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Transonic Time Responses of the MBB A-3 Supercritical Airfoil
Including Active Controls

J. T. Batina* and T. Y. Yangt
Purdue University, West Lafayette, Indiana

Aeroelastic time-response analyses are performed for the MBB A-3 supercritical airfoil in small-disturbance
transonic flow based on the use of transonic code LTRAN2-NLR. Three degrees of freedom are considered:
plunge, pitch, and aileron pitch. The main objective was to investigate the applicability and accuracy of state-
space aeroelastic modeling for two-dimensional airfoils with active controls in transonic flow. A state-space
aeroelastic model was formulated using a Fade aerodynamic approximation. The resulting equations are ex-
plicitly solved in the time domain yielding the aeroelastic displacement responses. Parallel time-marching
response histories were determined numerically through a coupled integration of the structural equations of
motion with the unsteady aerodynamic forces of LTRAN2-NLR. The Fade and time-integration responses are in
good agreement. The Fade eigenvalues compare well with the time-marching damping and frequency estimates.
A simple feedback control loop was included in the aeroelastic system to study the effects of active control on the
aeroelastic response. A variety of control laws utilizing displacement, velocity, and acceleration sensing were
considered. Transonic time-response behavior of the MBB A-3 airfoil is discussed and comparisons are made.
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Nomenclature
= nondimensional elastic axis location, positive

aft of midchord
= airfoil semichord and chord, respectively
= steady lift coefficient
= nondimensional aileron hinge line location
= pressure coefficient; critical pressure

coefficient
= nondimensional damping matrix
= control distribution vector
= plunging degree of freedom, positive down-

ward from elastic axis
= acceleration, displacement, and velocity

control gains, respectively
= nondimensional stiffness matrix
= mass of the airfoil per unit span
— freestream Mach number
= nondimensional mass matrix
= nondimensional sensor location, positive aft of

midchord
= aerodynamic load vector
= radii of gyration of airfoil about elastic axis

and of aileron about hinge axis, respectively
=a + /co, Laplace transform variable
=time; uat, nondimensional time
= freestream velocity; U/bua, nondimensional

flight speed
= divergence speed; UD/bua, nondimensional

divergence speed
= flutter speed; (7F/Z?coa, nondimensional flutter

speed
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xa>xp = nondimensional distances from elastic axis to
airfoil mass center and hinge line to aileron
mass center, respectively

[X], [Z] = displacement and state vectors, respectively
a = air foil pitching degree of freedom, positive

leading edge up
a0 =mean angle of attack, positive leading edge up
j8 = aileron pitching degree of freedom, positive

trailing edge down
Pc = control surface command rotation
f/3 = control surface viscous damping ratio
/* =m/Trpb2, airfoil mass ratio
£ =h/b, nondimensional plunging degree of

freedom, positive downward from elastic axis
£5 = nondimensional sensor plunging displacement
p = freestream air density
o)h,o)a,w0 = uncoupled natural frequencies of plunging;

pitching about elastic axis, and aileron pitching
about hinge axis, respectively

Introduction
EROELASTIC time-response characteristics of airfoils

wings in small-disturbance transonic flow have
recently attracted considerable research interest. In the time-
response analysis, the structural equations of motion are
coupled to transonic aerodynamic codes using a numerical in-
tegration procedure.

Ballhaus and Goorjian1 first reported a time-response
analysis of a NACA 64A006 airfoil oscillating with a single
pitching degree of freedom (dof) at M=0.88. The structural
equation of motion was simultaneously integrated in time with
the unsteady aerodynamics of their LTRAN2 code.2

Rizzetta3 performed time-response analyses for the NACA
64AGIO airfoil oscillating with a single pitching dof and with
three dof's: plunge, pitch, and aileron pitch. An Adams-
Moulton structural integrator was coupled with the LTRAN2
code to obtain the aeroelastic responses. Significant nonlinear
effects were demonstrated using relatively large initial
conditions.

Guruswamy and Yang4 used LTRAN2 to perform time-
response analyses for a flat plate and NACA 64A006 airfoil at
M=0.7 and 0.85, respectively, with two dof's: plunge and
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pitch. A direct integration method based on a linear variation
of acceleration was employed to find the time-history dynamic
responses of the aeroelastic system. Flutter speeds selected
from the separate flutter analysis indeed resulted in neutrally
stable time responses.

Borland and Rizzetta5 used the XTRAN3S code and a
centered difference structural integration technique for the
time response of three-dimensional wings in transonic flow. A
flutter boundary for a rectangular wing of parabolic arc cross
section was determined by computing displacement response
histories at different values of freestream dynamic pressure.

Yang and Chen6 and Yang and Batina7 presented three dof
time-response results for the NACA 64A006, NACA 64A010,
and MBB A-3 airfoils. The structural integrator with the
assumed linear variation of acceleration was coupled to the
LTRAN2-NLR8 and USTS9 transonic codes. Flight speeds
used to obtain neutrally stable time responses were shown to
be equal or very close to the flutter speeds determined in
separate flutter analyses.

Edwards et al.10 presented transonic flutter boundaries for
two dof NACA 64A010 and MBB A-3 airfoils determined by
time-response calculations and a modal identification tech-
nique. Seven alternative integration methods were examined
and evaluated. The preferred algorithm was a modified state
transition matrix integrator. A state-space aeroelastic model
employing Fade approximants demonstrated the accuracy of
the time-marching analysis for subcritical, critical, and super-
critical flutter conditions.

In the present research, transonic time-response calculations
are performed using LTRAN2-NLR for two conventional air-
foils (NACA 64A006 and NACA 64A010) and one super-
critical airfoil (MBB A-3).11 Only representative results for the
MBB A-3 airfoil are presented here. Three dof's—plunge,
pitch, and aileron pitch—are considered. The objectives for
the present time-response analyses are: 1) to investigate the ap-
plicability and accuracy of state-space aeroelastic modeling
for two-dimensional airfoils with active controls in transonic
flow; 2) to study the response behavior of the subject airfoils
with the inclusion of active controls for flutter suppression;
and 3) to gain further insight into the three dof response
histories when the forced motion starting conditions of Refs. 6
and 7 are eliminated.

A state-space aeroelastic model, termed the Fade model,
was formulated using generalized aerodynamic forces approx-
imated by an interpolating function in the variable s. This
Fade model results in a set of linear, first-order, constant-
coefficient differential equations. In Ref. 12 these equations
were solved in the Laplace domain with the resulting eigen-
values plotted in a "root-locus" type of format. Alternatively
in the present study, the Fade model is solved explicitly in the
time domain, with appropriate initial conditions, yielding the
aeroelastic time-response histories. As verification of the Fade
results, parallel time-marching response calculations are car-
ried out by simultaneously integrating the structural equations
of motion along with the unsteady aerodynamic forces of
transonic code LTRAN2-NLR. Comparisons are made be-
tween the Fade model displacement responses and the time-
integration results. A modal identification technique is used to
estimate the damping and frequency of the aeroelastic modes
from the time-marching response curves. Fade model eigen-
values are directly compared with these time-marching modal
estimates in the complex s plane. A simple, constant-gain feed-
back control law is included in the aeroelastic system to assess
the accuracy of the Fade model for active controls applica-
tions as well as to study the effects of active control on the
aeroelastic response. The control equations are intentionally
simple for illustrative purposes. A variety of control laws
utilizing displacement, velocity, and acceleration sensing are
considered. Transonic time-response behavior of the MBB
A-3 airfoil is discussed and comparisons between Fade model
and time-marching results are made.

Fade Model
The aeroelastic equations of motion for a typical airfoil sec-

tion oscillating with three dof's can be written as12"14

[M] [X] + [C] {X} + [K] [X] = {p} + (G}(3C (1)

where [X] = [ % a 0] T is the displacement vector containing
plunge displacement £, pitching rotation a, and aileron pitch-
ing rotation /3.

A Fade model was formulated in Ref. 12 using linear super-
position of airloads and approximating the aerodynamic
forces by an interpolating function in the variable s. These
generalized aerodynamic forces were then available as linear
differential equations which, when coupled to Eq. (1), lead to
a first-order matrix equation

(2)

where [Z] contains the displacements, velocities, and
augmented states.

For closed-loop study, a simple, constant-gain, partial feed-
back control law has been assumed of the form

(3)

where KD, Kv, and KA are the displacement, velocity, and ac-
celeration control gains, respectively, and £5 the sensor-
measured plunging motion. A sensor was located along the
airfoil chord a distance pb (- l.Q<p<cf3) aft of midchord.
An indication of plunging £ and pitching ot motions is thus ob-
tained since

= [H\ (X] (4)

where [H] = [l.Q(p-ah) 0.0]. Following Ref. 12, the sensor
was placed forward of the control surface hinge line at 70%
chord (p = 0.4). The control system is implemented for closed-
loop analyses by including the control law [Eq. (3)] expressed
in terms of the state vector (Z) in the Fade model. The equa-
tions are then of the form

which may be solved in either the Laplace or time domains.

Laplace Domain Solution
The Laplace domain solution of the Fade model yields the

eigenvalues (and corresponding eigenvectors) of the aero-
elastic system. Of primary interest are the complex conjugate
eigenvalues of the structural dof's.

The Fade model is solved by reducing Eq. (5) to an eigen-
value problem

where \j = (s/wa)j is an eigenvalue and (Z)7 the correspond-
ing eigenvector. Equation (6) is easily solved using standard
eigenvalue solution techniques since [A] is a real constant
matrix. Results may be presented in a root-locus format.

In addition to the complex conjugate poles of the structural
dof's, additional eigenvalues are determined that correspond
to the augmented states. These eigenvalues usually lie on or
very close to the negative real axis in the complex s plane.

Time-Domain Solution

The explicit time-domain solution of the Fade model yields
the aeroelastic time responses for the state vector [ Z ( t ) } . This
analysis requires a priori knowledge of the eigenvalues and
eigenvectors of the matrix [A ] . Of primary interest are the
responses of the structural dof's.



MAY 1985 SUPERCRITICAL AIRFOIL 395

The solution of a set of first-order, constant-coefficient dif-
ferential equations is given in common textbooks on linear
analysis such as Ref. 15. In matrix form, the solution to Eq.
(5) may be written as

(7)

where [L] is a diagonal matrix with diagonal elements eV, X,
the eigenvalues of [ A ] , [P] a square matrix whose columns
are the corresponding eigenvectors of [ A ] , and (Z0] =
( Z ( 0 ) } the vector of appropriate initial conditions.

Defining *, =£, x2 = a, and x3=P, expanding the right-
hand side of Eq. (7), and taking real parts, the Fade model
displacement responses are

i = l,2,3 (8)

where (y0)j is an element of { Y 0 } = [P] ']{Z0] and Pj the P
element of the 7th column (eigenvector) of [P].

As discussed by Edwards et al.,16 the exact aeroelastic
response is made up of two parts

X i ( f ) = x i r ( i ) + x i n r ( f ) (9)

where xir(f) andxinr(f) are the "rational" and "nonrational"
portions, respectively. The rational part is due to the isolated
poles introduced by the structural dof s; the nonrational part
comes from an integration along a branch cut on the negative
real axis of the complex s plane. Oscillatory response motions
characteristic of flutter are due entirely to the rational part
x /r(0, whereas the response of the nonrational part xinr(t) is
nonoscillatory and decays monotonically to zero. Therefore,
the terms in Eq. (8) due to the structural dof s may be iden-
tified as the rational portion of the aeroelastic response; the
terms in Eq. (8) due to the discrete aerodynamic poles along
the negative real axis corresponding to the augmented states
are an estimate of the nonrational portion. Thus, the time-
domain solution of the Fade model approximates the total
response of the aeroelastic system.

Time-Marching Aeroelastic Solution
The time-marching solution determines the aeroelastic

responses by simultaneously integrating the structural equa-
tions of motion along with the unsteady aerodynamic forces
of transonic code LTRAN2-NLR. In this analysis, neither the
linear superposition of airloads nor the Fade aerodynamic ap-
proximation are needed.

Equations of Motion for Time Integration
By expressing the control law [Eq. (3)] in terms of the air-

foil motion as

pc=KD [_H\ {X} + KV [_H\ [X] + KA [H\ [X] (10)

the aeroelastic equations of motion [Eq. (1)] may be written
in general form for time integration as

where

[M*]lX) + [C*]iX} + [K*]lX} = lp] (11)

[M*} = [M\-KA[G\[H\ (12a)

[C*] = [C]-KV{G}IH\ (12b)

[K*} = [K]-KD{G\IH\ (12c)

Equation (11) is numerically integrated using the modified
state-transition matrix integrator of Edwards et al.10 to find
the time-history dynamic responses of the aeroelastic system.
Details of the response solution procedure are given in Ref.

10. The time-step size selected corresponds to approximately
120 time steps per cycle of oscillatory motion due to the bend-
ing mode.

Modal Identification of Time-Marching Response
A modal identification technique is used to determine the

damping, frequency, amplitude, and phase of the aeroelastic
modes from the time-marching displacement response his-
tories. A method similar to that of Bennett and Desmarais17

was used to curve fit the time responses by complex exponen-
tial functions (damped cosine and sine waves) of the form

i(i)=a0+ Y\ e(a/w«>/ fl/cosf——) i+b: sin( ——) f \
/T/ L V w a / y - \ a ) a / y J

(13)

The damping and frequency of the complex modes thus
obtained

are estimates of the aeroelastic eigenvalues and may then be
directly compared with those computed by the Laplace do-
main solution of the Fade model.

Results and Discussion
Transonic aeroelastic time-response analyses were

performed for three airfoil configurations11 (NACA 64A006,
NACA 64A010, and MBB A-3) based on the use of the tran-
sonic code LTRAN2-NLR. Representative results are
presented here for the MBB A-3 supercritical airfoil only.
Time-response behavior of the MBB A-3 airfoil was studied at
the design Mach number M= 0.765 and at zero mean angle of
attack a0 = 0 deg and the design steady lift coefficient
c£ = 0.58. The mean angle of attack necessary to match
ct = 0.58 using LTRAN2-NLR is a0 = 0.86 deg. The aeroelastic
parameter values selected are the same as those used in Ref. 12
and are listed in Table 1. The airfoil has a trailing-edge control
surface of 25% chord.

The MBB A-3 steady pressure distribution computed using
LTRAN2-NLR at M= 0.765 and ct = 0.58 is shown in Fig. 1
along with the airfoil contour. These steady pressure data
compare well with the experimental results of Bucciantini et
al.18 There is a relatively weak shock wave on the airfoil upper
surface near 55-60% chord. Steady pressure distributions for
all of the cases considered indicate shock locations in the range
of 50-65% chord and shock strengths that are well within the
range of applicability of transonic small-disturbance theory.11

Open-Loop Response Results
Open-loop stability analyses were performed first to deter-

mine the frequency and damping of the aeroelastic modes as a
function of flight speed.12 These calculations were performed
using the Fade model solved in the Laplace domain with
results plotted in a flight speed root-locus format. As an exam-
ple, open-loop flight speed root-loci are presented in Fig. 2 for
the ct = 0.58 case. The bending-dominated root locus becomes
the flutter mode at a nondimensional flutter speed U*F of
2.370; the divergence speed, where an aerodynamic pole
associated with one of the augmented states crosses through

Table 1 Aeroelastic parameter values for time-response analyses

= 0.3
= 1.5

li= 50.0
ah=-0.2

= 0.008

r =0.5
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Table 2 Summary of open-loop flutter and divergence speeds for
the MBB A-3 airfoil

Airfoil

MBB A-3
M= 0.765,
a = 0 deg

MBB A-3
M= 0.765,

Linear theory
M =0.165

Flutter
method

Fade
p-k

Fade
p-k

Fade
p-k

Flutter
speed

UF

2.588
2.596

2.370
2.403

2.711
2.729

Divergence
speed

UD

3.516

3.320

3.611

U /U

1.359

1.401

1.332

the origin, is £7^ = 3.320. A summary containing MBB A-3
flutter and divergence speeds for both OLO = 0 deg and Q = 0.58
cases including linear subsonic theory values is given in Table
2. Flutter speeds from a p-k method19 flutter analysis are also
tabulated for further comparison.

Alternatively, the Fade model was solved in the time do-
main for the three dof displacement responses. These time-
response histories, computed using Eq. (8), are shown in Fig.
3a for three different values of the flight speed ratio U/UF. A
1% semichord plunge displacement was used as initial condi-
tion. Fade time responses for U/UF= 1.0 are exactly neutrally
stable after the initial torsion and aileron mode transients die
out. Results for U/UF^= 0.844, corresponding to £7* = 2.0,
show converging oscillatory response behavior (subcritical);
results for U/UF=l.l56 indicate diverging oscillatory
response behavior (supercritical).

Time-marching solutions were then obtained using
LTRAN2-NLR for verification of the Fade model results.
Response histories of the three dof's are shown in Fig. 3b. The
initial conditions and three flight speed ratios U/UF are the
same as those used in the Fade solutions. The nondimensional
flutter speed UF used for time-marching analyses was the p-k
method value. Comparison of the Fade time-domain solutions
shown in Fig. 3a with the time-marching solutions shown in
Fig. 3b indicates remarkably good agreement.

The time-marching displacement responses were then curve
fit using Eq. (13) to determine the damping and frequency of
the aeroelastic modes. As shown in Fig. 3b, the plunge
displacement response £ does not contain the higher-frequency
torsion and aileron transients in the first two cycles of motion
as do the a and 0 responses. Hence, only the bending mode
could be identified from the modal curve fit of the (• response.
From the pitching response a, both the dominant bending
mode as well as the higher-frequency torsion mode were iden-
tified. From the aileron pitching response 0, all three aero-
elastic modes (bending, torsion, and aileron) were determined.
These damping and frequency values are compared with Fade
and p-k eigenvalues in Table 3. The five sets of results generally
compare well. Agreement in frequency co/coa is, in general,
better than that for damping a/coa. Agreement for the lower-
frequency bending and torsion modes is, in general, better
than that for the higher-frequency aileron mode. These dif-
ferences may be attributed to the following factors: 1) the
Fade and p-k eigenvalues are less accurate at higher damping
values; 2) the structural integration is performed with only
25-30 time steps per cycle of the aileron mode; and 3) since the
aileron mode has more damping in comparison with bending
and torsion, its contribution to the responses dies out very
quickly, leaving very little information for curve fitting.
Modal fits at U/UF=1.Q reveal that the time-marching
responses corresponding to flutter are actually very slightly
diverging. A graphic comparison between the Fade model
eigenvalues and the time-marching modal estimates for the
bending and torsion modes is given in Fig. 4. The two sets of
results agree well.
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0.0 .25 .50
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Fig. 1 Steady pressure distributions for the MBB A-3 airfoil at
M= 0.765 and c£ = 0.58.
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03.0

BENDING

-.6 -3 .3

Fig. 2 MBB A-3 open-loop flight speed root loci at M= 0.765 and
cf = 0.58.

Closed-Loop Response Results
Closed-loop time-response calculations were performed to

determine the accuracy of the Fade model with the inclusion
of active feedback control. Aeroelastic effects due to single-
gain control laws utilizing displacement, velocity, or accelera-
tion sensing were studied by setting two of the three control
gains KD, Kv, and KA equal to zero. The Fade model calcula-
tions were performed first at the flight speed set equal to the
open-loop flutter value to determine the effects of active con-
trol on the flutter mode. The poles and zeros of the Fade
model were determined. Representative control gain root-loci
for the NACA 64A010 airfoil at M= 0.8 and for the MBB A-3
airfoil at M= 0.765 and ce = 0.58 were reported in Refs. 12 and
20, respectively.

Effects of Acceleration Feedback
Aeroelastic effects due to acceleration sensing £5 on

displacement responses were investigated for successive in-
creased acceleration feedback. Values selected for the control
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a) TIME (ou t) IN 27T RflDIflNS

b)
IN 27T RflDIflNS

Fig. 3 Effect of flight speed on MBB A-3 open-loop displacement
responses at M= 0.765 and c^ = 0.58. a) Explicit time-domain solution
of the Fade model, b) Coupled LTRAN2-NLR time-marching
solution.

gains were KA =6.0, 12.0, and 18.0. Fade model and time-
marching displacement response histories for the c£ = 0.58 case
at U/Up- 1.0 are shown in Figs. 5a and 5b, respectively. Fade
model response histories resemble the time-marching results
very closely. Displacement responses for c£ = 0.58 show con-
sistently increased damping for successively larger acceleration
feedback. Also, a higher-frequency transient becomes more
visible in the a and 0 responses for larger values of KA. This is
due to decreased damping of the torsion mode with increasing
acceleration feedback. Damping and frequency of the bending
and torsion modes determined from the time-marching
response histories are compared with the Fade model eigen-
values in Fig. 6. In general, the two sets of results agree well.
Agreement in frequency co/a?a is generally better than for dam-
ping a/wa.

Time-marching responses for the o:0 = 0 deg case at
U/UF=\.Q are shown in Fig. 7. Parallel time-domain solu-
tions of the Fade model are very similar to the time-marching
curves of Fig. 7 and are therefore not shown here. Time-
marching responses for a0 = 0 deg show that damping is first
increased and then decreased for successively larger accelera-
tion gains KA. Also, there is an increase in the dominant fre-
quency for KA = 18.0 shown in the a. and 0 responses. Damp-
ing and frequency estimates determined from the time-
marching response curves of Fig. 7 are plotted in Fig. 8 along
with the Fade model eigenvalues. Again, the two sets of results
are in very good agreement.

1.2

0.0

o n O PADE MODEL SOLUTION

• • * TIME-MARCHING SOLUTION

TORSION

o 0.844
n 1.000
O 1.156

^ RFIBENDING

-.4 -.2 0.0

Fig. 4 Comparison between Fade model and time-marching MBB
A-3 flight speed root loci for bending and torsion modes at M— 0.765
and c, = 0.58.

Table 3 Comparison of Fade and p-k eigenvalues with time-marching damping and frequency estimates
for the MBB A-3 airfoil at M= 0.765 and c£ = 0.58

U/Up

0.844

1.000

1.156

Method

Fade
P-k
% response fit
a. response fit
|8 response fit

Fade
P-k
% response fit
a. response fit
|3 response fit

Fade
p-k
£ response fit
a response fit
j8 response fit

Bending

-0.0093
-0.0094
-0.0090
-0.0088
-0.0088

0.0000
0.0000
0.0010
0.0009
0.0013

0.0194
0.0177
0.0216
0.0214
0.0214

mode

0.3504
0.3530
0.3525
0.3523
0.3523

0.3729
0.3757
0.3757
0.3755
0.3756

0.3977
0.3978
0.4004
0.4001
0.4003

Torsion

-0.1017
-0.1067

-0.1044
-0.1070

-0.1252
-0.1324

-0.1301
-0.1432

-0.1643
-0.1810

-0.1785
-0.1964

mode

1.098
1.088

1.100
1.101

1.086
1.063

1.087
1.094

1.069
1.019

1.079
1.065

Aileron

-0.3328
-0.3346

-0.3145

-0.4057
-0.4201

-0.4650

-0.4790
-0.5094

-0.6330

mode

1.829
1.871

1.889

1.923
1.939

2.139

2.033
2.034

2.302
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a)

FADE MODEL SOLUTION
M=0.765

Kfl = 6.0
Kfl=12.0 U/UF=1.000

-----KQ = 18.0

00.

o D O FADE MODEL SOLUTION

• • • TIME-MARCHING SOLUTION

oVcu,a

TIME (0) t) IN 27T RRDIRNS

Fig. 6 Effect of acceleration feedback on MBB A-3 bending and tor-
sion modes at the open-loop flutter speed (U/UF = l.&), M= 0.765,
and cf = 0.58.

b)
TIME (w_t) IN 2?r RflDIflNS

Fig. 5 Effect of acceleration feedback on MBB A-3 displacement
responses at the open-loop flutter speed (£//£/F = 1.0), M= 0.765 and
c£ = 0.58. a) Explicit time-domain solution of the Fade model, b)
Coupled LTRAN2-NLR time-marching solution.

1.0-

.5-

0.0-

-.5-

TIME-MARCHING SOLUTION
M=0.765

x^- <^- '
-1.0 + —— Kfl= 6.0

—— KB = 12'.0 U/Up = 1.000

2.0-

0.0-

-2.0-

7'21
3.6-

0.0-

-3.6-

-7.2-
(

A A^ /v-^
y c/ 'v' x7 "" ' '"'

[ AA ̂  ̂
H " J\ i
3 2 H 6 8 10 U

TIME (w t) IN 27T RflDIflNS

Fig. 7 Effect of acceleration feedback on MBB A-3 time-marching
displacement responses at the open-loop flutter speed (U/UF = l.Q),
M= 0.765, and a0 = 0 deg.

Aeroelastic effects due to acceleration feedback were fur-
ther investigated using the Fade model.11'12 Acceleration feed-
back with KA = 12.0, for example, increased damping in the
bending-dominated mode, resulting in flutter speed increases
of approximately 19 and 23% for the a0 = 0 deg and c£ = 0.58
cases, respectively.

Effects of Velocity Feedback
Aeroelastic effects due to velocity sensing £5 on displace-

ment responses were investigated for successively increased
velocity feedback. Values selected for the control gains were
AV = 3.0, 6.0, and 9.0. Fade model and time-marching
displacement response histories for the c£ = 0.58 case at
U/UF~ 1.266 are shown in Figs. 9a and 9b, respectively. The
Fade model responses of Fig. 9a are virtually identical to the
time-marching responses of Fig. 9b. The three dof displace-
ment responses are bending dominated and converging for all
three values of the control gain Kv. As Kv is increased, the
response histories become more stable, indicating an increase
in bending mode damping at approximately the same fre-
quency. Velocity feedback with positive control gains also sig-

o a O PADE MODEL SOLUTION

• • * TIME-MARCHING SOLUTION

o-/aia
Fig. 8 Effect of acceleration feedback on MBB A-3 bending and tor-
sion modes at the open-loop flutter speed (U/UF = l.Q)9 M- 0.765,
and «0 = 0 deg.
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PADE MODEL SOLUTION
M = 0.765
Ci=0.58
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Fig. 9 Effect of velocity feedback on MBB displacement responses at
U/UF = 1.266, M- 0.765 and cf = 0.58. a) Explicit time-domain solu-
tion of the Fade model, b) Coupled LTRAN2-NLR time-marching
solution.

nificantly increased the nonrational part of the plunge dis-
placement responses as shown in both Figs. 9a and 9b. Here,
the plunge transients oscillate about an asymptotically de-
caying rather than a zero mean value.

Aeroelastic effects due to velocity feedback were further in-
vestigated using the Fade model.11'12 Representative flight
speed root loci at KV = 6.Q, for example, are shown in Fig. 10
for the a0 = 0 deg and Cg = 0.58 cases. Closed-loop flight speed
root loci for both cases indicate that the damping is
significantly increased in torsion and is decreased in the
aileron mode. At zero mean angle of attack ot0 = Q deg, the
stability of the bending-dominated flutter mode is improved,
thus increasing the flutter speed by approximately 12%. At the
design condition cf = 0.58, the velocity feedback eliminated
flutter, completely stabilizing the bending branch. Here, the
aeroelastic instability is static divergence at the uncontrolled
divergence speed U*D = 3.320, 40% greater than the open-loop
flutter speed.

Effects of Displacement Feedback
Aeroelastic effects due to displacement sensing £5 were

studied by obtaining time-marching response histories for

3.0

2.4

1.8

1.2

a0=0»

U

O 1.0
D 2.0
O 3.0
A 4.0

-.3

Fig. 10 MBB A-3 velocity feedback (Kv = 6.0) flight speed root loci
at M= 0.765.

TIME-MARCHING SOLUTION
M=0.765
c/=0.58

KD=-1.0 U/Up=1.000

10 12
TIME (co t ) IN 27T RflDIflNS

Fig. 11 Effect of displacement feedback on MBB A-3 time-marching
displacement responses at the open-loop flutter speed (U/(7/7 = 1.0),
M= 0.765, and Cg = 0.58.
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Fig. 12 Effect of displacement feedback on MBB A-3 bending and
torsion modes at the open-loop flutter speed (U/UF = 1.0), M= 0.765,
and c( = 0.58.
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KD= -1.0 and more detailed Fade model s-plane results. It
was shown in Ref. 12 that displacement feedback with
negative control gains, for the aeroelastic parameter values
assumed here, suppresses flutter but causes static divergence
to occur. For the MBB A-3 airfoil at M= 0.765, this static
divergence occurs for displacement gains KD < - 0.6 for a0
deg and KD<-0.5 for Q = 0.58. For verification, time-
marching responses were obtained for the Q = 0.58 case at
U/UF=l.O and• KD= -1.0. These response histories, which
are shown in Fig. 11, indicate that flutter has been suppressed
and that the displacements are indeed divergent. Comparisons
of the Fade model eigenvalues with the limited time-marching
damping and frequency estimates are given in Fig. 12. Good
agreement is found in predicting this aeroelastic divergence. In
addition, displacement feedback with negative control gains
increased the damping in bending and decreased the torsion
mode frequency. The lower-frequency bending mode damping
and frequency values for KD— -1.0 compare well; results
from the time-marching modal fits for the higher-frequency
torsion and aileron modes were not reliably determined.

Concluding Remarks
Transonic aeroelastic time-response analyses were per-

formed for the MBB A-3 supercritical airfoil based on the use
of transonic code LTRAN2-NLR. A state-space aeroelastic
model was formulated using generalized aerodynamic forces
approximated by a Fade interpolating function. Harmonic
transonic aerodynamic data required by this analysis were
calculated using LTRAN2-NLR. The Fade model was solved
in the Laplace domain with the resulting eigenvalues plotted in
flight speed or control gain root-locus format. Alternatively,
the Fade model was explicitly solved in the time domain, with
appropriate initial conditions, yielding the displacement
responses of the three degrees-of-freedom aeroelastic system.
Parallel time-marching responses were obtained by
simultaneously integrating the structural equations of motion
along with the unsteady aerodynamic forces of
LTRAN2-NLR. The Fade model and time-marching response
histories are in good agreement, thus demonstrating the ability
of the Fade equations to model the aeroelastic system ac-
curately. A modal identification technique was applied to the
time-marching displacement response curves to estimate the
damping and frequency of the aeroelastic modes. Fade model
eigenvalues agreed well with these time-marching modal
estimates.

Open-loop displacement responses were obtained using
both the Fade model and time-marching analyses. Three dif-
ferent flight speeds were considered to investigate subcritical,
critical, and supercritical flutter conditions. Good agreement
was found between the two sets of aeroelastic response results.
Closed-loop displacement responses were obtained using both
the Fade model and time-marching analyses. Effects due to a
variety of control gains were investigated by adding a simple,
constant-gain feedback loop to the aeroelastic equations of
motion. The control system and equations were intentionally
simple for illustrative purposes. Again, the two sets of
aeroelastic response results compared well. Therefore, locally
linear state-space aeroelastic modeling was found to be ap-
plicable to two-dimensional airfoils with active controls in
small-disturbance transonic flow.

Acceleration feedback with positive control gains increased
the damping of the bending-dominated responses and raised
flutter speeds. Velocity feedback with positive control gains
also increased the damping of the bending-dominated
displacement responses and alleviated the flutter instability.
Also, velocity feedback significantly increased the nonrational
portion of the plunge displacement responses. Here, the
plunge transients oscillated about an asymptotically decaying
rather than a zero mean value. Displacement feedback with

negative control gains stabilized the flutter mode but caused
static divergence to occur. In the Fade model, this
phenomenon was predicted in the complex s plane by a
positive real aerodynamic pole, which was verified by
LTRAN2-NLR time-marching response calculations.
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