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Following the program to test a hybrid actuation system for high-agility aircraft buffeting load alleviation on the
full-scale F/A-18 vertical fin structure, an investigation has been performed to understand the aerodynamic effects of
high-speed vortical flows on the dynamic characteristics of vertical fin structures. Extensive wind-tunnel tests have
been conducted on a scaled model fin integrated with piezoelectric actuators and accelerometers to measure the aft-
tip vibration responses under various freestream and vortical airflow conditions. Test results demonstrated that the
airflow induced considerable damping to the fin structure, which generally increased with airflow speed as well as the
vertical fin angle of attack relative to the airflow direction. Moreover, it was observed that at the angle of attack of
10 deg, the high-speed airflow introduced large deflection to the smart fin structure and caused significant frequency
shift to the vibration modes due to nonlinear geometrical coupling of bending and torsional modes. These
aerodynamic effects may adversely affect the performance and robustness of the closed-loop control laws developed
based on vertical fin dynamic model identified without considering the varying aerodynamic effects. To explore this
problem, the structured singular values synthesis technique was adopted to develop robust control law using smart
fin model identified without aerodynamic excitations, and the aerodynamic effects on the fin structure were assumed
as smart fin parametric and dynamic uncertainties. The effectiveness and robust performance of the control law was
demonstrated through extensive closed-loop wind-tunnel tests using various airflow conditions. This provided a
verified control law design strategy for future flight tests of the full-scale aircraft buffeting load alleviation system.

Nomenclature
D = vortex generator cross-sectional dimension, m
f = peak vortical airflow frequency, Hz
fu = vortical airflow frequency in the wind tunnel, Hz
K = fin model ratio
k = Strouhal number
V= airflow speed, m/s
Vy = airflow speed in the wind tunnel, m/s
u; = inputto group 1,V
u, = inputto group 2,V
y; = aft-tip acceleration, g
y, = front-mid acceleration, g

Introduction

N THE development of high-agility fighter aircraft, new designs
such as leading-edge extensions (LEX), blended wing and
fuselage configurations, and canards are introduced to generate
strong leading-edge vortices during high angle-of-attack (AOA)
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maneuvers. The additional lift generated by the vortices can increase
the maximum AOA during maneuvers and extend the flight envelope
to the stall and poststall regime [1]. However, the vortices break at
very high angles of attack and interact with the aircraft empennage,
which may cause severe vibration problems to the fin structure
known as buffeting [2]. Under the circumstances, the vortices
emanating from the leading edge of the LEX, fuselage, or canards
burst upstream of the empennage and cause extremely high-energy
turbulent flows downstream to impinge on the fin structures of
the aircraft. The intense and unsteady buffeting aerodynamic loads
are characterized by a broadband spectrum with narrowband peak
distributions. As a result, the lower vibration modes of the vertical
tail are excited and introduce significant high-level dynamic stresses
to the fin and empennage structures. Prolonged exposure to the
buffeting loads usually leads to premature fatigue damage to the
vertical fin skin and stub structures, reducing mission availability of
the aircraft and increasing maintenance cost of the fleet.

The vertical fin buffeting problem affects aircraft with both twin
vertical fin and single vertical fin configurations [3]. However, itis a
difficult task to design fighter aircraft fin structures to withstand the
intense buffeting loads. Many approaches have been investigated to
alleviate the buffeting damage on the vertical fins. The flow control
approach modified the vortical flowfields to reduce the intensity of
the buffeting loads on the vertical fin. Rigid fences or vents have been
installed to the F/A-18 LEX to create a second unsteady vortex that
interacts with the vortices created by the leading-edge extension to
disperse the vortices before they impinge on the vertical fin [4].
However, this modification provided limited reduction of buffet
loads and was effective only at a specific range of flight conditions
along with the weight and aerodynamic penalties. Moreover, the
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additional vortices generated by the fence may break down at certain
angles of attack, leading to more turbulent wakes [5]. On the other
hand, the structural modification approach tries to strengthen the
load-carrying structures of the vertical fins. For example, the stiffness
of the F-15 vertical fin structure was increased by using composite
brackets, thicker skin, and spars [6], but this can sometimes lead to
changes in dynamic response frequency with aeroelastic implica-
tions. Multiple L-shaped brackets were added to the F/A-18 vertical
tail root to provide increased structural strength. However, these
modifications not only resulted in a considerable increase in struc-
tural weight, but also transferred the dynamic loads to the empennage
and increased potential damage to structural components elsewhere.

An innovative smart structure-based active buffeting load alle-
viation system on a full-scale F/A-18 vertical fin was successfully
demonstrated under the Technical Cooperative Program (TTCP)
[7-11]. However, several technical issues remained outstanding that
have to be investigated further. In the full-scale ground vibration test
phase of this TTCP project, two mechanical shakers were used
to provide simulated aerodynamic buffeting loads. The attached
mechanical shakers also introduced significantly higher damping to
the active vertical fin due to the heavy inertial masses of the shaker
armature. This increased fin damping required higher actuation
authority from the hybrid actuation system, which prohibited an
accurate simulation of the buffeting load alleviation tasks and
underestimated the vibration reduction performance that the hybrid
actuation system could have achieved on full-scale aircraft struc-
tures. Therefore, it is desirable to evaluate the buffeting load alle-
viation performances using realistic aerodynamic buffeting loads.

Because of the limitation of buffeting load simulation using two
mechanical shakers, the simulated aerodynamic load spectra focused
mainly on two separate frequency bands to cover the major vibration
modes [9]. Only two load cases were synthesized based on flight-test
data to reflect the buffeting load levels at various flight conditions,
namely the maximum fin response case and maximum fin damage
case. However, it is important to note that simulated buffet load
spectra used in the ground closed-loop experiments were statistically
stationary. They were not able to reflect the transient or rapid
changing aerodynamic conditions to which the vertical fins may be
exposed during aircraft maneuvers in flight. Although the control
laws demonstrated satisfactory performance to alleviate fin vibration
responses in the ground test phase, the robustness of the control laws
are yet to be evaluated using actual vortical airflows and various
airflow speeds.

To investigate the technical limitations of the full-scale ground
vibration test under the TTCP project, a scaled smart fin model was
investigated to explore these technical challenges, specifically the
impact of aerodynamic vortical loads on the dynamics of the smart fin
model. Based on the knowledge of smart fin dynamics, the robust-
ness of a closed-loop control law was evaluated using vortical
aerodynamic airflows through extensive closed-loop control experi-
ments in the wind tunnel.

Dynamic Modeling of Smart Fin Structure
Smart Fin Dynamics

The scaled smart fin model was made of a thin aluminum plate, as
shown in Fig. 1. The fin structure was designed to match the first
bending and first torsional modes of the F/A-18 vertical fin. A total of
24 piezoelectrictransducer (PZT) patches were bonded symmetri-
cally to both fin surfaces to serve as strain actuators, with 12 on each
side. These actuators were configured into two groups and controlled
with out-of-phase voltages on either side to provide actuation author-
ities to the first bending and torsional modes, respectively. The
material properties of the aluminum fin plate and piezoelectric patch
actuators are listed in Table 1.

To understand the dynamics of the smart fin model and the impacts
of aerodynamic loads on the dynamic properties of the smart fin
vibration modes, experimental modal tests were conducted on the
smart fin structure using the LMS Test.Lab modal analysis system.
The nodal grid and modal shapes of the smart fin are shown in Fig. 2.
A Briiel and Kj®r impact hammer equipped with a PCB force
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Fig. 1 Smart fin model.

transducer was used to excite the fin modes at the root. Seven
miniature PCB accelerometers were used to measure the modal
responses. Modal analysis results revealed four vibration modes
below 150 Hz, two bending modes at 18 and 81 Hz, and two torsional
modes at 50 and 121 Hz. The modal parameters are shown in Table 2.

Smart Fin Model Dynamics in Aerodynamic Environment

To investigate the impacts of vortical airflows on the smart fin
dynamic properties when exposed to high-speed aerodynamic envi-
ronment, extensive vibration tests were conducted in the 0.9 m x
0.9 m low-speed pilot wind tunnel of the Institute for Aerospace
Research of the National Research Council Canada (NRCC). The
smart fin model was clamped to a heavy base fixture at the root. This
clamping condition was representative of the full-scale fin that is
fastened to the fuselage through five stubs at the root. The effect of
the continuous vs discrete attachment at the root was not deemed
to affect the modal response of the fin. Test conditions included
manually setting the smart fin model at 0 and 10 deg angle-of-attacks
relative to the airflow direction. For freestream airflows, the wind
speed in the wind tunnel was set at 10, 20, 30, 40, and 45 m/s,
respectively, to simulate various airflow conditions. To better simu-
late the buffeting conditions for the smart fin model, unsteady
vortical airflows were generated by vortex shedding from a square
tube fixed 1.2 m upstream of the fin model in the wind tunnel. With
this approach, the peak frequency of the buffeting load spectrum f;,
can be determined as

Vi
fu=k—o (1)
where V), is the airflow speed within the wind tunnel, D is the cross-
sectional dimension of the vortex generator, and k is the Strouhal
number determined experimentally as 0.9. The experimental con-
figuration is shown in Fig. 3.
For buffeting load simulation, the test conditions can be deter-
mined using basic similarity parameters
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Table 1 Material properties of smart fin structure

Property Aluminum 2024-T3 PZT BMS500
Density, Kg/m? 2796 7650
Elastic module, MPa 73.0 64.5
Thermal expansion, um°C 232 E—
Thickness, mm 1.02 0.50
Piezoelectric constant, ds,[pC/N] —_— 175
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where f is the peak vortical airflow frequency of the buffeting loads,
K is the ratio of the fin model dimensions relative to the full-scale
vertical fin, and V is the vortical airflow speed to which the full-scale
vertical fin structure is exposed during flight maneuvers [1]. As noted
previously, the model fin was designed to match the first bending
and torsional modal frequencies of the F-18 vertical fin structure. By
measuring the model scale, the vortical airflow speed during flight
maneuvers can be conveniently simulated by adjusting the airflow
speed of the low-speed wind tunnel. Vibration amplitudes were
established by the size and location of the vortex generator to ensure
that large deflections (67 times the thickness of the fin) were
induced but that the piezo wafer actuators were not overstressed
in this configuration, which may have resulted in cracking. The
previous TTCP project had established the capability of piezo
actuators to reduce the amplitude sufficiently, and the object of this
test was to establish the robustness of the control algorithm in actual
airflows.

The vibration responses of the smart fin model were measured at
freestream and vortical airflow conditions in the wind tunnel. The
information was used to estimate the variation of the smart fin modal
damping ratio and modal frequencies due to the aerodynamic loads at
various airflow speeds. The test was repeated at 0 and 10 deg AOA at
the yaw direction to simulate various flight conditions.

ey

First Torsional Mode

m’

' Second Torsional Mode

Fig. 2 Modal shapes of the smart fin model.

In the open-loop characterization test two accelerometers were
used: one attached to the aft tip and the other to the front-mid location
of the smart fin model, which were identified as critical response
locations. The aft-tip acceleration responses at 0 deg AOA are shown
in Fig. 4. Clearly there was a low-level broadband turbulence in the
freestream airflow that was able to excite the first four modes of the
fin. It was also observed that the aft-tip acceleration levels increased
with the airflow speed indicating a higher level of broadband
turbulence with higher airflow speed. The freestream airflow also
introduced considerable aerodynamic damping to the fin structure.

To experimentally identify the smart fin modal parameters at
various airflow speeds, a 60 Vpp sinusoidal signal that swept linearly
from O to 100 Hz was applied to a TREK power amplifier to drive the
12 PZT actuator pairs. Both the sinusoidal sweep voltage input and
accelerometer responses were recorded using a Nicolet vision data
acquisition system. The data were postanalyzed to determine the
smart fin frequency responses functions (FRFs) at various airflow
conditions. The identified modal parameters were analyzed to
evaluate the variation of the smart fin dynamics due to aerodynamic
effects.

The FRFs revealed that the damping ratio of all vibration modes
increased significantly with airflow speed. For example, the damping
ratio of the first bending mode was 0.47% when tested without

Table 2 Variation of smart fin modal parameters under free airflows

Airflow condition First bending

First torsion Second bending

AOA, deg Airspeed, m/s Frequency, Hz Damping ratio Frequency, Hz Damping ratio Frequency, Hz Damping ratio
Freestream airflow 0 16.6 0.47% 51.0 1.36% 81.0 1.16%
condition 0 10 16.4 1.83% 49.3 1.77% 80.1 1.68%
20 16.6 1.67% 48.6 1.79% 78.9 1.83%
30 16.8 1.75% 483 2.37% 78.9 1.95%
10 16.6 2.90% 48.9 1.73% 71.9 1.58%
10 20 16.3 6.10% 47.7 1.86% 76.6 1.86%
30 16.1 6.52% 47.6 2.91% 76.4 2.32%
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Fig. 3 Smart fin wind-tunnel test configuration.

airflow. It increased to 1.75% when exposed to 30 m/s freestream
airflow disturbances. Similarly the damping ratio of the second
bending mode at 81 Hz increased from 1.16 to 1.95%. The fre-
quencies of the first torsion and second bending modes exhibited a
defined shift to higher frequencies due to the excitation of airflow.
Although it is expected that a similar shift in frequency should have
been seen with the first bending mode, the amplitude of this shift was
not sufficient to clearly overcome the measurement tolerances
making this shift hard to define. The second bending mode shifted
with airflow speed from 81 Hzat0 m/sto 78.9 Hz at 30 m/s. Details
of the modal parameter variation with airflow speed are listed in
Table 2.

To further investigate the aerodynamic impacts on the smart fin
modal parameters, the test was repeated at various free airflow speeds
with a 10 deg AOA configuration. The corresponding smart fin aft-tip
vibration responses are shown in Fig. 5. It was clearly shown that
the modal frequencies reduced at 10 deg AOA configuration when
compared with 0 deg AOA at comparable air speeds. The frequencies
of higher vibration modes shifted more significantly than the lower
modes and the relative frequency shift became more prominent with
an increase in airflow speed. For example, when tested with 10 deg of
AOA, the frequency of the second bending mode was observed as
81 Hz at 0 m/s and 77.9 Hz at 10 m/s. However, it reduced to
76.4 Hz at 30 m/s.

The smart fin aft-tip acceleration responses were also measured
under vortical airflow disturbances, as shown in Fig. 6. As noted
previously, there was a low-level broadband turbulence in the free-
stream airflow that was able to excite the first four modes of the fin.
However, the addition of the vortex generator into the airflow
specifically increased the vortical flow as expected but also increased
the broadband turbulence in the airflow to excite all of the four modes
to higher levels. The result was that not only was the amplitude of
deflection of the first mode increased by 3 orders of magnitude, but

101

100 '“first torsion  —— 30mv/s 4

second torsion:

10 7
102
102

104/

Amplitude (g"2/Hz)

10%

106

107 : :
(0] 50 100 150
Frequency (Hz)

Fig. 4 Fin aft-tip responses at free airflow speeds (AOA = 0).
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Fig. 5 Fin aft-tip responses under free airflow.

the amplitude of the other three modes also increased significantly.
Because of the much higher amplitude measured, the maximum
airflow speed was limited to 15 m/s during the test to avoid the
piezoelectric ceramic actuator from fracture under severe fin vibra-
tion conditions. As shown in Fig. 6, the peak buffeting frequency of
the vortical airflow was 9.8 Hz at 10 m/s and increased to 12.9 Hz at
15 m/s. Similar to the cases of freestream airflow, the increased
airflow speed introduced higher aecrodynamic damping ratio to the
smart fin modes. The modal frequencies of the smart fin also reduced
with the increase of AOA from 0 to 10 deg and the effect was more
significant to higher vibration modes. Detailed modal parameters are
listed in Table 3.

The open-loop wind-tunnel tests verified that aerodynamic loads
introduced additional damping and caused modal frequency shift
to the smart fin model. The extent of the influence increased with
airflow speed, and the impact of vortical airflow was more significant
than the freestream airflow because of the high buffeting energy
intensity. Increased AOA was more critical due to the impact of
additional aerodynamic loads on the smart fin surface. Referencing
relevant research results [12], the shift of smart fin modal frequencies
was believed to be introduced by the coupling of aerodynamic loads
with smart fin geometrical nonlinearities in deformation. The
aerodynamic loads applied on the smart fin surface introduced con-
siderable deflection of the relatively flexible fin structure, especially
at higher AOA configurations. The large deformation caused struc-
tural couplings between the torsional and bending modes and
resulted in modal frequency shift of the smart fin dynamics.
However, more dedicated investigation is necessary to identify the
full nature of this aeroelastic phenomenon.

Itis very important to model the structural dynamic characteristics
of aircraft vertical fins when subjected to aerodynamic buffeting
loads. Unfortunately, this is still a difficult task in designing vertical
fin buffeting load alleviation systems. In this investigation, despite
the unclear nature of this aeroelastic interaction effect, the obser-
vations on the model fin dynamics did raise a major technical
concern, that is, the performance and robustness of control laws
developed based on vertical fin dynamics without considering
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Fig. 6 Fin aft-tip responses under vortical airflow.
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Table 3 Variation of smart fin modal parameters under vortical buffeting airflows

Air flow condition

AOA, deg  Air speed, m/s

First bending

Frequency, Hz

First torsion Second bending
Damping ratio Frequency, Hz Damping ratio Frequency, Hz Damping ratio
51.0 1.36% 81.0 1.16%
48.1 L77% 77.4 1.30%
48.6 1.80% 719 1.42%
49.3 1.78% 715 1.53%
483 1.86% 77.1 1.51%
48.6 1.89% 77.1 1.68%
48.8 1.86% 77.0 1.75%

Vortical airflow 0 16.6 0.47%
condition 0 10 16.6 2.00%
13 16.6 2.31%

15 16.6 2.42%

10 16.3 2.71%

10 13 16.3 3.03%

15 16.3 2.68%

aerodynamic effects may degrade in realistic aircraft maneuver
flight conditions. Therefore, the influences of vortical airflows on the
dynamic properties of full-scale aircraft vertical fin structures should
be further evaluated and the control laws should be designed based on
robust criteria to account for aeroelastic uncertainties of the vertical
fin dynamic properties.

Development of Robust Control Law
Robust Control Law

H_, synthesis technique was used to design control laws for the
smart fin model. This technique can describe modeling errors and
dynamic uncertainties in a framework consistent with the perfor-
mance objectives. The resulting control laws are tradeoffs between
robustness and performance corresponding to the model uncer-
tainties [13]. In this investigation, the modeling errors in identifica-
tion of the smart fin dynamics and the variations of the smart fin
dynamics due to the airflow aerodynamics were accounted for as
parametric uncertainties of the damping ratio and frequencies of each
mode. The control objective was to suppress the three vibration
modes below 100 Hz whereas higher structural modes beyond
100 Hz were assumed as unmodeled structural dynamics. Both the
parametric and dynamic uncertainties were formulated as an additive
uncertainty block and represented with linear fractional trans-
formations. The control law performance and robustness were
evaluated through extensive closed-loop experiments using various
airflow speeds and vortical flow conditions.

In the closed-loop wind-tunnel test, the 12 PZT actuator pairs were
divided into two groups: four bottom pairs were configured as group
one to control the bending modes, and the remaining eight PZT pairs
were connected as group two to control the torsional modes. Both
the aft-tip and front-mid accelerometers were used as error sensors
to monitor the smart fin overall vibration responses. Therefore, a
two-input—two-output control system was created for the smart fin
buffeting load alleviation experiments.

A block diagram formulation for the smart fin buffeting load
alleviation is show in Fig. 7. The smart fin model was experimentally
identified in the laboratory without airflow excitations. The block
Wdist represented the dynamics of aerodynamic disturbances. The
block Wnoise was a diagonal matrix that represented the measure-
ment noise from the two accelerometers. In this investigation, both

Disturbance

Performance Wist
o
Smart Fin Model j
A H Wadd ‘

[ k|

Whnoise 19 | K I
Actuator

Fig. 7 Block diagram formulation of robust control law.
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diagonal elements were selected as 5%, assuming a signal-to-noise
ratio of 20. The block Wact was a diagonal matrix to penalize the
actuator control voltages. Both diagonal elements were selected as
0.01 to scale the maximum control voltage on the PZT actuators to
+100 V. The unmodeled dynamics of the smart fin model, including
the nonlinearities of the aeroelastic coupling effect, were accounted
for in the control process via an additive uncertainty weighting block,
Wadd, defined relative to the nominal smart fin dynamic model. This
frequency domain function also represented the unmodeled smart fin
dynamics beyond 100 Hz, including the unmodeled second torsional
mode and other higher structural vibration modes. The magnitude of
additive uncertainty function was selected to vary with the frequency
range of interest. A performance weight function block, Wperf, was
introduced to focus the control objective on the three selected
vibration modes below 100 Hz.

Control Law Implementation

The nominal FRF of the smart fin model was obtained through
experimental identification without aerodynamic disturbances. The
nonlinear model fin dynamics due to aeroelastic coupling was treated
as a time-varying linear system, and the parametric variation of the
linear system was included in the bounded additive uncertainty
block. Two separate sinusoidal signals that swept linearly from O to
100 Hz at a rate of 1.5 Hz/s were applied to the two actuator groups,
respectively. This frequency range was selected to cover the three
major vibration modes, and higher vibration modes beyond 100 Hz,
including the second torsional mode at 121 Hz, were assumed as
unknown structural dynamics and not identified, as discussed previ-
ously. To avoid frequency interferences between the two control
groups, one signal was swept upward and the other reversely. The
MATLAB® system identification toolbox was used to curve-fit the
time domain input and output signals and obtain a state-space
representation of the smart fin model as shown in Fig. 8, where u,
and u, represented the input to group 1 and group 2, and output y,
and y, represented the responses of aft-tip and midaccelerometers,
respectively.

The two-input-two-output control law was developed using the
structured singular values synthesis technique [14] and implemented
on the MATLAB® xPC TargetBox platform, which allowed rapid
algorithm prototyping and hardware-in-the-loop experiments. The
executable code was generated from the Simulink block diagram
directly and then transferred to the target computer to run in real-time
mode. A sampling rate of 500 Hz was used in the implementation.
The calculated control outputs were applied to the two PZT actuator
groups through the TREK 50/750 power amplifier.

Closed-Loop Experiments in Wind Tunnel

Test of Control Laws Without Considering Smart Fin
Aerodynamic Effects

Closed-loop experiments were also conducted in the NRCC low-
speed pilot wind tunnel. The experimental configuration of the smart
fin model for buffeting load alleviation was kept the same as the
open-loop identification process, as shown in Fig. 3.

Based on the transfer functions of the smart fin model identified
without aerodynamic excitations, a two-input—two-output linear
quadratic Gaussian (LQG) control law was developed and tested to
verify the performance and robustness under various freestream



1970

From: ut

CHEN ET AL.

Bode Diagram

From: u2

Magnitude (dB)
To: y1

Phase (deg)
To: y1

o
°
g <
2 8
()]
(0]
=
)
[0}
A
&
©
T
-540 L " 4L :
101 102 101 102

Frequency (Hz)

Fig. 8 Multi-input/multi-output FRFs of the smart fin model.

airflow conditions for comparing purposes with the robust control
law. Test results revealed that the LQG functioned well at AOA of
0 deg, but poorly at AOA of 10 deg due to the aeroelastic coupling
effect caused by the aerodynamic airflows. Typical results are shown
in Fig. 9.

As shown in Fig. 9a, at 0 deg AOA the LQG control demonstrated
effective suppression of all three targeted vibration modes in all
tested airflow speeds. At 10 m/s, the reduction to first bending mode,
first torsional mode, and second bending mode was 13.3, 7.5, and
28.7 dB, respectively. With the airflow speed increased to 30 m/s,
the suppression achieved reduced to 10.0, 7.2, and 14.9 dB accord-
ingly. No obvious control spillover was observed. The degraded
vibration control performance at 30 m/s compared with 10 m/s
was caused by the control authority limitation of the PZT actuators
because the maximum control voltage was limited to 100 V peak in
this investigation.

As shown in Table 2, the aeroelastic interaction caused significant
modal frequency shift to the first torsion and second bending modes
in the AOA of 10 deg configuration. At the airflow speed of 10 m/s,

101
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Dot line: no control
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a) Control results at AOA of 0 degree

the LQG control law demonstrated limited robust performance by
reducing control gain. It remained effective in suppressing the
targeted vibration modes despite the minor modal frequency shift
due to the aerodynamic flow. However, the modal frequencies of the
smart fin modes, especially the second bending mode, shifted
significantly at airflow speed above 20 m/s. Because the LQG
control law was developed based on the smart fin dynamic model
identified without aerodynamic excitations, considerable spillover
was observed at the second bending mode around 81 Hz in the
closed-loop control test. This test clearly demonstrated that control
laws should be refined to account for the aerodynamic effects on
fin structural dynamics to ensure closed-loop stability for aircraft
buffeting load alleviation applications.

Test of Control Law Based on Robust Performance
Control Results with Freestream Airflow

As previously noted, a two-input-two-output control law was
developed using the H,, synthesis technique to suppress the three

100
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. Dot line: no control —— 20m/s
101 A — 30m/s

102
108

104
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106

106
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b) Control results at AOA of 10 degree

Fig. 9 LQG control results under free airflow conditions.
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Fig. 10 Robust control law performance under free airflow conditions.

major vibration modes below 100 Hz. The control law was tested
with the same airflow conditions in the wind tunnel to compare with
the LQG control law. Typical vibration control results under free
airflow conditions are shown in Fig. 10.

As shown in Fig. 10, the robust control law demonstrated effective
vibration reduction to all three targeted vibration modes. At the
airflow speed of 10 m/s, the reduction to first bending mode, first
torsional mode, and second bending mode was 17.7, 4.4, and
15.7 dB, respectively. With the airflow speed increased to 30 m/s,
the achieved suppression reduced slightly to 7.7, 5.3, and 15.8 dB.
The achieved overall vibration reduction was generally comparable
with the LQG control law. More important, no obvious control
spillover was observed beyond 100 Hz at either O or 10 deg AOA
configurations. This not only verified the effectiveness of the pro-
posed control law to alleviate smart fin buffeting load responses, but
also demonstrated that the proposed control law development
strategy was able to account for the unmodeled smart fin dynamics
beyond 100 Hz as well as the modal frequency shift and variation of
smart fin damping ratio due to airflow disturbances.

Control Results with Vortical Airflow

The control law performance was also verified with vortical
airflows. Typical vortical buffeting load alleviation results are shown
in Fig. 11.

With the configuration of 0 deg AOA, the rms value of the smart fin
aft-tip response was 0.094 gwhen tested at 10 m/s free airflow
condition. The rms value showed 1.35 g at the vortical airflow speed
of 10 m/s, a dramatic increase of 23.1 dB. Comparing the smart fin
responses under freestream and vortical airflow conditions, it was
clearly shown that the intense buffeting load energy within the
vortical airflow caused significantly higher acceleration levels to
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the smart fin structure. However, due to the narrow airflow speed
range tested, no significant modal frequency shift or damping ratio
variation of the smart fin dynamics was identified from 10-15 m/s.

The control law based on the structured singular values synthesis
technique demonstrated effective vibration reduction performance
and remained stable under both AOA configurations. With the
increase of airflow speed the achieved vibration suppression to the
three targeted smart fin modes decreased due to the intense buffeting
energy related to the vortical airflows. At the AOA of 10 deg and
airflow speed of 10 m/s, the first bending mode at 16.3 Hz was
suppressed by 16.2 dB, the first torsional mode at 48 Hz was sup-
pressed by 4.3 dB, and the second bending mode at 77 Hz was
reduced by 19.7 dB. At the airflow speed of 15 m/s, suppression
to the three vibration modes reduced to 7.2, 5.0, and 8.3 dB,
respectively. No obvious control spillover was observed throughout
the experiment.

This observation also demonstrated that the dramatic increase of
buffeting energy required the PZT actuators to provide higher
actuation force accordingly for effective buffeting load alleviation
performance. However, the maximum control voltage was limited to
100 V in this experiment. Therefore, the limited actuation authority
was not able to maintain a constant vibration reduction performance
throughout the vortical buffeting load control experiment. This test
verified that an efficient, compact, yet powerful actuation system is
essential to high-agility fighter aircraft for effective buffeting load
alleviation applications.

Control Results with Variable Airflow

To further verify the control law performance under unstationary
vortical airflow speed conditions, variable airflow speed was
generated in the wind tunnel. This was achieved by adjusting the
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Fig. 11 Robust control law performance under vortical airflow conditions.
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Fig. 12 Robust control performance under variable free airflow conditions.

rotating speed of the main motor manually through the console.
During the test, the wind-tunnel airflow speed was slowly ramped up
from 0-30 m/s, and then ramped down to 0 m/s within approxi-
mately 90 s. Because of the broad speed range, the vortex generator
was not used to avoid excessive responses of the smart fin. The
control law was kept on throughout the test process. Effective and
consistent suppression of smart fin vibration responses was obtained.
Typical control results are shown in Fig. 12 as waterfall plots.

By comparing the two waterfall plots it was clearly shown that the
robust control law functioned well and maintained stable under
varying freestream airflow conditions. The smart fin vibration due
to varying airflows was suppressed effectively. All three targeted
vibration modes have been reduced significantly. On average, the
first bending mode decreased by approximately 6.3 dB, the first
torsional mode decreased by 4.4 dB, and the second bending mode
decreased by 14.5 dB throughout the variable freestream airflow test.
Despite the wide range variation of airflow speed, the control law
demonstrated satisfactory robust performance and provided
significant buffeting load alleviation performance to the smart fin
model.

Conclusions

In the development of aircraft buffeting load alleviation systems,
dynamic uncertainties exist in the vertical fin dynamics due to
varying airflow speed and AOA change during maneuver flight
conditions. Wind-tunnel tests have been conducted on a smart fin
model to investigate the impacts of airflow aerodynamics using
freestream and vortical airflow disturbances. Extensive wind-tunnel
test results revealed that

1) High-speed airflow introduced aerodynamic damping and
caused modal frequency shift to the smart fin structural dynamics.

2) The extent of aerodynamic influence to the vertical fin dynamic
properties increased with airflow speed and varied with AOA
configurations.

3) Itis imperative to consider the associated aerodynamic effects in
the design of control laws for full-scale aircraft buffet load alleviation
systems to ensure that the control law robustness should be
maintained within the entire flight envelope.

4) A robust control law development strategy based on the
structured singular values synthesis technique has been proposed and
experimentally verified for vertical fin buffeting load alleviation
applications. This provided a feasible strategy of control law devel-
opment for full-scale aircraft buffeting alleviation systems.
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