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Introduction

T HE F/A-18, known in Canada as the CF-188, is often sub-
jected to high-intensitybuffet loads that produce accelerations

in excess of 450 g at the tip of the vertical � n during maneuvers at
high angles of attack. Previous investigations were able to demon-
strate that the � rst and the second natural modes of the vertical
� n at approximately 17 Hz (bending) and 43 Hz (coupled bending
torsion), respectively, contribute most signi� cantly to the buffeting
phenomenon.1¡4 The resulting loads substantially contribute to the
fatigue of the tail structure, increasing the maintenance costs of the
� ghter.

The overall approach is to develop an active control system that
includes strain actuationusing piezoelectricelements.However, the
ability of the piezoelectric actuators to achieve control authority
under the large aerodynamic buffet loads in a full-scaled aircraft
needs to be demonstrated. The closed-loop tests of the proposed
active control system were carried out in the International Follow-
on Structural Test Project rig in Melbourne, Australia, in the period
between 12 January and 13 February 1998. These tests represented
an important milestone in the development of adaptive structures
systems with application to aeroelasticproblems because they were
the � rst tests performedon a full-scaleairframe to achievebuffeting
alleviation. The present work reports the control design strategy
and the results obtained in the closed-loop tests. The hardware was
con� gured to accept a multi-input/multi-output (MIMO) feedback
control system with up to two inputs (consistingof a choice among
several straingaugesand accelerometersdistributedover the surface
of the vertical � n to measure the performance of the system) and
two outputs that drive two groupsof piezoelectricactuatorsattached
to both sides of the structure skin.

Some earlier studies incorporating active control techniques to
suppress aerodynamic buffeting focused on the classical aeroser-
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Fig. 1 Output feedback active control
system (disturbance rejection).

voelastic approach, where the rudder was the actuation device.5

Adaptive structures provide an attractive solution to the problem.6;7

Besides having higher frequency bandwidths, piezoelectric actua-
tors allow for the developmentof sensor and actuator arrangements
that are able to performapproximatelyindependentmodal state con-
trol, greatly improving the realizationof a more ef� cient and robust
closed-loop aeroelastic system.

Control Synthesis
Figure 1 shows the schematics of the closed-loop, output feed-

back control system analyzed. The buffeting pressure acting on the
� n was treatedas a disturbance,w.s/, of stochasticnature.The other
input vector u.s/ is due to the action of the two actuator groups,
which were patched to the structure to reproduce as closely as pos-
sible the strain distributionassociated with each one of the � rst two
aeroelastic modes. Hence, each group had more control authority
over one speci� c mode of the structure. Two vectors, z.s/ and y.s/
de� ned the system output: z.s/ is the signal produced by the sensor
monitored for performance (normally the strain gauge located at
the critical point for fatigue at the � n root), and y.s/ is the signal
originatingfrom the two sensorsused for the feedbackcontrol.Here
v.s/ is the transducernoise, G(s) is the feedforward (plant) transfer
function, and H(s) is the feedback (controller) transfer function.

The frequency-domain transfer function representation of the
MIMO system presented in Fig. 1 is

»
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For the open-loop case, Eq. (1) gives

z.s/ D G22.s/w.s/ (2)

Referring to Fig. 1,

u.s/ D H .s/yv.s/ (3)

Substitution of Eq. (3) into the � rst row of Eq. (1) yields the con-
troller input signal yv.s/:

yv.s/ D [I ¡ G11.s/H .s/]¡1G12.s/w.s/ (4)

By the use of Eq. (3) again,

u.s/ D H .s/[I ¡ G11.s/H .s/]¡1G12.s/w.s/ (5)

Finally, when the second row of Eq. (1) is used, it follows that

z.s/ D
©

G21.s/H .s/[I ¡ G11.s/H .s/]¡1G12.s/ C G22.s/
ª
w.s/

(6)
that gives for the control signal

u.s/ D H .s/[I ¡ G11.s/H .s/]¡1G12.s/w.s/ (7)

In the present work, the buffet conditionspresented in Table 1 were
represented.

System Identi� cation
During the open-loop tests in September 1997, the standard tech-

nique of measuring system transfer functions by energizing each
drive system (shaker and actuator groups) independently and mea-
suring the sensor responseprovidedunexpected results. These were
ascribed to the internal damping of the large electrodynamicshaker
changing the stiffness of the � n when not energized (a node was
arti� cially forced at the shaker attachment point). Unfortunately,
the magnitude of this damping was large compared to the singular
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Table 1 Buffet conditions

Angle of Dynamic pressure,
FC attack, deg 103 Pa

FCI 12–16 10.8–14.4
FC3 20–24 10.8–14.4
FC5a 28–32 14.4–16.8
FC6b 28–32 14.4–16.8

aMaximum power to shaker: 50%.
bMaximum power to shaker: 100%.

effect of each actuator string thereby effectively masking the true
transfer function. A solution to this problem was found by feeding
all three input variables (actuator groups G1 and G2 and the buffet
disturbance)using three simultaneousand independentrandompro-
cesses. However, this procedure slowed down the convergence of
the transfer functions due to the increasing importance of the cross
talk amongst drivers and transducers.Because the shaker controller
could only run relatively short time sequences, an unsatisfactory
number of ensembles could be taken to determine the individual
transferfunctions.Therefore,optimizationtechniqueswere required
for obtaining the best estimate of the required transfer functions in a
least-squaresense in terms of thecross- andpower-spectraldensities
measured between a given input and the correspondentoutput. For
every transducer,three transfer functionswere found corresponding
to the two controls and the one load referencesignal.System identi-
� cationroutineswerewritten to determinepole-zeroand state-space
models from these estimates of the various transfer functions.

Performance Calculations
The power spectraldensity (PSD) of the disturbancewas a known

inputobtainedfrom the � ight tests.Becauseof hardwarelimitations,
these PSDs were band limited. The frequencycontent lying outside
of each one of the critical modes for buffeting was cut off. Further-
more, in the ground test, this PSD described the shaker input signal
that excited the structure at a single point. Also, between the shaker
and the structure there was a load cell. The PSD of the output of
this load cell was assumed to correspond to the disturbance load
applied to the � n to simulate buffeting. The subsequent use of the
product between Eqs. (2), (5), and (7) and their respective complex
conjugates produced the PSDs of the performance sensors in the
open- and closed-loop cases and the control signal, respectively,

PSDoutput D jtransfer functionj2PSDinput (8)

From these PSDs, both the control effort rms values of each actuator
group (as a fraction of the maximum allowed by the hardware) and
the ratio (closedoveropenloop)of the rms valuesof theperformance
sensors were obtained.

Experimental Setup
The piezoelectricactuationdeviceswere attached to both sidesof

the starboard vertical � n (Fig. 2). Two banks of ampli� ers drove the
two groups of actuators acting in opposite phase at each side of the
� n to generate bending. The ampli� ers fed the maximum voltage
differentialallowed across the piezoelectricdevices (approximately
1500 V peak to peak). The third input signal was given by the
5000-lbf electromagneticshaker attached to a single point at center
of the starboard side of the � n through a load cell, used to monitor
the actualdynamic loads transmittedto the structure.Representative
buffet time sequences associated with the chosen � ight conditions
were fed into the computer that controlled the shaker.

Four accelerometers and six strain gauge rosettes situated at
strategic points of the � n provided the output signals.

In the control room, an eight-channeldata acquisitionsystem was
used to acquire real-time frequency-domaindata including transfer
functions and auto spectra. In addition, a 16-channel digital tape
recorder was used to record data from all available signals for sub-
sequent off-line analyses. The signal from two channels could be
selected for feedback control through the computer-driven digital
signalprocessingboardAT-DSP2200usinga samplingrateof 5 kHz.

Table 2 Feedback control synthesis

Sensor
identi� cation Approximate sensor position CL identi� cation

A1 Fin tip, near leading edge CL1
A2 Fin tip, near trailing edge CL1 and CL2
A3 1

3 Span, near leading edge None
A4 1

3 Span, near rudder leading edge None
SG3 Fin root, near rudder leading edge CL2 and CL3

(critical point)
SG5 2

3 Span, near rudder leading edge CL3

Fig. 2 Instrumented vertical � n.

Parametric Study Involving Sensors
To study the effect that the choice of sensors (strain gaugesand/or

accelerometers) and sensor location has on the overall performance
of the active control system, a parametric study was conducted.
It was expected that strain gauges having direct correlation with
the system performancemetrics would provide better performance.
Therefore, three control laws (CL), CL1, CL2, and CL3, were de-
signed based on open-loop test data using the feedback from differ-
ent pairs of sensors. The identi� cation of the sensors used and their
respectiveparticipationin a determinedcontrol law are summarized
in Table 2.

The typical regulator was designed for performance in the band-
width de� ned by 10 and 60 Hz, with rolloff at the lower and higher
frequencies. The separation theorem of the classic linear quadratic
estimator– linearquadraticregulatoroptimalcontroltheorywas used
to obtain the Kalman � lter and the full-statefeedbackgains.Empha-
sis in the control law synthesis was given to attenuate the dynamic
response associatedwith both the � rst and second natural modes of
the vertical � n. All control laws were designed based on open-loop
test data for � ight condition 1 (FC1).

A bandpass � lter was appended in series to the controller output
in some designs to cut either a dc signal (when strain is used for
feedback) or an undesirable high-frequencyresponse (to guarantee
stability).

Experimental Results
Table 3 shows the control performancein the frequency intervals

shown. The given bands include modes 1, 2, and 1 and 2 together,
respectively. In Table 3, the results for two selected performance
metrics are listed: accelerometer 2 (A2) and strain gauge 3 (SG3).
From the sensor locations, one can observe that SG3 represented
a good measurement of mode 1, whereas A2 was more related to
mode 2. All of the three control laws studied presented reduction
in the vibration levels associated with mode 1 less signi� cant than



J. GUIDANCE, VOL. 24, NO. 4: ENGINEERING NOTES 857

Table 3 Parametric study involving sensors: experimental and
theoretical results, ratio of closed- over open-loop rms values (%)

CL1 CL2 CL3
Frequency
band, Hz A2 SG3 A2 SG3 A2 SG3

FC1
5–25 97.1 99.7 70.3 69.4 64.8 70.0

(98.2)a (99.3) (71.7) (75.9) (68.2) (74.5)
25–100 82.6 92.6 57.8 42.5 84.9 67.2

(81.6) (87.5) (53.0) (42.0) (86.2) (72.8)
5–100 83.3 98.8 58.5 66.7 84.9 69.6

(82.3) (97.7) (53.9) (72.0) (85.5) (74.2)
FC3

5–25 97.0 98.0 93.3 91.7 92.4 93.0
(97.0) (98.9) (93.4) (94.0) (95.9) (95.0)

25–100 81.8 90.0 86.9 82.0 94.1 87.6
(79.6) (92.2) (86.2) (79.9) (95.6) (86.5)

5–100 83.1 97.6 87.3 91.3 93.9 92.8
(81.1) (98.5) (86.7) (93.3) (95.6) (94.5)

FC5
5–25 98.0 98.0 92.3 91.7 93.0 92.6

(99.5) (99.9) (93.4) (94.0) (92.5) (96.2)
25–100 88.0 95.3 86.9 82.0 98.2 92.4

(88.7) (94.4) (86.2) (79.9) (95.1) (88.5)
5–100 88.3 97.7 87.3 91.3 98.0 92.6

(89.1) (99.3) (86.7) (93.3) (95.0) (95.4)

a(Expected values).

those obtained for mode 2. The best results were obtained when the
signal from SG3 was used in the feedback loop, as in case of CL2
and CL3, con� rming the initial predictions. Note that CL1 was in
the case of FC1 limited in gain to guarantee the controller stability.

The most severe, FC6 was the last to be tested. Because of the ac-
cumulative fatigue of the hardware (piezoelectricelements), several
attempts to close the loop with the MIMO controller were unsuc-
cessful. During each attempt, an actuatoron the upper group failed,
resulting in a system automatic shutdown.The apparent reason was
the proximity of these actuators to the most stressed region of the
� n, near the load cell. Therefore,a single input/singleoutput (SISO)
controller was designed for commanding only the lower group of
actuatorsto reducebuffetingin the � rst bendingmode of the tail dur-
ing a closed-loop run at FC6. When feedback from accelerometer
A2 and a nominal gain setting to increase chances of success were
used, this SISO controller reduced the rms strain at SG3 by approx-
imately 3% in the frequency range of 10–20 Hz. Between 0 and
100 Hz, the rms strain at SG3 was reduced by approximately2.5%.

Conclusions
A full-scale aircraft instrumented to reduce buffet loads was

tested. The test represents an important step in the development
of adaptive smart structures systems. Two groups of actuators con-
sisting of piezoelectricelements distributed over the structure were
designed to achieve authority over the � rst and second modes of the
vertical � n.

Very promising results were obtained in parametric studies using
differentsensors in a two input/two output controllerusing the stan-
dard time-invariant linear quadratic Gaussian control law design.
Based on the most important performance metric, the strain gauge
located at the critical point for fatigue, vertical � n buffet attenuation
of 57.5% (mode 2) and 33.3% (modes 1 and 2) for the nominal FC
were observedduring the tests.Also, attenuationof 18.3% (mode 2)
and 8.7% (modes 1 and 2) were veri� ed for the next most severe
buffeting case. In general, the CL that included at least one strain
gauge in the feedback loop revealed better performance. This is an
indication that strain gauges can be better correlated to the con-
trol objective, which is to reduce the structural strain generated by
buffeting.
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Introduction

D IGITAL redesign is an approach to design of a discrete-time
(DT) controllervia conversionof a continuous-time(CT) con-

troller. There are some advantagesof the digital redesign:First, a lot
of designmethodsare availableforCT controllerdesign.Second, the
behavior of CT systems can be physically more easily understood,
which makes analysis and synthesis of CT control systems simpler
without being bothered with selection of sampling periods. Third,
changing the sampling period does not require total redesign of the
control system, but just requires conversionof the CT controller for
a new sampling period. In addition, intersampling behavior, which
is sometimes overlooked in the direct DT controller design, can
be taken into account. Particularly, digital redesign methods that
preserve the closed-loop characteristics of the original CT control
systems1¡7 are more effectivefor larger samplingperiods thanopen-
loop redesign methods such as Tustin’s (see Ref. 8). We proposed
a closed-loop digital redesign method for one-degree-of-freedom
dynamic compensators7 based on the principle of equivalent areas
(PEA).9 In this Note, we present a digital redesignmethod for a lin-
ear state-feedback control law also based on the PEA. That is, the
DT input is determined so that the integral of the closed-loop CT
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