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Open Loop Flutter Test Maneuver
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• Slightly past flutter, turned the control system off in flight and froze all surfaces at trim.
• Conducted in a controlled manner: Pulsed wf4 to give the system a repeatable initial condition, then slowly increased the 

length of time the control system was turned off for. Done on a very low turbulence day.
• Definitive proof of suppressing flutter 

• This case is where flutter is at -3.5% damping, not planning to attempt at any more unstable conditions. The time to 
double will get too high to safely conduct this test maneuver any further. 4 cycles is at about the max pitch rate that 
we want to see.



In flight motion



X-56A Overview
• X-56A was developed under an AFRL program to explore actively controlling flutter

• Two vehicles were built by Lockheed Martin 
• 4 sets of wings (1 stiff, 3 flexible)
• Ground control station

• NASA’s Advanced Air Transport Technology Program
– Configurations with higher aspect ratios, hybrid wing bodies, 

supersonic transports with high fineness ratios (X-59 LBFD)

– Use subscale aircraft (X-56) to conduct research into using 
the control system to provide margin from flutter rather than 
adding more structure.

• Modeling, sensors, control, certifiability, etc.

• Reduce flutter margin requirements
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• Specifications:
– 500 lbs MTOW

• 80 Lbs Fuel

– 28 ft span

– BRS parachute

– two P-400 JetCat engines

– 10 trailing edge control surfaces

• Instrumentation
– 3 axis high rate gyro

– 10 z-axis accels

– Fiber Optic Strain Sensing    
(FOSS)

• Airspeeds:
– Takeoff ~65KCAS

– Max Level ~135KCAS

– Open Loop Flutter 105-120 KCAS

Aircraft Description
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Modeling challenges: Flexible Vehicles
• Structural model: Initial structural model correlation encountered 

challenges with the test boundary conditions. Subsequent FEM is 
assumed to be accurate.

• Aerodynamic model: Focusing on aerodynamic modeling uncertainty
• Panel method limitations in capturing all relevant physics?
• Aerodynamic damping in flexible vehicles?
• Potential further study using CFD tools 

• Some analysis performed in Star-CCM+, Kestrel
• Reduced Order Modeling from CFD simulations

• “Grand Challenge” for increasing confidence in predictive modeling 
complementary to controller robustness requirements

• Is this the right approach? What are we missing?



Modeling Approach
• Structural and Unsteady Aerodynamic Linear Theory Based Aeroservoelastic

Models
• GVT correlated finite element model and modal analysis (MSC.NASTRAN)
• Aerodynamic influence coefficient (AIC) matrix via aerodynamic panel model (ZAERO) 

• Corrections are applied to AIC matrices via applied weightings (post multiplying AICs by weighting 
matrix)

• Utilize rational function approximation techniques to cast models into state-space 
form for controller development

Finite Element Model Aero Panel Model



Subsequent Modeling Approaches
• Initial analytical models were not matching flight data

• Initial models were >10% off in flutter speed.
• Insufficient confidence in models for controller design robustness criteria 

• System ID
• Attempting to identify discrepancies in the models
• Collecting multiple sets of control surface multi-sine data in flight
• Due to strong rigid-structural coupling, it has been difficult to ID the plant dynamics.
• System ID and model updates is on-going research.

• Current approach: classical controller tuned as we go
• Generate Lower-Order Equivalent Systems (LOES) models (representative of the input-output 

relationships) directly from the flight data
• Then tune a simple controller to LOES, and take a small step out in airspeed, and repeat.

Goal: Derive high confidence ASE models with minimal subsequent tuning from flight data. 
How accurate can we get from the start? Are we missing anything in modeling? 



Deliverables

• Immediately releasable (via AFRL)
• GVT validated finite element model
• Outer mold line CAD model
• Flight test condition information (altitude, speed range, etc.)

• Pending release
• CFD Gridding (Pointwise)

• Need updates to reflect as-flown configuration (landing gear placement)
• Flight relevant environment data

• Sensor output data
• Defined Input / Measured Output control surface sweeps via preprogrammed flight test 

aids 
• Can use to compare with Power Spectral Density input/output between flight and analytical 

tools such as CFD
• “Open Loop” raps performed to determine aeroelastic damping behavior



Aeroelastic Prediction Workshop Proposal

• Part 1: Predict blind flutter speed with flutter mode trends
• Based on mass condition (fuel) dependency
• Aero model formulation
• Vg and Vf trend plots
• Leverage flight data as truth model for comparison studies

• Part 2: X-56 aeroelastic models for control
• Compare with Low Order Equivalent System (LOES) models derived from flight 

data
• Input/Output control surface to sensor transfer function comparisons
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Document and present modeling approaches and assumptions



Discussion



Toward the next Aeroelastic Prediction Workshop (AePW-3):  
Requesting Conference-Associated Support

• IFASD 2019 Discussion Session

• SciTech 2020 Evening Discussion Sessions

• Aviation 2020 
• Special session on Large Deflection FSI (oral 

presentations only)
• Evening discussion sessions:  Kick off meetings for 

AePW-3

• SciTech 2021
• Special session reporting intermediate results (oral 

presentations only)
• Evening discussion sessions for collaboration among 

participants

• Aviation 2021 and/or IFASD 2021
• AePW-3 (oral presentations only)
• Evening discussion session to debrief workshop(s)

• SciTech 2022 Special sessions on results (technical 
publications & presentations)

Jan Jan JanJune June June
2019 2020 2021 2022

Requesting Co-sponsoring between 
Structural Dynamics TC & Applied Aerodynamics TC: 
• Specific SDTC items are in Blue
• Specific APATC items are in Green



Backup
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Preflight Flutter Model Tuning

• Refining flutter aerodynamic model 
(GAF matrices)

• Model is based on potential flow without 
boundary layer or thickness effects

• Very good at unsteady forces
• Poor at steady (low frequency) forces

• Common techniques exist for refining 
these matrices

• Tuning to match wind tunnel/CFD results
• Effectively changing the shape to reflect 

the boundary later and thickness.
• Downwash correction

• Fairly easy to implement
• Fairly easy to create problems

• Currently only matching steady 
coefficients
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Issues in flutter model tuning

• CFD/Wind tunnel includes physics 
not in potential flow models

• Cannot tune to match physics not in 
the model

• Requires replacement of coefficients

• Coefficients may not be consistent
• Matching lift and moment may 

require unrealistic center of pressure
• Mostly an issue in control surfaces

• Causes unrealistically large 
corrections

• Can only match a limited number of 
coefficients
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