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INTRODUCTION 

Stab i  1  i t y  and c o n t r o l  d e r i v a t i v e s  ex t rac ted  from f l i g h t  data have been 
used f o r  many years t o  p rcv ide  f i n a l  v e r i f i c a t i o n  o f  t he  p red i c t ed  f u l l - s c a l e  
a i r c r a f t  aerodynamic c h a r a ~ t e r i  s t i c s  and f o r  the  v e r i f i c a t i o n  o f  p r e d i c t i o n  
techniques. The f l i gh t -de te rmined  de r i va t i ves  can be compared w i t h  ca l cu l a ted  
d e r i v a t i v e s  and wind-tunnel p red i c t i ons ,  and t h i s  comparison can be used t o  
update p r e d i c t i o n  methods f o r  the  improvement o f  f u t u r e  a i r c r a f t  designs. 
Many areas need t o  be s tud ied  t o  assess t he  r e l i a b i l i t y  o f  the f l ight -measured 
s t a b i l i t y  and con t ro l  de r i va t i ves .  Among these areas i s  the  e f f e c t  o f  sam- 
p l i n g  r a t e  and record  length.  The des i r e  t o  minimize t he  amount o f  data proc- 
ess ing requ i red  f o r  m y  g iven f l i g h t  program creates a  need f o r  more economi- 
c a l  data hand1 i n g  techniques. A reduc t ion  i n  sampling r a t e  and/or record 
l eng th  would s i g n i f i c a n t l y  economize on computer u t i l i z a t i o n  f o r  processing 
f l i g h t  data i n  such an ana lys is .  L i t t l e  e f f o r t  has been devoted t o  t h i s  sub- 
j e c t  i n  a i r c - a f t  parameter est imat ion.  

The computation t ime requ i red  t o  perform a  d e r i v a t i v e  es t imat ion  i s  d i -  
r e c t l y  p ropo r t i ona l  t o  the  number o f  data po in ts .  The number o f  data p o i n t s  
i s  determined by the  sampl i n g  r a t e  and t he  record length.  The lowest sam- 
p l i n g  r a tes  poss ib le  f o r  d e r i v a t i v e  ana lys is  a re  examined i n  t h i s  r epo r t ,  a l -  
though the  sampling r a t e  requ i red  f o r  f i l t e r i n g  i n  t he  data a c q u i s i t i o n  sys- 
tem i s  usua l l y  h igher  than t h a t  necessary t o  ob ta i n  s t a b i l i t y  and c o n t r o l  de- 
r i v a t i v e s .  This r e p o r t  presents the  r e s u l t s  o f  determin ing s t a b i l i t y  and con- 
t r o l  de r i va t i ves  from f l i g h t  data us ing t he  maximum 1  i k e l  ihood es t imat ion  tech- 
nique ( r e f .  1). Several l a t e r a l - d i r e c t i o n a l  and l o n g i t u d i n a l  maneuvers were 
analyzed a t  d i f f e r e n t  sampling r a tes  and record lenghts  t o  assess t he  e f f e c t  o f  
sampling r a t e  and/or record  length.  Time s h i f t i n g  e f f e c t s  ( r e f .  2), which 
a l so  i n f l uence  the  q u a l i t y  o f  the  est imates,  are no t  i nves t i ga ted  i n  t h i s  re -  
p o r t .  



normal accel erati on, g 

lateral acceleration, g 

nondimensional roll ing-moment coefficient 

nondimensional pi tchi ng-moment coefficient 

nondimensional yawing-moment coefficient 

norrdimensional side-force coefficient 

nondimensional normal-force coefficient 

roll rate, deg/sec or rad/sec 

roll i ng angular acceleration, deg/sec 2 

pitch rate, deg/sec or rad/sec 

2 2 dynamic pressure, kN/m (Ib/ft ) 

yaw rate, deg/sec or rad/sec 

yawing angular acceleration, deg/sec 2 

velocity , m/sec (ftjsec) 

angle of attack, deg or rad 

angle of sideslip, deg or rad 

aileron deflection, deg or rad 

differential tail deflection, deg or rad 

blended combination o f  spoiler and differential 
tail deflections, deg or rad 

elevator deflection, deg or rad 

rudder deflection, deg or rad 

pitch angle, deg or rad 

roll angle, deg or rad 



Subscr ipts:  

p, 9,  r, a,  fi p a r t i a l  d e r i v a t i v e  w i t h  respec t  t o  t h e  

ba, 6c1, 6 subscr ip ted var iab les  
2 

METHOD OF ANALYSIS 

A maximum 1 i k e l  ihood es t imat ion  (MLE) method o f  ana lys is ,  descr ibed i n  
re ference 1, was used t o  determine a complete se t  o f  l i n e a r  s t a b i l i t y  and con- 
t r o l  de r i va t i ves  fvom the  maneuvers performed i n  f l i g h t .  The method i s  a 
d i g i t a l  computational technique t h a t  determines t he  bes t  s e t  o f  c o e f f i c i e n t s  
( s t a b i l  i ty and c o n t r o l  de r i va t i ves )  o f  t he  1 i n e a r i r e d  equat ions o f  motion. Th is  
technique minimizes a weighted i n t e g r a l  squared e r r o r  between f l ight-measured 
and est imdted t ime h i s t o r i e s .  

The r e s u l t  i s  t h a t  the est imated t ime h i s t o r y  tends t o  match t he  f l i g h t  
t ime h i s t o r y .  Examples o f  matches o f  l a t e r a l - d i r e c t i o n a l  data f o r  each o f  t he  
f i v e  a i r c r a f t  i n ves t i ga ted  a re  shown i n  f i g u r e  1, and the  matches f o r  t he  
l o n g i t u d i n a l  data a re  shown i n  f i g u r e  2. The s o l i d  l i n e  i s  t he  measured data 
and the dashed l i n e  i s  the MLE est imated data. The elements o f  t h e  we igh t ing  
matr ices f o r  each veh i c l e  (discussed i n  general i n  re ference 3) are  g iven i n  
reference 2. 

The Cramer-Rao bound ( r e f s .  3 and 4) prov ides an est imate o f  the  degree 
o f  confidence t h a t  should be placed i n  t he  de r i va t i ves  ex t rac ted  from f l i g h t  
data. Th is  bound, a l so  c a l l e d  the  unce r t a i n t y  l e v e l ,  prov ides an est imate o f  
t he  lower bound o f  t he  covariance o f  t he  parameters est imated from a g iven  s e t  
o f  f l i g h t  data. 

TEST AIRCRAFT AND DATA SYSTEM 

F l i g h t  t e s t  data from several  types o f  a i r c r a f t  were analyzed t o  ob ta i n  
r e s u l t s  t h a t  were independent of the  a i r c r a f t  con f i gu ra t i on .  The choice o f  
a i r c r a f t  was based l a r g e l y  on the  a v a i l a b i l i t y  of t he  proper dynamic response 
data f o r  determining s t a b i l i t y  and con t ro l  de r i va t i ves .  The data a re  from 
f l i g h t  t e s t  programs conducted a t  t he  NASA Dryden F l i g h t  Research Center. 
These a i r c r a f t  represent a wide v a r i e t y  o f  a i r c r a f t  con f igu ra t ions .  

Data from f i v e  a i r c r a f t ,  r e f e r r e d  t o  as a i r c r a f t  A, B, C, D, and E, were 
used. A i r c r a f t  A was a PA-30 a i r c r a f t ,  a l i g h t ,  twin-engine general a v i a t i o n  
a i r p l ane  descr ibed i n  reference 5. An unpowered remotely p i l o t e d  3/8-scale 
model o f  the F-15 a i r p l ane  ( r e f .  6) was a i r c r a f t  B. The Je tS ta r  a i rp lane ,  a 



low-winged execut ive j e t  t r anspo r t ,  was a i r c r a f t  C ( r e f .  7) .  A i r c r a f t  D  was 
an F-111A a i r p l ane  ( r e f .  a ) ,  a f i g h t e r  w i t h  a  v a r i a b l e  sweep wing. The HL-10 
l i f t i n g  body research veh i c l e  ( r e f .  9) was a i r c r a f t  E. 

Table 1  l i s t s  the  f l i g h t  cond i t i ons  f o r  which t he  data from the f i v e  
a i r c r a f t  were acqui red. Each i n d i v i d u a l  case represents a  s i n g l e  maneuver. 
A1 1  o f  t h e  t e s t s  were performed a t  a  nominal l oad  f a c t o r  o f  l g  w i t h  s t a b i l i t y  
augmentation systems o f f .  The sense c f  t he  rudder d i r e c t i o n  f o r  a i r c r a f t  C 
2nd t he  sense o f  l a t e r a l  c o n t r o l  f o r  a i r c r a f t  D are  oppos i te  t o  t he  sense o f  
these con t ro l s  f o r  t he  o ther  a i r c r a f t .  

The t e s t  a i r c r a f t  were instrumented t o  measure th ree-ax is  l i n e a r  accelera- 
t i o n s  and angular r a tes ,  Eu le r  angles, angle of sides1 i p ,  angle o f  a t tack ,  con- 
t r o l  sur face de f l ec t i ons ,  v e l o c i t y ,  and a l t i t u d e .  The data were recorded on a  
n i  ne-bi t pulse code modul a t i  on (PCM) magnetic tape system. The bas ic  sampl i ng 
r a t e s  o f  the  PCM system were 200 samples per  second per  channel f o r  a i r c r a f t  A, 
B, and C; 20 samples per  second per  channel f o r  a i r c r a f t  0; and 50 samples pe r  
second per  channel f o r  a i r c r a f t  E. Data from a i r c r a f t  A, B ,  and C were th inned 
t o  50 samples per  second f o r  processing. The tabu la ted  values i n  t a b l e  1 f o r  
the  sampling r a tes  a re  r e f e r r e d  t o  as t he  base l ine  sampling ra tes .  

Before being encoded and recorded by t h e  PCM system, the  data were f i l -  
t e r e d  w i t h  a  f i r s t - o r d e r ,  low-pass a n t i - a l i a s i n g  f i l t e r .  The 200 samples per  
second data f o r  a i r c r a f t  B  were a lso  d i g i t a l l y  f i l t e r e d  t o  remove h igh  f r e -  
quency s t r u c t u r a l  resonance be fo re  th inn ing .  

PESULTS AND DISCUSSION 

The h igh q u a l i t y  data from a i r c r a f t  A were se lected f o r  more extens ive 
ana lys is  than the  data from the  o ther  f ou r  a i r c r a f t .  Once conclusions had 
been drawn from the  a i r c r a f t  A data, the  r e s u l t s  from the  other  a i r c r a f t  were 
used t o  generai i ze these conclusions. Consequently, t reatment o f  a i r c r a f t  A 
w i l l  be more thorough than t h a t  o f  t he  o ther  a i r c r a f t ,  and comparisons w i l l  be 
c i t e d  where app l i cab le .  A i r c r a f t  B, C,  D,  and E represent  a  broad c l ass  o f  
a i r c r a f t  f o r  a  wide v a r i e t y  o f  f l i g h t  cond i t i ons  (Mach number, angle o f  a t -  
tack,  e t c . ) .  The acceptable data from these f ou r  a i r c r a f t  showed g rea te r  non- 
l i n e a r i t i e s  ( i nd i ca ted  by poorer matches b e t w e ~ n  computed and ac tua l  f l i g h t  
data) than d i d  t he  data from a i r c r a f t  A. La te ra l - d i  r e c t i o n a l  and l o n g i t u d i n a l  
maneuvers f o r  each a i r c r a f t  (except a i r c r a f t  E ,  where a  l o n g i t u d i n a l  maneuver 
was no t  used) were analyzed. The type o f  i n p u t  f o r  each maneuver i s  l i s t e d  
i n  t a b l e  I. The values o f  the  elements o f  the  weight ing matr ices used i n  t he  
maximum l i k e l i h o o d  es t imato r  are shown i n  t a b l e  2. The values o f  t he  de r i v -  
a t i v e  est imates computed from the  basel ine sampling r a tes  ( t a b l e  1) are  des- 
ignated as basel ine d e r i v a t i v e  values. These values a re  presented i n  t a b l e  3. 

Experience has shown t h a t  data obtained a t  50 samples per  second f o r  
record lengths a t  l e a s t  tw ice  t he  c h a r a c t e r i s t i c  t ime o f  the  a i r c r a f t  have 
prov ided s a t i s f a c t o r y  s t a b i l i t y  and con t ro l  d e r i v a t i v e  est imates.  Therefore,  
i t  was no t  necessary t o  study sampling r a t e s  h igher  than 50 samples per  second. 



The a i r c r a f t  A data base conta ined 1  a t e r a l  - d i  r e c t i o n a l  and l o n g i t u d i n a l  
maneuvers w i t h  c o n t r o l  i npu t s  o f  two d i f f e r e n t  amplitudes. F i ve  small ampl i -  
tude maneuvers w i t h  near l y  i d e n t i c a l  c o n t r o l  i npu t s  and f o u r  1  arge ampl i tude 
maneuvers w i t h  nea r l y  i d e n t i c a l  c o n t r o l  i npu t s  were used f o r  t h e  l a t e r a l -  
d i r e c t i o n a l  ana lys is ;  and s i m i l i a r l y ,  two groups o f  f o u r  l o n g i t u d i n a l  maneu- 
vers were analyzed. The nea r l y  i d e n t i c a l  c o n t r o l  i npu t s  were obta ined by  up- 
1  i n k i n g  ( r e f .  10) the  computer-generated c o n t r o l  commands. The r a t i o  between 
the  l a rge  and small ampl i tude s imi lar ly -shaped c o n t r o l  i npu t s  i s  a  f a c t o r  o f  
1 . 4  f o r  t h e  l o n g i t u d i n a l  maneuvers, and a  f a c t o r  of 2.0 f o r  t h e  l a t e r a l -  
d i r e c t i o n a l  maneuvers. A comparison of  t h e  r e s u l t i n g  s t a b i  1  i t y  and c o n t r o l  
d e r i v a t i v e s  from the  l a rge  and smal l  ampl i tude maneuvers revea ls  in fo rmat ion  
about the  consistency o f  the  est imated d e r i v a t i v e  t rends as sampl i ng r a t e  
and/or record  l eng th  a re  reduced. No s tudy was done on t h e  of her  a i r c r a f t  t o  
show the  e f f e c t  o f  record l eng th  o r  c o n t r o l  i n p u t  amplitude. 

EFFECT OF SAMPLING RATE AND RECORD 

LENGTH ON TIME HISTORY MATCPES 

As expected, t he  matches between f l i g h t  and est imated t ime h i s t o r i e s ,  
when data w i t h  very low sampling r a tes  were used i n  t he  ana lys is ,  were l ess  
s a t i s f a c t o r y  than the  matches obtained w i t h  base l ine  data. Th is  i s  due t o  
1 i m i t e d  d e f i n i t i o n  o f  the  measured s igna ls .  For example, f i g u r e s  l ( a )  and 
2(a) show the  matches t h a t  r e s u l t e d  w i t h  t he  base l ine  data a t  50 samples per  
second f o r  a  1  a t e r a l  - d i  r e c t i o n a l  and a  l o n g i t u d i n a l  maneuver from a i r c r a f t  A, 
and t he  matches f o r  t he  same maneuvers are represented a t  a  reduced sampling 
r a t e  o f  f i v e  samples per  second i n  f i gu res  3(a) and 3(b). The degradat ion 
o f  t he  matches between est imated and ac tua l  data, as a  r e s u l t  o f  t h i n n i n g  
the  data, i s  ev ident .  It was a l so  observed t h a t  as the  sampling r a t e  was 
reduced, the  number o f  i t e r a t i o n s  requ i red  f o r  convergence increased. The 
computation t ime s t i l l  decreased a t  lower sampling ra tes ,  bu t  because o f  t he  
increased number o f  i t e r a t i o n s  the  decrease was no t  p ropor t iona te  t o  t h e  re -  
duc t ion  i n  number o f  data po in t s .  Divergence occurred when t he  sampling r a t e  
approached 5 samples per  second. I n  most cases, t he  maximum l i k e l i h o o d  estima- 
t i o n  program converged t o  a  reasonable answer even i f  t he  sampling r a t e  was 
severely reduced. 

Reducing record leng th  d i d  no t  show any s i g n i f i c a n t  e f f e c t  on t he  qual-  
i t y  o f  t he  t ime h i s t o r y  matches. The l a t e r a l - d i r e c t i o n a l  and l o n g i t u d i n a l  
maneuvers o f  f i g u r e s  l ( a )  and 2(a) are shown again a t  t he  same sampling r a t e  
i n  f i g u r e s  4(a) and 4(b), b u t  t h i s  t ime w i t h  h a l f  record  length,  and i n  f i g -  
ures 5(a) and 5(b) w i t h  f o u r t h  record  length.  The dev ia t i on  from the  o r i g i n a l  
maneuvers i s  very  s l i g h t  i n  a  few o f  t he  parameters o r  no t  no t i ceab le  a t  a l l .  
The weighted e r r o r  sums der ived from the  maximum l i k e l i h o o d  es t imato r  a re  a  
measure o f  the  q u a l i t y  o f  t he  match. The e r r o r  sums d i d  no t  change appreci-  
ab ly  as record  l eng th  decreased. The number o f  i t e r a t i o n s  requ i red  f o r  conver- 
gence was near l y  the same as i o r  t he  f u l l  record  l eng th  desp i te  any change i n  
record length.  



EFFECT OF SAMPLING RATE AND RECORD 

LENGTH ON DERIVATIVE ESTIMATES 

The sampling ra tes  f o r  both l a t e r a l - d i r e c t i o n a l  and long i tud ina l  maneu- 
vers f o r  each a i r c r a f t  were reduced (by th inn ing  the data) from t h e i r  base- 
l i n e  ra tes  t o  as low as 2.5 samples per  second, o r  u n t i l  the maximum l i k e l i -  
hood est imation computer a lgor i thm f a i l e d  t o  uni formly converge t o  an answer. 
F i r s t ,  the basel ine values o f  the der iva t ives  were estimated f o r  each a i r c r a f t  
( t ab le  3). To assess the e f f e c t  o f  reduced sampling ra te ,  the r a t e  was low- 
ered and a new se t  o f  der iva t ives  was obtained f o r  each maneuver. The d i f -  
ference i n  the der iva t ives  was a t t r i b u t e d  t o  the decreased number o f  data 
points  analyzed per u n i t  o f  time. Since the number o f  data po in ts  used i s  a 
func t ion  o f  both the sampling r a t e  and the record length, the combined e f f e c t  
o f  sampling r a t e  and record length was a lso invest igated. To evaluate t h i s  
combined e f f e c t ,  only  the high q u a l i t y  data from a i r c r a f t  A were used. 

The f i r s t  step i n  measuring the combined e f f e c t  o f  sampling r a t e  and rec- 
ord length on the de r i va t i ve  estimates was t o  shorten each a i r c r a f t  A maneuver 
t o  one-half and then one-fourth o f  i t s  baseline record length. Next the sam- 
p l i n g  r a t e  was lowered using each new record length t o  acquire a d i f f e r e n t  se t  
o f  der iva t ives  f o r  every maneuver. The po r t i on  o f  each maneuver where the 
cont ro l  i npu t  occurred was always included i n  the data. A t  a  f i x e d  sampling 
ra te ,  a comparison between the estimated der iva t ives  determined using f u l l  
record lengths w i t h  the estimates found a t  each reduced record length shows 
the e f f e c t  o f  record length on the estimates. It should be noted, f o r  example, 
t h a t  the same number o f  data po in ts  are used f o r  the analysis o f  the e n t i r e  
record length a t  25 samples per second as are used f o r  the h a l f  record length 
a t  50 samples per second. Based on the der iva t ives  computed a t  50 samples per 
second and f u l l  record length, the percentages o f  change o f  the estimates de- 
termined a t  25 samples per second were compared t o  those found w i t h  h a l f  rec- 
ord length a t  50 samples per second. S im i l a r l y ,  the der iva t ives  obtained a t  
12.5 samples per second were compared t o  those determined w i t h  quarter record 
length a t  50 samples per second. The resu l t s  are shown i n  tables 4(a) 
( l a te ra l -d i rec t i ona l  maneuvers) and 4(b) ( long i tud ina l  maneuvers). Compari ng 
these d i f ferences demonstrates the d e s i r a b i l i t y  o f  lessening sampling r a t e  as 
opposed t o  reducing record length as a method o f  reducing the t o t a l  computer 
t ime required i n  a s t a b i l i t y  and cont ro l  analysis.  

The s t a b i l i t y  and contro l  der iva t ives  f o r  each se t  o f  maneuvers from a i r -  
c r a f t  A are presented as funct ions o f  sampling r a t e  i n  f igures  6, 7, 8, and 9 
f o r  f u l l  record length ( top),  h a l f  record length (middle), and quarter record 
1 ength (bottoa). The maneuvers are grouped according t o  type (1 a tera l -  
d i  rec t i ona l  and long i  t ud i  nal ) and amp1 i tude o f  cont ro l  i nput. A1 1 the 
1 a te ra l -d i  rec t iona l  maneuvers from a i r c r a f t  A have only  a i  1  eron inputs since 
a i r c r a f t  A i s  known t o  have a rudder i npu t  response which i s  inadequate f o r  
determining a complete se t  o f  s t a b i l i t y  and cont ro l  der ivat ives.  Since the 
rudder maneuvers do not  1 end themselves t o  y i e l d i n g  high qua1 i t y  s tab i  1 i t y  
and cont ro l  der iva t ives  f o r  the maximum sampling ra te ,  i t  was f e l t  t h a t  i t  
would not  be v a l i d  t o  evaluate the e f f e c t  o f  sampling r a t e  and record length 
on these data. 



Figure 6 shows t he  p l o t s  o f  t he  l a t e r a l - d i r e c t i o n a l  s t a b i l i t y  and c o n t r o l  
d e r i v a t i v e s  versus sampi i n g  r a t e  f o r  t he  f i v e  smal ler  (16,1 < 10 degrees) con- 

t r o l  i n p u t  l a t e r a l - d i  r e c t i o n a l  maneuvers from a i r c r a f t  A. A p o i n t  i s  p l o t t e d  
on t he  r i g h t  t h a t  represents t he  r o o t  mean square average o f  those d e r i v a t i v e s  
computed a t  50 samples per  second, and t he  v e r t i c a l  ba r  assoc ia ted w i t h  t h i s  
syn~bol i s  t he  average o f  t he  corresponding uncer ta i  n t y  1  eve1 s. These uncer- 
t a i n t y  l e v e l s  show the  amount o f  s c a t t e r  t h a t  might  be expected a t  t he  h ighes t  
sampling ra te .  S i m i l a r  p l o t s  o f  t he  f o u r  l a r g e r  (16,1< 20 degrees) i n p u t  

l a t e r a l - d i r e c t i o n a l  maneuvers a re  shown i n  f i g u r e  7. F igures 10, 11, 12, and 
13 show the  l a t e r a l - d i  r e c t i o n a l  d e r i v a t i v e s  versus sampl i ng r a t e  f o r  a i r c r a f t  
0 ,  C, D, and E, respec t i ve ly .  The l o n g i t u d i n a l  s t a b i l i t y  and c o n t r o l  der iva-  
t i v e s  versus sampling r a t e  obtained from the  f ou r  smal ler  (16,l < 1.1 degrees) 

c o n t r o l  i n p u t  l o n g i t u d i n a l  maneuvers from a i r c r a f t  A a re  shown i n  f i g u r e  8. 
F igure 9 represents s i m i l a r  r e s u l t s  f o r  t he  f o u r  l a r g e r  (16,1< 1.5 degrees) 

i n p u t  l ong i t ud i na l  maneuvers . The l o n g i t u d i n a l  d e r i v a t i v e s  as a f unc t i on  o f  
sampling r a t e  f o r  a i r c r a f t  B, C, and D a re  p l o t t e d  i n  f i gu res  14, 15, and 16, 
respec t i ve ly .  

La te ra l -D i  r e c t i o n a l  Der i va t i ves  

E f f e c t  o f  sampling r a te .  - The l a t e r a l - d i r e c t i o n a l  r e s u l t s  f o r  a i r -  
c r a f t  A summarized i n  t a b l e  4(a) i n d i c a t e  t h a t ,  except f o r  C, and C, 

t he  change due t o  sampling r a t e  reduct ions from 50 t o  12.5 samples per  second 
i s  no t  g rea te r  than two percent. The percentages o f  change i n  C and C 

'6 a  nb a  
are l a r g e  because the  base l ine  values a re  c lose  t o  zero. A study o f  t he  p l o t s  
i n  f i gu res  6  and 7 reveals  the  f o l l o w i n g  s i g n i f i c a n t  observat ions o f  the  e f f e c t  
o f  sampling r a t e  on the a i r c r a f t  A de r i va t i ves .  

1. The change i n  the  non-control  s t a t i c  de r i va t i ves  i s  i n s i g n i f i c a n t  
t o  as low as f i v e  samples per  second. They show very cons i s t en t  t rends w i t h  
respect t o  sampling r a t e  reduct ion.  

2. The r o t a r y  d e r i v a t i v e s  and the  c o e f f i c i e n t  o f  t h e  p a r t i a l  de r i va -  
t i v e s  o f  s ide  fo rce  and yawing moment w i t h  respect  t o  t he  c o n t r o l  i n p u t  
(Cy  and Cn ) are no t  p red i c t ed  as w e l l  when sampling r a t e  i s  reduced f o r  t he  

'a 6a 
cases w i t h  smal ler  amp1 i t u d e  inputs .  Usual ly ,  the  t rends o f  these est imates,  
are constant,  b u t  more s c a t t e r  about t he  t r end  was ev iden t  i n  some cases. 

3.  Rates as low as 5  t o  10 samples per  second a re  acceptable t o  compute 
d e r i v a t i v e  est imates f o r  a i r c r a f t  A. 

The l a t e r a l - d i r e c t i o n a l  p l o t s  i n  f i g u r e s  10, 11, 12, and 13 demonstrate 
gocd agreement between a i r c r a f t  A and t he  a i r c r a f t  B, C,  D, and E f i nd ings .  
S t a t i c  de r i va t i ves  show cons is ten t  t rends, y e t  the  r o t a r y  d e r i v a t i v e s  and t he  



c o e f f i c i e n t  o f  the ~ a r t i a l  de r i va t i ve  o f  s ide force w i t h  r e s ~ e c t  t o  the con- 
t r o l  motion (C , c , Cy6 , and Cy ) , occasional l y  show increased f luc-  

'6 a '6 r 6 
1 C2 

tuat ions as sampling r a t e  i s  reduced. Nevertheless, 10 samples per  second are 
s u f f i c i e n t  t o  compute dersivat ive estimates w i t h  l i t t l e  v a r i a t i o n  from the 
base1 ine  values, and 5 samples per second are acceptable f o r  most estimates. 

E f fec t  o f  record length. - Table 4(a) shows t h a t  the e f f e c t  o f  reducing 
the record lengths o f  the a i r c r a f t  A maneuver i s  much more pronounced, w i t h  
up t o  nearly 100 percent change i n  the estimates o f  Cp Changes i n  C and 

r • Y6 a 

C are again large p a r t l y  because o f  t h e i r  very small basel ine values. Fig- 
% a 

ures 6 and 7 show t h a t  the trends o f  the estimates w i t h  respect t o  sampling 
r a t e  and record length f o r  the smaller and l a rge r  amplitude maneuvers are 
s imi la r .  The greater sca t te r  i n  the small amplitude cases i s  character- 
i s t i c  o f  each record length. For f u l l  record lengths (top p lo ts ) ,  the e s t i -  
mates i n  general do not  change s i g n i f i c a n t l y  u n t i l  a  sampling r a t e  o f  about 
f i v e  samples per second i s  used, the exceptions being C and C . A t  

'6 a '6 a 
one-half record length, the trends are s t i l l  obviaus and very s i m i l a r  t o  f u l l  
record length trends, but  w i t h  s l i g h t l y  more sca t te r  present. The quarter rec- 
ord lenath   lots do not  ind ica te  we1 1 def ined trends i n  the der ivat ives.  ewe- 
c i a l l y  i n  C' , Cpr, Cng , and Cp f o r  the smaller inputs. The cont ro l  deriva- 

r B 
t i v e s  do not  get worse when record length i s  decreased as the e n t i r e  pulse was 
reta ined when the length o f  the maneuver was shortened, thus increasing the 
r e l a t i v e  information o f  these der ivat ives.  

No study was done on the e f f e c t  o f  record length on the maneuvers f o r  
other a i r c r a f t .  

Longitudinal Der ivat ives 

E f f e c t  o f  sampling rate.  - The long i tud ina l  resu l t s  f o r  a i r c r a f t  A de- 
p i c ted  i n  tab le  4(b) ind ica te  tha t ,  except f o r  C and C ,the change due 
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t o  sampling r a t e  reduct ion from 50 t o  12.5 samples per  second i s  no t  more than 
three percent. The C and CZ changes are la rge  because the 50 samples per 
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second values are small. ( C  i s  small due t o  the a f t  center o f  g r a v i t y  loca- 
ma 

t i o n .  ) Der ivat ive estimate trends i n  f igures  8 and 9 are very s i m i l a r  t o  each 
other,  y e t  greater sca t te r  i n  the smaller hmpl i tude cont ro l  i npu t  maneuvers 
ex is ts ,  as was noted f o r  the l a te ra l -d i rec t i ona l  maneuvers discussed e a r l i e r .  



m and C are except ions t o  the o therwise very cons i s t en t  t rends i n  t h e  
a 6 e 

de r i va t i ves  as sampling r a t e  i s  reduced f o r  f u l l  record  lengths.  These 
trends a re  cons is ten t  when sampling r a t e  i s  reduced t o  10 samples per  second. 
F ive  samples per second i s  t o l e r a b l e  f o r  most estimates. 

The impor tant  observat ions o f  the e f f e c t  o f  sampling r a t e  on the e s t i -  
mated l o n g i t u d i n a l  d e r i v a t i v e s ,  based o n l y  on the  data analyzed, a re  sum- 
mari zed below: 

1. CZ shows the l e a s t  cons is ten t  t r end  of the  est imates as sam- 

6e 
p l i n g  r a t e  i s  reduced. The o ther  l o n g i t u d i n a l  de r i va t i ves  a re  very  cons is t -  
ent .  

2. Ten samples per  second are more than adequate t o  est imate de r i v -  
a t i ves .  

Figures 14, 15, and 16 show good comparison between r e s u l t s  f o r  a i r c r a f t  
0 ,  C, and D, and the a i r c r a f t  A r e s u l t s .  C f l u c tua tes  i n  most cases as 
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sampling r a t e  i s  reduced, wh i l e  the  o ther  d e r i v a t i v e s  are steady. Ten sam- 
p l es  per second i s  s a t i s f a c t o r y  f o r  d e r i v a t i v e  e x t r a c t i o n  f o r  a l l  a i r c r a f t .  

E f f ec t  o f  record length.  - Table 4(b) shows t h a t  the  e f f e c t  o f  re-  
ducing record leng th  i s  much g rea te r  than lessening sampling ra te .  Fur ther-  
more, f i gu res  8 and 9 show t h a t  the  d e r i v a t i v e  values obtained a t  quar te r  
record leng th  are very s i m i l a r  t o  those der i ved  a t  h a l f  record length.  

'm and C changes are l a rge  f o r  the  same reason mentioned i n  t he  p rev i -  
(Y z6 e  

ous sect ion.  Observations o f  t he  e f f e c t  o f  record leng th  on the  l o n g i t u d i n a l  
de r i va t i ves  correspond very we1 1  w i t h  the  e f f e c t s  on the  l a t e r a l - d i  r e c t i o n a l  
est imates discussed e a r l i e r .  

EFFECT OF CONTROL INPUT SHAPE 

The e f f e c t s  o f  t ime du ra t i on  and r a p i d i t y  o f  t he  c o n t r o l  inpu'; on t he  
d e r i v a t i v e  est imate t rends w i t h  reduced sampling r a t e  and record l eng th  were 
s tud ied f o r  l a t e r a l - d i r e c t i o n a l  and l o n g i t u d i n a l  maneuvers from a i r c r a f t  A. 
The maneuvers were performed d t h  s l cw ly -vary ing  c o n t r o l  i npu ts  and had t he  
same i npu t  energy as the  standard pulses p rev i ous l y  discussed. The t ime 
du ra t i on  and r a p i d i t y  o f  the  con t ro l  i npu ts  had no subs tan t i a l  e f f e c t  on 
the trends o f  the de r i va t i ves .  The more s lowly-vary ing c o n t r o l  i npu ts ,  
however, demonct.ratsd much more s c a t t e r  w i t h  reduced record  leng th  and/or 
sampling r a te ,  as wouid be expected s ince t he  e n t i r e  pu lse may no t  be 
represented i n  a  shortened maneuver. As a  r e s u l t ,  the  e f f e c t s  o f  sampling 
r a t e  and record l eng th  reduct ions were no t  as obvious w i t h  a  longer ,  slower- 
va ry ing  c o n t r o l  input .  Hence, t he  maneuvers w i t h  sharp, l a r g e r  pulses were 



presented i n  t h i s  r e p o r t  t o  demonstrate t h e  e f f e c t s  o f  sampling r a t e  and/or 
record leng th  on the  de r i va t i ves .  

I n  summary, i t  has been determined from the  data f o r  t h e  l a t e r a l -  
d i r e c t i o n a l  and l o n g i t u d i n a l  d e r i v a t i v e s  t h a t  i f  i t  i s  des i r ab le  t o  ob ta i n  
accurate est imates of the  con t ro l  d e r i v a t i v e s  ( espec ia l l y  C , Cn , and 
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) and t o  a  l esse r  degree t he  r o t a r y  d e r i v a t i v e s  (Cn , Cp . Cn , and Cm ), 
r e P Q 

sampling ra tes  o f  10 samples per  second o r  h igher  should be used i n  t he  anal- 
y s i s .  The de r i va t i ves  t h a t  have t he  g rea tes t  e f f e c t  on t he  a i r c r a f t  response, 
l i k e  Cn , were no t  a f f e c t e d  u n t i l  very low r a t e s  and sho r t  record  lengths 

B 
were reached. An impor tant  aspect o f  a l l  the  d e r i v a t i v e  t rends from bo th  
types o f  a i r c r a f t  A maneuvers i s  t h e  increased s c a t t e r  i n  the  est imates as 
t he  amp1 i t ude  o f  the  c o n t r o l  i npu ts  i s  decreased. 

The lowest t o l e r a b l e  sampl i n g  r a t e  f o r  e x t r a c t i n g  reasonably accurate 
s t a b i l i t y  and con t ro l  de r i va t i ves  i s  near l y  i d e n t i c a l  (5 t o  10 samples per  
second) f o r  a l l  these a i r c r a f t .  Any veh i c l e  being t es ted  should be s tud ied  
t o  determine the  lowest acceptable sampling r a t e  w i t h  the requirements o f  
i n d i v i d u a l  t e s t i n g  and computation f a c i l i t i e s .  Since t he  sampling r a t e  
requ i red  f o r  d i g i t a l  data f i l t e r i n g  i s  usual l y  h igher  than t h a t  necessary t o  
ob ta i n  s t a b i l i t y  and c o n t r o l  de r i va t i ves ,  the  data must be f i l t e r e d  before 
it i s  thinned. The e f f e c t  o f  sampling r a t e  needs t o  be checked r e g u l a r l y  t o  
v e r i f y  t h a t  the  es t imat ion  process y i e l d s  s u f f i c i e n t l y  good estimates. 

EFFECT OF SAMPLING RATE AND RECORD LENGTH 

ON UNCERTAINTY LEVELS 

T I I ~  v e r t i c a l  l i n e s  through t he  data p o i n t s  a t  the  base l ine  sampling 
r a tes  i n  f i gu res  6  through 16 i n d i c a t e  uncer ta in ty  leve ls .  The unce r t a i n t y  
l eve l s  a t  the  h,ighest sampling r a t e  represent t he  inheren t  e r r o r  i n  the  
base1 i ne estimates. These l e v e l s  are bounds t h a t  a  p a r t i c u l a r  d e r i v a t i v e  
f o r  a  p a r t i c u l a r  maneuver should remain w i t h i n  t o  be considered s a t i s f a c t o r y  
as sampling r a t e  i s  reduced. For the  a i r c r a f t  A maneuvers ( f i g u r e s  6, 7, 
8, and 9) ,  the t rends o f  t he  unce r t a i n t y  l e v e l s  a re  cons i s t en t  w i t h  the  theo- 
r e t i c a l  d e f i n i t i o n  o f  unce r t a i n t y  l e v e l .  The unce r t a i n t y  l e v e l s  a re  t h e  smal- 
l e s t  f o r  maximum record length,  and as the  e r r o r  due t o  reduced record  l eng th  
( less  in fo rmat ion  o f  t he  a i r c r a f t  response) increases, t he  s i z e  of t he  uncer- 
t a i n t y  l e v e l  increases. The unce r t a i n t y  l e v e l s  a re  a l s o  l a r g e r  f o r  the  smal ler  
amplitude con t ro l  i n p u t  cases ( f i g u r e s  6 and 8) as compared t o  t he  l ~ r g e r  
amplitude maneuvers ( f i g u r e s  7  and 9). A major determin ing f a c t o r  i n  any 
s t a b i l i t y  and c o n t r o l  ana lys is  i s  t he  accurate d e f i n i t i o n  o f  c o n t r o l  motion. 
The reso lu t i ons  o f  t he  s igna ls  used f o r  processing w i l l  a f f e c t  t he  est imated 
a i r c r a f t  response t o  t he  c o n t r o l  i n p u t  t o  a  g rea te r  degree f o r  a  small i n p u t  



than f o r  a  l a r g e r  one. Consequently, l ess  in fo rmat ion  i s  present  i n  the  data 
and more e r r o r  i s  in t roduced i n t o  the est imated de r i va t i ves .  

As an example o f  the  in f luence  on t he  unce r t a i n t y  l e v e l s  due t o  reduc- 
t i o n s  i n  the sampling r a te ,  f i gu re  17 shows d e r i v a t i v e  p l o t s ,  w i t h  conf idence 
l eve l s ,  o f  t he  l a t e r a l - d i r e c t i o n a l  a i r c r a f t  A maneuver o f  f i g u r e  l ( a ) .  The 
l e v e l s  a re  f a i r l y  constant w i t h  reduced ,-ampling r a te .  The disagreement a t  
2.5 samples per  second was found t o  be a  r e s u l t  o f  miss ing t he  i n i t i a t i o n  o f  
con t ro l  motion. Therefore, the  veh i c l e  appeared t o  s t s r t  responding a t  a  d i f -  
f e r e n t  i n i  t i a l  t ime p o i n t  than the  con t ro l  motion. Consequently, the  c o n t r o l  
t ime h i s t o r y  r esu l t ed  i n  unacceptable p red i c t i ons  o f  motion, degrading the  
est imated de r i va t i ves .  

The uncer ta in ty  l e v e l s  ge t  l a r g e r  wb .n g rea te r  s c a t t e r  e x i s t s  i n  the  
de r i va t i ves  a t  the  lower sampling r a tes  ;,d shor te r  record lengths.  The 
confidence l e v e l  t rends are as expected when less  in fo rmat ion  i s  g iven i n  
the data. Trends i n  the  confidence l e v e l s  from the  maneuvers o f  the  o ther  
a i r c r a f t  and a i r c r a f t  A were i n  good agreement. 

CONCLUDING REMARKS - 

The e f f e c t s  o f  sampling r a t e  and record leng th  on f l i g h t  determined 
s tab i  1  i t y  and con t ro l  de r i va t i ves  were determined by reducing the  sampl i n g  
r a t e  and record leng th  from t h e i r  base1 i ne  values. The de r i va t i ves  f o r  the  
data were ex t r ac t sd  by us ing the  maximum l i k e l i h o o d  es t ima t 'm  method and 
analyzed as a  f unc t i on  o f  sampling r a te .  The combined e f f e c t  o f  sampling 
r a t e  and record leng th  was a lso  inves t iga ted .  

Several types o f  a i r c r a f t  were s tud ied t o  determine the e f f e c t s  o f  Sam- 
p l i n g  r a t e  and record leng th  on the der i va t i ves .  A wide v a r i e t y  o f  a i r c r a f t  
con f igu ra t ions  and f l i g h t  cond:t ions were used t o  d i s t i n q u i s h  between the  
r e s u l t s  dependent upon the  c lass  o f  a i r c r a f t  and the  qua1 i t y  o f  the  data, and 
those e f f e c t s  t h a t  were independent o f  these var iab les .  The e f f e c t s  o f  Sam- 
p l i n g  r a t e  der ived from the  h igh  q u a l i t y  PA-30 ( a i r c r a f t  A)  data were v e r i f i e d  
w i t h  some lower q u a l i t y  (bu t  s t i l l  acceptable) data from var ious o ther  a i r -  
c r a f t  i~ d i f f e r e n t  f l i g h t  cond i t i ons .  Conf i rmat ion o f  t he  r e s u l t s  by these 
other  a i , t r a f t  was convincing. Genera l izat ions f o r  a l l  a i r c r a f t  should no t  
be made because the  data base was smal l ,  bu t  the  f o l l o w i n g  conclusi3ns about 
the e f f e c t s  o f  reduct ions i n  sampling r a t e  and record  leng th  o f  the  maneuvers 
used i n  t h i s  study may be drawn. 

1. Excluding d i g i t a l  f i  1  t e r i n g  and data t i m e - s h i f t i n g  cons iderat ions,  
a  sampling r a t e  o f  5 t o  10 sample: per. second has been found t o  be adequate 
t o  ob ta in  reasonably accurate s tab i  ! i c y  and c o n t r o l  d e r i v a t i v e s  by us ing the  
maximum 1  i ke l  ihood es t imat ion  method. 

2.  Reducing the  sampling r a t e  i s  more des i r ab le  than reduc ing the  
record length as a  method o,f lessening the t o t a l  computation t ime requ i red  



for estimation without greatly degrading the quality of the estimates. I f  
the record length and sampling rate are reduced simultaneously, the magni- 
tude of the tolerable reductions is smaller. 

3. Reducing sampling rate and record length degraded the accuracy of 
the derivative estimates. The determining factor is the accurate definition 
of control motion. The small ampl itude inputs demonstrate greater degradation 
than the larger ampl i tude control inputs. The less significant control deriv- 
atives and the lateral-directional rotary derivatives were affected more than 
the other derivatives by the reduction of sampling rate and/or record length. 

Dryden Fli~ht Research Center 
National Aeronautics and Space Administration 
Edwards, Cal ifornia, Crtober 31, 1978 
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TABLE 1. TEST CONDITIONS 
(A) AIRCRAFT A 

CASE 

O.IANEUVER) 
Q, 

DEG 

v, 
- 
P 8 

KWH' 
(LB/FT~) INPUT 

BASELINE 
SAMPLING RATE, 
SAHPLES/SECOND 



)ABLE 1, - TEST CONDITIONS 
(CONTINUED) 

(B) AIRCRAFT B, C, D, AND E 
LATERAL-DIRECTIONAL MANEUVERS 

- 

CASE 

v, 
M/ EC 

(FTjsEc) 
: ~ C H  

NUMBER 

~ I R C R A F T  B 

QJ 
DEG 

B,, 
KFVM 
(LB/FT'I 

1: 2 

1: 3 

i 
1 : l O ~  

1 1:13 

t 
1 : 1 4 ~  

1 NPUT 

* 
BASELINE 

SAMPLIN RATE, 
sAMPLE~FSECOND 

50 

50 

50 

50 

50 

0,44 

0,60 

0.32 

0,24 

0,24 

2,00(41,1) 

4,40(92,0) 

1,55(32,4) 

1,28(26,7) 

1,32(27,6> 

AIRCRAFT C 

&r 

6c1 

dC1 
6~ 

5,13 

4,74 

13,911 

17,25 

17,52 

182 :29 

129,7(425,4) 

175,5(575,8) 

95,7(314,1) 

74,2(243,3) 

74,1(243,2) 

3,60(75,2) 0,40 

AIRCRAFT D 

bar 6r 50 9,70 126,4(414,8) 

AIRCRAFT E 
* 

19 :2 1 1.22 1 16.60 1 361.8(1187.0) 1 7,09(148.0) 1 4. 6. 1 50 

11,30(236,0) 

1la87(?48,O) 

1On25(214,O) 

20,49(428,0) 

14,65(306,0) 

7:5 

7:6 

7:9 

7.00 

6,50 

11,50 

0,80 

0,81 

239,9(784,0) 

245.1(804,9) 

264,3(867,0) 

B* 
6, 

6r 

6r 

k2 

367,9(1207,0) 

248,1(814,0> 

20 

20 

20 

20 

20 

7: 17 

8:4 

O g 0  1,24 1 5,50 

0,78 5,OO 



TABLE 1, - TEST CONDITl0llS 
(CONTINUED) 

r- I I I 1 
I " , 4 ! BASELINE I 

'IACH ~ S E C  I ~ l l /n*,  I SAMPLING RATE, j 
CASE ; NUMBER of6 (FTISEC) (LB/FT 1 INPUT ; SAMPLES~SECOND 1 
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TABLE 3, - BASELINE DERIVATIVES 
(CONTINUED) 

A1 RCRAFT 

B F-15 RPRV 

C JETSTAR 

D F-111A 

CASE 

2: 1 
2:2 
2:4 
5: lA 

184A:27 

5: 4 
6: 12 
7: 18 
8: 3 

C 
za 

-, 065409 
-, 048862 
-, 042239 
-,079106 

-, 094349 

-. 095696 
-, 045465 
-, 049059 
-, 103698 

La 

- ,006057 
-,004474 
- ,008746 
- ,005367 
-. 014897 
- ,027798 
- ,047253 
- ,050011 
- ,9?0826 

cm 
'3 

-6,2785 
-6,5334 
-3,3774 
-6,53377 

-15.177 

-43.5252 
-23,3456 
-25,986 
-36,72383 

cz 
be 

-, 002019 
-,006970 
-, 0082% 
-, 008547 

-, (313728 

-. 002445 
-. ,005089 
- ,001827 
,006117 

cm 
6, 

- ,010208 
-, 009925 
-. 003850 
- ,010398 
-, 016588 

- ,04019 1 
- ,02921:s 
-. 02690 
-. 032379 
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1.1 Aircraft 41 6. pula*. 

Figure 1. Typical match between estimated and measured 
fl ight  time h is tor ies  f o r  a l a t e r a l  -d i  rectional maneuver 
a t  the base1 ine sampling r a t e  and f u l l  record length. 
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(C) Aircreft CI 6, pulse. 

rlqure 1. Continuad 



fdl A ircra f t  D; & p u l s e .  
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Pigurt . Continuad. 





. - - - - . - -  ESTIMATED 

( a )  Aircraft A .  

Figure 2. Typical match between estimated 
and measured time histories for a longitu- 
dinal maneuver a t  the baseline sampling 
rate and full record length. 
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(b) Aircraft B .  

Figure 2 .  Continued 
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(c )  A i r c r a f t  C. 

Figure 2 .  Continued. 
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(d) Aircraft D. 

Figure 2 .  Concluded. 



Figure 3. Matches between estimated and measured flight 
time histories for Aircraft A maneuver w l  t h  sampl ing rate 
reduced to  five samples per second. 
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Fiqurm 3. Concluded. 



(a)  Lateral-directional . (b )  Longitudinal . 
Figure 4. Matches between estimated and measured flight time histories 
for Aircraft A maneuver with record length reduced to one-half. 



( a )  Latera: -directional 

-* ~ 

Mt CSURLO 

- - - C$TIMTtD 

(b) Longitudinal 

Figure 5. Matches between estimated and measured flight time 
histories for Aircraft A maneuver with record length reduced 
one-quarter. 
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Figure 6. Estimated lateral-directional derivatives a8 a function 

of aampling rate for Aircraft A maneuvers with mmall 
amplitude control inputr. 
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