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Tail Buffet Alleviation of High-Performance Twin-Tail
Aircraft Using Piezostack Actuators
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The phenomenon of the tail buffet is usually associated with high-angle-of-attack operations of a twin-tail
aircraft. The unsteady pressures that result from the tail buffet, along with the aeroelastic coupling of the vertical
tail structural assembly, cause vibrations of the empennage structural assembly. Such buffet-induced vibrations
can shorten the fatigue life the empennage structure and limit the � ight envelope of the aircraft due to the large
amplitudes of the � n vibrations. Methods of alleviating the tail buffet-induced vibrations, by the use of smart
structure concepts, is presented. Theoretical and experimental investigations were conducted to estimate and
enhancetherequired controlauthority for tailbuffet alleviationusingpiezoceramic-stack-basedactuators.This was
accomplishedby designingan effective piezoelectric ceramic actuator assembly,developing procedures to place the
sensors and actuators optimally on the vertical tail subassembly, designing controllers using acceleration feedback
control concepts, and developing procedures to implement these controllers by using digital signalprocessor-based
systems. The effectiveness of multimode controllers was validated by testing a full-scale laboratory subassembly
under excitation provided by a shaker and wind-tunnel tests on a 1

16 th-scale model with aeroelastically tailored
vertical tail subassembly.

Nomenclature
A; B = correspondingstate-space matrices
Ail = combination of the modal amplitude, sensor

in� uence, and actuator in� uence functions
a1, a2 = actuator and sensor location parameter
E33, d33 = longitudinal short-circuitYoung’s modulus

and longitudinal piezoelectric charge constant
of the piezoceramic element

Fb = blocked force of the stack
f .t/ = buffet load
fk .t/ = excitation force at point k
Nfk = Laplace transform of fk .t/

Gci = controller driving the i th actuator array: transfer
function between the input voltage to the i th
actuator array u i .t/ and voltage from the control
sensor ys.t/

Gpk = open-loop transfer function between performance
sensor and excitation force

Gpui = open-loop transfer function between performance
sensor and input voltage and i th actuator array

Gsk = open-loop transfer function between control sensor
and excitation force
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Gsui = open-loop transfer function between control sensor
and input voltage and i th actuator array

L ; t; = length, thickness, and width of the piezoceramic
w; n element, and number of piezoceramic elements

of the stack, respectively
M; C; K = mass, damping, and stiffness matrices

of the system
u i .t/ = input voltage of actuator array
V = voltage applied across the actuator
yp.t/ = performance sensor response located at point p
Nyp = Laplace transform of yp.t/
ys.t/ = voltage from control sensor
°cil = scalar gain of controller (for the control of the lth

mode with the i th actuator array)
1L = free elongation of the stack
³cil = damping ratio of compensator (for the control

of the lth mode with the i th actuator array)
³i = damping ratio of the i th mode
³il = damping ratio of structure (for the control

of the lth mode with the i th actuator array)
´ = modal space coordinates of controller
»; X; = modal space, state space, con� guration space,
x; Nx and Laplace transform coordinates of the system
!cil = natural frequency of compensator (for control

of the lth mode with the i th actuator array)
!i = natural frequency of the i th mode
!il = natural frequency of structure (for control

of the lth mode with the i th actuator array)
!s , !c = natural frequency of system and controller

Introduction

I N high-performance twin-tail aircraft (HPTTA), tail buffet was
� rst noticed through its destructive effects of induced fatigue

cracks.1 During high-angle-of-attack maneuvers, vortices are gen-
erated at different locationssuch as the wing–fuselage interfaceand
the leading-edgeextensions.The vortices can breakup and create a
separated� ow. The separated � ow is convected,by the geometry of
the wing–fuselage interface, toward the twin vertical tails (Fig. 1).
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Fig. 1 Typical buffet in a twin-tail aircraft.

The unsteady pressures, associated with the separated � ow, excite
the vibration modes of the vertical � n structural assemblies. This,
along with the aeroelastic coupling of the tail structural assembly,
results in vibrations that can shorten the fatigue life of the empen-
nage assembly and limit the � ight envelopeof the aircraft due to the
large amplitude of the � n vibrations.

The set of HPTTA includes the F-14, F-15, F/A-18, and F-22.
Because the characteristic of the separated � ow depends on the
geometry of the wing, the fuselage, and the empennage, different
kinds of tail buffet exist. A typical buffet in a twin-tail aircraft is
shown in Fig. 1. Vibrations of the vertical tails of the F/A-18 are
attributed to broadband excitations, resulting from the bursting of
strong vortices.2 On the other hand, the tail buffet problem of the
F-15 is associated with a separated � ow containing a narrow band
of frequencies that engulfs the tail assembly.3 This narrow band of
frequencies contains the frequency of the � rst torsion mode of the
vertical tails.

Tail Buffet Alleviation
Many different approaches to tail buffet alleviation have been

investigated.Some of the approaches,such as the wing leading-edge
blowing4¡21 or addingfences6¡10 on thewingsor on the fuselage,are
related to � ow control. Other approaches that address the problems
are through passive structural design modi� cations. An example
of this approach is the reinforcement of the � n assembly with a
composite patch,1 both to repair existing defects and to stiffen the
assembly. More recently, active structural control techniques have
beeninvestigated.A combinationof feedbackcontrollersand theuse
of the rudderswere � rst evaluated.21¡23 Currently, techniquesbased
on smart structure concepts, which use active structural actuators,
such as piezoceramicwafers23¡27 and different types of controllers,
are being investigated.

Outline
The objective of this paper is to describe the results of our work

in the area of buffet alleviation,by the use of piezoelectric ceramic
(piezoceramic) stack actuator assemblies, in combination with ac-
celeration feedback control. This is accomplished by, � rst, obtain-
ing a mathematical model for the vertical tail subassembly with-
out control. The subsequent steps are to select the sensors, select
the actuators, and design the actuator assemblies to maximize the
control authority. Once the actuator assembly is designed, further
optimization of the control authority is achieved through an opti-
mal placement of the sensors and actuators. This step is followed
by the design of controllers, by using acceleration feedback con-
trol concepts. At this stage, the closed-loop system consisted of the
structuralassembly to be controlled,bondedactuatorassembliesand
sensors at optimal locations, and controllers that are implemented
through a digital signal processor-basedsystem.

The designed vibration controllers were � rst tested on a full-
scale vertical tail subassembly to validate the multimode control
capabilityin the frequencyrangeof 8–80 Hz. Then, 1

16 th-scalewind-

tunnel models of a selectedHPTTA, with aeroelasticallyscaled em-
pennage,weredesignedand built.The buffetcontrolof thesemodels
was tested, in a wind tunnel, at angles of attack ranging from 0 to
23 deg. The � rst series of wind-tunnel tests were to obtain infor-
mation on buffet loads and to estimate the needed control authority
to reduce the peak buffet-induceddynamic response of the vertical
tail at least by a factor of 5. Information from the � rst series of
tests was used to design the parameters of the piezoceramic stack
actuator assemblies that can reduce the peak dynamic response at
least by a factor of 5. The next series of wind-tunnel tests were
conducted to validate high-authority piezoceramic-stack-based ac-
tuator assemblies and the associated control system in controlling
buffet-inducedvibration.

Models for Controller Designs
Dependingon the procedureused for the designof thecontrollers,

the plant model (the structural dynamic model) of a given structure
can be one of the following: a � nite element model in the con� gu-
ration space,

M Rx C C Px C K x D f (1)

a � nite element model in the modal space,

R» C diag.2³i wi / P» C diag
¡
w2

i

¢
» D F (2)

a � nite element model in the state space,

PX D AX C Bu (3)

or a transfer function matrix model,

Nx D [TF] Nf D .s2 M C sC C K /¡1 Nf (4)

These models were obtained as follows.
A full-scale laboratory vertical tail subassembly of the selected

HPTTA was available in the School of Aerospace Engineering at
Georgia Instituteof Technology.This vertical tail subassemblycon-
sisted of one vertical tail, one horizontal tail, and a part of the aft-
fuselage. The subassembly was mounted on a specially designed
framework and supports. These supports were designed such that
the dominant natural frequencies and mode shapes of the labora-
tory subassembly (see Figs. 2 and 3) were nearly the same as those
obtained during the full-scale aircraft tests.

A detailed experimentalmodal analysis of the laboratoryvertical
tail subassemblywas performed.During this test, a 111.2-N(25-lbf)
shakerwas attachedto the outboardtrailingedgeof the tip of the ver-
tical tail, and 41 sensor locations were selected for the vertical tail.
In addition, nine locations were also selected on the horizontal tail.

Fig. 2 Laboratory vertical tail subassembly.
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Fig. 3 Mode shape of the � rst bending mode of the laboratory vertical
tail subassembly.

From this experiment, a new model for the vertical tail subassem-
bly was obtained in the form of a transfer function matrix yielding
the natural frequencies, the mode shapes, and the damping ratios
of the system. The � rst 14 modes of the structure were obtained,
and a 14 £ 41 mode shape matrix was computed. With the use of
the mass data from an available NASTRAN � nite element model of
the selected HPTTA and the reduction to the 41 experimental nodal
coordinates, stiffness and damping matrices were identi� ed. As a
result,we obtainedthree typesof models, similar to Eqs. (1), (2), and
(4), from the experimental data and the available NASTRAN � nite
element mass matrix and identi� cation techniques. These models
are used in the design of the active vibration controller.

Actuator and Actuator-Assembly Choice:
Piezostack Actuators

In the control of buffet-inducedvibrations, by using smart struc-
tures concepts, the primary concern is the control authority that
can be generated by the actuator. To obtain a maximum control au-
thority, the resultant forces that the actuator develops should be as
large as possible. The control authority of piezoelectric transducer
(PZT) wafer actuators,unless used in large quantities, is usually not
suf� cient.23¡26 In addition, in an environment of large-amplitude
vibrations,PZT wafers could fracturedue to their brittleness.Piezo-
ceramic stack actuators,however, can increase the control authority
througha more ef� cient use of the piezoceramicmaterial properties.
This increase is obtained by the use of the longitudinal d33 coef� -
cient insteadof the transversed31 and d32 coef� cientsgenerallyused
with wafers. The increased stack forces result from the addition of
the effective piezoelectric reactions by using the accumulation of
reaction from each PZT in series and the design of the actuator sub-
assembly, as shown in Fig. 4. The free elongation 1L and blocked
force Fb are

1L D nd33V (5)

Fb D nd33VE33hw=L (6)

The main challenge, associated with the use of the piezoceramic
stack, is that the stack produces only longitudinalmotion or forces.
An assembly must be designedto transformthe longitudinalmotion
of the stack into moments that will produce the control actuation.
Such a transformationcan be achieved by placing the piezoceramic
stack parallel to the controlledstructureat a distance from its neutral
axis and at a selected orientation to create local moments on the
structure.

The added requirement that the active element, the piezoceramic
stack, must be removable while the mount is attached to the struc-
ture results in a design shown in Fig. 4. The design consists of a
piezoelectric ceramic stack clamped between two blocks that are
attached to the host structure. In this design, the need, for rounded
point contact between the stack and the mounts, is due to the low
strength of the piezoceramic stack in bending. A bolt is used both

Fig. 4 Actuator assembly.

Fig. 5 Principles of curvature modal survey.

to facilitate the removal of the piezostack and to precompress the
active element mechanically.

Sensor and Actuator Placement: Curvature
Modal Survey Approach

The second major task, in optimizing the control authority, is the
placement of the sensors and actuator arrays. An actuator array is
a series of actuators that will be driven by the same control signal.
Depending on the types of mode to be controlled,single or multiple
actuator arrays may be needed. Locations of accelerometer sensors
should be chosen so that all modes in the control range are sensed.
These modes include both controlled and uncontrolledmodes. Fur-
thermore, the sensor is placed such that its signal-to-noise ratio is
maximum. To obtain the sensor location, the results of a classical
(displacement)modal surveyof the systemto be controlledare used.
Then, the modes are weighted and superposed to account for their
importance. The location with maximum added modal response is
then chosen as the sensor location.

The initial choices for the placement of the actuator arrays re-
sult directly from the types of modes to be controlled and the dis-
placement modal survey. The actuator locations are optimized by
performing a local curvature modal survey. The principles of this
survey are based on the reciprocity theory as shown in Fig. 5. The
optimization is performed such that local moment acting on the
structure resulting from the piezostack actuator assembly produces
maximum transverse motion at the sensor location. Using the reci-
procity theory, the curvaturemodal survey is performed by exciting
transversally the structure at the sensor location and measuring the
response from a polyvinyldene � uoride (PVDF) sensor around the
candidate actuator locations. The PVDF sensor is a piezoelectric
polymer-based sensor that can be used measure the curvatures.28

This survey is performed in all three directions so that the actuator
locations are optimized for all modes that were selected for active
control.

Controller Design: Acceleration Feedback
Control Compensators

The objective is to design controllers that can reduce the ampli-
tude of vibration in a selected frequency range (8–80 Hz for the
selected HPTTA). One way of achieving this objective is to provide
an additional amount of selected amount of damping in the closed
loop by using active control techniques.

Previousinvestigations,in the � eldof buffetalleviation,haveused
different types of controllers such as neural predictive controller,
linear quadratic Gaussian (LQG), proportional integral derivative
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(PID), frequency-domaincompensation, and direct feedback. Each
controller has some advantages and some drawbacks. In this work,
the selected controller is the acceleration feedback controller with
actuators placed at optimal locations. Reasons for selecting the ac-
celeration feedback control are as follows. The acceleration feed-
back controllerhasa relativedegreeof two betweenthe denominator
and the numeratorof the controllertransfer function.Thus, the mag-
nitude of the transfer function decreases rapidly as the frequency
increases. Then, the rolloff, at high frequencies, is 40 dB/decade.
The phase at these frequencies is 0 or 180 deg. The fast rolloff
avoids any interaction with unmodeled higher-order modes in the
plant model. The phase angle is bene� cial for designing the system
with noncollocated sensors and actuators. The acceleration feed-
back controllersalso result in second-ordercontrollers that are easy
to implement digitally.

To control the � exible structures, system equations are usually
rewritten in a state-space domain. However, these transformations
to state-spacedomain often lose insight into the physicsof the prob-
lem from thepointof viewof a structuraldynamicist.Since the work
of Goh and Caughey29 and the introductionof the positive position
feedback (PPF) controller, which was later experimentally applied
to structures using piezoceramic actuators, the second-order com-
pensators enable designers to keep the system equations of motion
in their second-order form. However, this control scheme is not
unconditionallystable. A second-ordercompensator using acceler-
ation feedbackwas later developed.30¡31 The main advantageof this
control scheme was its unconditionalstability for single-degree-of-
freedomsystemswith collocatedpairsof sensorsand actuators.Goh
and Yan32 developeda method for assigning the damping ratios and
scalar gains of the compensators using pairs of collocated sensors
and actuators.

Bayon de Noyer and Hanagud33 have shown that the accelera-
tion feedbackcontrolcan also be applied to noncollocatedactuators
and sensors. The application for buffet-induced vibration control
requires noncollocatedsensors and actuators. Two methods34 have
been developed to obtain the parameters of the compensators for
both single-mode and multimode control using a single actuator or
a single actuator array and a noncollocatedsensor. One of the meth-
ods is based on a crossover point design, and the second method is
based on the H2 optimization of the closed-loop transfer function.
Bayon de Noyer and Hanagud33 have also shown that a multimode
controller design, for a coupled controlled dynamic system, can be
reducedin the modal spaceintoa subsetof single-degree-offreedom
uncoupled acceleration feedback controlled modes and a subset of
uncontrolledand uncoupled structuralvibration modes. As a result,
each compensator can be designed independentlyusing a selective
singele-degree-of-freedom design.

Controller Design
Principles of the acceleration feedback controller (AFC) and the

role of the offset piezoceramic actuator assembly (OPSA) in AFC
can be explainedby consideringa one-degree-of-freedomstructural
dynamic system:

R» C 2³s !s
P» C !2

s » D a1° !2
c Ŕ C f (7a)

Ŕ C 2³c!c Ṕ C !2
c ´ D a2

R» (7b)

The left-hand side of Eq. (7a) is the structural system, with » as
the displacement.The buffet load is representedby f .t ). Similarly,
the left-hand side of Eq. (7b) is the controller, and the controller
system is an electronic system and resides in the computer and
the digital signal processing system. The solution ´(t ) is obtained,
corresponding to the sensor input R».t/ and the sensor location pa-
rameter a2 . This solution determines the control force, which is the
� rst term on the right-hand side of the Eq. (7a). (Other quantities in
this term are the actuator location parameter a1 and the controller
gain ° .) This control force, however, is implementedby the actuator
OPSA. The design of OPSA, including the selected piezoceramic
stack characteristics, the offset, and the maximum voltage, limits
the maximum control force and, hence, the control authority that is
achievable.Becauseaccurateproceduresfor the quantitativeestima-
tion of the buffet loads are not available, OPSA design parameters

were estimated by conductingpreliminary closed-loopwind-tunnel
tests with PZT wafer actuators.

For buffet alleviation of the HPTTA, a different controller is
designed for each actuator array. Furthermore, each controller is
designed by implementing in parallel single-degree-of-freedom
compensators that will control each mode individually.The single-
degree-of-freedomcompensators can be designed following either
the crossover point approach or the H2 optimization of the closed-
loop transfer function approach. Regardless of the choice of the
approach, a single design parameter has to be set. For our purposes,
the damping of each compensator is set to a number ® times the
open-loop value of the damping ratio of the mode it will suppress.
Each ® is chosen such that maximum ef� ciency of the controller is
obtained without exceeding the maximum voltage allowable for the
actuators. For the crossover point design, to the control of the lth
mode with the i th actuator array, the compensator parameter design
equations are33

!cil D !il (8a)

³cil D ®il³il (8b)

°cil D .³cil ¡ ³il /
2
¯

Ail (8c)

The H2 optimizationof the closed-looptransfer function to the con-
trol of the lth mode with the i th actuator array yields the following
equations to design34:

!cil D !il (9a)

³cil D ®il³il (9b)

°cil D 4
¡
³ 2

cil

¯
Ail

¢
(9c)

Note that the H2 optimizationof the closed-looptransfer function is
not the standard LQG controller because the control effort weight-
ing matrix is singular. This design, for the acceleration feedback
controller, results from the minimization of the H2 norm of the
closed-loop impulse response, which is also the minimization of
the closed-loop covariance of the displacement in the presence of
unit white noise disturbance (M. Bayon de Noyer and S. Hanagud,
“Closed-Loop Displacement Response Minimization Design for
Acceleration Feedback Control,” to be published). The optimum
controllers were designed in the frequency domain and state-space
domain. Both approachesyield the same design parameters (Bayon
de Noyer and Hanagud, to be published).

Stability Assessment
The controllerdrivingthe i th actuatorarrayis givenby the transfer

function between the input voltage to that actuator array u i .t/ and
the voltage from the control sensor ys .t/ (Ref. 33):

G ci D
Nui

Nys
. j!/ D

X

l

¡°cil!
2
cil

¡!2 C 2³cil !cil j! C !2
cil

(10)

In this paper, all control schemes are single-input/multi-output
(SIMO) controllers. It is assumed that there are two types of sen-
sors. The � rst type is the control sensor that is located such that all
modes of interest are observed. The second type of sensor is the
performance sensor. This sensor is located in a position where the
reduction in vibration is measured. The location is selected such
that a reductionof vibration amplitudesat this location is a measure
of the global reduction of vibration amplitude. First, a performance
sensor response yp.t/ located at point p and an excitation force
fk .t/ driving the system at point k is considered. For a SIMO con-
trol scheme, the closed-loop transfer function between yp and fk is
given by

Nyp

Nfk

­­­­
cl

D
G pk C

P
i
G ci .G pui G sk ¡ Gsui G pk/

1 ¡
P

i
Gci Gsui

(11)

A suf� cient condition for the stability of the closed-loop system
is that the poles of the closed-loop transfer function between yp

and fk have negative real parts for any performance sensor and
disturbance locations in the system. The poles of the closed-loop
transfer function are the roots of the denominator of Eq. (11):
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Fig. 6 Comparison of experimental open- and closed-loop transfer functions.

den

³
Nyp

Nfk

­­­­
cl

´
D den

µ
G pk C

X

i

Gci .G pui G sk ¡ Gsui G pk/

¶

£ num

³
1 ¡

X

i

Gci Gsui

´
(12)

It can be shown that the � rst term of the left-hand side of Eq. (12)
does not depend on the performance sensor location. Hence, the
equation can be simpli� ed by collocatingthe performance and con-
trol sensors. The characteristic equation is then given by

0 D den.Gsk/ £ num

³
1 ¡

X

i

Gci G sui

´
(13)

Equation (13) is also independent on the disturbance excitation lo-
cation, so that we � nally obtain, using the kth actuator array for
disturbance,

0 D den.G suk/ £
» Y

i

den.Gci Gsui/

¡
X

i

µ
num.G ci G sui /

Y

j 6D i

den.G cj G su j /

¶¼
(14)

The closed-loop stability is assessed by computing the roots of
Eq. (14), before implementing the controllers.

Validation on Laboratory Vertical Tail Subassembly
The usefulness of the combinationof acceleration feedback con-

trol and piezostack actuator assembly for multimode control was
validated by controlling the vibrations of the full-scale vertical tail
subassembly of the HPTTA shown in Fig. 2. For this experiment,
the sensorwas locatedon the inboardtrailing-edgetip of the vertical
tail so that it had a maximum sensingof bendingand torsion modes.
The piezostackactuator assembly was mounted on the inboard side
of the tail, at two-thirds, of its span, on the leading-edge side of the
elastic axis.

The design of the vertical tail vibration controller using an AFC
scheme was set up such that it would increase the damping of three
modes, that is, all signi� cant modes between 20 and 80 Hz, using
a single actuator array. The three modes that were chosen were the
� rst torsion mode, a plate mode with a diagonal node line, and the
second bending mode of the vertical tail. Each of the compensators
is designed independently. The type of single-degree-of-freedom
AFC chosen was the crossover design for all three modes.

Fig. 7 HPTTA 1
16 th-scale model mounted in the wind tunnel.

The compensator parameters are computed with an initial choice
of compensatordampingratio of about10 times the modal-damping
coef� cient of the associated mode of the open-loop structure. The
results,shown in Fig. 6, demonstratethe abilityof accelerationfeed-
back control to reduce the vibration amplitude of multiple modes
using a single array of piezostack actuator assemblies.

Wind-Tunnel Tests to Design Actuator Parameters
A 1

16 th-scale wind-tunnel model, shown in Fig. 7, was designed
and built.This model consistedof a rigid fuselageand wings with an
aeroelasticallyscaled empennage. To determine the needed control
authorityand to obtain informationto designOPSA parameters, two
arrays of piezoceramic wafers were bonded on both of the scaled
vertical tails. For each tail, the � rst array was located at its root to
control the bending modes. This array was made of two pairs of
piezoceramic wafers in a bender con� guration. The second array
was optimized to control the torsion modes and was located above
the � rst array.An accelerometerwas mountedon the inboardtrailing
edge of the tip of each vertical tail. The con� guration of the wind-
tunnel model is shown in Fig. 8.

Wind tunnel tests were performed at the Georgia Tech Research
Institute Model Test Facility (GTRI-MTF). The GTRI-MTF wind
tunnel is a closed-return, atmospheric, low-speed wind tunnel that
has a rectangular test section 76.30 cm (30 in.) high and 109.22 cm
(43 in.) wide with a usable length of 228.60cm (90 in.). This facility
is capableof empty tunnel speeds up to 60.96 m/s (200 ft/s) and cor-
rected maximum dynamic pressures of 2.394 kPa (50 psf). During
the tests, wall correctionswere not consideredfor the followingrea-
sons. The vortices, which are responsible for the buffet, are formed
near the junctionof the fuselage,the engine inlets, and wing leading
edges. Furthermore, the tail subassembly, where the measurement
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of buffet loads are obtained,is near the centerof the tunnelcrosssec-
tion. Because blockage correction factors for separated � ow were
not available, the freestreamdynamic pressure was corrected by us-
ing approximate correctionfactors that were obtained from � ows at
low angles of attack.

To determine the modes that should be controlled on the 1
16

th-
scale model, a wind-tunnel experiment was designed. This experi-
ment was performed with the wind-tunnel dynamic pressure set at
q D 335.16 Pa (7 psf), and the scale model was mounted at an angle
of attack ® D 22 deg. The results of this experiment demonstrated
that modes with frequenciesbetween 25 and 90 Hz were dominant,
as shown in Fig. 9. These correspondto the � rst torsionmode, a plate
mode with a diagonal node line, and the second bending mode.

It was decided to control only the left vertical tail. The � rst and
fourthmodeswere controlledusingtheactuatorarrayat the root.The
second and third modes were controlledusing the upper wafer pair.

First, the transfer function between the lower array and the ac-
celerometer mounted on the inboard trailing-edgetip of the vertical
tail was determined.Then, a controllerwas designedwith two com-
pensatorsin parallel.Each compensatorfollowed the theory of AFC
with a crossover-point-baseddesigned.21 Once this controller was
designed,it was validatedwith zeroairspeed.Then, a secondtransfer
function was obtained by vibrating the vertical tail using the upper
actuator pair while controlling the � rst and fourth modes with the
lower wafers. This transfer function was taken between the upper

Fig. 8 Instrumented vertical tails mounted on the scale model.

Fig. 9 Autopower spectrums of the left vertical tail (channel 1) and right vertical tail (channel 2) at q = 335.16 Pa (7 psf) and ® = 22 deg.

piezoceramic actuators and the accelerometer sensor. Also using
AFC with crossover conditions, a controller was designed to damp
the vibrationsof the second and third modes. Then, both controllers
were implemented simultaneouslywith zero airspeed.

The result of the wind-tunnel tests for a dynamic pressure of
q D 335.16 Pa (7 psf) is shown in Fig. 10. For this experiment, the
model was mounted at a 22-deg angle of attack. All four controlled
modes were reduced only by a factor close to 2 and not 5. Even
for this factor of 2 and q D 335.16 Pa (7 psf), maximum voltage at
the input of the piezodriver was attained, more than once, during
the experiment. This information was used to scale the parameters
and design the piezoceramic stack-based actuator assemblies that
can reduce the vibration magnitude at least by a factor of 5 and
q D 430.92Pa (9 psf) to simulateapproximatelythe � ight conditions
of the buffet in the selected HPTTA.

Tests for Active Tail Buffet Alleviation
Experiments reported by Triplett35 and Komerath et al.3 showed

that there exists a characteristicfrequencyassociatedwith the maxi-
mum buffet load and that its associated reduced frequencyis almost
the same for all experiments.Hence, the models selected for the tail
buffet alleviationtests were scaled such that the reducedfrequencies
are conserved.To operate in the middle of the optimal range for the
GTRI-MTF wind tunnel, the scale model of the empennage had the
natural frequencies 2.25 time larger than the natural frequencies of
the full-scale tail subassembly. This model would then operate at a
freestream dvnamic pressure of 430.92 Pa (9 psf) to conserve the
reduced frequencies of the � ow and structure. This dynamic pres-
sure was equivalent to a freestream velocity of 26.9 m/s (88.25 ft/s)
and very approximately simulated the � ight buffet conditions.

Buffet load and dynamic responsemeasurementswere taken.The
results of this experimentshowed that the frequencyassociatedwith
the maximum buffet load evolves linearly with freestream velocity,
which con� rmed that the reduced frequency associated with the
maximum buffet load remains constant. Then, a � ow visualization
experiment involving tufts attached to the model was performed.
This test showed that (seen from the rear) a clockwise vortex im-
mersed the left vertical tail with its core outboard of it. To maintain
the vortex cohesionand a minimum � ow disturbancedue to the sen-
sor, the optimum location for the sensor was on the trailing-edgetip
of the vertical tail. The placement was veri� ed experimentally. All
modes in the control range were observable.

The next phase was to determine the angle of attack for the worst
buffet-inducedloadson theverticaltail.The dynamicresponseof the
vertical tail was measured insteadof the pressure.A surveywas con-
ducted for angles of attack ranging from 0 to 23 deg, which showed
that the angle of attack that displays the maximum tip response
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Fig. 10 Comparison of open-loop and closed-loop autopower spectrum of the acceleration of the tip of the vertical tail.

Fig. 11 Envelope of root mean square of the trailing-edge tip acceleration vs angle of attack and freestream dynamic pressure.

was approximately 20 deg. This critical angle of attack provides
the worst condition on the basis of the geometric conditions be-
tween the vortices and the � n. The speed, however, determines the
magnitudesof the excitationof the � n modes.To determinethis con-
dition, a second survey was conductedfor different angles of attack
and freestream dynamic pressures in the neighborhoodof 20 deg to
obtain the buffet dynamic response envelope shown in Fig. 11.

At this point, the left vertical tail was instrumented with two
pairs of piezoceramic-stack-based actuators. The � rst pair of actua-
tors was located to obtain large bendingactuationauthorityand was
bonded at the root of the vertical tail along its midchord line. The
second pair of piezoceramic stack actuators was placed for torsion
control and was bonded at 35 deg with respect to the midchord line
above the � rst pair. This con� guration is shown in Fig. 12. To re-
� ne the plant model, experimental transfer functions were obtained
between the input voltage to each actuator array and the sensor re-
sponse voltage. Then, when system identi� cation techniques were
used, transfer functions were extracted. To experimentally assess
the authority of the actuator arrays, the autopower spectrum of the

Fig. 12 Active buffet alleviation experiment vertical tails with piezo-
stack actuators.
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Fig. 13 Comparison between open- and closed-loop autopower spectrum of trailing-edge tip acceleration at ® = 20 deg and q1 = 430.92 Pa (9 psf).

dynamic response of the sensor, excited by the buffet vortices, was
compared with the autopower spectra of the actuator arrays. Power
spectra were obtained, from the experimental transfer functions of
the plant, for a � at maximum input voltage. This operation showed
that enough actuator authority was attained.

Once the plantmodelhad beendevelopedand the actuatorauthor-
ity checked, the AFC controller parameters were obtained. Results
of the earlier tests indicated that the crossover point design did not
always result in a single closed-loop frequency for multimode con-
trol. In addition, the crossoverpoint design was not always as robust
as the controllerwith H2 optimization.Thus, the type of AFC design
selected was the H2 optimization of the closed-loop transfer func-
tion (Ref. 34 and Bayon de Noyer and Hanagud, to be published).
Two different controllers were designed, one for the bending array
and one for the torsion array. A single-degree-of-freedom compen-
sator was designed for each mode using the parameters extracted
earlier.To avoid clippingof the control signals, the damping of each
compensatorwas limited to be seven times larger than the damping
of the associated mode. Once the controllers were designed, their
stability and effects on other modes were checked using root lo-
cus plots. Root locus plots did not show any instability, and each
controller did not affect the parameters of the other controller.This
con� rmed our hypothesis to use a combinationof single-degree-of-
freedomdesign of controllersand to implement both the controllers
simultaneously.

The controllers were implemented by using a digital signal pro-
cessor (DSP) DS1003 that was manufacturedby dSPACE Corpora-
tion. The needed programming for the control experimentwas done
using commercially available software MATLAB®, MATLAB ex-
tension Simulink, and Trace. The program � le was then converted
to the machine language of the DSP and downloaded to the DSP
system. Once the system started, the controllerswere active.

To validate the controllers, three different experiments were per-
formed. First, a control experiment was run at the predetermined
operating condition of 20-deg angle of attack and 430.92 Pa (9 psf)
of freestream dynamic pressure. The autopower spectra of the un-
controlled and controlled trailing-edge tip acceleration are shown
in Fig. 13. As seen in Fig. 13, the magnitudeof the autopower spec-
trum, at each of the controlled frequencies, is reduced by a factor
of at least 5. Furthermore, in the case of the � rst bending mode
and second torsion mode, the responses are suppressed to a level
equivalent to the one that would be obtained in the absence of these
modes. At frequenciesthat are signi� cantly away from the frequen-
cies corresponding to the maximum dynamic loads, the attenuation

is small but the absolute magnitudes of the response are very small.
This is because the design of the AFC was targeted to reduce the
maximum loads at the selected frequencies.

Once thecontrollerhadbeenvalidatedat its operatingpoint (angle
of attack of 20 deg), its effectiveness is checked at different condi-
tions in the second set of experiments. For the second experiment,
the operating freestreamdynamic pressureof 430.92 Pa (9 psf) was
kept. However, the angle of attack was varied from 0 to 23 deg.
This control experiment showed that the root mean square of the
trailing-edge tip acceleration was reduced by up to 30% below 15
deg and by about 20% at 20 deg. This experiment also showed that
the controllerswere effectiveon the whole rangeof angles of attack.

Finally, in the third set of experiments, four different angles of
attackwere selected;14, 17, 20, and 23 deg were chosen to cover the
different regimes of buffet that the scaled model can encounter. For
each angle of attack, the freestream dynamic pressure was varied
from239.40 to 622.44Pa (5 to 13 psf). As before, the results showed
that as the disturbance increases the effectiveness of the controller
decreases. However, even at a freestream velocity 25% higher than
the operating freestream velocity, the minimum rms reduction was
still 17%. These results prove that the controllers were stable and
effective over the full buffet domain, which means angles of attack
ranging from 14 to 23 deg and freestream velocity ranging from
¡25 to C25%.

Conclusions
In this paper, we have clearly shown that the tail buffet-induced

vibrations can be controlled using smart structure concepts. The
theoretical and experimental investigations have shown that it is
possible to obtain the required control authority for tail buffet alle-
viation by using piezoceramic-stack-based actuators. This was ac-
complished 1) by designing an effective actuator assembly, 2) by
developing procedures to place optimally the sensors and actuators
on the vertical tail subassembly, 3) by designing controllers using
acceleration feedback control concepts, and 4) by developing pro-
cedures to implement these controllers using DSP-based systems
and specially written algorithms. The effectiveness of multimode
controllerswas validated by 1) testing the full-scale laboratory sub-
assembly under excitation provided by a shaker and 2) wind-tunnel
tests on a 1

16
th-scale model with aeroelasticallytailored vertical tail

subassembly.
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