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A flutter suppression concept is demonstrated by performing wind-tunnel tests in a low subsonic flow regime. The

wingmodel, with a trailing edge control surface, is constructed to have a bending–torsion flutter. The control surface

is actuatedby aflexure-hinged lead zirconate titanate stackmechanismacting as an aerodynamic effector. Theflutter

experiments are conducted using a digital controller, implemented in dSPACE DS1104, keeping the wing model at

4 deg angle of attack.Thewing response ismeasuredby lead zirconate titanate sensors,which are used to generate the

feedback control to vibrate the control surface in antiphase motion with respect to the main surface to introduce

active aerodynamic control. It is noticed that both bending and torsion modes are stabilized in closed-loop

configurations. The damping trend of the flutter mode shows an expanded flutter envelope that is estimated to be

around 20%. The actuators are operated within 1000 V=mm, though their allowable field strength is 1500 V=mm.

Nomenclature

A0 = equivalent aerodynamic stiffness
A1 = equivalent aerodynamic damping
A2 = equivalent aerodynamic inertia
Bd = disturbance influence matrix
b = semichord, m
D = damping matrix
�D = modal damping matrix
fa = actuator force, N
fd = disturbance force, N
K = stiffness matrix
�K = modal stiffness matrix
�Ka = modal actuator influence matrix
�Ks = modal sensor influence matrix
k = reduced frequency
M = mass matrix
�M = modal mass matrix
�Q = generalized aerodynamic coefficients
fq; _qgT = displacement, velocity; m, m=s
s = Laplace variable
U = air velocity, m=s
ud = disturbance input
x1, x2 = state variables
v = voltage
� = air density, kg=m3, also material density
�a = actuator voltage, V
�s = sensor voltage, V
 = modal matrix
! = frequency, rad=s

Subscript

A = amplifier
a = actuator
c = controller
d = disturbance
s = sensor

I. Introduction

T HIN walled aircraft structures may develop divergent
oscillations under the influence of unsteady aerodynamic

forces, which affect the performance, stability, and safety of an
aircraft. A typical case is the catastrophic-natured flutter that occurs
due to the interaction between aerodynamic, elastic, and inertial
forces. The flutter speed of an aircraft needs to be 1.2 times the diving
speed to have a proper safety margin (FAR 25.629). This poses
stringent constraints on the aerospace structural designers in terms of
meeting the strength and stiffness requirements. Because lightweight
composite materials are now extensively employed in aerospace
structural construction, the structural vibrations induced by the
aerodynamic forces take a long time to get damped out; they may
even couple with the aerodynamic forces to develop dynamic
instabilities.

An active control system (ACS) can be constructed with sensors,
actuators, and a controller to bring down the vibration level of the
elastic modes by changing the deformation shape, modifying the
stiffness, and introducing damping into the vibrating system. Using
ACS, the undesirable effects due to the external disturbances can be
minimized to increase fatigue life and enhance the flutter margin to
ensure the safety of the aircraft structural system. However, ACS
implementation demands a large number of actuators and sensors,
distributed over the entire structural domain. The use of conventional
actuators (hydraulic/electrohydraulic) for structural control applica-
tions has limitations and also poses problems of structural integrity.
In this context, the smart structure concept brings in a novel idea of
integrating the multifunctional active materials into a structural
system to provide built-in actuation, sensing, and control
capabilities.

Piezoelectric materials are popularly employed for such structural
control applications due to their fast electromechanical response,
wider frequency band, etc. In addition, they can also generate a
relatively large force and a reasonable displacement, if fabricated in
an amplifiable device form.An attempt ismade here to develop a new
amplifiable actuating mechanism and subsequently use it for active
flutter control.

Efforts have been made in the last three decades to design active
flutter suppression systems, following classical control concepts
such as the root-locus approach [1–3] and the frequency response
method [4], besides optimal control theory [5]. Techniques such as
Nissim’s aerodynamic energy concept [6] and the method of
fictitious structural modifications [7] have also been applied to solve
the flutter control problem of lifting surfaces. Many investigators
have also used optimal regulator theory for the design of the active
flutter suppression systems [8–12].

In recent years, the dynamically efficient piezoelectric actuators
have been widely used for structural control applications, in
particular, for active vibration and aeroelastic controls. The
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piezoelectric actuators, in segmented form (patches), are employed
in the feedback loopswith an optimal control ideology (LQR), where
a 49% flutter velocity enhancement is reported on a composite wing
[13]. Wind-tunnel tests are conducted on a 2-degree-of-freedom
wing model, surface bonded with lead zirconate titanate (PZT) patch
actuators, to demonstrate the flutter suppression concept using the
feedback control scheme [14]. Another interesting work reported on
supersonic panel flutter control uses self-sensing and actuating
piezoelectric patches, where the actuators and sensors are employed
in a collocated configuration with output feedback control [15].

A review article has recently appeared to further emphasize the use
of smart materials as actuators for aeroelastic and vibration controls
[16]. The application of smart actuators (patches, active fiber
composites, andmultilayered stacks) tofixedwing aircraft and rotary
wing configurations has been further discussed. Solutions through
smart structure concepts to aeroelastic problems such as flutter and
buffeting are critically examined. The store induced wing flutter is
considered as a significant dynamic instability problem especially for
fighter aircraft. One such problem is solved using an active pylon
concept, employing H1 control and piezoelectric actuator [17]. Of
late, modal based state-space equations for aeroservoelastic design
and analysis have been extended to incorporate piezoelectric strain
actuators using the fictitious mass method [18].

The piezoelectric actuators have limitations in terms of induced
strain, brittleness, high voltage requirements, etc. However, they are
better suited for dynamic control applications due to their wide
frequency band and fast responsive nature. It is also possible to use
these actuators in proper device form, i.e., with a mechanical
amplifier, to develop solutions for the real time structural control
problems. The purpose of the research presented in this paper is to
employ an active aerodynamic effector as a flutter suppression
system in the subsonic flow regime. The combination of active
control and smart structures is the basis for developing an active
trailing edge control surface (effector), actuated by a new flexure-
hinged amplifiable actuatormechanism. The effectorwill be actuated
to vibrate in the control bandwidth (covering flutter frequency) such
that the aerodynamics of the control surface work against the
aerodynamics of the main surface to achieve the required active
aerodynamic control. For this purpose, a low-speed composite
generic wing model is designed to have the bending–torsion flutter
instability. Two multilayered stack actuators are used in the
development of the flexure-hinged amplifiable actuating mecha-
nism. The aerodynamic effector (active control surface) is built and
integrated with the flexure-hinged amplifiable actuating mechanism.
However, the feedback sensors (PZT patches) are placed on thewing
surface to facilitate an antiphasemotion of the control surface. Open-
and closed-loop wind-tunnel tests are successfully carried out to
demonstrate the workability of the developed flutter suppression
concept. The electromechanically actuated control surface can be
employed not only in awing forflutter control application, but also in
a vertical fin as an auxiliary rudder for buffet load alleviation [19].

II. Development of a New Amplifiable Actuating
Mechanism

The PZT stack is a multilayered actuator configuration that
deforms along the longitudinal direction with a limited amount of
stroke length (d33 actuationmode)when subjected to an electricfield.
The deformation may be partially or fully constrained to generate a
force, which can be used for active vibration and flutter control
applications. As mentioned earlier, two stack actuators are
considered (PSt/150/5/40 VS10 APC®) to design an amplifiable
actuating mechanism. The actuator data is presented in Table 1.

The stack actuators are positioned symmetrically at an angle such
that they collectively produce a transverse resulting force. The
schematic view of stack actuatingmechanism is shown in Fig. 1. This
mechanism has a rear block that has two symmetric semicylindrical
grooves in the front and two tapped holes at the back. One end of the
piezoelectric actuator is attached to the cylindrical cap, whereas the
other end is joined to an end block. Further, the caps and the grooves
in the rear block are designed to function as a journal bearing. The

entire mechanism can be integrated into the host structure by means
of the tapped holes present in the rear block. The center arms help
maintain the equilibrium position of the piezoelectric actuators by
means of the applied prestress using a bolt. A parabolic groove
(single axisflexure hinge, Fig. 2) is provided in each arm to develop a
compliant mechanism so as to convert an axial motion of the
actuators into an amplified transverse motion. These arms are the
critical members in the entire mechanism because they have to hold
the actuators in place, besides functioning as the flexural hinges.
Among the two piezoelectric actuators, one is made to expand and
the other to contract by applying input voltages with appropriate
polarities. For a given dynamic equilibrium condition, the horizontal
components cancel each other, and the vertical components together
produce the transverse force and the required displacement.
Furthermore, the resultant vertical forcewill produce amoment in the
arm with respect to the flexural hinge.

Table 1 Actuator data (PSt/150/5/40 VS10 APC)

Description Unit Data

Active height mm 46
Layer thickness �m 100
Diameter mm 10
Stiffness N=�m 12
Young’s modulus GPa 24.2
Poisson’s ratio —— 0.31
Piezoelectric constant (d33) m=V 374 � 10�12

Dielectric constant (�33) F=m 1:531 � 10�8

Voltage range V �30 . . . 150
Free deflection �m 55=40
Blocking force N 800=150
Frequency band KHz <20

Fig. 1 Flexure-hinged stack actuating mechanism.

Fig. 2 Parabolic flexure-hinge.
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A flexure-hinge based piezoelectric actuating mechanism is
considered as a viable system for the flutter control application. The
flexure hinges offer interesting benefits, and their merits and
drawbacks are extensively reported [20,21]. A flexure-hinge based
displacement amplifier is expected to produce an amplified
displacement besides retaining a significant amount of force output.
The generation of a large displacement output may develop a high-
tensile stress in the hinge, which is of great concern in the entire
design process. Therefore, the maximum stress should be considered
in terms of the fatigue strength of the material. Steel, aluminum, and
titanium have been used as armmaterial, and a fatigue safety analysis
is performed. Based on the analysis results, steel has been chosen for
making the flexure arm.

A 3-D geometric model of the stack mechanism is designed and
developed using AutoCAD2000, and this is exported to HyperMesh
(Version 6) to build the required finite element model. Using the
general purpose softwareABAQUS® (C3D8 andC3D8E elements),
a static piezoelectric analysis is carried out on the designed
mechanism (refer to Fig. 3a). A friction-free contact is simulated

using the contact analysis capability of ABAQUS. The free
deflection versus the blocking force is estimated for various applied
voltages. Further, the influence of flexure-hinge width on stress,
blocking force, and free deflection of the mechanism is
parametrically evaluated (refer to Fig. 4). The free-vibration analysis
is performed on the stack amplification mechanism with a clamped-
free condition to evaluate the natural frequencies of the assembled
system of which the first elastic mode is the longitudinal vibration
(1407.8 Hz; Fig. 3b). The concern here is to identify the fundamental
mode because the stack mechanism will be operated in that mode.
The dynamic interaction is another issue to be addressed normally
while integrating the subsystems.

The flexure-hinged arms, rear block, end piece, and spacers are
fabricated using a computer numerical control machine with a
tolerance of less than 10 �m. The fabricated components are then
anodized before assembling the mechanism. Using these
components and two stack actuators, the designed mechanism is
realized (see Fig. 5). The weight of the fabricated mechanism is
around 88 g and it is very compact. Further, the functionality test is
conducted on the mechanism by actuating the stacks in opposite
phases. It is observed that themechanismgenerates a transverse force
(�50 N for 750 V=mm) that helps to vibrate the control surface in
the desired way (see Fig. 5).

III. Design, Analysis, and Ground Testing
of the Low-Speed Flutter Model

The aeroelastic research wing model with a trailing edge control
surface is designed, which has a bending–torsion flutter mode (refer
to Fig. 6a). To conduct the flutter study, a continuous and variable
speed open-circuit wind tunnel is chosen [the 1:5 � 1:5 m tunnel at
National Aerospace Laboratories (NAL), Bangalore, India]. Since
the maximum speed of this wind tunnel is 50 m=s, the wing model
design is optimized to have instability around this velocity. The
rectangular wing model is built with a glass fibre reinforced plastic
(GFRP) variable thickness composite core plate (300 � 400 mm) on
which the PZT sensors (Table 2) are bonded. An accelerometer is
mounted at the wing tip to measure its aeroelastic response, both in
open- and closed-loop conditions (refer to Fig. 7). The core plate is
further stiffened with an aluminum spar (200 � 15 � 0:5 mm) from
its root to provide the required elastic constraint for the stack
actuating mechanism.

The control surface has a 298 mm span and a 98 mm
chord (28% wing chord). It is fabricated with a GFRP plate
(ply thickness� 0:25 mm, 8 layers) on which two balsa (4 mm
thick) and three foam ribs (4 mm thick) are integrated. Finally, a
GFRP skin (2 layers) is built to achieve the aerodynamic shape. The
control surface is hinged to the wing core plate as shown in Fig. 7.
The fabricated and tested stack actuating mechanism is subsequently
integrated into the wing core plate and a proper connection is made
with the control surface to set an offset of 3.0 mm from the hinge line
and 2.0mm above the plane of the hinge line. The offset provides the
required stiffness for the control surface rotation. This geometric
arrangement helps separate the control surfacemode from the torsion
mode of the wingmodel. However, the control surfacemode is tuned

Fig. 3 Finite element analysis on the flexure-hinged stack actuating
mechanism.

Fig. 4 Static characteristics of the mechanism for various flexural arm materials (applied field 750 V=mm).
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so that it develops a predominantly torsion effect on themainwing.A
NACA0015 aerofoil is built on themain surface using the segmented
foam with a wall thickness of 4 mm as shown in Fig. 8 (�200 �m
tolerance is achieved on the wing surface).

The results of finite element analysis are compared with
experiments at different stages to observe the change in system
dynamics due to the addition of new components. The material data
in Table 3 is used for the following components: 1) composite core
plate, stack mechanism, and control surface; 2) wing model without
control surface or stack mechanism; and 3) active aeroelastic wing
model.

In the final assembled model, a 50 g lead mass is lumped on the
control surface to bring down its rotational frequency. The frequency
of control surface rotation is tuned so that it does not interferewith the
bending–torsion flutter. Care is taken to keep this frequency close to
the flutter frequency so that the vibration amplitude generated by
electromechanical actuation is reasonable. Another 210 g lead mass
is placed at the trailing edge of thewing surface to reduce the bending
and torsion frequencies. These nonstructural masses are placed at
appropriate locations (Table 4) on the wing model to have the flutter
velocity close to the maximum tunnel velocity. The static analysis is
performed to estimate the deflection of the model due to its self-
weight (maximum of 5.29 mm), and subsequently a coupled
piezoelectric analysis is done using ABAQUS by actuating the stack
mechanism with an electric field of 7:5 � 105 V=m (control surface

a) Fabricated mechanism 

       

b) Control surface (GFRP, 300×100×2mm-plate ) deflection; hinged-
hinged configuration; tip deflection: 487 µµm, applied field 750v/mm  

Fig. 5 Functionality testing of the stack actuating mechanism.

Fig. 6 Low-speed flutter model.

Table 2 Sensor data (PZT-5H SPARKLER®, India)

Description Unit Data

Size mm 15 � 15
Thickness mm 0.5
Young’s modulus GPa 48.0
Poisson’s ratio —— 0.31
Piezoelectric constant (d31) C=m2 13.15
Dielectric constant (�33) F=m 3:01 � 10�8

Density kg=m3 7500

Fig. 7 Active plate with stack actuated control surface (top view).

a) Aerodynamic surface using segmented foam pieces (bottom skin) 

     

b) Fabricated wing model without control surface (top view) 

Fig. 8 Wing model.
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tip displacement of 488 �m). The free-vibration analysis and the
experimental results are presented for the wingmodel in Table 5 (see
also Fig. 9).

A. Open-Loop Flutter Analysis

As the wing model is designed to flutter in the subsonic velocity
profile, the doublet lattice method (DLM) of MSC/NASTRAN® is
used to obtain the flutter characteristics. The flow is assumed to be
inviscid, and the angle of attack is considered small so that the small-
disturbance potential flow approach may be applied to linearize the
flow field. NASTRAN uses the DLM version where quadratic
approximation is performed for integrating the kernel function. The
line of doublets and control points are placed at the one-quarter chord
and the three-quarter chord, respectively, along the centerline of each
discrete element. Further, the lifting load is represented by the steady
part (horseshoe vortex) and the oscillatory part (line of doublets).

The flutter analysis is carried out at different developmental stages
of the wing model such as core plate, plate with control surface, and
finally on the active aeroelastic wing model. The subsonic
aerodynamic forces interact with the dynamics of the GFRP core
plate to develop a bending–torsion flutter at 39:75 m=s. The flight
conditions such as Mach 0.1 and sea level atmosphere
(1:226 Kg=m3) have been considered in the analysis. Further, the
aeroelastic analysis of the active wing model is performed using the
aerodynamic mesh as shown in Fig. 10a. The zones represent the
main surface and the aerodynamic effector, control surface. The final
mesh size is obtained after conducting a convergence study. The
flutter solution is obtained using the PK-method and is presented in
the Fig. 10b and 10c. The analysis has shown that the flutter velocity
is 50:34 m=s, which is very close to the test envelope. Besides it is
observed that the third mode, i.e., control surface rotation, is stable
and does not participate in the wing flutter.

B. Static Aeroelastic Analysis on the Wing Model

The static aeroelastic analysis is performed to estimate the steady
loads acting over the wing model. Using the analysis capabilities of
MSC/NASTRAN, the steady aerodynamic loads are obtained for an
angle of attack of 4 deg of the main surface and 2 deg of the control
surface. The loads are estimated for a velocity of 40 m=s at sea level
conditions (34 N). The force and moment distributions on the
designed wing model are presented in Fig. 11a and 11b. Further, a
detailed stress analysis is performed by considering a safety factor of
1.5. The loads are applied on both the top and bottom surfaces of the
wing model to compute the stresses to ensure its safety during wind-
tunnel testing.

C. Active Vibration Control Studies on the Active Aeroelastic Wing

Model

The main emphasis of the present research is to demonstrate the
flutter speed enhancement scheme using the piezoactuated control
surface. Therefore, the control surface is vibrated to act as an
aerodynamic effector with the help of a stack actuating mechanism.
Hence, the workability of this mechanism is studied experimentally
under a wind-off condition, and its effectiveness in controlling the
bending and torsion vibration is then evaluated [22]. A sine sweep
disturbance (covering the control bandwidth of 8 to 20Hz) is applied
through a shaker to the wing model (shaker location, x� 61:1 mm,
y� 28:8 mm, verticallymounted). The closed-loop experiments are
conducted with the help of a dSPACE DS1104 board, where the
displacement feedback control is implemented. The control signal is
generated using PZT sensors located on the main surface. The PZT
sensor signal (charge) may be directly used in a closed-loop
configuration, which is proportional to the strain developed (due to
deformation). The feedback voltage is obtained by amplifying the
sensor signal with a suitable gain. The experimental implementation
of displacement and velocity feedback using PZT sensors has been
broadly discussed [23].

IV. Open- and Closed-Loop Wind-Tunnel Studies

The open-loop flutter analysis of the fabricated model has been
updated, including the structural damping (measured). A state-space
model is built for this purpose, and the equations are briefly
presented.

Table 3 Material data

Description Unit GFRP Foam

Young’s modulus GPa 20.0 0.07
Poisson’s ratio —— 0.15 0.38
Density kg=m3 1830.0 90.0

Table 4 Nonstructural masses

Component Location �x; y; z�, mm Mass, g

Main surface (240.8, 254.0, 0.0) 53.0
(240.8, 312.0, 0.0) 67.0
(268.1, 366.5, 0.0) 90.0

Control surface (307.4, 163.7, 0.0) 25.0
(307.4, 236.3, 0.0) 25.0

Table 5 Natural frequencies of active aeroelastic wing model

Frequency, Hz

Mode order FEM Experiment Damping (experiment) Remarks

1 9.59 9.52 0.0243 Bending
2 19.73 19.77 0.0166 Torsion
3 28.47 27.32 0.032 Control surface rotation

Fig. 9 The three elastic modes of the active aeroelastic wing model.
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The open-loop flutter solution in the “s” domain is expressed as
follows:

�
� �M�s2 � � �D�s� 1

2
�U2� �Q�k	� � � �K�

�
fqg � 0 (1)

k� !b

U
; s� i!; ik� sb

U

where �M�  TM , �D�  TD , �K �  TK , and �Q�k	 � A0 �
A1�ik	 � A2�ik	2 are the generalized aerodynamic coefficients
obtained from NASTRAN.

The above second-order equationmay bewritten as two first-order
equations in the state variable form with structural damping using a
new state vector fxg � fx1x2gT � fq; _qgT .

A complex eigenvalue problem is then formed and solved for a
range of velocities.

�
_x1
_x2

�
�

0 I

�
�

� �K���1=2	�U2 �A0 �
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�
�

� �D���1=2	�Ub�A1 �
� �M���1=2	�b2 �A2 �

�" #�
x1
x2

�
(2)

The complex roots of Eq. (2) indicate the damping and frequency
behavior of the active wing, using which the flutter velocity and
frequency are estimated. The discrete air load coefficients are
approximated as continuous function for flutter calculation using
rational polynomials in the Laplace domain without considering
aerodynamic lag terms [24]. The approximation coefficients A0, A1,
and A2 are obtained in the matrix form by the least-squares error
technique. With the inclusion of structural damping, the open-loop
flutter analysis shows that the flutter velocity is 52:56 m=s and the
flutter frequency is 16.17 Hz.

The closed-loop system equation can then be built as follows:�
� �M� � 1

2
�b2�A2�

�
_x2 �

�
� �D� � 1

2
�Ub�A1�

�
x2

�
�
� �K� � 1

2
�U2�A0�

�
x1 � fa � fd (3)

where fa �� �Ka 
 �a, fd � Bd 
 ud.
The smart aeroelastic system in its final state variable form is

obtained as

�
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�s � �Ks 0
� �n x1

x2

o
(5)

�a ��G�s (6)

The constant feedback gain G is tuned by disturbing the wing
model with a band limited white noise (located at x� 61:1 mm,
y� 28:8 mm). The gains are presented as field strength in Table 6.

By considering the safety of both the tunnel and the model, the
wind-tunnel experiments have been limited up to a maximum speed
of 40 m=s. The classical flutter procedure estimates the variation of
the frequencies and damping values of the participating modes with
respect to airspeed. The decreasing trend in the damping of an elastic
mode or the modes indicates the nature of the instability of the
vibrating aeroelastic system. The variation in the frequency and
damping of participating modes can be obtained from the measured

a) Aero mesh for DLM based flutter analysis 

b) U-f plot         c) U-g plot 

Fig. 10 Aeromodel and open-loop flutter characteristics of the active aeroelastic wing model.
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structural response. The open-loop flutter experiments are carried out
with a controller-off condition and, for the closed-loop flutter
enhancement tests, the stack mechanism is actuated through a digital
controller using the displacement feedback in the velocity range 10 to
40 m=s. As the tunnel testing is restricted to 40 m=s, and due to the
fact that the estimated open-loop flutter velocity is around
52:56 m=s, a third-order polynomial curve fitting has been adopted
for the available data (10–40 m=s) to extrapolate the critical velocity.

A. Floor Mounted Active Aeroelastic Wing Model

The instrumented active aeroelastic wing model is floor mounted
to avoid the gravity effect (refer to Fig. 12). The details of the
supporting plate (mild steel) and the structural construction (foam &
GFRP) over it are presented in Fig. 6b. This type of fixture
arrangement has ensured a clamped-free boundary effect for thewing

model (cantilever half-wing). The supporting part is also given a
smooth aerodynamic shape with the NACA0015 configuration. The
adopted instrumentation scheme for open- and closed-loop
experiments involves the LMS® based data acquisition system and
the dSPACE DSP based feedback control system (Fig. 13). The
connecting wires of the sensors and actuators are bunched together
and taken through a slot (in the floor) and terminated at the junction
box. To minimize the interference of electrical and tunnel noise,
proper care has also been taken by selecting multicore shielded
cables and covering the PZT sensors with a thin aluminum foil.

B. Open- and Closed-Loop Experiments with a Stack Mechanism

Actuated Control Surface

The aerodynamic effector concept using an active control surface
has been experimentally attempted. The PZT sensor signal (located
on the main wing) is used to implement a proportional feedback
control. The sensor signal (finite impulse response filtered) is first
180 deg phase shifted and then conditioned with the help of stack
amplifier before applying it to the stack actuating mechanism (push–
pull mode). It is very much essential to have a proper phase margin
for the controller while operating it in a turbulent environment.
Therefore, active phase compensation is required for real time
application. The working principle of this actuating mechanism is
presented in Sec. II. As the prime task is to evaluate the functionality
of the proposed flutter control mechanism, only a simple control law
is used. However, a logical adaptive control concept is essential to
implement this mechanism for a real time application. The control
systemdesign has been vastly improved in recent years to account for
model uncertainty, measurement and process noise, etc. Because a
fixed gain controller is tried in the present case, it is possible that the
system will become unstable due to adverse excitation frequencies
outside the control bandwidth (8 to 20 Hz). The closed-loop wind-
tunnel tests are therefore conducted after analyzing the data of the
open-loop tests in the velocity range 10 to 40 m=s. However, for
practical applications, it is necessary to use a variable gain controller
that will adjust its gain in real timewith suitable phase compensation.

The stack actuators can be operated in the range of �200 to
1500 V=mm; however, the closed loop experiments are conducted
by operating them with less than 1000 V=mm using a digital
controller (refer to the Simulink model in Fig. 14). The model is kept
at an angle of attack of 4 deg during the tests. As mentioned earlier,
the entire velocity spectrum (10–40 m=s) has been split into three
regimes, i.e., “safe” (10–22 m=s), “subcritical” (22–32 m=s), and

Fig. 11 Static aeroelastic analysis on the aeroelastic wing model.

a) Front view     b) Side view 
Fig. 12 Low-speed flutter model floor mounted in 1.5 m NAL wind
tunnel.

Aerodynamic Disturbance 
(10 to 40 m/sec) 

Active Aeroelastic 
Wing Model 

SCADAS III 

Accelerometer  
Output

Multi Channel Piezo 
Sensing System (PSS)

PZT sensor output

LMS SOFTWARE 
Throughput acquisition monitor 
Operational modal analysis 

Multi Channel DSP 
dSPACE® DS1104 
Digital Controller 
Gain (Gc)

ADC

Multi-channel
Stack Amplifier  
Gain (GA)

Actuation
Signal

DAC

Actuator
Input

G= Gc GA

Feedback loop 

Fig. 13 Block diagram of active flutter control scheme.

Table 6 Feedback gain (constant gain controller)

Velocity Unit Gain, GA

10–22 m=s V=mm 700
22–32 m=s V=mm 750
32–40 m=s V=mm 800
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“critical” (32–40 m=s), as a precautionary measure to ensure the
tunnel and model safety. The aeroelastic response of the model is
measured through an accelerometer and subsequently collected in
the LMS SCADAS III system. In addition, the PZT sensor response
is also collected.

V. Flutter Speed Enhancement

The processed results for both open- and closed-loop experiments
are depicted in Figs. 15–18. The frequency and damping variation

due to aerodynamic interaction can be clearly seen. Because it is a
classical-type bending–torsion flutter, the torsion mode becomes
unstable due to the interaction of the bendingmode in the presence of
unsteady aerodynamics, and its frequency decreases with increasing
speed. The velocity versus damping (V-g) plot interestingly shows
that the damping of both the torsion and bending modes has been
substantially enhancedwith the help of the flutter control mechanism
(aerodynamic effector). The aerodynamic effector helps modify the
closed-loop flutter by introducing aerodynamic stiffness, aerody-
namic damping, and aerodynamic inertia [Eq. (4)]. It is also evident
from the observed trend that aerodynamic damping plays a crucial
role in stabilizing the flutter mode.

Because of the limitation on the testing velocity (<40 m=s), the
closed-loop flutter characteristics of the research aeroelastic wing
model beyond 40 m=s have been extrapolated using a third-order
polynomial curve fitting approach. This attempt has been made
primarily to show that the flutter instability is shifted from the actual
open-loop case using the smart structure based active control concept
(Figs. 16 and 17). The V-g plot clearly brings out the fact that the
flutter may occur after 52:41 m=s, and the extrapolated damping
trend predicts it at around 64:0 m=s. Nevertheless, this is a logical
conclusion drawn from the evidence of damping trend that has been
observed with the experiments until 40 m=s. In light of these
findings, around 20%flutter speed enhancement is estimatedwith the

     

a) U-f plot         b) U-g plot 

Fig. 15 Open-loop flutter characteristics (experimental and numer-

ical).

Fig. 14 Simulink model for actuating the control surface in a closed loop.

      
a) Root locus plot 

     

b) U-f plot         c) U-g plot 
Fig. 16 Open- and closed-loop flutter characteristics (experimental).
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proposed active flutter control scheme, using the actuators up to their
60% potential (field strength� 800 V=mm). Finally, the observed
bending mode amplitude trend substantiates that the flutter mode
(torsion) will have relatively less interference from the bendingmode
in the closed-loop configuration (see Fig. 18). Based on the
experimental results presented so far, a logical conclusion can be
made that the use of control surface aerodynamics is efficient in
controlling the flutter characteristics of the vibrating aeroelastic
system. However, the study does not claim that the proposed control
law is quite sufficient and that the concept will work in any velocity
regime or frequency band, especially in turbulent atmospheric
conditions (like the transonic region). Nevertheless, the active
aerodynamic control concept is systematically approached and is
experimentally demonstrated to address the complicated problem of
wing flutter control.

VI. Conclusions

The present study has experimentally shown the flutter speed
enhancement on a composite wing model using an active
aerodynamic control concept. The wing model is designed,
constructed, and tested in a 1.5 m low-speed wind tunnel. A trailing
edge control surface is actuated by a flexure-hinged stack
amplification mechanism, which is employed as an aerodynamic
effector. The control bandwidth takes into account the variation of
the two elastic modes that participate in the flutter mechanism. It is
observed that the bending and torsion modes are stabilized in the
closed-loop configurations. Also, it is evident from the damping
trend of these modes that the bending–torsion flutter boundary is
shifted substantially. The closed-loop flutter tests are limited up to
40 m=s because the tunnel is a suction based atmospheric-type
tunnel, where the safety of tunnel blades depends on model safety.
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