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Abstract

The National Aeronautics and Space Administration X-56A Multi-Utility Technology Testbed was
successfully flown beyond flutter using active feedback control methods. This report discusses the
flight-test methods used during envelope expansion and presents the data collected. The frequency and
damping of rigid-body flight dynamic modes and the first two structural modes were estimated from the
flight data. The flutter mechanism (body freedom flutter) was found to match predictions with coupling
occurring between the short period and the first symmetric wing bending mode. Flights up to the
instability threshold and beyond were conducted using active feedback control. Several tests were
conducted in flight where the control system was disabled momentarily to observe the unstable flutter
mode and then reengaged; thus, demonstrating active suppression.

Nomenclature
ISWB = first symmetric wing bending
ISWT = first symmetric wing torsion
BFL = body flap left
BFR = body flap right
CG = Center of Gravity
dps = degree per second
F = Zimmerman stability parameter

MUTT = Multi-Utility Technology Testbed

NASA = National Aeronautics and Space Administration
WFIL = wing flap 1 left

WFIR = wing flap 1 right

WFIS = symmetric wing flap 1 (left + right / 2)
WF2L = wing flap 2 left

WF2R = wing flap 2 right

WF2S = symmetric wing flap 2 (left + right / 2)
WF3L = wing flap 3 left

WF3R = wing flap 3 right

WF3S = symmetric wing flap 3 (left + right / 2)
WF4L = wing flap 4 left

WF4R = wing flap 4 right

WF4S = symmetric wing flap 4 (left + right / 2)
) = control surface deflection

B = decay rate

d = damping

W = frequency

Introduction

Aircraft are typically designed with structural margin to keep the airspeed at which aeroelastic
instabilities (or “flutter””) occur outside the flight envelope. Reduced structural weight and increased
aspect ratio of the wings can improve fuel efficiency and lower the emissions, but not without potentially
reintroducing aeroelastic instabilities into the flight envelope of the aircraft. To counter these instabilities,
active feedback control is being investigated to provide necessary stability and flutter margin without
sacrificing structural and aerodynamic efficiency (ref. 1). The X-56A NASA Multi-Utility Technology
Testbed (MUTT) was designed to investigate such technologies using interchangeable wings, with the
most flexible wings having multiple flutter mode instabilities within the achievable flight envelope



(ref. 2). In 2018 and 2019, the X-56A MUTT was flown to airspeeds past flutter onset, successfully
demonstrating flutter suppression by use of active flight controls.

Active flutter suppression has previously been demonstrated on other aircraft (ref. 3). The X-56A
MUTT is unique among these aircraft as a tailless flying wing design, significantly different than nearly
all other aircraft that have been addressed previously. The low-pitch inertia and high-aspect-ratio of flying
wings tends to cause aircraft rigid-body flight modes and flexible modes to occur within the same
frequency bands and to interact with each other. In the case of the X-56A MUTT, the short-period pitch
mode interacts with the first symmetric wing bending mode (1SWB) resulting in body freedom flutter
(BFF). When designing the control laws for good flying qualities and piloted handling qualities, the
dynamics of the coupled rigid body and structural modes must be accounted for and actively controlled.

Two nearly identical X-56A aircraft, shown in figure 1, were designed and built in Palmdale,
California by the Lockheed Martin Skunk Works (Lockheed Martin Corporation) (Bethesda, Maryland)
for the Air Force Research Laboratory (AFRL) (Wright-Patterson Air Force Base (WPAFB)) (Ohio)
(ref. 4). Aircraft 1 “Fido,” operated by Lockheed Martin, flew a successful flight campaign with a set of
stiff wings. It then suffered a mishap on the first takeoff with the highly flexible wings resulting in the
loss of the aircraft (ref. 5). Aircraft 2 (also with a set of stiff wings and the highly flexible wings) was
operated by the National Aeronautics and Space Administration (NASA) Armstrong Flight Research
Center (AFRC) (Edwards, California) and successfully flew into flutter while using active feedback
control to suppress the instability and restabilize the aircratft.

Figure 1. (left) aircraft 2; and (right) X-56A aircraft 1 “Fido.”

Aircraft Description

The X-56A aircraft has a maximum gross takeoff weight of 525 1b and a wingspan of 28 ft. The
aircraft is powered by two JetCat P400 (INGENIEURBURO CAT, M. Zipperer GmbH) (Ballrechten-
Dottingen, Baden-Wiirttemberg Germany) turbojet engines capable of providing up to 90 Ibf of thrust
each. The aircraft has a takeoff speed of 65 kn. The maximum level flight speed is 135 kn, and the aircraft
can achieve up to 150 kn in a dive.

The aircraft carries 82 Ib of Jet-A fuel in a tail-mounted fuel tank. Because of the geometry of the
tank, as fuel is burned, the Center of Gravity (CG) of the aircraft moves forward resulting in the greatest
instability condition occurring at takeoff, with increasing static pitch stability as fuel is burned.

For flight control, the aircraft has ten trailing edge control surfaces along the span of the wings, as
shown in figure 2, below. These control surfaces include left and right body flaps (BFL and BFR),
respectively and four wing flaps on each side (WF [1-4] [L/R]); the centerbody has an Inertial Navigation
Unit with Global Positioning System (INS/GPS) with three single-axis analog gyros aligned with the
pitch, roll, and yaw axes. There were 10-total z-axis (vertical) accelerometers that were placed at various
locations throughout the wings and center body.
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Figure 2. Aircraft control surfaces and sensor locations.

Predicted Flutter Mechanism

State-space models of the aircraft were created that include fully coupled rigid-body dynamics and
structural dynamics. The methods used to create the models of the aircraft are described in (refs. 6 and 7).
The resulting models include 325 states including 12-rigid-body states (x, y, z, u, v, w, phi, theta, psi, p,
g, 1); displacement and velocity states for the first 25 structural modes; 93 aerodynamic lag states; 30
actuator states; 6 states for engine dynamics; and 134 sensor dynamic states.

Figure 3 shows a plot of the pole locations for the pitch axis dynamics with increasing dynamic
pressure, for symmetric wing flap 4 (WF4L + WF4R / 2) to pitch rate response. The primary modes of
interest here are the phugoid, the short period, and the first symmetric wing bending mode (1SWB). As
airspeed increases, the frequency of the short-period mode increases and approaches the frequency of the
1SWB mode frequency. As the frequency of these two modes begin to coalesce, they couple and interact
with each other. The modes then separate with one pole going left (more stable) and the other pole going
to the right (unstable). This coupling is the primary flutter mechanism for the aircraft and is called body
freedom flutter involving an interaction between short period and the 1SWB structural mode.
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Figure 3. Analytical pitch axis pole locations with varying dynamic pressure (red=low, blue=high).

The mode shape for the 1SWB structural mode is given in figure 4, below. The mechanism of
interaction with short period can be observed in this mode shape: as center body pitches up, the wings
symmetrically bend up allowing energy coupling between pitch dynamics and wing bending, resulting in
body freedom flutter.

Figure 4. First symmetric wing bending mode shape.



Flight-test Program

The X-56A flight-test program expanded the envelope in airspeed up to and past flutter onset.
Successive test points increased the airspeed in 10-kn increments until airspeed was within 10 kn of
estimated flutter, and then in 5-kn increments as the aircraft passed through and beyond flutter. At each
new airspeed, the project completed a set of test blocks to clear the aircraft to the next airspeed that was
accomplished by using control surface raps, piloted flying qualities assessments, command path doublets,
multisines injected into the control system to get open-loop frequency responses, and multisines injected
at the control surfaces for model identification.

Testing at a new flight condition typically started with a rap applied to the symmetrically paired
outboard control surfaces. Short doublets of 0.25 s at amplitudes between 1.0 and 1.5 degrees were used
to excite the aircraft. Figure 5 is an example of a rap input on the control surface with the corresponding
pitch rate response. From the response of the vehicle, engineers in the control room made quick real-time
estimations of the closed-loop damping, yielding a quick evaluation of the effectiveness of the active
control feedback. The requirement to allow to proceed with testing was a closed-loop damping ratio
greater than 0.04.
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Figure 5. (left) Control surface rap to WF4L and WF4R; and (right) the corresponding pitch rate response.

Once the closed-loop response of the aircraft was determined to have sufficient damping, a
controllability and flying qualities assessment was performed by the pilot. The assessment involved
implementing flight path captures up to 10 degrees and bank angle captures up to 45 degrees. The pilots
evaluated the rise time, damping, overshoot, and predictability of the controlled response. Programmed
test inputs were also used to command flight path and bank angle doublets for repeatable comparisons.

After the aircraft was found to be stable and flyable, the next test block focused on getting frequency
response data on the control system to determine gain and phase margins of the control system.
Preprogrammed test input multisines and frequency shifted sum of sines were injected at error signals,
command signals, and feedback signals. Details on the design of the multisine test inputs can be found in
(refs. 8-13). Postflight analysis of the data was conducted to determine the loop margins of the control
system. The requirements were a >3-dB gain margin and >30 degrees of phase margin. Engineering
judgement was used to evaluate margin trends to estimate the expected margins at the next condition. If
the margins at the current condition or the expected margins at the next airspeed were below the
requirements, the control system was retuned.

Model identification was the next test block to be completed at a given condition. For pitch axis
model identification, test inputs were injected onto symmetric pairs of control surfaces. For example,
wing flaps 1 left (WF1L) and 1 right (WF1R) were combined to create a pseudosurface wing flap 1



symmetric (WF1S). Figure 6 shows the inputs were designed to be orthogonal phase-optimized multisines
added simultaneously to all five pairs of symmetric control surfaces allowing for identifications of each
pair of control surfaces simultaneously; thus, reducing the required test time for model identification.
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Figure 6. Example of simultaneous multisines used for model identification.



Flight derived models were generated from the multisine test data to model the important pitch axis
modes. To accomplish this task, a lower order equivalent system (LOES) modeling method was used
(refs. 14 and 15). This method used a least squares output error optimizer to match a 6th order system to
the flight data. The 6th order was the result of including two poles for each of the following three pitch
axis modes: 1) short period; 2) first symmetric wing bending (1SWB); and 3) first symmetric wing
torsion (1SWT). The model had inputs of symmetric pairs of control surfaces and outputs for the sensed
signals of pitch rate, theta, and vertical accelerations at the z-axis accelerometers on the wings.

As the flight test progressed, the Zimmerman stability margin parameter, F, was computed to predict
the flutter onset speed based on the LOES models estimated short period and 1SWB mode frequencies
and damping. The Zimmerman stability margin parameter is given in equation (1) where w and £ are the
frequency and decay rates, respectively, for the modes involved in the flutter mechanism (ref. 16). Margin
parameter F is often normalized by the value at the lowest airspeed. A second order fit is then applied to
F as a function of airspeed, with the x-axis crossing, yielding the predicted flutter speed.

F= szz ; a)12> + <,822 ;.312>r +
46,6, [(%) +2 (@)2] - (1)
(B2 (2525) + 2 (222 ]

Once the predicted flutter speed was within 10 kn of the current maximum cleared speed, the
increments in airspeed envelope expansion were reduced to 5 kn. These incremental steps were continued
as flutter onset was observed and as the airplane flew deeper into the aeroelastic instability.

Flight-test Results

The X-56A flight-test program involved a total of 31 flights at NASA AFRC during which the
airspeed was expanded from 60 to 120 kn. The flutter onset speed was found to be between 111 kn (at the
lowest fuel conditions) and 114 kn (at the highest fuel condition).

As the airspeed was expanded, the Zimmerman stability margin parameter was computed, and a
second order fit was applied to airspeed and extrapolated to predict the flutter speed. Figure 7, below,
shows how this flutter speed prediction became more accurate as flutter was approached. Starting with
data only at low speed - far from flutter - the prediction was off significantly because of the large
extrapolation required; however, as more flight data were collected closer to flutter, the predicted airspeed
began to converge.
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Figure 7. Zimmerman stability predictions of flutter onset as data were collected at increased airspeed for
the forward Center of Gravity conditions.

The flutter speed varied slightly with fuel condition and Center of Gravity (CG) location. The
Zimmerman stability plots for both low fuel (forward CG) and high fuel (aft CG) are shown in figure 8.
At higher fuel conditions the flutter speed was approximately 114 kn. The Zimmerman stability criteria
applies only to subcritical airspeeds - prior to flutter onset; thus, only points with positive values were
used in the second order curve fit and were included in the plot. Also, included in figure 8, is the second
flutter mechanism, predicted to involve 1ISWB and 1SWT. Based on the flight data collected, the
predicted airspeed range for the second flutter mode was 138 kn (at low fuel) and 144 kn (at high fuel).
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Figure 8. (left) Zimmerman stability for low fuel (forward Center of Gravity); and (right) high fuel
(aft Center of Gravity).

The first flutter mechanism matched predictions of a coupling between the short-period mode and
ISWB, resulting in body freedom flutter. The velocity versus frequency (V-f) and velocity versus
damping (V-{) plots for the pitch axis modes are given in figures 9 and 10. Figure 9 shows the low fuel
(forward CG conditions); and figure 10 shows the high fuel (aft CG conditions). In both cases, the
short-period frequency is observed to increase with airspeed, along with a slight decrease in the 1ISWB
mode frequency. By approximately 100 kn the two modes are close in frequency and begin to couple
together, and a decrease in damping of one mode is observed with an increase in damping of the other. At
approximately 111 kn (forward CG condition) and 114 kn (aft CG condition), zero damping is observed
in one mode - which is considered the onset of flutter. Data collected past flutter showed a continued
trend of decreasing damping as the aeroelastic instability got stronger.
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Figure 9. (left) Velocity versus frequency; and (right) velocity versus damping, zeta for forward Center of
Gravity conditions.
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Figure 10. (left) Velocity versus frequency; and (right) velocity versus damping for aft Center of Gravity
conditions.

The flutter speed and the suppression of flutter, via active feedback control, were verified through
additional high-risk test points in which all of the control surface commands were frozen in flight to
observe the uncontrolled open-loop dynamics of the aircraft.

First a 0.25-s doublet control surface rap was applied to the outboard control surfaces (wing flaps 4)
to excite the flutter mode with an excitation amplitude that was repeatable and larger than typical
background turbulence disturbances. After the rap, all control surface commands were immediately
frozen and held at their current value for a set duration to allow for the aircraft open-loop uncontrolled
dynamics to be observed. The open-loop duration could be configured in flight to allow for a buildup
approach. Initial tests were done with the duration set to one period length of the flutter mode and was
slowly increased to allow for multiple oscillations (up to 3-4); thus, the damping could be observed.

Figure 11 shows a series of these test points. In each of these tests, the control system is initially
active, closed loop, and is denoted by a green background. The doublet rap is injected followed by the
control surfaces being frozen and the control system turned off, open loop, and is denoted by a red
background. After a set duration, the control system reengages (green) and damps the system out.

These high-risk test points were initially conducted below the flutter onset speed where low but
positive damping was observed. As the aircraft approached the flutter speed, it became neutrally stable.
The damping rapidly decreased past the flutter onset speed. Approximately 2 kn, past the flutter onset
speed, the instability grew strong enough that by the third open-loop oscillation, the dynamics were
approaching test limits and the progression in airspeed for these specific open-loop test points was halted.
Observance of the flutter mode and suppression was verified.
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Figure 11. (left) Open-loop aircraft response before flutter; (center) at flutter onset; and (right) slightly
past flutter.

One of the most distinctive signs that the aircraft was near or past flutter was the formation of a small
limit-cycle oscillation (LCO) in the pitch axis, previously shown in figure 11, before and after the test
point. The LCO was caused by actuator deadbands, which produced nonlinear dynamics at small
amplitudes (ref. 17). While within the deadband, the aircraft was essentially open loop; thus, unstable
until the oscillation amplitude grew large enough to push the actuators outside the deadband and gain
effectiveness.

Conclusions

The objective of the X-56A program was to demonstrate control of the body freedom flutter mode.
Flight testing with the X-56A Multi-Utility Technology Testbed successfully demonstrated the ability to
suppress flutter and fly beyond the open-loop flutter speed and was accomplished safely by following a
careful, multistep buildup approach. These steps included generating and analyzing dynamic models,
methodical envelope expansion, performing system identification, and a Zimmerman stability analysis.

The dynamic state-space models predicted that a body freedom flutter mode would emerge as
airspeed increased. The body freedom flutter instability was confirmed using control surface rap
excitations during envelope expansion. Lower order equivalent system models identified from multisine
perturbations confirmed that the onset of body freedom flutter was approaching. General agreement
between the state-space models and identified lower order equivalent system models were used; and in-
flight performance was used to continuously increase airspeed and approach body freedom flutter. The
Zimmerman method proved to be very useful in predicting the approximate body freedom flutter speed;
the method became more accurate as more data points were taken in flight and was within 1 kn at 10-kn
away from flutter.

Successful in-flight suppression of body freedom flutter was demonstrated at and above the body
freedom flutter speed using open - and closed-loop flight-test techniques. The open-loop test provided
further confirmation that the model development and envelope expansion techniques used in the X-56A
program were appropriate for this challenge.

The experience gained with the X-56A Multi-Utility Technology Testbed provides future design and
flight-test teams with needed confidence in predicting flutter mechanisms; guidance in the modeling
required for accurate flutter predictions; and techniques for suppressing flutter instabilities. This
technology can help expand the design space for future aircraft to allow for lighter weights and more
aerodynamically efficient configurations, leading to greater performance with expanded flight envelopes.
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