Active Aeroelastic Control of the Supersonic Semispan
Transport (S4T) Model
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Active aeroelastic control has the potential to address flutter, dynamic loads, and ride
quality for supersonic transport configurations without adding weight, thereby enabling
efficient high speed flight. In this development, control laws have been developed for a
dynamically scaled wind tunnel model of a supersonic transport configuration known as the
supersonic semispan transport (S4T). Control laws have been designed to simultaneously
provide flutter suppression, gust load alleviation, and ride quality assurance to this
configuration. These laws were developed using the Linear Quadratic Gaussian method
with Loop Transfer Recovery. These control laws have been assessed using both analytical
and experimental studies at the Transonic Dynamics Tunnel. Improvements in the
aeroelastic response of the S4T are found in both analytical and experimental results.

I. Introduction

The pursuit of increasingly advanced vehicles creates a demand for a strong capability for developing control
laws to mitigate aeroelastic behavior. This demand is well exhibited through the example of high speed transport
aircraft design. Significant study conducted during the NASA High Speed Research (HSR) program identified the
importance of performing active control for flutter suppression, gust load alleviation, and ride quality
enhancement'”. These requirements apply across the transonic flight regime, making the problem significantly
more challenging™*”.

In the 1990s, research was conducted under the High Speed Civil Transport (HSCT) program with the objective
to develop affordable supersonic flight for the public’. The research under this program led to the Technology
Concept Aircraft (TCA) configuration. Research of the TCA identified aeroelastic research as an important
priority’. Several wind tunnel models were created including the Rigid Semispan Model (RSM)’ and Flexible
Semispan Model (FSM)* °. The flexible semispan model was used for open-loop aeroservoelastic testing, and
numerous investigations were conducted on the behavior of this model including nonlinear and wavelet analyses
conducted by Hajj et al.'” "', The most recent aeroelastic model based on the HSCT is the Supersonic Semispan
Transport (S4T)">. This model is a dynamically scaled version of the TCA' and is constructed with 43 embedded
accelerometers and 3 hydraulically actuated control surfaces'” (Figure 1, Figure 2). This model is used for the
experimental demonstration of this research.

Active aeroelastic control has long been a research topic of interest. In fact, the use of active aeroelastic control
for load alleviation and improved fatigue life dates back to the development of stability augmentation systems (SAS)
for the XB-70" and B-52'* in the late 1960s and early 1970s. Active flutter suppression methods have been
researched since as early as 1971 by Nissim'”. In the late 1970s active flutter suppression techniques were
developed and demonstrated for wing/store flutter of a wind tunnel model representing the YF-17 fighter
configuration'®. The use of active controls on the YF-17 wind tunnel model led to stable behavior at 170% the open
loop flutter dynamic pressure'’. In the late 1980s and early 1990s active flutter suppression and load alleviation
were developed for a fighter configuration based on the YF-17 known as the Active Flexible Wing (AFW)'.
Control law development approaches applied to the AFW include classical control law design using root locus
techniques'® and multi-input/multi-output control for simultaneous flutter suppression and maneuver load
reduction®. Application of the linear quadratic Gaussian (LQG) control design method to the AFW resulted in a
23% increase in flutter dynamic pressure *'.
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Figure 1. S4T model
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Figure 2. Location of sensors and control surfaces [22]
II. Technical Approach

A. Aeroservoelastic Plant Model Development

The aeroservoelastic plant model is developed based on representations of the structural dynamic and unsteady
aerodynamic behavior of the S4T model. The structural dynamic behavior is characterized by a Nastran Finite
Element Model (FEM) representing the mass and stiffness of the model. The first four flexible modes predicted by
the FEM are shown in Figure 3. The frequencies of the first four modes have been tuned to match the structural
frequencies measured in ground vibration test. The unsteady aerodynamic behavior of the S4T is characterized
using the Doublet-Lattice Method23, Navier-Stokes CFD based reduced order models24, and ZonaS1 supersonic
lifting surface theory” are used for the subsonic, transonic, and supersonic regimes respectively. Navier-Stokes
results for a transonic condition are shown in Figure 4. The structural and unsteady aerodynamic models are
combined to form the aeroservoelastic plant model as described in Reference 26.
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B. Control Law Design
We consider an LTI system in the form:
{3’5 = Ax + Bu 1
y=Cx+Du M
where x € R" is the n-dimensional state vector, u € R™ is the m-dimensional vector of controls, and y € RP is the
p-dimensional vector of measured outputs. Moreover, we assume that the matrix pair (4,58) is stabilizable and that
the matrix pair (4,C) is observable. If the full state vector is available, state feedback control may be designed via
Linear Quadratic Regulator (LQR) design to yield optimal solution:
u=—Kx 2)
where K is the corresponding optimal feedback gain matrix.

Often the state vector is not available on-line, so in order to attain good stability margins and desired regulator
performance, Linear Quadratic Gaussian (LQG) design with Loop Transfer Recovery (LTR) methodology *”** % is
utilized to control the desired regulated states. The rationale for using the LQG/LTR approach is that the method
provides rigorous and consistent design steps in calculating optimal output feedback control solution using only
available measurements. The LQG design process forms state observer

X=AR+Bu+L"(y—v) 3)
with optimal Kalman gain matrix L constructed using available free design parameters and LQR feedback matrix K
to form control signal based on the observer state:
u=—-Kx 4)
The Kalman gain is selected via the LTR process to recover the robustness properties of the full state feedback
solution at either the plant input or output.

3
American Institute of Aeronautics and Astronautics



All of the controllers designed in this work were designed at dynamic pressures beyond the open-loop flutter
boundary. The weighting matrices used in the LQR and LQG/LTR design process were chosen to achieve
robustness for dynamic pressures ranging from wind-off to beyond the open-loop flutter boundary. Robustness
evaluation was based on the minimum singular values of the return difference matrix®**"**,

C. Control Law Design Trade Studies
1. Initial Design Study
A control design trade study was conducted to establish the sensitivity of the controller to variations in the design
parameters, and indicate a favorable choice of parameters for use in design. This study was conducted for the
ballasted configuration operating at Mach 0.80. The first variant in the design study made use of a limiting property
of the LQR process described in Reference 27 as follows, “As state weighting goes to zero, the closed loop poles
approach the stable open loop poles or the reflections through the jw-axis of the unstable poles.” Three more
variants to the control design were considered including: decreased sensor noise weighting, increased design

dynamic pressure, and increased estimator weighting. The design parameters associated with each controller in the
trade study are shown in Table 1.

Flight/Mass Condition M=0.80 M=0.80 M=0.80 M=0.80 M=0.80
Ballasted Ballasted Ballasted Ballasted Ballasted
Design Option Baseline A - Low B- C- D-
state Decreased Increased Increased
weighting sensor design estimator
noise dynamic weighting
weighting pressure
State weighting of unstable modes (q;) 8 0.0001 8 8 8
State weighting of stable modes (q,) 0 0.0001 0 0 0
Control weighting (1) 1 1 1 1 1
Process noise intensity weighting (p;) 0.1 0.1 0.1 0.1 1
Measurement noise intensity 10 10 0.1 10 100
weighting (p,)
Design dynamic pressure (psf) 150 150 150 225 150

Table 1. Controller design parameters in trade study

Each of the controllers in the trade studies was designed at the prescribed dynamic pressure and evaluated across a
range of dynamic pressures. The results are shown in Figure 5.
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Figure 5. Gain and phase margin for (a) input loop break and (b) output loop break for initial control design
trade study
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The effect of design dynamic pressure can clearly be seen in the comparison of results. As expected, the
controller designed at 225 psf has superior robustness to the controller designed at 150 psf for all conditions above
225 psf. At all conditions below 225, the controller designed for 150 psf demonstrates superior robustness. In fact,
the controller designed at 225 psf input loop break gain margin drops to 0.12 dB at 110 psf. This provides an
indication that the use of gain scheduling could provide increased margins across the range of dynamic pressures. If
gain scheduling is not used, 150 psf is observed to be an acceptable choice of design dynamic pressure due to the
lack of significantly decreased margins below the design pressure.

The results from the controller with low state weighing show an interesting behavior. For the dynamic pressures
at which the open loop system is stable, the margins of the controller designed with low state weighting increase
dramatically. At all dynamic pressures below the open loop flutter speed, this controller creates a system with input
margins approaching or exceeding those guaranteed for a state feedback system (gain margin [1/2,00], phase margin
[-60°, 60°] [Ref 27]). At dynamic pressure beyond the open loop flutter pressure, the controller with low state
weighting demonstrates margins at least equal to those of the baseline design, including increased negative gain
margin for input loop break. Due to the increased stability margins, design using low state weighting is selected for
future studies.

Decreased measurement noise intensity weighting results in increased margins for the input loop break case and
decreased margins for the output loop break case. This result is to be expected as it indicates that the designs based
on an assumption of lower sensor noise are less robust when the calculation is performed with the loop broken at the
location of the sensor. The selection of noise intensity weighting matrix scale factors thus represents a significant
design trade and is investigated further a subsequent trade study.

2. Estimator Design Trade Study

The results of the first design study resulted in the selection of low state weighting and a design dynamic pressure
of 150 psf. A second study was conducted to further characterize the effect of scale factors chosen for the noise
intensity weighting matrix. The design parameters associated with each controller in the trade study are shown in
Table 2.

Flight/Mass Condition M=0.80 M=0.80 M=0.80 M=0.80
Ballasted Ballasted Ballasted Ballasted

Design Option Baseline A —p,=50 B -p,=100 | C-p,=1000

p2:10

State weighting of all modes (q) 0.0001 0.0001 0.0001 0.0001

Control weighting (1) 1 1 1 1

Process noise intensity weighting (p;) 0.1 0.1 0.1 0.1

Measurement noise intensity 10 50 100 1000

weighting (p,)

Design dynamic pressure (psf) 150 150 150 150

Table 2. Controller design parameters in trade study

Each of the controllers in the trade studies was designed at the prescribed dynamic pressure and evaluated across a
range of dynamic pressures. The results are shown in Figure 6. The results extend the same trend as seen in the
initial study to higher values of the sensor noise weighting matrix. Selection among the results in this trade study
should be based on the relative expectation of noise, nonlinearity, and inaccuracy at the input and output of the
plant. The controller based on a sensor noise weight of 50 is currently selected. For that controller, the input loop
break gain margin is -3.5 to 4.4 dB and phase margin is +/- 23° at two times the open loop flutter dynamic pressure
(156 psf). For the controller with a sensor noise weighting of 10, the input loop break margins are at least -3.8 to 6.4

dB and +/-30° at all dynamic pressures below 156 psf.
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Figure 6. Gain and phase margin for (a) input loop break and (b) output loop break for sensor noise control

design trade study

III. Analytical Results

Simulations were performed for controllers designed at subsonic, transonic, and supersonic (M=0.80, 0.95, 1.10)
conditions. The open and closed loop response of wing strain gages and fuselage accelerometers were simulated as
indications of gust loads and passenger station ride accelerations respectively. Gain and phase margins were
calculated for a range of dynamic pressures. Figure 7 shows simulation results at the transonic condition with closed
loop flutter occurring at over 200% of open-loop flutter. Figure 8 and Figure 9 show reductions of over 20% in gust
loads and ride accelerations at dynamic pressures of 70% of the open-loop flutter boundary and above.
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Figure 7. Analytical results at M=0.95 showing a) controller transfer function b) robustness margins.
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IV. Experimental Results

Closed loop wind tunnel testing was conducted at NASA Langley in the summer of 2009. Testing was
conducted for three Mach numbers (M,=0.80, 0.95, 1.10) at various dynamic pressures below the open loop flutter
dynamic pressure. The experimental data was processed to evaluate the effectiveness of the ride quality assurance,
gust load alleviation, and flutter suppression functions of the control laws. These results along with comparisons to
analytical predictions are discussed in the following subsections.

A. Ride Quality Assurance

The ride quality function of the control laws is evaluated at forward and aft locations on the fuselage. The RMS
vibration in the aeroelastic frequency band is calculated by taking the square root of the acceleration PSD function
integrated from O to 30 Hz. Aft fuselage vibration RMS levels from analysis and test are compared in Figure 10a.
Except for the case of high dynamic pressure and open loop, the analysis data is generally below the test data by
approximately 20%. Possible reasons for this include noise in the test data, differences in the simulated and actual
turbulence spectrum, and differences in the analysis and test mode shapes. The open loop data simulation exhibits a
significant increase at high dynamic pressure. Figure 10b shows that for high dynamic pressures, the critical open
loop peaks have significantly higher amplitude than the test data. A likely reason for this is nonlinearity in the
system that limits the motion for high amplitudes. The closed loop data exhibits a relatively good match between
test and analysis. The closed loop RMS vibration is 20% lower than the closed loop case for the transonic condition
indicating that the control law is effective at reducing the vibration at the aft fuselage.
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Forward vibration RMS levels are shown in Figure 11a. This data exhibits a similar behavior to that at the aft
fuselage for open loop cases at high dynamic pressure. The forward fuselage data also shows an underprediction of
the vibration levels by about 50% RMS. This is likely due to the reasons mentioned above. The results also show
that while no reduction is present in the test data, it is clearly present in the analysis. This is likely due to
discrepancies between the analytical model and the actual system that are more pronounced for sensors located
further from the actuation location. The PSD results are compared in Figure 11b and indicate that while the
experimental data shows a suppression of the second mode, it is significantly less pronounced than that seen in the
analytical model.

a)

Figure 10. Comparison of transonic analysis and test acceleration results for aft fuselage acceleration: (a)

o
73

05

0.45

04

RMS (0-30 Hz) Turbulence Response
Mach =0.94914

Dynamic Pressure (psf)

Gust Response PSD at ANMACC
Mach =0.95047 q =62.0225

T T T T T T T T T 0.09 T T L
Open Loop
0458 e Closed Loop
) 0.08 Open Loop (Analysis) ||
***** Closed Loop (Analysis)
04 /
/ 0.07 i
0.35 & _
I 0.06
8 o3 S
o 3
2 o/ ¥ 2 005
=025 o/ 3
z o ¢ 4
[ @ 0.04
o2 e <
e 4
v 3 0.03
0.15 S -
e
////
0.1 e 0.02 4
P ©  Open Loop
0.05 - ®  Closed Loop 0.01 ~
/ Open Loop (analysis) ) A // \
***** Closed Loop (analysis) 3 D N \¥
0 L Il L I I L T T T 0 Ei
0 10 20 30 40 50 60 70 80 90 100 0 15 20 25 30

Frequency (Hertz)

RMS 0-30 hz at multiple flight conditions, (b) PSD at maximum dynamic pressure.

RMS (0-30 Hz) Turbulence Response
Mach =0.94914

02

Gust Response PSD at .FNMACC
Mach =0.95047 q =62.0225
T

T
Open Loop

Closed Loop

Open Loop (Analysis)

77777 Closed Loop (Analysis) |

bl

w

G
T

o
w
T
L
o
o

=

RMS FNMACC (G)
)
Y]
&
T
I
Gust Response PSD (glez)

°
o
:
e

\ \
\\
\
.

°
>
;
O\
\
\
.

et 005

e o Open Loop
® Closed Loop u
Open Loop (analysis)

- Closed Loop (analysis) 1,"/ A
. : T :

I I
0 10 20 30 40 50 60 70 80 90 100 0 5
Dynamic Pressure (psf)

a) b)
Figure 11. Comparison of transonic analysis and test acceleration results for forward fuselage acceleration:
(a) RMS 0-30 hz at multiple flight conditions, (b) PSD at maximum dynamic pressure.

\
\
\\
A

o,
\

15 20 25 30
Frequency (Hertz)

B. Gust Load Alleviation

Wing loads are calculated via a linear combination of strain gage data. The gust load alleviation function of the
control laws is evaluated by investigation of wing root bending moment. The RMS moment in the aeroelastic
frequency band is calculated by taking the square root of the acceleration PSD function integrated from 0 to 30 Hz.
Analysis-test comparisons for bending moment data are shown in Figure 12. The analytical model underpredicts the
test data by approximately 80%. This is significantly more than for the acceleration data. Investigation of the PSD
data at high dynamic pressure (Figure 13) indicates that while the first mode (bending branch) is critical in the
analysis, the second mode (torsion branch) is critical in the test data. This can be seen clearly in Figure 13a where
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the peak in the analytical open loop data is at 7.2 Hz and the peak in the test open loop data is at 6.5 Hz. A possible
cause of this would be inaccuracy of the analytical mode shapes. While the SISO control laws suppress the second
mode, they exacerbate the first mode and do not accomplish gust load alleviation. The MIMO control law which

includes the aileron achieves 6% reduction in the RMS wing bending moment (Figure 12b).
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C. Flutter Suppression
The effectiveness of the control laws in achieving flutter suppression is determined through the use of the
Zimmerman-Weissenburger method. The Zimmerman-Weissenburger method is named after the authors of a 1964
paper documenting the method™. The authors present a linear two degree of freedom flutter system. Based on the
Routh stability criteria®® of this system, a flutter margin is calculated using:

22 2 p212 2. 2 2
_ |@2-@1 | B2-B1 w3+ B2+B1\"| _ |(B2—P1
F_[ . T2 ] +4ﬁ132[ 2 +2( 2 )] [(Bzﬂil)(

wi-wl B2+B1\? 2
)z

where ®; and w, are the frequencies of the first two modes and 3; and B, are the decay rates for the first two modes.
For the case of a linear, two degree of freedom aeroelastic system, flutter occurs when the flutter margin is equal to
zero. The authors show application of this method with linear and quadratic extrapolations of subcritical data points
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for predicting the flutter speed of various multi degree of freedom systems. For application to the aeroelastic system
in this work, the frequency and damping of the critical modes are taken from the identified four-state models
described above.

The modal frequency results for the transonic case are plotted as a function of dynamic pressure in Figure 14a.
In the open loop case, the frequency of the second mode decreases with increasing dynamic pressure while the
frequency of the first mode increases. In the closed loop case, the frequency of the second mode actually increases
with increasing dynamic pressure resulting in negligible coalescence of the modal frequencies. The Zimmerman-
Weissenburger flutter margin results (Figure 14b) show the effects of this frequency behavior with the predicted
flutter speed for the closed loop system 75% higher than that for the open loop system. Note that while the open
loop data is well fit by a linear function, the closed loop data appears to exhibit a concave trend. If the closed loop
data is fit with a quadratic function, the predicted flutter suppression effectiveness is greater than the 75% predicted
based on a linear curve fit.
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V. Conclusion

Predicted and measured values for ride quality assurance, gust load alleviation, and flutter suppression have been
computed for four control laws tested at the TDT. These control laws were developed based on analytical models
tuned based on stiffness, mass, and wind-off vibration data and were able to provide active aeroelastic control to the
S4T model. Aft fuselage RMS vibration reduction of greater than 20% was achieved at the aft fuselage for all Mach
numbers tested. The GLA controller tested achieved 11% reduction in RMS shear and 6% reduction in bending
moment. It is expected that slight modification to the design of this control law could create robustness at higher
dynamic pressures resulting in higher GLA. Increased spacing of the critical modes was achieved at all Mach
numbers tested. Flutter dynamic pressures calculated based on the Zimmerman-Weissenburger method and indicate
that flutter dynamic pressure increases of 21%, 75%, and 32% were achieved for the subsonic, transonic, and
supersonic cases respectively.

Fuselage Vibration Wing Gust Load Flutter Speed
Reduction (%) Reduction (%) Increase (%)
Dynamic
Mach Pressure Zimmerman-
Number Range Type Forward Aft Moment Shear Weissenburger
0.80 0-65 psf SISO-FSS 13 23 N/A 7 10
0.95 0-62 psf SISO-FSS 1 20 N/A 13 32
1.10 0-65 psf SISO-FSS N/A 27 N/A 19 15
0.95 0-41 psf MIMO-GLA 2 16 6 11 N/A

Table 3. Summary of Experimental Results
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