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Abstract
A project was recently completed that investigated the ability to predict the onset of flutter using tools like
the flutterometer. This project used an experiment called the Aerostructures Test Wing that was flown while
mounted to the Flight Test Fixture on an F-15. Several flight tests were conducted to expand the envelope and
determine the aeroelastic dynamics of the experiment. The final flight ended with destruction of the experiment
due to the onset of flutter. The flutterometer attempted to predict this onset by analyzing the flight data. The results indicate the flutterometer is able to generate a conservative estimate of the flight conditions associated with
flutter. This paper details the flight tests of the experiment and the resulting predictions from the flutterometer.

1 Introduction
The aeroelastic phenomenon known as flutter has been around since the advent of flight . Indeed, the concepts
associated with aeroelasticity are extensively developed and discussed in the literature  . Instabilities have
been derived that extend well beyond the simple bending-torsion flutter into complicated mechanisms involving
aeroservoelastic dynamics. Furthermore, many approaches and tools have been developed to predict the flight
conditions associated with these instabilities.
The investigation of flutter through flight testing is an essential part of aircraft certification. Several methods of predicting the speeds associated with flutter have been developed and used for flight testing including
extrapolating damping trends, an envelope function  , the Zimmerman-Weissenburger flutter margin  , and
an identification approach  . Flight testing, even using these prediction methods, remains a costly and timeconsuming process. The concern for flight testing is that traditional model-based and data-based approaches for
predicting the onset of flutter do not provide sufficient levels of confidence and safety. Several incidents have
shown that this concern is justified   .
A new tool has been developed to predict the onset of flutter  . This tool, called the flutterometer, uses a
new approach called  -method analysis to predict a robust flutter speed  . The flutterometer is significantly
different from traditional prediction approaches because this tool uses both models and flight data. The resulting
prediction is thus based on both theoretical dynamics of aeroelasticity and measured properties of the real
aircraft.
The flutterometer needs to be extensively tested before it can be relied upon for predicting the onset of flutter
during a flight test. The tool has been investigated using simulations of several systems; however, the simulated
tests are always of limited value because of artificialities. The validity of the flutterometer can never be truly
determined unless the simulated tests are accompanied by real tests.
Specifically, the flutterometer must be evaluated by flight testing. Some testing has been performed using
wind tunnel experiments; however, those experiments could not consider issues unique to flight testing. The
flutterometer must be investigated to determine the effects of issues such as modal excitation and observability,
ambient noise, turbulence effects, telemetry, efficiency and computational requirements, and testing methods
that are observed in actual flight environments.
NASA Dryden Flight Research Center recently completed a project that investigated the flutterometer. This
project used an experiment called the Aerostructures Test Wing (ATW). The ATW was a small-scale wing
structure that was flown using an F-15 and associated Flight Test Fixture.
The flight tests of the ATW were able to generate data that was used to evaluate the flutterometer. This data
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inclu
ded accelerometer responses to random turbulence and commanded sine sweeps. The ATW presents a

particularly valuable test for the flutterometer because the exact flutter speed is known. The system actually
encountered flutter during the flight test so the validity of a prediction could definitely be determined.
This paper documents the flight tests of the Aerostructures Test Wing. Various aspects of the testing are discussed. One aspect of discussion is the physical characteristics of the ATW. Another aspect of discussion is the
modeling and ground testing that were performed for the ATW. Finally, the flight tests and the predictions from
the flutterometer are detailed.

2 Background
2.1 Flutterometer
The flutterometer is a tool that predicts flutter margins during a flight test  . This tool is inherently different
from traditional approaches that attempt to predict the onset of flutter. These differences include the type of
information used in the computation, the type of analysis performed by the tool, and the type of prediction that
results.
Fundamentally, the flutterometer is a model-based tool. This description is intended to note that the flutter
margin is computed by analyzing the stability properties of an analytical model. In this respect, the flutterometer
is similar to standard computational approaches; however, the flutterometer differs with respect to how the
model is formulated. The model to be analyzed actually has characteristics from both theoretical dynamics
and flight data measurements. Thus, the type of information used by the flutterometer is different from other
approaches.
The basis for the flutterometer is  -method analysis  . The  -method analysis computes a stability measure
that is robust with respect to an uncertainty description  . This uncertainty description is computed to be
representative of modeling errors as noted by analyzing flight data. In this respect, the flutterometer predicts
a realistic flutter speed that is more beneficial than theoretical predictions because the robust speed directly
accounts for flight data. Thus, the type of analysis performed by the flutterometer is significantly different from
standard aeroelastic analysis.
The flutter margin that is computed by the flutterometer is actually the robust flutter margin for the analytical
model with respect to the uncertainty. This margin is mathematically valid based on the aeroelastic dynamics
as indicated by the model. In this respect, the tool is analytically predictive as opposed to the ad hoc predictions that result from extrapolating damping trends or assumptions of general binary flutter. Thus, the type of
prediction is considerably different from traditional approaches.

2.2 Flight Test Fixture for the F-15
A facility has been developed by NASA Dryden Flight Research Center that allows flight testing of various types
of experiments . This facility is composed of an F-15 with an associated Flight Test Fixture. In this case,
the F-15 is a standard 2-seat variant of the fighter aircraft and the Flight Test Fixture is the second-generation
version of a basic concept.
The Flight Test Fixture is essentially an aircraft store that is used to host experiments. This store is a thin
rectangular body with an elliptical nose and blunt tail. The dimensions are 107 in long by 32 in high by 8 in
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wide.

The main body of the Flight Test Fixture is of primary importance for flutter experiments. This body is the
rectangular piece that is the largest element of the store. The main body is actually several compartmentalized
sections and a set of side panels. The compartmentalized sections are used for storage of electronics such as
power supplies and signal processing units. The side panels can be removed and replaced to allow external
mounting of experiments.
The Flight Test Fixture mounts to the centerline pylon underneath the fuselage of the F-15 as shown in Fig. 1.
The entire structure mounts behind the engine inlets in the area near the rear landing gear. This structure is
similar in nature to a fuel tank that is routinely flown on the F-15 in this position; however, the Flight Test
Fixture has less weight and drag and is smaller than that fuel tank. Thus, the development of the Fixture was
aided by knowledge of the flight characteristics of the F-15 with a fuel tank.

Figure 1: Flight Test Fixture mounted to F-15
An airdata system is integrated into the Flight Test Fixture. This system measures angle of attack and angle
of sideslip along with airspeed for the store. The angle of attack, in particular, differs between the Flight
Test Fixture and the F-15 so this measurement is of concern for determining aerodynamics associated with
experiments.
Extensive flight tests were performed to study the airflow around the Flight Test Fixture. Flow visualization
studies have indicated that the airflow is fairly smooth around the store body for subsonic flight conditions.
Shocks appear only as the F-15 approaches transonic flight and their effect seems to be concentrated towards
the leading-edge portion of the structure.
Also, vibration testing was performed on this facility. Flight tests that covered a wide range of operating
conditions were performed to measure accelerations. The sensors indicated noticeable responses; however, the
modal frequencies of the Flight Test Fixture were above 200 Hz. Lateral motion of the structure was particularly
evident but at low frequencies this motion had very low acceleration levels.
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3 Experiment Issues
3.1 Objectives
A project was initially proposed in 1997 to validate the accuracy of flutter predictions. The flutterometer was
of particular interest but an evaluation of traditional data-based and model-based approaches was also desired.
Each of these methods had been extensively evaluated using simulated data so the next logical step was to
consider flight data.
The predictions of flutter speeds were to be computed for a specially designed experiment. The main objective
of this experiment was thus to provide data for analysis by the prediction approaches. Such data needed to be
an extensive set of parameters that reflected the dynamical properties of the experiment.
The data used to predict flutter needed to be applicable for several types of prediction algorithms. Some algorithms use responses from random excitation whereas other algorithms use responses from a deterministic
excitation. Furthermore, that deterministic excitation should include sinusoidal sweeps and dwells of different
frequencies and magnitudes. An objective for the experiment could therefore be described as the generation of
data in response to these particular types of excitation.
Also, the accuracy of a prediction could only be truly evaluated when the actual speed associated with flutter
was known. Thus, the experiment must involve a system that incurs flutter. Data must be recorded from flight
conditions ranging from stable operation to the onset of a flutter instability. The experiment did not necessarily
need to actually encounter flutter; however, the testing needed to come extremely close to the instability to
ensure the true flutter speed was known to a high accuracy.
Another objective of the experiment was to formulate theoretical models of the system. Computational modelbased approaches were to be evaluated from several in-house and commercial software packages so a model
was obviously critical. Furthermore, a model needed to be realized as a linear state-space system for use with
the flutterometer.
An additional objective was associated with the basic process of flight testing. Namely, this project was to
investigate the ability of engineers to monitor an experiment and safely expand the envelope near unstable
flight conditions. In other words, the project should determine if the current procedures for testing provide an
adequate level of safety.

3.2 Constraints
The objectives of the program could only have been satisfied by designing an experiment to undergo flight tests.
Furthermore, that experiment must have been able to incur the onset of flutter. Clearly such objectives raised
several concerns that translated into serious constraints and limitations for the design of the experiment.
The obvious concern for the experiment was the type of system that could be flown. The use of a real airplane
to fly up to the onset of flutter was obviously too dangerous for a piloted system and too costly for an unpiloted
system. Thus, the decision was made to use a scale wing to represent a realistic structure. This decision
constrained the experiment to be realized as a wing with a traditional type of flutter mechanism.
The use of the F-15 with associated Flight Test Fixture presented a unique opportunity for this project. The
experiment could be designed as a wing that mounted to the Flight Test Fixture. The system would be designed
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such
that the wing would flutter at a speed much lower than the flutter speed of the F-15. The F-15 would then

be able to safely carry the wing to the limit of its envelope.
Such an approach presented several immediate constraints. The wing had to be designed such that it would
incur flutter for a flight condition at which the F-15 could safely and easily operate. Also, the wing had be
designed such that it could easily mount to the Flight Test Fixture. Furthermore, the wing had to be designed
such that its destruction from flutter would not cause any associated damage to the F-15 or Flight Test Fixture.
Several limitations in the physical realization of the wing resulted from these constraints. The main limitation
was in the type of materials allowed in the construction. The wing was not allowed to have large metal components that might depart from the experiment and strike the F-15. The actual components needed to be frangible
enough so that they could not damage the aircraft in the event of flutter. Also, the size of the wing was limited to
a span of no more than 24 in because of space constraints between the Flight Test Fixture and the F-15 landing
gear.
The flight conditions at which the wing would flutter were chosen to be Mach 0.80 and altitude of 10,000 ft.
These conditions were chosen as a compromise between several issues. The speed was high enough so that
many sub-critical test points could be flown but low enough so that transonic effects should not be strong. Also,
the F-15 could easily and safely operate at these conditions.
Another constraint imposed on the system resulted from the objective of recording data for flutter prediction.
Specifically, the wing needed to be excited by a deterministic command. Initial designs considered a control
surface or torque tube but these were deemed too complicated and costly. The excitation system needed to be
inexpensive but also satisfy the inherent frangibility constraint.
An additional and related constraint was placed on the modal frequencies of the system. The prediction of
flutter depended on data from which the dynamics of the system could be analyzed. Thus, the modal frequencies
needed to be low enough so that they could easily be excited and observed. The choice was made to limit the
design of the wing such that the modal frequencies were less than 50 Hz and preferably less than 30 Hz.

4 Aerostructures Test Wing
4.1 Characteristics
The Aerostructures Test Wing was developed at NASA Dryden Flight Research Center. This system was
designed explicitly for the purpose of demonstrating flutter during a flight test. Thus, the development was
directed by the objectives and constraints associated with the project.
The ATW was initially conceived as a wing so the flutter mechanism would be realized as a bending-torsion
instability. The design was an iterative process that considered structural characteristics and stability properties.
This design determined the shape of the airfoil, the location of ribs and spars, and thickness and layup of
the fiberglass skin. Additionally, a boom was included with the wing to provide mass balancing and alter
mode shapes. The resulting structure, as shown in Figure 2, satisfied the constraints associated with modal
frequencies, weight, load limits, and flutter speed.
The wing was formulated based on a NACA-65A004 airfoil shape with a 3.28 aspect ratio. The wing had a
span of 18.0 in with root chord length of 13.2 in and tip chord length of 8.7 in. The total area of this wing was
197 in . The boom was a 1 in diameter hollow tube of length 21.5 in.
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Figure 2: Aerostructures Test Wing
The ATW was meant to be a realistic testbed that represents complexity of an aircraft component; however, the
construction of the testbed was limited by safety concerns. These potentially conflicting issues were addressed
by designing the ATW with a rib and spar construction that used lightweight materials with no metal. Specifically, the skin and spar were constructed from fiberglass cloth, the boom was constructed from carbon fiber
composite, the wing core was constructed from rigid foam, and components were attached by epoxy.
The wing has an internal spar at the 30% chord line that is contructed of carbon plies with thickness of 0.005 in.
This spar is composed of 10 plies of carbon at the root but decreases to only 1 ply at the tip. Thus, the thickness
of the spar changes from 0.05 in at the root to 0.005 in at the tip.
The total weight of the ATW was 2.66 lb. This weight includes the basic structural elements of both the wing
and the boom. Also, this weight includes powdered tungsten that was included in the endcaps of the boom for
mass balancing.
The wing was constructed with "! of wash-in twist at the tip of the wing. The original design called for #!
of wash-out twist; however, construction errors resulted in erroneous angle of twist. This error caused some
concern regarding aerodynamic and divergence issues. The concerns were alleviated by mounting the wing at a
negative angle of incidence to minimize the steady-state loads for bending and torsion measured at the root and
spar centerline.

4.2 Excitation and Sensing
A measurement and excitation system was incorporated into the wing  . This system provided data used to
predict flutter and so was obviously critical to the success of the project. The design of this system was subject
to the basic constraints associated with the ATW so large metal components were not acceptable. Additionally,
the measurement and excitation system were required to interact with the modes of the ATW.
The measurement system was designed to provide data both for flutter prediction and loads monitoring. The
ATW was constructed with 3 accelerometers placed at fore, aft and mid locations in the boom. These sensors
were oriented to measure vertical responses that were perpendicular to the surface of the wing. Also, 18 strain
gages were placed throughout the airfoil structure.
The excitation system was 6 patches of piezoelectric material. The wing was constructed with 3 patches on the
upper surface and 3 patches on the lower surface. The same signal was commanded to these patches; however,
the signal was out of phase between the upper and lower patches. In this way, the patches acted as a single
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distr
$ ibuted actuator.
The patches were constructed as a piezoceramic encapsulated using a polymer film. Each patch had dimensions
of 3 in by 1.75 in by 0.008 in. This device underwent a dimensional change when an electric voltage was
applied. The patch was bonded such that this dimensional change applied a strain to the wing surface.
The orientation of the measurement and excitation system can be seen in Figure 2. The patches on this upper
surface of the wing are clearly seen to be distributed with one patch near the tip and two patches near the root.
The orientation of the patches and strain gages near the root are more clearly seen in Figure 3.

Figure 3: Instrumentation
The measurement and excitation elements were positioned to maximize their effect with respect to the bending
and torsion modes. The distributed locations of the patches was such that they could act as a single actuator but
still excite both bending and torsion. This ability can be seen in Figure 2 by noting the patches were aligned
along the sweep angle of the wing to excite bending but they were placed at different chord-wise positions to
excite torsion. The accelerometers were simply positioned along the boom to maximize response levels from
both bending and torsion based on experimental testing.

4.3 Electronics
Several electronic components needed to be built to run the measurement and excitation on the ATW. These
components were responsible for providing a stable power source for the different patches and sensors. Also,
these components were responsible for providing an interface between the pilots and the ATW that determined
the operation of the system. The components were an amplifier box, a control computer, and an interface panel
shown in Fig. 4.
The control computer is shown on the left of Figure 4. This box was developed to provide an excitation signal
to the piezoelectric patches on the wing. The small computer had the capability to output an analog signal with
magnitudes between %'&)(+*-, V. The computer dimensions were 5.5 in by 5.5 in by 6.0 in.
The amplifier is shown in the middle of Figure 4. This box was a switching amplifier that could switch power
supply into load at high rate and could recover the reflective energy from the capacitive loads. It had a single
channel with a gain of 20 V/V for inputs up to %'&.(/*-, V. The maximum output voltage was %0&.(213,4, V.
The maximum capacitive load capability was 100 Hz at 15 65 and 20 kHz at 1 65 . The amplifier was 8 in by
10.75 in by 3.75 in and weighed about 4 lbs.
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Figure 4: Electronics
The interface panel is shown on the right of Figure 4. This small panel had 5 toggle switches that activated
sweeps to the piezoelectric patches. Each switch corresponded to a sweep of different magnitude. Also, a main
power switch was included that enabled a sweep to be instantly stopped so no excitation was commanded to the
patches.
These components were mounted at various locations to meet space constraints. The interface box obviously
had to be mounted in the cockpit. Specifically, this box was installed in the rear portion of the cockpit to allow
the backseat pilot to control the operation of the ATW. The amplifier and control computer were mounted inside
the Flight Test Fixture.

4.4 Mounting
The ATW mounted horizontally on the Flight Test Fixture as shown in Fig. 5. Specifically, the wing was
mounted near the bottom and the nose section of the Flight Test Fixture. The system attached to the F-15 such
that the ATW lay on the port side of the aircraft.

Figure 5: Aerostructures Test Wing mounted to Flight Test Fixture
The location of the wing on the Flight Test Fixture was chosen for several reasons. Mounting the wing near
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the
7 nose attempted to use the smoothest part of the airflow as indicated by previous flow visualization studies.
Mounting the system near the bottom increased the distance between the wing and the fuselage which was
important to minimize any interference effects from the fuselage on the ATW.
Safety was an additional concern with respect to the mounting of the ATW. Maximizing the distance between
the wing and the fuselage attempted to minimize the possibility that portions of the ATW could contact the
F-15 if flutter was encountered. Of course, the actual location of the Flight Test Fixture was important to this
consideration. The entire system, Fixture and ATW, was mounted behind the engine inlets to minimize the
possibility that destruction of the ATW could cause significant damage to the engines.
The actual connection between the ATW and the Flight Test Fixture was accomplished by constructing a new
panel for the store. This panel had a slot through which a flange on the root of the ATW was inserted. Bolts
fixed the flange, and consequently the ATW, to a mounting bracket on the back of the panel. This connection
was quite strong so that ground testing indicated no appreciable freeplay of the ATW at the root. The connection
was also shown to be quite rigid so the root of the ATW could be assumed to be fixed.
An additional feature of the panel was an ability to rotate the mounting bracket before flight. This rotation
allowed the angle of incidence of the ATW to be altered. In effect, the angle of attack associated with the ATW
would be changed by rotating the angle of incidence. Such rotation was used to ensure the ATW experienced
small angles of attack during testing to minimize loads. The actual rotation angle was altered between flights
during the testing to reflect the changes in trim angle of attack as a function of dynamic pressure.

5 Ground Vibration Test
Ground vibration tests were conducted to determine the structural dynamics of the wing. These tests were
performed on the ATW mounted to a rigid stand and mounted to the Flight Test Fixture on the F-15. The
difference in results was negligible so the structural properties of the ATW were assumed to be similar on the
ground and in flight.
A ground vibration test was performed using a calibrated impact hammer for excitation 8 . This hammer used
a metal tip with an added 0.0065 lb mass. The procedure was to impact the wing at 35 points at the leading and
trailing edges, forward and aft of the spar, the wing root, the wing to boom connection, and the along the boom.
The responses from these impacts were recorded by the accelerometers in the boom.
A ground vibration test was also performed using the piezoelectric excitation system  . This test commanded
chirp signals from 5 to 35 Hz to generate a broad spectrum of energy. The magnitude of the chirps were varied
to identify nonlinearities; however, the system appeared to be fairly linear.
The main modes of the system and their natural frequencies are presented in Table 1. These modal properties
correspond to data from both the impact testing and patch testing.
Mode
*:98; Bending
* 98; Torsion
1=<3> Bending

Frequency (Hz)
14.05
22.38
78.54

Table 1: Measured structural modes of the ATW
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6 Modeling
The flutterometer is a state-space model-based analysis tool and, consequently, the formulation of a model was
of paramount importance. A standard method is to first generate a finite element model that represents the
structure, compute unsteady aerodynamics using approaches such as doublet lattice theory, and then formulate
a state-space model using rational functional approximations. This standard method was initially adopted for
the ATW; however, there were several unexplained sensitivity and conditioning issues. For instance, minor
alterations in mass of the structure resulted in extremely large variations in predicted flutter speed. Also, the
model was unable to simultaneously match both the natural frequencies and mode shapes as measured by the
ground vibration test. Consequently, the finite element model was not used for flutterometer development.
An approach was used to generate a model of the ATW that combined elements from a finite element model with
data from the ground vibration testing. A finite element model was initially used to generate a set of mass values
at locations throughout the structure. Correspondingly, the test data indicated the frequencies and responses at
these locations for modes of the structure. An equivalent model was then formulated with natural frequencies
and modes shapes that were determined by the data, mass values that were purely analytical, and stiffness values
that resulted from relating the analytical mass and experimental natural frequencies. This equivalent model was
thus representative of both analytical and experimental results. This model was formulated using the ZAERO
package  .
The first use of the equivalent model was to generate a state-space representation of the structural dynamics of
the ATW. This representation resulted from generating a reduced-order model of mass and stiffness values that
were associated with the modes of Table 1. The equivalent model did not use any structural damping so a modal
damping matrix was determined directly by the test data. This determination was a straightforward procedure
based on system identification results.
Also, the structural model was augmented to include the excitation and sensing elements. An input matrix
was generated that noted the effects of the excitation system on the structural dynamics. Similarly, an output
matrix was generated that noted the responses of the accelerometers throughout the structure. Each of these
matrices was identified directly from the data of the ground vibration test. These matrices were generated with
a relatively high amount of confidence because the excitation system is actually a structural excitation system
that affects strains and stresses rather than an aerodynamic excitation system such as control surfaces. Thus,
the input and output matrices could be completely determined entirely from ground vibration testing.
The quality of the structural model was evidenced by comparing transfer functions from the model and the test
data. These transfer functions related the input command to the excitation system and the output responses from
the accelerometers in the boom. Figure 6 compares transfer functions from model and data for the accelerometer
at the trailing-edge of the boom. This comparison demonstrated that the structural model was able to accurately
reproduce the dynamics as observed in the data.
The second use of the equivalent model was to generate a state-space representation of the unsteady aerodynamic forces. The equivalent model was used directly by standard computational tools to compute the aerodynamic forces and flutter speeds. These forces were computed as a set of complex matrices for a set of distinct
reduced frequencies. A state-space representation of the forces was then generated by approximating the set of
matrices as a rational function  .
The analysis of the equivalent model resulted in a state-space model of the structural dynamics and a state-space
model of the aerodynamics. These models needed to be altered to fit into the  -method framework and also
combined to generate an aeroelastic model. This procedure was quite straightforward as documented in the
literature ? . The model was put into the  -method framework by parameterizing the elements around flight
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Figure 6: Transfer functions from excitation system to accelerometer at boom trailing-edge for data ( @A@B@ ) and
model (—)
condition and adding uncertainties. Then, the generation of a single aeroelastic model was accomplished by
relating the structural and aerodynamic models by feedback.
The parameterization around flight condition was accomplished by noting the dependence of the aerodynamics
on airspeed. The concept was to replace the airspeed parameter with a summation of a nominal airspeed and a
perturbation. The explicit dependence of the dynamics on this perturbation was then replaced by an equivalent
dependence through feedback for the nominal value and the perturbation.
The introduction of uncertainties actually made use of both the structural and aerodynamic representations.
One type of uncertainty that was introduced was parametric uncertainty. Uncertainty operators were directly
associated with the stiffness and damping matrices of the structural dynamics. Another type of uncertainty that
was introduced was dynamic uncertainty. This type of uncertainty was associated with the magnitude and phase
of the aerodynamic forces. Also, dynamic uncertainty was associated with the excitation and sensing signals to
account for the effects of unmodeled dynamics and mode shape errors.
The aeroelastic model in the  -method framework is shown in Figure 7. The elements of this model are
easily seen. In particular, the structural dynamics are noted as C and the aerodynamics are noted as D . The
perturbation to airspeed, E?F , appears in association with the aerodynamics because that block contains all the
velocity dependency. Also, the parametric and dynamic uncertainties are shown in relation to the elements with
which they are associated. The elements GIH and GKJ are the parametric uncertainties associated with stiffness
and damping, GML is the dynamic uncertainty associated with the aerodynamic forces, and GON and G are the
!
dynamic uncertainties associated with input and output signals. Note that each of these operators is weighted to
reflect a desired level of uncertainty. For example, the operator G H is restricted to be norm bounded by unity
so the weighting P H scales the loop and allows consideration of errors that are not of unity size. The actual
values of the weightings were determined by analysis of flight data.
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Figure 7: Uncertain model of the Aerostructures Test Wing

7 Flight Test
7.1 Envelope Expansion
The ATW was first flown during March 2001 at NASA Dryden Flight Research Center as shown in Fig. 8. The
mass balancing in the boom for this flight was chosen such that the flutter speed was excessively high for the
ATW. Thus, the initial flight was used to test the system and procedures with the wing in a relatively safe flight
configuration. After this flight, the mass was changed so the system was anticipated to flutter near Mach 0.80
and altitude of 10,000 ft.

Figure 8: Flight test of the ATW
The ATW, in its final configuration, was flown on 4 flight tests during April 2001. These flights included 21
test points with Mach numbers between 0.50 to 0.83 and altitudes between 10,000 and 20,000 ft. The test
points were chosen in an order of varying Mach and altitude such that the envelope expansion always increased
dynamic pressure.
An interesting aspect of the flight test was takeoff and landing. These maneuvers are, of course, characterized
by deployment of the landing gear. The flow conditions around the Flight Test Fixture, and consequently the
ATW, were strongly affected by the landing gear. The ATW experienced strong buffeting during these flight
conditions such that accelerometer responses reached the 25 g saturation limits of the telemetry recording. The
pilots minimized the time spent in this dangerous buffet by retracting the landing gear immediately after takeoff
13

and
 extending the gear at the last safe moment before touching down.
The flight test for envelope expansion followed standard procedures for test point operation. Specifically,
the aircraft arrived on condition and then flew straight and level for 30 seconds to gather information about
turbulence levels. After the stabilized run, the excitation system on the ATW was activated and response
data was measured. This response data was telemetered to the control room and analyzed by damping and
flutterometer algorithms. Also, wind-up turns and push-over/pull-up maneuvers were performed to gather
information about loads on the ATW.
The decision to repeat a test point was made by inspection of the flight data. Essentially, the data was analyzed
both in the time domain and frequency domain to determine if sufficient information about the dynamics could
be observed. The time domain check simply inspected the magnitude of the accelerometer data to ensure
adequate levels of response were observed. The more methodical check was analysis of the frequency-domain
transfer functions. The test point was repeated if the data showed unacceptably small responses or contained
excessively high levels of noise that distorted the transfer function and resulting damping estimation.
Also, the test points at high speeds needed to be considered particularly carefully before expanding the envelope.
The flight corridor within which the ATW was required to operate was not long enough to ensure a full 60 s
chirp excitation could be completed at Mach 0.80. The flutter prediction really only required modal information
so the test point was considered sufficient if the excitation was able to excite the bending and torsion modes.
Since the torsion mode was always less than 25 Hz, the first 45 s of the chirp were sufficient to complete the
test point.
The flight test proceeded as the control room decided to continue expanding the envelope between test points.
This decision was predominantly based on the desire to closely approach, but hopefully not encounter, the
onset of flutter. The flutterometer and damping trends were both used to predict how close the system was to
instability.
The envelope expansion was actually only partially limited by the prediction of flutter onset. Traditionally,
of course, the expansion would stop when the system was deemed to be near unstable flight conditions. The
purpose of the flight test for the ATW was to take the system very close to flutter; therefore, the expansion
continued until the flight conditions associated with flutter were confidently determined.

7.2 Flutter
The ATW experienced the onset of flutter during an envelope expansion. Specifically, the system was being
accelerated after the final test point at Mach 0.825 and altitude of 10,000 ft. The pilot was doing a very
slow acceleration of approximately .01 Mach per second at constant altitude. The onset of flutter occurred at
approximately Mach 0.83 and altitude of 10,000 ft.
Photos were taken from the video system that showed the onset of flutter. Several photos, taken 0.033 s apart,
are shown in Fig. 9. The wing underwent several violent oscillations until it broke near the tip. The boom and
roughly 20% of the wing were lost.
The actual flutter mechanism is seen from the photos in Fig. 9. The unstable mode is clearly dominated by
bending motion. Some torsion is evident as would be expected by the anticipated modal coupling between
the modes. The actual mode shape associated with the flutter mechanism was somewhat difficult to determine
because the large oscillations quickly caused damage to the system so the photographed response may not
exactly correlate to the original linear structure.
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Figure 9: Onset of flutter
The rapidity at which the ATW was destroyed is particularly interesting. Essentially, the wing was destroyed
about 2 s after the onset of flutter was observed. The project had hoped to save the wing after the flight
conditions associated with flutter were confidently determined; however, the destruction occurred so fast that
the wing could not be saved. The control room quickly made the abort call to the pilot when flutter was observed
but simply saying the words took roughly the same amount of time as the destruction.
Even more disturbing, the control room was clearly aware that flutter was imminent but was still unable to
stop the destruction. The data analysis showed levels of modal damping for the bending mode were changing
to indicate flutter was probable near this flight condition. The exact condition was difficult to confidently
determine so the envelope was being expanded very slowly. The flutter experienced by the ATW was so severe
that even alert and forewarned monitoring was unable to prevent loss of the system.
The status of the host F-15 aircraft was of obvious concern after the ATW experienced flutter. The pilot reported
no adverse effects were observed. The chase pilot flew around the F-15 for visual inspection and also reported
no adverse effects could be observed. The video shows the destroyed parts of the ATW fell away harmlessly
without contacting the F-15 after flutter. Thus, the system behaved as predicted by the methodical and extensive
analysis performed by the design team and flight engineers associated with the ATW.

8 Predictions of Flutter Speed
8.1 Implementation
The flutterometer was implemented for ATW testing as a MATLAB process. In actuality, there were several
processes that operated in conjunction. The flutterometer, as referred to in this paper, implies the process that
computed on-line robust flutter margins. The other processes dealt with data transfer. Essentially, the processes
operated independently; however, the proper operation of the flutterometer depended on an implementation that
allowed these processes to communicate efficiently.
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The
7 overall flowchart for the flutterometer implementation traces the data from aircraft telemetry to the generation of a robust flutter margin. This flowchart has many steps; however, the implementation can effectively be
viewed as 3 steps.
The first step in the flutterometer implementation was to gather data from the aircraft telemetry stream. This
step was done using a framework for data networking called the ring buffered network bus (RBNB)  . The
concept used for ATW testing had an RBNB process transferring data from the telemetry stream to a memory
cache. The data in the cache was converted from generic telemetry units, such as counts, into engineering units,
such as acceleration in g, for use with analysis processes. Also, the cache contained all signals from the entire
flight. In this way, the cache acted like an on-line data server from which any data that was gathered during the
flight could be immediately accessed.
The second step in the implementation was to provide an interface that linked the data server with MATLAB.
This software was written as a MATLAB process that ran continuously and monitored the data cache. The
concept behind this process was to poll the data until a condition was satisfied that indicated data should be
transferred. This trigger condition for the ATW testing was a signal that was nonzero only while the excitation
system was active. The interface process transferred a block of data, corresponding to a continuous stream
of data with a nonzero excitation signal, between the data cache and the local analysis computer. Also, the
interface system converted the data from an RBNB format into a MATLAB structure. The data was then saved
as a file with a unique identifier that corresponded to the time at which the data was generated.
The third step was to analyze the data and compute a robust flutter margin. This step was the flutterometer
process and was entirely a MATLAB function. The process began by loading a user-specified data file. The
flight conditions associated with the data file were noted and a corresponding model was loaded. The process
then continued by generating uncertainty levels and performing a  analysis to compute an on-line flutter
margin.
The interaction between the user and the implementation was only in the third step. The first and second
steps were initialized with information about the telemetry stream and the trigger condition and then run autonomously. The third step was not as deterministic and thus was required to be monitored. Some of the
parameters that were allowed to be changed during a flight were the frequencies for model validation and 
analysis, the updating scheme for the uncertainty levels, the flight condition units of the flutter margin, the
sensors to be considered for analysis, and various display options. The flutterometer employed an interface that
allowed these options to be changed by simple graphical entries.

8.2 Flight Data
The responses from the accelerometers were used to predict the onset of flutter. The time-domain responses
were used for evaluation of the aeroelastic dynamics; however, these responses were further processed. In
particular, the data was represented as frequency-domain responses for several types of analysis.
The basic frequency-domain representation of the data was transfer functions. These transfer functions were
computed between the commanded excitation and the accelerometer responses. Obviously transfer functions
could not be computed for the responses to turbulence excitation so frequency-domain representations of these
responses were computed as power spectra.
Estimates of modal parameters were computed from the transfer functions. At each test point, a polynomialbasis curve-fit method of system identification was used to formulate a model whose magnitude and phase
characteristics were similar to the transfer function. The modal parameters of that model were then extracted
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and
 used as representative of the ATW parameters.
The modal dampings that were extracted at each test point are given in Fig. 10. The flutter instability affecting
the bending mode is clearly evident in the data trends. Furthermore, the damping data indicates that the ATW
experiences a classical type of flutter such that one mode is becoming less stable while the other mode is
becoming more stable  .
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Figure 10: Measured modal dampings for bending mode (+) and torsion mode (o)
The modal frequencies for the ATW are given in Fig. 11. This data seems to contradict the notion that the
ATW is experiencing a classical bending-torsion flutter. Notably, the natural frequencies do not appear to be
coalescing, as is sometimes expected for classical flutter, until a possible coalescence at the airspeed very close
to the onset of flutter. Instead, the flutter mechanism for the ATW is a binary flutter with limited frequency
coalesence.
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Figure 11: Measured modal frequencies for bending mode (+) and torsion mode (o)
An issue to note in Fig. 10 and Fig. 11 is that only 15 estimates are shown even though the flights operated at
21 test points. Some estimates are missing because the responses from several of the test points were unable to
present sufficient information about the bending mode. The response levels were quite low at these test points
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so
X accurate modal estimates could not be obtained. The reason for the poor data quality at some points was
unclear but possibilities included high levels of turbulence and noise or unexplained high damping.
Finally, several types of data were available for analysis to predict the onset of flutter. This first type of data
was simply the time-domain responses of the accelerometers. Another type of data was the corresponding
frequency-domain responses computed by standard Fourier techniques. Additionally, a 4-state model was available from system identification techniques applied to the frequency-domain data between 12 Hz and 30 Hz.

8.3 Model Updating
The analytical model, which includes the theoretical dynamics and associated uncertainty description, needed
to be updated at each test point. This updating actually altered different parts of the model. The initial change
to the model involved altering coefficients in the equations of motion for the theoretical dynamics. The other
change was to alter the uncertainty associated with those dynamics.
The change to the theoretical dynamics was accomplished using a modal approach. Essentially, the dynamics
associated with each aeroelastic mode were separated and independently updated. These updates changed the
damping and natural frequency of the mode along with the observability of the states.
The largest update to the model was alterations to the modal observability. The magnitude and phase of response
from each mode was considerably different between the model and the data. There were also updates to the
damping and natural frequency but the observability was clearly the dominant error. The transfer functions of
the flight data, the original model, and the updated model are shown in Fig. 12 for the flight condition of Mach
0.60 and 20,000 ft.
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Figure 12: Transfer functions from excitation to accelerometer for data ( YZYZY ), model with original observability
( @B@A@ ), and model with updated observability (—)
This update to the observability was made uniformly to the theoretical models at every test point. This type of
update is not the optimal way to develop models but it was a straightforward method to formulate reasonable
models. The underlying cause of the error in the theoretical models was never determined but was assumed
to be an incorrect mode shape resulting from inaccuracies in computational calculations of the aerodynamic
forces.
The uncertainty description was also updated at each test point. This description accounts for differences
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between
the theoretical and measured transfer functions. The initial updates to the modal dynamics clearly
[
reduced these differences as shown in Fig. 12. Thus, the uncertainty associated with the updated model was
considerably less than the uncertainty associated with the original model. The actual magnitudes of the uncertainty were computed automatically using the process of model validation for uncertain systems.

8.4 Flutter Speeds
Flutter speeds were predicted at each test point during the envelope expansion. The basic concept was to make
use of flight data available from any of the previous test points to make these predictions. The approaches used
during the flight tests were extrapolating damping trends and the flutterometer. These predictions were only
computed during the 4 flights of the ATW in its final configuration because, as stated earlier, the initial flight
was mostly for system validation rather than data generation and flutter prediction.
The approach to predict the onset of flutter by extrapolating damping trends was a traditional method commonly
used for envelope expansion . In this case, the trends corresponded to damping values obtained from the
analysis of the frequency-domain data as shown in Fig. 10. The damping trends were analyzed by visual
inspection and curve fitting to determine the speed at which damping indicated instability.
The other approach to predict the onset of flutter was the flutterometer. This tool also utilized the frequencydomain data; however, the modal dampings and frequencies were not of direct interest. The flutterometer
compared the transfer functions between the theoretical model and the flight data to determine errors in that
model. The resulting uncertain model was evaluated using  -method analysis to compute a robust flutter speed.
The predictions of flutter speed were computed as knots of equivalent airspeed (KEAS). The use of these units
allowed the prediction to avoid issues of Mach and altitude dependence. The ATW was assumed to flutter near
Mach 0.80 and altitude of 10,000 ft so the flutter speed reflected variations around that condition.
The first flight of the ATW for envelope expansion only operated at 5 test points with speeds up to 274 KEAS.
The initial predictions of flutter speeds during this flight were quite different based on damping trends and
flutterometer. Specifically, the damping trends were unable to predict a reasonable value of flutter speed whereas
the flutterometer immediately predicted a speed of 405 KEAS.
The reason for the difference in predicted speeds was quite easy to determine. The damping trend was based
on the values shown in Fig. 10 for low-speed test points. Obviously the damping values showed little variation
across these points so a trend could not be observed that indicated flutter. Conversely, the flutterometer had
an inherent prediction of flutter speed from the theoretical model so the flight data was used to update that
prediction. The result of this prediction from a combination of model and data was a speed that was conservative
but still reasonably close to the anticipated value.
The second flight for envelope expansion began by covering test points with speeds around 300 KEAS. Initially,
the flutter speeds predicted during this flight were similar in nature to the predictions from the first flight.
The extrapolation of damping trends generated widely scattered predictions for these points much like those
generated during the first flight. Also, the flutterometer predicted the same speed of 405 KEAS during this flight
to match its predictions during the first flight.
The second flight concluded by generating data from test points with speeds up to 356 KEAS. The predictions
from the flutterometer remained at 405 KEAS; however, the predictions from the damping extrapolation changed
dramatically. The damping values for the bending mode were seen in Fig. 10 to noticeably change for flight
conditions with airspeed greater than 350 KEAS. This change indicated the onset of flutter. Thus, the damping
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trend
could be extrapolated and a reasonable prediction of flutter speed resulted.
[
The third flight for envelope expansion repeated test points at 2 conditions from the previous flight and then
expanded the envelope using test points at 6 new flight conditions up to 438 KEAS. The speeds predicted by
the flutterometer remained unchanged at 405 KEAS whereas the speeds predicted by damping extrapolation
converged to roughly 460 KEAS.
The final flight for envelope expansion used only 1 test point at 445 KEAS. The data from this test point was
analyzed by the prediction algorithm. The flutterometer still predicted 405 KEAS and the damping extrapolation
predicted 470 KEAS.
The actual predictions of flutter speed are shown in Fig. 13. The predictions from the damping trends are
clearly shown to vary widely as the flights began but converged to the correct solution. The predictions from
the flutterometer are also clearly shown to remain constant throughout the flight testing.
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Figure 13: Predicted flutter speeds during envelope expansion from damping trends (+) and flutterometer (o)
The predictions shown in Fig. 13 should be noted with some consideration as to their computation. Specifically,
the speeds predicted by extrapolating damping trends were actually somewhat arbitrary. Several procedures
were used to extrapolate the trends and resulted in predictions that varied by up to 30 KEAS. Furthermore,
several techniques were used to estimate damping  . The predictions shown in Fig. 13 result from a standard
second-order curve fit to the damping values of Fig. 10. During the flight, the envelope expansion needed to
accept these predictions along with some level of variation that made a definitive prediction nearly impossible
from damping trends.

9 Evaluating the Flutterometer
The ability of the flutterometer to predict the onset of flutter was demonstrated by this experiment. An evaluation of the tool could certainly be made by comparing the predicted speeds for flutter to the actual speed at
which flutter occurred. This evaluation was strengthened by comparing the abilities of the flutterometer to the
abilities of extrapolating damping trends.
An interesting comparison between the flutterometer and damping trends was seen in Fig. 13. The predictions
from damping extrapolation were initially quite poor but eventually converged to the correct speed. The pre20

dicti
$ ons from the flutterometer were initially conservative but did not converge to the correct speed despite the
additional data provided as the envelope was expanded. The high variation in the predictions from extrapolating
damping trends was easily explained by considering the damping values in Fig. 10 but the low variation in the
predictions from the flutterometer resulted from other causes .
The prediction of flutter based on the flutterometer was dependent on uncertainties in the model. The data
from the initial test point was actually sufficient to indicate these errors. The data from additional test points
did not indicate any further errors. Thus, the amount of modeling error did not change as the envelope was
expanded. Correspondingly, the predicted flutter speed did not change because nothing about the uncertain
model was changing. This behavior was shown by the speed predicted by the flutterometer in Fig. 13 remaining
unchanged as the envelope was expanded.
The values of the predictions were especially interesting when viewed in the context of the flight tests. The
damping extrapolation provided no useful information for the entire first flight and most of the second flight.
In fact, this method was really only useful during the third and fourth flights. The flutterometer, conversely,
was quite informative immediately during the first flight but was actually of decreasing value as the envelope
expanded. In fact, the third and fourth flights expanded the envelope beyond the flutter speed predicted by the
flutterometer.
The inability of the flutterometer to converge to the correct solution was actually a result of model updating.
The flutterometer was programmed to only update the uncertainty description such that the theoretical dynamics were never changed. The basic change of updating the observability was straightforward but any further
updating of the theoretical model was difficult and unreliable because of inconsistent observability in the data.
Furthermore, the uncertainty levels were never allowed to decrease. This approach was also related to the
inconsistent observability in the data. The basic premise was that an error might have been present in the model
but only certain test points were able to observe that error. This approach was meant to maximize safety and
conservatism by ensuring an error, once observed, would always be associated with the model.
Also, the flutter predictions approaches are actually formulated to be theoretically valid for envelope expansion
at constant Mach but increasing airspeed. The actual flight test had to consider expansion using test points with
varying Mach. This type of expansion caused some concern with respect to relying on the flutter predictions
but it was necessitated by practical constraints. As the data shows, the effect of varying Mach was not dramatic
and the flutter predictions were indeed reasonable.

10 Post-Flight Analysis
The flutterometer was demonstrated to be conservative; however, that conservatism could be considered excessive for some applications. The data from the ATW was used to continue research into the prediction of flutter.
In particular, the data was used to formulate an augmented flutterometer that predicted the flutter speeds with
less conservatism than the original implementation.
The flutterometer was augmented by including processes for signal processing and parameter estimation. The
signal processing involved eliminating high-order components of the data. This processing was essentially
an optimal filter that resulted by extracting the linear components of the data via a Volterra kernel  . The
parameter estimation involved computing optimal updates to the modal dynamics. The actual implementation
used a running average of the updates at all flight conditions to ensure only consistent errors were eliminated.
The flutterometer predictions resulting from the augmented implementation are shown in Fig. 14. The new
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implemen
tation predicts flutter speeds that are very close to the true speed. In fact, the flutterometer is able to
\
predict the onset of flutter to within 10 KEAS using data from any point in the flight test.
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Figure 14: Predicted flutter speeds during envelope expansion from damping trends (+) and original flutterometer (o) and augmented flutterometer (*)
The flutterometer has clearly been demonstrated to be a valuable tool for flight testing. The original implementation used a worst-case approach that maximized safety but also maximized conservatism. The new
implementation relies more heavily on measured data properties so it slightly reduces the safety factor but
correspondingly reduces the conservatism.
The data from the ATW is being used to incorporate several methods of model updating for the flutterometer.
One such approach that is being adopted is a formal routine for system identification that simultaneously computes observability parameters and their uncertainties  . Also, the investigation into nonlinear dynamics is
being pursued by analyzing the second-order Volterra kernel extracted from the flight data.

11 Conclusions
The Aerostructures Test Wing was a successful experiment. Flight tests of the ATW were indeed able to
demonstrate flutter. The system was designed such that the onset of flutter caused destruction of the experiment
but caused no damage to the host aircraft. This experiment has shown that such tests can be safely performed by
carefully designing a system and flight program that accounts for the potential hazards that may be encountered.
Data recorded during these flights have been used to predict the onset of flutter and demonstrate strengths
and weaknesses of the corresponding prediction methods. In particular, the methods of extrapolating damping
trends and flutterometer were investigated. The predictions from the damping method were initially poor but
improved dramatically as the envelope was expanded. Conversely, the predictions from the flutterometer were
initially slightly conservative but remained so throughout the flight testing even though more data was gathered.
These results indicate a method to perform envelope expansion. The flight test should be initiated using the
flutterometer at the low-speed test points to get an initial conservative estimate of the flutter speed. The test
would proceed using the flutterometer estimates until the test points approach the predicted speed. The envelope
expansion at high-speed conditions should rely more heavily on the data-driven methods to finalize an accurate
prediction of the exact speed at which flutter will be encountered. Of course, the envelope expansion must still
22

proc
] eed with extreme caution but possibly the combination of these approaches will allow for a more efficient
flight test program.
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