JOURNAL OF GUIDANCE, CONTROL, AND DYNAMICS
Vol. 21, No. 6, November-December 1998

Applied Active Control for a Nonlinear Aeroelastic Structure

Jeffry J. Block* and Thomas W. Strganac’
Texas A&M University, College Station, Texas 77843-3141

Linear and nonlinear aeroelastic response is examined using a unique test apparatus that allows for experiments
of plunge and pitch motion of a wing with prescribed stiffness characteristics. The addition of a control surface,
combined with an active control system, extends the stable flight region. Unsteady aerodynamics are modeled
with an approximation to Theodorsen’s theory appropriate for the low reduced frequencies associated with the
experiment. Incorporated with a full-state feedback control law, an optimal observer is utilized to stabilize the
system above the open-loop flutter velocity. Coulomb damping and hardening of the pitch stiffness are included
to examine nonlinear control behavior. The nonlinear model is tested using the control laws developed from an
extension of linear theory. Each modelis simulated using MATLAB® and com pared with experimental results of the
active control system. Excellent correlation between theory and experiment is achieved. Using an optimal observer
and full-state feedback, the linear and nonlinear systems are stabilized at velocities that exceed the open-loop
flutter velocity. Limited control is achieved when the system is undergoing limit cycle oscillations.

Nomenclature

a = nondimensional distance from the midchord
to the elastic axis

b = semichord of wing (reference length)
C(k) = Theodorsen’s function
c = nondimensional distance from midchord
to control surface hinge
Cp = plunge degree of freedom structural damping coefficient
Co = pitch degree of freedom structural damping coefficient
e = nondimensional distance from midchord to control
surface leading edge
g = accelerationdue to gravity
h = plunge displacement coordinate
1, = mass moment of inertia about the elastic axis

K = full-state feedback gains
k = reduced frequency (bw/u )
ky = plunge degree of freedom structural spring constant
ke, = pitch degree of freedom structural spring constant
L = estimator gains
L(t) = lift of the wing
M, = friction moment caused by Coulomb damping
M(t) = moment of the wing about the elastic axis
m = mass of the wing
Q = state weighting matrix
0 = process noise covariance
R = control weighting matrix
R = measurement noise covariance
u = freestream velocity
Xo = nondimensional distance between elastic axis and the
center of mass
o = pitch displacement coordinate
B = control surface deflection coordinate
AA = differencein peak amplitudes of the free vibration
o = static coefficient of friction in the plunge direction
Mo = static coefficient of friction in the pitch direction
0 = density of air
w = frequency of motion
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Introduction

EROELASTICITY is the interactionof structural,inertial,and

aerodynamicloads. Combined, these loads may cause aircraft
components to become unstable. Active suppression of aeroelastic
instabilities, such as flutter, divergence, and control reversal, will
lead to improved performance. Many control strategies have been
applied to suppress flutter or to control unacceptable wing motion.
Lyons et al.' investigated full-state feedback with a Kalman estima-
tor for the purpose of flutter suppression. Their theoretical model
was relatively simple and required only eight states. Mukhopadhyay
et al.> and Gangsaas et al.> used high-order models and developed
methods for reducing these higher-order systems to show the prac-
ticality of such controllers. These control systems implemented es-
timators to describe unmeasured states and used output feedback
as the control method. Karpel* compared the aerodynamic descrip-
tions of Lyons et al.! to develop partial-state feedback controllers.
He used pole placement techniques to develop the control laws for
flutter suppression and gust alleviation.

Horikawa and Dowell®> performed flutter analysis with control,
employing proportional gain feedback methods developed from
root locus plots. They used a steady aerodynamic, two degree-of-
freedom structural model to develop several types of feedback. The
approach directly feeds one of four variables to the control surface
through a proportional gain. A recent investigation of flutter sup-
pression by Heeg® increased the flutter velocity by 20%. The work
involveda small wing model mounted on springtinesto simulate the
bending and torsion modes. Four piezoelectricplates were mounted
to control the bending mode. Heeg’s analysis employs a classic ap-
proach for control by using root locus plots to derive proportional
gain feedback control laws.

Inastudy by Lin,” Lazarus et al.,® and Lazarus,’ a typical section
model was analyzed. The study included control of the bending and
torsion modes by piezoelectricmaterials and additional control with
leading- and trailing-edge flaps. They showed that direct control
through piezoelectrics was most efficient. Their design approach
implemented full-state feedback with an estimator. Lazarus con-
ducted experimental analysis to validate the typical section model.
This structure and control scheme was designed for wind-tunnel
disturbance rejection, gust alleviation, and flutter suppression.

These researchershave shown that linear theory is applicable for
elaborate control systems in many cases. Unfortunately, as flight
control systems and the associated performance of current military
and civilian aircraft become increasingly complicated, the needs
for more sophisticated aeroservoelasticmodels also increase. Most
systems contain nonlinearities that are either neglected by the de-
signer or linearized within the equations of motion. Recently, re-
searchershave studied in detail the nonlinearitiesinherentin aeroe-
lastic systems.
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Before describing these research efforts, it is important to dis-
cuss common nonlinearities that may occur in aeroelastic systems.
As a control example, saturation occurs when an increasing input
into a system will no longer increase the output of the system. This
nonlinearity occurs in actuators when their operational limits are
exceeded. Free-play nonlinearitiesoccur in control surface linkages
or hinges in which the surface will not move until the magnitude
of the input exceeds a certain value. Hysteresis occurs in systems
when friction loads affect linkage dynamics or when connections
(i.e.,rivets) slip in wing structures. A stiffnessnonlinearitymay also
occur in many structures. For instance, nonlinear stiffnesses are ob-
served in large bending deflections of wings and rotor blades or in
control systems that become increasingly harder to deflect (non-
linear proportionality) as they are moved farther from the neutral
position.

Several advanced fighter aircrafthave experiencedlimit cycle os-
cillations (LCOs) for certain attached wing store configurations.!%-!!
The mechanism that leads to these LCOs is not understood, but pos-
sible explanations under study include aerodynamic and/or struc-
tural nonlinearities. Stiffness tests show evidence of a spring-
hardening nonlinearity in the wing torsional mode. This type of
nonlinearity will lead to LCO behavior similar to that described
herein.

Woolston et al.!? investigatednonlinearitiesin structural stiffness
and control surfacelinkages. They created several models with free-
play, hysteresis,cubic-hardening,and cubic-softeningnonlinearities
in the torsional mode. For general wing motion, they observed that
the flutter velocity decreased as the initial disturbance increased,
and that the stability of the system was highly dependent on the
magnitude of the initial condition. A cubic-softeningspring stiffness
lowered the flutter velocity. They also noted that cubic hardening
caused limit cycle oscillationsrather than flutter at velocities above
the open-loop flutter velocity.

Breitbach!® showed that a poor agreement between theory and
experiment in flutter is most likely due to the presence of nonlin-
ear structural stiffness. He also presented a detailed examination of
many types of nonlinearities that may affect aeroelastic systems.
Tang and Dowell'* introduced a free-play nonlinearity in the tor-
sional stiffness and examined the nonlinear aeroelastic response.
For various initial conditions, they created maps of the system re-
sponseto describelocationsof periodiclimit cycles,chaoticmotion,
and divergent motion. They concluded that limit cycle motion is de-
pendentupon freestream velocity, initial pitch condition, magnitude
of the free-play nonlinearity, and initial conditions.

Lee and LeBlanc'® performed a numerical analysis of a non-
linear wing model using a time-marching scheme that simulated
aeroelastic motion. Softening and hardening cubic stiffnesses were
examined by varying the massratio, increasingthe distance between
the elastic axis and the center of mass, and varying the ratio of the
plunge frequency to pitch frequency. For the spring-softeningcase,
unstable motion was encountered below the linear flutter speed for
nearly every parameter examined; however, increasing the nonlin-
earity and increasingthe mass ratio tended to make the system more
unstable at lower velocities. For the spring-hardeningcase, limitcy-
cle oscillations were always present instead of flutter. Varying the
parameters for the spring-hardeningcase affected the amplitudes of
the limit cycle oscillations.

In this paper, an unsteady aerodynamic model is developed with
an approximation to Theodorsen’s function, and an observer, based
upon the Kalman estimator, is used to estimate the augmented state
system. Theodorsen'® developed an unsteady aerodynamic theory
that accounts for the lag effects of the unsteady aerodynamics for
different frequencies. Theodorsen and Garrick!” used this method
to compare theoretical predictions of flutter velocity and frequency
with experimental results. The method assumes harmonic motion
of the wing and provides a widely accepted approach to predict the
flutter velocity and frequency. The need to simulate wing motion
in unsteady aerodynamic flowfields led to the approximations of
Theodorsen’s function by Wagner and Jones (see Ref. 18). With
these approximations, the equations of motion are more easily
solved to predict aeroelastic response.

Following the developments by Wagner and Jones, several re-
searchers attempted to further understand the unsteady motion of
an airfoil. Lyons et al.! transformed Jones’ approximation into the
Laplace domain and augmented the states of the system to ac-
count for the lag terms in the aerodynamics. This approach facili-
tated control law development. To describe Wagner’s function and
Theodorsen’s functionin the frequency domain, Vepa'® developeda
Padé approximation technique. He showed this method to be valu-
able for arbitrary small motions of a thin wing. Edwards et al.?
compared the methods of Lyons and Vepa and contributed to the
developmentby separating the aerodynamicsinto rational and non-
rational components. The nonrational part was isolated because it
cannotbe written as a ratio of polynomials. Edward’s method, which
also applied to arbitrary small motion of a wing, reduced the num-
ber of augmented states previously required to model the unsteady
aerodynamics.

These researchers have developed models for exploring non-
linear aeroelasticity and have also attempted to describe the mo-
tion with time-marching solutions and describing function analysis.
However, there are limited efforts to examine nonlinear aeroelas-
ticity and active control strategies. The experiment at Texas A&M
University permits a prescribed linear or nonlinear structural stiff-
ness. With nonlinear structural stiffness, the model exhibits limit
cycle oscillations?! Various full-state feedback control laws have
been tested on the structure with the addition of a control surface.
Tests of the linear structural model and nonlinearitiesare examined.
Control is demonstrated using the linear controller. The work pre-
sented herein combines active flutter control with nonlinear aero-
elasticity.

Theory

A wing section with a control surface is mounted to permit plunge
(h) and pitch (o) motion about the elastic axis as shown in Fig. 1.
The mass, inertia, damping, stiffness, and aerodynamicloads are per
unit span. The control surface hinge is located at the leading edge of
the control surface, thus e is equal to c in all derivations that follow.
The motion of the system, without control surface dynamics, may
be described by

m mx,b’| [# N ¢, O [k
mx,b I, & 0 ¢l |la
kp 0||h —L(1)
= 1
+[0 kj {a} {Mm W
where lift L(¢) and moment M (¢) represent the unsteady aerody-

namics that depend upon position, velocity, acceleration, and time.
The lift and moment act at the elastic axis of the wing. Theodorsen'®

Midchord

Control Surface Hinge

b N

—

a

Fig. 1 Aeroelastic system modeled as a wing section with two degrees
of freedom with an attached full span control surface.
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derived the lift per unit span and moment per unit span, assuming
harmonic motion of the airfoil, of the form

—L(t) = —pb*(uwa + wh — whas — uTy B — Tibp)
—27pubC(k)[ue + h + b(% — a)a
+ (1/7) Tyoup + b(1/2m)T,, ] 2)
M(t) = —pb*{m (3 — a)uba + 7b*(} +a*)a

+(Ty+ Ti)u?B+ [Ti — Ty — (c — )Ty + 1Ty, Jubfp

—[Ty + (¢ —a)T\1b*p — ambh }
+2pub2n(% + a)C(k)[uoz +h+ b(% - a)o'z

+(1/m)Tyoup + b(1/27) Ty, f] 3)

The functions T are described by Theodorsen!® and are dependent

upon the elastic axis location and the control surface hinge location.
To implement the control surface dynamics with the equations of
motion in Eq. (1), the control surface dynamics are assumed to be
that of a second-ordersystem such that the dynamics will not affect
the coupling of the plunge and pitch motion of the wing section.
These dynamics are represented by the second-order oscillator*?

B + 508 + 25008 = 2500Bcom 4)

where Beom 18 the control variable for the entire system. The com-
bined equations of motion are represented by

[M1{X} + [CUX} + [KHX} = [DH{Beom} (5)

which now include the dynamics of the control surface.

The function C(k), found in the lift and moment terms of
Theodorsen’s function, contains real and imaginary terms of the
form!®!8

C(k) = F(k) +iG(k) 6)

where F(k) and G(k) are composed of Bessel functions. Jones (see
Ref. 18) developed an approximationto Theodorsen’s function that
simplifies mathematical calculations. The approximation, which
may also be representedin the Laplace domain, is described by

0.165 0.335

CO =1 TG0~ T- 0370

(M

Six new states are added to the system to incorporate this approxi-
mation into the lift and moment equations. The new states account
for the aerodynamiclag due to the second and third terms of Eq. (7)
and are defined in the Laplace domain by

X(s) = ———X(s),

5 + 0.0455(u/b) X6 =

(s)
®
where X (s) consists of the plunge, pitch, and control surface states.
After expanding and converting Eq. (8) to the time domain, the
resulting equations are

— 3  _x
s+0.3(u/b)

X — X +0.0455u/b)X = 0
9

Substitution of the numerators in Eq. (7) are made for C (k) in the
equations of motion and are applied to the new states, X(s) and
X (s). The equations of motion (5), with the redefined unsteady
aerodynamics, are rewritten as

X — X +0.0455u/b)X =0,

[M(X} + [C X} + [CUX) + [C X} + [K,1(X)

+ KX} + [K31{X} = [D) H{Beom) (10)

The six additionalequationsfrom Eq. (9) are combined with Eq. (10)
and placed in state-space form such that

{X} = [Al{X} + [BI{U} (11)
with the output equations
(Y} =1[Lx2 Oxx10l{X}=[Z]{X} (12)

This system consists of 12 states, of which only plunge and pitch
displacementsare measured. Theremaining 10 states are determined
with a state estimator.

Assuming the system is stabilizable, a full-state feedback control
law can be derived to stabilize the closed-loop system. The feed-
back gains may be determined using various control methodologies
(e.g., a pole-placement technique) or by optimizing a performance
index with a linear quadratic regulator (LQR) approach. In this pa-
per, we adopt the LQR method to stabilize the system. Specifi-
cally, the following performance index for our aeroelastic model is
selected:

o0 h 2 o 2 ﬂ 2
7= A (hmax> * (amax> * (ﬂmax) a (13)

This particular index normalizes the maximum values of the states
and inputs, and the restraints on the index will keep the maximum
amplitudes to a minimum. After choosing the state and control
weighting matrices that describe the performanceindex, the optimal
feedback gains are found by solving the algebraic Ricatti equation
(see Ref. 23). However, the chosen performanceindex is only a first
approximation for the weighting, and the system should be exam-
ined at various conditions to scale the gains. The weightings must
be varied until an acceptable set of feedback gains are determined.
Specifically, the weightings must be chosen so that the control law
does not saturate in practice.

The complete system consists of 12 states, 1 input (Bcom) and 2
outputs (&, ). It is most ideal to implement a full-state feedback
control scheme, but because all of the states are not measurable,
this is not feasible. Instead, a state observer will be used to estimate
those states that are not measurable. In this paper, we employ the
well-known Kalman estimator to be used with the LQR controller.
A detailed discussion of the Kalman estimator is found in various
texts (e.g., see Ref. 23).

Although the derived estimator is optimal for the given weight-
ings, these weightings may not be optimal for the system. The con-
trol system is based on the measurements from the sensors and
the integration of the estimator equations of motion. If the model
of the system is not accurate, then as the actual states lead to one
solution, the estimated states may potentially lead to a contrary so-
lution. Therefore, it is important that the system model be accurate
and that substantial testing of the estimator is complete before the
final design of the aeroelastic control system.

Two nonlinearities are considered to better describe the model
and actual structural response. First, Coulomb damping, a friction
force that opposes the motion of the system, is observed in the re-
sponse of the plunge and pitch motion. Previous models have been
described with strictly viscous damping models, which suggests a
logarithmic decay. The viscous damping terms ¢, and ¢, are ne-
glected when Coulomb damping is applied. In this study, Coulomb
damping is used to predict linear flutter velocities as well as limit
cycle motions. The second nonlinearity is a pitch-hardening stiff-
ness that is associated with a nonlinear cam. The nonlinear stiffness
is presented in Table 1. This stiffness term was derived by O’Neil?!
and is introduced into the experiments by a unique experiment test
apparatus that permits a prescribed linear or nonlinear stiffness
response.

The linear response possesses a viscous form of structural damp-
ing in both the plunge and pitch degrees of freedom. This damping
is identified by measuring the logarithmic decay during free vi-
bration experiments. The pitch degree of freedom is restrained for
measurements of the plunge damping, and the plunge degree of
freedom is restrained for measurements of the pitch damping. With
validation that the damped free vibration is indeed logarithmic, the
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Table1 Aeroelastic experiment parameters

Constants Values
a —0.8424
b 0.135
Span, m 0.6
My, kg 1.662
m;, kg 12.387
Tegs M 0.066
Iy, kg m? 0.065
kp, N/m 2844.4
kq (linear), N-m/rad 3.525

2.82(1 —22.1a + 1315.5a%
— 85800 + 17289.7a*)

ky (nonlinear), N-m/rad

cn, kels 27.43
Ca» kg m?/s 0.036
P 0.0221
e 0.0113

Nonlinear Cam

/— Plunge Spring

Pitch Spring

Fixed

Nonlinear Cam

Plunge Cari g~ ~ ~ < <—Wing Model
unge Carriage ~ <IN AP
\1’ L-x Pitch Constraint

a /_ Plunge Constraint
D % =

Equilibrium Spring

Fig.2 Schematicview of the experimental setup (upper view); the wing
ismounted vertically in the 2 X 3 ft low-speed wind tunnel (lower view).

log-decrement method is used to calculate the damping ratio ¢ for
each degree of freedom.

The nonlinear response possesses both viscous and Coulomb
damping. Although viscous damping appears as a logarithmic de-
cay, Coulomb damping appears as a linear decay. In the equations
of motion, viscous damping is represented by a linear term pro-
portional to the velocity. However, Coulomb damping is defined
by a force opposing the motion of the system, and once the friction
force is greater than the restoring force, the system motion will stop.
The equations for the plunge and pitch Coulomb forces are defined,
respectively, by

Fy = wymg(|h|/h), Fo=poMs(lal/e)  (14)

7 i

PLUNGE AND PITCH
OPTICAL ENCODER

LS7166 CHIPS

DIGITAL 1/O

MOTOR
CONTROLLER|
CARD

I D/A

PRESSURE TRANSDUCER| 2821-F16SE
DX2/66MHz PERSONAL
COMPUTER

Fig.3 Flow chart of the active control system.
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Fig. 4 Root-locus plot of the aeroelastic equations provides stability
characteristics with respect to freestream velocity.

A frictional moment M is due to the mass offset of the nonlinear
pitch cam. To determine the coefficients of friction, the following
equation is used:

w=(AA/4g)w? (15)

Whenthe nonlinearcams are applied to the system, the free vibration
possesses more Coulomb damping than viscous damping. Thus,
viscous damping is used solely in the linear system simulations,
and the Coulomb damping is included for the nonlinear simulations.
Table 1 summarizes the structural constants for the system.

Experiment

The aeroelastic model was tested in Texas A&M University’s
2 x 3 ft wind tunnel. This tunnel has a maximum operating speed of
150ft/s (45 m/s), which is well beyond the designed flutter boundary
of the model. The wing section (see Figs. 1 and 2) is mounted ver-
tically in the tunnel and is the only component exposed to the flow.
Motion in the plunge and pitch directionsis dictated by a twin-cam
system. The maximum plunge deflection is £0.134 ft (£0.04 m),
and the maximum pitch angle is 28 deg. The combination of the
spring stiffness and the cam shape provides the prescribed linear or
nonlinear response. A control surface and motor are designed for
easy attachment and removal. The control surface chord is 20% of
the full chord and is a full-span surface.

The aerodynamic loads on the control surface require a high
torque motor. Also, a minimal size is desired because the motor
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Fig.5 Predictions of controlled response for the linear system at u . = 15.5 m/s are shown in the left-side view. Measurements of controlled response
are shown in the right-side view. Lower view shows control surface deflection.

is placed externally on the wing. The Futaba FPS-134 servomotor nally on the wing—the positive stall angle has been reduced from
is used as it is small in size, will deliver up to 112.6 oz-in. 16 to 13 deg, and the negative stall angle has been reduced from 16
(0.07951 N-m) of torque, and has an embedded controller board to 15 deg.

that directs its motion. This controllerrequires a continuous square Two U.S. Digital E-2 Optical Encoders are used to measure the
wave signal to define the intended position. An electric circuitboard plunge and pitch positions. These encoders are mounted on the pitch
has been developedto drive the motor with pulse-width modulation, and plungecams. Three data acquisitionboards (a Data Translation®
given input analog signals between 0.0 and 10.0 V. The maximum 2821-F16SE board, a Computer Boards’® CIO-CTRS board, and a
control surface deflection is set to =32 deg and establishes the min- Computer Boards’® DIO-24H board), which perform all required
imum possible motor increment at 0.016 deg. The dynamics of the operations, are used. Figure 3 shows the process flow of the system.
motor are neglected,and itis assumed thatthe motorreactsexactly as The observer and full-state feedback efforts presented herein repre-
specified as long as the maximum rate of 4.75 rad/s is not achieved. sent only one portion of the data acquisition and control system’s

The aerodynamics are slightly affected by placing the motor exter- capabilities 22
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Fig. 6 Predictions of LCO response for the nonlinear system at « « = 14.25 m/s are shown in the left-side view. Measurements of LCO response are

shown in the right-side view.

The observer uses both the desired control signal and the mea-
surements from the data acquisitionsystem. A Runge-Kutta scheme
is used to integrate the observer equations of motion, yielding po-
sition values that are a smoothed representation of the actual mea-
surements as well as the 10 estimated states. All 12 calculated states
are multiplied by the feedback gains to yield the control surface
deflection. These values are converted to voltages and sent to the
control surface for feedback.

Results
Analytical Results

Figure 4 shows the aerodynamic sensitivity of the roots of the
open-loopsystemas the velocityis raised to 66.7 ft/s (20.0 m/s). The
plot shows the system eigenvalues at 1.67 ft/s (0.5 m/s) increments
of velocity for the elastic axis location of a = —0.8424. The pitch
mode is unstable; the remaining modes are stable and satisfy the
requirements that they are stabilizable and detectable. Because the
only unstable mode is the pitch mode, LQR theory is used to derive
controller gains for full-state feedback.

Also from Fig. 4, the flutter velocity and frequency are identified
where the pitch mode has zero damping. The predicted flutter veloc-
ity and frequency are found to be 50.83 ft/s (15.25 m/s) and 2.07 Hz,
respectively. All control laws are derived at 63.53 ft/s (19.06 m/s) or
25% above the flutter velocity. The weightingsare chosento normal-
ize the maximum values of the measured variables. It is noted that
a quicker response time is achieved by increasing the weighting for
the plunge mode. A maximum displacement of 0.017 ft (0.005 m)
for the plunge mode is used. Process noise estimates, proportional
to the roots, are created to derive the observer feedback gains. Mea-

surement noise is the square of the smallest possible measurements
of the plunge and pitch motion, defined by the resolution of the
optical encoders used in the experiment. With observation and full-
state feedback, the system should be stabilized well above the flutter
velocity.

Figure 5 shows the predicted plunge and pitch motion given a
—0.0034 ft (—0.001 m) plunge and 0.09-rad pitch initial condition.
The freestream velocity is 51.66 ft/s (15.5 m/s), which is imme-
diately above the flutter velocity. Closed-loop control is initiated
before aerodynamic stall occurs. Suppressionof flutter by controlis
evidentas the motion is stabilized within 2.0 s. Commanded control
surface deflection is also shown. The control surface deflection is
initially zero but responds to meet the required control signal. As
the freestream velocity is raised, the settling time improves because
the control surface has more authority.

A Runge-Kutta integration scheme is used for simulating the
wing motion with the nonlinearities. Predictions for flutter velocity
and frequency are 49.67 ft/s (14.9 m/s) and 2.02 Hz, respectively.
The response of the system at critical flutter velocitiesis affected by
the nonlinear pitch stiffness. The system response does not grow ex-
ponentially when the flutter velocity is reached; rather, LCOs occur.
These LCOs are evident at velocities immediately below the open-
loop flutter velocity and are dependent upon the initial conditions.
Figure 6 shows the predicted LCOs givena 0.033-ft(0.01-m) initial
conditionin plunge,ata freestreamvelocity of 46.75 ft/s (14.25m/s).
The frequency of motion for the systemis 2.70 Hz. Similar predic-
tions occur for various initial conditions in pitch and/or plunge, and
slight changes in velocity and frequency are due to the presence of
Coulomb damping.?
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Experimental Results

Several experiments are performed to measure the flutter veloc-
ity and frequency, as well as the control authority provided by the
control surface. To find the flutter velocity, the freestream velocity
is slowly increased and fixed at intervals. Plunge and pitch motion
for various initial conditionsare examined to identify aeroelastic re-
sponse. At zero wind-tunnel velocity, the plunge natural frequency
is 2.41 Hz and the pitch natural frequency is 1.55 Hz. As expected,
there is a coalescence of frequencies as the wind-tunnel velocity
is increased. For the elastic axis location of a = —0.8424, the fre-
quencies coalesce to 2.10 Hz at the flutter velocity of 51.67 ft/s
(15.5 m/s). These results agree well with the predicted results in
Fig. 4.

The complete unsteady aerodynamicobserverand controllersys-
tem was built and tested, and several experiments for the linear
system were performed to validate the model. Three primary sets
of experiments were conducted and distinguished by the initiation
of the control system. The first experiments (type 1) allowed con-
trol and estimation to begin while the response was growing. The
second experiments (type 2) initiated control and estimation when
the structure was released. The third experiments (type 3) allowed
control and estimation to begin before release or disturbance.

Type 1 experiments were performed near the critical flutter ve-
locity. If the velocity is much higher, the motion grows too rapidly
to initiate control. These results show that as long as the motion
does not exceed aerodynamic stall before starting the control, the
system is always controllable. Measurements of plunge and pitch
responses,as well as control surface motion, are presentedin Fig. 5.

Comparisons between predictions and measurements (Fig. 5) of
the controlledresponseof the linear (constantstiffness) system show
good agreement in frequency of response. Before the activation of
control, the trends associated with growth of motion and ampli-
tude ofresponsesuggestthat structuraldamping—namely, Coulomb
damping—is improperly characterized. Our results indicate a high
sensitivity of Coulomb damping to flowfield conditions and initial
conditions.

Following the actuationof control, predictionsand measurements
show flutter suppression within 2 s. Again, trends associated with
decay of motion and amplitude of response are due to the struc-
tural damping model. The control system is shown to stabilize at
velocities over 100% above the open-loop flutter velocity.

As found through the type 2 experiments, less control surface
motion is required at velocities above the flutter velocity. For these
experiments, the freestream velocity is fixed, an initial condition is
set for the pitch or plunge position, and the controller is started as
the system is released from the initial conditions. Suppression is
achieved for velocities up to 104.67 ft/s (31.4 m/s), but typically
tests are not performed at these higher velocities to avoid exceeding
limitations of the servomotor or structure.

As found through type 3 experiments, the system is extremely
stable when control is started before release of the structure. Except
for initial conditions that lead to aerodynamic stall, the system is
always stabilized. Again, the system is tested up to 104.67 ft/s (31.4
m/s) but exhibits a more rapid settling time than those shown in
the type 2 experiments. When the system is released, the control
surface is already at the ideal position for stabilizing the system.
For brevity, the measurements of type 2 and type 3 experiments are
not presented herein but are described in detail by Block.?

From the experimental data, the linear control model is shown
to be very effective. Before testing this controller on the nonlinear
model, LCO boundaries must be determined. LCOs are due to the
nonlinear pitch stiffness and are encountered at different velocities
depending upon the initial conditions. Two initial conditions are
used for these tests. With a 0.033-ft (0.01-m) plunge input, LCOs
are initially encounteredat approximately47.5 ft/s (14.25m/s) and a
frequency of 2.87 Hz as presented in Fig. 6. With a 0.087-rad pitch
input, LCOs occur at approximately 50.83 ft/s (15.25 m/s) and a
frequency of 2.87 Hz.

Comparisons between the predictionsand measurements of LCO
behavior (Fig. 6) for the nonlinear system show good agreement in
frequency of response and associated trends. As found in the linear
results, differencesin amplitude of response are due to the structural
damping model.
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Fig.7 Measurements of controlled response of LCO behavior for the
nonlinear system at u « = 16.0 m/s are shown. Top and middle views
show plunge and pitch response. Bottom view shows control surface
deflection.

The linear controller performs well as long as the system does not
enter into LCO response before the initiation of control. However,
when the system is experiencing LCO behavior, the single actuator
controllerhas a limited ability to uncouple motion. The result of this
controller action is a stabilized plunge motion and a larger ampli-
tude (and frequency) pitching motion. When the system is in LCO
motion, the coupling appears different to that of the linear flutter
motion. It is observed that during flutter the plunge and pitch mo-
tion are 180 deg out of phase, but during LCOs the two motions are
in phase. To stabilize the nonlinear system, a modified control law
is required to address this phase difference. Herein, LCO controlis
only achieved near the flutter velocity. Figure 7 shows a case of con-
trol for LCO conditions; however, at higher velocities the present
control law will not suppress the instability.
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Conclusions

A nonlinear aeroservoelastic model is derived with an unsteady
aerodynamic model using the Jones approximationto Theodorsen’s
function. This aerodynamicmodelis appropriatefor the low reduced
frequenciesand low subsonicMachnumbers of the experiment. Two
damping models are examined—viscous and Coulomb. In addition,
the structural response of the model support system is tailored for
a linear or nonlinearresponse through a cam system providing pre-
scribed stiffness. The predictions for the open-loop system are in
good agreement with the experiment measurements. Good correla-
tion of predictions and measurements for the nonlinear aeroelastic
modelisalsoachieved.This correlationincludes velocity, frequency,
and amplitude of aeroelastic behavior. Differences between predic-
tions and measurements are attributed to difficulties in modeling
structural damping. Small differences are attributed to the presence
of the servomotor in the flowfield and the inertial loads introduced
by the servomotor that are not accounted for in the model.

With the experience gained from the initial experiments, an im-
proved feedback system is developed. A trailing-edge control sur-
face added to the existing wing structure and a high torque servomo-
tor adapted to drive the surface lead to an aeroelastic control system
capable of stabilizing the structure at velocities over twice the open-
loop flutter velocity. The controller stabilizes the system for linear
or nonlinearresponse. For a system undergoing LCO response, lim-
ited control is achieved by modifying the control law to account for
phase characteristics. The aeroelastic control system developed for
the wind-tunnel experiment performs well for cases in which con-
trol is initiated before LCO response. However, the control system
is limited to the vicinity of open-loop flutter velocities if control is
initiated following the onset of LCO response.
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