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Robert M. Bennett and I r v i n g  Abel 
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Hampton, V i r g i n i a  

Abstract 

Modal i d e n t i f i c a t i o n  r e s u l t s  are presented 
tha t  were obtaiced from recent f l i g h t  f l u t t e r  t e s t s  
o f  a drone vehic le  w i t h  a research wing (DAST ARW-1 
f o r  grones f o r  Aerodynamic and S t ruc tu ra l  l e s t i n g ,  
Aeroelast ic Research Wing-1). f h i s  veh ic le  i s  - 
equipped w i t h  an a c t i v e  f l u t t e r  juppression system 
(FSS). Frequency and damping o f  several mdes  
are determined by a time domain modal analys is  o f  
the impulse response func t ion  obtained by Four ier  
transformations o f  data from f a s t  swept s ine wave 
e x c i t a t i o n  by the FSS con t ro l  surfaces on the wing. 
F l u t t e r  po in ts  are determined f o r  two d i f f e r e n t  
a l t i t u d e s  w i t h  the FSS o f f .  Data a re  given f o r  
near the f l u t t e r  boundary w i t h  the FSS on. 

I. In t roduc t ion  

One app l i ca t ion  o f  ac t i ve  con t ro ls  technology 
t o  a i rcra i ' t  design i s  t o  suppress f l u t t e r .  The 
po ten t ia l  bene f i t s  have been we l l  demonstrated i n  
wind tunnel tes ts  aad by analys is  (e.g., Refs. 1 
and 2).  A f l i g h t  t e s t  program has been i n i t i a t e d  
by NASA t c  demonstrate a c t i v e  c o n t m l  technology 
inc lud ing  f l u t t e r  suppression systems (FSS) i n  
f l i g h t  using a remotely p i l o t e d  vehic le  o r  drone 
a i r c r a f t .  Free f l i s h t  data can thus be acquired 
on an a i r c r a f t  wi' -educed r i s k .  This program i s  
ca l led  DAST mront . or  Aerodynamic and S t r u c t u r a l  
Test ing) and i s  a cooperat ive e f f o r t  by the NASA - 
Langley and Dryden Research Centers w i t h  contractual 
support from the Boeing Mi 1 i t a r y  Airplane Company. 
Wichita, Kansas. An overview o f  the DAST program 
i s  given i n  Ref. 3. 

Three f l i g h t s  hade been flown w i t h  the f i r s t  
aeroelast ic  ~ e s e a r c h  r i n g  (ARM-1 ) from October 1979 - 
tc~ June 1980. Due t o  several system problems 
inc lud ing a hydraul ic  pump f a i l u r e  and d i f f i c u l t i e s  
w i t h  t i le  telemetry systems, the f i r s t  f l i g h t  
(October 1979) was e s s e n t i a l l y  a systems development 
test.  During the second f l i g h t  (March 1980) suf- 
f i c i e n t  s t ruc tu ra l  dynamic response measurements 
were made w i t h  the f l u t t e r  slippression system o f f  
(FSS OFF) t o  o b t j j n  a good est imate o f  the  f l u t t e r  
Mach number f o r  cne a l t i t u d e .  The t h i r d  f l i g h t  
(June 1980) incisded f l u t t e r  t e s t i n g  w i t h  the FSS 
on and o f f .  During t h i s  f l i g h t ,  f l u t t e r  was en- 
countered w i t h  the FSS on p- imar i ly  as a r e s u l t  o f  
an erroneous s e t t i n g  o f  the FSS gain t o  one-half  the 
desired value. An o re -a l l  desc r ip t ion  o f  these 
tes ts  a? I oll-.l in? t e s t i  g procedures, a descr ip t ion  
o f  the f l u t t e r  inc ident ,  and some o f  the r e s u l t s  
of these f l i g h t s  are >resented i n  Ref. 4. 

The f l i g h t  t i n e  o f  the DAST vehic le  i s  l i m i t e d  
t o  about 20 minutes. This shor t  f l i g h t  time and 
+he addi t ional  complicat ion o f  t e s t i n g  w i t h  the FSS 

both on and o f f  requi red the development o f  a r a p i d  
t e s t i n g  technique. Fast-swept s ine  wave e x c i t a t i o n  
by the  FSS con t ro ls  i s  used a t  each f l i g h t  cond i t i on  
t o  y i e l d  data t o  d e f i n e  the dynamic c h a r a c t e r i s t i c s  
o f  the vehicle. These dynamic data were analyzed 
on- l i ne  i n  near r e a l  t ime t o  determine the  damping 
and frequency o f  t h e  p r iqc40a l  mode (Ref. 4). Sub- 
sequent data analys is  has been performed a f t e r  each 
f l i g h t  t o  de f ine  add i t i ona l  modes. This paper 
presents the  r e s u l t s  o f  these pos t - tes t  o r  o f f - 1  i n e  
analyses o f  the  f a s t  swept s ine  data us ing f a s t  
Four ier  transform techniques along w i t h  a time- 
domain modal analysis3 t o  e x t r a c t  t h e  m d a l  f r e -  
quencies and dampings. A b r i e f  desc r ip t ion  o f  the 
o v e r a l l  t e s t  procedure i s  a lso  PI esented and the 
modal analys is  procedure i s  described. F l u t t e r  ca l -  
cu la t i sns  f o r  the DAST veh ic le  are compared i n  
Ref. 6 w i t h  the experimental r e s u l t s  o f  t h i s  paper. 

I I. Nomenc 1 a t u r e  

a. 
c o e f f i c i e n t  i n  curve f i t ,  the o f f s e t  o r  s t a t i c  

value (Eq. ( 1 ) )  

ak c o e f f i c i e n t  or k t h  cosine term i n  curve f i t  
(Eq- i l l )  

bk c o e f f i c i e n t  o f  k t h  s ine term i n  curve f i t  
(Eq. (1 ) )  

a -  accelerat ion,  g ' s  
L 

E mean-squared e r r o r  (Eq. ( 2 ) )  

expected value (Eq. ( 3 ) )  
F Four ier  transform 
f frequency. Hz 
h a l t i t u d e ,  km ( f t )  
i data p o i n t  index, 1 t o  N 
j parameter index 
K number o f  modes i n  curve f i t 
k m d a l  index, 1 t o  K 
M Mach number 
N number o f  data po in ts  i n  d i g i t i z e d  time 

h i s t o r y  
R, output  e r r o r  covariance mat r i x  

5 parameter s e n s i t i v i t y  m a t r i x  
t time. seconds 
V v r l o c i t y  
Vf f i u t t e r  v e l o c i t y  

Y c u r v e - f i t t i n g  expression (Eq. (1 ) )  
AD increment i n  parameter vector  
; f r a c t i o n  o f  c r i t i c a l  damping 
h con t ro l  def lect ion,  degrees 

damping c o e f f i c i e n t  (Eq. (i)) 
L frequency. rad/sec 

Subscripts - - 
1 l e f t w i n g  
r r i g h t  wing 
c c m a n d  s ignal  



I I I .  U~>~t-iptt_i_o~-of Vehicle and Tests 

Tho DASl ARM-1 d i r c r a f t .  shown i n  Fig. 1, 
i s  ,I amdi t i e d  I I rebee I I drone. I t  has an o v e r a l l  
length o f  8.6 111eters (28.3 f t ) .  The AM-1 research 
winy was designed fo r  c ru ise  near M 0.98 and 
hds a span o f  4.34 meters (14.3 f t ) ,  a s u p e r c r i t i c a l  
a i r f o i l  sect ion, and an aspect r a t i o  o f  6.8. The 
wing was designed t o  f l u t t e r  w i t h i n  the f l i g h t  
envelope i n  order t o  assess the ef fect iveness o f  
the onbodrd a c t i v e  contro l  system used t o  suppress 
f l u t t e r .  

The UAST operat iondl concept i s  shown schemati- 
c a l l y  i n  Fig. 2. The drone i s  c a r r i e d  a l o f t  under- 
neath the wing o f  a B-52. a i r  launched, and flown 
remotely by a p i l o t  i n  d ground cockpit .  A f te r  a 
f l i g h t  o f  20 t o  30 minutes, the drone i s  recovetvd 
by r~ t id  a i r  capture and r e t r i e v a l  by he l i cop te r  
(Refs. 3 and 4 gives f u r t h e r  descr ip t ion  of the 
operat ional aspects). 

The DAST vehic le  i s  extens ive ly  instrumented 
f o r  measurement o f  r i g i d  body type parameters, 
loads by c d l i b r a t c d  wing s t r a i n  gage bridges, 
wing steady s t a t e  surface pressures, and the f l u t t e r  
system parameters. The data are d i g i  t i r e d  onboard 
and transmitted by two telemetry systems i n  pulse 
code mdu la ted  form t o  the ground f o r  on-1 i n e  use 
and recording. The sampling r a t e  o f  the various 
channels varies from 20 t o  500 samples per second. 
A n t i - a l i a s i n g  f i l t e r s  werp izcorporated onbodrd 
for each channel. ihe h igh sanple r a t e  s ignals  
(500 sps) are used f o r  the f l u t t e r  system parameters 
and include the FSS accelerometers, con t ro l  p o s i t i o n  
potentiometers. and the con t ro l  system e x c i t a t i o n  
s ignal .  These data are recorded and l a t e r  converted 
t o  a d i g i  t a l  tape for  conlputational analyses. 

A sketch o f  the t l u t t e r  suppression system fo r  
the DASi ARW-1 i s  shown i n  Fig. 3. The FSS includes 
wing t i p  and inboard ~cce le ronwters .  a hydraul ic  
contro l  systenl w i t h  f a s t  response actuators, wing 
a i l e r o n  con t ro l  surfaces. a rd  onboard e lec t ron ics .  
The FSS d i lerons are used for  f l u t t e r  suooression 
and dynamic e x c i t a t i o n  but are n o t  used f o r  f l i g h t  
contro l  o f  the a i r c r a f t .  The system i s  designed 
t o  suppress both s y m t r i c  and ant isymnetr ic f l u t t e r  
and can be remotely engaged o r  disengaged by ground 
COmldnd i n  the s t ruc tu ra l  analys is  f a c i l i t y  (SAF) 
where the f l u t t e r  experimenters are located (F ig.  2). 
Since the f l u t t e r  frequencies are i n  the 10 t o  
20 Hz range. the FC; con t ro l  system i s  designed to  
respond a t  h igh frequencies. The lowest na tu ra l  
frequency f o r  tllr contro l  surface, actuator.  and 
hydraul ic  system cambindtion i s  near 5Q Hz. This 
fas t  respotlsc d i l e r o n  con t ro l  system i s  a lso  used 
f o r  s t r u c t u r a l  dynamic exc i ta t ion .  Control surface 
pulses (a s ing le  cyc le of a 20 Hz s ine wave) a re  
used f o r  q u a l i t a t i v e  cn - l i ne  moni tor ing o f  aero- 
e l a s t i c  s t a b i l i t y  p a r t i c u l c r l y  dur ing accelerat ing 
f l i g h t .  For a more conplete evaluat ion o f  s t a b i l i t y ,  
a f ,~s t  swept sine wave input  by the con t ro ls  i s  
used. The swept sine signal runs from 10 t o  40 Hz 
i n  7 seconds and i s  tapered nedr the ends of tne 
sweep t o  minimize t rans ients  as suggested i n  Ref. 7. 
The sweeps of 7 seconds dura t ion  are considerably 
shorter than n o m l l y  used i n  the f l u t t e r  t e s t i n g  
o f  a i r c r a f t .  The short f l i g h t  durat fon i n  combina- 
t i o n  w i t h  the need f o r  symnetric, ant isymnetr ic.  
FSS cn, and FSS o f f  t e s t i n g  l e d  t o  the se lec t ion  
o f  the shor t  durat ion of the sweeps. The r e l a t i v e  
h igh f l u t t r r  frequency o f  10 t o  20 Hz a lso  suggests 

tha t  the sweep dura t ion  could be shor ter  than 
usua l l y  used f o r  lower frequency modes. The sweeps 
and pulses are generated onboard the a i r c r a f t  and 
a re  c m n d e d  fml the ground by an operator  i n  the 
SAF. Both symlet r ic  and an t i synne t r i c  inputs  can 
be generated. For t e s t  po in ts  o f  nominal ly constant 
f l i g h t  condi t ions,  a ser ies o f  sytrmetric and a n t i -  
symnetric sweeps and pulses d re  used. The data from 
the sweeps are analyzed o n - l i n e  i n  near r e a l  t ime 
t o  ob ta in  an i l l d i c a t i o n  o f  f l u t t e r  mode s t a b i l i t y  * 
(Ref. 4). For po in ts  below the predic ted f1u:ter 
bol~nddry. the e x c i t a t i o n  i s  performed w i t h  the FSS 
both on and o f f .  A f t e r  the FSS o f f  f l u t t e r  bcundary b 

i s  approached o r  exceeded. the FSS i s  l e f t  on and 
the t e s t i n g  i s  perfornwd only  f o r  the system on 
condi t ion.  

I V .  Data Anajysi? 

The block diagram o f  the p o s t - t e i t  analys is  o f  
thc ta w i t h  f a s t  swept s ine  wave i; lputs i s  
presented i n  Fig. 4. The ob jec t i ve  i s  t o  ob ta in  
gooo est imates o f  the frequency and damping o f  thp 
modes o f  motion from thc ceasured inpu t  and output 
s ignals .  The procedure used here involves tak ing  
Four ier  transforms o f  these s igna ls  numerical ly.  
fonil inq the trequency response funct ions by d i v i d i n g  
the t rans fom~s.  and a f t e r  a f i l t e r i n g  operat i rn ,  
tak ing  the inverse Four ier  transform t o  ob ta in  the 
impulse rcsponse funct ion. The impulse response 
funct ion contains the f ree  v i b r a t i o n  c h a r a c t e r i s t i c s  
o f  the  modes t h a t  respond t o  the e x c i t a t i o n .  A 
t ime domain modal analys is  procedure s u i t a b l e  f o r  
analys is  o f  f r e e  v i b r a t i o n  motion (Ref. 5) i s  
used t o  determine the frequency and damping o f  the 
p r i n c i p a l  modes. There a re  several a1 t e r n a t i v e  
methods ava i lab le  f o r  modal analys is  (e.g.. Refs. 5, 
10. and 11) depending upon the type of data ( f r e -  
quency domain. e tc . )  ava i lab le  and the des i red 
form o f  the  r e s u l t s  The method used i s  one t h a t  
was designed for  t h i s  type of data (Ref. 5) and 
i s  conceptual ly simple. The data analys is  procedure 
(Fig. 4) was implemented on the  CDC CYBER 175 com- 
puters a t  Langley Research Center. The steps i n  
t h i s  procedure are discussed i n  f u r t h e r  d e t a i l  i n  
the fo l low ing  paragraphs. 

The f i r s t  step i n  the p-ocedure i s  t o  sum the  
outpdt  of the l e f t  and r i g h t  FSS accelerometers 
t o  m in in i  ze any extraneous ant isymnetr ic  motions 
occurr ing dur ing symnetric e x c i t a t i o n  (F i i j .  4) and 
t o  d i f fe rence  the accelerometer s igna ls  f o r  a n t i -  
symnetric e x c i t a t i o n  (as recomne~ded i n  Ref. 8). 
The inpu t  signal for  analyzing the data f o r  FSS o f f  
cases consis ts  ot  the contro l  d e f l e c t i o n  s ignals  
a lso  sunned o r  di f ferenced depending on whether the 
motion i s  symnetric o r  ant isymnetr ic .  With the FSS 
on, the  con t ro l  de f lec t ion  includes the sum o f  
de f lec t ions  i n  response t o  the e x c i t a t i o n  c o m n d  
and the de f lec t ions  f o r  f l u t t e r  suppression. Use 
o f  the con t ro l  de f lec t ion  as the reference inpu t  
s ignal  gives the systenl o f f  dynamics. For analys is  
w i t h  the FSS on, the sweep e x c i t a t i o n  comnand s ignal  
i s  used as the reference i n p ~ l t  s ignal  (F ig .  4 ) .  

The d i s c r e t e  f i n i t e  Four ier  transforms o f  the 
inpu t  signal and the output s ignal  (accelerometers) 
are ca lcu la ted  and the frequency response func t ion  
i s  formed as the r a t i o  of the two transforms As 
prev ious ly  ind icated.  the swept s ine wave inpu t  ran 



from 10 to  40 Hz. A1 though the frequency response 
function i s  calculated from 0 t o  150 Hz (the Nyquist 
frequency), there i s  essent ia l ly  no input power and 
the frequency response function i s  meaninpless 
outside the 10 to  40 Hz frequency range. Hence, 
the frequency response function i s  f i l t e r e d  by 
nu l t i p l v i ng  by a window function i n  the frequency 
domain. The window function used i s  uni fy from 
10 to  37.5 Hz. and i s  tapered wi th a 1-cos2 function 
from 7.3 t o  10 Hz and from 37.5 to  42.5 Hz, and 
i s  zero a t  a l l  other frequencies. The impulse 
response function i s  generated by taking the inverse 
Fourier transform o f  the f i 1 tered frequency response 
fullction. The f i l t e r  function eliminates both 
spurious frequency response function estimates where 
the input power i s  nearly zero and any rea l  noise o r  
data i n  the frequency ranges where the f i l t e r  func- 
t i on  i s  zero. One consequence o f  band-1 irni t i n g  the 
frequency response function i n  t h i s  manner i s  a 
smearing o f  the impulse nsponse function. The 
resul t ing impulse response function i s  a c i r cu la r  
convolution o f  the transform o f  the f i l t e r  function 
and the t rue impulse response function. This e f f ec t  
pr imar i ly  produces a smearing phase er ror  near the 
t = 0 port ion o f  the impulse response. The 1-cos2 
tapering decreases the side lobes of the time 
domain window thus reducino the smearinc, e f tec t .  
This tapering was chosen t o  be a compromise between 
noise el imination and windouing effects. The 
windowing e f fec t  i s  also p a r t i a l l y  a l lev ia ted by 
analyzing the impulse response s tar t ing  a t  t = 0.05 
(instead o f  t = 0) and by allowing addit ional terms 
i n  the complex exponential time domain f i t t i n g  
technique. Generally a moderate ampl i tude te rn  
near the lower cu to f f  frequency (8 t o  9 Hz) appears 
i n  the resul ts and a small ampl i tude term near 40 Hz 
i s  occasionally obtained. 

A s imi lar  data analysis procedure was used on- 
l i n e  fo r  analyzing the fast swept sine wave data 
wi th a minicomputer (Ref. 4). The on- l ine modal 
analysis assumed a sing:e degree o f  freedom model 
due t o  the time constraints o f  the f l i gh t ,  whereas 
the procedure used here takes i n t o  account a l l  the 
pr incipal  modes i n  the response. 

Modal Analysis Technique 

The time danain modal aralys is procedure ana- 
lyzes a single channel o f  data. Given a free decay 
record such as the impulse response function which 
contains the response o f  one or  more vibrat ion modes 
i n  the form o f  a d ig i t i zed time history, the problem 
i s  t o  determine the damping, frequency, ampl itude, 
and phase o f  each mode. A least-sqvares curve fit 
of the data i s  made wi th complex exponential func- 
t ions (or  damped sine and cosine waves) i n  the form 

I( -ltt 
Y(t) = a. + e (ak cos o t t bk s in  % t )  k 

The parameters a bk, qk, and w are 
detenni ned such tkt :k; squared-error d i  rference 
between the expression Y ( t i  ) and measured time 
history a, i s  minimized. The er ror  i s  given by 

Inspection o f  Eq. (1)  shws tha t  i f  rlk and 
q and the value fo r  K are known, i t  i s  possible 
to  compute ao. ak, and bk by solving a l i nea r  
least-squares prob em. The parameters rlk and wk 
enter the minimization problem i n  a nonlinear manner 
and must be determined by some type o f  search algo- 
r i thn.  Although t h i s  i s  a standard nonlinear 
optimization problem f o r  which several nethods are 
available, f o r  s imp l i c i t y  a d i rec t  Search technique 
i s  used t o  search the coordinate space (rlk, %) 
u n t i l  a minimum i s  neared. A l inear ized teci~nlque 
i s  then used t o  accelerate convergence t o  the mini - 
mm. The method requires i n i t i a l  estimates f o r  
qk and %. For a s ingle mode the i n i t a l  
estimates can be nearly arbi t rary.  However, f o r  a 
multiple-mode case, the coaputer time can be s i g n i f -  
i can t l y  reduced by choosing good i n i t i a l  estimates. 
The following procedure has been found t o  be a 
reasonable way o f  ge t t ing  the i n i t i a l  estimates for  
a mu1 tiple-mode case: 

(a) Generate a one-mode s o l u t i o ~  using arbi -  
t r a ry  i n i t i a l  estimates. 

(b) Comute the difference between the one- 
mode solut ion and the input data, that  is, the 
output error .  Then generate a onc-mode f i t  t o  the 
error. 

(c )  Use the rlk and wk values from steps 
(a) and (b) as the ~ n i t i a l  estimates f o r  the two- 
mode solution. 

(d) For higher modes, steps (b) and ( c )  are 
repeated using the di f ference between the current 
multi-mode solut ion and the o r i g ina l  data t o  
estimate the next higher mode. This procedure i s  
continued u n t i l  enough terms (K) are used t o  make 
the output errors small. This method has been 
implemented i n  a research code on the CDC CYBEF? 175. 
A typical  run o f  a four mode f i t  t o  256 points i n  
the time h is tory  takes about 50 t o  60 seconds o f  
CPU time including p lo t t ing .  

Estimates o f  Standard Deviations o f  the Parameters 

One d i f f i c u l t y  wi th parameter estimation from 
dynamic data i s  determining the qua l i t y  o f  the 
estimate. Usually repeatabi l i ty ,  scatter, etc., 
give the experimenter some ind ica t ion  o f  the qua l i t y  
o f  resul ts.  Another approach i s  t o  estimate the 
standard deviations o f  the determined parameters 
(Ref. 5). The standard deviations o f  the estimated 
parameters, o r  uncertainty levels, can be determined 
from maximum-1 i k e l  i hood theory (Ref. 11. e.g.) 
based on the Cramer-Rao bound. This type o f  e s t i -  
mate has provided some useful resu l ts  i n  the f i e l d  
o f  s t a b i l i t y  and control (e.g., Ref. 9). Assuming 
only measurement noise that  i s  Gaussian and white, 
the expected variance o f  the parameter vector i s  

where s i s  the parmeter sens i t i v i t y  matrix, R1 
i s  the output e r ror  covariance matrix, (here a 
constant) and T denotes matrix transpose. The 
parameter vector p i s  made up of ao, ak, bk, 
qk, and wk. The parameter sens i t i v i t i es  are 





For the two Hach numbers f o r  which measurements 
were made wi th the FSS both o f f  and on, M = 0.7 
and 0.74, the resul ts f o r  the FSS off are i n  very 
good agreement (Fig. 11). This good agreement also 
probably results from the low noise level  i n  the 
measured data. 

FSS On. The symnetric damping and frequency 
v a l u e x r m i n e d  f o r  two o f  the pr incipal  modes 
wi th the FSS on are shown I n  Fig. 13. These two 
modes correspond t o  wing f i r s t  bending and f i r s t  
torsion. The frequency o f  the bendin? mode i s  
s ign i f i cant ly  raised by the FSS from 12 t o  15 Hz t o  
near 20 Hz. The damping i s  also s ign i f i can t l y  
increased over that  measured wi th  the FSS o f f  a t  
the lower Mach numbers, but f l u t t e r  would be pro- 
jected to  occur near M = 0.80 f o r  the gain 
se t t ing  o f  the feedback system ac tua l ly  used f o r  
t h i s  f l igh t .  The a i r c r a f t  was accelerating when the 
onset o f  sustained osc i l la t ions  was obtained near 
M = 0.817. It had fur ther accelerated t o  H = 0.827 
when the divergent osc i l la t ions  l e d  t o  break up o f  
the r i gh t  wing. The on-11ne daxping estimates d id  
not indicate the rapid onset o f  f l u t t e r  as shown i n  
Fig. 13. Further discussion o f  the f l u t t e r  inc ident  
i n  given i n  Ref. 4 and comparisons w i th  analyt ical  
resul ts are given i n  Ref. 6. 
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niques," NASA SP-415. 1975, pp. 43-58. 
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Analysis and F l i gh t  Test Data f o r  a Drone A i r c ra f t  
wi th Active F lu t t e r  Suppression," AIAA Paper 81-0640, 
Apr i l  1980. 

' ~ e n n i n ~ s .  W. P. ; Olsen, N. L. ; and Walter, H. J. , 
"Transient Exci tat ion and Data Processing Techniques 
Employing the Fast Fourier Transform f o r  Aeroelastic 
Testing," I n  "F lu t te r  Te. ing  Techniques." NASA 
SP-415, 1975, pp. 77-115. 

The estimates o f  the standard deviations of the 8~oubo l t .  J. C.. "On Ident i fy ing  Frequencies and 
d a r r p i n g a n d f r e q u e n c y v a l u e s a r e ~ h o w n i n F i g . 1 4 .  Damp ing inSubc r i t i ca lF l u t t e rTes t i ng . "  I n  
The values fo r  the bending mode are wel l  determined "F lu t te r  Testing lechniques." NASA SP-415, 1975, 
except fo r  the point  a t  M = 0.70 which has a large pp. 1-42. 
standard deviation. possibly as a resu l t  of the 
higher damping value: The i e s u l t s  for  these two 'Maine. R. E.; and I l i i f ,  K. W., "Estimation o f  the modes were determined from an eight  mode fit t o  the Accuracy 3f Dynamic Flight-Detenined Coefficients,u data. and are the two modes that  were consistently AIAA Paper 80-171, 1980. determined from the response. 

V I .  Concluding Remarks 

The results o f  o f f - l i n e  analysis o f  data fmm 
two f l i gh t s  o f  the DAST ARM-I have been presented. 
The dynamic rharacteristccs o f  scvera: ircu'es hirve 
been obtained using the data analysis technique. 
This technique consisted o f  fast  swept sine excita- 
t ion  by the ai leron controls ,nd time-domain anal- 
ys is o f  the impulse response function derived by 
numerical Fourier transform techniques. The 
approach to the f l u t t e r  boundary i s  c lear ly  defined 
by the resul ts o f  t h i s  techniqu~. A s ign i f i cant  
contr ibut i r~g factor i n  the success o f  t h i s  technique 
i s  the low level  o f  noise i n  the measured data. 
The calculated standard deviation o f  the parameters 
based on the Cramer-Rao bound gives a useful V a l -  
i t d t i v e  indicat ion o f  the qua l i ty  o f  the frequency 
and damping es t imtes .  
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Fig. 2 DAST cperdt ional  concept. 
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Fig. 4 Rlnck diagram of post - test  data analys is  
procedure. 



F ~ Q .  5 Sanple input  contro l  d e f l e c t i o n  and accel -  
erometer responses f o r  FSS o f f ,  M = 0.74 ,  and 
h = 4 . 6  km (15.000 f t ) .  
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Fig .  6 Sample impulse response func:ion and f i t  
f o r  FSS o f f .  M = 0.74.  h = 4 .6  km (15,000 f t ) .  
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Fig. 7 Components o f  samole impulse response 
funct ion f o r  FSS o f f ,  M = 0.74 ,  h - 4.6  km 
(1s.ooo f t ) .  
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F i g .  3 41 t i t u d e  and Mach number f o r  t e s t  po in ts .  
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Fig. 9 Damping and frequency estimates for  FSS 
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Fig.  10 Concluded. 
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Fig. 11 Symnetric modal frequency and dampin 
estimates f o r  FSS o f f ,  h = 4.6 km (15.000 ft?. 
Flagged symbols are FSS o f f  resul ts  calculated f r o m  
FSS on data. 
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Fig.  12  Standard deviations o f  frequency and 
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(ls.000 f t ) .  
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Fig.  14 Standard deviat ions o f  frequency and 
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