peak 
va lues  obtained i n  t h e  frequency 
sweeps The t ransfer-funct ion model 
response co-plotted i n  t h e  dashed 
curve of Fig 18(b) compares extremely 
w e l l  with t h e  f l i g h t  da ta  over t h e  
e n t i r e  r u n -  even f o r  this  f a i r l y  l a r g e  
input  amplitude case Analyses on t h e  
vertical  response t o  c o l l e c t i v e  
(aZ/6,) showed t h e  same exce l len t  
response c o r r e l a t i o n .  This  i s  
expected s i n c e  the response dynamics 
f o r  t h e  heave and yaw axes are near ly  
t h e  same (Table 1 )  

The step-response run lengths  of 
roughly 10 sec emphasize the high- and 
mid-frequency ranges, allowing only 
enough t i m e  f o r  about one t i m e  constant  
(TY = 9 - 3  sec)  
frequency mismatches never r e a l l y  have 
enough t i m e  t o  b u i l d  up This  is  
t y p i c a l  of step-response d a t a  and 
i l l u s t r a t e s  t h e  advantages of a sym- 
met r ica l  sine-sweep input Clear ly ,  
however, t h e  response i n  t h e  f i r s t  few 
seconds is t h e  key concern of t h e  
p i l o t  
match c r i t e r i a  being most s t r i n g e n t  i n  
t h e  mid-frequency range 

Thus, t h e  low- 

This  i s  r e f l e c t e d  i n  t h e  m i s -  

So f a r ,  t h e  t i m e  response 
r e s u l t s  show t h a t  t h e  simple t ransfer -  
funct ion models match t h e  step-response 
c h a r a c t e r i s t i c s  very wel l  Also, t h e  
use  of a very low-order descr ip t ion  has  
avoided any problems i n  over-tuned 
modeling I n  general ,  however, good 
t i m e  h i s t o r y  matching i s  h ighly  depen- 
dent on t h e  l e v e l  of spurious inputs  
t o  t h e  model due to :  (1) improper 
s e t t i n g  of i n i t i a l  condi t ions,  
(2) cont ro l  inputs  required t o  sup- 
p r e s s  turbulence,  and (3)  unmodeled 
cont ro l  coupling When t h e  model 
dynamics are stable,  t h e  e f f e c t s  of 
these  spurious inputs  d i e  out with 
time, and response matching presents  
no p a r t i c u l a r  prDblems Such cases  
are the  easiest f o r  time-domain iden- 
t l f i c a t i o n  as w e l l  

en - 
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Figure 16 Y a w - r a t e  response t o  rudder ( r /6r )  i n  
hover (a)  Transfer-function magnitude 
(b) Transfer-function phase 
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Figure 1 7  
func t ion  model responses t o  a pedal frequency-sweep 
i n  hover (a)  Rudder sur face  d e f l e c t i o n  (b) Yaw- 
rate response 

Comparison of a i r c r a f t  and t ransfer -  

When t h e  dynamics of t h e  t ransfer-funct ion response are unstable, the  t r a n s i e n t s  due t o  
these spurious i n p u t s  grow with t i m e  Therefore, s m a l l  e r r o r s  i n  t h e  choice of i n i t i a l  condi- 
t i o n s ,  o r  small inputs  required t o  suppress t h e  response t o  turbulence,  can create gross  d i f f e r -  
ences between t h e  t ransfer-funct ion response and t h e  f l i g h t  d a t a .  
a c q u i s i t i o n  and maintenance of a s teady t r i m  condi t ion i s  o f t e n  not  poss ib le ,  f u r t h e r  complicat- 
ing t h e  proper i n i t i a l i z a t i o n  of t h e  t r a n s f e r  func t ion  c a l c u l a t i o n s  
i t y  of t h e  t ransfer-funct ion dynamics increases ,  so do t h e  problems of  time-history matching. 
Not surpr i s ing ly ,  these  are a l s o  t h e  worst cases f o r  time-domain i d e n t i f i c a t i o n ,  

A l s o ,  f o r  uns tab le  vehic les ,  

A s  t h e  l e v e l  of i n s t a b i l -  

The rol l - ra te- to-ai leron t r a n s f e r  func t ion  (Table 1)  is dominated 
o s c i l l a t i o n  having a time-to-double of about 2 . 8  sec This  r e f l e c t s  t h e  
e r r o r s  and inexact  c o n t r o l  i n p u t s  and i n i t i a l  condi t ions w i l l  propagate. 
i n  t h e  r o l l  axis w a s  achieved s t a r t i n g  from a f a i r l y  s teady i n i t i a l  trim 
Figs. 19(a)  and 19(b) The assumed i n i t i a l  condi t ion is determined from 

by a n  uns tab le  r o l l  
speed a t  which t h e  

A good s t e p  response 
condi t ion as shown i n  
t h e  average of t h e  
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Figure 18 Comparison of a i r c r a f t  and t r a n s f e r -  
funct ion model responses t o  a s t e p  rudder input  i n  
hover (a)  Rudder sur face  d e f l e c t i o n  (b) Yaw- 
rate response 
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Figure 19 
func t ion  model responses t o  a s t e p  a i l e r o n  input  i n  
hover (a) Aileron sur face  d e f l e c t i o n  (b) Roll- 
rate response. 

Comparison of a i r c r a f t  and t r a n s f e r -  

trim d a t a  as shown i n  t h e  f i g u r e s .  
responses of t h e  t r a n s f e r  func t ion  and 
f l i g h t  d a t a  match very w e l l  f o r  t h e  
first f u l l  cyc le  ( 4  sec)  and begin t o  
diverge af ter  about 7 sec from t h e  
beginning of t h e  s t e p  input  Even so, 
t h e  form of t h e  response as character-  
i zed  by t h e  relative damping, n a t u r a l  
frequency, and amplitude is w e l l  modeled 
by t h e  t r a n s f e r  func t ion  The t i m e  
h i s t o r i e s  diverge a f t e r  about 7 sec, 
but  t h i s  w i l l  not be important f o r  such 
highly uns tab le  systems (cd = -0.581) 
s i n c e  p i l o t  regula t ion  would obviously 
be appl ied wi th in  t h e  f i r s t  few seconds 
of t h e  response; th i s  again r e f l e c t s  
t h e  need t o  match properly mid- and 
high-frequency c h a r a c t e r i s t i c s .  

The 

I n  t h e  p i t c h  a x i s ,  t h e  e f f e c t s  
of t h e  uns tab le  dynamics become far 
worse The dominant p i t c h  o s c i l l a t i o n  
is very uns tab le  (csp = -0,978, 
Table 1)  , having a time-to-double 
amplitude of 1 8 see  This  i s  almost 
h a l f  of t h e  va lue  f o r  t h e  r o l l  a x i s  
Acquis i t ion and maintenance of a 
(mathematically) s teady p i t c h  t r i m  i n  
t h e  hover f l i g h t  condi t ion is  near ly  
impossible, even with t h e  SCAS engaged. 
Also, t h e  s m a l l  p i t c h  inputs  needed t o  
suppress turbulence responses cause a 
rap id  divergence between t h e  model and 
f l i g h t  d a t a  t i m e  h i s t o r i e s .  Therefore ,  
v e r i f i c a t i o n  of t h e  p i t c h  response model 
is not f e a s i b l e  This  is a t y p i c a l  
problem f o r  i d e n t i f i c a t i o n  schemes based 
on s t e p  inputs  and f u r t h e r  i l l u s t r a t e s  
t h e  advantages of using t h e  symmetric 
swept sine-wave forms 

Cruise  F l igh t  Condition 

A s  seen from t h e  t r a n s f e r -  
funct ion models of Table 1, t h e  dynam- 
i c s  of the  c r u i s e  f l i g h t  condi t ion are 
very s t a b l e  i n  comparison t o  those  of 
t h e  hover f l i g h t  condi t ion None of t h e  
problems assoc ia ted  with i n i t i a l  condi- 
t i o n  matching o r  diverging t r a n s i e n t s  
w a s  encountered i n  c o r r e l a t i n g  t h e  t i m e  
h i s t o r i e s  f o r  t h i s  f l i g h t  condi t ion.  
Unlike t h e  hover f l i g h t  condi t ion,  
open-loop s t e p  responses w e r e  e a s i l y  
obtained and repea tab le  f o r  a l l  axes. 

The p i tch- ra te  response t o  s t e p  
e leva tor  d e f l e c t i o n  is shown i n  
F igs  20(a) and 20 (b) The e l e v a t o r  
input  corresponds t o  about 40% of t h e  
maximum c o n t r o l  d e f l e c t i o n .  The com- 
par i son  between t h e  model response and 
t h e  f l i g h t  d a t a  is seen t o  be exce l len t  

over t h e  major i ty  of t i m e  h i s t o r y  
are due t o  t h e  inadequacy of t h e  shor t  per iod approximation i n  modeling t h e  low-frequency 
(phugoid) dynamics (Fig 8 )  Even so, t h e  shor t  per iod approximation c l e a r l y  gives  a n  exce l len t  
charac te r iza t ion  of t h e  important i n i t i a l  response dynamics 

The s l i g h t  devia t ions  occurr ing toward the end of t h e  run 

The comparison of t h e  t ransfer-funct ion model and f l i g h t  d a t a  f o r  t h e  normal a c c e l e r a t i o n  

This  is mostly due t o  t h e  mismatch between t h e  assumed second-order model and t h e  f l i g h t  
response t o  the s t e p  e leva tor  input  of Fig 
ax is .  
d a t a  a t  mid frequency (Fig 10(a) )  Referr ing t o  Fig.  20(c) ,  t h e  t r a n s f e r  func t ion  overpredic t s  
the maximum a c c e l e r a t i o n  response by near ly  40% Despi te  t h i s  discrepancy, the in i t ia l  response 

20(a) is not near ly  as good as it is i n  t h e  p i t c h  
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slope,  rise t i m e ,  and percent  overshoot 3- 
are a l l  well predic ted ;  therefore ,  t h e  

2 -  t ransfer-funct ion model i s  a u s e f u l  
charac te r iza t ion  of t h e  a c c e l e r a t i o n  
response This  comparison f u r t h e r  indi-  4 
cates t h e  need t o  i n v e s t i g a t e  sources  1- 

5 of  unmodeled dynamics ( e  .g ,  , engine rg 

response) i n  t h e  vertical a x i s .  0 -  

The a i r c r a f t  r o l l  rate response 
t o  a s t e p  a i l e r o n  input  is shown i n  
Figs .  21(a) and 21(b) The t ransfer -  
func t ion  model shown i n  t h e  dashed 
l i n e  accura te ly  p r e d i c t s  t h a t  t h e  
response w i l l  be  predominantly f irst  
order ,  with no overshoot o r  o s c i l l a -  
t o r y  tendency This  corroborates  t h e  
same conclusion made earlier on t h e  
b a s i s  of t h e  s m a l l  
r a t i o s  The s i d e s l i p  response t o  a 
s t e p  rudder input  is shown i n  
Figs. 22(a) and 22(b) with t h e  appro- 
p r i a t e  cor rec t ions  f o r  t h e  nose-boom 
p o s i t i o n  The t ransfer-funct ion model 
shown i n  t h e  dashed curve matches t h e  
f l i g h t  d a t a  f a i r l y  w e l l  f o r  t h e  f i r s t  
10 secq Thereaf te r ,  t h e  responses 
diverge,  probably due t o  a gust  
encounter o r  some o ther  aerodynamic 
in te r fe rence  e f f e c t  a t  t h e  s i d e s l i p  
vane during t h e  recovery phase Once 
again,  t h e  charac te r  of t h e  s t e p  
response is w e l l  p red ic ted ,  with an 
accura te  modeling of t h e  rise t i m e ,  
overshoot, and s teady s t a t e  s i d e s l i p  

This  v e r i f i c a t i o n  s tudy shows 

w,$/wd and I,$/Bld 

t h e  u t i l i t y  of f a i r l y  simple t r a n s f e r -  
func t ion  models i n  pred ic t ing  t h e  
t r a n s i e n t  responses t o  r e l a t i v e l y  
l a r g e  and var ied  inputs  High- 
frequency and mid-frequency s p e c t r a l  
response matching i s  c l e a r l y  e s s e n t i a l  
f o r  accura te  s t e p  response predic t ion ,  
as it is f o r  handling q u a l i t i e s  
assessments T i m e  response matching 
f o r  uns tab le  t r a n s f e r  func t ions  i s  
very d i f f i c u l t  because of t h e  i n a b i l -  
i t y  t o  acqui re  and maintain a s teady 
i n i t i a l  t r i m ,  and t h e  tendency toward 
rap id ly  growing t r a n s i e n t s  due t o  
s m a l l  unmodeled e x c i t a t i o n s  
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Figure 20, Comparison of a i r c r a f t  and t ransfer -  
func t ion  model responses t o  a s t e p  e l e v a t o r  input  i n  
c r u i s e  (a)  Elevator  sur face  d e f l e c t i o n .  (b) Pi tch-  
rate response (c)  Normal ( p o s i t i v e  downward) accel-  
e r a t i o n  response 
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Figure 21 Comparison of a i r c r a f t  and t r a n s f e r -  
funct ion model responses to a s t e p  a i l e r o n  input  i n  
c r u i s e  (a)  Aileron sur face  def lec t ion .  (b) Roll- 
rate response I 
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Figure 22. Comparison of a i r c r a f t  and t ransfer-funct ion model responses t o  a s t e p  rudder input 
i n  c r u i s e .  (a) Rudder surface d e f l e c t i o n  (b) S ides l ip  response ( a t  t he  c.g.). 

5. Conclusions 

Some s p e c i f i c  conclusions from t h i s  study of t h e  open-loop dynamics of t he  XV-15 tilt- 
r o t o r  a i r c r a f t  are. 

1)  The response c h a r a c t e r i s t i c s  f o r  t h e  c r u i s e  f l i g h t  condi t ion are very s t a b l e  and 
decoupled, The handling q u a l i t y  parameters meet o r  exceed Level 11, Category A, requirements 
f o r  fixed-wing m i l i t a r y  a i r c r a f t  

2) 

The mismatch f o r  t h i s  response is probably due t o  the  unmodeled r o t o r  rpm dynamics. 

3) The s t e p  responses of the i d e n t i f i e d  t r a n s f e r  funct ions and t h e  a i r c r a f t  general ly  
Time-domain v e r i f i c a t i o n  of 

Standard lower-order equivalent models adequately match t h e  i d e n t i f i e d  c r u i s e  dynam- 
ics i n  a l l  degrees-of-freedom except f o r  t he  normal acce le ra t ion  responses t o  e l eva to r  deflec- 
t i o n  

match very w e l l  f o r  both the  hover and c r u i s e  f l i g h t  condi t ions 
the  unstable  a t t i t u d e  dynamics i n  hover is very d i f f i c u l t  because s m a l l  e r r o r s  at t h e  beginning 
of t he  run cause the  responses of t he  model and the  a i r c r a f t  t o  diverge rapidly.  

The frequency-domain approach has  proven t o  be a r e l a t i v e l y  simple and accu ra t e  means 
f o r  ex t r ac t ing  t h e  bare-airframe dynamics of t h e  XV-15 
t ransfer-funct ion models f o r  handling q u a l i t i e s  and control-system s t u d i e s  has  been shown i n  
the  frequency and time domains. 

The u t i l i t y  of t h e  derived lower order  
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