JOURNAL OF AIRCRAFT
Vol. 33, No. 4, July—August 1996

Adaptive Flutter Suppression of an Unswept Wing

Indranil Danda Roy* and Walter Eversmant
University of Missouri—Rolla, Rolla, Missouri 65401

The purpose of this study was to investigate the potential of an adaptive feedforward controller for
active flutter suppression of a flexible wing. The flexible wing structure was modeled by a multi-degree-
of-freedom finite element representation with beam elements for bending and rod elements for torsion.
Control action was provided by a flap attached to the trailing edge of the wing, but extending for only
a short length along the wingspan. The dynamics of the entire structure were simulated using only the
first few flexible modes, thereby resulting in a reduced-order system for time integration. Both quasisteady
and unsteady aerodynamics were used to generate the airforces acting on the wing. An adaptive feedfor-
ward controller was designed based on the filtered-X least mean squares (LMS) algorithm. The control
configuration included an on-line system identification that provided the LMS controller with a reasonably
accurate model of the plant. The linear wing model in closed loop exhibited highly damped responses at
airspeeds where the open-loop responses were destructive. Simulations with the flexible wing model in a
time-varying airstream showed a 36% increase over the open-loop flutter airspeed. With 10% measure-
ment noise introduced in the model, it demonstrated good robustness to the extraneous disturbances.
Since the controller structure was adaptive, its effectiveness was not limited by the form of aerodynamics
used in this investigation to model the airforces. In the example studied it was found that adaptation was

rapid enough to successfully control flutter at accelerations in the airstream of up to 7 ft/s>.

Introduction

HE last two and a half decades have seen successful re-

search take place in the field of active flutter suppression.
Researchers have employed various control methodologies to
develop flutter control schemes.

Nissim' developed active flutter control laws based on the
concept of aerodynamic energy. According to his theory, for
all stable oscillatory motions of an elastic system in an air-
stream, positive work must be done by the system on the sur-
rounding medium. However, his concept was only useful for
simple aeroelastic models. Horikawa and Dowell* explained
the wing flutter suppression problem with simple¢ active feed-
back controls using a standard root—locus technique. The ob-
jective was to obtain insight into the control of converging
frequency flutter such as the classical bending—torsion flutter
of a wing.

Modern control design methods in state space seem more
compatible with general multi-input/multi-output (MIMO) sys-
tems and many techniques such as the linear quadratic optimal
control theory (LQ), linear quadratic Gaussian (LQG) meth-
odology, and eigenstructure assignment have been used.** Ac-
tive flutter suppression laws based on LQG design and order
reduction, classical design like root locus and Nyquist tech-
niques, and other concepts have been developed at the NASA
Langley Research Center, and they have been implemented
and successfully tested on an aeroelastically scaled wind-tun-
nel model in the NASA Langley Transonic Dynamic Tunnel.’
These modern control techniques, though robust, when applied
to active flutter suppression may suffer from the fact that the
states of the model are greatly augmented to recast the aero-
dynamic frequency response matrices into state space. These
added states are fictitious, unobservable, and very sensitive to
the modeling approximations.
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Instances of adaptive control techniques used to design flut-
ter suppression laws are relatively few in the literature. Re-
search performed jointly at the MIT Laboratory for Informa-
tion and Decision Systems and Honeywell Systems and
Research Center was successful in applying the adaptive con-
trol concept of the self-tuning regulator (STR) to suppress
wing/store flutter instabilities.® Adaptive signal processing was
enhanced in the 1970s with the development of the least mean
square (LMS) algorithm.”® Widrow et al.>'’ developed an
adaptive control scheme where the controller was placed in
cascade with the plant and its parameters were continually up-
dated by the LMS algorithm to minimize a certain performance
criterion. Since the controller was fed with a filtered version
of the excitation signal, rather than the signal itself, it became
known as the filtered-X LMS algorithm, Elliott et al.'' ex-
tended the single-channel filtered-X LMS concept and de-
signed a multichannel (or multiple error) feedforward LMS
controller. They also discussed the application of this algo-
rithm to active sound and vibration control where the LMS
controller was used to drive secondary sources to reduce the
levels of noise or vibrational fields by minimizing the sum of
squares of a number of error sensor signals. This multichannel
LMS controller was observed to be very robust to errors in-
volved in modeling of the plant. Boucher et al.'> showed that
the single-channel filtered-X LMS controller, in the case of
slow adaptation, converged even when the phase error asso-
ciated with the plant model was as high as 90 deg. The con-
troller was virtually unaffected when the phase error associated
with the plant model was 45 deg or less. Sommerfeldt and
Tichy'® investigated the problem of minimizing the force trans-
mitted through a two-stage vibration isolation mount. The con-
troller was implemented in real time and demonstrated 30- to
40-dB attenuation of the transmitted vibration for periodic ex-
citations.

The adaptive scheme introduced here is of the feedforward
type and generates a secondary disturbance using control ac-
tuators to cancel out the primary disturbance created by the
source excitation. Since the control algorithm is adaptive in
nature, it is not necessary to have an accurate a priori knowl-
edge of the plant to be controlled. For a given system and a
performance index, the adaptive scheme finds a way of iden-
tifying the unknown plant and providing effective control.
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Also, the adaptive controller is capable of tracking changing
system parameters in case the plant happens to be time-vary-
ing. The wing structure in a time-varying airstream is neces-
sarily a plant with changing parameters. In addition, complex
aeroelastic structures can sometimes be difficult to model ac-
curately. Therefore, a filtered-X LMS based adaptive controlier
with an on-line system identification process would be very
suitable for active flutter suppression.

Finite Element Model of the Wing

A finite element representation has been used to develop the
dynamic structural model of the flexible wing. The flexible
wing structure is approximated by a cantilevered beam with a
c.m. offset from its neutral axis. Along with Euler—Bernoulli
bending, the flexible model also incorporates torsion. There-
fore, a beam/rod finite element model of the structure is de-
veloped that acts like a beam in bending and a rod in torsion.
The finite element mesh is constructed of Hermitian beam C*
elements and Lagrangian rod C' elements. As previously men-
tioned, the elastic axis is chosen to be the neutral axis of the
beam so that the bending and torsion of the straight wing struc-
ture are structurally uncoupled statically. The top diagram in
Fig. 1 shows a finite element mesh for a representative wing
model consisting of six elements. Each beam/rod element has
six degrees of freedom; three degrees of freedom at each node.
These include one translational degree of freedom, the bending
displacement u1 and u2, and two rotational degrees of freedom
that describe the bending slope #3 and u4 and the torsional
motion about the elastic axis u5 and u6, respectively.

To account for the variation of airforces along the span of
the wing, aerodynamic strip theory has been utilized. Accord-

w20

ing to this theory, the airforces at any spanwise station on the
wing are related to the angle of attack and/or control flap de-
flection only at that location. To implement the strip theory the
aerodynamic wing model has been discretized into several
panels. The bottom diagram in Fig. 1 shows a representative
wing model consisting of six aerodynamic panels with a finite
element node at the center of each panel. This ensures full
compatibility of the aerodynamic model with the finite element
structural model shown in Fig. 1. Note that although Fig. 1
shows six elements (panels), numerical simulations presented
here have been performed with nine elements (panels). Each
panel has the provision of having a rigid flap at its trailing
edge. If a panel has a control flap, then an additional discrete
degree of freedom representing the control flap rotation is as-
sociated with the panel.

The element stiffness matrix is constructed following the
standard finite element method. The element mass matrix is
formed using a lumped approach where the mass properties of
each panel are lumped at its center of mass. The motion of
each panel is defined by the finite element node located at the
elastic axis. Upon assembly of the element mass and stiffness
matrices, the equations of motion for free vibration of the en-
tire structure can be written as

M.l M. ][ w. [K.] [K.||w.
L+ =0 1
[[Mu] [Mcc]][wc] [[Ku] [Km]] [w] M
where the global mass and stiffness matrices have been par-
titioned according to the elastic (constraint-fixed) degrees of

freedom w, and the constraint degrees of freedom w.. Note
that both w, and w,. include the bending displacements, bending

u3

ud

u2

typical element

wi2

w6

h : plunge deflection
a : pitchrotation

Fig. 1 Structural and aerodynamic models of the flexible wing.
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slope, torsional and control flap rotation degrees of freedom.
Since the root of the flexible wing is fixed in this study w, =
0, and the constraint—fixed elastic motions are defined by

M., + [KIw.=0 @

A standard eigenanalysis of Eq. (2) yields #» natural frequen-
cies, wy, ..., w,, and their corresponding eigenvectors ¢, i =
1, ..., n, n, being the number of elastic degrees of freedom.
Since the first few elastic modes are sufficient to describe the
dynamical motion of the flexible wing structure, the first m
(m < n) eigenvectors are retained to form the modal matrix:

[¢1=1[¢1 &2 " &al 3

Numerical simulations have been performed on two wing
models that have the same structural model but different aero-
dynamic models. Quasisteady two-dimensional aerodynamics
represent the air forces on one model while time domain un-
steady aerodynamics are used for the other. The purpose of
this is to demonstrate that the performance of the adaptive
LMS controller is not restricted by the aerodynamic models
studied in this investigation.

Two-dimensional quasisteady aerodynamics, which include
damping because of plunge, represent the aerodynamic lift L,
aerodynamic moment M, , and the hinge moment M, for each
panel as

L = gScCla + (hU)] + qScCisd CH)
M, = gSc*C,.:8 5)
M, = gSciCraa + qSciCpsb 6)

where U is the airspeed, g is the dynamic pressure, S is the
span of the panel, c¢ is the total chord, ¢, is the chord of the
control flap, » is the plunge displacement, « is the pitch ro-
tation, & is the control flap deflection, and C,,, Cj, Cps Chas
and C,; are the appropriate aerodynamic coefficients. The ap-
proximate values of these aerodynamic coefficients and other
geometric and structural parameters used in the simulations
have been provided in Table 1. Lift is positive upward and
aerodynamic moment on the airfoil is positive leading-edge
up. To account in an approximate way for the finite span ef-
fects, a correction factor (parabolic drop from wing root to tip)
has been applied to the aerodynamic coefficients shown in Ta-
ble 1.

Using Egs. (4-6), the global aerodynamic damping matrix
[C,], the global aerodynamic stiffness matrix [K,], and the
global load vector F, are constructed by forming the general-
ized forces corresponding to the global degrees of freedom.
Note that this form of aerodynamic representation ignores the
bending slope degrees of freedom.

Augmentation of the aerodynamic damping matrix, aero-
dynamic stiffness matrix, and the load vector to the system
equations of motion yields

MW, + [CIW, + (K. + [KDw, = F.3, Q)

where 8, is the command control rotation input to the flap.
Since the first few flexible modes define the wing model dy-
namics, numerical integration of the equations of motion have
been carried out in the reduced-order modal domain. Using the
truncated modal matrix [¢], modal transformation of the sys-
tem equations (7) yield

M*]¥ + ((C*] + [CDy + [K*]y = F*§, ®
where {M*], [C*], and [K*] are the generalized mass, damp-
ing, and stiffness matrices, respectively. In this investigation
[C,] represents an additional structural modal damping matrix
that introduces a 2% viscous damping in all of the retained
modes.

To introduce simple unsteady aerodynamics, the lift L and
the total moment M acting on each panel can be written as

L + BWUIb)L = gScCr{(1 — a)W + B(UIb)W}
+ gScCis{(1 — a)é + B,(U/b)8} ©)
M + By(UIb)M = gScCib(+ + a){(1 — a)W + By(UIb)W)
+ gSACrs{(1 — a)d + B,(U/b)8)} (10)

where b is the semichord, ab is the location of the elastic axis
aft of the midchord, g, and B, are aecrodynamic parameters (a,
= 0.5 and B, = 0.05), and W is defined by

W) = (WU) + a + (3 — eIV an

This is consistent with a first-order lag model as an approxi-
mation to the Wagner function.'*

The equations of motion of the wing in the physical space
can now be written as

M. Jw, + [CIw, + [K.Iw, = F8:. + Q@) (12)

where Q(f) is the vector of generalized aerodynamic forces and
can be defined by the first-order differential equation in vector
matrix form

0 + B(UbQ = [AIW, + [BlW, + [Clw,  (13)

[A], [B], and [C] are the aerodynamic matrices resulting from

Table 1 Geometric, structural, and aerodynamic parameters of the wing model

Variable Description Value

S Span of wing 24.5 in.

c Chord 7.0 in.

cylc Ratio of flap chord to total chord 0.25

EI Elastic modulus 2 X 10* Ibf-in2
GJ Shear modulus 1 X 10 Ibf-in.?
m Mass/length 2.24 X 107* 1bf-s%in.?
i Torsional moment of inertia/length 4.79 x 10™* 1bf-s%in.
X, Distance of elastic axis from leading edge 1.75 in.

X, Distance of c.m. from leading edge 2.2 in.

Cia Lift coefficient/angle of attack 2

Cis Lift coefficient/flap deflection 4.0

Chns Moment coefficient/flap deflection —-0.75

Crar Chs Hinge moment coefficients —0.01
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Eqgs. (9) and (10) for every panel. Modal transformation of
Eqgs. (12) and (13) using the retained modal matrix [¢] leads
to

M*]y + [CFly + [K*]y = F*&, + R(@®) (14)

R + B.(Ub)R = [A*]§ + [B*]y + [C*]y (15)
where R = ¢'Q and [A*], [B*], and [C*] are modal transfor-
mations of matrices [A], [B], and [C], respectively.

Using a standard state variable approach (v = y), Eqs. (14)
and (15) can be expressed as set of first-order differential equa-
tions in vector matrix form

y

“ee 0 I

v P = [ —[M*]'[K*] —[M*]17'[C¥]

. [C*] — [A*¥IIM*]7'[K*] [B*] — [A*][M*]7'[CH]
R

Equations of motion (8) and (16) in the modal domain are
then solved using the fourth-order Runge—Kutta time integra-
tion scheme. The first seven flexible modes have been retained
to accurately depict the dynamic behavior of the wing structure
(frequency of the seventh mode is 89.84 Hz). The time step
of integration (and the sampling period of the digital control-
ler) is maintained at 0.001 s to satisfy the Nyquist sampling
criteria and to account for the spread of natural frequencies in
the time integration. The wing model with quasisteady aero-
dynamics shows a critical flutter speed of 87 ft/s at a flutter
frequency of 12.69 Hz, whereas the wing model with unsteady
aerodynamics predicts a critical flutter speed of 125 ft/s at a
frequency of 11.72 Hz. This discrepancy is consistent with the
difference in the two aerodynamic models. Both models show
the predominance of the first cantilevered bending mode and
the first torsional mode in flutter motions. The input from the
adaptive controller to the flap is a command control rotation
8. to the torque tube, which acts as a hinge torsional spring
connecting the main body of the wing to the flap. The hinge
spring is made stiff (uncoupled frequency in & is chosen to be
60 Hz) so that the response of the open-loop system is rela-
tively unaffected by the motion of the flap.

Adaptive Feedforward Control Scheme

The adaptive feedforward control structure is based on the
filtered-X LMS algorithm developed by Widrow et al.”'® The
elegance of the adaptive scheme presented here lies in the fact
that no a priori knowledge of the plant to be controlled is
necessary for successful operation of the controller. This par-
ticular feature gives it a distinct advantage over conventional
feedback-type control schemes. The feedforward control struc-
ture includes an on-line adaptive system identification scheme.
This provides the controller with a reasonably accurate model
of the plant during the operation of the controller. Since the
plant is time-varying and an off-line system identification is
not practical for wing flutter suppression, this adaptive con-
troller structure based on the filtered-X LMS algorithm seems
well suited for this application.

The system identification configuration that has been used
is known as the LMS output error approach. A block diagram
of the adaptive identification procedure is shown in Fig. 2. A
finite impulse response (FIR) digital filter is placed in parallel
with the plant to be modeled. An FIR digital filter is an all-
zero structure with its pulse transfer function represented as
H(z) = Z}5' w;z™', where the weights w, represent the impulse
response of the filter. Both the plant and the adaptive model
are excited by the same reference command input x,, where k
is the time index. The output error of this configuration is

&.=d. — W an
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Fig.y 2 System identification using LMS approach.
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where d, is the desired output of the plant and y, is the output
of the adaptive FIR filter. The weights W of the digital filter
are adapted so that the mean-squared output error
{ = El&1] (18)
is minimized. Here the operator E denotes expectation. The
weights of the FIR digital filter are continuously updated by a
steepest descent approach as governed by the LMS algorithm.”®
The LMS algorithm approximates the gradient of the mean
squared error { by the gradient of the instantaneous squared
error &2, thereby eliminating the need of time averaging the
squared error signal. This leads to the weight update equation
Wi = W, + 2ue X, (19)
where u is the gain constant regulating the speed and stability
of adaptation and X, is the reference input vector. If the ref-
erence command input is persistently exciting, the weights of
the adaptive filter, upon convergence, should match the im-
pulse response of the plant very closely.

A typical block diagram of a single-channel filtered-X
LMS*" control structure is shown in Fig. 3. The adaptive con-
troller is placed in cascade with the plant such that both the
plant and the controller are excited with the same reference
command input x,. The plant output denoted as the error signal
g, is the combination of the plant responses because of the
disturbance input x, and the controller output «,, respectively.
It can be written as

g =d + y (20)
where d, is the primary disturbance (desired signal that needs
to be canceled) and y, is the control disturbance resulting from
the control action u,.

If the transfer function from the controller output u, to the
error signal &, (known as error plant or secondary plant) is
represented by H.,,(z), then

£(2) = d(@) + H..(2)u(z) 21

Since the primary disturbance d, is assumed to be correlated
to the disturbance input x,, then

d(2) = H)(2)x(z) (22)

where H,(z) is the transfer function of the primary plant that
can be represented by an FIR digital filter. Substituting Eq.
(22) in Eq. (21) we obtain

&(2) = Hy(9)x(2) + Hen(2)u(z) (23)
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Fig. 3 Filtered-X LMS control configuration.

Since the signals x,, u;, and g, are available for measurement,
an on-line adaptive system identification can be carried out to
model the error plant and primary plant transfer functions si-
multaneously. For the on-line identification of the error plant
H.., the training signals that are necessary are i, and the con-
trol disturbance y,. For the estimation of the primary plant H,,
the appropriate signals are the reference signal x, and the de-
sired signal d,. Now d, and y, are not independently measur-
able, but their sum, the error signal g, is. However, both the
primary and the error plants are modeled by linear FIR digital
filters. Expressing the plant outputs as the discrete convolution
of the filter impulse responses and the corresponding input
sequences yield

-1

de = 2 Ep,v-xk-—l' (24)
i=0
I-1

Ve = E Hen',uk—i (25)
i=0

where h, and A, are the impulse responses of the primary
plant model and the error plant model, respectively, and I and
J are the number of taps in their respective FIR filter repre-
sentations. The error signal can be estimated as

~

J-1

ﬁp,xk—i + E ﬁen-,uk—i

i=0

mt
£
1}

(26)

i:

[}
=

where &, is the estimate of the error signal found by the two
filter models. If the input sequences to the two filter models
and their impulse responses are expressed in vector form as

X7 =[xy, 00 Xiepailbly, ** Upegen] ¢X))
H] = [h,h, - by, ] (28a)

H: = Pefton, *** ey, (28b)

H =[HA) (28¢)

then Eq. (26) leads to

E=HX 29)

where E is the estimate of the error signal sequence in vector
form.

Using the adaptive FIR filter model H represented by Eq.
(28c), the on-line system identification of the primary plant
and the error plant can be carried out concurrently using the
LMS approach without explicit knowledge of the signals d,
and y,.

The adaptive controller is an FIR filter whose all-zero trans-
fer function is given by W(z). Equation (23) can be written as

£(2) = H(2)x(2) + Hen(2)W(2)x(2) 30)

The LMS algorithm adapts the weights w; (i =0, 1, ...,
N — 1) of the Nth-order LMS control filter to minimize a
quadratic performance index of the plant response:

J = E[¢2] 31

The LMS algorithm approximates the gradient of the cost
function J by the gradient of the instantaneous squared error
;. Therefore, the weight update equation of the LMS con-
troller is of the steepest descent type given by

Wit = W, — yeuri (32)

where v is the adaptive gain constant of the control filter, and

H2) = Hol2)x(2) (33)

Here H,.(z) is the transfer function model of the error plant
resulting from the on-line system identification (refer to Fig.
3). The reference input signal filtered by the error plant model
is r, (also known as the filtered-X signal). The filtered-X LMS
algorithm uses this signal to update the control filter weights
instead of the reference input signal x, as in conventional LMS
algorithm. To understand this, it has to be realized that the aim
of this algorithm is to set up the controller in a configuration
where the LMS algorithm can be readily applied to adapt its
weights. From Fig. 3 it is obvious that g, is at the error plant
output, not at the adaptive control filter output. If &, and x, are
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used directly with the LMS algorithm for the control filter, the
adaptive process is almost guaranteed to be unstable, or if not,
to find an irrelevant solution. However, it is assumed that time
variations of the impulse responses of both H..(z) and W(z)
take place with time constants long compared to the combined
time constants of the control filter and the error plant. Thus,
with relatively slow adaptation, W(z) may be considered linear
and commutable with H..(z). If the error plant is commuted
with the control filter, Eq. (30) can be modified as

£(2) = Hy(2Dx(z) + W(2)Hon(2)x(2) (34)
or
&(z) = H(Dx(2) + W(2)r(2) (35)

where r(z) is given by Eq. (33). Note that I:Ie,,(z) is used in
Eq. (33) because the actual H.,.(z) is unknown. The error &
now appears at the adaptive control filter output. The signal
x;, however, gets filtered through the error plant model before
reaching the control filter, thereby generating 7,.

Though the primary plant model H,(z) does not have any
contribution in the weight update Eq. (32), system identifica-
tion of the primary plant is necessary to obtain the desired
model H..(z). This is because the system identification of the
primary and error plants are concurrent events and one cannot
take place without the other [refer to Eq. (23)]. It is apparent
at this point that the system identification, though on-line, must
precede the adaptive control process.

To summarize, the general properties’” of the filtered-X
LMS based control scheme are as follows:

1) It can converge on a time scale comparable with the delay
in the error plant, and so can track changes in the reference
signal quite rapidly.

2) Since the adaptive system identification is on-line, the
scheme can track any variations in the plant while the con-
troller is operating, provided the variations are not too rapid.
Though the filtered-X LMS concept is based on slow adapta-
tion, the algorithm has achieved successful convergence in
many cases with rapid adaptation.

3) It is quite robust to errors in the estimate of the error
plant transfer function used to generate the filtered reference
signal.

4) It is relatively easy and inexpensive to implement as a
real-time controller since high-speed digital signal processors
are now more readily available than before.

For the self-excited vibrations of the wing model, there is
no external disturbing force that is physically measurable.
Therefore, for the flexible wing model, the reference command
input x, is chosen to be the bending (plunge) displacement A,
of the finite element node of a panel along the wingspan. The
plant output to be minimized (or the error signal g,) is chosen
to be the torsional (pitch) angle «; of the same position. The
output of the LMS controller is the command control rotation
of the control flap &, (refer to Fig. 3) attached to the same
aerodynamic panel. Since the pitch and the plunge motions of
the wing are highly coupled, it is assumed that minimizing one
would suppress the other. The on-line system identification
process fits a digital filter H, between the plunge and the pitch
displacements of the panel and another digital filter H,,, be-
tween the command control deflection and the pitch displace-
ment. It provides models for the primary plant transfer function
and error plant transfer function, respectively. Besides the con-
trol flap dynamics, no other external actuator dynamics have
been included in the simulation model. In a real-time imple-
mentation of the controller, the choice of an appropriate ac-
tuator is not unique. However, since the system identification
is on-line, the actuator dynamics could easily be adaptively
modeled in the error path as long as the actuator transfer func-
tion is capable of being approximated by a linear system.

Simulation Results

The wing vibration at the onset of flutter is nearly harmonic
in nature. The spectral character of the plunge and the pitch
disturbance signals, measured at any location on the wing, at
and beyond flutter, are narrow band and alike (i.e., the domi-
nant peaks in both the pitch and plunge disturbance signals
correspond to the same frequencies). This is true for both the
aerodynamic models used for the simulations. These features
make the filtered-X LMS algorithm very well suited to the
problem of wing flutter suppression. First, adaptation, in both
system identification and control, is fast when dealing with
predominantly harmonic signals. In fact, the filtered-X LMS
algorithm has been shown to yield excellent results in har-
monic control.'® Second, the filtered-X LMS algorithm as-
sumes that the primary disturbance signal d, is correlated to
the reference command input signal #,, so that appropriate can-
cellation at all existing frequencies is possible by creating a
control disturbance y, (Fig. 3). Therefore, we would hope to
see encouraging results with the adaptive controller.

The objective of the single input/single output (SISO) adap-
tive control configuration is to control the flexible modes pres-
ent in the motion of the structure using a single flap at the
trailing edge of the aerodynamic panel whose motion is being
sensed. Driving a control flap located on a panel based on the
sensed information of another panel usually leads to unwanted
disturbances (not necessarily unstable) in the closed-loop mo-
tion. Therefore this controller structure does not allow the use
of multiple control flaps driven by a single sensor for flutter
suppression. An effort has been made to optimize the location
of the control flap along the span of the wing. Because of finite
span effect corrections, the aerodynamic lift and moment gen-
erated from control flap deflection drop along the span from
the wing root to the tip. It is observed that a single flap on the
outermost panel does not produce enough control authority to
suppress the rapidly divergent flutter motions. As the flap is
moved towards the root, control authority increases. The sim-
ulation results discussed here pertain to a wing model made
of nine aerodynamic panels with a control flap on one of the
panels. For identification purposes, the panels are numbered
1-9 from the wing root to the tip. An 11% span flap, consis-
tent with the FEM discretization (nine aerodynamic panels of
equal width with a control flap on one of them), does not have
sufficient authority and requires larger flap rotations to stabilize
the fluttering wing. To circumvent this problem of lack of ad-
equate authority, a control flap has been placed on the seventh
panel whose width is made twice that of the other panels (re-
sulting in a 20% span flap). This configuration allows simu-
lation of the wing model with a larger flap (spanwise), thereby
providing ‘an increased control authority.

The response of the wing with quasisteady aerodynamics is
initially simulated with the airspeed accelerating continuously
from 85 to 120 ft/s (3% below critical flutter speed to 36%
above), at a linear rate of 1 ft/s>. Such a case is indicative of
a mild acceleration through the flutter boundary. The wing
model in this numerical test is excited by perturbing the control
flap with a triangular pulse every 5 s to initiate the flutter
motion. The sole purpose of this excitation is to simulate the
effect of turbulence that may be in the airstream, and not to
provide the training signals for error plant estimation. The on-
line system identification scheme converges to a solution based
on those signals that are naturally available from the wing
model. Figure 4 shows the open-loop response of the wing. At
subcritical flutter speeds, the wing shows damped decaying
oscillations when excited. As the airspeed reaches critical flut-
ter speed (87 ft/s) at 2 s the oscillations grow divergent, ulti-
mately leading to structural failure. Figure 5 shows the closed-
loop response of the wing structure with the controller on at
all times. The system identification/controller structure adapts
as the wing starts to diverge at flutter speed, but stabilizes it
quickly once the adaptive process converges. Excellent flutter
suppression is observed until 110 ft/s. Beyond 110 ft/s the
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Fig. 5 Closed-loop response of the wing with airspeed varying at
1 ft/s%

adaptive process is slow to react to the destabilizing aerody-
namic forces. However, the controller is still effective until 120
ft/s (36% above flutter), beyond which the motion of the wing
diverges slowly, even with the controller on. Figure 6 shows
the time history of the controller output. The adaptive con-
troller hardly affects the wing motion before it starts diverging
at flutter since the adaptive process does not gain enough im-
petus until the sensed motions become reasonably large. The
LMS controller used is a 32nd-order FIR digital filter.
Numerical simulations are then performed with the wing
model with unsteady aerodynamics. The airspeed is varied
continuously from 120 to 170 ft/s (4% below critical flutter
speed to 36% above) at a rate of 7 ft/s?. This is indicative of
a more rapid acceleration through the flutter boundary. The
control flap is perturbed every 3 s to initiate the flutter motion.
Figure 7 shows the open-loop response of the wing, whereas
Fig. 8 illustrates the closed-loop response of the wing structure
with the controller on at all times. The controller, in this case,
is able to suppress the flutter up to an airspeed 36% above
open-loop flutter speed. The LMS controller reacts to this
model in a way very similar to the wing model with quasi-
steady aerodynamics that was discussed earlier. Since the sys-
tem identification/controller structure is completely adaptive,
the phasing relations between control flap rotation, structural
deformation, and generation of airforces defined by unsteady
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Fig. 6 Time history of the controller output (airstream acceler-
ation at 1 ft/s%).
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Fig. 7 Open-loop response of the wing with airspeed varying at
7 s,

aerodynamics have been suitably incorporated in the primary
and the error plant models. Figure 9 portrays the time history
of the controller output. Again, the controller is not effective
until the flutter motion becomes significant. It then acts rapidly
to stabilize the system. Figure 10 depicts the convergence pro-
cess of the adaptive LMS control filter. The filter weights re-
main virtually unaffected until the onset of flutter, where they
undergo a sharp rise in their values, indicating quick and force-
ful control action to suppress the rapidly divergent motions of
the wing. The number of taps used in the FIR digital control
filter is 50.

To investigate the effect of sensor noise on the performance
of the adaptive controller, numerical simulations have been
performed (on the wing model with unsteady aerodynamics)
with 10% uncorrelated measurement noise introduced individ-
ually at the sensed plunge displacement and pitch rotation sig-
nals (other parameters are identical to the case without noise).
The noise is determined from a random sample following a
Gaussian probability distribution'® with mean u,, = O and stan-
dard deviation o = 0.14,.,., Where A, is the maximum am-
plitude of the signal for the case with no noise introduced in
the sensors. Figure 11 shows the closed-loop response of the
wing structure with noisy reference and error signals fed to
the adaptive controller. It clearly demonstrates the inherent ro-
bustness of the adaptive control scheme to unaccounted noise



782 DANDA ROY AND EVERSMAN

120 ft/sec
15 T—rrT S W e e e S S T e A aea

176 ft/sec

no measurement noise

10 [ adaptive controller on

0.5

pitch rotation (degrees)

Y I EF U KU R IV BN B I

4
time (sec)

Fig. 8 Closed-loop response of the wing with airspeed varying at
7 ft/s’,

T T T T T T T

120 ft/sec 176 ft/sec

30 3

g
(=]

-
(=]

o
o

command control defiection (degrees)
5

®
=3

i P 1 M AR | In
4 5 6 7 8
time (sec)

Fig. 9 Time history of the command control input (airspeed ac-
celeration is 7 ft/s*).

in the system. Figures 12 and 13 portray the time history of
the noisy controller output and the convergence of its control-
ler filter weights, respectively. The deviation of these time his-
tories from the case without noise is not very significant. From
Fig. 13 it is apparent that the measurement noise contributes
to noise in the weights of the adaptive control filter. In this
case, the value of the mean squared error that the LMS control
filter minimizes does not go to zero after convergence is
achieved. Instead, it randomly varies about a mean value close
to zero, where the mean value is dependent on signal-to-noise
ratio of the measured signals. The measurement noise therefore
is uncontrolled, and appears in time histories of the system
parameters only as an additive element.

The adaptive LMS controller has performed satisfactorily in
suppressing flutter of the wing without any prior knowledge
of the model. However, the performance of this SISO control
configuration is limited by the acceleration of the airstream
(i.e., the rate at which the plant varies). As the acceleration is
increased beyond 7 ft/s’, the controller is unable to adapt rap-
idly enough to successfully suppress the instability. This failure
can be attributed to two related factors. First, the single control
flap lacks the control authority to suppress the rapidly diverg-
ing motion of the wing. Second, because of rapid acceleration,
the controller does not have enough time to adapt before the
system diverges. A MIMO configuration of the adaptive LMS
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Fig. 10 Convergence of the first four controller weights (air-
stream acceleration 7 ft/s’).
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Fig. 11 Closed-loop response of the wing with airstream varying
at 7 ft/s* (with sensor noise).
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Fig. 12 Time history of the noisy controller output.

controller would allow the use of more than one flap resulting
in an increased control authority. However, this form of an
adaptive control configuration (SISO or MIMO) is always go-
ing to be limited by an acceleration threshold beyond which it
would lack the speed of adaptation to cope with the destabi-
lizing system.
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Summary

The main objective of this study was to ascertain the fea-
sibility of using an adaptive feedforward control structure for
active flutter suppression of a flexible wing. For numerical
simulation purposes, a multi-degree-of-freedom finite element
structural model of a flexible wing was constructed. The con-
trol actuator for this model was a flap attached to the trailing
edge of the wing and extending along 20% of the wingspan.
An adaptive feedforward controller was developed based on
the filtered-X LMS algorithm originally introduced by Widrow
et al.>'° The controller structure included an on-line system
identification scheme that provided the LMS controller with a
reasonably accurate model of the plant. In numerical simula-
tions, the effectiveness of the controller acting on the wing
structure was evaluated with the airspeed varying from a sub-
critical flutter speed to 36% above the critical flutter speed.
The adaptive controller with its on-line system identification
scheme was able to track the changing plant parameters and
showed excellent suppression of the divergent wing motions
above flutter. Since the controller structure was adaptive, its
performance was not affected by the aerodynamics used in this
study to model the air forces. The control scheme also was
demonstrated to be very robust to measurement noise. How-
ever, the SISO control configuration failed to provide flutter
suppression during very rapid accelerations of the airstream
(above 7 ft/s®) because of insufficient control authority and the
inability of the adaptive process to cope with such rapid
changes. A MIMO control configuration may extend the en-
velope of successful adaptation and should be investigated.
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