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Abstract 

This paper presents a co~~par ison o f  analysis 
and f l i g h t  tes t  data for a drone a i r c r a f t  equipped 
wi th  an active f l u t t e r  suppression system. Emphasis 
i s  placed on the canparison o f  rnodal dampings and 
frequencies as E function o f  Mach number. Results 
are presented f o r  both synnetric and antisynraetric 
motion wi th f l u t t e r  suppression o f f .  Only symetr ic  
resul ts are presented f o r  f l u t t e r  suppression on. 
Frequency response functions o f  the vehicle are 
presented from both f l i g h t  tes t  data and analysis. 
The analysis c o r e l a t i o n  i s  improved by using an 
empirical aerodynamic correction factor which i s  
proportional t o  the r a t i o  o f  experimental t o  ana- 
l y t i c a l  steady-state l i f t  curve slope. I n  addit ion 
to presenting the mathematical models and a b r i e f  
descript ion o f  exist ing analyt ical  techniques, an 
a1 ternative analytical technique f o r  obtaining 
closed-loop resul t s  i s  presented. 

With act ive control technology, superc, . .~ca l  
a i r f o i l s ,  and new materials evolving i n t o  viable 
approaches for  reducing a i r c r a f t  mass, the conf i- 
dence i n  accurately predict ing the dynamic behavior 
o f  f l ex ib le  a i r c r a f t  incorporat? ng these advance- 
ments i s  important. Because o f  the potent ia l ly  
destructive nature o f  f l u t t e r ,  the c r e d i b i l i t y  o f  
modern f l u t t e r  predict ion techniques are o f  incmas- 
ing concern to  tho designer. To gain confidence i n  
the analytical tools and techniques employed, com- 
parisons o f  analyt ical resul ts w i th  those obtained 
from experiment are necessary. 

Research ef for ts i n  the past a t  the NASA have 
been directed toward both developing analysis tools 
and correlat ion o f  wind-tunnel tes t  results w i th  
analytical predictions. Wind-tunnel tests I n  the 
transonic region are :radi t i ona l l  y 1 i m i  ted by model 
size, dynamic pressure (For aeroelastic tests), and 
ef fects o f  interact ion between the model and re- 
f lected shock waves. As a complement t o  wind--tunnel 
tests, f l i g h t  tests are being conducted i n  a NASA 
program cal led Drones for  Aerodynamic and Struc- 
tu ra l  Testing (DAST) .~  I n  th i s  program, unmanneJ, 
remote-control 1 ed drone a i r c r a f t  are used as test-  
beds fo r  high r i s k  research such as f l u t t e r  tests. 

Sane o f  the objectives o f  t h i s  f l i g h t  program are 
to explore the accuracy and l im i ta t ions o f  f l u t t e r  
predictions f o r  a supercr i t ical  wing i n  the tran- 
sonic region and t o  evaluate f l u t t e r  suppression 
system (FSS) performance. 

Reference 2 presents resu l ts  o f  one o f  the 
f i r s t  wind-tunnel tests o f  a f l ex ib le  supercri t i c a l  
wing. The agreement between the measured f l u t t e r  
boundary and the calculated boundary ws very good 
except i n  the c r i t i c a l  transonic region. Refer- 
ences 3 through 5 present resu l ts  o f  studies o f  
active control o f  wing/store f l u t t e r  for a f i gh te r  
configuration. Some o f  the comparisons o f  analysis 
and experirwnt that  are given show reasonably good 
agreement. Reference 6 presents resu l ts  for an 
active f l u t t e r  margin augmentati~n system for a 
conmercial transport w i th  a conventional wing. 
Comparisons between analysis and f l i g h t  data are 
given i n  terms o f  transfer functions and damping/ 
frequencies and show good agreement. Wind-tunnel 
tests o f  a canti lever aeroelastic wing model o f  the 
present drone wing wi th  an act ive f l u t t e r  suppres- 
sion system are reported i n  Ref. 7. However, i n  
contrast t o  the drone a i r c r a f t  wing section re- 
ported here, the wind-tunnel model d i d  not have a 
supercri t i c a l  shape. This study showed good 
agreement f o r  f l u t t e r  mode frequencies f o r  both 
the FM-off  and FSS-on cases. Neither damping nor 
frequency response comparisons were made since 
these quant i t ies were not experimental 1 y measured. 
I n  sumnary, no f l u t t e r  tests, e i ther  wind-tunnel o r  
f l i gh t ,  o f  a supercr i t ical  wing configuration wi th  
active f 1 u t te r  suppression have been reported 
previously. 

This paper i s  one o f  three companion papers 
that  describe various aspects o f  the f i r s t  few 
f l i gh ts  i n  the OAST program. ~dnards8 presents 
detai ls  o f  the f l u t t e r  t es t  technique development 
and the implementation o f  the FSC on the vehicle. 
Bennett and ~ b e i 9  present the ex~erimental f re -  
quency and damping estimates obtained using a post- 
f l i g h t  parameter estimation technique. This paper 
i s  presented as an e f fo r t  t o  correlate the resu l ts  
obtained by various analyt ical  techniques wi th  the 
experimental resul ts given i n  Ref. 9. The study 
ranges from the comparison of open loop frequency 
responses t o  the comparison of f l e x i b l e  mode damp- 
inglfrequency differences f o r  both symnetric and 
antisymnetric motion. I n  addition, a descript ion 
o f  the anal.ytice1 technirues and mathematical models 
used i n  the study are given. - 
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Nomenclature 

C ~ ,  
1 i ft curve slope 

c reference chord 
0 parameter scheduler 
D(s) denominator polynomial 
G shear nodulus 

a antisymietric f i l t e r  

E conmon fi 1 te r  

6, symnetric f i l t e r  
acceleration due to  gravi ty 
vehicle frequency response 
control law and actuator frequency 

response 

JrT 
reduced frequency 
Mach number 
numerator polynomial 
Laplace variable 
t i n e  
f ree-stream veloci ty 
gust veloci ty 

transfer function input 

2 ver t ica l  acceleration 
B aerodynamic 1 ag 
6 control surface posi t ion 
6c actuator conmand 
r. damping r a t i o  &. roll angular acceleration 

P free-stream density 
w c i r cu la r  frequency 

Matrices: 

dynamics na t r i x  ti:] real  aerodynamic coeff ic ient  matrix 

control d i s t r i bu t i on  matrix 
state-coeff icient output matrix 
input-coeff i c i en t  output matrix 
structural  damping matrix 

generalized s t i f fness matrix 
generalized mass matrix 
general ized aerodynamic force matrix 
general i zed coordinate vector 

{ul  input vector 
{ X I  state vector 
{ Y )  output vector 

Subscripts: 

C 
FUS 
LW 
m 
N 
RW 
v 
w 

9 
6 

control system 
fuselage 
l e f t  wicg 
motion 
nominal 
r i g h t  wing 
vehicle 
ver t ica l  gust 

control surface 

Dots over symbols denote derivatives w i th  respect 
t o  tiw. 

h s c r i p t i o n  o f  Drone A i r c r a f t  

The ge rmt ry  o f  the drone a i r c r a f t  i s  shown 
i n  Fig. 1. The win has an aspect r a t i o  o f  6.8 
w i th  a supercr i t ica 1 a i r f o i l  designed f o r  cruise 
a t  M = 0.98. The small outboard control surfaces 
on the wing have a dual function of both suppressing 
f l u t t e r  through the control system and providing 
exci tat ion f o r  measurement purposes. Accel enmrters 
located on the rear spar near the wing t i p  are used 
t o  sense motion f o r  the FSS. Fuselage accelerotn- 
eters are used t o  subtract out r i g i d  body motion. 

Bending s t i f fness o f  the wing i s  provided 
pr imar i ly  by two steel spars located a t  25 percent 
and 60 percent o f  the loca l  wing chord. Torsional 
s t i f fness i s  provided pr imar i ly  by f iberglass skins 
which are attached t o  the spars t o  form the wing 
box. The f ibers  i n  the skin are oriented ps ra l l e l  
and n o m l  t o  the wing e las t i c  axis t o  create a 
torsional s t i f fness which i s  low enough t o  allow 
f l u t t e r  t o  occur w i th in  the f l i g h t  envelope. I n  
addition, a ba l las t  i s  added t o  the outboard sec- 
t i o n  a f t  o f  the t r a i l  lng edge t o  fur ther reduce the 
f l u t t e r  speed. 

The drone has been modified t o  improve con- 
t r o l l a b i l  i t y  and acquisi t i o n  of -esearch data. 
F l i gh t  tests involve a i r  launches from beneath the 
wing o f  a 8-52 and mid-air recovery by a helicopter. 
A d e s c r i p t i ~ n  o f  the operational procedures i s  
given i n  Refs. 1 and 8. 

Anal v t i  cc 1 Techniques and Mathemtical ttodel s 

Equations of Notion 

The equations of motion are formulated through 
the conventional modal approach. The motion o f  the 
vehicle i s  described by a l i nea r  combination o f  
i t s  f ree v ibra t ion  modes. The forc ing functions 
to  the system are both control  and gust inputs. 
Therefore, the basic equations o f  motion can be 
r i r i  t t en  as 

A l l  coeff icients w i th  the exception of the aero- 
dynamic t s m  i n  these equations are independent o f  
time. The aerod namic force matrices are complex 
valued and norma f 1 y represented as tabular functions 
o f  reduced frequency, k = cw/2V. To obtain a set  
o f  constant coef f ic ien t  d i f f e ren t i a l  equations, the 
unsteady aerodynamic force matrices are approximated 
by a rat ional  polynomial i n  the Laplace variable s 



Af ter  selecting a set of aerodynamic lags, , 1 the coef f i c ien t  matrices [ A i l  are computed y a 
least  squares curve f it i n  a fashion s imi la r  t o  
that  described i n  Ref. 10. 

By equating derivatives t o  the powers o f  thc 
Laplace operator s, the equations of not ion for 
the basic vehicle can be wr i t t en  i n  standard state- 
space form as follows: 

where 

{Y,} = sensor outputs. 

The matrix [Av] i s  a 6n x 6n matrix where n i s  
the number o f  modes. 

Stabi l  i t y  Analysis 

A b r i e f  descript ion o f  the analyt ical  methods 
used t c  calculate s t a b i l i t y  w i  t h  both FSS-off and 
FSS-on w i l l  be presented i n  t h i s  section. I n  
part icular ,  an al ternate method f o r  the FSS-on 
calculations which d i f f e r s  f ran that  given i n  
Ref. 10 i s  presented. 

FSS-0:f. The matrix [AV] i n  Eq. (3)  i s  
a f unc t i ono f  Mach nunber, velocity, and density. 
For f i xed values o f  Mach number, veloci ty ,  and 
density the eigenvalues of [AV] are the roots 
o f  the FSS-off f l u t t e r  equation. Variat ion o f  the 
roots o f  the f l u t t e r  equation as a function o f  
a l t i t u d e  a t  constant Mach nunber can be computed. 
This approach y ie lds  a "matched point"  solut ion 
without the necessity o f  cross-plott iny several 
density calculations as w i th  the conventional V-g 
f l u t t e r  solution. The f l u t t e r  boundary f o r  the 
basic vehicle i s  determined by performing the ca l -  
culat iocs a t  several Mach numbers. 

FSS-On. An a1 ternate approach fm tha t  o f  
Ref. m ~ s l o y e d  t o  fonnulate the FSS-on 
equations. To use t h i s  appmch, both the actuator 
and contro l  law models are w r i t t en  i n  standald 
state-space fonn and then interconnected t o  the 
basic vehicle equations. This approach i s  used 
because i t  requires the solut ion o f  a much smaller 
order eigenvalue problem than the approach described 
i n  Ref. 10. 

A s ingle control input  and s ingle sensor output 
w i l l  be used t o  i l l u s t r a t e  t h i s  technique, but the 
same technique can be extended t o  mu1 t i p l e  contro ls 
and sensors. The contro l  law and actuator d y ~ l n i c s  
are normal l y  represented by t ransfer  functions 
which can be colnbined and wr i t t en  i n  the form 

where 

N(s) = numerator polynomial i n  s 

D(s) = denominator polynanial i n  s 

There are many ways o f  expressing t h i s  t rans fer  
function i n  state-space form. The technique used 
i n  t h i s  paper i s  described i n  Ref. 11. The develop- 
ment uses a Frobenius fonn rea l iza t ion  to  obtain 
the matrix coef f ic ients.  As shown i n  Ref. 11, 
the system defined by the t ransfer  funct ion o f  
Eq. (4) can be wr i t t en  i n  state-space form as 

{Xc) = [ & ] I X c I  + {BCIYc 

(5) 
(uc) a [Cc]&I 

where 

Yc = transfer function input; and 

The matrix [ ] i s  an nc x nc matrix where nc 
i s  the order 3 D(s) i n  Eg. (4). I t  i s  important 
t o  note that  when using t h i s  approach the contro l  
displacement and i t s  f i r s t  and second der ivat ives 
must be made avai lable as inputs t o  the basic 
vehicle system. This implies that  the t ransfer  
function needs t o  be a t  least  t h i r d  order t o  obtain 
the higher derivatives and avoid any d i rec t  trans- 
f e r  t e n  from Yc. 

The interconnection of systems i s  most o f ten  
described by the "state augmentation technique."l2 
I n  the present application, consider the systems 
described by Eqs. (3)  and (5). Defining the 
augmented state as . , 



and using the re lat ions tha t  {uV l  = (ucl  and 
Vc = YV, the closed loop o r  FSS-on dynamics are 
represented by 

where [A] i s  a (6n+nc) (6n+nc) matrix. AS i n  
the FSS-off equations, the matrix [A] i n  Eq. (7) 
i s  a function o f  Mach number, veloci ty ,  and 
density. For f ixed values o f  Mach nuder,  velocity, 
and density the eigenvalues o f  [A] are the roots 
o f  the FSS-on f l u t t e r  equation. Variations i n  
Mach number and/or density can be used t o  predict  
modal dampings and frequencies and the FSS-on 
f l u t t e r  boundary. 

Structural Model 

The stru. tu ra l  model i s  a NASTRAN* f i n i t e  ele- 
ment model o f  the wing, wing center section, fuse- 
lage, and empennage. The wing model was o r i g i n a l l y  
developed by Teledyne Ryan Aeronautical and then 
updated t o  a complete vehicle model by both Boeing- 
Wichita13 and NASA-Langley. A drawing o f  the up- 
dated NASTRAN model i s  presented i n  Fig. 2a. 

The wing f i n i t e  element idea l iza t ion  includes 
the leading and t r a i l i n g  edge structure which are 
modeled w i th  elements providing s t i f fness  only f o r  
trans1 at ional  degrees o f  freedom. The spars and 
r i bs  are modeled w i th  rods and shear elements. The 
f iberglass wing skins are modeled using shear ele- 
ments wi th rods added to  represent the membrane 
st i f fness.  The wing center section i s  modeled w i th  
beam and p la te  elements l y i ng  i n  a horizontal plane. 
The wing i s  connected to  the wing center section 
wi th s ingle point  connections a t  the f ron t  and rear 
spars. 

Elast ic  axis representations employing beam 
elements are used i n  modeling the fuselage, ver t i ca l  
t a i l ,  ard horizontal s tab i l i zer .  The connections 
between the wing center section and the fuselage 
are defined by constraint equations re la t ing  trans- 
la t ions  a t  the side o f  body t o  the motions o f  the 
e las t ic  axis a t  the fuselage centerl ine. To sim- 
p l  i f y  the structural  representation, appropriate 
center1 ine constraints are used t o  define separately 
both symnetric and antisymnetric motion. 

Ten symnetric and ten antisymnetric e las t ic  
modes were computed and used fo r  analysis purposes. 
The symnetric modes cover a frequency range of 9.1 
t c  105.0 Hz. The antisymnetric modes cover a f re -  
quency range o f  12.3 t o  80.7 Hz. A ground v ib ra t ion  
tes t  was performed on the vehicle t o  measure both 
symnetric and antisymnetric modes and frequencies. 
A comparison between the measured and analyt ical  
frequencies i s  presented i n  Table 1. For both the 
symnetric and antisymnetric cases, the frequency o f  
mode 1 which i s  pr imar i ly  f i r s t  wing bending i s  
underpredicted, and the frequency o f  mode 3 which 
i s  pr imar i ly  f i r s t  wing tors ion i s  overpredicted. 

Unsteady Aerodynsni c Nodel 

The unsteady aerodynamic matrices i n  Eq. (1) 
are calculated usin the doublet l a t t i c e  program 
i n  the ISAC systen1.(4 The fraquency dependent 
unsteady aerodynamic prtssure d is t r ibu t ions  are 
calculated by subdividing each l i f t i n g  surface I n t o  
an array o f  streanuisc trapezoidal boxes. The 
wing and empennage sections are aerodynamically 
modeled as shown i n  Fig. 2b. The model Includes 
121 boxes for  the wing, 14 boxes f o r  the horizontal 
t a i l ,  and 8 boxes f o r  the ve r t i ca l  t a i l .  The 
aerodynamic effect of the fuselage i s  assumed t o  
be negl ig ib le.  Eight boxes are used to  model the 
wing control surface shorn by the shaded area. 
Unsteady aerodynamic forces are calculated f o r  two 
r i g i d  body modes, ten e las t i c  modes, a contro l  
surface rotat ion,  and a sinusoidal gust. 

The aerodynamic l a g  t e r n  8j used i n  approx- 
imating the unsteady aerodynamics i n  the s-plane 
are a r b i t r a r i l y  selected from the range o f  reduced 
frequencies f o r  which the aerodynamic matrices 
(Eq. (1 ) )  are calculated. The selected values are 
0.1, 0.2, 0.3, and 0.4. 

Actuator Hodel 

The control surface i s  dr iven by a ro tary  
actuator located a t  the inboard edge o f  the contro l  
surface. The actuator i s  cont ro l led  by a servo- 
valve mounted i n  the wing center section. The 
servoactuators use actuator shaf t  pos i t ion  and 
d i f f e ren t i a l  load pressure feedback. 

The or ig ina l  ana ly t ica l  model o f  the actuator, 
which i s  s imi la r  t o  t ha t  described i n  Ref. 15, was 
developed by Booing-Wichi t a  . The nodel predicted 
an actuator bandwidth near 100 Hz. However, when 
the system was assembled and bench-tested the 
bandwidth was approximately 70 Hz. The Sench t e s t  
indicated a hydraulic f l u i d  mode near 110 Hz. This 
f l u i d  mi le  i s  not accounted for i n  the ana ly t ica l  
model. The presence o f  t h i s  mode con t r i  buted t o  
the reduction i n  bandwidth. Furthermore, when the 
actuator was i ns ta l l ed  i n  the f l e x i b l e  wing, the 
f ina l  bandwidth reduced t o  approximately 55 Hz. At 
t h i s  po in t  a s i gn i f i can t  e f f o r t  was expended t o  
increase the bandwidth and resul ted i n  the imple- 
mentation o f  several notch f i l t e r s  t o  s t a b i l i z e  
high frequency (100-400 Hz) hydraulic modes. 

Because o f  these conpl icat ions , the o r i g ina l  
actuator model was not used i n  the analysis. In-  
stead, ttce actuator model i s  derived from a 
measured frequency response t o  a one-degrte-ampli- 
tude sinusoid input w i th  the actuator i ns ta l l ed  i n  
the wing. The measured frequency response data 
was curve f i t  w i th  a 6 th  order t ransfer  function. 
This resul ted i n  the fo l l cu ing  t ransfer  function: 

egistere trademark o f  the National 
and Spae Admini s t ra t ion  



Figure 3 presents a Bode p l o t  showing the conparison 
between the frequency response using Eq. (8) and 
the measured data. I t  i s  in teres t ing  tha t  l a t e r  
studies indicate l i t t l e  change i n  the response 
character is t ics wi th the inclusion o f  air loads. 
However, a substantial decrease i n  bandwidth and 
corresponding increase i n  phase lag  was observed 
when the response was measured f o r  an 8' input  
amp1 i tude. 

FSS Control Law 

The FSS was designed by Boeing-Wichita under 
contract to  NASA-Langley. A descript ion o f  the 
design o f  t h ~  i n i t i a l  control law i s  given i n  
Ref. 13. However, between the second and t h i r d  
f l i g h t s  described i n  Ref. 8. Boeing-Wichita per- 
formed a redesign o f  the control law. A block 
diagram o f  the redesigned FSS i s  presented i n  
Fig. 4. The redesigned control law i s  used i n  a l l  
analyses presented i n  t h i s  paper. The i n i t i a l  
surmation o f  sensors provides l e f t  and r i g h t  wing 
ver t ica l  accelerations minus the r i g i d  body accel- 
erations due to  ve r t i ca l  and r o l l  accelerations. 
These signals are fed i n to  the comnon f i l t e r s  G, 
and then sunned t o  form the symnetric f i l t e r e d  
signal and differenced t o  form the antisymnetric 
f i l t e r e d  signal. These signals are f i l t e r e d  by 
the symnetric Gs and antisymnetric G a  f i l t e r s ,  
then surmed and differenced, and mul t ip l ied  by a 
gain o f  0.5 t o  fonn the l e f t  and r i g h t  control 
surface comnands. The transfer functions f o r  the 
comnon, symnetric, and antisymnetric f i l t e r s  are 
given by 

where 0 = 49000 - 804 x (+ PV') 

Experimental Data and Discussion o f  Results 

Experimental Data Acquis i t ion 

The control surfaces a r t  used both fo r  sup- 
pressing f l u t t e r  and f o r  exc i t i ng  the wing responses 
A f a s t  swept s ine wave, which varies fm 10.0 t o  
40.0 Hz i n  8 seconds, i s  used for exc i t i ng  the 
wing. The two contro l  surfaces are osc i l l a ted  
e i t he r  i n  phase o r  out  o f  phase f o r  s y n c t r l c  o r  
antisyrnnetric m t i o n ,  respectively. h s u r m r n t s  
i n  the fonn o f  time h i s to r i es  of the responses, 
c-nd signals, and contro l  surface positions are 
made and relayed to  ground f a c i l i t i e s  f o r  record- 
ing. Frequency response functions o f  the f l e x i b l e  
vehicle are obtained fm the time h is tor ies  
through the use o f  Fast Fourier Transform (FFT) 
techniques. Both the mda l  character is t ics and t L .  
frequency response functions are obtained from tht 
data presented i n  Ref. 9. 

Comparison o f  Analysis w i th  F l i g h t  Test Results 

I t  i s  wel l  known tha t  l inear.  thin-wing, 
p o t e ~ t i a l  f low theory s ta r t s  t o  lose i t s  v a l i d i t y  
when approaching the transonic region and i s  
therefore not able t o  g ive sa t is fac tory  approxi- 
mations t o  the aerodynamic forces. There are 
several empirical methods used t o  improve the 
representation o f  the aerodynamic forces i n  t h i s  
region. Probably the most comnon method uses 
experimental steady-state aerodynamic force data. 
Using a r e l a t i v e l y  straightforward approach, a 
correct ion factor, based on tCe steady-state 1 i f t  
curve slope (Ch) ,  i s  appl if to a l l  unsteady 

aerodynamic force data. Specif l c a l  ly, t h i s  correc- 
t i on  factor i s  obtained by c a l c u l a t i ~ g ,  a t  each 
Mach number, the r a t i o  o f  experimental - to-analyt ical  
CL, f o r  the vehicle. Figure 5a presents a com- 

parison o f  the experimental t o  ana ly t ica l  C L ~  
for the drone a i r c r a f t  (experimental values are 
taken f ran  Ref. 16). The l i f t  curve slope i s  
underpredicted throughout the Mach number range. 
The r a t i o  of experimental t o  ana ly t ica l  CLa 
varies from 1.03 (H = 0.70) t o  1 . I8  (M - 0.95). 
This correct ion factor i s  then applied to  the 
generalized aerodynamic force matrix by mul t ip ly ing  
a l l  elements by t h i s  factor, which has an e f fec t  
equivalent to increasing density. Figure 5b 
demonstrates the use o f  the correct ion fac tor  i t ,  

the f l u t t e r  analysis. The f l u t t e r  Mach number i s  
sh i f ted  more toward the f l i g h t  t es t  po in t  resu l t ing  
i n  a bet te r  agreement. Consequently, the correct ion 
factor  rill be used i n  a l l  ana l~ l t t ca l  resu l ts  pre- 

sented. 

The predicted f l u t t e r  boundary and the f l i g h t  
tes t  points f o r  the FSS-off case are presented I n  
Fig. 6 for both symn t r i c  and antisymnetric motion. 
The difference between the f l i g h t  t es t  and pre- 
d i c t i on  a t  constant a l t i t u d e  i s  approximately 
0.02 t o  0.03 i n  Mach number. There could be mny  
reasons for t h i s  dlfference, but a p lausio le 
axpl anation that  was examined i s  the nonlinear 
behavior of the st i f fness propert ies o f  the 



f iberglass skins. Hore precisely, the shear modulus 
for the f iberglass skin was experimentally deter- 
mined t o  vary substant ia l ly  (nearly 50 percent) 
w i th  shear stress as shown i n  Fig. 7. Stnce shear 
stress increases, and therefore the shear mudulus 
decreases, as Mach number (dynamic pressure) i n -  
creases, t h i s  e f f ec t  could be important i n  f l u t t e r  
predictions. Therefore, f l u t t e r  ca lcu la t ion t  
(only f o r  the symnetric case) were performed f o r  a 
shear modulus var ia t ion  of p lus and minus 20 I?:- cent from the nominal value (GN = 0.58 x 101 ) 
The resul ts o f  thest calculations are also presented 
i n  Fig. 6. These parameter variat ions m r e  than 
adequately bracket the data pc4:tts obtained from the 
f l i g h t  tests. 

Frequency and damping character is t ics were 
obtained from two t l i g h t  tests. The synmtetric and 
antisymnetric resu l ts  shown i n  Figs. 8 and 9, 
respectively, were obtained from the f i r s t  f l i g h t  
t es t  a t  an a l t i t u d e  o f  7.62 kilometers. The change 
i n  frequency o f  the bending (mode 1) and tors ion 
(mode 2) modes w i  t h  Mach nunber were we1 1 predicted 
for both synmetric and antisynmetric motion. How- 
ever, the damping, over the same range o f  k c h  
numbers, was overpredicted by analysis f o r  the 
f l u t t e r  inode (mode 1 ) and underpredicted f o r  the 
tors ion mode (mode 2).  From previous rmrks3,6 
where damping was experimentally and ana ly t ica l ly  
available, the analysis u ~ s a l  l y  overpredicted the 
damping o f  the f l u t t e r  node. This i s  consistent 
wi th the resul ts presented here. These differences 
require fur ther invest igat ion and t h i s  discrepancy 
should be considered during any FSS design. 

The frequency and damping o f  the dominant mode 
are presented f o r  both the symnetric and ant i -  
symmetric cases i n  Figs. 10 and 11, respectively. 
The analysis and experiment cormspond to  the second 
f l i g h t  t es t  a t  an a l t i t ude  o f  4.57 kilometers. 
FSS-on resu l ts  are presented only for the synnetric 
case. The change i n  frequency wi th Mach number i s  
predicted wel l  f o r  both the FSS-off and FSS-on 
cases. However, analysis overpredicts the damping 
for both the FSS-off and FSS-on cases as i n  the 
7.62 kilometer resul ts.  The experimental f l u t t e r  
speed i s  extrapolated to be approximately M = 0.80 
fo r  the FSS-off symnetric case (Fig. 10). An 
actual f l u t t e r  point  was encountered f o r  the FSS-on 
case a t  M = 0.82. The a n a l y s i ~  overpredicts the 
FSS-off f l u t t e r  speed by 4 percdnt and overpredicts 
the FSS-on f l u t t e r  speed by 2 percent. 

An a1 ternate method based on frequency response 
techniques was used t o  compare f l i g h t  data t o  
analysis. The frequency domain responses o f  the 
vehicle were obtained by FFT techniques from the 
time responses recorded during f l i g h t  tests. To 
compare d i r e c t l y  w i th  the analysis open loop f re-  
quency response (G(iw) * H(iw)), the experimentally 
obtained frequency response (G(iu)) was augnented 
by the control law and actuator dynamics ( ~ ( i w ) ) .  
The resu l ts  a t  H = 0.70 and 4.57 kilometers are 
plot ted i n  the form o f  Nyquist diagrams p rcse~ ted  i n  
Figs. 12 and 13. Some smoothing was necessary t o  
reduce the observed scatter apparent i n  the trans- 
formed (FFT) raw f l i g h t  data. The lobes represent 
e las t ic  resonance points i n  the vehicle dynamics 
and the fac t  that  the lobes i n  the analysis do not 
coincide angglarly wi th the ones from the f l  igh: 
data i l l u s t r a t e  the phase differences between the 
tuo resul ts.  There appears t o  be a bet te r  agree- 
ment i n  frequencies for the synnretrical case than 

the ant isynnetr lcal  case when comparing selected 
frequency points of the two msul ts .  

Concluding Remarks 

A comparison o f  analysis and f l i g h t  t es t  data 
f o r  a drone a i r c r a f t  equipped w i th  ac t ive  f l u t t e r  
suppression has been presented. A1 though absolute 
values o f  the t e s t  resul  t o  were not  predicted, 
the analysis d i d  p r e d k t  the trends reasonably u e l l .  
I n  part icular ,  modal frequencies w e n  predicted 
w i th  good success. Homver, f l u t t e r  ,.Me damping 
was i n  most instances overpredicted. The f l u t t e r  
speed was overpredicted by 3 t o  4 percent f o r  the 
FSS-off case and overpredicted by 2 percent for the 
FSS-on case. This unconservatism I s  bel ieved t o  be 
a resu l t  o f  the nonlinear tors ional  s t f f fness  
associated w i th  the shear modulus of the f iberglass 
skin and the aerodynamics o f  the supercri t i c a l  
a i r f o i l .  These resu l ts  suggest m r e  care i s  needed 
i n  modeling structures i n  terms o f  nonlinear pro- 
pert  ies and understand4 ng the aerodynamic lnechani sms 
which c o n t r i b ~ t e  t o  the differences behreen analysis 
and tes t .  
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a )  S t ru r tu ra l  
Fig.  4 Block diagram o f  the f l u t t e r  suppression 
system. 
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O )  Aerodynamic 

Fig.  2 Structura l  and aerodynamic models. 
C 

La 

AMPLITUDE, 
dB -10 

PHASE, 
de9 

0 TEST 

ANALYTICAL - 30 CURVE F I T  
\ 

L A  -180 
10 100 200 

FREQUENCY. Hz 

1 I 1 
0 . 8  . 9  1.0 

M A C H  NUh'lBER 

a )  L i f t  curve slope 

DAMPING .Od 1 0 rLlGHT DArA 

1 WIO CORRECTION 
--- 

.08 
W I  CORRECTION 

b )  F l u t t e r  analysis  

F ig .  5 E f f e c t  of aerodynamic cor rec t ion  factor .  

Fig.  7 Bode p l o t  o f  actuator  dynamics. 



FREQUENCY, 
Hz 

10 
/ 

ANALY S l S TEST 

0 

.04 

DAMP IN& 
I 

. OE 

MACH 

MACH 
F ig .  3 Damping and frequency var ia t ions  w i t h  Mach 

Fig.  6 F l u t t e r  boundary (FSS-off). number d t  7.62 km (symnetric; FSS-off). 

F ig .  7 Shear mdu luz  var ia t ion  w i t h  shear st ress.  

UOrnILUS 
G 4 

t ~ : m Z l  

FREP(K'.-CY, 1 
Hz 

" t ANAlY Sl S TEST - 0 M O D E 1  --- O M O D L 2  

0 

0 

RAhGt or k-- - - -  A C I L U L  f ~ l Z H l  L O A D I N G  ----A 0 

MACH 
Fig.  9 Damping and frequency var ia t ions  w i t h  Mach 
number a t  7.62 km (antisymnetric;  FSS-off) .  



IMAGINARY 

I I 
ACTUAL FLUTTER P O I N T  

DAMPING. 
1 .08 

/- - /' 

0 /', A N A L Y S I S  TEST 

,/G F S S - Q F  - 0 
FSS-ON --- 0 

. 1 6 b - + - - - - - - ~  .80 . W 
M A C H  

* t - ANALYTICAL DATA 
--- FLIGHT TEST DATA 

F ig .  1 2  Nyquist diagram of open loop system a t  
M = 0.70 and 4.57 krn (symnetric) .  

F i g .  10 Damping and frequency var ia t ions  w i t h  
Mach number a t  4.57 km ( s p e t r i c ) .  

DAMP I NC, . 08 t ANALfS IS TEST 
? FSS-Off - 0 

MACH 

Fig. 1 1  Damping and frequency var ia t ions  w i t h  
Mach number a t  4.57 km (ant isymnetr ic ) .  

IMAGINARY 

8r  

-' 1 - ANALYTICAL DATA 

* t --- FLIGHT TEST DATA 

REAL 

F ig .  13 Nyquist diagram of upen loop system a t  
M = 0.70 and 4.57 km (ant isymnetr ic ) .  


	0001A02.TIF
	0001A03.TIF
	0001A04.TIF
	0001A05.TIF
	0001A06.TIF
	0001A07.TIF
	0001A08.TIF
	0001A09.TIF
	0001A10.TIF
	0001A11.TIF
	0001A12.TIF

