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Fundamental Aeroservoelastic Study Combining Unsteady
Computational Fluid Mechanics with Adaptive Control

Damien M. Guillot* and Peretz P. Friedmann'
University of California, Los Angeles, California 90025-1597

A computational two-dimensional aeroservoelastic study in the time domain is described. The model, which
is based on exact inviscid aerodynamics, captures the large amplitude motions and the associated strong shock
dynamics in the transonic regime. The aeroservoelastic system consists of a two-degree-of-freedom airfoil with a
trailing-edge control surface. By the use of first-order actuator dynamics, a digital adaptive controller is applied to
provide active flutter suppression. Comparisons between time responses of the open-loop and closed-loop systems
show the ability of the trailing-edge control surface to suppress nonlinear transonic aeroelastic phenomena. A
relation between actuator dynamics, sampling time step, and limits on the flap deflection angle to guarantee the
effectiveness of the adaptive controller is illustrated by the results.

Nomenclature

a = nondimensionalelastic axis location, measured
from midchord

Qoo = freestream speed of sound

b = airfoil semichord

C, = hinge moment coefficient

C, C, = lift and moment coefficients about the elastic
axis, respectively

Cp = pressure coefficient (p — pe )/ (1/2p. U2)

c = chord

cp = nondimensionalflap hinge axis location,
measured from midchord

{D;} = artificial dissipation vector at node i

h = plunge displacement

1, = moment of inertia of the airfoil with flap
in neutral position, about the elastic axis

Ig = flap moment of inertia about the hinge axis

J = performanceindex

K = reduced frequency, b/ Uy

K,, K,, Kg = springsconstants, for the springs restraining
bending, plunging, and flap rotation

M = Mach number

[M], [K] = mass and stiffness matrices for the
three-degree-of-freecom (3-DOF) airfoil section

m = airfoil mass

N, = number of nodes in the mesh surrounding
the airfoil

p = pressure

[0] = positive semidefinite symmetric matrix

{0;} = flux vector at node i

‘:
Il

" positive weighting coefficient

Ty = radius of gyration of the airfoil about the elastic
axis [,/ (mb*)]""?

g = radius of gyration of the flap about the hinge axis
[Zp/ (mb*)]'"?

Sa = static moment of the airfoil with flap in neutral
position, about the elastic axis

Sp = flap static moment, about the hinge axis

Te = sampling time step for parameter estimator

t = time

U = nondimensionalspeed, U,,/ (b®,)
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u,v
{wi}
{wsr}
{X,}

Cartesian velocity components of the fluid
flow vector at node i

structural state vector {{g}", {¢}"}"

state vector of the estimated deterministic
autoregressive moving average (ARMA ) model
nondimensional static moment of the airfoil
with flap in neutral position, about the elastic
axis, also equal to the static unbalance,
nondimensionalized with respect to the
semichord b, S, /(mb)

nondimensional flap static moment about

the hinge axis, Sg/(mb)

output of the ARMA model

airfoil angle of attack

flap deflection angle

maximum commanded flap deflection angle
ratio of specific heats

hinge moment correction factor

mass ratio, n/(7pe b?)

nondimensional plunge displacement, /b
air density

uncoupled natural frequencies associated with
the three respective DOF’s (K, /m)"/2,

(Kol 1)"2, and (K 3/ I5)"?, respectively
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Special Symbols

k = values at estimation time k X T'e, subscript
T = transpose operator, superscript
00 = freestream values, subscript

Introduction

NTERACTION between structural dynamics, aerodynamics,

and flight control systems, namely, aeroservoelasticity, has re-
ceived considerable attention during the last two decades, leading
to the development of active control technology (ACT). Extensive
research has been carried out on ACT concepts, such as gust alle-
viation and active flutter suppression. A survey of research in this
field has been presented by Noll;' however, as indicated by a recent
review article by Friedmann,? active flutter suppression systems are
not implemented in production aircraft.

Until the mid-1980s, lack of efficient computational tools re-
stricted the study of aeroservoelasticsystems to linear subsonic and
supersonic flight regimes. Since then, progress in computational
fluid dynamics (CFD) has led to accurate computations of two-
dimensionaland three-dimensionalunsteadytransonicaerodynamic
loads for viscous and inviscid flows in the time domain. However,
because numerous simulations based on the directintegrationof the
aerodynamic equations in the time domain must be performed to
carry out any aeroservoelastic study, theoretical aeroelastic studies
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combining controlsurfaceswith a CFD approachhave relied primar-
ily on solution of the transonic small disturbance equation*~> and
the full potential equation ®~® In these studies, the representationof
the controller was fairly simple, and either velocity or acceleration
feedback was used.

Guruswamy and Tu’ pointed out that the combined effect of the
shock wave and flow discontinuitydue to the presence of the control
surface hinge can significantly influence both the aerodynamic and
aeroelastic behavior of the wing. Using a simple control law, where
the flap deflection angle was proportionalto the angle of attack, they
found that in the high transonic regime, when shock waves moved
aft of the hinge axis, the active control surface became ineffective.
Studies on an F5 wing'® producedsimilar results, which implies that
control laws that fail to account for strong interactions between the
fluid and the structuremay beineffectivein the transonicregime. The
importanceof simultaneousintegrationof structures, aerodynamics,
and active controlsin the transonic domain is clearly emphasized by
this concise review, as well as by the more comprehensivereviews
presented in Refs. 1 and 2.

Recently, aeroelastic studies based on the Euler equations were
carried out, and efficient computational codes have been developed
and applied to the study of two-dimensional and three-dimensional
problems.!' ~!* The use of Euler equations allowed studies of tran-
sonic flows with strong shock waves, where nonlinear phenomena,
such as weak divergence and limit cycle flutter, can occur. The role
of shock dynamics in transonic flutter was clarified by Bendiksen.'
Again, note that viscosity was neglected in Refs. 11-15.

Inanotherstudy,adigitaladaptivecontrollerwas appliedto the ac-
tive time-varying flight conditionsin subsonicand transonicflows.!
The controller was found to be robust and efficient under both ran-
dom external loads and time-varying conditions. The aerodynamic
loads were computed by approximating the three-dimensional un-
steady transonic aerodynamic loads in the time domain for time-
varying freestream Mach numbers. Although the transonic bucket
effect was effectively captured by this method, the ability of the ap-
proximationto capture unsteady aerodynamic effects was marginal.

The present study is motivated by the desire to model in a more
comprehensive manner the strong fluid-structure coupling and de-
termineits influence on controllaw designin transonicflow. Clearly,
the use of the Euler equations prevents us from modeling shock
wave/boundary layer interaction. However, such effects are beyond
the scopeof the present study, which focuseson the applicationof an
adaptive controller to flutter suppressionin transonic flow. The spe-
cific objectives of the present paper are 1) efficient computation of
the inviscid unsteady flow about a two-dimensional airfoiltrailing-
edge control surface combination;2) detailed study of the open-loop
aeroservoelasticsystem to determine its flutter boundary, nonlinear
flutter, and divergence in the time domain; 3) study of flutter sup-
pression using an adaptive controller, which was found to be quite
successful for weakly nonlinear systems'®; and 4) study of other
aspects of the problem such as actuator dynamics.

The numerical results presented in the paper illustrate some in-
teresting aspects of transonic flutter suppressionin the presence of
shock waves and aerodynamic nonlinearities.

Formulation of the Aeroservoelastic Model
and Method of Solution

Aeroservoelastic Model

The aeroelasic model, shown in Fig. 1, consists of a typical cross
section of a wing having plunge and pitch degrees of freedom, com-
bined with a trailing-edge control surface representing an actively
controlled flap. In practice, there is a gap between the flap and the
airfoil. Correct treatment of the flow in the gap requiresthe treatment
of viscous effects. Because the viscous effects are excluded from
this study, the actual physical gap due to the flap is also eliminated.

The kinetic energy of the three-degree-of-freedm (3-DOF) sys-
tem has the following form:

T =imb*{q) [M]{g} M
Where

{9} =1¢ o Bl 2

be hinge axis
42 ba, bx, er.G. of flap
i
X
- —
U,
—_—
C.G. of airfoil
al - elastic axis

Fig.1 Definition of parameters for 3-DOF aeroservoelastic model.

1 X Xp
M] = | x, r’ rp + xp(cp —ay) 3)
Xp ré + xp(cp — ay) ré

As in Ref. 17, the displacements of the airfoil are restrained by
elastic springs: a linear spring located at the elastic axis restrains the
bending &, a torsional spring located at the same axis restrains the
pitching ¢, and the flap rotation S is restrained by a torsional spring
at the flap hinge axis. These spring stiffnesses are representative of
the structural stiffnesses of the system. Therefore, the strain energy
of the 3-DOF airfoil section has the following expression:

U =1K,h* +1K,0? + 1Ksp? 4)
Expressing the spring constants in terms of uncoupled natural

frequencies w;,, ®,, and wg, the strain energy can be written as
follows:

U =imb*w{q) [K g} (5)
with
(0] 0x)* 0 0
[K] = 0 r2 0 (6)
0 0 (wg/ coa)ng

Neglecting structural damping and using the previous nondimen-
sional expressions of the kinetic and strain energies together with
Lagrange equations yields the equations of motion for this 3-DOF
aeroelastic system:

—Cy
(MG} + @ [K1{gq} = § 2C, (7
2C,

where the right-hand side of Eq. (7) represents the nondimensional
generalized aerodynamic load.

The aerodynamic coefficients are computed by integrating the
pressure distribution around the airfoil. Unsteady flow calculations
have shown that trailing-edge control surface pressure distribution
and hinge moment coefficients are generally overestimated when
viscouseffects are neglected. Moreover, the gap between the control
surface and the wing is not considered in this study. A constant
hinge moment correction factor ¢, based on empirical information
is introduced to test the effectiveness of the active controller with
respect to hinge moment coefficients.

Integration of Aerodynamic and Structural Equations
The unsteady solution of the Euler equations is based on a fi-
nite element approach developed by Bendiksen'® and Davis and
Bendiksen,'® where aerodynamic and structural equations are writ-
ten in the same form and, thus, can be solved simultaneously by the
same time-marching algorithm. This approachis capable of captur-
ing the effect of shocks, which are known to be significant.?*:?!
The spatial discretization of the aerodynamic equations leads to
the following set of vector equations for the two-dimensional case,
written for each node i of the mesh:
Nll
D Imlijtw; }+{Qi} = (D} =0 ®)

Jj=1

d
dr
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where [[m];;];;=1.n, and [{Q( )}, ..., {Qn, )" ] are the global con-
sistent mass matrix and the global flux vector of the mesh surround-
ing the airfoil. The quantity {w;} is the vector of flow variables
(density, Cartesian momentum components, total energy) at node j
and {D, } represents an artificial dissipation term at node i, added
to damp out numerical oscillations without adding mass, momen-
tum, or energy to the system. Because of the coupling present in
the consistent mass matrix, the aerodynamic equations are not in
explicit form. To simplify the solution procedure, a diagonalized
lumped mass matrix [[m ];;] is used; the cases studied in Ref. 19
show that the use of the consistent mass formulation did not provide
an enhanced solution over the lumped mass approach.

The second-order linear differential equation for the aeroservoe-
lastic system, Eq. (7), is transformed into a first-order state variable
equation, similar to Eq. (8):

d U
3 (Mstlowse)) + o [Kstliwst} = o,—{Rst}  (9)
U

where
{wsr} = {ii} (10)
[MST]=[”%; ] [[ATJ (1)
[KST]=[[[2]] _[gﬂ (12)
{Rgr}=[0 0 0 —-C, 2C, 2C,I" (13)

The near-field boundary condition consists of the requirement of
flow tangency at the airfoil surface. It is implemented through the
expressions for the flux terms.”

In the far field, a characteristic analysis based on Riemann in-
variants is used to determine the values of the flow variables on the
exteriorboundaryof the mesh. This analysisis describedby Jameson
etal.,”? Jameson and Baker,?® Jameson and Schmidt,* and Jameson
and Mavriplis® and was also used in Refs. 26 and 27. It correctly
accounts for wave propagation in the far field, which is important
for rapid convergence to steady state and serves as a nonreflecting
boundary condition for unsteady applications.

A five-stage Runge-Kutta scheme is used to integrate the space-
discretized system of the nonlinear equations (8) and (9) in time.
For computational efficiency, the dissipative terms are evaluated
only during the first two stages and frozen for the remaining three,
as first suggested in Ref. 22. This scheme is a good compromise
between computational efficiency (only two dissipative terms are
evaluated) and high-frequency damping properties. It is superior to
cases when the dissipative part is evaluated only once. Coefficients
for this scheme that provide good stability characteristics are*:

o = N Os = 1 (14)

o =<, o3 =

=y o
oo |w

1
e

These values were successfullyused in Refs. 15, 18, and 19 for both
steady and unsteady calculations and, therefore, they are also used
in our study.

To maintain the mesh accuracy while the airfoil is moving, a
boundary-fitted dynamic computational mesh algorithm should be
capable of conforming continuously to the instantaneous position
of the airfoil, while preserving the smoothness of the original mesh.

In Ref. 19, the mesh is deformed smoothly from zero at the far-
field boundary of the values dictated by the airfoil pitch and plunge
motions at the fluid-structure boundary. The node displacementsare
equal to the displacements computed under the assumption that the
mesh is attached to the airfoil as a rigid body, multiplied by time-
independent scale factors. These scale factors vary linearly with
distance from the airfoil, ranging from unity at the airfoil surface to
zero at the outer boundary. This method is quite simple to imple-
ment and deforms the mesh in a very smooth way. In the present
study, flap motion prevents one from assuming that the airfoil is

a rigid body. Therefore, substantial modifications of the mesh de-
formation scheme are required to account for the presence of the
control surface.

The modified new approach is based on the sequential applica-
tion of two methods. First, the approach given in Ref. 19 is used to
compute the position of the nodes as dictated by the instantaneous
position in pitch and plunge of the airfoil, with undeflected flap.
Then nodes belonging to the flap are rotated around the hinge axis
by the instantaneousflap deflectionangle, which causes a significant
deformation of the elements surrounding the flap. Assuming a flap
deflection of about 1 deg and the hinge axis at 75% of the chord, the
vertical displacement of the node at the trailing edge will be about
0.01b, which is approximately the typical distance between two
nodesin the region of the trailing edge. Therefore, nodes in this area
have to be moved. This is done using a deformation scheme similar
to Batina’s.?®?® A submesh surroundingthe trailing edge is defined,
for which nodes are moved. The submesh used in this study consists
of the nodes that are less than half a chord from the trailing edge in
the original mesh, where pitch, plunge, and flap displacements are
zero. The mesh is modeled as a spring network, where each edge of
each cell represents a linear spring. The spring stiffness is taken to
be inversely proportionalto the original length of the edge. Then the
displacements of the submesh nodes are computed by writing the
static equilibrium equations at each node and by solving the system
using Jacobi or successive overrelaxation (SOR) iterations. The it-
erations are initialized by the displacementof the submesh nodes at
the preceding step (predictor-corrector procedure). Because of the
predictor step, it has been found that only one iteration is required
to accurately move the mesh using SOR iterations.

Furthermore, to facilitate this method for the integration of aero-
dynamic and structural equations and make it suitable for aeroser-
voelastic applications, a significant effort was made to improve the
numerical efficiency of the FORTRAN code. This consisted of vec-
torizing the code thatreduced the CPU times by significantamounts.

Implementation of the Adaptive Control Law

In Ref. 16, a single-inputkingle-outputdeterministic autoregres-
sive moving-average (ARMA) model, with 2M autoregressiveand
2M moving-average coefficients was used to describe the input-
output relation for the aeroservoelastic system. The unknown sys-
tem coefficients were estimated using an on-line recursive estima-
tion method, the Bierman’s U-D method algorithm. The outputcon-
sisted of the acceleration or the displacement measured at a point
on the airfoil surface and filtered by an antialiasing filter, and the
input was the optimal flap deflection angle, limited to a maximum
amplitude B« equalto 4 deg, unless otherwise specified. A detailed
description of this approach can be found in Ref. 16.

Simple actuator dynamics, where the flap rotation speed is as-
sumed to be perfectly controlled, will be considered first. In this
case, flap inertia effects are neglected in the aeroservoelasticmodel.
Subsequently, more realistic actuator dynamics will be taken into
account to ensure practical feasibility of an effective active flutter
suppression system.

Anon-lineadaptivecontrollaw was designedto minimize a linear
quadratic performance index, given by

J =Y (X, N IOUX, k + 1. B}) (15)
k=

=0
where {x, } is the state vector of the ARMA model at time ¢ =kTe.

Results and Discussion

Calculations presented in this paper were carried out for NACA
0012 and NACA 64A006 airfoils, using grids derived from a struc-
tured quadrilateralcell Q mesh. Both mesh configurationsconsisted
of 4092 node points of which 126 were on the airfoil surface and
128 were on the far-field boundary, which is set at a radius of 25
chords. A partial view of the NACA 0012 mesh is shown in Fig. 2.
The same mesh is shown in Fig. 3 in the deformed state at a nose
up pitch angle of 10 deg, a plunge displacement of —0.02b, and a
positive flap deflection angle of 10 deg.
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Verification of the Fluid/Structure Integration Scheme

Steady and unsteady flow computationswere carried outand com-
pared to previously published results. Figure 4 presents the steady
pressure coefficients of a NACA 0012 at M =0.80. Figure 5 shows
the unsteady pressure coefficients for the upper and lower surface
of a NACA 0012 pitching about the semichord at M =0.80. The
results shown in Figs. 4 and 5 represent our calculations, which are
in very close numerical agreement with the results given in Ref. 19,
which are not shown in Figs. 4 and 5. Note, however, that there are
no significant differences between the two sets of results, and note
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Fig.2 Partial view of undeformed grid about NACA 0012 airfoil.
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Fig. 3 Partial view of deformed grid about NACA 0012 airfoil (o =
10 deg, h = —0.02b, and 3 = 10 deg).
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Fig.4 Steady flow pressure coefficients for the NACA 0012 airfoil (M =
0.80).
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Fig.5 Pressure coefficients for the NACA 0012 airfoil, at the beginning
of the fifth cycle of forced pitching oscillations about ¢/4 (M = 0.80,K =
1.0, and o = 5.0 deg sin wi).

that our results required considerably less CPU time per time step
than used in Ref. 19, due to code parallelization.

The integration procedure in the presence of flap rotationis vali-
dated by the results displayed in Fig. 6, where our results are com-
pared with those obtainedin Refs. 27 and 29 for the NACA 64A006
airfoil with an oscillating flap at M =0.854.

Open-Loop Studies

Aeroelasticresponsecalculationsfor 2-DOF airfoils were carried
outfirst. Two typical section wing models were considered. The first
model is the NACA 64A006 typical section studied by Ashley® and
by Kousen and Bendiksen'? and Bendiksen.>!8 In the present no-
tation, it is described by the following nondimensional parameters:

a, =—0.2, Xq =0.2, r2 =0.29(r, = 0.5385)
o,/ 0, =0.3434

The second model is the NACA 0012 Benchmark Model, tested
experimentallyat the NASA Langley Research Center’! and studied
in Ref. 15. The nondimensional parameter values describing this
configuration are

a, =0.0, xq =0.0, r2 =0.25, o,/ 0, =0.6564

For both models, calculations were performed at several values of
Mach number, i, and U. Results obtained were found similar to
those described in Refs. 11, 12, and 15. Typical results consist of
limit cycle flutter and weak divergence phenomena, which are de-
picted in Figs. 7-9.

Subsequently, the open-loop 3-DOF system was studied and re-
sults were compared to those obtained in Ref. 3 using transonic
small disturbance theory. In Ref. 3, a flutter sensitivity analysis of
the 3-DOF NACA 64A006 airfoil was performed. Figure 10 shows
the effect of Mach number on flutter speed for the 1 =50 and the
following parameter values:

a, =0.2, x, = 0.2, re =0.55, o,/ o, =0.3
Here, cg =0.5 (hinge axis at % of the trailing edge)
xp = 0.008, rg =0.06, wp/ 0, =1.5

Figure 10 depicts the comparisonof our results with those generated
in Ref. 3. The difference in flutter speeds was found to be 3% at
most. The flutter boundary, using the present time-domain model,
was obtained by examining the time histories and determining those
for which the response was stable and those for which it was unstable
for several Mach numbers. The errorin the flutter boundary obtained
in this manner is less than 1%, which implies that for every Mach
number selected, stable and unstable values were found within less
than 1% of the estimated flutter speed. The initial conditions for
the time-response calculations were the steady-state values of the
flow variables and (dA/dt)y = —0.01c®,. The flutter boundary of
the airfoil with an undeflected flap and ws/ @, =00 (2-DOF airfoil),



GUILLOT AND FRIEDMANN 1121

0.60- BETA (deg.) = 1.0 SIN( 0.0 deg. ) 0.60- BETA (deg.) = 1.0 SIN( 300.0 deg. )
L] F. 29
0.40 0.40 -~ PRESENT METHOD
-8 -3 ]
‘I‘ 0.20 s . ‘l’ 0.20
0.00 0.00
* \ * \\
-0.20 T T T v T -0.20 T T T T Y T
.00 .20 .40 .60 .80 1.00 .00 .20 .40 .60 .80 1.00
/e x/c
0.60- BETA (deg.) = 1.0 SIN( 60.0 deg. ) o0.60, BETA (deg.)=1.0 SIN(240.0 deg.)
« LTRAN2 (REF. 29) T LTRAN: (REF. 29)
0.40-] vu | PRESENT METHOD 0.40- — PRESENT METHOD
(- 9 -5
‘l’ 0.204 ¢|-‘ 0.20
0.00: 0.00
.00 .20 .40 .60 .80 1.00 .00 .20 .40 .60 .80 1.00
X/C x/c
0.60- BETA (deg.) = 1.0 SIN( 120.0 deg. ) 0.60 BETA (deg.) = 1.0 SIN( 180.0 deg. )
1 = LTRANZ (REF.29) ] *} [ = LTRAN2 (REF.29)
0.401 — PRESENT METHOD 0.a01 ~ PRESENT METHOD
B -3 ]
‘l’ 0.20 ‘IJ 0.20
0.00 \ 0.00/ \\
-0.20 e =0.204———p——r— ——
.00 .20 .40 .60 .80 1.00 .00 .20 .40 .60 .80 1.00
x/C x/c

Fig.6 Unsteady upper pressure coefficients for the NACA 64A006 airfoil, with an oscillating trailing-edge flap (M = 0.854,k = 0.179,and 3 = 1.0 deg
sin wt).
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—0.02cwqo (M =0.80, U =1.90, and 6 =10.0).
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Fig. 8 Limit cycle flutter for the NACA 0012 airfoil without flap and with initial pulse excitations, A oy = 1.0 deg and Ahy = 0.16 (M = 0.85, U =
4.00, and 6 =75.0).
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Fig.9 Weak divergence and flutter-divergence interaction for the NACA 0012 airfoil without flap and with initial pulse excitations, A oy = 1.0 deg

and Ahy = 0.16 (M = 0.80, U = 4.00, and 6 =75.0).

is depicted in Fig. 10. It shows that the presence of the flap slightly
increases the magnitude of the transonic dip. Moreover, the flutter
speed was found to decrease again at approximately M =0.87 until
M =0.89. This is accounted for by the interaction of the shock
waves with the hinge axis. At M =0.89 and at the flutter speed
the shock wave was found to move ahead of the hinge, whereas at
M =0.90itremained aft of the hinge. Clearly, thisinterpretationcan
be affected by the inclusion of viscous effects, which are neglected
in the present study.

The effects of a trailing-edge control surface on limit cycle flutter
and weak divergence were also studied in the time domain. Two
3-DOF systems were considered with two different profiles, NACA
0012and NACA 64A006.Parameterssimilarto thoseusedinRef. 15

were selected, and the parameters associated with the flap were, for
cg =0.5 (hinge axis at % of the trailing edge)
xp =0.008, rg =0.06, oplw, =1.5

All other parameters were identical to those used in generating the
results given in Figs. 7-9. At M =0.80, the NACA 0012 airfoil
reaches a limit cycle much faster than in the 2-DOF case, using the
same initial condition, with flap initially undeflected (see Fig. 11).
The amplitude of the limit cycle oscillationin pitch has beenreduced
by 5%, whereas in plunge it was reduced by more than a half. The
weak divergence phenomena still appears at the beginning of the
time response, but is quite rapidly quenched by the flutter.
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Active Control Studies

Flutter suppressionin transonic flow by use of the adaptive con-
troller was studied for both the NACA 0012 and NACA 64A006
airfoils. As in Ref. 16, [Q] is assumed to be the identity matrix. In
this study, the output is the vertical acceleration y;, which is nondi-
mensionalized by multiplying it by a scaling factor, (100. cy/a2),
and subsequently it is filtered by a tenth-order sine-Butterworth
filter. With this definition of y, a weighting coefficient r,, =0.01
(1/rad?) was found to produce good results.

Atypicalcomputersimulationof the aeroservoelasticsystemcon-
tains three important time periods. The first 24 sampling steps con-
stitute the learning period. During this period the control surface is
activated randomly to obtain initial estimates of the aeroservoelas-
tic system matrices. The maximum random amplitude of the control
surface deflection angle is limited to 0.8 deg. At the end of the learn-
ing period the controlleris engaged and the initial condition for the
Ricatti matrix is obtained using Potter’s method. In the second pe-
riod, the active flutter suppression system controls the acceleration
at the sensor position, caused by the random control surface motion
in the learning period. When the accelerationhas been significantly
reduced, typically after 48 sampling steps, a perturbationin the an-

—+2DOF | — 3 DOF (PRESENT METHOD) | +++ 3 DOF (FROM REF. 3)
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Fig. 10 Effect of flap on flutter speed for a NACA 64A006 airfoil.
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gle of attack, the plunge displacement,or plunge and pitch velocities
is introduced. In the third period, the active flutter suppression sys-
tem controls the acceleration at the sensor position caused by this
perturbation.

To testthe effectivenessof the adaptivecontroller,a sfunctionper-
turbationin plunge velocity equal to —0.02cw, (= —0.04Ma,, / U),
is introduced at the end of the second period. This nondimensional
value was chosenbecauseat M =0.85,U =3.0,and a,, = 1100ft/s,
it is equal to a vertical velocity change of approximately 12.5 ft/s.

Interaction between maximum flap deflection amplitude, deflec-
tion rate, and sampling time step was studied first. The NACA
64A006 airfoil, for which the flutter boundary was displayed in
Fig. 10, is considered first. At M =0.85, U =3.0 is about 20%
higher than the flutter velocity. For this unstable flight condition,
simulations were carried out using a flap deflection rate, d/dt,
equal to 1.0 deg dw /(c+/y); thus, with a chord of 10 ft and a
freestream speed of sound of 1100 ft/s, Te; =~ 0.020 s, one has
dp/dt = 93 deg/s. A sampling time step, Te; =0.4 n/ w,, was con-
sidered first. When using the maximum flap deflection fB,,x equal
to 4 deg, the active controller failed to suppress flutter as shown in
Fig. 12. However, when f,,,x was reduced to 2 deg, the controller
successfully suppressed flutter as shown in Fig. 13. This implies
that the failure of the controllerin Fig. 12 can be attributed to the
inability of the actuator to track the variations of the optimal flap
deflection angle around the undeflected position. Indeed, the maxi-
mum flap deflection angle variation that the actuator model, used in
this study, is capable of providing during 7e; is equal to 1.87 deg.
Therefore, at a particular sampling time, when the optimal flap de-
flection angle is negative and the current flap deflection angle is
4 deg, subsequently, at the next sampling time step, the flap deflec-
tion angle will be equal to 2.13 deg, which is far from the desired
optimal value. By increasing the sampling time by a factor of two,
additional time is provided to the controller, which is sufficient for
moving the flap to its optimal position; thus, the controller could
suppress flutter even with S, =4 deg, as shown in Fig. 14. These
results indicate that the effectiveness of the controller is very sen-
sitive to the ability of the actuator to track variations of the optimal
flap deflection angle around the undeflected position.

Effects of shock wave and flow discontinuity due to the pres-
ence of the hinge were studied next using the NACA airfoil, for
which limit cycle oscillations were shown in Fig. 8. At M =0.85,
u =4.0,and U =75.0, a flutter suppression simulation using e, =
0.4 7/ w,, dB/dt =1.0 deg aw/(c/y), and Bu, =2 deg, was

hyb = 0.500
addeg) =10.000

0.0 2.5 5'.0

T T T
7.5 10.0 12.5 15.0

NONDIMENSIONAL TIME: w»t/ [Zl.rrl

Fig. 11 Effect of flap on weak divergence and flutter-divergence interaction for the NACA 0012 airfoil with initial pulse excitations, A oy = 1.0 deg

and Ahy = 0.15 (M = 0.80, U = 4.00, and 6 =75.0).
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Fig. 15 Time response during active flutter suppression for the NACA 0012 airfoil with hinge axis at 75% of the chord (M = 0.85, U = 4.0,
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carried out. Note from Fig. 15 that the controller successfully sup-
presses flutter, despite fore and aft shock wave oscillationsaboutthe
hinge line.

To develop some measure for the flap effectiveness, its influence
was studied in two different ways. First, by reducingits length, and
second, by using hinge moment correction factors between 0 and 1.
Figure 16 depicts the time response of the NACA 0012 airfoil, with
the same parameters as those used to compute the time response
shown in Fig. 15, except for the hinge axis location, which is moved
from 75 to 85% of the chord. Figure 17 depicts the time-response
of the NACA 64 A006 airfoil, with the same parameters as those for
Fig. 13, except for the hinge correction factor, which was reducedto
0.75 instead of 1. Both Figs. 13 and 17 show an increase in the time
required to suppressflutter, clearly indicating that flap effectiveness,
which canusuallybe verified only experimentally,plays a significant
role.

Conclusions

A two-dimensional aeroservoelastic model combining a 2-DOF
airfoil with a trailing-edge control surface was studied. This model,
which is based on exact inviscid aerodynamics, can model large
amplitude motions and the associatedstrong shock dynamics. How-
ever, the inviscid aerodynamic model used is incapable of capturing
shock/boundary layer interactions.

Comparisons between time responses of the open-loop and
closed-loop systems show the ability of the trailing-edge control
surface to suppress undesirable nonlinear aeroelastic phenomena.

The adaptive controller used here was found to be effective for
the nonlinear aeroelastic flutter suppression when the actuator was
able to track variations of the flap deflection angle around the un-
deflected position. In the simulations performed in this study, the
adaptivecontrollereffectivenesswas found to be robust with respect
to changesin the hinge moment correction factor and the hinge axis
location.

This study indicatesthat the synthesisof active flutter suppression
systems in the transonic regime requires an integrated approach
where CFD-based loads are needed as the basis for the control law
design.

This study demonstrates that with the availability of increased
computational power and improvement in numerical techniques,
aeroservoelastic studies based on unsteady airloads obtained from
CFD are becoming feasible.
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