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EXECUTIVE SUMMARY 

Active flutter suppression (AFS), a part of the group of flight vehicle technologies known as active 
controls, can be an important contributor to the effective solution of aeroelastic instability 
problems when they appear late in the development of a new aircraft. If used from the start of the 
design process, it can be a key element in multidisciplinary design optimization that would lead to 
more efficient aircraft. This work presents a thorough overview of more than 50 years of research 
and development (R&D) in the AFS area. Key historical developments and the current state of the 
art in all supporting disciplines are surveyed along the way. Technology gaps and R&D needs are 
identified. Special attention is given to the vehicle safety issue and to R&D in the AFS area that 
would complement ongoing R&D in all areas of aeroelasticity, aeroservoelasticity, and active 
control. A thorough bibliography contains references that cover all building blocks of AFS 
technology. It will , hopefully, contribute to the preservation of the treasures of experience and 
knowledge in this area so that they will not be forgotten and lost, and will remain available to 
professionals working in this field. 

From the perspective of safety and certification needs, a few areas of importance to the 
development of acceptable AFS technology and the determination of its limitations and 
certification requirements, complementing the R&D work in the areas listed above, are: 

1. Creation of reference benchmark test cases that would allow researchers, the flight-vehicle 
industry, developers of simulation codes, and government agencies to build confidence in 
the analysis and design capabilities that they use and on which they rely. 

2. Development of consistent widely accepted formulations of the aeroservoelastic equations 
of motion of maneuvering deformable airplanes for active control applications, including 
rigid-body/elastic-motion coupling, nonlinear effects, flight-control actuation, and 
readiness for control law design and the implementation.  

3. Comprehensive aeroelastic/aeroservoelastic reliability/uncertainty analysis capabilities 
that allow quantitative assessment of safety of actively controlled aircraft with interacting 
stability augmentation, gust alleviation, ride comfort, and AFS—uncertainty/reliability 
analysis capabilities for such systems should be developed. Although modern control law 
design methods account for uncertainties in various ways, it is important to assess the 
reliability of such systems as actually implemented, accounting for parameter uncertainty, 
modeling errors, and performance limitations in all areas; the effects of damage, repair, 
and maintenance; failure of subsystems; and the uncertainty in flight conditions and 
external excitations.  

4. Control law design and implementation methods for aeroservoelastic systems modeled by 
high-order multidegree of freedom mathematical models, accounting for all 
aeroservoelastic phenomena, including: handling qualities; stability; gust and other 
dynamic loads and load distributions; ride comfort; and maneuver loads. Although 
different control law design and architecture/hardware implementation strategies in the US 
can expectedly be proprietary and subject to ITAR and export control constraints, and 
although R&D efforts to develop and test such control systems are still underway—funded 
by government agencies and in-house by companies as part of various R&D programs—it 
would still be an important contribution to the state of the art from the certification needs 
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perspective to invest in the development and testing of such methods and architectures, 
with emphasis on: a) flight vehicles and problems representative of the various types of 
aircraft of importance in which AFS technology may be used; b) the harmonious safe 
operation of all active control functions (e.g., stability augmentation, gust alleviation, and 
flutter suppression); c) the capacity to control aeroservoelastic systems with multiple flutter 
mechanisms of different types and represented by large-scale multi-degree-of-freedom 
state-space models; d) robustness of minimal order controllers; e) validation, verification, 
and transparency of control laws and systems generated using competing approaches;  
and f) robustness to manufacturing variability and sensor error and noise.  

5. Certification that involves technical analysis, design, and testing practices, and product 
safety-assurance regulations that reflect the cumulative experience in an engineering area 
from the safety perspective. It then integrates both into a coherent and thorough safety-
verification and safety-demonstration process. AFS technology adds complexity to the 
certification process in all its aspects because of AFS’ multidisciplinary nature and required 
uncompromising reliability. An exercise that would follow a simulated AFS certification 
process of a representative advanced, optimized, and actively controlled flight vehicle—
and, therefore, would examine all aspects of the process, technical and regulatory—would 
further contribute to the identification of technical and regulatory needs in this area. 
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1.  INTRODUCTION 

The interaction between the structure, dynamics, structural dynamics, and unsteady aerodynamics 
of the deformable moving airplane may lead to self-excited aeroelastic instabilities, such as flutter 
(i.e., an oscillatory constant amplitude or divergent motion/deformation) and divergence (i.e., an 
exponential divergent motion/deformation), both with destructive potential and functions of flight 
conditions (e.g., altitude and Mach number, and in some cases, load factor and other maneuver 
parameters). Flutter may also be encountered because of undesirable interaction between control 
systems and the aeroelastic behavior of an actively controlled airplane. The terms “aeroservoelastic 
instability” and “aeroservoelastic interactions” are used for such cases. The terms “flutter speed,” 
“flutter dynamic pressure,” and “flutter boundary” are often used to denote the flight-condition 
boundary between stable and self-sustaining motions. The term “flutter region” is often used to 
describe the region in a flight vehicle’s flight envelope in which flutter oscillations occur. 
According to Frazer, Duncan, and Collar, “in the practical sense, ‘flutter’ means an oscillation that 
grows, and finally either breaks the structure or remains bounded at some amplitude whose value 
is dependent upon the departure from linear laws” [1]. 

Aeroelastic instabilities can be categorized into different types based on the way stability is lost 
with an increase in dynamic pressure or any other change in flight conditions. Divergent flutter 
can be “explosive” or “violent.” A small increase of speed in this case from just below the flutter 
speed to slightly above the flutter speed would lead to highly divergent oscillations and to airframe 
failure within a fraction of a second. Divergent flutter can also be of the moderate type. Here, loss 
of stability (as reflected by reduced aeroelastic damping in the system) can be identified well below 
the flutter speed, and, based on such a gradual slide toward instability, flutter speeds can be more 
reliably predicted by tests using extrapolation. Flutter of the mild type is characterized by loss of 
overall aeroelastic damping significantly before the flutter speed is reached while the system is 
stable but lowly damped. Beyond the flutter boundary, the system is unstable, but its rate of 
growing divergent oscillation is slow, often allowing test pilots to slow down back into the stable 
region of flight. A flutter mechanism of the hump-mode type will see gradual loss of damping 
toward the flutter speed, then very low negative damping, and, then, with additional increase in 
speed and dynamic pressure, an increase in damping back to the stable region. Whether a system 
would actually flutter in such a case may be very sensitive to the levels of damping in the structure 
and other parameters affecting the structural dynamic and aerodynamic behavior. The previously 
mentioned stability concepts are based on linear aeroelastic and aeroservoelastic theories.  

When significant nonlinear effects (e.g., free play control surface nonlinearities, stiffness 
nonlinearities due to large deformation, loading dependent engine or external store pylon 
nonlinearities, structural damping nonlinearities, or aerodynamic nonlinearities involving shock 
wave motion and flow separation) become important, additional types of self-excited modes of 
behavior may occur, including limit cycle oscillations (LCOs)—sustained constant amplitude 
oscillations due to aeroelastic interactions. LCO may appear in an aeroelastic system well below 
the flight conditions that would lead to divergent destructive oscillation. As dynamic pressure and 
speed are increased, LCO amplitudes may become larger. However, an airframe may be able to 
tolerate LCO of limited amplitudes for quite some time well below the divergent oscillation flight 
conditions, affecting ride comfort but not compromising safety as long as fatigue problems do not 
arise. Like many other nonlinear dynamic problems, nonlinear aeroelastic and aeroservoelastic 
behavior can be complex and surprising in nature [2–4]. A linear system with very low damping 



 

2 

in one of its modes of motion (or states) may serve as a narrow-pass filter when excited by wide-
spectrum inputs, such as atmospheric gusts, and display continuous oscillation at the system’s 
frequency associated with the very low damping as long as the excitation persists. In the LCO case, 
a nonlinear system can display continuous oscillation at finite amplitudes without any external 
excitation. 

The possibility of suppressing airplane flutter instabilities through the actively controlled closed-
loop action of control surfaces and other control effectors has been known for years [5] and became 
feasible with the appearance of high-bandwidth actuators and developments in control systems 
theory and hardware. Active flutter suppression (AFS) can provide a powerful and effective 
solution to flutter problems discovered late in the course of development of new airplanes or 
encountered as a result of major modifications of airplanes during their service lives, when 
elimination of flutter through passive means (e.g., structural stiffening or mass distribution 
changes) may be impractical. When harnessed and included in the airplane design process from its 
inception, AFS has the potential to lead to major weight savings and more efficient and versatile 
airframes [6].  

AFS may be considered as one technology in the group of technologies known, in the context of 
flight vehicles, as active control. Active control also includes flight control systems (FCS), also 
known as stability augmentation systems (SAS), gust load alleviation (GLA) or dynamic loads 
alleviation, active ride comfort control, and maneuver load alleviation (MLA). The terms “stability 
augmentation” and FCS are often used for that part of a flying vehicle’s overall control system 
focused on the shaping of rigid-body motions of the vehicle to achieve desired safe handling 
qualities. It should be noted here that in the case of highly deformable flight vehicles, the separation 
of rigid-body motions (some form of describing the overall motion of the vehicle in 3D space 
without structural deformation) and its elastic motions is not straightforward. The term FCS may 
also be used to describe the complete active-control system of a flight vehicle, covering all its 
functions, which must work in complete harmony. 

Various active-control systems have been accepted, certified, and used for years on commercial 
and military aircraft. Those include MLA (or maneuver load control [MLC]), GLA, FCS for 
desired and safe handling qualities, and active ride comfort systems. In addition to strict 
redundancy and reliability design requirements that those systems have to meet (and provided that 
such systems do not interact with the airframe to produce aeroservoelastic instabilities or LCO), 
failure of the active control (loss of the primary control system) would not be catastrophic (to a 
required level of probability), and action by the flight crew would allow, within certain flight 
envelope limitations, safe operation of the airplane. Failure of an AFS system when a divergent 
flutter instability is involved may lead to a failure of the airframe that would happen too quickly 
to allow the flight crew to respond by any corrective action, such as reducing flight speed. The 
failure to address uncertainties and interactions and to account for control system capability 
limitations during the design and development phase of an actively controlled airplane that is 
unstable without the action of active controls may lead to disasters during the development phase 
[7]. 

The willingness to accept any form of AFS may be linked to the type of flutter behavior involved. 
AFS may be acceptable if the self-sustained aeroelastic behavior to suppress is of the LCO type 
and is of acceptable amplitudes. In such a case, control system failure would lead to LCO, which 
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would allow adequate flight-crew response and safe flight. The loss of an active suppression 
system in a case of explosive or moderate flutter at flight conditions beyond the passive (no-
control) flight boundary would lead to immediate airframe damage.  

Depending on the type of flutter instabilities and subject to careful consideration, AFS may be 
acceptable when used for an airplane that is otherwise stable within its flight envelope (and up to 
the maximum speeds and dynamics pressures it would ever fly at) to provide stability up to the 
margins of safety required beyond the most severe flight conditions (in the region between design 
dive speed and 15% above that). AFS may also be used to augment stability within the flight 
envelope to bring insufficient damping in low-damped modes of motion to required levels.  

An important characteristic of any flutter mechanism on any flight vehicle involves the number 
and nature of the motion degrees of freedom (system’s states in dynamics and control jargon) that 
drive the instability. For an elastic airframe, degrees of freedom used to describe full motion may 
include rigid-body translations and rotations plus contributions to the deformation by the natural 
modes of the structure or some other modes of motion capable of capturing airframe motions 
accurately. Flutter instability mechanisms may involve interaction of two or more modes of 
motion. Different flutter mechanisms may be present for the same airframe leading to different 
flutter speeds for each mechanism. Changes in the structure or in the control laws of active-control 
systems used may make one flutter mechanism more critical than another. Single-degree-of-
freedom flutter is also possible in certain cases. In general, mathematical models of the full 
aeroelastic behavior of an airplane that include many degrees of freedom must be used to capture 
all aeroelastic static and dynamic mechanisms accurately. Such mathematical models, which may 
consist of hundreds of equations of motion or more with a large variety of flight and loading 
conditions that need to be covered even after using model order reduction techniques, are a 
challenge for current control law design methods and their implementation. 

For any flight vehicle technology to be accepted as safe, it must be thoroughly understood in all 
its aspects and be supported by reliable analysis tools, thorough testing, confidence in the 
correlation between analysis predictions and the real world, and established uncertainty and 
reliability estimation capabilities that cover hardware, operations, and maintenance aspects in 
addition to sources of uncertainty in all aspects of aeroelastic and aeroservoelastic simulation. 

Research and development (R&D) work focused on the improvement of aeroelastic and 
aeroservoelastic analysis. Simulation is still underway in the U.S. and worldwide, funded by 
government agencies and the industry, and carried out by the industry, university researchers, and 
government research laboratories.  

A flurry of AFS R&D activity in the 1970s and 1980s with major achievements [8–12] led to 
optimism regarding an expected imminent maturation and subsequent acceptance of the 
technology on manned flight vehicles at that time. However, although other active-control 
technologies, as listed above, have been accepted for certification and have seen widespread usage 
on aircraft by now, AFS is still viewed with reservation and caution. Except for very few special 
cases, AFS has not been allowed on commercial or even military aircraft.  

The goals of the work presented here are to contribute to the development and maturation of AFS 
technology by: a) presenting its history, including an encyclopedic bibliography and a survey that 
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would lead current and future engineers working in this area to key sources that cover all aspects 
of the AFS analysis, design, and certification problem, and b) discussing limitations and 
accomplishments to date and by identifying R&D needs and recommended research.  

This work was initiated and supported by the U.S. FAA. It is exploratory and educational in nature 
and presents no intention of the FAA at this stage to change any regulations or certification 
requirements, or any interpretation of regulations and certification requirements that cover AFS 
technology. The work does not represent FAA opinion or how the FAA interprets the current 
requirements and guidance material. 

Any discussion of AFS technology cannot be disjoined from a discussion of the field of 
aeroservoelasticity as a whole. An effort is made here to cover the state-of-the-art and key 
historical developments in aircraft aeroservoelasticity from the perspective of AFS in a detailed 
enough way and with a rich enough bibliography to serve the AFS technology overview needs. 
The bibliography, although substantial, is selective. The hope is that the references, through their 
own bibliographies and their discussions, would direct readers to most, if not all, key publications 
and works in this area to date. 

2.  A SURVEY OF AEROSERVOELASTICITY, AFS, AND RELATED AREAS, AND THE 
STRUCTURE OF THE REPORT 

In creating the bibliography presented here, an effort was made to cover all aspects of 
aeroservoelasticity and active control of elastic aircraft, and all major efforts in this area to date, 
nationally and internationally. The bibliography is expected to expand over time when important 
publications that should have been included and have been missed will be discovered, and when 
new work will be reported.  

The references gathered here include publications that describe work on real aircraft and realistic 
wind tunnel models; work with mathematical models that capture the full complexity of actual 
flight vehicles; and methods that can be used for the design, analysis, and certification of actual 
actively controlled aircraft. Publications on AFS using highly simplified mathematical models that 
neglect major elements of the physics of coupled real aeroservoelastic systems and publications 
describing work that is still in the very basic and fundamental stage are generally not included in 
this bibliography.  

To make it user friendly, the bibliography is made of sections, each covering a topic. Because of 
the multidisciplinary nature of the technology addressed here, many papers may belong in a 
number of different categories. A detailed subject index, following the example of [7], precedes 
the bibliography. Each reference is included in the bibliography only once. 

Subjects covered by major sections of the bibliography and the discussion include: flight stability 
and control of rigid and flexible aircraft [13–29]; the effect of aeroelastic behavior on flight 
stability and control via static aeroelastic stability derivatives corrections for six degrees of 
freedom (6 DOF) simulations [30–48]; historic perspectives of the deformable airplane flight 
dynamics problem from the flight stability and control and aeroelasticity communities [49–51]; 
aeroelastic tailoring and active flexible wing (AFW) or active flexible airframe concepts [52–72]; 
MLC [73–77]; aircraft morphing [78–85]; early work on the influence of servoactuators [86–89]; 
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GLA [90–103]; ride comfort and handling qualities [104–114], active buffeting alleviation [115–
116); a systems perspective of active controls [117–135]; aeroservoelasticity general progress 
reviews [136–153]; reviews of aeroservoelastic experimental programs [154–157]; linear 
aeroservoelastic solution methods [158–170]; the aeroservoelastic flight system equations of 
motion—equations of the aeroservoelastic plant, including a hierarchy of modeling levels of 
fidelity, reduced-order modeling, actuation and sensing, and propulsion integration [171–353]. 
Approaches to AFS control law generation are covered next [354–431], including methods of 
classical control, modern control, adaptive control, and control of parameter-varying systems. 
Discussion of topological aspects of the active-control problem and the control of nonlinear 
systems follows [432–443]. The applied math work on what is known as the continuum approach 
to aeroelastic control [444] is briefly mentioned to make the exposition of aeroelastic modeling 
and control law synthesis methods as complete as possible. Experimental system identification and 
test planning practices in aeroservoelastic flight and wind tunnel tests are covered in [445–483]. 
The importance of efficient, reliable, and informative experiments cannot be overstated given their 
cost and schedule constraints and their link between mathematical models and reality. Covered in 
what follows, case by case, are aeroservoelastic and AFS projects involving actual aircraft and 
wind tunnel tests over the years involving vehicles and models with complexity representative of 
actual flight vehicle systems [484–622]. The subject of aeroservoelastic uncertainty is presented 
in [623–660], followed by aeroservoelastic multidisciplinary design optimization (MDO) [661–
674]. References on targeted energy transfer [675–680] conclude the technical part of the 
discussion and bibliography. The last section of the bibliography lists key sources that cover 
current aircraft certification requirements from the perspective of aeroelasticity, 
aeroservoelasticity, and active control [681–702]. 

3.  ACTIVE FLIGHT CONTROL OF THE RIGID-BODY AIRPLANE 

The idea that an active-control system in which sensors of aircraft motions would feed some 
control law mechanisms (electromechanical or electronic) that, in turn, would command control 
surfaces or other changes in airframe shape to achieve desired dynamic behavior was considered 
and discussed by pioneers of aviation from close to the early days of manned flight [13–24]. With 
the rapid development of classical control theory in the 1930s to 1960s, followed by state space 
multi-input multi-output (MIMO) technology, together with the development of powerful and 
reliable flight-control hardware, computing power, and flight dynamic theory and simulation, FCS 
have been an integral part of practically every advanced airplane during the last 50–60 years. 
Numerous flight stability and control textbooks, going back to the early 1950s, cover automatic 
flight control thoroughly [20–28]. The focus was on the rigid-body motion of aircraft at first, in  
6 DOF, and on aircraft trajectories and responses to disturbances. Stability augmentation 
progressed to stabilize airplanes that, without active control, were unstable in rigid-body motion 
with the General Dynamics YF-16 and F-16 [29]. It is now widely used to obtain desirable 
handling qualities on both inherently stable and unstable aircraft. 

4.  STATIC AEROELASTIC CORRECTIONS OF THE 6 DOF EQUATIONS OF MOTION 

The importance of aeroelasticity from the perspective of flight stability and control was recognized 
long ago. For aircraft in which separation between rigid-body motion frequencies and structural 
dynamic frequencies (as affected by the interaction with flow, including thermal effects) is large—
aeroelastic effects, when 6 DOF motion models are used, have been traditionally accounted for by 
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static aeroelastic corrections of aerodynamic stability derivatives [13, 16–17, 30–48]. This 
includes fuselage flexibility effects on stability derivative contributions of the empennage or 
canards, and lifting surface flexibility effects on leading-edge and trailing-edge control surface 
effectiveness, dihedral, and neutral point location. Control surface reversal is one example of the 
effect of static aeroelasticity on the aerodynamic stability derivatives of an airplane modeled as a 
rigid-body moving in 6 DOF. 

In earlier years, static aeroelastic effects on a flight vehicle configuration had to be found 
component by component (wings, empennage, etc.). With the maturation of structural finite 
element and aerodynamic linear modeling capabilities, the static aeroelastic corrections of all 
stability derivatives of a maneuvering airplane could be obtained by analysis based on complete 
models of the vehicle [39–43]. A link between airplane stability and control engineers, working 
with 6 DOF mathematical models, and aeroelasticians, providing the static aeroelastic corrections 
of aerodynamic stability derivatives (aka “flex to rigid ratios”), was formed early in the history of 
aviation. Although, simultaneously, for many years, the two communities used different 
mathematical models and different analysis and design approaches to the dynamics of the airplane 
[49].  

Whereas static aeroelastic corrections of aerodynamic stability derivatives were based originally 
on coupled steady structural/aerodynamic solutions, developments in aeroelasticity in the area of 
unsteady linear aerodynamics, with potential-aerodynamic panel codes, began to contribute to  
6 DOF simulation of aircraft by adding capability to calculate both static and dynamic stability 
derivatives [13, 50–51] for complete configurations. Commercial unsteady aerodynamic codes 
[41–42] can now efficiently calculate aeroelastic-based stability derivatives for 6 DOF simulations 
of full aircraft configurations. 

Another aspect of the static aeroelastic problem and the way by which flexiblized aerodynamic 
stability derivatives are calculated is the detail in which structural stiffness (or flexibility) is used. 
In a modal approach, a small set of natural modes or some carefully selected Ritz vectors are used 
via superposition to model the motions of the deformable airplane. The problem with this approach 
is that with not enough modes (and even in the case of many modes, not enough of the right modes), 
the full flexibility of the structure and the aeroelastic consequences of that full flexibility are not 
captured. Historically, static aeroelastic analysis was carried out with as detailed 
stiffness/flexibility of the structure as practical, whereas mode shapes were used as generalized 
coordinates for flutter analysis. Conversely, the growing power of digital computers, which began 
to make multi-DOF linear static analysis practical, led to an emergence of modal-based static 
aeroelastic analysis [45–47], and this approach, with enough mode shapes that are carefully 
selected to converge quickly on static aeroelastic aerodynamic stability derivative flex-rigid ratios, 
is now widely used.  

The importance of static aeroelastic effects extends beyond 6 DOF rigid-body simulations to 
flexible-airframe aeroservoelastic simulation. Although in essence there should be no separation 
between static and dynamic aeroelastic effects, both being well captured by one aeroelastic 
mathematical model of an airframe, the need for structural order reduction for control law design 
makes it necessary for aeroelasticity and flight-control engineers to have full awareness of static 
aeroelastic effects on dynamic aeroelastic behavior. It also requires that the reduced-order 
structural dynamic models used would capture both static and dynamic aeroelastic behavior. 
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Examples of what can go wrong when static aeroelastic effects are not captured accurately by a 
dynamic aeroelastic model are the case of the F18 LE flap modeling [44] and the case of the YF16 
aeroservoelastic instability [519]. Accurate accounting for static aeroelastic effects is extremely 
important in any aeroservoelastic modeling for active-control system design.  

5.  CONTROL OF STATIC AEROELASTIC BEHAVIOR 

Lift/drag performance of the rigid airplane and 6 DOF dynamic performance are shaped by the use 
of control surfaces to effectively change the aerodynamic shape of the vehicle [52]. When static 
aeroelastic effects play a significant role, static aeroelastic behavior must be accounted for by 
analyses and tests, and must be either constrained or harnessed to achieve the desired behavior. 

Static aeroelastic constraints for desired flight performance have been some of the key constraints 
affecting structural design in the MDO of aircraft for years. The skin thickness and resulting weight 
of a wing, or changes in wing cross-sectional shape for sufficient torsional stiffness, and the layout 
of internal structure (ribs and spars) are examples of the impact of such constraints [53–54]. More 
design-space freedom to optimize new configurations is now provided by composite structural 
tailoring technology [55] and compliant structures [56–57]. Once designed and built, however, a 
structure cannot adjust its shape to provide optimality at more than just a few design conditions, 
unless some active control and some morphing are involved.  

In the Active Aeroelastic Wing (AAW) concept [58–70], optimal scheduling of trailing-edge and 
leading-edge control surfaces on flexible wings can overcome trailing-edge control-surface-
reversal tendencies and attain required roll rates while keeping wing-section loads within limits. 
The control laws that drive the scheduling of the multiple control surfaces on the configuration are 
quasi-steady and can be preprogrammed to cover the full range of flight conditions in which the 
vehicle has to perform. Such control laws can also respond in real time to flight condition and 
flight performance information, working to achieve desired performance through the scheduling 
of control surfaces. The concept, developed in the 1980s, led to exploratory wind-tunnel tests at 
the NASA Langley Transonic Dynamic Tunnel (TDT) under the name Active Flexible Wing 
(AFW), [60–65 and 565–574], for which both control surface scheduling and AFS were studied. 
In a subsequent implementation on a full-size vehicle, an F18/A (figure 1, later named the X-53) 
was modified by reducing the stiffness of its wing and adding/modifying sensors, actuation of 
leading-edge and trailing-edge surfaces, and control laws. It was flight tested successfully [65 and 
553–554]. The X-53 was flutter-free within its flight envelope, so tests focused on the scheduling 
of multiple control surfaces to attain the desired rolling performance. 
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Figure 1. An AAW X-53 with a stuck leading-edge flap (courtesy: NASA) 

At the early design stages of a flight vehicle, AAW design philosophy (generalized to include the 
complete airframe: Active Aeroelastic Airframe [AAA] technology) coupled with MDO has the 
potential to lead to substantial weight savings [6, 66–70]. AAA technology also has the potential 
to overcome static aeroelastic problems (especially inadequate 6 DOF performance due to 
unacceptable stability derivative flex to rigid ratios) if such problems are discovered late in the 
development of a new airplane and if conventional passive design modifications are found to be 
too costly. Note the case of the first swept-wing jet, the Boeing B47, for which the destabilizing 
longitudinal effect of the flexible bent-up swept back wing was discovered late in the development 
program and led to great concern, until it was found coincidentally to be cancelled by the bending 
effect of the rear fuselage and the resulting horizontal tail increase in angle of attack [71–72]. 
Automated elevator motion, following an AAA concept, tied to flight conditions would have 
solved the problem if the fuselage had been too stiff and if its natural compensation for the wing-
flex effect would not have been sufficient. 

The movement of flight-control surfaces to obtain desirable 6 DOF dynamic performance in the 
presence of static aeroelastic effects can be controlled by gains that are preselected by analysis and 
testing to yield the desired results (open loop), or by a feedback loop that adjusts control surface 
rotations to attain desired performance measures. In MLA (or MLC), control surfaces move to 
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distribute aerodynamic loads on a maneuvering airplane to keep its internal loads within limits, 
therefore leading to structural weight savings [73–77]. Active aeroelastic control technology, 
focused on the shaping of aircraft inflight to meet aerodynamic lift/drag performance and 6 DOF 
dynamic performance requirements, can involve conventional control surfaces, smoothly 
morphing camber of lifting surfaces [78–81] or more major shape changes in flight [82–85].  

Care must be taken, however, if closed-loop active static aeroelastic control is sought to make sure 
that this form of slow vehicle shape control does not interact and interfere with dynamic 
aeroservoelastic behavior. Such interaction is described in [135], where an MLC system on one of 
the Boeing 787 models in flight tests responded to the maneuver acceleration that drives it by 
getting the airplane into oscillation because of an interaction with one of the fuselage’s modes. 
The need of all active-control systems on an airplane to work in harmony without interfering with 
each other’s functions and without leading to dangerous interactions must be met and demonstrated 
by design and tests. Any design of an active aeroelastic system, if flight critical, must be supported 
by comprehensive uncertainty and reliability analyses and tests to guarantee the safety of the 
system. Figure 1 shows an X-53 [65] with a stuck leading-edge flap. A number of stuck leading-
edge flap positions were tested in flight for the effect on performance and safety of the aircraft. 

6.  AEROELASTIC/FCS INTERACTIONS AND AFS 

Automatic controls have been part of airplane design since the introduction of the Sperry automatic 
pilot in 1912 [13]. Conversely, slow actuators and actuation mechanisms serving as low-pass filters 
prevented strong interaction of the control systems, which are designed to shape the rigid-body 
dynamics of aircraft, with the higher-frequency aeroelastic motions of the airframe. With the 
development of powerful fast actuators and actuation mechanisms, the capacity of onboard 
actuation to respond to and affect aeroelastic motions in the frequencies above those of the rigid-
body motions became more significant [86–89].  

Active controls could now be developed to reduce dynamic loads due to gusts [90–103], improve 
ride comfort and handling qualities [104–114], and mitigate vibrations due to buffeting [115–116]. 
Gust alleviation and ride-comfort systems needed to work in complete harmony with stability 
augmentation and to maneuver loads control [117–135].  

Overviews of the field of aeroservoelasticity, in which the terms “aeroservoelasticity” and “active 
controls” are commonly used to describe the field in general, and the terms for subfields—such as 
“gust loads alleviation,” “maneuver load control,” “ride comfort,” “stability augmentation,” and 
“flexible airplane handling qualities”—are used to describe different aspects and uses of the 
technology can be found in [136–157]. These references provide overview, vision, calls for R&D 
action, and useful bibliographies. AFS is an additional important part of aeroservoelastic and 
active-control technology. 

Unlike FCS for stable aircraft (e.g., stability augmentation, handling-qualities improvement, MLC, 
gust alleviation, and ride-comfort control), AFS means stabilizing an unstable system (in control 
systems jargon: an unstable plant). Allowing active controls to stabilize a statically unstable 
airplane, implemented in production first on the F16, took a long time and was a major engineering 
effort to materialize. To bring the state of the art of AFS—in which frequencies can be high and 
flutter mechanisms complex and multiple, and analysis and testing techniques may still be subject 
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to error and uncertainty—to a maturity level that would allow their widespread usage is much more 
challenging. The technology, for those reasons, has not yet seen wide application in the 
commercial airplane world or even in the military world. In section 7, while surveying the state of 
the art in each of the disciplines on which AFS depends, this work will articulate the challenges 
and try to identify the needs.  

7.  THE AEROSERVOELASTIC PLANT 

In control-system-theory jargon, the plant is the dynamic system to be controlled, providing 
outputs (through sensors) with which a controller works to produce inputs (via actuators) to the 
system that would affect its behavior. Any discussion or implementation of AFS, or any flight 
vehicle active-control technology, must include a thorough understanding of the full 
aeroservoelastic system to be controlled, including the mathematical models used for control 
law—their accuracy, uncertainty, reliability, and practicality. To make the development of AFS 
systems practical, the plant mathematical models used must capture all important physics involved 
and must be of an order and computational cost that would be within the capability of mature 
control laws synthesis tools and uncertainty analysis tools.  

7.1  AEROSERVOELASTIC MODELING AND ANALYSIS FOR CONTROL—THE LINEAR 
CASE 

As previously mentioned, the equations of motion of the deformable airplane used for FCS 
development have converged from two historically different fields within aerospace engineering: 
the field of flight stability and control and the field of aeroelasticity. Although there was awareness 
of the work in each of these fields by experts in the other field, mathematical models and analysis 
methods [158‒170] were quite different for many years: the American k-Method (aka the U-g 
method) and the British Method, followed by the p-k method and g-Method in aeroelasticity, and 
the methods of classical control theory followed by state-space modeling and solution methods in 
flight stability and control. Among the reasons for the developments of these two approaches to 
the dynamics of the airplane were the multidegree of freedom nature of aeroelastic problems 
(which, because of the large number of degrees of freedom required for aeroelastic analysis, 
presented a challenge to contemporary control systems modeling techniques) and the availability 
of unsteady aerodynamic loads models for simple harmonic motions only and not in the time 
domain or Laplace domain for general motions.  

As the interaction between flexible airframes and active-control systems became tighter, a major 
drive of aeroelastic research was initiated to harmonize aeroelastic modeling and general control-
systems modeling and analysis techniques [158, 166‒170]. Although frequency domain control 
system design and analysis techniques were used earlier for linear actively controlled 
aeroservoelastic systems, state-space modeling and analysis methods in aeroservoelasticity have 
been adopted and have seen wide usage from the 1970s and onward. A key element of casting 
aeroelastic plant equations in state space form is the approximation, via rational function 
approximations (RFAs), of the unsteady aerodynamic forces based on their values along the 
imaginary Laplace domain axis. The required curve-fitting introduces an error into the state 
space aeroelastic equations on top of the inherent errors due to the limitations of the aerodynamic 
theory and numerical modeling used. Also, because the RFAs commonly used are based on 
tabulated data along the imaginary axis, the more distant aeroservoelastic poles are from the 
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imaginary axis, the more inaccurate they can become [163] . Another source of potential problems 
in active-control design based on state space aeroservoelastic models is the upper bound on the 
frequency range within which the models are valid because the curve-fitting to produce unsteady 

aerodynamic RFAs is limited to the range of reduced frequencies  for which frequency-

domain unsteady aerodynamic models are available. Another challenge is the potential significant 
increase in the number of aeroservoelastic states of the aeroservoelastic plant model when rational 
function approximations are used for the state-space unsteady aerodynamic loads. 

7.2  AEROSERVOELASTIC MODELS FOR ACTIVE CONTROL AT THE CURRENT 
HIGHEST MODELING FIDELITY LEVEL 

Instead of starting from the most practical and currently most widely used models, the discussion 
here begins with aeroservoelastic models of the highest levels of fidelity possible today: models 
that in the structural/structural dynamic area are based on detailed nonlinear large motion finite 
element and flexible multibody dynamics models (aka computational structural dynamics [CSD]) 
and, in the unsteady aerodynamics area, on detailed computational fluid dynamics (CFD) 
modeling, including compressibility and viscous effects (e.g., Euler, Euler with boundary-layer 
interaction, or Navier-Stokes solvers). Development in CFD and CSD technologies in the past 20 
years, plus development in the capabilities of computer systems hardware and parallel computing, 
have led to significant CFD/CSD aeroelastic and aeroservoelastic capabilities [171‒186], which 
allows for capturing the full dynamic/aerodynamic behavior of deformable flight vehicles in flight.  

Remarkable achievements of current CFD/CSD simulation technology include the quite accurate 
capture-by-analysis of the aeroservoelastic behavior of fighter jets in flight, executing maneuvers 
across their Mach range envelopes, which could not be captured by earlier widely used 
aeroservoelastic modeling techniques [174]. Fuel sloshing effects, in fuel tanks, can now be 
captured by high-fidelity CSD/CFD math models [185]. But there are still many challenges in the 
high-fidelity CFD/CSD modeling area. First, there are still physical phenomena that current 
CFD/CSD technology may not be able to capture in the reliable and accurate way that AFS 
development would require. Unsteady aerodynamic loads in the presence of flow separation and 
boundary-layer/shockwave interactions are still a major challenge. Structural nonlinear effects 
driven by localized distributed structural nonlinearities (e.g., regional buckling and post buckling) 
combined with uncertainty in material characteristics due to environmental effects may require 
extremely large mathematical models and substantial testing. Overall the resulting high-fidelity 
CFD/CSD models of whole aircraft are so large that, even when using massive parallel 
computation, they take too long to run for an industry-new flight vehicles development. For a 
design environment in which tens of thousands of simulations are required, the usage of such high-
fidelity models is still impractical. From the control law synthesis perspective, even though full 
aeroservoelastic high-fidelity simulations can be carried out today, including active-control 
systems in the loop (with control laws that were usually synthesized using low-order math models 
[174, 181, 186]), such math models present a significant challenge to the control-system designer 
because of their large size.  

bk
U
ω

∞

=



 

12 

7.2.1  Reduced-Order Models of High-Fidelity Coupled CFD/CSD Mathematical Models 

Similar to the development of modal-order reduction techniques in the structural dynamics area to 
adequately capture structural dynamic behavior for engineering purposes with structural models 
that are much smaller in size than the full finite element models of airframes, a major R&D effort 
during the past 25 years or so has been dedicated to the development of reduced-order models for 
CFD-based unsteady aerodynamics and for coupled CFD/CSD aeroelastic models. References 
187‒210 are selected publications on these important subjects, with [187] presenting a 
comprehensive survey. In addition to the limitations on the capacity to capture complex unsteady 
aerodynamic flows accurately by analysis using the detailed high-fidelity models that ROMs 
approximate, additional challenges have to be faced: a) the significant computational effort to 
create ROMs; b) the large number of flight conditions that high-fidelity models and their ROMs 
must cover; and c) the response-fitting errors that are inherent to any surrogate modeling by 
computationally fast low-order models of the information that high-fidelity models contain. The 
term “surrogate modeling” is used here to cover all model-order reduction methods, including 
basis function projection methods and sampling-based reduced-order models. In the technical 
literature, the term “surrogate models” is often used only to describe sampling-based reduced order 
models. Note the need to protect reduced-order model-based simulations from venturing into 
regions in parameter space beyond the limits within which the reduced-order models were created. 

Although major progress has been made in the area of high-fidelity CFD/CSD modeling of full 
flight vehicle configurations and the area of reduced-order surrogate model approximation of such 
models, the technology, although capable of supporting limited design studies and providing 
validation in selected cases, is not ready yet for widespread use by the aircraft industry for the 
purposes of developing AFS systems or active-control systems in general. 

7.3  AEROSERVOELASTIC MODELS FOR ACTIVE CONTROL BASED ON LINEAR 
STRUCTURAL AND UNSTEADY AERODYNAMIC THEORIES 

The mathematical models for the flight dynamics of actively controlled deformable aircraft, which 
have served as the foundation of analysis and design of active controls for many years, are based 
on linear finite element models and linear unsteady aerodynamics. In the unsteady aerodynamic 
area, modified strip modeling was used first [211]. With the development of aerodynamic panel 
modeling capabilities, such as the doublet lattice method (DLM) for subsonic flows and the 
ZAERO and PANAIR codes for subsonic and supersonic flight, unsteady aerodynamic modeling 
for aeroservoelastic control application shifted from the 1970s and onward to aerodynamic panel 
models [173]. References 211‒222 describe various simulation capabilities for integrated actively 
controlled aeroelastic systems. 

In the common approach to aeroservoelastic modeling of full flight vehicle configurations in flight, 
aerodynamic influence coefficients are generated by an unsteady aerodynamic code for a set of 
small panels covering the wet surfaces of the configuration and over a set of reduced-frequencies 
and Mach numbers. A finite element structural dynamic model is used to generate mode shapes 
and natural frequencies. A reduced order structural model is generated using a subset of selected 
structural motion shapes, in the form of whole-vehicle mode shapes of the structure with selected 
mass and stiffness distributions, Ritz vectors, or mode shapes of components of the structure. 
Using interpolation between the structural finite element mesh and the aerodynamic panel grid, 
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general unsteady aerodynamic forces are generated for the set of mode shapes used to describe the 
motion of the system. The generalized unsteady force matrices and vectors, corresponding to 
unsteady aerodynamic forces generated by the motion itself, and generalized aerodynamic forces 
due to external excitation (such as by gusts) are transformed from the frequency axis (their Fourier 
transform) to the Laplace transform s-plane by analytic continuation. When RFAs in the reduced 
frequency  or Laplace transform variable  are used for terms of the unsteady aerodynamic 
forces, the coupled structural/aerodynamic model can be brought to a standard state-space form: 

   (1) 

Where  are the system’s states, inputs, and outputs, respectively, and where 

 are the system matrices.  

Depending on the order of numerators and denominators of the transfer functions of actuators and 
depending on the outputs of interest included in the  vector, when the actuator state-space 
models are part of the system state-space model, external inputs may not be passed directly to the 
outputs, and the  matrix may be zero [67]. 

The equations are usually refined to distinguish between control inputs (made by the pilot or an 
automatic control system) and inputs by atmospheric gusts or other inputs that can be viewed as 
external (the ejection of external stores, landing impact, etc.): 

   (2) 

With the c and G indices in the equation denoting control and gust inputs. 

State-space models of the types shown in equations 1 and 2 are in a form that lends itself to the 
implementation of both classical and modern linear control system design techniques. The 
motivation for developing them for aeroservoelastic systems in the 1970s was driven by the desire 
to bring aeroservoelastic models to forms to which the analysis and design techniques of modern 
control could be used. 

However, from an active-control technology perspective, the linear state-space models of 
equations 1 and 2 suffer from a number of problems. First, in the conversion of unsteady 
aerodynamic force expressions from their Fourier transform to Laplace transform equivalents 
using RFAs can lead to large state-space models. In the case of the popular Roger approximation 
[169]: 

   (3) 
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The frequency-dependent is a generalized aerodynamic matrix for simple harmonic 

motions along the frequency axis of the Laplace domain; the matrices  are 

aerodynamic real stiffness, damping, and inertia matrices; the variables  are aerodynamic lag 

roots; and the matrices  are aerodynamic lag matrices.  

Working with  modes as generalized coordinates that describe the motions of the vehicle, the 
resulting first-order state-space model corresponding to  lag terms is of the order . 
A larger number of lag terms possibly required for obtaining a better match between the Roger 
RFAs and the generalized aerodynamic matrices they approximate over the frequency range of 
interest would increase the order of the resulting state-space model substantially. The minimum-
state approach [228, 229] leads to smaller-size state-space models but at the price of matching an 
RFA simultaneously to all terms of the  matrices (the Roger approximation is done term 
by term), with the resulting need to assign higher and lower weights to the approximation of 
different terms based on their potential contribution to aeroelastic instabilities. As mentioned 
previously, in all RFA cases, an error is introduced into the resulting aeroservoelastic model 
because of inaccuracies of the RFA/frequency-domain data fit. Another error is introduced when 
RFA-based Laplace transform expressions for unsteady aerodynamic forces are used. Because, 
moving away from the imaginary axis in the Laplace domain (in the case of damped or unstable 
motions) may miss changes in the unsteady aerodynamic forces away from the imaginary axis 
(where the RFAs were created). This adds to the uncertainty of the linear aerodynamic predictions 
themselves. Linear or linearized-code-based RFAs cannot capture any major nonlinear unsteady 
aerodynamic effects. In addition, the need, when it arises, to accurately capture by analysis 
unsteady aerodynamic forces due to fore-aft motions of the vehicle or its parts may still present a 
challenge to both panel codes and CFD codes because of the difficulty of modeling unsteady 
viscous and form drag (See [274‒288] for the way fore-aft motion unsteady aerodynamics is 
modeled in the case of very flexible wings with high aspect ratio).  

The way the state-space modeling problems discussed above (especially transonic flow effects) 
have been addressed in practice is by correction of aerodynamic influence coefficients and other 
elements of the state-space models based on wind tunnel or flight tests and high-fidelity CFD 
simulations [237, 658]. Structural dynamic models are fine-tuned based on static structural tests 
and modal tests. The correction factors have to be applied case by case, corresponding to different 
flight and loading conditions. Although these correction factors can improve the overall reliability 
of the resulting aeroservoelastic models, they represent another source of uncertainty in the models 
with which the controls designer has to work. 

Methods for reducing the order of linear aeroservoelastic state-space models [223‒236], methods 
for order reduction of aeroservoelastic models with linear aerodynamics but distributed nonlinear 
behavior [238‒242], and models based on linear unsteady aerodynamics and localized structural 
nonlinearities [243‒246] have also been developed.  

In such cases, the state-space models become nonlinear and can be presented in the form: 
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   (4) 

Or just: 

   (5) 

There has recently been a drive to return to aeroservoelastic simulation and design methods based 
on frequency-axis (Fourier-transformed) unsteady aerodynamic models without transforming 
them to the Laplace and time domains. Methods developed for control system analysis and design 
during the 1930s to the 1960s (the methods of classical control) can now be revisited, supported 
by the computational efficiency of Fast Fourier Transform (FFT) techniques [158, 247‒250]. With 
these new developments [247‒249], nonlinear aeroservoelastic problems can be tackled by 
separating their linear and nonlinear parts. The linear part, including Fourier-transformed linear 
unsteady aerodynamics, is assembled to create a linear input-output subsystem for which Fourier-
transformed transfer functions are obtained. Using FFT/inverse-FFT techniques, impulse, or step 
response time domain responses can now be generated for the outputs of the linear part. Those can 
be combined, via convolution integrals, with the time-domain marching forward simulation of the 
nonlinear part of the system. The result is an efficient way to simulate aeroservoelastic systems 
with nonlinear element in the time-domain, where unsteady aerodynamic force expressions are 
transformed to the Laplace and time domains via rational function approximations without an 
increase in order. Additional advantages include high-computational efficiency and the resulting 
capability to check large numbers of cases for stability and dynamic response, including static and 
dynamic internal loads, and the effects of nonlinearities in the control system and in the airframe 
and its aerodynamics. 

7.4  THE EQUATIONS OF MOTION 

Between the full high-fidelity models and the linear aeroservoelastic models (with nonlinear 
elements) discussed above, equations of motion have been developed over the years to meet the 
needs of flight-vehicle active-control design and simulation in cases involving various flight-
vehicle design concepts and flight maneuvers. There has been widespread acceptance of the 
equations of motion of the maneuvering rigid airplane as developed by the flight-control 
community and the equations of motion for small-perturbation aeroelastic analysis (quasistatic and 
dynamic) as developed by the aeroelasticity community. The case of the maneuvering deformable 
airplane, with equations of motion that would capture elastic and rigid-body motions with the 
associated unsteady aerodynamic force models that would be of the fidelity required for the design 
and simulation of real actively controlled airplanes, has been more challenging. 

Equations of motion for the elastic quasisteady vehicle, maneuvering the subject to linearized 
aerodynamic loads, are presented in [40‒41, 251‒253]. References 6, 42, 46, and 47 present modal 
approaches to the quasistatic aeroelastic equations of motion. Equations of motion that aim to 
harmonize rigid-body stability and control equations (and their modeling of nonlinear and 
linearized rigid-body rotations) with equations for the linearly deforming structure (subject to 
small shape perturbations) are presented in [27, 153, 254‒273]. The challenge with some of the 
derivations in these references is that although they are built on rigorous deformable-body 
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dynamics foundations, the unsteady aerodynamic part included may not yet be of the fidelity that 
would be adequate for the modeling of real aircraft for design and simulation purposes.  

Major progress in this area has been made, however, [27, 272] and a case has been made recently 
that, despite earlier criticism, using a mean-axis formulation for the equations of motion of a 
deformable airplane is a useful natural extension of the rigid-body stability and control equations 
to the deformable aircraft flight dynamics domain. The formulation was used to develop 
simulations and control laws for the deformable University of Minnesota research Uninhabited 
Aerial Vehicles (UAVs) [542].  

Motivated by the emergence of highly flexible high-aspect-ratio configurations, equations of 
motion for the deformable airplane have been developed based on nonlinear beam theory coupled 
with linear-strip theory and unsteady aerodynamics that could account for aerodynamic forces and 
moments due to fore-aft motion of wing sections and the effect on aerodynamic forces of out-of-
plane motions of the lifting surfaces. Early efforts in this area are documented in [274‒279], 
motivated by glider aeroelasticity and the aeroelasticity of human-powered vehicles. Later efforts 
during the past 20 years were motivated by the interest in high-altitude long-endurance flight 
vehicles (HALE) (e.g., the Aerovironment Helios [283]) and began as an extension of aeroelastic 
modeling techniques used for helicopter rotor blades [280‒288]. Subsequent development added 
more advanced unsteady aerodynamic modeling in the form of three-dimensional unsteady vortex-
lattice models (including the non-linearities due to wake deformation) and, more recently, coupling 
with high-fidelity CFD solvers.  

Experimental validation of mathematical models for very high deformation aeroelastic 
configurations has been scant [278, 281, 283]. Some studies of the accuracy of mathematical 
models based on measurements from the Helios flight vehicle and comparisons of various 
modeling techniques to test results were carried out during the investigation of the loss of Helios 
in flight [283]. A highly flexible low-speed wind tunnel model of the Boeing Solar-Eagle 
configuration was tested in 2011 [584] and was excited using an array of control surfaces at various 
dynamic pressure and deformation levels. The analysis/test correlation has not been completed and 
has not been reported. The capacity to capture by analysis the aeroelastic behavior of highly 
deformable flight vehicles and the development of active-control methods for such configurations 
have not yet been validated sufficiently and are subject to considerable uncertainty.  

Note that most equations of motion formulations for such configurations involve large-scale time-
domain state-space models (e.g., [184, 208] present a modal approach). The development of flight-
control laws for these high-dimension nonlinear systems is still a challenge facing active-control 
technology. Progress in this area for highly flexible configurations is especially important because 
active control must be integrated from the start into the design of these weight-critical 
configurations to ensure aeroelastic stability and to mitigate gust load effects. 

7.5  ACTUATION AND SENSING 

Closed-loop active control depends on sensing of the behavior of the controlled plant—the 
aeroelastic system—and on effective means of actuation. Common devices that have been used 
for aircraft active control are accelerometers and strain gauges for sensing and electrohydraulic 
servoactuators for moving control surfaces that, via changes of the geometry of the flight vehicle, 
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affect changes in unsteady aerodynamic loads. Unless actuators are very powerful, with natural 
frequencies that are high above the range of frequencies of importance of the aeroelastic plant, 
dynamic models of the actuators have to be included in the aeroservoelastic model to be controlled. 
Dynamic models of sensors have to be included also if strong interaction with the aeroelastic plant 
above its range of frequencies cannot be neglected. References 289‒333 describe the various 
sensing and actuation techniques used for the active control of aircraft (e.g., the mathematical 
models of hardware dynamics aspects of actuation and sensing hardware integration with the 
airframe; acoustic actuation [299, 301, 306]; strain actuation [309‒310, 312‒313, 317‒319, 326]; 
the impact of actuator model fidelity on resultant aeroservoelastic simulations [302]; distributed 
actuation using micro-flaps [323‒325]; and emerging actuation and sensing techniques, including 
direct sensing of the unsteady flow at selected locations over the surfaces of the configuration 
[327‒330], fiber-optic sensing [317], and actuation by active flow control [331‒333]). 

The importance of identifying, modeling, and addressing nonlinearities in actuators is discussed 
in many of the references on actuation and sensing selected here. The designer of active-control 
systems, and especially AFS systems, must make sure that actuator nonlinearities (including the 
important limit of actuator saturation and rate) are modeled accurately and that the active-control 
systems developed perform well in the presence of such nonlinearities and the possible changes in 
actuator linear and nonlinear behavior over time because of service wear and tear, operational 
heating, environmental effects, and actuator failure. 

7.6  PROPULSION SYSTEM EFFECTS ON AEROSERVOELASTIC BEHAVIOR 

Propulsion systems interact with the aeroelastic dynamic of an airplane by thrust fluctuations in 
magnitude and direction due to inlet flow changes triggered by airframe deformation and due to 
possible interactions between engine control systems and the dynamics of the actively controlled 
aeroservoelastic plant [341–347]. Exceptions to this include affecting aeroservoelastic behavior 
by the effect of engine nacelle shapes on the unsteady aerodynamics of a configuration, inertia 
effects (e.g., gyroscopic effects), and the stiffness, mass, and damping of pylons connecting 
engines to airframes [334–340]. Dynamic airframe/propulsion system interactions are extremely 
important on hypersonic vehicles of configurations for which the shape of the airframe ahead and 
behind the engine affects flow into and out of the engine. Engine thrust variation effects (in 
magnitude and direction) can be present on conventional transport jets and the emerging 
configurations of supersonic jets [348‒349] or transonic jets, on which engines are integrated into 
the rear of the fuselage. Thrust vectoring [530] may affect overall aeroservoelastic behavior via 
the dynamics of the thrust force itself and the dynamics of the nozzle actuation system that controls 
thrust direction.  

Finally, the important dynamics that may lead to propeller whirl flutter must be included in any 
aeroservoelastic plant model of a flight vehicle powered by propeller-thrust-generating systems 
[350‒353]. 

An aeroservoelastic plant model used for active-control and flutter-suppression design and 
simulation must capture all dynamic mechanisms of systems and their interactions within the 
bandwidth of importance of the complete system. If propulsion-system dynamics are important, 
they must be included in the state-space or transfer-functions models for which the controls are 
designed. 



 

18 

8.  AFS CONTROL LAWS 

Extensive R&D efforts have been dedicated over the years to the challenge of AFS. The numerous 
references included in the bibliography of this work; in the sections dedicated to AFS control-law 
development; and in sections on aeroservoelasticity, testing, and the various flight and wind-tunnel 
program dedicated to this effort present a broad view of the many approaches and techniques used 
and the lessons learned. Almost all references on the development and implementation of AFS 
laws here focus on applications involving real aircraft, realistic wind-tunnel models, or 
mathematical models of aeroservoelastic systems that capture much of the full complexity of active 
control of real aircraft. 

It is no coincidence that the first substantial contributions in this area track back to the mid-1960s, 
a time when classical control reached a certain level of maturity, and modern control was rapidly 
evolving. On the hardware side, actuation, sensing, and control hardware began to reach the level 
of power, weight, bandwidth, and reliability necessary for the fulfillment of the vision that  

“flutter performance can be improved by somehow installing in the structure a properly 
designed, rapidly responding automatic control system, actuated in closed-loop fashion by 
the motion to be stabilized.” [5]  

The early years of AFS research saw two major lines of work. In the physics-based approach, 
control laws for flutter were based on searching the physics or mathematical structure of the flutter 
problem to identify those mechanisms responsible for the flutter instability and finding ways to 
suppress them [354‒371]. The aerodynamic-energy approach [354‒363] is one such approach. It 
is based on the insight that certain elements of the generalized aerodynamic matrix contribute to 
the flow of energy from the airstream to the structure over cycles of oscillations when flutter 
occurs, and it seeks control laws that would counter this effect.  

The method of Identically Located Accelerometers and Forces (ILAF) [367‒369] seeks to position 
velocity feedback and actuation forces (in the generalized velocity and force sense for a set of 
modes) to create an effective viscous damping matrix for the multidegree-of-freedom equations of 
the system that would stabilize it (see reference 370 for a similar approach to the active control of 
structures with guaranteed stability). Similarly, the method of fictitious structural modifications 
[366] seeks control laws that would effectively modify the net stiffness, mass distribution, or 
damping of a structure. In all physics-based methods, the aeroelastician, mastering the structural 
dynamics and full aeroservoelasticity of the problem, works hand-in-hand with the controls 
specialist who helps develop and implement the resulting control laws using control-systems 
hardware. All these developments of aeroservoelastic systems and this tight link between the 
physics and mathematical aspects must be preserved. 

Although major accomplishments have been achieved with the physics-based methods, they have 
been pushed aside over time by AFS control-law synthesis methods based on developments in 
general control systems theory. References 372‒400 present a variety of AFS control-law synthesis 
approaches based on classical control: Nyquist, Bode, and Nichols compensation methods; linear–
quadratic regulator/linear–quadratic–Gaussian control; pole placement; eigensystem synthesis; 
-analysis; and other methods based on mathematical programming, fuzzy logic, and neural 
networks. Control-system robustness was addressed by the classical gain and phase margins, by 

µ
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constraints on matrix singular values, and by miu-analysis. Order reduction of flutter-suppression 
control laws generated by modern control theory—an important element in creating practical 
control laws for implementation on flight system computers—is discussed in [401‒403] and in 
references describing research work on wind-tunnel models and actively controlled flight vehicles. 

The range of test cases used covers a number of flight test vehicles, including the NASA Drones 
for Aerodynamic and Structural Testing (DAST), oblique-wing aircraft concepts, large transport 
airplane concepts, and a number of actively controlled wind-tunnel models. Additional information 
on the development and testing of AFS laws can be found in the section of the bibliography that 
gathers publications on different wind-tunnel and flight-test programs involving aeroservoelastic 
control and AFS over the years. This will be surveyed and discussed in sections 11 and 12. 

In general, an AFS system must stabilize an aeroelastic system that would otherwise be unstable 
over all flight and maneuver conditions of a flight vehicle covering all configuration and loading 
variations and all flutter mechanisms. It must perform well, subject to all constraints on its range 
and power of operation. It must work in harmony with all other active-control systems of the 
vehicle, including its stability-augmentation system, gust-alleviation system, MLC system, and 
ride-comfort system, in all flight conditions. It must be robust and reliable, with protections against 
hardware failure, maintenance errors, airframe damage, and uncertainties in the mathematical 
models used to develop it.  

Naturally, adaptive control is attractive in the case of flutter suppression because of the many 
variations in plant characteristics and uncertainties that need to be covered and the capability (if 
implemented with the power, reliability, and adaptation capacity required) to respond to damage 
scenarios. Gain scheduling—in which control laws change in a pre-programmed way in response 
to changes in configuration and flight conditions—is one way to tackle this challenge. Adaptive 
control systems with the capability to learn and adjust in real time, if proven to be adequately 
robust, have been of major interest in the AFS area. Such systems also have the potential to identify 
and immediately correct system failures. A sensor failure or an actuator failure, for example, 
occurring simultaneously with changes in flight conditions, would lead to an immediate shift of 
sensing and actuation responsibility to other functioning elements together with the necessary 
change in control laws. The term “immediate” is used here to describe a response that is fast 
enough to guarantee stability and proper operation of the suddenly different aeroservoelastic plant. 
A list of publications on adaptive control, in the context of flutter suppression, is contained in the 
bibliography section [404‒424].  

Other aspects of the flutter-suppression-law problem discussed in [425‒440] include: the effect of 
control system hardware delays (very important given the high frequencies at which some flutter 
mechanisms may occur and the high bandwidth that the flutter-suppression system may need to 
cover [425‒426]), special treatment (regarding active control) of parameter varying systems  
[427‒431], and the control of nonlinear aeroelastic systems [432‒439]. 

Topological issues of aeroelastic sensing and control are discussed in [440‒443]. The designer of 
control laws for the actively controlled airplane must work with aerodynamic, structural, and 
configuration designers to identify the optimal locations of sensors and both the location and size 
of control effectors that would make the aeroelastic plant most control-friendly with respect to its 
controllability, its observability, and the resulting weight and complexity that a control system 
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working with such sensors and control effectors would have. If different control surfaces (or other 
control effectors) are used for the different functions of an active-control system (e.g., flutter 
suppression and gust alleviation), an optimal selection has to be made regarding which control 
effector will be assigned to which function. If the same control effectors are to be used in a shared 
way for some of the control functions, then the level of authority of each control function over 
each control effector assigned to it must be carefully optimized. In either case, it must be 
guaranteed that control effectors will not reach saturation and that different functions of the overall 
control system will not adversely affect one another. In the case of AFS, for example, activity of 
the control effectors due to gust excitation should be well within the limits of operation of the 
effectors and their actuators and should not adversely affect the loads on the wing. In the case of 
gust alleviation, gust alleviation control laws should not destabilize the flight vehicle or adversely 
affect its handling qualities. The example of [519] is another case of adverse effects of undesirable 
interactions between control laws and the hardware they use when such interactions are not 
addressed properly by the design.  

A few notes on MIMO control laws versus frequency domain classical control laws are warranted 
here. A significant amount of AFS control-law research has focused to date on MIMO techniques 
and the order reduction that is required to make the design laws and their implementation practical. 
Classical control law synthesis techniques can be as effective, however, in many cases, with the 
advantages of low-order from the start and a resulting control system that is transparent (i.e., where 
the flow of information and the functions of all elements of the control loop are well understood) 
[542]. More work is needed before final conclusions can be drawn regarding capabilities, 
advantages, and disadvantages of classical versus MIMO control law synthesis and 
implementation.  

To conclude this section about AFS control law synthesis, note the work on the active aeroelastic 
control problem that has been pursued from the Applied Math perspective—known as the 
Continuum Approach to Aeroelasticity [444]. Here careful mathematical analysis of the field 
equations of aeroelasticity is carried out before the equations are discretized for numerical solution. 
In addition to providing mathematically correct solutions that can be used for validation of 
numerical methods, the continuum approach has the potential to identify aspects of the behavior 
of aeroelastic systems that may be missed by the numerical methods commonly used. The solutions 
obtained so far by the continuum method are limited to very basic problems and are not ready for 
use by industry for the aeroelastic analysis of full configurations. 

9.  TESTS 

The complexity of flight-vehicle aeroservoelastic systems requires validation of the mathematical 
models used for designing and analyzing them, and, in most cases, fine-tuning of the mathematical 
models based on test results.  

• In the structural dynamic area: static loads tests and modal tests (i.e., ground vibration tests 
[GVT]) 

• In the control area: tests of actuators, sensors, and all other hardware elements of the control 
system loops  

• In the aerodynamic/unsteady-aerodynamics area: wind tunnel tests and flight tests  
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All tests of an aeroservoelastic system and its components are subject to test uncertainties due to 
the limitation of experimental techniques and the uncertainty in the test article, the environment in 
which it is tested, and even the makeup of the testing team itself.  

The technical literature on structural, aerodynamic, and control-system testing is vast. The focus 
of the present overview is on testing of complete aeroservoelastic systems. A few publications can 
provide an introduction and guide to the key elements of ground vibration testing [445‒451] and 
the conference proceedings volumes that preceded them. Some representative earlier and more 
recent publications on unsteady aerodynamic wind-tunnel tests and on efforts to validate 
aerodynamic numerical-prediction techniques using the results of such tests are also available 
[157, 337, 452‒456]. Actuator testing and math-model validation are discussed in [289, 305, 314‒
315].  

In all the cases discussed above, tests can be used to validate and fine tune mathematical models. 
However, based on the assumptions they are built on and parameter uncertainties, the math models 
may not be able to capture certain physics of the system, and the experimental results are subject 
to inaccuracy and uncertainty. Care must be taken to ensure that accepting a certain level of 
uncertainty in the system’s aeroservoelastic mathematical models after GVT, hardware dynamics, 
and wind-tunnel aerodynamic test data have been used to fine-tune them will reduce the overall 
uncertainty level in the resulting aeroservoelastic models compared with the level of uncertainty 
before the tests [640, 643, 658]. 

The final step in any aeroservoelastic development are the flight tests [464]. Aeroservoelastic flight 
testing has its roots in flight flutter testing [457, 465]. A major element is the experimental 
identification of the mathematical models of the tested system, aimed at building confidence in the 
theory used to design the system and at obtaining information during the tests that would allow 
prediction of the stability boundary. The identification by tests of aeroservoelastic stability 
boundaries is important for the protection of the tested vehicle and its crew, if it is a manned 
vehicle, from destructive instabilities in flight. It is also important for certification because 
certification requirements generally require demonstration of safe operation, with enough margins 
of safety of one form or another, up to the boundaries of the flight capability of the flight vehicle. 

The identification, in flight, of the aeroservoelastic characteristics of a flight vehicle is challenging. 
The operational environment and both inputs and outputs used for system identification may be 
noisy. Many degrees-of-freedom are involved, with some system aeroservoelastic poles very close 
and hard to separate using the distribution of actuators and sensors available. References 457‒483 
have been selected to cover the key elements of both aeroservoelastic flight testing and wind-
tunnel testing: actuation; sensing; instrumentation; data acquisition and system identification; test 
planning and execution procedures; and test/experiment uncertainty. 

Although wind-tunnel model tests can provide very useful information on the core elements of 
aeroservoelastic behavior and control and the particular issues associated with different 
configurations, they suffer from certain limitations regarding the extrapolation to the kind of 
behavior that corresponding full-size flight vehicles of the same configuration would exhibit. 
Wind-tunnel tests cannot fully duplicate simultaneously the Mach number, Reynolds number, and 
reduced frequencies of full-size tests. Wind-tunnel walls and mounting equipment interference can 
be a problem. Free-free coupled aeroservoelastic behavior involving rigid and elastic motions 
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(known as the body freedom flutter [BFF] problem) requires sophisticated model-mounting 
systems. The wind-tunnel flutter models, because of the scaling laws to which they need to be 
designed, may not be strong enough to withstand high-loading conditions in the tunnel, therefore 
limiting the flight conditions at which tests can be carried out.  

However, wind-tunnel tests offer some advantages: The test environment can be carefully 
controlled, control laws can be quickly varied and tested, costs are lower, and risks compared with 
the case of manned flight vehicles are lower.  

When the focus of wind-tunnel tests is on concept demonstration, math-model validation, and 
insight gains regarding the aeroservoelastic features of new configurations, they are an important 
element of aeroservoelastic flight-vehicle development. Long before a new flight vehicle and its 
control system will be ready for flight, aeroservoelastic wind-tunnel tests can provide information 
that would guide the design of the full vehicle and reduce risks in the program. 

10.  AFS FLIGHT TEST PROGRAMS 

The development of any new technology for flight vehicles cannot be complete without a 
substantial experimental effort involving ground tests, wind-tunnel tests, and flight tests with 
systems that represent real aircraft in their full complexity and operational envelopes. In a very 
thorough review of active-control flight and wind-tunnel experimental work, [154] covers almost 
all major projects in this area in the U.S. from the late 1960s to the early 1980s.  

From the perspective of AFS, any experimental active-control work with actual aircraft or with 
wind-tunnel models that represent the complexity of real aircraft is important. Wind-tunnel test 
and flight-test results help validate aeroservoelastic mathematical models. They expose weakness 
in control laws and the capacity of an active-control system (software and hardware) to meet design 
goals and provide required safety. The resulting lessons and insight guide follow on development. 

Out of the many experimental active-control programs to date, the bibliography of this report 
focuses on those that capture in mathematical modeling and tests the full physics of deformable 
flight vehicles (or major components), including the structural dynamics of deformable airframes, 
unsteady aerodynamics, and sensor and actuator dynamics. An effort is made to expand the 
coverage of experimental programs to date to include developments in the U.S. after the early 
1980s and major developments in other countries. Not every publication on work in this area has 
been included in this bibliography. The review papers and reports of [136‒157] and [119‒120, 
131‒132] would provide additional material on the experimental work with flight vehicle active 
controls to date. 

Beginning the survey with flight tests, the most demanding experiments and most realistic AFS of 
a modified Boeing B-52 was demonstrated in flight in the early 1970s [488‒493] (see figure 2). 
The B-52 program began with the Load Alleviation and Structural Mode Stabilization (LAMS) 
program and continued with the B-52 Control Configured Vehicle (CCV) program. For the CCV, 
program-control surfaces were added to the vehicle. External fuel tanks were mass balanced to 
reduce the flutter speed into the flight envelope of the B-52. The use of a destabilizing external 
store has the advantage of rapid stabilizing of the configuration by ejection of the store in case an 
instability is encountered in flight. Flight tests of the B-52 CCV demonstrated successful active-
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control action in five areas simultaneously: flutter mode control (FMC), MLC, ride control (RC), 
fatigue reduction (FR), and stability augmentation (SA). SA was used to allow flight at CG 
locations as far aft as the neutral point. Both ride comfort (as affected by accelerations along the 
fuselage) and fatigue alleviation (as affected by internal dynamic loads) are aspects of gust 
alleviation.  

  
 (a) (b) 
B-52CCV (Note the canards and ventral vane)  B-52 Active Controls Model at the NASA  

TDT (courtesy: NASA) 

Figure 2. The B-52 AFS vehicle and wind-tunnel model 

By design, the flutter instability of the B-52CCV was of the mild-moderate mechanism type. That 
is, a mechanism in which the decline in damping with increased speed (or dynamic pressure) is 
gradual and allows more accurate prediction by tests of the flutter speed by extrapolation. Flutter 
was predicted to be symmetric at approximately 2.4 Hz and a rate of damping loss with increased 
speed of 0.01 equivalent structural damping, g, per 10 knots at 21,000 ft. Sensor locations and the 
control surfaces available for active controls on the B-52 CCV are shown in figure 3. The important 
issue of which sensors and control surfaces to use for what function of the active-control surface 
becomes immediately apparent. Certain sensors/control-surface combinations would be more or 
less effective regarding observability and controllability of different dynamic responses. Any 
design must guarantee that control surfaces operate within their limits in their combined power 
and motion effort as they are used for the different functions of the control system.  
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(a) Control Surfaces 

 
(b) Sensors 

Figure 3. Control surfaces and sensors of the B-52 CCV [490] 

The B-52 active-control test program included wind-tunnel tests at the TDT at NASA Langley 
[290, 458, 491]. Overall it was a pioneering effort in the development of active-control technology 
for aircraft and wind-tunnel models. It demonstrated that aeroservoelastic math modeling and 
control-law synthesis methods of the time were adequate. It advanced wind-tunnel and flight-test 
techniques. The conclusions of [492] were that “whenever structural and aerodynamic theory are 
adequate to predict flutter, the controllability of flutter is also predictable. Whether FMC is 
applicable to more violent, higher-frequency modes can then be decided analytically for each 
specific airplane.” Reference [492] also notes, in its conclusions, that “parameter identification 
methods will need to be developed to support experimental control synthesis.” Considering that 
the program was completed more than 40 years ago, without the powerful and fast equipment and 
computing power available today, and before major developments in analysis and synthesis 
techniques of the past 40 years, the achievements of B-52 CCV are remarkable. 

A European AFS flight-test program of the mid-1970s is described in [534]. A FIAT G91/T3 was 
fitted with modified external fuel tanks, which were ballasted to reduce flutter speed into the 
aircraft flight envelope. The tanks were equipped with aerodynamic vanes and flutter-suppression 
systems. In addition to studying the use of AFS for overcoming the common aircraft/stores flutter 
compatibility problem in fighter jets in certain external stores configurations, the tested system 
could be quickly stabilized by ejection of the external tanks if flutter was encountered. A German 
F-4F was used later to study AFS of wing/stores flutter. This time the aircraft’s existing ailerons 
were used [512‒514], and control commands were generated by the existing FCS hardware 
through a flutter-suppression control box feed into the roll channel of the aircraft.  

Key elements of importance in the evaluation of any AFS system were highlighted by the F-4F 
analysis and test program. First, nonlinearities in the structure (especially stores pylon structural 
nonlinearities) led to significant differences in modal frequencies at different oscillation amplitude 
levels. This affected the performance of the control laws. It also led to LCOs, so a demonstration 
of stable flight using active-control-at-flight conditions, that without active control would be 
unstable, became difficult. Another important aspect of the AFS design was to make sure that there 
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was no coupling between aileron and spoiler action. In the math models used to synthesize the 
flutter-suppression control laws, only two modes were taken into account (i.e., store pitch and first 
wing bending) with all other modes excluded by bandpass filtering or filtering by location. Such 
filtering makes it necessary to work with very accurate mathematical models of the flutter 
mechanism. It also makes it necessary to consider effects on other functions of the FCS. 

For safety, ballast masses were installed in the external stores to serve as flutter stoppers by, on 
command, moving and changing the radii of inertia of the stores. Each store could suppress flutter 
on its own, by making the configuration asymmetric, where, in this particular case, the flutter 
speeds of asymmetric configurations was higher than the flutter speeds of the corresponding 
symmetric ones. The stores could be also ejected. The change of store radius of gyration could be 
made with 0.5 seconds. With flutter frequency close to 5 Hz, this meant less than three cycles of 
flutter oscillation. Safety, using such a test safety mechanism, can be provided if the amplitude 
growth during the transition from unstable to stable structural dynamics is not high enough to cause 
major damage. The overall safety approach adopted by the F-4F program is shown in figure 4. 
Note the redundancy in the flutter-suppression system, with two systems working independently 
on each wing.  

 
(a) F-4F Flutter Test Program Safety [514] 

 
 
 

 
(b) F-4F Flutter Stopper [514] 

Figure 4. The (a) F-4F AFS and (b) test safety systems 

The capacity to protect the vehicle or a wind-tunnel aeroelastic model from destruction, if an 
instability is encountered, is an important feature of any research flight or wind-tunnel flutter test. 
In the B-52 CCV, Fiat G91/T3 and F-4F modified aircraft were flown, on active control, into 
unstable flutter regions of the flight envelope equipped with mechanical means to change the 
configuration abruptly into a flutter-stable one if problems appeared. An important question, 
regarding the certification of aircraft, is how to address the test safety issue when testing the actual 
vehicle and its systems is required. The 1970s and early 1980s saw significant AFS development 
activity at NASA with the DAST UAV [502‒506] and numerous references on the development 
of flutter-suppression control laws, including [358, 380‒381]. The wing of the DAST vehicle was 
designed to flutter within its flight envelope. It had a supercritical airfoil shape and an aspect ratio 
of 6.8. An ejectable ballast weight was placed aft of the rear spar of each wing to function as a 
flutter stopper. Four accelerometers and two control surfaces were used for flutter suppression. 
The accelerometers were placed on the wing and in the fuselage to allow separation of the 



 

26 

measurements of rigid-body and elastic motions. The control surfaces were used to suppress flutter 
and also to provide excitation to the wings for system identification during flight tests [381]. 
Reference 154, in addition to the references already mentioned, gives an overview of the DAST 
program. The vehicle used a series of aeroelastic research wings (ARW) attached to a modified 
Firebee II target drone. In a third flight, following a flight in which valuable data were collected 
with a good signal-to-noise ratio, an error in the implementation of control gains in the AFS system 
led to explosive flutter and the loss of the vehicle (see figure 5). The wing was rebuilt (as ARW-
1R) and attached to another Firebee fuselage. It was destroyed when the drone recovery parachute 
deployed and was torn loose on separation of the drone from the B-52 carrier aircraft. A new 
research wing (ARW-2) was developed in a design effort that involved integration of structures, 
aerodynamics, and control, accounting for multiple control systems operating simultaneously and 
capable of controlling the vehicle at multiple flight conditions. A variety of control-law synthesis 
techniques was studied, addressing software and hardware issues, including the robustness of the 
control; order of control laws and the effects of control system hardware; control spillage (for 
which control action in one range of frequencies affects the dynamics of the system negatively in 
other ranges of frequencies), etc.. Not surprisingly, nonlinear effects and the difficulty to design 
control laws that would function well at off-design conditions were encountered. Nonlinearities in 
the DAST ARW-2 case were due to nonlinear torsional stiffness of the fiberglass-skin wing and 
the nonlinear aerodynamics of supercritical airfoils on top of the nonlinearities of the actuators. As 
[504] describes, a correlation between angle of attack and aeroservoelastic poles’ damping ratios 
was measured for the DAST ARW in flight. Between Mach numbers of 0.893 and 0.911 at 25,000 
ft and AFS system off the critical damping ratio in anti-symmetric motion decreased from  
to  as the angle of attack decreased by 0.3 degrees. Aeroelastic poles showed sensitivity 
to angle of attack at other transonic Mach numbers. Clearly the nonlinear aerodynamics of 
transonic flight must be accounted for properly, and that includes, in the case of small perturbation 
disturbances, both the steady-state static aeroelastic equilibrium flight and the unsteady motions 
about it. Note that the safety mechanisms built into the DAST design (the ejectable ballast masses 
and the parachute) failed to save it. The ARW-2 wing, although used for analytical and ground test 
studies, was not flown.  
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 (a) (b) 
 (NASA Photo ECN-31306-fr41-5)  (NASA Photo ECN-31306-fr43-9) 

Figure 5. Flutter of the right wing in flight on the modified BQM-34 Firebee II drone with 
ARW-1: (a) pre-failure and (b) just after failure 

The first AFS system to fly on a production airplane was probably that of the F-18 [529, 532]. At 
the time it was named “Active Aeroelastic Oscillation Control” because the problem it was tasked 
to solve was that of LCOs in some external stores configurations of the F18. In the title of [532], 
it was named “LCO Solution.” It is important to distinguish, when active controls are used to 
suppress aeroelastic instabilities between cases in which the instability is of the divergent flutter 
kind, for which crossing the flutter boundary would result in oscillations of increased magnitude 
that would damage the airframe and cause catastrophic failure, and cases in which beyond certain 
flight envelope boundaries an airplane would develop LCO. Clearly, the failure of an AFS system 
in the LCO case would not be as catastrophic as in the divergent flutter case. In the LCO case, a 
failure of an active suppression system would lead to LCOs that, as long as the amplitudes and 
accelerations involved are not too high, would pose no immediate danger to the airframe and allow 
corrective action. 

There can, therefore, be an argument whether the shift of an aeroelastic system from well-damped 
behavior to LCO behavior constitutes loss of stability. If we adopt the definition of flutter in [1]: 
“an oscillation which grows, and finally either breaks the structure or remains bounded at some 
amplitude whose value is dependent upon the departure from linear laws,” then, whether 
suppressing LCO or divergent flutter, an active-control system that suppresses self-sustained 
aeroelastic oscillations is an AFS system. 

In the F-18 case, the LCO, which was sensitive to Mach number and static aeroelastic shape of the 
airplane in flight, could be suppressed using the existing FSC (see figure 6). Anti-symmetric 
motions could be well-sensed by the rate gyros and accelerometers in the fuselage. Control laws 
then drove action by the ailerons. 
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Figure 6. The F/A-18A flight-control system [529] 

Because of a lack of adequate mathematical models that would capture the behavior of the F18 in 
LCO in the original case, the control laws used to suppress the oscillation were developed 
iteratively by test pilots while flying the airplane. A control panel was added to the cockpit and 
allowed the pilot to adjust gain and phase of an aileron command signal relative to control-system 
sensor signals. According to [532]: “Once the appropriate gain and phase were obtained using this 
experimental hardware, the new feedback loop was coded into the F/A-18 existing fly-by-wire 
control system.” In the case of the F18, the active oscillation control system is activated as a 
function of Mach number and altitude in the areas of the flight envelope in which the LCO problem 
exists (see figure 7). 

 

Figure 7. The F/A-18A Production active oscillation suppression system [529] 
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General Dynamics/Lockheed demonstrated an LCO suppression system on the F-16 in the late 
1990s (information based on communication with David Boyce, Lockheed-Martin, Fort-Worth, 
TX).  

It used the production flight control actuators of the TE flaperons to generate the opposing 
forces, and used the production flight control sensors (accelerometers and gyros) to detect 
the oscillations. A dedicated test computer was used to generate the feedback commands, 
parallel to the production flight control computer actually “flying” the aircraft. The 
suppression computer had multiple adjustments to phasing and magnitude values of the 
various sensor inputs and control surface commands. The adjustments could be set in flight 
by the test pilot based on directions from the flutter engineers conducting real-time control 
room data processing and analysis. The approach was based on the results of the flutter-
suppression wind tunnels tests conducted in the 1980s and 1990s [407]. Unfortunately, the 
system was not quite ready for operational use and a serious effort would have been needed 
to certify the Flutter, Flying Qualities, and Loads requirements if General Dynamics/LMT 
started adapting the control laws. The USAF was not interested in moving the project 
forward because of the scale of the effort. 

A recent case of adoption of active dynamic aeroelastic control on production aircraft is the case 
of the cargo and passenger derivatives of the new Boeing 747-8 [498, 699‒701]. Not enough 
technical information has been made available to the aeroelastic community. What can be learned 
from newspaper stories such as [498] and regulatory agency publications [699‒701], is that under 
certain flight conditions, the airplane “exhibits an aeroelastic mode of oscillation that is self-
excited and does not completely damp out after an external disturbance…The limit cycle flutter 
mode is primarily symmetric, manifesting itself as a 2.3 Hz sustained oscillation of the wings, 
engine pylons, and fuselage.”. 

Reference [699] continues:  

It has been established that compliance with CS 25.252 and CS 25.629 cannot be shown 
with this amount of LCO present. Boeing is therefore adding an Outboard Aileron Modal 
Suppression System (OAMS) to the fly-by-wire roll FCS to reduce the amplitude of the 
sustained oscillation and to control the aeroelastic instability. This would be the first time 
the use of an active FCS to control flutter is approved on a commercial transport aeroplane. 
The OAMS system is considered to be a novel and unusual design feature that the existing 
airworthiness requirements do not adequately address. Therefore Boeing is requested to 
show compliance with Special Condition C-18. 

According to [700‒701]:  

These special conditions require that the airplane meet the structural requirements of 
subparts C and D of 14 CFR part 25 when the airplane systems are fully operative. These 
special conditions also require that the airplane meet these requirements considering failure 
conditions. In some cases, reduced margins are allowed for failure conditions based on 
system reliability. 
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Another very recent case is the Boeing 787-10 model [499, 702], for which there was a need to 
add a flaps-up vertical modal suppression (F0VMS) system to the normal mode of the primary 
FCS. The F0VMS system is needed to provide additional damping to an already stable but low-
damped 3Hz symmetric wing/nacelle/fuselage aeroelastic mode of the airplane. The system uses 
the elevators, oscillated symmetrically. Flaperons are applied to augment or supplant elevator 
control as needed. According to [499, 702], “Because Boeing's flutter analysis shows that the 3Hz 
mode is stable and does not flutter, the F0VMS system is not an active flutter-suppression system 
but, rather, a damping-augmentation system. At this time, the FAA is not prepared to accept an 
active flutter-suppression system that suppresses a divergent flutter mode in the operational or 
design envelope of the airplane.” 

The shift of the aircraft industry from willingness to share information, with the understanding that 
there are disadvantages but also significant gains for all, to an intellectual-property protection 
mode for which very little or nothing is shared and published has been evident in recent years; 
even information that has safety implications in an area such as flutter, that used to be shared in 
the past for the benefit of all, is now kept tightly protected.  

To mature AFS technology to where it can be widely accepted, not only as a fix for late-discovered 
problems but as a driver of the design of efficient new airplanes, requires an effort in which all 
major discoveries and experiences are shared. The X-56 Multi Utility Technology Testbed 
(MUTT) flight-research vehicle, developed by Lockheed Martin Skunk Works® for the US AFRL 
with this vision, is a platform for elastic aircraft active-control research [555‒558] (see figure 8).  

 

Figure 8. The X-56 (http://www.nasa.gov/centers/armstrong/research/X-56/index.html) 

The X-56 follows a series of small unmanned aerial vehicles (UAVs) for flutter-suppression 
research built and tested by Lockheed Skunk Works to develop AFS technology for flight vehicles 
displaying BFF [540‒541]. The BFF instability is due to interaction between the elastic motions 
of the airframe and its rigid-body motions. Configurations with low overall pitch inertia (such as 
flying wings) and highly flexible wings may have high short-period frequencies that would couple 
with low-frequency wing-bending frequencies and the associated mode shapes to produce 
instabilities. BFF can also be a critical instability mechanism on configurations with forward-swept 
wings, for which the aeroelastic divergence tendency of the wing (leading to reduction in 
frequencies with increased dynamic pressure) may couple with rigid-body motion frequencies to 
create instabilities. The X-29 [544‒550] is an example of such a case. Rigid/flex coupling was also 
found on the B-2 bomber, influenced by shockwave movement over the configuration, coupling 
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wing bending and rigid-body pitch [104, 486‒487]. In addition, BFF can be present on long slender 
configurations such as the SR-71 (outside its flight envelope) and the supersonic transport 
configurations of the 1960s and 1970s because of coupling between rigid-body pitch and fuselage 
vertical bending (with wing camber deformation participating) degrees of freedom. 

The X-56 is designed to allow testing of a variety of configurations. Different wings and tails can 
be attached to the fuselage, including a joined-wing configuration. The main instrumentation and 
systems are housed in the fuselage equipped with a parachute recovery system. An open-
architecture FCS, a modular data-acquisition system, and ten control surfaces allow tests of 
alternative active-control concepts and systems. Like the B-52 CCV, the X-56 allows for the 
development of active-control systems that serve many functions, including flutter suppression, 
gust alleviation, stability augmentation (and handling qualities), MLC, and ride comfort. The 
challenge in the case of such a vehicle, for which rigid-body and elastic-motion dynamics are 
tightly coupled and AFS, gust alleviation, and stability augmentation have to work in harmony 
with the same frequency range, is significant. To challenge technology development in the AFS 
area, the flexible wings provided with the aircraft have three flutter mechanisms within the flight 
envelope, including a BFF mechanism. Note that the X-56 is not a transonic airplane. In the 
configurations developed for it so far, it does not represent the aeroelastic mechanisms and 
behavior that current transport aircraft display. However, following the note in [492], confidence 
in analysis and synthesis methods validated by flight tests on the X-56 can guide and significantly 
reduce risks when such analysis and design methods are used for other aircraft, especially in the 
areas of sensing, actuation, control-systems hardware integration with the airframe, and the 
seamless operation of a control system that satisfies demands and constraints of multiple types. 

Two X-56 vehicles were built for the AFRL and were flight tested. They were delivered to NASA 
Armstrong Flight Research Center for future tests. An X-56 carrying a flexible composite wing 
crashed on take-off in November 2015 and was lost. At the time of this work, a second X-56 was 
undergoing ground vibration tests at NASA Armstrong in preparation for subsequent flight tests 
with NASA-generated flight-control laws.  

Influenced by the X-56 design, the University of Minnesota, in a NASA-supported AFS research 
program, developed its Mini-Multi-Utility Technology Testbed (MUTT) UAV [230, 431,  
542‒543]. The Mini-MUTT is based on the outer mold line of a donated Lockheed Skunk Works 
BFF UAV [431], but it follows a modular design philosophy similar to the X-56 MUTT aircraft. 
It also has a rigid center body capable of carrying interchangeable flexible wings, and it allows 
tests of a rich variety of flexible wing configurations at low cost. The Lockheed-Martin BFF UAV 
and its University of Minnesota derivative, the Mini-MUTT, are shown in figure 9 [431]. 
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Figure 9. The Lockheed-Martin BFF UAV (back) and the University of Minnesota  
Mini-MUTT (front) [431] 

The aeroservoelastic literature is rich in reports, papers, and book chapters that describe active-
control flight tests on a rich blend of flight vehicles. Although not full AFS tests (in which a flight 
vehicle is flown using active control into a flight region in which it would flutter without active 
control), the experience gained in testing GLA systems, MLC systems, or active ride comfort 
systems, as well as handling qualities and stability augmentation control, is important. 
Mathematical models of the actively controlled deformable airplane and its sensors and actuators 
are validated. Different control-law synthesis techniques and the resulting control laws are 
evaluated. Hardware-implementation issues are analyzed, and lessons regarding hardware 
implementation and integration are drawn. The important issues of safety measures and safety 
guarantees must be addressed, and test procedures and system-identification techniques can be 
evaluated in flight and improved.  

Important flight-test programs of aeroservoelastic actively controlled aircraft include the ride 
comfort system on the B-1 [484‒485]; the B-2 [486‒487]; the XB-70 [494‒497]; the C-5A [500‒
501]; the Eurofighter [507‒510]; the Boeing E-6 aeroservoelastic instability case (because of 
nonlinear structural loss of stiffness under load [511]); the F-15 [515]; the F15 STOL Maneuver 
Technology Demonstrator (SMTD) [516‒518]; the F16, YF16, and F16XL [519‒522]; the YF-17 
[523‒528]; the F18 thrust-vectored vehicle [530‒531]; the F22 [533]; the SAAB Gripen [535]; the 
Gulfstream G550 [536]; the Lockheed L-1011 [537‒539]; the X-29 [544‒550]; the Boeing X-32 
[551]; the Boeing X45A [552]; the Boeing X53 F18 AAW vehicle [553‒554]; and the University 
of Michigan’s X-HALE research UAV [559‒560]. 
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References in the bibliography on the aeroservoelasticity and active control of real aircraft include 
research that did not lead to flight tests but was based on mathematical models of actual aircraft 
with all their complexity. Work on adaptive control with the F16 model, including a wind-tunnel 
test at the TDT, is described in [407]. Development of flutter suppression for the YF-17, using a 
NASA TDT-tested wind-tunnel model, in addition to the full aircraft, is described in [523‒528]. 
Similarly, AFS development for the X-29 and its NASA TDT model is described in [544‒550]. 

Although mathematical models and detailed test results were not available to the general 
aeroservoelasticity community, information for a few key configurations was made available to 
many researchers working in the flutter-suppression area. This includes the mathematical models 
of the NASA DAST vehicle and the wind tunnel model of the YF-17 with external stores. Math 
models of the B-52CCV became available more recently. The mathematical aeroservoelastic 
models of the X29 and F18 have been available to researchers subject to export controls and ITAR 
restrictions. 

11.  AFS WIND-TUNNEL TEST PROGRAMS 

Wind-tunnel tests are often less expensive than flight tests, and they provide a controlled test 
environment and important sensing and actuation options that are difficult to implement on aircraft 
in the early stages of technology development. In the case of AFS, with the risks to the flight-test 
vehicle and its crew, wind-tunnel tests provide more safety. The advantages and disadvantages of 
active-control wind-tunnel tests have already been previously discussed. The bibliography 
includes papers and reports on key wind-tunnel tests in the AFS area in particular and 
aeroservoelasticity in general during the past 45 years. They provide insight, via analysis/test 
correlation regarding the accuracy of mathematical models of actively controlled deformable 
vehicles, on the effectiveness of different control laws, different sensing and actuation methods, 
and the unsteady aerodynamics of actively controlled aircraft configurations and their control 
effectors. 

A wind-tunnel test program of a US Air Force Flight Dynamics Laboratory (AFFDL) forward-
swept wing model is described in [563‒564]. The wing/store flutter problem is naturally of major 
interest to the Air Force. In the context of AFS, wind-tunnel tests of aeroservoelastic models with 
different external stores configurations offer the opportunity to evaluate the effectiveness and 
robustness of different control laws and control-system sensing, actuation, and topology. 
Robustness can be evaluated not only with respect to variations of structural dynamic properties 
of the system to be controlled but also of the unsteady aerodynamics of aircraft/stores 
combinations and the significant uncertainty in the mathematical modeling of aircraft/store 
combinations that current modeling technology still faces.  

Wind-tunnel tests of a US Air Force Wright Aeronautical Laboratories (AFWAL) wing/store 
model are described in [551‒552]. Tests by ONERA in France of a wind tunnel model of a 
wing/store configuration is described in [609]. Wind tunnel tests of X29, YF17, and F16 
aeroelastic models with external stores will be discussed later in this section. 

The AFW program is described in [565‒574]. It was a joint Air Force/Rockwell 
International/NASA program from the mid-1980s to the early 1990s.  
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The AFW model, tested in the NASA TDT, was an aeroelastically scaled model of an advanced 
fighter jet with two leading-edge (LE) and two trailing-edge (TE) control surfaces per wing. The 
model was mounted on a sting mount, which allowed it to roll and pitch over a range of angles of 
attack. The model and its instrumentation are shown in figure 10. According to [566], “an 
important objective of the AFW program was to gain practical experience in designing, fabricating, 
and implementing a real-time MIMO multiple function digital controller, and in developing the 
hardware interface between the controller and the wind tunnel model.” 

 
 NASA Photo L-89-12446 

Figure 10. Schematic of the AFW model [566] 

Required features of the digital controller were: 1) it be representative of a digital controller on a 
full-scale airplane; 2) control laws could be easily modified/replaced; 3) it be capable of 
simultaneous execution of flutter-suppression and rolling-maneuver control laws; and 4) it be 
capable of receiving and sending analog and discrete signals. For safety, the AFW model included 
a wing-tip ballast store that was attached to the wing via a variable-pitch stiffness mechanism. 
Release of an internal hydraulic brake that held the store in place led to a significant increase in 
the first torsion mode frequency and resultant increase in flutter speed. Bypass valves in the wind 
tunnel, upon activation and opening, could cause a rapid reduction in dynamic pressure, which 
would quickly stabilize the model.  

Numerous tests were carried out with the AFW model. The effect of nonlinear transonic 
aerodynamics and the capacity of CFD codes of the time to capture it were both studied. different 
AFS laws and the performance of the control system in single-function and multiple-function 
operation were also considered. In the multiple-function case, flutter was suppressed while 
attaining commanded rolling. The program demonstrated the capacity of the AFW model and its 
control laws, sensors, and array of control surfaces to perform rolling maneuvers while suppressing 
flutter above the open-loop flutter boundary.  

The NASA Benchmark Active Control Technology (BACT) program is described in [575‒582]. 
It was a collaboration of NASA with a number of universities and the industry, aimed at measuring 
and archiving unsteady aerodynamic data on an actively controlled model in the transonic regime, 
to study, record, and actively control transonic flutter-instability phenomena. The data gathered 
have been enormously valuable for the validation of aeroservoelastic computational models and 
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the evaluation of the performance of different control laws. The BACT model is not representative 
of the complexity of a full actively controlled flight vehicle. However, its importance and 
contribution to the state of the art in AFS have been significant.  

Wind-tunnel tests with an aeroelastic X-29 model in the TDT have already been mentioned [546]. 
An actively controlled, semi-span, statically unstable model with wing stores was used to achieve 
high relaxed static stability while providing adequate speed margins against BFF. Performance of 
candidate control laws was assessed based on the flutter speed margins and handling qualities they 
attained.  

In the YF-17 case, a half model of the aircraft was tested at the NASA TDT (see figure 11) [404‒
406, 523‒528]. The model was designed to have violent flutter in a particular external stores 
configuration, and several control laws developed using different control-law synthesis techniques 
were tested. To build confidence in the transition from analog control hardware (which was used 
in the early years of flutter-suppression and active-control development) to digital control, the 
model was tested with both analog and digital hardware. LE and TE control surfaces were used 
for flutter suppression, including cases when only an LE device was used for flutter control. In an 
effort to evaluate adaptive control, the model was tested with an adaptive control system, 
demonstrating the capacity to stabilize otherwise unstable conditions by quickly adapting to 
changes in the configuration [404‒406]. Tests in which control laws were switched from one type 
to another at a condition in which the model was unstable without active controls were also carried 
out (at a 40% dynamic pressure higher than the no-control flutter dynamic pressure). “The ability 
to switch from an LE control law to a TE control law, and vice versa, was also demonstrated” 
[528]. Capabilities like this are important for adaptive control and for fail-safe AFS control-system 
design. 

 
 NASA Photo L-82-4.734 

Figure 11. The YF-17 wind-tunnel model with external stores [405] 

Adaptive AFS control was also tested on the F-16 flutter model at the NASA TDT [407] (see figure 
12). In more than 2 ½ weeks of tests of approximately 6‒8 hours of testing per day and during long 
wind-tunnel passes, the AFS system stabilized the wind-tunnel model (carrying external stores 
over varying flight conditions, including external store drops). The testing ended, however, with a 
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failure of the control system, resulting in damage to the model. A significant amount of information 
was gathered regarding the varying aeroelastic characteristics of the model and aspects of adaptive 
control synthesis and performance. 

 

Figure 12. Adaptive F16 flutter-suppression tests at the NASA TDT,  
NASA photo L-86-8599 

Tests in Germany using a Tornado flutter model with different external stores configurations were 
reported in [141]. More recent wind-tunnel tests on active aeroelastic control tests include the 
Flexible Semispan Model [585‒586], The High Lift over Drag and Aerodynamic Efficiency 
Improvements tests at the NASA TDT, SensorCraft tests at the TDT [587‒594, 613‒619], and the 
S4T tests [621‒622]. More recent tests included the truss-braced wing half-span aircraft model 
[620] at the TDT and the Boeing SolarEagle (Vulture) wing tests at the University of Washington’s 
Kirsten Wind Tunnel [584], aimed at gathering data on the aeroelastic behavior of structurally 
nonlinear nonconventional aircraft configurations.  

The Vulture wing was open-loop excited by controls for frequency response measurements at 
various flight conditions. In the truss-braced wing case, both open-loop and closed-loop tests were 
carried out, demonstrating AFS and gust alleviation. Figure 13 shows time histories of acceleration 
and aileron positions when the control system is switched from closed loop to open loop and back 
to closed loop at a flight condition of instability in the open-loop mode.  
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Figure 13. The performance of the truss-braced wing flutter-suppression system when 
switched from closed loop to open loop and back to closed loop at an unstable open-loop 

flight condition [620] 

Active modal control tests on a 3D aeroelastic wind-tunnel model of an innovative canard/wing/T-
tail configuration were carried out in the Polytechnic of Milan, Italy, in the mid-2000s [602‒604] 
(see figure 14). 

 

Figure 14. The Milan polytechnic X-DIA model [602]  
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An adaptive flutter-control scheme based on Recurrent Neural Networks (RNN) was used to 
provide stability against flutter and to improve gust response. The controller showed good 
robustness in the presence of significant measurement noise. 

Although it has been customary to use accelerometers and electrohydraulic or electric actuators in 
flight and wind-tunnel tests of active-control technology, continued interest in new sensor and 
actuator technologies has driven tests to evaluate such technologies. Noteworthy, in terms of model 
complexity, was the MIT “Smart Wing” wind-tunnel model [605‒606], which used distributed 
piezo-electric actuation and was tested in the TDT.  

Active-control wind-tunnel tests, including AFS, in other countries are described in [583, 595‒
598, 607-608]. The papers and reports describing the models used, the aeroservoelastic analysis 
and controls synthesis method used, system ID techniques, test procedures, test experiences and 
insights, test uncertainties, and test/analysis correlation, including the performance of various 
control laws, present a treasure of information and important lessons. 

12.  UNCERTAINTY 

Most aspects of the aeroservoelastic uncertainty quantification and mitigation problems have been 
already discussed in the sections above. References 623‒660 together with [195] and [670] offer 
a rich selection of publications on the subject. Reference 631 is an excellent overview of the work 
on aeroelastic uncertainty prior to 2004. Reference 653 is a very recent overview of the field. 
Reference 652 studies the effects of structural, aerodynamic, and control-system hardware 
uncertainties on the overall safety of actively controlled flight vehicles.  

The technical literature on the theory and practice of uncertainty, reliability, and safety engineering 
of complex systems, including flight vehicle systems, is vast and would serve as the foundation of 
any progress toward attaining the safety levels required for AFS implementation to be acceptable. 

From the AFS safety-evaluation perspective, the following issues need to be considered:  

• The uncertainty in mathematical models of all elements and disciplines involved as they 
impact the predicted behavior of the system  

• The uncertainty in information provided by ground tests and flight tests because of limited 
test article sample selection possibilities, the planning and execution of tests, data 
acquisition and data analysis uncertainties, etc. [627, 629, 631, 643, 648]  

• The variability of flight vehicles as they come off the production line and as they age  
• The variability of flight operations per flight vehicle 
• The effect of damage and hardware failure, and of maintenance practices [623, 628] 

Some of these issues are already addressed in other disciplines in the context of current 
development techniques and processes used to establish protection against failure. Some, 
especially uncertainties in those discipline areas and multidisciplinary interaction areas to which 
aeroelastic stability is most sensitive, require more study.  

Although active-control technology may be perceived as adding complexity and, therefore, 
additional failure possibilities to an aeroservoelastic system that is complex to begin with, it can 



 

39 

actually add safety if, with adequate redundancy of its hardware and software elements, it would 
adapt itself, stabilize, and favorably shape the dynamic behavior of the aeroservoelastic system for 
all configurations, flight operations, and failures caused by internal loss of function or externally 
inflicted damage. 

The challenge of “robust” design has been a major driver in the development of modern control 
technology, and a number of methods of robust control system synthesis have been developed over 
the years, with most, if not all, applied to the AFS problem in research studies. Aeroservoelastic 
robust control was briefly discussed in section 8 and is covered by selected publications in the 
bibliography. From the safety perspective, it is important to work with clear quantitative robustness 
requirements that would guarantee a required level of safety when an active-control system is 
synthesized. 

The translation of uncertainty analysis and test-technology experience into practical design and 
certification guidelines in the case of tightly integrated complex systems is highly desirable but is 
still a significant challenge. Section 15 is dedicated to the certification aspects of AFS. Considering 
AFS and its certification requirements from the beginning of the design process of a new airplane 
requires a definition of reliability/safety constraints or an equivalent set of safety margins that 
would be part of the set of constraints subject to which the vehicle will be optimized. This leads 
naturally to a discussion of AFS’ place and role in the integrated MDO of flight vehicles. 

13.  INTEGRATED AEROSERVOELASTIC OPTIMIZATION 

Active-control technology, in addition to the airframe weight savings it can lead to using gust 
alleviation, maneuver loads control, and AAW technology, can lead to major weight savings with 
the additional element of AFS. Reference 664 shows that AFS can remove all the airframe 
structural weight that would, without it, be required to provide enough stiffness that would 
eliminate flutter in the flight envelope of a flight vehicle. AFS, as part of the complete FCS to be 
optimized together with the structural, aerodynamic, and propulsion systems, has the potential to 
lead to major improvements in resulting vehicle efficiencies when it is integrated into a MDO 
process that allows the integrated optimization of airplanes from early in the design process by 
simultaneously searching for optimal design variables that cover all disciplines subject to 
constraints that represent all disciplines. When adequate redundancy and adaptability are included 
in the control-systems model optimized with the rest of the vehicle’s systems, AFS may contribute 
to improved safety by being able to adapt itself to unanticipated operation, malfunction, and 
damage scenarios. 

A thorough survey of the state of the art in integrated aeroservoelastic optimization in the years 
leading to the late 1990s can be found in [6]. A few additional contributions in the area are  
[661‒665], with more discussion in [149]. References 666‒674 present work on integrated 
aeroservoelastic optimization for which aeroservoelasticity and control are coupled during the 
design optimization process, with [666, 671] integrating into the multidisciplinary design process 
piezoelectric actuation. The development presented in [671] also includes slow actuation by shape 
memory alloys.  

It has become quite clear in recent years—in the context of the development of new innovative 
configurations, such as the truss-braced wing [620], the variable camber continuous trailing-edge 
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flap wing [83], natural laminar flow wings [672], or high-aspect-ratio composite wings using 
advanced composite layout and construction technologies [673‒674]—that active control is 
essential to allowing such configurations to fully benefit from the new technologies they introduce. 
Still, the integrated aeroservoelastic MDO technology available currently has not yet matured to 
its full potential. Questions regarding the performance of different control-law techniques and 
strategies in the context of flight vehicle aeroservoelastic MDO (e.g., what control methods would 
lead to better system designs) or the accounting in the optimization problem formulation of the 
penalty in weight and cost of the control-system hardware required still need substantial research, 
as do questions regarding the potential benefits from an MDO perspective of new sensing and 
actuation technologies.  

From the certification perspective, the safety of an optimally designed aeroservoelastic system in 
which design variables are optimized simultaneously subject to constraints representing all 
disciplines and all consideration must be demonstrated by analysis and tests of the resulting flight 
vehicle. An integrated MDO process that would account for uncertainty and reliability of actively 
controlled flight vehicles with AFS from the start is still in need of development.  

14.  CERTIFICATION 

References 681‒702 present key aspects of aeroservoelastic system certification, including flight-
vehicle active controls, from both the FAA and Department of Defense (DOD) perspectives. To 
reiterate: for any flight-vehicle technology to be accepted as safe, it must be deeply understood in 
all its aspects and be supported by reliable analysis tools; thorough testing; confidence in the 
correlation between analysis predictions and the real world; and by established uncertainty and 
reliability estimation capabilities that also cover hardware, operations, and maintenance aspects in 
addition to sources of uncertainty in all aspects of aeroelastic and aeroservoelastic simulation. Such 
technology, in its implementation, must be guaranteed to operate in harmony with all other systems 
on a flight vehicle and must not adversely affect their safety levels as required by certification 
requirements.  

References 683‒684 present the federal regulations that cover aircraft safety based on aircraft 
categories and intended use. References 685‒686 add guidance regarding aeroelastic stability. 
Reference 687 addresses the safety of aircraft with active controls. References 688‒691 deal with 
the safety of safety-critical software and hardware on aircraft. Flying qualities criteria for aircraft 
are discussed in [692]. General FCS design, installation, and test specifications are presented in 
[693‒694]. Reference 693 provides: 

…a comprehensive definition of the general performance, design, test, development, and 
quality assurance requirements for military aircraft FCS. Specific focus areas are flight 
safety and integration of the FCS with other aircraft systems and subsystems, such as the 
electrical and hydraulic systems.  

Reference 694: 

…establishes recommended practices for the specification of general performance, 
design, test, development, and quality assurance requirements for the flight control 
related functions of the vehicle management systems of military unmanned aircraft, 
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the airborne element of unmanned aircraft systems, as defined by ASTM F 2395-
07. The document is written for military unmanned aircraft intended for use 
primarily in military operational areas. The document also provides a foundation 
for considerations applicable to safe flight in all classes of airspace.  

Note that, in addition to elements that are common to manned and unmanned aircraft regarding 
the active control, requirements in this document may apply to any unmanned flight vehicle used 
for AFS research. Software development, documentation, and the processes that cover the life 
cycle of software systems are discussed in [696‒697]. Additional information from DOD 
perspective regarding airworthiness certification criteria is provided in [695, 698]. Information 
regarding the special conditions used by the FAA and EASA to certify the AFS systems on models 
of the Boeing 747-8 is given in [699‒701]. Although details have not been shared with the 
aeroelasticity/aeroservoelasticity communities, some important insights into the problem and its 
solution are offered in [699‒701], in addition to the general considerations by the regulatory and 
certification agencies that led to the certification of the aircraft. 

A key element in this case, based on what is available in the public domain, could be the nature of 
the instability being an LCO with amplitudes that do not endanger the aircraft in the absence of 
active control. Another important element may be that there would be no unacceptable adverse 
effects due to the flutter-suppression system on all other functions of the FCS. The key question 
for the certification of AFS systems in cases of divergent flutter instabilities is how to meet 
required safety levels in such cases subject to the considerations discussed in section 12. 

Of note, even in cases of using modal suppression to add damping to already stable flutter modes, 
this technology is considered by the FAA to be new and novel with the required case-by-case 
caution used to evaluate it (see the Boeing 787-10 case) [702]. The full picture regarding the LCO 
problem of the 747-8 and the way it is suppressed by active controls, or the damping augmentation 
in the case of the 787-10, is not available to the public, so the discussion here does not reflect 
actual Boeing or FAA positions and philosophy in this matter. The overview here is aimed at 
motivating discussion, based on what more than 50 years of active-control and AFS technology 
have taught us, that would provide guidance regarding the integrated design of future actively 
controlled aircraft and the methods and steps required to certify them.  

15.  RECOMMENDATIONS 

R&D work focused on the improvement of aeroelastic and aeroservoelastic analysis, simulation, 
and test is still pursued in the U.S. and worldwide, funded by government agencies and industry 
and carried out by industry, university researchers, and government research laboratories. 
Research challenges in aeroelasticity and aeroservoelasticity still include the integration of 
advanced CFD/CSD for fluid/structure interaction analysis on the deformable, actively controlled 
flight vehicle in flight, accounting for structural behavior from the small deformation linear range 
to nonlinearities because of very large deformation and aerodynamic nonlinearities such as shock 
motions, shock/boundary-layer interactions, and flow separation. Other areas of relevant active 
research are MDO of flight vehicles, covering structural, aerodynamic, and control considerations; 
and propulsion integration and interactions; system identification of complex aeroservoelastic 
systems for implementation in wind tunnel and flight tests; nonlinear dynamics of nonlinear 
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aeroelastic and aeroservoelastic systems; advanced sensing and actuation for active control; and 
control-law synthesis for nonlinear, uncertain, MIMO aeroservoelastic systems.  

From the perspective of safety and certification needs, a few areas of importance to the 
development of acceptable AFS technology and the determination of its limitations and 
certification requirements, complementing the R&D work in the areas listed above, are: 

1. The creation of reference benchmark test cases that would allow researchers, the flight 
vehicle industry, developers of simulation codes, and government agencies to build 
confidence in the analysis and design capabilities they use and on which they rely 

Some wind tunnel model and test information was made available to researchers in the past: The 
DAST wing, the YF-17 wind tunnel model, the S4T model, and—for researchers in the US and 
subject to significant limitations—the X29 and F18 thrust vectoring flight vehicles. However, full 
information for those wind-tunnel models and flight vehicles is not available. Because industry is 
reluctant to share the models and test results of the aircraft it develops, there has been, for a long 
time, no realistic detailed model of an actively controlled flight vehicle from which the 
aeroelastic/aeroservoelastic/flight mechanics/flight control community would be able to benefit 
while developing required analysis and design methods.  

Such a test-case vehicle must have considerable aeroelastic interactions and active-control 
capabilities that can be used to implement all flight-control options, including AFS. Its complete 
geometry and structural, inertial, actuation, and control characteristics should be made available 
(subject, if originating in the US, to ITAR and any export control limitations) alongside the results 
of ground and flight tests.  

The US Air Force Research Labs (AFRL) organization funded the development, by the Lockheed-
Martin Skunk Works division, of the X-56 research airplane for active controls research, including 
AFS (Refs. 555-558 ). The X-56, is now operated by NASA’s Armstrong Flight Research Center. 
Although it was created to serve industry, and research organizations develop active controls 
technology, full information for the X-56 and its ground and flight test results has not yet been 
made widely available. In long-term planning, the X-56 may be configured for tests that would 
build confidence in AFS from both civil and military certification perspectives, followed by 
carefully planned tests and by test information that would be shared with the aeroservoelastic 
community.  

Despite the fact that it is not a transonic vehicle, the X-56’s complex aeroelastic behavior, the 
capability to fit it with different wings that would display different complex aeroelastic 
interactions, and the possibility to assess active-control technology in flight for the free-free 
maneuverable and deformable airplane would allow AFS related analysis, design, and flight testing 
with the X-56 to contribute significantly to the state of the art in this area. Finding a flight vehicle 
and modifying it for AFS research that would include transonic and possibly supersonic flight 
conditions and with information that would be widely available for validating computer modeling 
and control law development is desirable but will continue to be a challenge. 

2. Development of consistent widely accepted formulations of the aeroservoelastic equations 
of motion of maneuvering deformable airplanes for active-control applications, including 
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rigid-body/elastic-motion coupling, nonlinear effects, flight-control actuation, and 
readiness for control-law design, and its implementation. 

Desirably, equations of motion formulations for the actively controlled deformable airplane should 
be further developed that would allow extension of conventional well-known methods currently 
used in industry to enable modeling of nonlinear CFD-based aerodynamic and nonlinear structural 
effects. The formulations sought should be general, capable of working with widely used industry 
modeling tools, and allow rapid data turnaround for industry. Additionally, in this area, an effort 
should be made to asses and improve equations of motion of the actively controlled deformable 
airplane for usage in real-time man-in-the-loop and hardware-in-the loop flight simulators. Such 
formulations should have both required accuracy and high speed of computer execution. 

3. Comprehensive aeroelastic/aeroservoelastic reliability/uncertainty analysis capabilities 

To allow quantitative assessment of safety of actively controlled aircraft with interacting stability 
augmentation, gust alleviation, ride comfort, and AFS, uncertainty/reliability analysis capabilities 
for such systems should be developed. Although modern control-law design methods account for 
uncertainties in various ways, it is important to assess the reliability of such systems as actually 
implemented, accounting for parameter uncertainty, modeling errors, and performance limitations 
in all areas; the effects of damage, repair, and maintenance; the failure of subsystems; and the 
uncertainty in flight conditions and external excitations.  

Such comprehensive reliability/uncertainty assessment methodology would provide insights into 
the performance of the highly complex and interconnected actively controlled aeroelastic system, 
as well as guidance for designers and for planners of ground and flight tests. They would also 
allow a rational evaluation of the effects on overall safety of any changes in required safety margins 
in particular cases. 

4. Control law design and implementation methods for aeroservoelastic systems modeled by 
high-order multi-degree-of-freedom mathematical models, accounting for all 
aeroservoelastic phenomena, including handling qualities, stability, gust and other 
dynamic loads and load distributions, ride comfort, and maneuver loads 

Although different control-law design and architecture-/hardware-implementation strategies in the 
US can be expected to be proprietary and subject to ITAR and export-control constraints, and 
although R&D efforts to develop and test such control systems are still underway and funded by 
government agencies and in-house by companies as part of various R&D programs, it would still 
be an important contribution to the state of the art from the certification-needs perspective to invest 
in the development and testing of such methods and architectures, with emphasis on:  

• Flight vehicles and problems representative of the various types of aircraft of importance 
in which AFS technology may be used.  

• The harmonious safe operation of all active-control functions (e.g., stability augmentation, 
gust alleviation, and flutter suppression). 



 

44 

• The capacity to control aeroservoelastic systems with multiple flutter mechanisms of 
different types and represented by large-scale, multi-degree-of-freedom state-space 
models. 

• Robustness of minimal order controllers. 
• Validation and verification as well as transparency of control laws and systems generated 

using competing approaches. 
• Robustness to manufacturing variability and sensor error and noise. 
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5. Certification 

Certification involves technical analysis, design, and testing practices on one side, and product 
safety-assurance regulations that reflect the cumulative experience in an engineering area from the 
safety perspective on the other side. It then integrates both into a coherent and thorough safety-
verification and safety-demonstration process. AFS technology adds complexity to the 
certification process in all its aspects because of AFS’ multidisciplinary nature and required 
uncompromising reliability. 

An exercise that would follow a simulated AFS certification process of a representative advanced, 
optimized, and actively controlled flight vehicle and, therefore, examine all aspects of the process, 
technical and regulatory, would further contribute to the identification of technical and regulatory 
needs in this area. 

16.  CONCLUSION 

Active flutter suppression (AFS) technology, when harnessed early in the design process of new 
flight vehicles when they are optimized across all the key disciplines and constraints that affect 
their design, has the potential to lead to significant weight savings and performance gains. When 
used to correct aeroservoelastic stability problems discovered late in the development of an 
aircraft, AFS solutions can save weight, schedule, and cost. They can provide solutions for cases 
in which passive aeroelastic solutions (based on stiffness or mass distribution and aerodynamic 
modification) may prove impractical. 

A significant body of engineering knowledge has been built in this area in the past 50‒60 years, 
based on numerous research efforts covering analysis, computation, ground tests (including wind-
tunnel tests), and flight tests. The current work presents an overview of the field, evaluates the 
strength of the technology in its current state of the art, identifies technology gaps and needs, and 
makes recommendations regarding R&D in those areas that, complementing other R&D work in 
aeroservoelasticity and active control, would advance the technology towards implementation and 
acceptance, subject to strict safety requirements. 

The drive towards more optimized, innovative, highly flexible, actively controlled aircraft, with 
their complex aeroservoelastic interactions, makes AFS extremely important. This work would 
hopefully contribute to the discussion and the required developments that would make this 
technology fully fulfill its potential. 

17.  INDEX - A LIST OF KEY TOPICS COVERED BY REFERENCES IN THE 
BIBLIOGRAPHY 

Active Control Technology – 8‒13, 117‒135 
Active Static Aeroelastic Control – 25, 58‒70, 553‒554  
Actuation – 289‒333 
Aeroservoelasticity- 136‒153 
Commercial linear aeroservoelastic codes – 41,42 
Aeroservoeklastic linear math models – 211‒222 
Aeroservoelastic solution methods – 158‒170, 247‒250 



 

46 

Aeroservoelastic tests – 154‒157 
Buffett alleviation – 115‒116 
Certification – 681‒702 
CFD/CSD based aeroservoelasticity – 171‒186 
Compliant structures – 56,57, 80‒82 
Composites – aeroelastic tailoring – 53‒55 
Control – Adaptive – 404‒424 
Control – Aerodynamic Energy – 354‒364 
Control – continuum approach – 444 
Control – ILAF – 367‒370 
Control – Multi Input Multi Output (MIMO) Control – 372‒400 
Control – Nonlinear 432‒39 
Control – Parameter Varying – 427‒431 
Control system delay effects – 425‒426 
Controller order reduction – 401‒403 
Control – topology – 440‒443 
Correction factors – 237, 658 
Equations of motion – 27, 49, 251‒288 
Flight stability and control – 13‒29 
Flight / wind tunnel tests technology – 452‒483 
Fuel sloshing effect – 185 
Ground vibration tests – 445‒451 
Gust Alleviation – 13, 90‒103 
Handling Qualities – 13, 16, 18, 104‒114 
Integrated aeroservoelastic optimization – 6, 67, 667‒674  
Limit Cycle Oscillations (LCO) – 2‒4 
Maneuver Load Control – 73‒77 
Mission Adaptive Wing – 78‒79 
Morphing – 78‒85 
Nonlinear aeroelasticity – 2‒4 
Propulsion effects and interactions – 334‒349 
Reduced order modeling of nonlinear systems – 187‒210, 238‒246 
Ride Comfort – 104‒114 
Sensors – 327‒330 
Stability derivatives – 50, 51 
Stability augmentation – 13, 28, 29 
Static aeroelastic effects – 13, 16, 17, 30‒48 
Static aeroelasticity – the modal approach – 45‒47 
Targeted Energy Transfer – 675‒680 
Uncertainty – 195, 234, 623‒660 
Whirl Flutter – 350‒353 
Aircraft – Airbus 300 – 94 
Aircraft – B1 – 484‒485 
Aircraft – B2 – 97, 486‒487 
Aircraft – B47 – 71, 72 
Aircraft – B52 – 290, 458, 488‒493 



 

47 

Aircraft – B747-8 – 498, 700‒702 
Aircraft – Boeing 787 – 135, 499, 702 
Aircraft – C5 – 500‒501 
Aircraft – DAST – 358, 381, 382, 502‒506 
Aircraft – Boeing E6 – 511 
Aircraft – Eurofighter – 507‒510 
Aircraft – FIAT G91/T3 – 534 
Aircraft – F4 – 512-514 
Aircraft – F15 – 516-518 
Aircraft – YF16, F16, and F16XL – 174, 519‒522 
Aircraft – YF-17 – 523‒528 
Aircraft – F18 – 44, 130, 529‒532 
Aircraft – F18 HARV – 530‒531 
Aircraft – F22 – 533 
Aircraft – Helios - 283 
Aircraft – IAI – Arava – 356 
Aircraft – IAI – Westwind - 356  
Aircraft – Lockheed 1011 – 537‒539 
Aircraft – Lockheed-Martin BFF small UAVS – 540‒541 
Aircraft – Mini-MUTT – 273, 483, 542‒543 
Aircraft – SAAB Grippen – 535 
Aircraft – Gulfstream G550 - 536 
Aircraft – X29 – 544‒550 
Aircraft – X32 Boeing – 551  
Aircraft - Boeing X-45A – 552 
Aircraft – X53 / F18AAW – 553‒554 
Aircraft – X56 – 555‒558 
Aircraft – XB-70 – 494‒497 
Aircraft – X-HALE 559‒560 
WT Models – Active Flexible Wing (AFW) – 565‒574 
WT Models – AFFDL FWD Swept Wing – 561‒562 
WT Models – AFWAL – Wing/Stroe – 563‒564 
WT Models – BACT – 575‒582 
WT Models – Beijing University High AR Model – 583 
WT Models – Flexible Semispan model (FSM) – 585‒586. 
WT Models – HILDA – 587‒594 
WT Models – Japan – NAL – 595‒597 
WT Models – KTH – Sweden – 598 
WT Models – Milan Polytechnic – 599‒604 
WT Models – MIT smart wing – 605‒606 
WT Models – Nanjing University – 607‒608 
WT Models – ONERA – 609‒610 
WT Models – Rockwell FSW – 611‒612 
WT Models – Sensorcraft – 613-619 
WT Models – Solar Eagle – Boeing – 584 
WT Models – Truss Braced Wing (SBW) – 620 



 

48 

WT Models – S4T – 621‒622  
WT Models – Unsteady aerodynamic tests – 157, 328, 329, 452‒456  

  



 

49 

18.  BIBLIOGRAPHY 

General 

1. Frazer, R.A., Duncan, W.J., and Collar, A.R., Elementary Matrices and Some Applications 
to Dynamics and Differential Equations, Cambridge University Press, 1960, 359. 

2. Dowell, E., Edwards, J., and Strganac, T., “Nonlinear Aeroelasticity,” Journal of Aircraft, 
2003, Vol.40, No.5, 857–874, doi: 10.2514/2.687related topics.  

3. Dowell, E.H., “Aeroelastic Limit Cycle Oscillations in High Performance Aircraft,” In 
NATO RTO MP-AVT-152: Limit Cycle Oscillation and Other Amplitude-Limited Self 
Excited Vibrations, DOI 10.14339/RTO-MP-AVT-152, 5/19/2008. 

4. Dimitriadis, G., and Cooper, J.E., “Characterisation of Nonlinear Aeroservoelastic 
Behavior,” Paper 8 In NATO RTO-MP-36, Structural Aspects of Flexible Aircraft Control, 
DTIC ADA388195. 

5. Bisplinghoff, R.L., Ashley, H., and Halfman, R.L., Aeroelasticity, Addison-Wesley, 1955, 
527. 

6. Livne, E., “Integrated Aeroservoelastic Optimization: Status and Progress,” Journal of 
Aircraft, Vol. 36, No. 1, January-February 1999, 122–145.  

7. Stein, G., “Respect the Unstable – The practical, physical (and sometimes dangerous) 
consequences of control must be respected, and the underlying principles must be clearly 
and well taught,” IEEE Control Systems Magazine, August 2003, pp. 12-25, 
https://jagger.berkeley.edu/~pack/me234/GSBode.pdf 

Non-technical Overviews 

8. Hwang, C., and Kesler, D.F., “Aircraft Active Controls – New Era in Design,” Aeronautics 
and Astronautics, AIAA, June 1983, 70–85. 

9. Ashley, H., “Flutter Suppression Within Reach,” Aerospace America, published by the 
AIAA, August 1988, 14–16. 

10. Abel, I., “Filling the Expertise Gap,” Aerospace America, published by the AIAA, August 
1988, 16–17. 

11. Weisshaar, T.A., “Coupling Structure and Control Design,” Aerospace America, published 
by the AIAA, August 1988, 18–20. 

12. Radovcich, N., “Active Control in Tomorrow’s Marketplace,” Aerospace America, 
published by the AIAA, August 1988, 20–22.  

 
Flight Stability and Control of Rigid and Flexible Aircraft 
 
13. Abzug, M.J., and Larrabee, E.E., Airplane Stability and Control, A History of the 

Technologies That Made Aviation Possible, Cambridge University Press, 1997, ISBN 0-
521-55236-2, Chapters 19 and 20. 

14. Millikan, Jr., W.F., “Progress in Dynamic Stability and Control Research,” Journal of the 
Aeronautical Sciences, September, Vol. 14, No. 9, 1947, 493–519, doi: 10.2514/8.1434. 

15. Bollay, W., “Aerodynamic Stability and Automatic Control: The Fourteenth Wright 
Brothers Lecture,” Journal of the Aeronautical Sciences, 1951, Vol. 18, No. 9, 569–617, 
doi: 10.2514/8.2050 



 

50 

16. McRuer, D, and Graham, D., “Eighty Years of Flight Control: Triumphs and Pitfalls of the 
Systems Approach,” Journal of Guidance and Control, Vol. 4, No.4, July-August 1981, 
353–362, doi: 10.2514/3.19743.  

17. Roskam, J., “Evolution of Airplane Stability and Control - A Designer's Viewpoint,” 
Journal of Guidance, Control, and Dynamics, 1991, Vol. 14, No. 3, 481–491, doi: 
10.2514/3.20667 

18. McRuer, D, and Graham, D., “Flight Control Century: Triumphs of the Systems 
Approach,” Journal of Guidance, Control, and Dynamics, Vol. 27, No.2, March-April 
2004, 161–173, doi: 10.2514/1.4586. 

19. Duncan, W. J.: The Principles of the Control and Stability of Aircraft. Cambridge 
University Press, 1952 & 1956 (Chapter 12) 

20. Seckel, E., Stability and Control of Airplanes and Helicopters, Academic Press, 1964. 
21. Etkin, B., Dynamics of Atmospheric Flight, John Wiley & Sons, New York, 1972, ISBN-

0-471-24620-4 
22. McRuer, D., Ashkenas, L, and Graham, D., Aircraft Dynamics and Control, Princeton 

University Press, Princeton, NJ, 1973. 
23. Roskam, Jan. “Airplane Flight Dynamics and Automatic Flight Controls, Parts I and II,” 

2013 Reprint, Published by DARcorporation, Lawrence, KS, www.darcorp.com 
24. Blakelock, J.H., Automatic Control of Aircraft and Missiles, John Wiley & Sons,1966, 

ISBN-13: 978-0471079309, (second edition: Wiley-Interscience, 1991, ISBN-13: 978-
0471506515) 

25. Stengel, R.F., Flight Dynamics, Princeton University Press, 2004, ISBN 0-691-11407-2. 
26. Stevens, B.L., and Lewis, F.L., Aircraft Control and Simulation, Second Edition, John 

Wiley & Sons, 2003, ISBN 0-471-37145-98.  
27. Schmidt, D.K., Modern Flight Dynamics, McGraw-Hill, 2012. 
28. Vepa, R., Flight Dynamics, Simulation, and Control for Rigid and Flexible Aircraft, CRC 

Press, Boca Raton, FL, 2015, ISBN 978-1-4665-7335-2. 
29. Droste, C., and Walker, J., “The General Dynamics Case Study on the F-16 Fly-By-Wire 

Flight Control System,” AIAA Professional Study, AIAA, 2003, ISBN 978-1563473074 

Static Aeroelastic Effects on 6 DOF Stability Derivatives 

30. Collar, A.R., “The First Fifty Years of Aeroelasticity,” Aerospace, February 1978, 12–20. 
31. Wykes, John H.; and Lawrence, Robert E.: Aerothermoelasticity: Its Impact on Stability 

and Control of Winged Aerospace Vehicles. J. Aircraft, Vol. 2, No. 6, Nov.–Dec. 1965, 
517–526., doi: 10.2514/3.43691 

32. Rodden, W.P., “An Aeroelastic Parameter for Estimation of the Effects of Flexibility on 
the Lateral Stability and Control of Aircraft,” Journal of the Aeronautical Sciences, 1956, 
Vol.23, 660–662, doi: 10.2514/8.3630 

33. Rodden, W.P., “Dihedral Effect of a Flexible Wing,” Journal of Aircraft, 1965, Vol.2, 368–
373, doi: 10.2514/3.59245 

34. Taylor, A.S., and Eckford, D.J., “The Formulation of an Influence-Coefficient Method For 
Determining Static Aeroelastic Effects, and Its Application to a Slender Aircraft in 
Symmetric Flight at M=2.2”, British ARC/R&M-3573, September 1967, 
http://naca.central.cranfield.ac.uk/reports/arc/rm/3573.pdf 

35. Rodden, W.P., “Dihedral Effect of a Flexible Wing,” Journal of Aircraft, 1974, Vol.11, 
367–368, doi: 10.2514/3.43669 



 

51 

36. Lamar, J.E., “Effects of Aeroelasticity on Static Aerodynamic Derivatives,” NASA SP-
258, Performance and Dynamics of Aerospace Vehicles, NASA, 1971, N71-24706, 375–
438. 

37. Kemp, W.B., Jr., “Definition and Application of Longitudinal Stability Derivatives for 
Elastic Airplanes,” NASA TN D-6629, March 1972 
(http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19720012356.pdf). 

38. Abel, I., “Evaluation of Techniques for Predicting Static Aeroelastic Effects on Flexible 
Aircraft,” Journal of Aircraft, 1972, Vol.9, 43–47, doi:10.2514/3.58934 

39. Boeing Commercial Airplane Company, “A Method for Predicting the Stability 
Characteristics of an Elastic Airplane,” FLEXSTAB Theoretical description, NASA CR-
114712, 1974, Vol. I, and FLEXSTAB 2.01.00 Theoretical Description, AFFDL-TR-74-
91, 1974, Vol. I. 

40. Rodden, William P.; Harder, Robert L.; and Bellinger, E. Dean: “Aeroelastic Addition to 
NASTRAN.” NASA CR-3146, 1979. 

41. Rodden, W.P., and Johnson, E.H., MSC/NASTRAN Aeroelastic Analysis User’s Guide, 
Version 68, The Macneal-Schwendler Corporation, MSC Software DOC9182. 

42.  ZONA Technology, Inc., ZAERO User’s Manual, Version 9.1, January 2016, Scottsdale, 
AZ, 6–28, http://www.zonatech.com/Documentation/ZAERO_9.1_Users_3rd_Ed.pdf 

43. Roskam, J., and Dusto, A., “A Method for Predicting Longitudinal Stability Derivatives of 
Rigid and Elastic Airplanes,” Journal of Aircraft, Vol. 6, No. 6, Nov.-Dec. 1969, 525–531, 
doi: 10.2514/3.44100 

44. Yurkovich, R., “Flutter of Wings with Leading Edge Control Surfaces,” AIAA Paper 1986-
897, doi: 10.2514/6.1986-897 

45. Rodden, W.P., “Comment on ‘Divergence Study Of A High-Aspect Ratio, Forward Swept 
Wing’,” Journal of Aircraft, 1989, Vol.26, 791, doi: 10.2514/3.45842 

46. Sheena, Z. and Karpel, M., “Static Aeroelastic Analysis Using Aircraft Vibration Modes,” 
Collected Papers of the Second International Symposium on Aeroelasticity and Structural 
Dynamics, DGLR Bericht 85-02, Aachen, West Germany, April 1985, 229–232. 

47. Karpel, M., Moulin, B., and Love, M.H., “Modal-Based Structural Optimization with 
Static Aeroelastic and Stress Constraints,” Journal of Aircraft, Vo. 34, No. 3, 1997, 433–
440. 

48. Danowsky, B., Thompson, P., Farhat, C., Harris, C., “Residualization of an Aircraft Linear 
Aeroelastic Reduced Order Model to Obtain Static Stability Derivatives,” AIAA Paper 
2008-6370, doi: 10.2514/6.2008-6370 

 
Approaches to the Flexible Aircraft Flight Dynamics Problem by the Flight Stability and Control 

and the Aeroelastic Communities 

49. Taylor, A. S., and Woodcock, D. L., “Mathematical Approaches to the Dynamics of 
Deformable Aircraft,” British R&M 3776, June 1971 

50. Giesing, J.P., and Rodden, W.P., “Application of Oscillatory Aerodynamic Theory to 
Estimation of Dynamic Stability Derivatives,” Journal of Aircraft, 1970, Vol.7, 272–275, 
doi: 10.2514/3.44159 

51. Rodden, W.P., Bellinger, E.D., and Giesing, J.P., “Errata and Addenda to ‘Application of 
Oscillatory Aerodynamic Theory to Estimation of Dynamic Stability Derivatives’,” 
Journal of Aircraft, 1984, Vol.21, 93–94, doi: 10.2514/3.56736 



 

52 

Aeroelastic Tailoring and Active Aeroelastic Airframe Control 

52. Rajeswari, B., and Prabhu, K. R., “Optimum Flap Schedules and Minimum Drag 
Envelopes for Combat Aircraft,” Journal of Aircraft, Vol. 24, No. 6, 1987, 412–414, doi: 
10.2514/3.45461 

53. Hayes, W.B., and Sisk, K., “Prevention of External Store Limit Cycle Oscillations on the 
F/A-18E/F Super Hornet and EA-18G Growler Aircraft,” Paper 26 in In NATO RTO MP-
AVT-152: Limit Cycle Oscillation and Other Amplitude-Limited Self Excited Vibrations, 
DOI 10.14339/RTO-MP-AVT-152, 5/19/2008 

54. Stanford, B.K., and Dunning, P.D., “Optimal Topology of Aircraft Rib and Spar Structures 
Under Aeroelastic Loads,” Journal of Aircraft, Vol. 52, 2015, 1298–1311, doi: 
10.2514/1.C032913 

55. Shirk, M.H., Hertz, T.J., and Weisshaar, T.A. “Aeroelastic tailoring - Theory, practice, and 
promise,” Journal of Aircraft, 1986, Vol.23, 6–18, doi: 10.2514/3.45260 

56. Pitt, D., “Static and Dynamic Aeroelastic Analysis of Structural Wing Fold Hinges that are 
Employed as an Aeroelastic Tailoring Tool,” AIAA Paper 2004-1754, doi: 
10.2514/6.2004-1754 

57. Leylek, E.A., and Costello, M., “Use of Compliant Hinges to Tailor Flight Dynamics of 
Unmanned Aircraft,” Journal of Aircraft, 2015, Vol. 52, 1692–1706, 10.2514/1.C033056 

58. Miller, G.D., “Active Flexible Wing (AFW) Technology,” AFWAL-TR-87-3096, 
February 1988, DTIC AD Number AD B131204.  

59. Pendelton, E.P., Lee, M., Wasserman, L., “Application of Active Flexible Wing technology 
to the Agile Falcon,” Journal of Aircraft, 1992, Vol. 29, 444–451, doi:10.2514/3.46181 

60. Perry III, B., Cole, S.R., and Miller, G.D., “Summary of an Active Flexible Wing 
program,” Journal of Aircraft, Vol. 32, No. 1, 1995, 10–15, doi: 10.2514/3.46677 

61. Andersen, G., Forster, E., and Kolonay, R., “Multiple Control Surface Utilization in Active 
Aeroelastic Wing Technology,” Journal of Aircraft, 1997, Vol. 34, 552–557, doi: 
10.2514/2.2208 

62. Pendelton, E.W., Bessette, D., Field, P.B., Miller, G.D., Griffin, K.E., “Active Aeroelastic 
Wing Flight Research Program: Technical Program and Model Analytical Development,” 
Journal of Aircraft, 2000, Vol. 37, 554–561, doi: 10.2514/2.2654 

63. Heeg, J., Spain, C.V., Florance, J., Wieseman, C, Ivanco, T. G., DeMoss, J., Silva, W., 
Panetta, A., Lively, P., and Tumva, V. “Experimental Results from the Active Aeroelastic 
Wing Wind Tunnel Program,” AIAA Paper 2005-2234, doi: 10.2514/6.2005-2234 

64. Heeg, J, “Control surface interaction effects of the Active Aeroelastic Wing wind tunnel 
model,” Paper 2006-2185, doi: 10.2514/6.2006-2185 

65. Pendleton, E., Flick, F., Paul, D., Voracek, D., Reichenbach, E., and Griffin, K., “The X-
53 A Summary of the Active Aeroelastic Wing Flight Research Program,” AIAA Paper 
2007-1855, doi: 10.2514/6.2007-1855 

66. Miller, G. D., “An Active Flexible Wing Multi-Disciplinary Design Optimization 
Method,” AIAA 94-4412, doi: 10.2514/6.1994-4412 

67. Livne, E., Schmit, L.A., and Friedmann, P.P., “Towards an Integrated Approach to the 
Optimum Design of Actively Controlled Composite Wings,” Journal of Aircraft special 
issue on Multidisciplinary Optimization of Aeronautical Systems, Vol. 27, No.12, 
December 1990, 979–992. 

68. Zink, P.S., Mavris, D.N., and Raveh, D.E., “Maneuver Trim Optimization Techniques for 
Active Aeroelastic Wings,” Journal of Aircraft, 2001, Vol. 38, 1139–1146, 10.2514/2.2884 



 

53 

69. Zink, P.S., Raveh, D.E., and Mavris, D.N., “Robust Structural Design of an Active 
Aeroelastic Wing with Maneuver Load Inaccuracies,” Journal of Aircraft, 2004, Vol. 41, 
585–593, doi:10.2514/1.64 

70. Reich, G.W., Raveh, D., and Zink, S., “Application of Active-Aeroelastic-Wing 
Technology to a Joined-Wing Sensorcraft,” Journal of Aircraft, 2004, Vol. 41, 594–602, 
doi: 10.2514/1.78 

71. Cook, W.H., The Road to the 707, The Inside Story of Designing the 707, 170–173, TYC 
Publishing Company, Bellevuw, WA, 1991, ISBN 0-9629605-0-0. 

72. Skoog, R.B., “An Analysis of the Effects of Aeroelasticity on Static Stability and Control 
of a Swept Wing Airplane,” NACA-TR-1298, 1957, 
http://ntrs.nasa.gov/search.jsp?R=19930092293 

Maneuver Loads Control 

73. Hodges, G., and Mckenzie, J., “B-52 Control Configured Vehicles Maneuver Load Control 
System Analysis and Flight Test Results,” AIAA Paper 1975-72, doi: 10.2514/6.1975-72 

74. Thornton, S. V., “Reduction of Structural Loads Using Maneuver Load Control on the 
Advanced Fighter Technology Integration (AFTI)/F-111 Mission Adaptive Wing," NASA 
TM-4526, Sept. 1993, 
http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19940019822.pdf 

75. Disney, T.E., “C-5A Active Load Alleviation System,” Journal of Spacecraft and Rockets, 
1977, Vol. 14, 81–86, doi: 10.2514/3.57164 

76. Moore, D., “Maneuver load control using optimized feedforward commands,” Journal of 
Aircraft, 1995, Vol. 32, 206–207, doi: 10.2514/3.46703 

77. Gaulocher, S.L., Roos, C., and Cumer, C., “Aircraft Load Alleviation During Maneuvers 
Using Optimal Control Surface Combinations,” Journal of Guidance, Control, and 
Dynamics, 2007, Vol. 30, 591–600, doi:10.2514/1.25577 

Aircraft Morphing 

78. Gilbert, W.W., “Mission Adaptive Wing System for Tactical Aircraft,” Journal of Aircraft, 
1981, Vol.18, 597–602, doi: 10.2514/3.57533 

79. Smith, S.B., and Nelson, D.W., “Determination of the Aerodynamic Characteristics of the 
Mission Adaptive Wing,” Journal of Aircraft, 1990, Vol. 27, 950–958, doi: 
10.2514/3.45965 

80. Kota, S., Osborn, R., Ervin, G., Maric, D., Flick, P., and Paul, D., “Mission Adaptive 
Compliant Wing – Design, Fabrication, and Flight Test,” NATO MP-AVT-168-18, in 
RTO-MP-AVT-168, Morphing Vehicles, April 2009, doi: 10.14339/RTO-MP-AVT-168 

81. Kota, S., Flick, P., and Collier, F.S., “Flight Testing of FlexFloilTM Adaptive Compliant 
Trailing Edge,” AIAA 2016-0036, doi: 10.2514/6.2016-0036 

82. Gatto, A., Bourdin, P., Friswell, M.I., “Experimental Investigation into the Control and 
Load Alleviation Capabilities of Articulated Winglets,” International Journal of Aerospace 
Engineering 2012, 1–15, doi: 10.1155/2012/789501 

83. Nguyen, N., and Urnes, J., “A Mission Adaptive Variable Camber Flap Control System to 
Optimize High Lift and Cruise Lift to Drag Ratios of Future N+3 Transport Aircraft,” 
AIAA 2013-214, doi: 10.2514/6.2013-214  



 

54 

84. Boskovic,J., Wise, R., and Jackson. J.A., “Drag Identification and Reduction Technology 
(DIRECT) for Commercial Aircraft,” AIAA Paper 2016-1096, doi: 10.2514/6.2016-1096 

85. Weisshaar, T.A., “Morphing Aircraft Systems: Historical Perspectives and Future 
Challenges,” Journal of Aircraft, 2013, Vol. 50, 337–353, doi: 10.2514/1.C031456 

The Influence of Servo-Actuators 

86. Wilson, J., “The Flutter of Servo-Controlled Aircraft,” Journal of the Aeronautical 
Sciences, 1949, Vol. 16, 397–404, doi:10.2514/8.11820 

87. McRuer, D., “Fundamentals of Design of Piloted Aircraft Flight Control Systems, Volume 
IV, The Hydraulic System,” May 1953, BuAer Report AE-61-4, DTIC AD0024362, Part 
II: Hydraulic Actuators in Flutter Systems, 
https://ia801301.us.archive.org/27/items/DTIC_AD0024362/DTIC_AD0024362.pdf 

88. Benun, D., “The Influence of Powered Controls,” August 1959, in: AGARD Manual on 
Aeroelasticity, AGARD Report No. 578, AGARD-R-578-71, Edited by E.C. Pike, January 
1971, Volume I, Part 1, Chapter 5. 

89. Smith, A.D.N., “Flutter of Powered Controls and of All-Moving Tailplanes,” April, 1960, 
in: n: AGARD Manual on Aeroelasticity, AGARD Report No. 578, AGARD-R-578-71, 
Edited by E.C. Pike, January 1971, Volume V, Part V, Chapter 4. 

Gust Loads and Gust Loads Alleviation 

90. Phillips, W.H., “Gust Alleviation,” NASA SP-258, Performance and Dynamics of 
Aerospace Vehicles, NASA, 1971, N71-24708, 505–554 

91. Wykes, J., “Structural Dynamic Stability Augmentation and Gust Alleviation of Flexible 
Aircraft,” AIAA Paper 1968-1067, doi: 10.2514/6.1968-1067 

92. McLean, D., “Gust Alleviation Control Systems for Aircraft,” Proceedings of the 
Institution of Electrical Engineers, 1978, Vol. 125(7), 675–685, doi: 
10.1049/piee.1978.0159 

93. Etkin, B., “Turbulent Wind and Its Effect on Flight,” Journal of Aircraft, 1981, Vol. 18, 
327–345, doi: 10.2514/3.57498 

94. Sensburg, O., Becker, J., Lusebrink, H., and Weiss, F., “Gust Load Alleviation on Airbus 
A300,” ICAS 82-2.1.1, (http://www.icas.org/ICAS_ARCHIVE/ICAS1982/ICAS-82-
2.1.1.pdf), International Council of the Aeronautical Sciences, 1982, Seattle. 

95. Hoblit, F.M., Gust Loads on Aircraft: Concepts and Applications, AIAA, 1988, ISBN 0-
930403-45-2, 95–96 and 121. 

96. Matsuzaki, Y., Ueda, T., Miyazawa, Y., and Matsushita, H., “Gust Load Alleviation of a 
Transport-Type Wing - Test and Analysis,” Journal of Aircraft, 1989, Vol.26, 322–327, 
10.2514/3.45763 

97. Crimaldi, J.P., Britt, R.T., and Rodden, W.P., “Response of B-2 Aircraft to Nonuniform 
Spanwise Turbulence,” Journal of Aircraft, 1993, Vol.30, 652–659, doi: 10.2514/3.46394 

98. Fuller, J.R., “Evolution of Airplane Gust Loads Design Requirements,” Journal of Aircraft, 
1995, Vol. 32, 235–246, doi: 10.2514/3.46709 

99. Moulin, B., and Karpel, M., “Gust Loads Alleviation Using Special Control Surfaces,” 
Journal of Aircraft, 2007, Vol. 44, 17–25, doi: 10.2514/1.19876 

100. Jie Zeng, Boris Moulin, Raymond De Callafon, Martin Brenner. (2010) Adaptive 
Feedforward Control for Gust Load Alleviation. Journal of Guidance, Control, and 



 

55 

Dynamics, 2010, Vol. 33, No. 3, 862–872 
101. Scott, R., Coulson, D., Castelluccio, M., and Heeg, J., “Aeroservoelastic Wind-Tunnel 

Tests of a Free-Flying, Joined-Wing SensorCraft Model for Gust Load Alleviation,” AIAA 
Paper 2011-1960, doi: 10.2514/6.2011-1960 

102. Regan, C.D., and Jutte, C.V., “Survey of Application of Active Control Technology for 
Gust Alleviation and New Challenges for Lighter Weight Aircraft,” NASA/TM-2012-
216008, April 2012. 

103. Fonte, F., Ricci, S., and Mantegazza, P., “Gust Load Alleviation for a Regional Aircraft 
Through a Static Output Feedback,” Journal of Aircraft, 2015, Vol. 52: 1559–1574, 
10.2514/1.C032995 

Ride Comfort & Handling Qualities 

104. Wykes, J., Mori, A., and Borland, C., “B-1 Structural Mode Control System,” AIAA Paper 
1972-772, doi: 10.2514/6.1972-772 

105. Rustenburg, J.W., “Ride Quality Design Criteria for Aircraft with Active Mode Control 
Systems,” USAF ASD-TR-72-64, NTIS AD/A-004456, October 1972, 
http://www.dtic.mil/dtic/tr/fulltext/u2/a004456.pdf 

106. Swaim, R.L., Schmidt, D.K., Roberts, P.A., and Hinsdale, A.J., “An Analytical Method for 
Ride Quality of Flexible Airplanes,” AIAA Journal, 1977, Vol. 15, 4–7, doi: 
10.2514/3.7295 

107. Swaim, R.L., “Ride Quality Flight Testing,” Journal of Guidance, Control, and Dynamics, 
Vol. 1, No. 2, 1978, 159–160, doi: 10.2514/3.55759 

108. Swaim, R.L., and Yen, W.-Y., “Effects of Dynamic Aeroelasticity on Aircraft Handling 
Qualities,” Journal of Aircraft, 1979, Vol. 16, 635–637, doi: 10.2514/3.58579 

109. Swaim, R.L., and Poopaka, S., “An analytical pilot rating method for highly elastic 
aircraft,” Journal of Guidance, Control, and Dynamics, 1982, Vol. 5, 578–582, doi: 
10.2514/3.19792 

110. Newman, B., “Proposed Flying Quality Metrics and Simulation Studies for Elastic 
Vehicles,” AIAA Paper 1996-3423 

111. Mitchell, D.G., Doman, D.B., Key, D.L., Klyde, D.H., Leggett, D.B., Moorhouse, D.I., 
Mason, D.H., Raney, D.L., and Schmidt, D.K., “Evolution, Revolution, and Challenges of 
Handling Qualities”, Journal of Guidance, Control, and Dynamics, 2004, Vol. 27: 12–28, 
10.2514/1.3252 

112. Lock, W.P., Kordes, E.E., McCay, J.M., and Wykes, J.H., “Flight Investigation of a 
Structural Mode Control System for the XB-70 Aircraft,” NASA TN D-7420, NTIS N73-
31950, October 1973. 

113. Phillips, W.H., “Flying Qualities from Early Airplanes to the Space Shuttle,” Journal of 
Guidance, Control, and Dynamics 1989, Vol. 12, No. 4., 449–459, doi: 10.2514/3.20432 

114. Raney, D.L., Jackson, E.B., Buttrill, C.S., and Adams, W.M., “The Impact of Structural 
Vibration on Flying Qualities if Supersonic Transport,” AIAA Paper 2001-4006. 

115. Le Garrec, C., andKubica, F., “In-Flight Structural Modes Identification for Comfort 
Improvement by Flight Control Laws,” Journal of Aircraft, Vol. 42, No. 1, 2005, 90–92. 
doi:10.2514/1.3733 

 
 



 

56 

Active Buffeting Alleviation 

116. Moses, R.W., “NASA Langley Research Center’s Contributions to International Active 
Buffetting Alleviation Programs,” Paper 15 in In NATO RTO-MP-36, Structural Aspects 
of Flexible Aircraft Control, DTIC ADA388195 

117. Breitsamter, C., “Aerodynamic Active Control of Fin-Buffet Load Alleviation,” AIAA 
Journal of Aircraft, Vol. 42, No. 5, 2005, 1252–1263 

Active Controls – Systems Perspectives 

118. Holloway, R.B., Burris, P.M., and Johanenes, R.P., “Aircraft Performance Benefits from 
Modern Control Systems Technology,” Journal of Aircraft, Vol. 7, No. 6, 1970, 550–553, 
doi: 10.2514/3.44211 

119. Holloway, R.B., and Shomber, H.A., the Boeing Company, “Establishing Confidence in 
CCV/ACT Technology,” NTIS Document N76-31162, 1976, 
https://ntrs.nasa.gov/search.jsp?R=19760024074 

120. AGARD CP-157 Impact of Active Control Technology on Airplane Design, October 1974. 
121. AGARD-AG-175, Active Control Systems for Load Alleviation, Flutter Suppression, and 

Ride Control, March 1974. 
122. Shomber, H.A., and Holloway, R.B., “Advanced Controls for Commercial Transport 

Aircraft,” SAE Paper 740453, Air Transportation Meeting, Dallas, Texas, April 30 – May 
2, 1974. 

123. Lange, R.H.: `Application of active controls technology to the NASA jetstar airplane', CR-
2561, June 1975. 

124. Schoenman, R.L., and Shomber, H.A., “Impact of Active Controls on Future Transport 
Design, Performance, and Operation,” SAE Paper 751051, National Aerospace 
Engineering and Manufacturing Meeting, Culver City, California, November 17-20, 1975. 

125. Doggett, R. V., Jr. & Townsend, J. L., “Flutter Suppression by Active Control and its 
Benefits,” Proceedings of the SCAR Conference. NASA CP-001, held at Langley Research 
Center, Hampton, Virginia, November 9-12, 1976, 1006 pages, produced by NASA, 
Washington, D.C., 1976, 303. 

126. Felt, L.R., Huttsell, L.J., Noll, T.E., and Cooley, D.E., “Aeroservoelastic Encounters,” 
Journal of Aircraft, Vol. 16, No. 7, July 1979, 477–483, doi: 10.2514/3.58551 

127. Harris, R., Rickard, W., “Active Control Transport Design Criteria,” Journal of Aircraft, 
Vol. 16, No. 11, November 1979, doi: 10.2514/3.58598 

128. Rediess, H.A., “Impact of Advanced Control Concepts on Aircraft Design,” ICAS Paper 
80-0.4, 12th ICAS Congress, Munich, Germany, October 1980, 
http://www.icas.org/ICAS_ARCHIVE/ICAS1980/ICAS-80-0.4.pdf 

129. Becker, J., Weiss, F., and Sensburg, O., “Compatibility Aspects of Active Control 
Technologies with Aircraft Structural Design,” in Structural Control, edited by H.H.E 
Leipholz, Martinus Nijhoff Publishers, The Netherlands, 1985, 48–63. 

130. Hitch, H.P.Y., “Active Control Technology for Civil Transport,” ICAS-86-5.2.2, 
http://www.icas.org/ICAS_ARCHIVE/ICAS1986/ICAS-86-5.2.2.pdf, ICAS Conference, 
London, 1986. 

131. Austin, E., Donley, S., Graham, G., Harris, T., Kaynes, I., Lee, B.H.K., Sparrow, J., and 
Noll, T.E., “Impact of Active Controls Technology on Structural Integrity,” Journal of 
Aircraft, 1993, Vol.30, 985–992, doi: 10.2514/3.46443 



 

57 

132. Active Control Technology: Applications and Lessons Learned, AGARD Conference 
Proceedings 560, AGARD-CP-560, published January 1995, ISBN 92-836-0007-X, 
http://www.dtic.mil/dtic/tr/fulltext/u2/a292046.pdf 

133. Structural Aspects of Flexible Aircraft Control, NATO RTO Meeting Proceedings 36, 
published May 2000, RTO-MP-36, ISBN 92-837-0014-7 

134. Schweiger, J., Suleman, A., Kuzmina, S., and Chedrik, V., “MDO Concepts for an 
European Research Project on Active Aeroelastic Aircraft,” AIAA Paper 2002-5403, doi: 
10.2514/6.2002-5403 

135. Nicolai, L., Hunten, K., Zink, P.S., and Flick, P., “System Benefits of Active Flutter 
Suppression for a SensorCraft-Type Vehicle,” AIAA Paper 2010-9349, doi: 
10.2514/6.2010-9349 

136. Norris, G., “787-9 Test Lessons To Aid 787-10 and 777X,” Aviation Week & Space 
Technology, October 6, 2014, http://aviationweek.com/commercial-aviation/787-9-test-
lessons-aid-787-10-and-777X 

Aeroservoelasticity – Reviews 

137. Swaim, R.L., “Aircraft Elastic Mode Control,” Journal of Aircraft, Vol. 8, No. 2, February 
1971, 65-71, doi: 10.2514/3.44230. 

138. Garrick, I.E., “Aeroelasticity – Frontiers and Beyond,” Journal of Aircraft, Vol. 13, No. 9., 
September 1976, 641–657, doi: 10.2514/3.58696 

139. Simpson, A., and Hitch, H.P.Y., “Active Control Technology,” Aeronautical Journal, Viol. 
81, June 1977, 231–246, doi: 10.1017/S0001924000032723 

140. Hitch, H.P.Y., “Active Controls for Civil Aircraft,” The Aeronautical Journal, 1979, Vol. 
83, No. 826, 389–398, doi: 10.1017/S0001924000089661 

141. Swaim, R.L., “Aeroelastic Interactions with Flight Control (A Survey Paper),” AIAA 
Paper 1983-2219, 10.2514/6.1983-2219 

142. Freyman, R., “Interactions Between an Aircraft Structure and Active Control Systems,” 
Journal of Guidance, Control, and Dynamics, 1987, Vol. 10, 447–452, doi: 
10.2514/3.20239 

143. Noll, T.A., “Aeroservoelasticity,” NASA TM 102620, March 1990, N90-19227  
144. Noll, T.A., Aeroservoelasticity, Part II, Chapter 3 in Flight Vehicle Materials, Structures, 

and Dynamics, Assessment and Future Direction, edited by A.K.Noor and S.L.Venneri, 
Vol. 5 Structural Dynamics and Aeroelasticity, The American Society of Mechanical 
Engineers, New York, 1993, 179–212, ISBN 0-7918-0663-4 

145. Zimmerman, H., “Aeroservoelasticity”, Computer Methods in Applied Mechanics and 
Engineering,” 1991, Vol. 90, 719–735. 

146. Crawley, E.F., Chapter 12: Aeroelastic Control, 573–652, in A Modern Course in 
Aeroelasticity, Third edition, Kluwer Academic Publishers, 1995, ISBN 0-7923-2789-6, 
E.H. Dowell, editor. 

147. Friedmann, P.P., “Renaissance of Aeroelasticity and Its Future,” Journal of Aircraft, 1999, 
Vol.36, 105–121, doi: 10.2514/2.2418 

148. Caldwell, B.D., Pratt, R.W., Taylor, R., and Felton, R.D., “Aeroservoelasticity,” Chapter 
7 in: Flight Control Systems, AIAA 2000, Pratt, R., editor, doi 10.2514/4.866555 

149. Mukhopadhyay, V., “Historical Perspective on Analysis and Control of Aeroelastic 
Responses,” Journal of Guidance, Control, and Dynamics, 2003, Vol. 26, 673–684, 
doi:10.2514/2.5108 



 

58 

150. Livne, E., “Future of Airplane Aeroelasticity,” Journal of Aircraft, Vol. 40, No. 6, 
November-December 2003, 1066–1092. 

151. Harris, T.M., and Huttsell, L.J., “Aeroelasticity Research at Wright-Patterson Air Force 
Base (Wright Field) from 1953-1993,” Journal of Aircraft, 2003, Vol. 40, No. 5, 813–819, 
doi: 10.2514/2.6872 

152. Clark, R., and Cox, D., Chapter 12: Aeroelastic Control, pp. 611-674, in A Modern Course 
in Aeroelasticity, Fourth edition, Kluwer Academic Publishers, 2004, ISBN 1-4020-2711-
7, E.H. Dowell, ed. 

153. Mukhopadhyay, V., and Livne, E., “Aeroservoelasticity,” Encyclopedia of Aerospace 
Engineering, John Wiley & Sons, 2010, ISBN 978-0470754405, doi: 
10.1002/9780470686652.eae154 

154. Lind, R. and Brenner, M., Robust Aeroservoelastic Stability Analysis, Springer-Verlag, 
London, April 1999 

Aeroservoelasticity – Reviews of Experimental Programs 

155. Hanson, P.W., “An Aeroelastician Perspective of Wind Tunnel and Flight Experiences 
with Active Control of Structural Response and Stability,” NASA Technical Memorandum 
85761, NTRS N84-23924 

156. Noll, T.E., Perry III, B., and Kehoe, M.W., “A Quarter Century of NASA Wind-Tunnel 
and Flight Experiments Involving Aeroservoelasticity,” Paper 14 in AGARD-CP-566, 
Advanced Aeroservoelastic Testing and Data Analysis, Published November 1995. 

157. Chambers, J.R., Innovation in Flight, Research of the NASA Langley Research Center On 
Revolutionary Advanced Concepts for Aeronautics, NASA SP-2005-4539, 
http://history.nasa.gov/monograph39/mon39_a.pdf, pp. 191-226. 

158. Cole, S., Noll, T.E., and Perry, B., “Transonic Dynamics Tunnel Aeroelastic Testing in 
Support of Aircraft Development,” Journal of Aircraft, 2003, Vol.40, 820–831, doi: 
10.2514/2.6873 

Linear Aeroelastic Solution Methods 

159. Dugundji, J., “A Nyquist Approach to Flutter,” Journal of the Aerospace Sciences, Vol. 
19, 1952, Readers’ Forum, 422.  

160. Fung, Y.C., An Introduction to the Theory of Aeroelasticity, Dover Publications, New 
York, 1993, ISBN 0-486-67871-7, 360–363. 

161. Rodden, W.P., Bellinger, E.D., “Aerodynamic lag functions, divergence, and the British 
flutter method,” Journal of Aircraft, 1982, Vol. 19, No. 7, 596–598 

162. Hassig, H.J., “An Approximate True Damping Solution of the Flutter Equation by 
Determinant Iteration,” Journal of Aircraft, 1971, Vol. 8, No. 11, 885–889 

163. Chen, P.C., “Damping Perturbation Method for Flutter Solution: The g-Method,” AIAA 
Journal, 2000, Vol. 38, No. 9, 1519–1524 

164. Edwards, J.W., Wieseman, C.D., “Flutter and Divergence Analysis Using the Generalized 
Aeroelastic Analysis Method,” Journal of Aircraft, Vol. 45, No. 3, May-June 2008, 906–
915, doi: 10.2514/1.30078 

165. Qiu Ju and Sun Qin. Ju, Q., and Qin, S., “New Improved g Method for Flutter Solution,” 
Journal of Aircraft, Vol. 46, No. 6, 2009, 2184–2186, 10.2514/1.46328 



 

59 

166. Gu, Y., and Yang, Z., “Modified p-k Method for Flutter Solution with Damping Iteration,” 
AIAA Journal 2012, Vol. 50, No. 2, 507–510, doi: 10.2514/1.J051360 

167. Edwards, J.W., “Unsteady Aerodynamic Modeling for Arbitrary Motions,” AIAA Journal, 
1977, Vol. 15, 593–595, doi: 10.2514/3.60664 

168. Edwards, J.W., Breakwell, J.V., and Bryson, Jr., A.E., “Active Flutter Control Using 
Generalized Unsteady Aerodynamic Theory,” Journal of Guidance, Control, and 
Dynamics, 1978, Vol. 1, 32–40, doi: 10.2514/3.55741 

169. Hajela, P., “A root locus-based flutter synthesis procedure,” Journal of Aircraft, 1983, Vol. 
20, 1021–1027, doi: 10.2514/3.48206 

170. Roger, Kenneth, L., “Airplane Math Modeling Methods for Active Control Design,” 
AGARD CP-228, Structural Aspects of Active Control, August 1977, 4–11. 

171. Karpel, M., Moulin, B., and Chen, P.C., “Extension of the g-Method Flutter Solution to 
Aeroservoelastic Stability Analysis,” Journal of Aircraft, 2005, Vol. 42, No.3, 789–792, 
doi: 10.2514/1.10686 

The Aerservoelastic System’s Equations of Motion 

CFD-based Aeroelasticity and CFD-CSD Modeling 

172. Edwards, J.W., “Computational Aeroelasticity,” 393–436, in Flight-Vehicle Materials, 
Structures, and Dynamics, Vol. 5, Structural Dynamics and Aeroelasticity, Noor, A.K. and 
Venneri, S.L., editors, ASME, New York, 1993, ISBN 0-7918-0663-4 

173. Schuster, D.M., Liu, D.D., Huttsell, L.J., “Computational Aeroelasticity: Success, 
Progress, Challenge,” Journal of Aircraft, 2003, Vol.40: 843–856, 10.2514/2.6875 

174. Yurkovich, R., “Status of Unsteady Aerodynamic Prediction for Flutter of High-
Performance Aircraft”, Journal of Aircraft, Vol. 40, No. 5, September-October 2003, 832–
842. 

175. Geuzaine, P., Brown, G., Harris, C., Farhat, C., “Aeroelastic Dynamic Analysis of a Full 
F-16 Configuration for Various Flight Conditions,” AIAA Journal, 2003, Vol. 41, 363–
371, doi:10.2514/2.1975 

176. Gupta, K.K., and Meek, J.L., Finite Element Multidisciplinary Analysis, second edition, 
AIAA, 2003, Chapter 15, ISBN 1-56347-580-4 

177. Farhat, C., “CFD-Based Nonlinear Computational Aeroelasticity,” Encyclopedia of 
Computational Mechanics, edited by E. Stein, R. de Borst and T. J. R. Huges, Vol. 3, 
Wiley, West Sussex, England, U.K., 2004, Chap. 13, doi: 10.1002/0470091355.ecm063 

178. de C. Henshaw, M. J.; Badcock, K. J.; Vio, G. A.; Allen, C. B.; Chamberlain, J.; Kaynes, 
I.; Dimitriadis, G.; Cooper, J. E.; Woodgate, M. A.; Rampurawala, A. M.; Jones, D.; 
Fenwick, C.; Gaitonde, A. L.; Taylor, N. V.; Amor, D. S.; Eccles, T. A.; Denley, C. J., 
“Non-linear Aeroelastic Prediction for Aircraft Applications,” Progress in Aerospace 
Sciences, Vol. 43, No. 4-6, 01.05.2007, 65–137, 10.1016/j.paerosci.2007.05.002 

179. Chimakurthi, S., K., Tang, J., Palacios, R., Cesnik, C.E.S., and Shyy, W., “Computational 
Aeroelasticity Framework for Analyzing Flapping Wing Micro Air Vehicles,” AIAA 
Journal, 2009, Vol. 47: 1865–1878, 10.2514/1.38845 

180. Romanelli, G., Serioli, E., and Mantegazza, P., “A ‘Free’ Approach to Computational 
Aeroelasticity,” AIAA Paper 2010-176, doi: 10.2514/6.2010-176  



 

60 

181. Cavagna, L., Masarati, P., and Quaranta, G., “Coupled Multibody/Computational Fluid 
Dynamics Simulation of Maneuvering Flexible Aircraft,” Journal of Aircraft, 2011, Vol. 
48, No. 1, 92–106, doi: 10.2514/1.C000253 

182. Danowsky, B.P., Thompson, P.M., Farhat, C., Lieu, T., Harris, C., and Lechniak, J., 
“Incorporation of Feedback Control into a High-Fidelity Aeroservoelastic Fighter Aircraft 
Model,” Journal of Aircraft, 2010, Vol.47, 1274–1282, doi: 10.2514/1.47119 

183. Thompson, P., Danowsky, B, Farhat, C., Lieu, T., Lechniak, J., and Harris, C., “High-
Fidelity Aeroservoelastic Predictive Analysis Capability Incorporating Rigid Body 
Dynamics,” AIAA Paper 2011-6209, doi: 10.2514/6.2011-6209 

184. Liu, D., Chen, P.-C., Zhang, Z., Wang, Z., Yang, S., Lee, D.-H., Mignolet, M., Liu, F., 
Lindsley, N., and Beran, P., “Continuous Dynamic Simulation for Morphing Wing 
Aeroelasticity,” AIAA Paper 2009-2572, doi: 10.2514/6.2009-2572 

185. Selitrennik, E., Karpel, M., and Levy, Y., “Computational Aeroelastic Simulation of 
Rapidly Morphing Air Vehicles,” Journal of Aircraft, 2012, Vol. 49, 1675–1686, doi: 
10.2514/1.C031041 

186. Farhat, C., Kwan-yu C., Amsallem, D., Schotte, J.S., Ohayon, R., “Modeling of Fuel 
Sloshing and its Physical Effects on Flutter,” AIAA Journal, 2013, Vol. 51, 2252–2265, 
doi: 10.2514/1.J052299 

187. Danowsky, B.P., Lieu, T., Conderre-Chabot, A., “Control Oriented Aeroservoelastic 
Modeling of a Small Flexible Aircraft Using Computational Fluid Dynamics and 
Computational Structural Dynamics,” AIAA Paper 2016-1749, doi: 10.2514/6.2016-1749  

Reduced Order Models for CFD-CSD Simulations 

188. Benner, P., Gugercin, S., Willcox, K., “A Survey of Projection-Based Model Reduction 
Methods for Parametric Dynamical Systems”, SIAM Review, 2015, Vol. 57, No.4, 483–
531, doi: 10.1137/130932715, http://kiwi.mit.edu/papers/Parametric-model-reduction-
survey-Benner-Gugercin-Willcox.pdf 

189. Dowell, E.H., and Tang, D., “Dynamics of Very High Dimensional Systems,” World 
Scientific, Publishing Company, Singapore, 2003, ISBN 981-238-467-7 

190. Queipo, N.V., Haftka, R.T., Shyy, W., Goel, T., Vaidyanathan, R., Tucker, P.K. (2005), 
“Surrogate-Based Analysis and Optimization,” Progress in Aerospace Sciences, 2005, Vol. 
41, No. 1, 1–28, doi: 10.1016/j.paerosci.2005.02.001  

191. Kim, T., Hong, M., Bhatia, K.G., and Sengupta, G., “Aeroelastic Model Reduction for 
Affordable Computational Fluid Dynamics-Based Flutter Analysis,” AIAA Journal, 2005, 
Vol. 43, 2487–2495, doi: 10.2514/1.11246 

192. Silva, W., “Identification of Nonlinear Aeroelastic Systems Based on the Volterra Theory: 
Progress and Opportunity,” Nonlinear Dynamics, Vol. 39, Nos. 1–2, 2005, 25–62, 
doi:10.1007/s11071-005-1907-z 

193. Forrester, A., Sobester, A., and Keane, A., Engineering Design via Surrogate Modelling: a 
Practical Guide, John Wiley & Sons, 2008, ISBN 978-0-470-06068-1 

194. Schulze, P.C., Danowsky, B.P., and Lieu, T., “High Fidelity Aeroservoelastic Model 
Reduction Methods,” AIAA Paper 2016-2007, doi: 10.2514/6.2016-2007 

195. Lieu, T., and Farhat, C., “Adaptation of Aeroelastic Reduced-Order Models and 
Application to an F-16 Configuration,” AIAA Journal, 2007, Vol.45, 1244–1257, doi: 
10.2514/1.24512 



 

61 

196. Bui-Thanh , T., Willcox, K., and Ghattas, O., “Parametric Reduced-Order Models for 
Probabilistic Analysis of Unsteady Aerodynamic Applications,” AIAA Journal, 2008, Vol. 
46, 2520–2529, doi: 10.2514/1.35850 

197. Chung, C., Shin, S., and Kim, T., “A New Robust Aeroelastic Analysis Including 
Aerodynamic Uncertainty from Varying Mach Number,” AIAA 2008–2200, 
10.2514/6.2008-2200 

198. Amsallem, D., Cortial, J., and Farhat, C., “Towards Real-Time Computational-Fluid-
Dynamics-Based Aeroelastic Computations Using a Database of Reduced-Order 
Information”, AIAA Journal, 2010, Vol.48, 2029–2037, doi: 10.2514/1.J050233 

199. Kim, T., “System Identification for Coupled Fluid-Structure: Aerodynamics is 
Aeroelasticity Minus Structure,” AIAA Journal, 2011, Vol. 49, 503–512, doi: 
10.2514/1.J050245 

200. Falkiewicz, N.J., Cesnik, C.E.C, Crowell, A.R., and McNamara, J.J., “Reduced-Order 
Aerothermoelastic Framework for Hypersonic Vehicle Control Simulation,” AIAA 
Journal, Vol. 49, No.8, 2011, 1625–1646, doi: 10.2514/1.J050802 

201. Skujins, T., and Cesnik, C., “Toward an Unsteady Aerodynamic ROM for Multiple Mach 
Regime,” AIAA Paper 2012-1708, doi: 10.2514/6.2012-1708  

202. Chen, G., Sun, J., and Li, Y.M., “Adaptive Reduced-Order-Model-Based Control-Law 
Design for Active Flutter Suppression,” Journal of Aircraft, 2012, Vol. 49, 973–980, doi: 
10.2514/1.C031236 

203. Glaz, B., Friedmann, P.P., Liu, L., Cajigas, J.G., Bain, J., and Sankar, L.N., “Reduced-
Order Dynamic Stall Modeling with Swept Flow Effects Using a Surrogate-Based 
Recurrence Framework,” AIAA Journal, Vol. 51, No. 4, 2013, 910–921, doi: 
10.2514/1.J051817 

204. Andrea Mannarino, Paolo Mantegazza, “Multifidelity Control of Aeroelastic Systems: An 
Immersion and Invariance Approach,” Journal of Guidance, Control, and Dynamics, 2014, 
Vol. 37, No. 5, 1568–1582 

205. Haojie Liu, Haiyan Hu, Yonghui Zhao, Rui Huang. (2014) “Efficient Reduced-Order 
Modeling of Unsteady Aerodynamics Robust to Flight Parameter Variations,” Journal of 
Fluids and Structures 49, 728-741 

206. Huang, R., Li, H., Hu, H., Zhao, Y., “Open/Closed-Loop Aeroservoelastic Predictions via 
Nonlinear, Reduced-Order Aerodynamic Models. AIAA Journal. 2015, Vol. 53, No. 7, 
1812–1824 

207. Zhang, Z., Chen, P.C., Yang, S., Wang, Z., and Wang, Q., “Unsteady Aerostructure 
Coupled Adjoint Method for Flutter Suppression,” AIAA Journal, 2015, Vol.53, 2121–
2129, doi: 10.2514/1.J053495 

208. Mannarino, A., and Dowell, E.H., “Reduced-Order Models for Computational-Fluid-
Dynamics-Based Nonlinear Aeroelastic Problems,” AIAA Journal, 2015, Vol. 53, 2671–
2685, doi: 10.2514/1.J053775 

209. Hesse, H., and Palacios, R., “Reduced-Order Aeroelastic Models for Dynamics of 
Maneuvering Flexible Aircraft,” AIAA Journal, 2014, Vol. 52, 1717–1732, doi: 
10.2514/1.J052684 

210. Tantaroudas, N.D., Da Ronch, A., Badcock, K.J., Wang, Y., and Palacios, R., “Model 
Order Reduction for Control Design of Flexible Free-Flying Aircraft,” AIAA Paper 2015-
0240, doi: 10.2514/6.2015-0240 



 

62 

211. Lee, S., Kim, T., Jun, S.O., and Yee, K., “Efficiency Enhancement of Reduced Order 
Model using Variable Fidelity Modeling,” AIAA 2016-0465, doi: 10.2514/6.2016-0465 

The Maneuvering Deformable Airplane With Small Elastic Deformations 

212. Rodden, W.P., and Stahl, B., “A Strip Method for Prediction of Damping in Subsonic Wind 
Tunnel and Flight Flutter Tests,” Journal of Aircraft, 1969, Vol. 6, 9–17, doi: 
10.2514/3.43994 

213. Perry, B. IIl; Kroll, R. I.; Miller, R. D.; and Goetz, R. C.: “DYLOFLEX: A Computer 
Program for Flexible Aircraft Flight Dynamic Loads Analysis with Active Controls,” 
Journal of Aircraft, Vol. 17, No. 4, Apr. 1980, 275–282, doi: 10.2514/3.57901 

214. Pototzky, A. S., and Perry, B., “New and Existing Techniques for Dynamic Loads Analysis 
of Flexible Airplanes,” Journal of Aircraft, Vol. 23, No. 4, April 1986, 340–347, 
doi:10.2514/3.45309 

215. Noll, T., Blair, M., and Cerra, J., “ADAM - An aeroservoelastic analysis method for analog 
or digital systems,” Journal of Aircraft, 1986, Vol. 23, 852–858, doi: 10.2514/3.45392 

216. Adams, W., Hoadley, S., “ISAC: A Tool For Aeroservoelastic Modeling and Analysis,” 
AIAA Paper 1993-1421, doi: 10.2514/6.1993-1421 

217. Winther, B.A., Goggin, P.J., Dykman, J.R., “Reduced-Order Dynamic Aeroelastic Model 
Development and Integration with Nonlinear Simulation,” Journal of Aircraft, 2000, Vol. 
37, No.5, 833–839, doi: 10.2514/2.2677 

218.  Gupta, K. K.; Brenner, M. L; and Voelker, L. S.: “Development of an Integrated 
Aeroservoelastic Analysis Program and Correlation with Test Data” NASA TP- 3120, 
1991 

219. Gupta, K.K., and Meek, J.L., Finite Element Multidisciplinary Analysis, second edition, 
AIAA, 2003, Chapter 14, ISBN 1-56347-580-4 

220. Smith, T.A., Hakanson, J.W., Nair, S.S., and Yurkovich, R.N., “State-Space Model 
Generation for Flexible Aircraft,” Journal of Aircraft, 2004, Vol. 41, 1473–1481, doi: 
10.2514/1.14433 

221. Pototzky, A., “Enhanced Modeling of First-Order Equations of Motion for Aeroelastic and 
Aeroservoelastic, and Flight Dynamics Applications,” AIAA Paper 2010-7801, 
doi:10.2514/6.2010-780 

222. Silvestre, F.J., and Luckner, R., “Experimental Validation of a Flight Simulation Model 
for Slightly Flexible Aircraft,” AIAA Journal, 2015, Vol. 53, No. 12, 3620–3636, doi: 
10.2514/1.J054023 

223. Neto, A.B., Silva, R.G.A., Paglione, P., and Silvestre, F.J., “Formulation of the Flight 
Dynamics of Flexible Aircraft Using General Body Axes,” AIAA Journal, 2016, Vol. 54, 
No. 11, 3516–3534. doi: 10.2514/1.J054752 

Order Reduction of Linear ASE Models 

224. Karpel, M., “Reduced-Order Aeroelastic Models Via Dynamic Residualization,” Journal 
of Aircraft, 1990, Vol.27, 449–455, doi: 10.2514/3.25297 

225. Nissim, E., “Reduction of Aerodynamic Augmented States in Active Flutter Suppression 
Systems,” Journal of Aircraft, Vol. 28, No. 1, 1991, 82–93. doi:10.2514/3.45995 

226. Karpel, M., “Reduced-Order Models for Integrated Aeroservoelastic Optimization,” 
Journal of Aircraft, 1999, Vol. 36, 146–155, doi: 10.2514/2.2420 



 

63 

227. Karpel, M., and Brainin, L., “Stress considerations in reduced-size aeroelastic 
optimization,” AIAA Journal, 1995, Vol. 33, 716–722, doi: 10.2514/3.12447 

228. Karpel, M., and Raveh, D., “Fictitious Mass Element in Structural Dynamics,” AIAA 
Journal, Vol. 34, No. 3, 1996, 607–613, doi: 10.2514/3.13111 

229. Karpel, S., and Strul, E., “Minimum-State Unsteady Aerodynamic Approximations with 
Flexible Constraints,” Journal of Aircraft, 1996, Vol. 33, 1190–1196, doi: 10.2514/3.47074 

230. Nissim, E., “On the Formulation of Minimum-State Approximation as a Nonlinear 
Optimization Problem,” Journal of Aircraft, 2006, Vol. 43, 1007–1013, doi: 
10.2514/1.17148 

231. Karpel, M., and Moulin, B., “Models for Aeroservoelastic Analysis with Smart Structures,” 
Journal of Aircraft, 2004, Vol. 41, 314–321, 10.2514/1.9326 

232. Kim, T., Nagaraja, K. S., Bhatia. K.G., “Order Reduction of State-Space Aeroelastic 
Models Using Optimal Modal Analysis,” Journal of Aircraft, 2004, Vol. 41, \1440–1448, 
doi: 10.2514/1.14430 

233. Moreno, C.P., Seiler, P.J., and Balas, G.J., “Model Reduction for Aeroservoelastic 
Systems,” Journal of Aircraft, 2014, Vol. 51, 280–290, doi: 10.2514/1.C032341 

234. Jackson, T., and Livne, E., “Design-Oriented Structural Model Order Reduction for Strain-
Actuated Flight Vehicle Structures,” Journal of Aircraft, 2006, Vol. 43, 182–188, doi: 
10.2514/1.12889 

235. Karpel, M., and Moulin, B., “Aeroservoelastic Modeling and Sensitivity Analysis with 
Strain Actuators,” Journal of Aircraft, 2006, Vol. 43, 1235–1241, doi: 10.2514/1.19279 

236. Ripepi, M., and Mantegazza, P., “Improved Matrix Fraction Approximation of 
Aerodynamic Transfer Matrices,” AIAA Journal, 2013, Vol. 51, 1156–1173, doi: 
10.2514/1.J052009 

237. Castellani, M., Lemmens, Y., Cooper, J.E., “Parametric reduced order model approach for 
rapid dynamic loads prediction,” Aerospace Science and Technology 2016, Vol. 52, 29–
40, doi: 10.1016/j.ast.2016.02.015 

Fine-Tuning Unsteady Aerodynamic Math Models by High-Fidelity Simulations and by 
Experiments 

238. Silva, R.G.A., Mello, O.A.F., Azevedo, J.L.F., Chen, P.C., and Liu, D.D., “Investigation 
on Transonic Correction Methods for Unsteady Aerodynamics and Aeroelastic Analyses,” 
Journal of Aircraft, 2008, Vol. 45. No. 6, 1890–1903, doi: 10.2514/1.33406 

Model Order Reduction with Linear Aerodynamics and Structures with Distributed Nonlinearities 

239. Oliver, M., Climent, H., and Rosich, F., “Non Linear Effects of Applied Loads and Large 
Deformations on Aircraft Normal Modes,” Paper 21 in In NATO RTO-MP-36, Structural 
Aspects of Flexible Aircraft Control, DTIC ADA388195 

240. Demasi, L., and Livne, E., “Dynamic Aeroelasticity of Structurally Nonlinear 
Configurations Using Linear Modally Reduced Aerodynamic Generalized Forces,” AIAA 
Journal, 2009, Vol. 47, 70–90, doi: 10.2514/1.34797 

241. Teunisse, N., Demasi, L., Tiso, P., and Cavallaro, R., “A Computational Method for 
Structurally Nonlinear Joined Wings Based on Modal Derivatives,” AIAA Paper 2014-
0494, doi: 10.2514/6.2014-0494 



 

64 

242. Teunisse, N., Tiso, P., Demasi, L., and Cavallaro, R., “Reduced Order Methods and 
Algorithms for Structurally Nonlinear Joined Wings,” AIAA Paper 2015-0699, doi: 
10.2514/6.2015-0699 

243. Kuether, R.J., Deaner, B.J., Hollkamp, J.J., and Allen, M.S., “Evaluation of Geometrically 
Nonlinear Reduced-Order Models with Nonlinear Normal Modes,” AIAA Journal, 2015, 
Vol. 53, 3273–3285, doi: 10.2514/1.J053838 

Model Order Reduction with Local Structural Nonlinearities 

244. Karpel, M., and Wieseman, C., “Modal Coordinates for Aeroelastic Analysis with Large 
Local Structural Variations,” Journal of Aircraft, 1994, Vol. 31, 396–403, doi: 
10.2514/3.46499 

245. Karpel, M., and Wieseman, C., “Time Simulation of Flutter with Large Stiffness Changes,” 
Journal of Aircraft, 1994, Vol. 31, 404–410, doi: 10.2514/3.46500 

246. Karpel, M., Shousterman, A., Maderuelo, C. and Climent, H., “Dynamic Aeroservoelastic 
Response with Nonlinear Structural Elements,” AIAA Journal, 2015, Vol.53, 3233–3239, 
doi:10.2514/1.J053550 

247. Silva, G.H.C., Rossetto, G.D.B., and Dimitriadis, G., “Reduced-Order Analysis of 
Aeroelastic Systems with Freeplay Using an Augmented Modal Basis,” Journal of Aircraft, 
2015, Vol. 52, 1312–1325, doi: 10.2514/1.C032912 

Linear/Nonlinear with FFT/IFFT Linear 

248. Mitchell, C.G.B., “Calculation of the Response of a Flexible Aircraft to Harmonic and 
Discrete Gusts by a Transform Method,” British ARC R&M-3498, 1965, 
http://naca.central.cranfield.ac.uk/reports/arc/rm/3498.pdf 

249. Teufel, P., and Kruse, M., “Efficient Method for Coupling Discrete Gust Loads Analysis 
in the Frequency Domain with Fully Non-Linear Flight Control System Simulation,” Paper 
IF-013, The International Forum on Aeroelasticity and Structural Dynamics (IFASD), 
Stockholm, Sweden, June 2007. 

250. Karpel., M., “Increased Order Modeling Approach to Unsteady Aerodynamics and 
Aeroelasticity,” Final Report on EOARD Award FA-8655-09-1-3062, July 2010, 
www.dtic.mil/get-tr-doc/pdf?AD=ADA530869 

251. Karpel, M., Shousterman, A., and Mindelis, Y., “Rigid-Body Issues in FFT-Based 
Dynamic Loads Analysis with Aeroservoelastic Nonlinearities,” AIAA Paper 2012-1802, 
doi: 10.2514/6.2012-1802 

Equations of Motion 

Quasi-Steady 

252. Rodden,W. P., and Love, J. R., “Equations of Motion of a Quasisteady Flight Vehicle 
Utilizing Restrained Static Aeroelastic Characteristics,” Journal of Aircraft, Vol. 22, No. 
9, 1985, 802–809. doi:10.2514/3.45205 

253. Winther, B.A., Hagemeyer, D.A., Britt, R.T., and Rodden, W.P., “Aeroelastic Effects on 
the B-2 Maneuver Response,” Journal of Aircraft, 1995, Vol. 32, 862–867, doi: 
10.2514/3.46802 



 

65 

254. Dykman, J.R., and Rodden, W.P., “Structural Dynamics and Quasistatic Aeroelastic 
Equations of Motion,” Journal of Aircraft, 2000, Vol. 37, 538–542, doi: 10.2514/2.2634 

Rigid Body Plus Small Elastic Motions 

255. Karpel, M., Moulin, B., and Chen, P.C., “Dynamic Response of Aeroservoelastic Systems 
to Gust Excitation,” Journal of Aircraft, 2005, Vol. 42, 1264–1272, doi: 10.2514/1.6678 

256. Milne, R. D., “Dynamics of the Deformable Aeroplane,” British Aeronautical Research 
Council R&M 3345, Her Majesty’s Stationery Office, England, 1964. 

257. Milne, R.D., “Some Remarks on the Dynamics of Deformable Bodies,” AIAA Journal, 
1968, Vol. 6, 556–558, doi: 10.2514/3.4541 

258. Schwanz, R., “Equations of Motion Appropriate to the Analysis of Control Configured 
Vehicles,” AIAA Paper 1972-952, , 1972, doi: 10.2514/6.1972-952 

259. Schwanz, R.C., “Formulations of the Equations of Motion of an Elastic Aircraft for 
Stability and Control and Flight Control Applications,” AFFDL/FGC-TM-72-14, 
ADA006391, 
http://oai.dtic.mil/oai/oai?verb=getRecord&metadataPrefix=html&identifier=ADA00639
1 

260. Schwanz, R.C., “Consistency in Aircraft Structural and Flight Control Analysis,” in 
AGARD CP-228, Structural Aspects of Active Control, 1977. 

261. Noll, T., and Calico, R., “Modelling of Rigid-Body and Elastic Aircraft Dynamics for 
Flight Control Development,” AIAA Paper 1986-2232, doi:10.2514/6.1986-2232 

262. Baldelli, D.H., Chen, P.C., and Panza, J., “Unified Aeroelastic and Flight Dynamic 
Formulation via Rational Function Approximations,” Journal of Aircraft, 2006, Vol. 43, 
763–772, doi:10.2514/1.16620 

263. Buttrill, C., Arbuckle, P., and Zeiler, T., “Nonlinear Simulation of a Flexible Aircraft in 
Maneuvering Flight,” AIAA Paper 1987-2501, doi:10.2514/6.1987-2501 

264. Waszak, M. R., Davidson, J. B., and Schmidt, D. K., “A Simulation Study of the Flight 
Mechanics of Elastic Aircraft: Experiment, Results and Analysis,” Vol. 1, NASA CR-
4102, 1987. 

265. Waszak, M. R., Davidson, J. B., and Schmidt, D. K., “A Simulation Study of the Flight 
Mechanics of Elastic Aircraft: Data,” Vol. 2, NASA CR-4102, 1987. 

266. Waszak, M. R., and Schmidt, D. K., “Flight Dynamics of Aeroelastic Vehicles,” Journal 
of Aircraft, Vol. 25, No. 6, 1988, 563–571, doi:10.2514/3.45623\ 

267. Waszak, M. R., Buttrill, C. S., and Schmidt, D. K., “Modeling and Model Simplification 
of Aeroelastic Vehicles: an Overview,” NASA TM-107691, 1992. 

268. Schmidt, D. K., and Raney, D. L., “Modeling and Simulation of Flexible Flight Vehicles,” 
Journal of Guidance, Control, and Dynamics, Vol. 24, No. 3, 2001, 539–546, 
doi:10.2514/2.4744 

269. Meirovitch, L., and Tuzcu, I., “Integrated Approach to the Dynamics and Control of 
Maneuvering Flexible Aircraft,” NASA, TR CR-2003- 211748, June 2003. 

270. Meirovitch, L., and Tuzcu, I., “Unified Theory for the Dynamics and Control of 
Maneuvering Flexible Aircraft,” AIAA Journal, 2004, Vol. 42, 714–727, 
doi:10.2514/1.1489 

271. Meirovitch, L., and Tuzcu, I., “Time Simulations of the Response of Maneuvering Flexible 
Aircraft,” Journal of Guidance, Control, and Dynamics, 2004, Vol. 27, 814–828, doi: 
10.2514/1.2392 



 

66 

272. Tuzcu, I. and Nguyen, N., “Flutter of Maneuvering Aircraft,” Journal of Aerospace 
Engineering, 2014, Vol. 28, No. 4, July 2015, doi: 10.1061/(ASCE)AS.1943-
5525.0000415 

273. Schmidt, D.K., “Discussion: The Lure of the Mean Axes,” ASME Journal of Applied 
Mechanics, Vol. 82, No. 12, December 2015, 497–504, doi: 10.1115/1.4031567 

274. Schmidt, D.K., Zhao, W., and Kapania, R.K., “Flight-Dynamics and Flutter Modeling and 
Analysis of a Flexible Flying-Wing Drone – Invited,” AIAA Paper 2016-1748, doi: 
10.2514/6.2016-1748  

The Highly Deformable High-Aspect Ratio Configuration Case  

275. Petre, A., and Ashley, H., “Drag Effects on Wing Flutter,” Journal of Aircraft, Vol. 13, No. 
10, 1976, 755–763, doi: 10.2514/3.58707 

276. Boyd, W.N., “Effect of Chordwise Forces and Deformations and Deformations Due to 
Steady Lift on Wing Flutter,” AIAA Paper 1979-794, doi: 10.2514/6.1979-794 

277. Drela. M., “Method for Simultaneous Wing Aerodynamic and Structural Load Prediction,” 
Journal of Aircraft, 1990, Vol. 27, 692–699, doi: 10.2514/3.25342 

278. Van Schoor, M/C., von Flotow, A.H., “Aeroelastic Characteristics of a Highly Flexible 
Aircraft,” Journal of Aircraft, 1990, Vol. 27, 901–908, doi: 10.2514/3.45955 

279. Zerweckh, S.H., von Flotow, A.H., and Murray, J.E., “Flight Testing a Highly Flexible 
Aircraft - Case Study on the MIT Light Eagle,” Journal of Aircraft, 1990, Vol. 27: 342-
349, 10.2514/3.25278 

280. Drela, M., “Integrated Simulation Model for Preliminary Aerodynamic, Structural, and 
Control-Law Design Of Aircraft,” AIAA Paper1999-1394, doi: 10.2514/6.1999-1394 

281. Patil, M. J., Hodges, D. H., and Cesnik, C. E. S., “Nonlinear Aeroelastic Analysis of 
Complete Aircraft in Subsonic Flow,” Journal of Aircraft, Vol. 37, No. 5, 2000, 753–760, 
doi:10.2514/2.2685 

282. Tang, D., and Dowell, E.H., “Experimental and Theoretical Study on Aeroelastic Response 
of High-Aspect-Ratio Wings,” AIAA Journal, 2001, Vol. 39, 1430–1441, doi: 
10.2514/2.1484 

283. Smith, M. J., Patil, M. J., and Hodges, D. H., “CFD-Based Analysis of Nonlinear 
Aeroelastic Behavior for High-Aspect Ratio Wings,” AIAA Paper 2001-1582, doi: 
10.2514/6.2001-1582  

284. Noll, T.E., Brown, J.M., Perez-Davis, M.E., Ishmael, S.D., Tiffany, G.C., and Gaier, M., 
NASA Report: “Helios Mishap Investigation Report,” January 2004, 
https://www.nasa.gov/pdf/64317main_helios.pdf 

285. Patil, M. J., and Hodges, D. H., “Flight Dynamics of Highly Flexible Flying Wings,” 
Journal of Aircraft, Vol. 43, No. 6, 2006, 1791–1798, doi:10.2514/1.17640 

286. Shearer, C. M., and Cesnik, C. E., “Nonlinear Flight Dynamics of Very Flexible Aircraft,” 
Journal of Aircraft, Vol. 44, No. 5, 2007, 1528– 1545. doi:10.2514/1.27606 

287. Jaworski, J.W., and Dowell, E.H., “Comparison of Theoretical Structural Models with 
Experiment for a High-Aspect-Ratio Aeroelastic Wing,” Journal of Aircraft, 2009, Vol.46, 
708–713, doi: 10.2514/1.39244 

288. Su, W., and Cesnik, C. E. S., “Nonlinear Aeroelasticity of a Very Flexible Blended-Wing-
Body Aircraft,” Journal of Aircraft, Vol. 47, No. 5, 2010, 1539–1553. doi:10.2514/1.47317 

289. Su, W., and Cesnik, C. E. S., “Dynamic Response of Highly Flexible Flying Wings,” 
Journal of Aircraft, Vol. 49, No. 2, 2011, 324–339. doi:10.2514/1.J050496 



 

67 

Actuation and Sensing 

290. Edwards, J.W., “Analysis of an Electrohydraulic Aircraft Control-Surface Servo and 
Comparison with Test Results,” NASA TN D-6928, August 1972. 

291. Bergmann, G.E., and Sevart, F.D., “Design and Evaluation of Miniature Control Surface 
Actuation Systems for Aeroelastic Models,” Journal of Aircraft, 1975, Vol.12, 129–134, 
doi: 10.2514/3.59810 

292. Jenney, G.D., “Research and Development of Control Actuation Systems for Aircraft” – 
Volume I, AFFDL-TR-79-3117, ADA 080133, August 1979. 

293. Stirling, R., “Linearized Model of the Jaguar Fly-By-Wire Actuation System,” University 
of Bristol, Department of Aerospace Engineering, Report No. RS/1/83, October 1983 

294. Stirling, R., “Dynamic Modeling of Actuator Rate Limit,” University of Bristol, 
Department of Aerospace Engineering, Report No. RS/1/84, January 1984 

295. Stirling, R., “Flexible Aircradft and Control Systems Dynamics,” University of Bristol, 
Department of Aerospace Engineering, Report No. RS/3/84, July 1984 

296. Stirling, R., “Failure Performance of a Multiplex Actuation System,” University of Bristol, 
Department of Aerospace Engineering, Report No. RS/1/86, January 1986. 

297. Stirling, R., “Performance Assessment of a Fly-By-Wire Actuation System with a Direct 
Drive Main Valve,” University of Bristol, Department of Aerospace Engineering, Report 
No. RS/1/87, April 1987. 

298. Huang, X.Y., “Active Control of Aerofoil Flutter,” AIAA Journal, Vol. 25, No. 8, August 
1987, 1126–1132. 

299. Bradshaw, A., Rahulan, T., and Woodhead, M.A., “Use of Spoilers in Active Flutter 
Suppression,” Transactions of the Institute of Measurement and Control, January 1988; 
vol. 10, 1: 21–25, doi: 10.1177/014233128801000105 

300. Lu, P.-J., and Huang, L.-J., “Flutter Suppression of Thin Airfoils Using Active Acoustic 
Excitations,” AIAA Journal, 1992, Vol. 30, 2873–2881, doi: 10.2514/3.11632 

301. Klepl, M., “A Flutter Suppression System Using Strain Gages Applied to Active Flexible 
Wing Technology - Design and Test,” AIAA Paper 1992-2098, doi: 10.2514/6.1992-2098 

302. Lu, P.J., and Huang, L.J., “Optimal Control Law Synthesis For Flutter Suppression Using 
Active Acoustic Excitations,” Journal of Guidance, Control, and Dynamics, 1993, Vol.16, 
124–131, doi: 10.2514/3.11436 

303. Brenner, M.J., “Actuator and Aerodynamic Modeling for High-Angle-of-Attack 
Aeroservoelasticity,” NASA Technical Memorandum 4493, June 1993. 

304. Chun, L.H.L., and Cowling, D.A., “The Design and Performance of Digital Control Laws 
for Advanced Aircraft Hydraulic Actuation Systems,” ICAS Paper ICAS-94-7.7.4, 
http://www.icas.org/ICAS_ARCHIVE/ICAS1994/ICAS-94-7.7.4.pdf 

305. Lazarus, K.B., Crawley, E.F., and Lin, C.Y., “Fundamental Mechanisms of Aeroelastic 
Control with Control Surface and Strain Actuation,” Journal of Guidance, Control, and 
Dynamics, 1995, Vol. 18, No.1, 10–17 

306. Reich, G., van Schoor, M.C., Lin, C., and Crawley, E., “An Active Aeroelastic Wing Model 
for Vibration and Flutter Suppression,” AIAA Paper 1995-1193, doi: 10.2514/6.1995-1193 

307. Lu, P.-J., Pan, D., and Yeh, D.-Y., “Transonic Flutter Suppression Using Active Acoustic 
Excitations,” AIAA Journal, 1995, Vol.33, 694–702, doi: 10.2514/3.12633 

308. Taylor, R., Pratt, R.W., and Caldwell, B.D., “Effect of Actuator Nonlinearities on 
Aeroservoelasticity,” Journal of Guidance, Control, and Dynamics, 1996, Vol.19, 309–
315, doi: 10.2514/3.21620 



 

68 

309. Taylor, R., Pratt, R.W., and Caldwell, B.D., “The Effects Of Sampled Signals on the Flight 
Control System of an Agile Combat Aircraft with a Flexible Structure,” Transactions of 
the Institute of Measurement and Control, August 1996; Vol. 18, No. 3: 160–164. 

310. Lin, C.Y., Crawley, E.F., and Heeg, J., “Open- and Closed-Loop Results of a Strain-
Actuated Active Aeroelastic Wing,” Journal of Aircraft, 1996, Vol. 33, 987–994, doi: 
10.2514/3.47045 

311. Lazarus, K.B., Crawley, E.F., and Lin, C.Y., “Multivariable Active Lifting Surface Control 
Using Strain Actuation: Analytical and Experimental Results,” Journal of Aircraft, 1997, 
Vol. 34, No. 3, 313–321, doi: 10.2514/2.2200 

312. Vipperman, J.S., Clark, R.L., Conner, M., and Dowell, E.H., “Experimental Active Control 
of a Typical Section Using a Trailing-Edge Flap,” Journal of Aircraft, 1998, Vol. 35, No. 
2, 224–229. 

313. Lim, K.B., Lake, R.C., and Heeg, J., “Effective Selection of Piezoceramic Actuators for an 
Experimental Flexible Wing,” Journal of Guidance, Control, and Dynamics, 1998, Vol. 21, 
704–709, doi: 10.2514/2.4315 

314. Taylor, R., Pratt, R.W., and Caldwell, B.D., “The Application of Actuator Performance 
Limits to Aeroservoelastic Compensation,” Transactions of the Institute of Measurement 
and Control, April 1999; Vol. 21, No. 2-3: 106–112, doi: 10.1177/014233129902100207 

315. Mare, J.-C., “Dynamic Loading Systems for Ground Testing of High Speed Aerospace 
Actuators,” Aircraft Engineering and Aerospace Technology – An International Journal, 
2006, 78/4, 275–282, doi: 10.1108/17488840610675546 

316. Lin, Y., Baumann, E., Bose, D.M., Beck, R., and Jenney, G., “Tests and Techniques for 
Characterizing and Modeling X-43A Electromechanical Actuators,” NASA TM 2008-
214637, December 2008 

317. Gold, P., and Karpel, M., “Reduced-Size Aeroservoelastic Modeling and Limit-Cycle-
Oscillation Simulations with Structurally Nonlinear Actuators,” Journal of Aircraft, 2008, 
Vol. 45, 471–477, doi: 10.2514/1.28933 

318. Kim, D-H, Han, J-H, and Lee, I., “Application of Fiber Optic Sensor and Piezoelectric 
Actuator to Flutter Suppression,” Journal of Aircraft, 2004, Vol. 41, No. 2, 409–411 

319. Ardelean, E.V., McEver, M.A., Cole, D.G., Clark, R.L., “Active Flutter Control with a V-
Stack Piezoelectric Flap Actuator,” Journal of Aircraft, 2006, Vol. 43, No. 2, 482–486. 

320. Rocha, J., Moniz, P.A., Costa, A.P., and Suleman, A., “On Active Aeroelastic Control of 
an Adaptive Wing Using Piezoelectric Actuators,” Journal of Aircraft, 2005, Vol. 42, 278–
282, doi: 10.2514/1.308 

321. Palaniappan, K., Sahu, P., Jameson, A., and Alonso, J.J., “Design of adjoint-based laws for 
wing flutter control,” J. Aircraft, 2011, Vol. 48, No. 1, 331–335 

322. Banavara, N.K., and Newson, J.R., “Framework for Aeroservoelastic Analyses Involving 
Nonlinear Actuators,” Journal of Aircraft, 2012, Vol. 49, 774–780, doi: 
10.2514/1.C031246 

323. Singh, K.V., Brown, R.N., and Kolonay, R., “Receptance-Based Active Aeroelastic 
Control with Embedded Control Surfaces Having Actuator Dynamics,” Journal of Aircraft, 
2016, Vol.53, 830–845, doi: 10.2514/1.C033658 

324. Lee, H.-T., Kroo, I., and Bieniawski, S., “Flutter Suppression for High Aspect Ratio 
Flexible Wings Using Microflaps,” AIAA Paper 2002-1717 doi: 10.2514/6.2002-1717  

325. Bieniawski, S., and Kroo, I., “Flutter Suppression Using Micro-Trailing Edge Effectors”, 
AIAA Paper 2003-1941, doi: 10.2514/6.2003-1941  



 

69 

326. Lee, H.-T., and Kroo, I., “Two Dimensional Unsteady Aerodynamics of Miniature Trailing 
Edge Effectors,” AIAA Paper 2006-1057, doi: 10.2514/6.2006-1057 

327. Heinze, S., and Karpel, M., “Analysis and Wind Tunnel Testing of a Piezoelectric Tab for 
Aeroelastic Control Applications,” Journal of Aircraft, 2006, Vol.43, 1799–1804, doi: 
10.2514/1.20060 

328. Mangalam, S., M., Flick, P., M., and Brenner, M.,J., “Higher Level Aerodynamic Input for 
Aeroservoelastic control of Flexible Aircraft,” AIAA Paper 2007-6380, doi: 
10.2514/6.2007-6380 

329. Mangalam, S., Mangalam, A., and Flick, P., “Unsteady Aerodynamic Observable for Gust 
Load Alleviation and Flutter Suppression,” AIAA Paper 2008-7187, 10.2514/6.2008-7187 

330. Mangalam, A.,S., Jutte, C., and Brenner, M., “Aerodynamic and Structural Measurement 
of the Aerostructures Test Wing for Flutter Testing,” AIAA Paper 2010-8113, 
10.2514/6.2010-8113 

331. Suryakumar, V.S., Babbar, Y., Strganac, T.W., and Mangalam, A.S., “Control of a 
Nonlinear Wing Section using Fly-by-Feel Sensing,” AIAA Paper 2015-2239, doi: 
10.2514/6.2015-2239 

332. Preetham Rao, Thomas Strganac, and Othon Rediniotis. “Control of Aeroelastic Response 
Via Synthetic Jet Actuators,” AIAA Paper 2000-1415, doi: 10.2514/6.2000-1415  

333. de Breuker, R., Abdalla, P., and Marzocca, P., “Aeroelastic Control and Load Alleviation 
Using Multiple Optimally Distributed Synthetic Jet Actuators,” AIAA Paper 2007-2134, 
doi: 10.2514/6.2007-2134 

334. Palaniappan, K., Sahu, P., Jameson, A., Alonso, J.J., “Design of Adjoint-Based Control 
Laws for Wing Flutter Control,” Journal of Aircraft, Vol. 48, No. 1, Jan-Feb 2011, 331–
335. 

Propulsion Integration 

335. Vetter, H.C., “Effect of Turbojet Engine on the Dynamic Stability of an Aircraft,” Journal 
of the Aeronautical Sciences, November 1953, Readers Forum, 797–798, doi: 
10.2514/8.2852. 

336. Rodden, W.P., Surber, T.E., and Wykes, J.H., “An Extension of "Effect of a Turbojet 
Engine on the Dynamic Stability of an Aircraft,” Journal of the Aeronautical Sciences, 
March 1956, 284–286. 

337. Forsching, H., and Knaack, J.M., “Parametric Study of the Flutter Stability of a Semi-Rigid 
3-D Wing-With-Engine Nacelle Model in Subsonic Flow,” Journal of Fluids and 
Structures, 1993, Vol. 7, 567–593, doi: doi:10.1006/jfls.1993.1035 

338. Triebstein, H., Schewe, G., Zingel, H., and Vogel, H., “Measurement of Unsteady Airloads 
on an Oscillating Engine and Wing/Engine Combination,” Journal of Aircraft, Vol. 31, No. 
1, Jan-Feb. 1994, 97–102, doi: 10.2514/3.46460 

339. Lacabanne, M., and Laporte, A., “Progress in the Prediction of Aeroservoelastic 
Instabilities on Large Civil Transport Aircraft,” ICAS 2000 Congress, 471.1-471.6, 
http://www.icas.org/ICAS_ARCHIVE/ICAS2000/PAPERS/ICA0471.PDF 

340. Fujino, M., Oyama, H., and Omotani, H., “Flutter Characteristics of an Over-the-Wing 
Engine Mount Business-Jet Configuration,” AIAA Paper 2003-1942, doi: 10.2514/6.2003-
1942  



 

70 

341. Chen, P.C., Zhang, Z., and Sengupta, A., “Aeroelastic Applications of a Panel-Model-
Based Overset Euler Solver to a Twin-Engine Transport Flutter Model,” AIAA Paper 
2010-2550, doi: 10.2514/6.2010-2550  

342. Burcham Jr., F.W., Gilyard, G.B., and Gelhausen, P.A., “Integrated Flight-Propulsion 
Control Concepts for Supersonic Transport Airplanes,” NASA Technical Memorandum 
TM-101728, November 1990. 

343. Schierman, J.D., and Schmidt, G.K., “Analysis of Airframe and Engine Control 
Interactions and Integrated Flight/Propulsion Control,” Journal of Guidance, Control, and 
Dynamics, 1992, Vol. 15, 1388–1396, doi: 10.2514/3.11401 

344. Raney, D.L., McMinn, J.D., and Pototzky, A.S., “Impact Of Aeroelastic-Propulsive 
Interactions on Flight Dynamics of a Hypersonic Vehicle,” Journal of Aircraft, 1995, Vol. 
32: 355–362, 10.2514/3.46723 

345. Chavez, F.R., and Schmidt, D.K., “Analytical Aeropropulsive-Aeroelastic Hypersonic-
Vehicle Model with Dynamic Analysis,” Journal of Guidance, Control, and Dynamics, 
1994, Vol. 17, 1308–1319, doi: 10.2514/3.21349 

346. Bilimoria, K.D., and Schmidt, S.K., “Integrated Development of the Equations of Motion 
for Elastic Hypersonic Flight Vehicles,” Journal of Guidance, Control, and Dynamics, 
1995, Vol. 18, 73–81, doi: 10.2514/3.56659 

347. Powers, B.G., “Phugoid Characteristics of YF-12 Airplane with Variable Geometry Inlets 
Obtained in Flight Trsts at a Mach Number of 2.9,” NASA TP-1107, 1997. 

348. Hodges, D.H., Patil, M.J., and Chae, S., “Effect of Thrust on Bending-Torsion Flutter of 
Wings,” Journal of Aircraft, 2002, Vol.39, 371–376, doi: 10.2514/2.2937 

349. Silva, W.A., Sanetrik, M.,D., and Chwalowski, P., “Using FUN3D for Aeroelatic, Sonic 
Boom, and AeroPropulsoServoElastic (APSE) Analyses of a Supersonic Configuration,” 
AIAA Paper 2016-1319, doi: 10.2514/6.2016-1319 

350. Connoli, J.W., Chwalowski, P., Santerik, M.D., Carlson, J.R., Silva, W.A., McNamara, 
J.J., and Kopasakis, G., “Towards an Aero-Propulso-Servo-Elasticity Analysis of a 
Commercial Supersonic Transport,” AIAA 2016-1320, doi: 10.2514/6.2016-1320 

Whirl Flutter 

351. Vorwald, J., and Chopra, I., “Stabilizing Pylon Whirl Flutter on a Tilt-Rotor Aircraft,” 
AIAA Paper 1991-1259, doi: 10.2514/6.1991-1259 

352. Nitzsche, F., “Whirl-flutter Suppression in Advanced Turboprops and Propfans by Active 
Control Techniques,” Journal of Aircraft, 1994, Vol. 31, 713–719, doi: 10.2514/3.46552 

353. Singh, R., Gandhi, F., Paik, J., and Hathaway, E., “Active Tiltrotor Whirl-Flutter Stability 
Augmentation Using Wing-Flaperon and Swash-plate Actuation,” Journal of Aircraft, 
2007, Vol. 44, 1439–1446, doi: 10.2514/1.20234 

354. Hathaway, E., and Gandhi, F., “Tiltrotor Whirl Flutter Alleviation Using Actively 
Controlled Wing Flaperons,” AIAA Journal, 2006, Vol. 44, 2524–2534, doi: 
10.2514/1.18428 

  



 

71 

AFS Control Laws: 

“Physical” 

355. Nissim, E., “Flutter Suppression Using Active Controls Based on the Concept of 
Aerodynamic Energy,” NASA TN D-6199, March 1971. 

356. Sandford, M.C., Abel, I., and Gray, D.L., “Transonic Study of Active Flutter Suppression 
Based on an Energy Concept,” Journal of Aircraft, 1975, Vol. 12: 72–77, doi: 
10.2514/3.59804 

357. Nissim, E., Caspi, A., and Lottati, I., “Application of the Aerodynamic Energy Concept to 
Flutter Suppression and Gust Alleviation by Use of Active Controls,” NASA Technical 
Note TN D-8212, June 1976.  

358. Nissim, E., “Active Flutter Suppression Using Trailing-Edge and Tab Control Surfaces,” 
AIAA Journal, 1976, Vol. 14, 757–762, doi: 10.2514/3.61416 

359. Nissim, E., “Comparative Study Between Two Different Active Flutter Suppression 
Systems,” Journal of Aircraft, 1978, Vol. 15, 843–848, doi: 10.2514/3.58458 

360. Nissim, E., and Lottati, I., “Active Controls for Flutter Suppression and Gust Alleviation 
in Supersonic Aircraft,” Journal of Guidance, Control, and Dynamics, 1980, Vol. 3, 345–
351, doi: 10.2514/3.56000 

361. Jones, J.G., “On the Energy Characteristics of the Aerodynamic Matrix and the 
Relationship to Possible Flutter,” Aeronautical Quarterly, Vol. 34, No. 3, August 1983, pp. 
212-225, doi: 10.1017/S0001925900009719 

362. Klein, A.K., “The Synthesis of an Active Flutter Suppression Law Based on an Energy 
Criterion,” Aeronautical Quarterly, 1983, Vol. 34, No. 4, 260–281. 

363. Simpson, A., “Real Actuator Effects and the Aerodynamic Energy Method,” The 
Aeronautical Journal, February 1988, 77–83. 

364. Nissim, E., “Design of Control Laws for Flutter Suppression Based on the Aerodynamic 
Energy Concept and Comparisons with Other Design Methods,” AIAA Paper 1989-1212, 
doi: 10.2514/6.1989-1212 

365. Bendiksen, O.O., “Energy Approach to Flutter Suppression and Aeroelastic Control,” 
Journal of Guidance, Control, and Dynamics, Vol. 24, No. 1, 2001, 176–184, doi: 
10.2514/2.4699 

366. Horikawa, H., and Dowell, E.H., “An Elementary Explanation of the Flutter Mechanism 
with Active Feedback Controls,” Journal of Aircraft, 1979, Vol. 16, 225–232, doi: 
10.2514/3.58509 

367. Freymann, R., “New Simplified Ways to Understand the Interaction Between Aircraft 
Structure and Active Control Systems,” AIAA Paper 1984-1868, doi: 10.2514/6.1984-
1868 

368. Wykes, J., and Mori, A., “Techniques and Results of an Analytical Investigation into 
Controlling the Structural Modes of Flexible Aircraft,” AIAA Paper 1965-1140, doi: 
10.2514/6.1965-1140 

369. Knight, R., and Wykes, J., “Progress Report on a Gust Alleviation and Structural Dynamic 
Stability Augmentation System (GASDSAS) Design Study,” AIAA Paper 1966-999, doi: 
10.2514/6.1966-999 

370. Wykes, J., “Structural Dynamic Stability Augmentation and Gust Alleviation of Flexible 
Aircraft,” AIAA Paper 1968-1067, doi: 10.2514/6.1968-1067 



 

72 

371. Preumont, A., “Vibration Control of Active Structures – An Introduction,” 2nd edition, 
Kluwer Academic Publishers, 2002, ISBN 1-4020-0925-9, 101–103. 

372. Vepa, R., “Active Flutter Suppression by Feedback Compensation of Transport Lags,” 
Journal of Guidance, Control, and Dynamics, 2007, Vol. 30, 879–882, doi: 
10.2514/1.26115 

Mathematical: Classical and Modern: 

373. Gangsaas, D., and Ly, U.-L., “Application of a Modified Linear Quadratic Gaussian Design 
to Active Control of a Transport Airplane,” AIAA Paper 1979-1746, doi: 10.2514/6.1979-
174 

374. Gangsaas, D., Ly, U.-.L., and Norman, D., “Practical Gust Load Alleviation and Flutter 
Suppression Control Laws Based on a LQG Methodology,” AIAA Paper 1981-21, doi: 
10.2514/6.1981-21 

375. Mahesh, J.K., Stone, C.R., Garrard, W,L., and Dunns, H.J., “Control Law Synthesis for 
Flutter Suppression Using Linear Quadratic Gaussian Theory,” Journal of Guidance, 
Control, and Dynamics, 1981, Vol. 4, 415–422, doi: 10.2514/3.56094 

376. Newsom, J. R., “A Method for Obtaining Practical Flutter-Suppression Control Laws 
Using Results of Optimal Control Theory,” NASA TP-1471, Aug. 1979 

377. Mukhopadhyay, V., Newsom, J. R., and Abel, I., “Reduced-Order Optimal Feedback 
Control Law Synthesis for Flutter Suppression,” Journal of Guidance, Control, and 
Dynamics, Vol. 5, No. 4, 1982, 389–395, doi:10.2514/3.56187 

378. Mukhopadhyay, V., and Newsom, J.R., and Abel, I., “Reduced-Order Optimal Feedback 
Control Law Synthesis for Flutter Suppression,” Journal of Guidance, Control, and 
Dynamics, 1982, Vol. 5, 389–395, doi: 10.2514/3.56187 

379. Garrard, W.L., Mahesh, J.K., Stone, C.R., and Dunn, H.J., “Robust Kalman filter design 
for active flutter suppression systems,” Journal of Guidance, Control, and Dynamics, 1982, 
Vol.5, 412–414, doi: 10.2514/3.19777 

380. Mukhopadhyay, V., and Newsom, J.R., “A multiloop system stability margin study using 
matrix singular values,” Journal of Guidance, Control, and Dynamics, 1984, Vol. 7, 582–
587, doi: 10.2514/3.19898 

381. Garrard, W.,L., and Liebst, B.,S., “Active Flutter Suppression Using Eigenspace and 
Linear Quadratic Design Techniques,” Journal of Guidance, Control, and Dynamics, 1985, 
Vol. 8, No. 3, 304–311, doi: 10.2514/3.19980 

382. Newsom, J.R., Abel, I., and Pototzky, A.S., “Design of a Flutter Suppression System for 
an Experimental Drone Aircraft,” Journal of Aircraft, 1985, Vol. 22, No. 5, 380–386, doi: 
10.2514/3.45135 

383. Newsom, J.R., and Mukhopadhyay, V., “A Multiloop Robust Controller Design Study 
Using Singular Value Gradients,” Journal of Guidance, Control, and Dynamics, 1985, Vol. 
8, 514–519, doi: 10.2514/3.20013 

384. Liebst, B.S., Garrard, W.L., and Adams, W.M., “Design of an Active Flutter Suppression 
System,” Journal of Guidance, Control, and Dynamics, 1986, Vol. 9, 64–71, doi: 
10.2514/3.20068 

385. Schmidt, D.K., and Chen, T.K., “Frequency Domain Synthesis of a Robust Flutter 
Suppression Control Law,” Journal of Guidance, Control, and Dynamics, 1986, Vol. 9, No. 
3, 346–351, doi: 10.2514/3.20112 



 

73 

386. Alag, G.S., and Burken, J.J., “Eigensystem Synthesis for Active Flutter Suppression on an 
Oblique-Wing Aircraft,” Journal of Guidance, Control, and Dynamics, 1987, Vol. 10, 535–
539, doi:10.2514/3.20253 

387. Liebst, B.S., Garrard, W.L., and Farm, J.M., “Design of a Multivariable Flutter 
Suppression/Gust Load Alleviation System,” Journal of Guidance, Control, and Dynamics, 
1988, Vol. 11, 220–229, doi: 10.2514/3.20297 

388. Adams, Jr., W.M., Christhif, D.M., Waszak, M.R., Mukhopadhyay, V., Srinathkumar, S., 
“Design, Test, and Evaluation of Three Active Flutter Suppression Controllers,” NASA 
TM 4338, October 1992, https://ntrs.nasa.gov/search.jsp?R=19930000882 

389. Mason, G.S., and Berg, M.C., “Robustness Analysis of a Multirate Flutter Suppression 
System,” Journal of Guidance, Control, and Dynamics, 1993, Vol. 16, 922–926, doi: 
10.2514/3.21102 

390. Schoemig, E., Szanier, M., and Ly, U.-L., “Mixed H2/H - Infinity Control of Multimodel 
Plants,” Journal of Guidance, Control, and Dynamics, 1995, Vol. 18, 525–531, doi: 
10.2514/3.21418 

391. Ward, G.N., and Ly, U.-L., “Stability Augmentation Design of a Large Flexible Transport 
Using Nonlinear Parameter Optimization,” Journal of Guidance, Control, and Dynamics, 
1996, Vol. 19, 469–474, doi: 10.2514/3.21641 

392. Baldelli, D.H., Ohta, H., Matsushita, H., Hashidate, M., and Saitoh, K., “Flutter Margin 
Augmentation Synthesis Using Normalized Coprime Factors Approach,” Journal of 
Guidance, Control, and Dynamics, 1995, Vol. 18, No. 4, 802–811, doi: 10.2514/3.21462 

393. Vipperman, J.S., Barker, J.M., Clark, R.L., and Balas, G.J., “Comparison of µ- and H-
Synthesis Controllers on an Experimental Typical Section,” Journal of Guidance, Control, 
and Dynamics, 1999, Vol. 22, 278–285, doi: 10.2514/2.4375 

394. Barker, J.M., Balas, G.J., and Blue, P.A., “Gain-Scheduled Linear Fractional Control for 
Active Flutter Suppression,” 1999, Journal of Guidance, Control, and Dynamics, Vol. 22, 
No. 4, 507–512, doi: 10.2514/2.4418 

395. Bernelli-Zazzera, F., Mantegazza, P., Mazzoni, G., and Rendina, M., “Active Flutter 
Suppression Using Recurrent Neural Networks,” Journal of Guidance, Control, and 
Dynamics, Vol. 23, No. 6, 2000, 1030–1036, doi:10.2514/2.4671 

396. Ben-Asher, J.Z., Cohen, K., Adin, Z., Moulin, B., and Weller, T., “Flutter Supression Using 
Linear Optimal and Fuzzy Logic Techniques,” Journal of Guidance, Control, and 
Dynamics, 2003, Vol. 26: 173–177, 10.2514/2.5030 

397. Moulin, B., “Robust Controller Design for Active Flutter Suppression,” AIAA Paper 2004-
5115, doi: 10.2514/6.2004-5115  

398. Zeng, J., Sukreja, S., and Moulin, B., “Experimental Model-Based Aeroelastic Control for 
Flutter Suppression and Gust-Load Alleviation,” Journal of Guidance, Control, and 
Dynamics, 2012, Vol. 35, 1377–1390, doi: 10.2514/1.5679 

399. Mannarino, A., and Mantegazza, P., “Multifidelity Control of Aeroelastic Systems: An 
Immersion and Invariance Approach,” Journal of Guidance, Control, and Dynamics, Vol. 
37, No. 5, 2014, 1568–1582, doi: 10.2514/1.G000329 

400. Silvestre, F.J., Neto, A.B.G., Bertolin, R.M., da Silva, R.G.A., and Paglione, P., “Aircraft 
Control Based on Flexible Aircraft Dynamics,” Journal of Aircraft, article in advance, doi: 
2514/1.C033834 

 
 



 

74 

Controller Order Reduction 

401. Moore, B. C., “Principal Component Analysis in Linear Systems: Controllability, 
Observability, and Model Reduction,” IEEE Transaction on Automatic Control, Vol. AC-
26, Feb. 1981 

402. Nissim, E., “Order Reduction of Linear-Quadratic-Gaussian-Designed Controllers,” 
Journal of Guidance, Control, and Dynamics, 1993, Vol. 16, 1154–1161, doi: 
10.2514/3.21140 

403. Nissim, E., “Controller Reduction Using Normal Coordinates of Reconstruction Error 
Matrix and Component Cost Analysis Method,” Journal of Guidance, Control, and 
Dynamics, 1997, Vol. 20, 826–828, doi: 10.2514/2.4120 

Adaptive Control 

404. Johnson, T., Harvey, C., and Stein, G., “Self-Tuning Regulator Design for Adaptive 
Control of Aircraft Wing/Store Flutter,” IEEE Transactions on Automatic Control, 1982, 
Vol. 27, 1014–1023, doi: 10.1109/TAC.1982.1103063 

405. Harvey, C.A., and Johnson, E.H., “Development of an Adaptive Flutter Suppression 
System,” AIAA Paper 1984-1056, doi: 10.2514/6.1984-1056 

406. Johnson, E. H., Hwang, C., Joshi, D. S., Harvey, C. A., Huttsell, L. T., and Farmer, M. G. 
“Adaptive Flutter Suppression, Analysis and Test”, in: AGARD REPORT No. 703, Recent 
Transonic Flutter Investigations for Wings with External Stores AGARD-R-703, 1982, 
DTIC ADA128162 

407. Peloubet Jr., R.P., Haller, R.L., and Bolding, R.M., “On-line Adaptive Control of Unstable 
Aircraft Wing Flutter,” Proc 29th IEEE Conference on Decision and Control, Honolulu, 
Hawaii, December 1990, Vol. 1, 643–651. 

408. Pak, C-G., Friedmann, P.P., and Livne, E., “Digital Adaptive Flutter Suppression and 
Simulation Using Approximate Transonic Aerodynamics,” Journal of Vibration and 
Control, Vol. 1, 363–388, 1995, doi: 10.1177/107754639500100401 

409. Roy, I., and Eversman, W., “Adaptive Flutter Suppression of an Unswept Wing,” Journal 
of Aircraft, 1996, Vol. 33, 775–783, doi: 10.2514/3.47014 

410. Eversman, W., and Roy, I.D., “Active Flutter Suppression Using Multi-Input/Multi-Output 
Adaptive Least Mean Square Control,” Journal of Aircraft, 1997, Vol. 34, 244–250, doi: 
10.2514/2.2163 

411. Friedmann, P. P., Guillot, D., and Presente, E., “Adaptive Control of Aeroelastic 
Instabilities in Transonic Flow and Its Scaling,” Journal of Guidance, Control, and 
Dynamics, Vol. 20, No. 6, 1997, 1190–1199., doi:10.2514/2.4175 

412. Andrighettoni, M., and Mantegazza, P., “Multi-Input/Multi-Output Adaptive Active 
Flutter Suppression for a Wing Model”, Journal of Aircraft, 1998, Vol. 35: 462–469, doi: 
10.2514/2.2319 

413. Guillot, D., M., and Friedmann, P.P., “Fundamental Aeroservoelastic Study Combining 
Unsteady Computational Fluid Mechanics withAdaptive Control,” Journal of Guidance, 
Control, and Dynamics, 2000, Vol. 23, 1117–1126, doi: 10.2514/2.4663 

414. Zhang, R., and Singh, S. N., “Adaptive Output Feedback Control of an Aeroelastic System 
with Unstructured Uncertainties,” Journal of Guidance, Control, and Dynamics, Vol. 24, 
No. 3, 2001, 502–509, doi:10.2514/2.4739 



 

75 

415. Wildchek, A., Maier, R., Hoffmann, F., Steigenberger, J., Kaulfuss, K.- H., Breitsamter, 
C., Allen, A., Adams, N., Baier, H., Giannopoulos, T., and Dafnis, A., “Wind Tunnel 
Testing of an Adaptive Control System for Vibration Suppression on Aircraft,” AIAA 
Paper 2007-6331, doi: 10.2514/6.2007-6331 

416. Zeng, J., de Callafon, R., Brenner, M., “Adaptive Feedback Control Algorithm for Flutter 
Boundary Expansion,” AIAA Paper 2009-6145, doi: 10.2514/6.2009-6145 

417. Huang, R., Hu, H. Y., and Zhao, Y. H., “Single-Input/Single-Output Adaptive Flutter 
Suppression of a Three-Dimensional Aeroelastic System,” Journal of Guidance, Control, 
and Dynamics, Vol. 35, No. 2, 2012, 659–665, doi: 10.2514/1.55746 

418. Lee, K. W., and Singh, S. N., “Multi-Input Noncertainty-Equivalent Adaptive Control of 
an Aeroelastic System,” Journal of Guidance, Control, and Dynamics, Vol. 33, No. 5, 2010, 
1451–1460, doi:10.2514/1.48302 

419. Gregory, I., Cao, C., Patel, V., and Hovakimyan, N., “Adaptive Control Laws for Flexible 
Semi-Span Wind Tunnel Model of High-Aspect Ratio Flying Wing,” AIAA Paper 2007-
8525, doi: 10.2514/6.2007-6525 

420. Zeng, J., Wang, J., de Callafon, R., and Brenner, M., “Suppression of the 
Aeroelastic/Aeroservoelastic Interaction Using Adaptive Feedback Control Instead of 
Notching Filters,” AIAA Paper 2011-6459, doi: 10.2514/6.2011-6459 

421. Che, J., Gregory, I., and Cao, C., “Integrated Flight/Structural Mode Control for Very 
Flexible Aircraft Using L1 Adaptive Output Feedback Controller,” AIAA Paper 2012-
4439, doi: 10.2514/6.2012-4439 

422. Nguyen, N.T., and Swei, S, S.-M., “Adaptive Linear Quadratic Gaussian Optimal Control 
Modification for Flutter Suppression of Adaptive Wing,” AIAA Paper 2015-0118, doi: 
10.2514/6.2015-0118 

423. Lee, K.W., and Singh, S.N., “Adaptive Control of Multi-Input Aeroelastic System with 
Constrained Inputs,” Journal of Guidance, Control, and Dynamics, 2015, Vol. 38, No. 12, 
2337–2350, doi: 10.2514/1.G001022 

424. Danowsky, B. P., Thompson, P. M., Lee, D. C. and Brenner, M., “Modal Isolation and 
Damping for Adaptive Aeroservoelastic Suppression,” AIAA Paper 2013-4743, doi: 
10.2514/6.2013-4743 

System Delay Effect 

425. Huang, R., Hu, H. Y., and Zhao, Y. H., “Designing Active Flutter Suppression for High-
Dimensional Aeroelastic Systems Involving a Control Delay,” Journal of Fluids and 
Structures, Vol. 34, No.1, 2012, 33–50. 

426. Huang, R., Qian,W. M., Hu, H. Y., and Zhao, Y. H., “Design of Active Flutter Suppression 
andWind-Tunnel Tests of aWing Model Involving a Control Delay,” Journal of Fluids and 
Structures,Vol. 55, No. 1, 2015, 409–427. 

Control of Parameter Varying Systems – Morphing, Changing Flight Conditions, Changing 
Configuration 

427. Heeg, J., Gilbert, M.G., and Pototzky, A.S., “Active Control of Aerothermoelastic Effects 
for a Conceptual Hypersonic Aircraft,” Journal of Aircraft, 1993, Vol. 30, 453–458, doi: 
10.2514/3.56890 



 

76 

428. Barker, J.M., and Balas, G.J., “Comparing Linear Parameter-Varying Gain-Scheduled 
Control Techniques for Active Flutter Suppression,” Journal of Guidance, Control, and 
Dynamics, 2000, Vol. 23, 948–955, doi: 10.2514/2.4637 

429. Lind, R., “Linear Parameter-Varying Modeling and Control of Structural Dynamics with 
Aerothermoelastic Effects,” Journal of Guidance, Control, and Dynamics, 2002, Vol. 25, 
733–739, doi: 10.2514/2.4940 

430. Marcos, A., and Balas, G.J., “Development of Linear-Parameter-Varying Models for 
Aircraft,” Journal of Guidance, Control, and Dynamics, 2004, Vol. 27, 218–228, doi: 
10.2514/1.9165 

431. Pfifer, H., Moreno, C.P., Thris, J., Kotikapuldi, A., Gupta, A., Takarics, B., and Seiler, P., 
“Linear Parameter Varying Techniques Applied to Aeroservoelastic Aircraft: In Memory 
of Gary Balas,” IFAC-PapersOnLine, 2015, Vol. 48, No. 26, 103–108, doi: 
10.1016/j.ifacol.2015.11.121 

Control of Nonlinear Systems and Effects of Nonlinear Controls 

432. Frampton, K.D., and Clark, R.L., “Experiments on Control of Limit-Cycle Oscillations in 
a Typical Section,” Journal of Guidance, Control, and Dynamics, 2000, Vol. 23, 956–960, 
doi: 10.2514/2.4638 

433. Strganac, T. W., Ko, J., Thompson, D. E., and Kurdila, A. J., “Identification and Control 
of Limit Cycle Oscillations in Aeroelastic Systems,” Journal of Guidance, Control, and 
Dynamics, Vol. 23, No. 6, 2000, 1127–1133, doi: 10.2514/2.4664 

434. Platanitis, G., Strganac, T.W., “Control of a Nonlinear Wing Section Using Leading- and 
Trailing-Edge Surfaces,” Journal of Guidance, Control, and Dynamics, 2004, Vol. 27, No. 
1, 52–58, doi: 10.2514/1.9284 

435. Gregory, I., M., “Design and Stability Analysis of an Integrated Controller for Highly 
Flexible Advanced Aircraft Utilizing the Novel Nonlinear Dynamic Inversion,” PhD 
dissertation, 2004, California Institute of Technology. 

436. Bendiksen, O.O., “Review of Unsteady Transonic Aerodynamics: Theory and 
Applications,” Progress in Aerospace Sciences, 2011, Vo. 47, 135–167, doi: 
10.1016/j.paerosci.2010.07.001 

437. Jinwu, X., Yan, Y., and Li, D., “Recent advance in nonlinear aeroelastic analysis and 
control of the aircraft,” Chinese Journal of Aeronautics, Vol. 27, Issue 1, February 2014, 
12–22, doi: 10.1016/j.cja.2013.12.009 

438. Mannarino, A., Dowell, E.H., and Mantegazza, P., “An adaptive controller for nonlinear 
flutter suppression and free-play compensation,” Journal of Vibration and Control 
November 1, 2015, doi: 10.1177/1077546315613935 

439. Tantaroudas, N.D., Da Ronch, A., Gai, G., and Badcock, K.J., “An Adaptive Aeroelastic 
Control Approach using Non Linear Reduced Order Models,” AIAA Paper 2014-2590, 
doi: 10.2514/6.2014-2590 

Topological Issues of Sensing and Control 

440. Johnson, T.L., Athans, M., and, Skelton, G., “Optimal control-surface locations for flexible 
aircraft,” IEEE Transactions on Automatic Control, 1971, Vol. 16, No. 4, 320–331. 

441. Liebst, B.S., “Accelerometer Placement in Active Flutter Suppression Systems,” Journal 
of Guidance, Control, and Dynamics, 1987, Vol. 10, 441–446, doi: 10.2514/3.20238 



 

77 

442. Nissim, E., and Burken, J.J., “Control Surface Spanwise Placement in Active Flutter 
Suppression Systems,” NASA Technical Paper 2873, November 1988, 
http://www.nasa.gov/centers/dryden/pdf/88138main_H-1492.pdf 

443. Singh, K. V., McDonough, L. A., Kolonay, R., and Cooper, J., “Receptance Based Active 
Aeroelastic Control Using Multiple Control Surfaces,” Journal of Aircraft, 2014, Vol. 51, 
No. 1, 335–342 

A Continuum Approach to Aeroelastic Control 

444. Balakrishnan, A.V., Aeroelasticity, The Continuum Theory, Springer, 2012, ISBN 978-1-
4614-3608-9, doi: 10.1007/978-1-4614-3609-6 

Testing 

Ground Vibration Tests 

445. Ewins, D.J., “Modal Testing, Theory, Practice, and Application,” Research Studies Press, 
Baldock, Hertfordshire, England, 2 edition, 2000, ISBN 0 86380 218 4 

446. Maia, N.M.M., and Silva, J.M.M., Editors, “Theoretical and Experimental Modal 
Analysis,” Research Studies Press, Baldock, Hertfordshire, England, 1997, ISBN 0 86380 
208 7 

447. Vacaro, V., Caldwell, B., and Becker, J., “Ground Structural Coupling Testing and Model 
Updating in the Aeroservoelastic Qualification of a Combat Aircraft,” published 2000, 
http://www.dtic.mil/docs/citations/ADP010475, In NATO RTO-MP-36, Structural 
Aspects of Flexible Aircraft Control, DTIC ADA388195 

448. De Clerck, J., Topics in Modal Analysis I, Volume 7: Proceedings of the 32nd IMAC, A 
Conference and Exposition on Structural Dynamics, 2014, Springer, doi: 10.1007/978-3-
319-04753-9 

449. Allemang, R., editor, Topics in Modal Analysis II, Volume 8: Proceedings of the 32nd 
IMAC, A Conference and Exposition on Structural Dynamics, 2014, Springer, doi: 
10.1007/978-3-319-04774-4 

450. Mains, M., Topics in Modal Analysis, Volume 10: Proceedings of the 33rd IMAC, A 
Conference and Exposition on Structural Dynamics, 2015, Springer, doi: 10.1007/978-3-
319-15251-6 

451. Mains, M., editor, Topics in Modal Analysis & Testing, Volume 10: Proceedings of the 
34th IMAC, A Conference and Exposition on Structural Dynamics 2016, Springer, doi: 
10.1007/978-3-319-30249-2 

Wind Tunnel Unsteady Aerodynamic Tests 

452. Renirie, L., “Analysis of Measured Aerodynamic loads on an Oscillating Wing-Store 
Combination in Subsonic Flow,” 5.1-5.15, in AGARD-CP-162, Specialists Meeting on 
Wing-With-Stores Flutter, 1974, NTIS AD -A 010672. 

453. Mabey, D.G., “A Review of Scale Effects in Unsteady Aerodynamics,” Progress in the 
Aerospace Sciences, Vol. 28, 273–321, 1991. 

454. Hutin, P.M., “Unsteady Wind Tunnel Tests,” in: Introduction to Flutter of Winged Aircraft, 
von Karman Institute for Fluid Dynamics Lecture Series 1992-01, December 1991. 



 

78 

455. Ballmann, J., Boucke, A., Chen, B., Reimer, L., Behr, M., Dafnis, A., Buxel, C., Buesing, 
S., Reimerdes, H.-G., Brakhage, K.-H., Olivier, H., Kordt, M., Brink-Spalink, J. , Theurich, 
F., Buscher, A., “Aero-Structural Wind Tunnel Experiments with Elastic Wing Models at 
High Reynolds Numbers (HIRENASD - ASDMAD),” AIAAPaper 2011-882, doi: 
10.2514/6.2011-882  

456. Heeg, J., Chwalowski, P., Raveh, D.E., Jirasek, A., and Dalenbring, M., “Overview and 
Data Comparisons from the 2nd Aeroelastic Prediction Workshop,” AIAA 2016-3121, doi: 
10.2514/6.2016-3121  

Flight Testing, Including Aeroservoelastic Wind Tunnel Testing 

457. Flutter Testing Techniques, NASA-SP-415, October 1975 
(http://ntrs.nasa.gov/search.jsp?R=19770014078) 

458. Sevart, Francis D., “Development of Active Flutter Suppression Wind Tunnel Testing 
Technology,” AFFDL-TR-74-126, U.S. Air Force, Jan. 1975.  

459. Schwanz, R.C., and Wells, W., “Identification of Aeroelastic Parameters Using a Recursive 
Sequential Least Squares Method,” AIAA Paper 1980-1634, doi: 10.2514/6.1980-1634 

460. Matsuzaki, Y., and Ando, Y., “Estimation of Flutter Boundary from Random Responses 
Due to Turbulence at Subcritical Speeds,” Journal of Aircraft, 1981, Vol. 18, 862–868, doi: 
10.2514/3.44737 

461. Bennett, R.M., and Abel, I., “Flight Flutter Test and Data Analysis Techniques Applied to 
a Drone Aircraft,” Journal of Aircraft, 1982, Vol. 19, 589–595, doi: 10.2514/3.57433 

462. Ruhlin, C.L., Atson, J., Ricketts, R.H., and Doggett, R.V., “Evaluation of Four Subcritical 
Response Methods for On-Line Prediction of Flutter Onset in Wind Tunnel Tests,” Journal 
of Aircraft, 1983, Vol. 20, 835–840, doi: 10.2514/3.44951 

463. Nissim, E., and Gilyard, G., “Method for Experimental Determination of Flutter Speed by 
Parameter Identification,” AIAA 1989-1324, doi: 10.2514/6.1989-1324 

464. Kehoe, M.W., “A Historical Overview of Flight Flutter Testing,” NASA Technical 
Memorandum 4720, 1995 

465. AGARD Conference Proceedings 566, AGARD-CP-566, “Advanced Aeroservoelastic 
Testing and Data Analysis,” Published November 1995, 
http://www.dtic.mil/dtic/tr/fulltext/u2/a303831.pdf 

466. Cooper, J., “Parameter Estimation Methods for Flight Flutter Testing,” Proceedings of the 
80th AGARD Structures and Materials Panel, AGARD CP- 566, Rotterdam, The 
Netherlands, 1995, 10.1–10.12 

467. Brenner, M.J., Lind, R.C., and Voracek, D.F., “Overview of Recent Flight Flutter Testing 
Research at NASA Dryden,” NASA Technical Memorandum 4792, April 1997. 

468. Lind, R., and Brenner, M., “Robust Flutter Margins of an F/A-18 Aircraft from Aeroelastic 
Flight Data,” Journal of Guidance, Control, and Dynamics, 1997, Vol. 20, 597–604, doi: 
10.2514/2.4082 

469. Feron, E., Brenner, M., Paduano, J., and Turevskiy, A., “Time- Frequency Analysis for 
Transfer Function Estimation and Application to Flutter Clearance,” Journal of Guidance, 
Control, and Dynamics, Vol. 21, No. 3, 1998, 375–382, doi: 10.2514/2.4269 

470. Turevskiy, A., Feron, E., and Paduano, J., “Flutter Boundary Prediction Using Physical 
Models and Experimental Data,” Journal of Guidance, Control, and Dynamics, 1999, Vol. 
22, 168–171, doi: 10.2514/2.7621 



 

79 

471. Dimitriadis, G. and Cooper, J.E., “Flutter Prediction from Flight Flutter Test Data,” Journal 
of Aircraft, 2001, Vol. 38, 355–367, doi: 10.2514/2.2770 

472. Lind, R., “Flight-Test Evaluation of Flutter Prediction Methods,” Journal of Aircraft, Vol. 
40, No. 5, 2003, 964–970, doi:10.2514/2.6881 

473. Dimitriadis, G. and Cooper, J.E., “Comment on ‘Flutter Prediction from Flight Flutter Test 
Data’,” Journal of Aircraft, 2006, Vol. 43, 862–863, doi: 10.2514/1.C9463TC 

474. Lind, R., “Flight-Test Evaluation of Flutter Prediction Methods,” Journal of Aircraft, Vol. 
40, No. 5, 2003, 964–970. doi:10.2514/2.6881 

475. Pickrel, C. R., and White, P. J., “Flight Flutter Testing of Transport Aircraft: In-Flight 
Modal Analysis,” Proceedings of the IMAC International Modal Analysis Conference, 
Kissimmee, FL, 2003. 

476. Kukreja, S.L., and Brenner, M.J., “Nonlinear Aeroelastic System Identification with 
Application to Experimental Data,” AIAA Journal of Guidance, Control, and Dynamics, 
Vol. 29, No. 2, 374–381, 2006. 

477. Kukreja, S.L., and Brenner, M.J., “Nonlinear Black-Box Modelling of Aeroelastic Systems 
Using Structure Detection: Application to F/A-18 Data,” AIAA Journal of Guidance, 
Control, and Dynamics, Vol. 30, No. 2, 557–564, 2007. 

478. Baldelli, D. H., Zeng, J., Lind, R., and Harris, C., “Flutter-Prediction Tool for Flight-Test-
Based Aeroelastic Parameter-Varying Models,” Journal of Guidance, Control, and 
Dynamics, Vol. 32, No. 1, 2009, 158–171. doi:10.2514/1.36584 

479. Follador, R., de Souza, C. E., da Silva, R. G. A., and Góes, L. C. S., “Comparison of In-
Flight Measured and Computed Aeroelastic Damping: Modal Identification Procedures 
and Modeling Approaches,” Proceedings of the IFASD International Forum on 
Aeroelasticity and Structural Dynamics, IFASD Paper 2009-167, Seattle, WA, 2009. 

480. Li, X., and Brenner, M., “Practical Aeroservoelasticity In-Flight Identification and 
Adaptive Control,” AIAA Paper 2010-7502, 10.2514/6.2010-7502 

481. Matsuzaki,, Y., and Torii, H., “Flutter-Boundary Prediction of a Morphing Wing in the 
Process of Adaptation,” AIAA Journal, 2012, Vol. 50, 1257–1264, doi: 10.2514/1.J051202 

482. Zeng, J., and Kukreja, S.L., “Flutter Prediction for Flight/Wind-Tunnel Flutter Test Under 
Atmospheric Turbulence Excitation,” Journal of Aircraft, 2013, Vol. 50, 1696-1709, doi: 
10.2514/1.C031710 

483. Danowsky, B., Schmidt, D. K, and Pfifer, H., "Control-Oriented System and Parameter 
Identification of a Small Flexible Flying-Wing Aircraft,” AIAA Paper 2017-1394, doi: 
10.2514/6.2017-1394 

Active Control Analysis and Test Projects – Airplanes – Full Scale and Wind Tunnel 

B-1 

484. Wykes, J.H., Klepl, M.J., and Brosnan, M.J., “Flight Test and Analyses of the B-1 
Structural Mode Control System at Supersonic Flight Conditions,” NASA-CR-170405, 
December 1983, http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19840005129.pdf 

485. Wykes, J.H., and Borland, C.J., “B-1 Ride Control,” Paper 11 in Active Controls in Aircraft 
Design, AGARD-AG-234, November 1978. 

 



 

80 

B-2 

486. Britt, R. T., Jacobsen, S. B., and Arthurs, T. D., “Aeroservoelastic Analysis of the B-2 
Bomber,” Journal of Aircraft, Vol. 37,No. 5, 2000, 745–752. 

487. Britt, R.T., Volk, J.A., Dreim, D.R., and Applewhite, K.A., “Aeroservoelastic 
Characteristics of the B-2 Bomber and Implications for Future Large Aircraft,” Paper 12 
in NATO RTO MP-36: Structural Aspects of Flexible Aircraft Control, published May 
2000. 

B-52 

488. Arnold, J. I., and Dempster, J. B., “Flight Test Evaluation of an Advanced Stability 
Augmentation System for B-52 Aircraft,” Journal of Aircraft, Vol. 6, No. 4, 1969, 343–
348. doi:10.2514/3.44062 

489. Thompson, G.O., and Kass, G.J., “Active Flutter Suppression - An Emerging Technology,” 
Journal of Aircraft, 1972, Vol. 9, 230–235, doi: 10.2514/3.58962 

490. Hull, D.L., and Roger, K.L., “B-52E CCV Flight Test Data Applicable to Parameter 
Estimation,” AFFDL-TR-75-131, December 1975, DTIC ADB011143. 

491. Redd, L.T., Oilman Jr., J., Cooley, D.E., and Sevart, F.D., “Wind-Tunnel Investigation of 
a B-52 Model Flutter Suppression System,” Journal of Aircraft, 1974, Vol. 11: 659-663, 
10.2514/3.60401 

492. Roger, K.L., Hodges, G.E., and Felt, L., “Active Flutter Suppression - A Flight Test 
Demonstration”, Journal of Aircraft, 1975, Vol. 12, 551–556, doi: 10.2514/3.59833 

493. Schwanz, R., and Grimes, G., “Parameter Identification of B-52E CCV Flight Test Data 
Including Aeroelastic Effects,” AIAA Paper 1980-1635, 10.2514/6.1980-1635 

XB-70 

494. Wykes, J., “Structural Dynamic Stability Augmentation And Gust Alleviation Of Flexible 
Aircraft,” AIAA Paper 1968-1067, 10.2514/6.1968-1067  

495. Wykes, J.H., Nardi, L.U., and Mori, A.S., “XB-70 Structural Mode Control System Design 
and Performance Analysis,” NASA CR-1557, July 1970. 

496. Lock, W.P., Kordes, E.E., McKay, J.M., and Wykes, J.H., “Flight Investigation of a 
Structural Mode Control System for the XB-70 Aircraft,” NASA TN D-7420, October 
1973. 

497. McKay, J.M., Kordes, E.E., and Wykes, J.H., “Flight Investigation of XB-70 Structural 
Response to Oscillatory Aerodynamic Shaker Excitation and Correlation with Analytical 
Results,” NASA TN D-7227, April 1973 

Boeing 747-8 

498. Gates, D., “In Person: Fitzgerald’s Fix for the Boeing 747-8 Earns Aviation Honors,” 
Seattle Times, October 24, 2011, updated October 25, 2011 
(http://www.seattletimes.com/business/in-person-fitzgeralds-fix-for-boeing-747-8-earns-
aviation-honors/) 

 
 



 

81 

Boeing 787-10 

499. Federal Aviation Administration, Special Conditions: The Boeing Company Model 787-
10 Airplane; Aeroelastic Stability Requirements, Flaps-Up Vertical Modal Suppression 
System, A proposed rule by the FAA on 9/20/2016, 
https://www.federalregister.gov/documents/2016/09/20/2016-22547/special-conditions-
the-boeing-company-model-787-10-airplane-aeroelastic-stability-requirements 

C-5A (Lockheed) 

500. Johnson, T.L., “The Aerodynamic Surface Location Problem in Optimal Control of 
Flexible Aircraft,” Master of Science Thesis, Department of Electrical Engineering, MIT, 
June 1969, NASA CR-104089, NASA Accession Number: 69N35131. 

501. Hargrove, W.J., “The C-5A Active Lift Distribution Control System,” NASA N76-31148, 
https://ia600300.us.archive.org/18/items/nasa_techdoc_19760024060/19760024060.pdf 

DAST (NASA) 

502. Abel, I., Perry III, B., and Murrow, H.N., “Two Synthesis Techniques Applied to Flutter 
Suppression on a Flight Research Wing,” Journal of Guidance, Control, and Dynamics, 
1978, Vol. 1, 340–346, doi: 10.2514/3.55790 

503. Grose, D.L., “The Development of the DAST I Remotely Piloted Research Vehicle for 
Flight Testing an Active Flutter Suppression Control System,” NASA-CR-144881, 
Accession Number 79N17849, 1979, http://ntrs.nasa.gov/search.jsp?R=19790009678 

504. Edwards, J.W., “Flight Test Results of an Active Flutter Suppression System,” Journal of 
Aircraft, 1983, Vol. 20, 267–274, doi: 10.2514/3.44863 

505. Newsom, J.R., and Pototzki, A.S., “Analysis and Flight Data for a Drone Aircraft with 
Active Flutter Suppression,” Journal of Aircraft, 1982, Vol. 19, 1012–1018, doi: 
10.2514/3.44805 

506. Abel, Irving, “An Analytical Technique for Predicting the Characteristics of a Flexible 
Wing Equipped with an Active Flutter-Suppression System and Comparison With Wind-
Tunnel Data”, NASA TP-1367, 1979. 

Eurofighter 

507. Becker, J., and Vaccaro, V., “Aeroservoelastic Design, Test Verification and Clearance of 
an Advanced Flight Control System,” Paper 22 in AGARD-CP-566, Advanced 
Aeroservoelastic Testing and Data Analysis, Published November 1995. 

508. Vaccaro, V., Caldwell, B. ; Becker, J., “Ground Structural Coupling Testing Model 
Updating in the Aeroservoelastic Qualification of a Combat Aircraft,” DTIC ADP010478, 
http://www.dtic.mil/docs/citations/ADP010478, In NATO RTO-MP-36, Structural 
Aspects of Flexible Aircraft Control, DTIC ADA388195 

509. Becker, J. ; Caldwell, B. ; Vaccaro, V., “The Interaction of Flight Control System and 
Aircraft Structure,” published May 2000, DTIC ADP010477, In NATO RTO-MP-36, 
Structural Aspects of Flexible Aircraft Control, DTIC ADA388195 



 

82 

510. Luber, W., “Aeroservoelastic Flight Control Design fpr a Military Combat Aircraft 
Weapon System,” Paper ICAS 2012 – 5.4.2, ICAS 2012, 28th International Congress of 
the Aeronautical Sciences.  

E-6 (Boeing) 

511. Borst, R.G., and Strome, R.W., “E-6 Flutter Investigation and Experience,” AIAA Paper 
1992-4601, doi: 10.2514/6.1992-4601  

F4 

512. Triplett, W.E., “A Feasibility Study of Active Wing/Store Flutter Control,” Journal of 
Aircraft, 1972, Vol. 9, 438–444, doi: 10.2514/3.59009 

513. Triplett, W.E., Kappus, H.-P., F., and Landy, R.L., “Active Flutter Control-An Adaptable 
Application to Wing/Store Flutter,” Journal of Aircraft, 1973, Vol. 10, 669–678, doi: 
10.2514/3.60281 

514. Sensburg, O., Honlinger, H., Noll, T.E., and Huttsell, L.J., “Active Flutter Suppression on 
an F-4F Aircraft”, Journal of Aircraft, 1982, Vol. 19, 354–359, doi: 10.2514/3.57404 

F15 

515. Haudrich, D., and Hinner, R., “F-15: 35 Years of the Eagle, Analytical and Experimental 
Flutter Techniques,” International Forum of Aeroelasticity and Structural Dynamics, 
IFASD 2007, Sweden. 

F15 SMTD 

516. Cheng, P., Jones, R., Murnyack, S., “STOL Maneuver Technology Demonstrator 
aeroservoelasticity,” AIAA Paper 1990-3336, doi: 10.2514/6.1990-3336  

517. Cheng, P., and Hirner, T., “Automated procedures for aircraft aeroservoelastic 
compensation”, AIAA Paper 1992-4606, 10.2514/6.1992-4606 

518. Cheng, P., and Hirner, T., “Aircraft aeroservoelastic compensation using constrained 
optimization”, AIAA Paper 1992-2399, 10.2514/6.1992-2399 

F16, YF16, and F16XL 

519. Peloubet Jr., R., “YF16 Active-Control-System/Structural Dynamics Interaction 
Instability,” AIAA Paper 1975-823, 10.2514/6.1975-823 

520. Peloubet Jr., R.P., Haller, R.L., and Bolding, R.M., “F-16 Flutter Suppression System 
Investigation Feasibility Study and Wind Tunnel Tests,” Journal of Aircraft, 1982, Vol. 19, 
169–175, doi: 10.2514/3.57371 

521. Peloubet, R.P., Haller, R.L., and Bolding, R.M., “Recent Developments in the F-16 Flutter 
Suppression with Active Control Program,” Journal of Aircraft, 1984, Vol. 21, 716–721, 
doi: 10.2514/3.45019 

522. Peloubet Jr., R.P., “Aeroservoelastic Instability, Case Study A and Case Study B,” in 
Flutter Prevention Handbook: A preliminary Collection, Liu, D.D., Sarhaddi, D., and 
Piolenc, F.M., Air Force Flight Dynamics Directorate, Wright Patterson Air Force Base, 
Report WL-TR-96-3111, 1996. 



 

83 

YF-17 

523. AGARD Report No. 689, “Report on Cooperative Programme on Active Flutter 
Suppression,” AGARD-R-689, published August 1980, DTIC ADA090097, 
http://oai.dtic.mil/oai/oai?verb=getRecord&metadataPrefix=html&identifier=ADA09009
7 

524. Arthurs, T., and Gallagher, J., “Interaction Between Control Augmentation System and 
Airframe Dynamics on the YF-17,” AIAA Paper 1975-824, doi: 10.2514/6.1975-824 

525. Nissim, E., and Lottati, I., “Active External Store Flutter Suppression in the YF-17 Flutter 
Model,” Journal of Guidance, Control, and Dynamics, 1979, Vol. 2: 395–401, 
10.2514/3.55895 

526. Hwang, C., Johnson, E.H., and Pi, W.S., “Recent Development of the YF-17 Active Flutter 
Suppression System,” Journal of Aircraft, 1981, Vol. 18, 537–545, doi: 10.2514/3.57523 

527. Hwang, C., and Pi, W.S., “Optimal Control Applied to Aircraft Flutter Suppression,” 
Journal of Guidance, Control, and Dynamics, 1984, Vol. 7, 347–354, doi: 10.2514/3.19864 

528. Johnson, E.H., Hwang, C., Pi, W.S., Kesler, D.F., Joshi, D.S., and Harvey, C.A., “Test 
Demonstration of Digital Control of a Wing/Store Flutter,” Journal of Guidance, Vol. 6, 
No. 3, May-June 1883, 176–181. 

F/A-18 

529. Trame, L.W., Williams, L.E., and Yurkovich, R.N., “Active Aeroelastic Oscillation 
Control on the F/A-18 Aircraft,” AIAA Paper 1985-1858. 

530. Brenner, M.J., “Aeroservoelastic Modeling and Validation of a Thrust Vectoring F/A-18 
Aircraft,” NASA Technical Paper 3647, September 1996 
(https://www.nasa.gov/centers/dryden/pdf/88417main_H-2081.pdf) 

531. Brenner, M.J., “Wavelet Analyses of F/A-18 Aeroelastic and Aeroservoelastic Flight Test 
Data,” NASA Technical Memorandum 4793, 1997, 
(http://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19970016826.pdf) 

532. Goodman, C., Hood, M., Reichenbach, E., and Yurkovich, R., “An Analysis of the F/A-
18C/D Limit Cycle Oscillation Solution,” AIAA Paper 2003-1424, doi: 10.2514/6.2003-
1424 

F-22 

533. Wray, W.R., “F-22 Structural Coupling Lessons Learned,” published 2000, 
http://www.dtic.mil/docs/citations/ADP010475, In NATO RTO-MP-36, Structural 
Aspects of Flexible Aircraft Control, DTIC ADA388195 

Fiat G91/T3 

534. Honlinger, H., “Active Flutter Suppression on an Airplane with Wing-Mounted External 
Stores,” In Structural Aspects of Active Controls, AGARD CP-228, August 1977. 

  



 

84 

Gripen (Saab) 

535. Carlsson, M., and Karlsson, A., “Robust Aeroelastic Analysis of the Gripen Fighter 
Including Flight Test Model Validation,” International Forum on Aeroelasticity and 
Structural Dynamics, IFASD 2007, Paper IF-019. 

Gulfstream G550 

536. Gangsaas, D., Hodgkinson, J., Harden, C., Daeed, N., and Chen, K., “Multidisciplinary 
Control Law Design and Flight Test Demonstration on a Business Jet,” AIAA Paper 2008-
6489. 

L-1011 (Lockheed) 

537. Gould, J.D., “Effect of Active Control System Nonlinearities on the L-1011-3(ACS) 
Design Gust Loads,” AIAA Paper 1985-0755. 

538. R.F. O'Connell and A.F. Messina. “Development of an Active Flutter Margin 
Augmentation System for a Commerical Transport,” Journal of Guidance, Control, and 
Dynamics, 1980, Vol. 3, No. 4, 352–360, doi: 10.2514/3.56001 

539. Rising, J., “Development and Flight Test Evaluation of a Pitch Stability Augmentation 
System for the Relaxed Stability L-1011,” AIAA Paper 1982-1297. 

Lockheed-Martin Body Freedom Flutter Small Research UAVs 

540. Burnett, E.L., Atkinson, C., Beranek, J., Sibbitt, B., Holm-Hansen, B.T., Nicolai, L., 
“NDOF Simulation Model for Flight Control Development with Flight Test Correlation,” 
AIAA-2010-7780, doi: 10.2514/6.2010-7780  

541. Holm-Hansen, B.T., Atkinson, C., Beranek, J., Burnett, E.L.., Nicolai, L., Youssef, H., 
“Envelope Expansion of a Flexible Flying Wing by Active Flutter Suppression,” 
Association for Unmanned Vehicle Systems International (AUVSI) Conference, Denver 
Colorago, August 2010 

U Minnesota mini-MUTT (Multi Utility Technology Testbed) 

542. Schmidt, D.K., “Stability Augmentation and Active Flutter Suppression of a Flexible 
Flying-Wing Drone,” Journal of Guidance, Control, and Dynamics, 2016, Vol. 39, No. 3, 
409–422, doi: 10.2514/1.G001484 

543. Theis, J., Pfifer, H., Seiler, P.J., “Robust Control Design for Active Flutter Suppression,” 
AIAA Paper 2016-1751, doi:10.2514/6.2016-1751  

X-29 (Grumman) 

544. Beaufrere, H., “Limitations of Statically Unstable Aircraft Due to the Effects of Sensor 
Noise, Turbulence, and Structural Dynamics,” AIAA Paper 1986–2203, doi: 
10.2514/6.1986-2203. 

545. Chipman, R., Zislin, A.M., and Waters, C., “Control of Aeroelastic Divergence,” Journal 
of Aircraft, 1983, Vol. 20, 1007–1013, doi: 10.2514/3.48204 



 

85 

546. Rimer, M., Chipman, R., and Mercadante, R., “Divergence/Flutter Suppression System for 
a Forward Swept-Wing Configuration with Wing-Mounted Stores,” Journal of Aircraft, 
1984, Vol. 21, 631–638, doi: 10.2514/3.45034 

547. Rimer, M., Chipman, R., and Muniz, B., “Control of a Forward-Swept-Wing Configuration 
Dominated by Flight Dynamic/Aeroelastic Interactions,” Journal of Guidance, Control, 
and Dynamics, 1986, Vol. 9, 72–79, doi: 10.2514/3.20069 

548. Kehoe, M, Bjarke, L., and Laurie, E., “An In-Flight Interaction of the X-29A Canard and 
Flight Control System,” AIAA Paper 1990-1240, 10.2514/6.1990-1240 

549. Zislin, A., Laurie, E., Wilkinson, K., and Goldstein, R., “X-29 Aeroservoelastic Analysis 
and Ground Test Validation Procedures,” AIAA Paper 1985-3091. 

550. Gupta, K., K., Brenner, M.J., and Voelker, L.S., “Integrated Aeroservoelastic Analysis 
Capability with X29A Comparisons,” Journal of Aircraft, 1989, Vol. 26, No. 1, 84–90, doi: 
10.2514/3.45726 

X-32 (Boeing) 

551. Hunziker, S., “X-32 Aeroservoelasticity,” AIAA Paper 2003-1882, 10.2514/6.2003-1882  

X-45A 

552. Reichenbach, E., “Aeroservoelastic Design and Test of the X-45A Unmanned Combat Air 
Vehicle,” AIAA Paper 2003-1883, 10.2514/6.2003-1883 

X-53 F18 AAW (Active Aeroelastic Wing) 

553. Gupta, K.,K., Doyle, T., and Hahn, E., “AE/Flutter Simulation and Flight Test Correlation 
of the F/A-18 Active Aeroelastic Wing (AAW),” AIAA Paper 2005-233, 10.2514/6.2005-
233, 

554. Merlin, P.W., “A New Twist in Flight Research – The F-18 Active Aeroelastic Wing 
Project,” NASA Aeronautical Book Series, 2013, ISBN 978-1-62683-012-7 

X-56 (Lockheed-Martin) 

555. Ryan, J.J., Bosworth, J.T., Burken, J.J., and Suh, P.M., “Current and Future Research in 
Active Control of Lightweight Flexible Structures Using the X-56 Aircraft,” AIAA Paper 
2014-0597. 

556. Reasor, D.A., Bhamidipati, K.K., and Chin, A.W., “X-56A Aeroelastic Flight Test 
Predictions,” AIAA Paper 2016-1053, doi: 10.2514/6.2016-1053 

557. Burnett, E.L., Beranek, J.A., Holm-Hansen, B.T., Atkinson, C.J., and Flick, P.M., “Design 
and Flight Test of Active Flutter Suppression on the X-56A Multi-Utility Technology Test-
Bed Aircraft,” The Aeronautical Journal, 2016, Vol. 120, No. 1228, 893–909, doi: 
10.1017/aer.2016.41 

558. Li, W.W., and Pak, C.G., “Mass Balancing Optimization Study to Reduce Flutter Speeds 
of the X-56A Aircraft,” Journal of Aircraft 2015, Vol. 52, No. 4, 1359–1365 

  



 

86 

X-HALE (University of Michigan) 

559. Cesnik, C. E. S., Senatore, P. J., Su,W., and Atkins, E. M., “X-HALE:A Very Flexible 
Unmanned Aerial Vehicle for Nonlinear Aeroelastic Tests,” AIAA Journal, Vol. 50, No. 
12, 2012, 2820–2833, doi:10.2514/1.J051392 

560. Cesnik, C.E.S., and Su, W., “Nonlinear Aeroelastic Simulation of X-HALE: A Very 
Flexible UAV, AIAA Paper 2011-1226, doi: 10.2514/6.2011-1226 

Active Control Analysis and Test Projects –Wind Tunnel 

AFFDL FWD Swept Wing Model 

561. Griffin, K.E., and Eastep, F.E., “Active Control of Forward-Swept Wings with Divergence 
and Flutter Aeroelastic Instabilities,” Journal of Aircraft, 1982, Vol. 19, 885–891, doi: 
10.2514/3.61570 

562. Noll, T.E., Eastep, F.E., and Calico, R.A., “Active Suppression of Aeroelastic Instabilities 
on a Forward-Swept Wing,” Journal of Aircraft, 1984, Vol. 21, 202–208, doi: 
10.2514/3.48246 

AFWAL Wing/Store Model 

563. Noll, T.E., and Huttsell, L.J., “Wing Store Active Flutter Suppression-Correlation of 
Analyses and Wind-Tunnel Data,” Journal of Aircraft, 1979, Vol. 16, 491–497, doi: 
10.2514/3.58553 

564. Noll, T.E., Huttsell, L.J., and Cooley, D.E., “Wing/Store Flutter Suppression 
Investigation”, Journal of Aircraft, 1981, Vol. 18, 969–975, doi: 10.2514/3.57588 

AFW - The Active Flexible Wing Program 

565. Noll, T.E., and Eastep, F.E., “Active Flexible Wing Program,” Journal of Aircraft, 1995, 
Vol. 32, 9, doi: 10.2514/3.56918 

566. Perry III, B., Cole, S.R., and Miller, G.D., “Summary of an Active Flexible Wing 
Program,” Journal of Aircraft, 1995, Vol. 32, 10–15, doi: 10.2514/3.46677 

567. Adams, W.M., and Christhilf, D.M., “Design and Multifunction Tests of a Frequency 
Domain-Based Active Flutter Suppression System,” Journal of Aircraft, 1995, Vol. 32, 52–
60, doi: 10.2514/3.46683 

568. Buttrill, C., Bacon, B., Heeg, J., Houck, J., and Wood, D., “Simulation and Model 
Reduction for the Active Flexible Wing Program,” Journal of Aircraft, 1995, Vol. 32, 23–
31, doi: 10.2514/3.46679 

569. Klepl, M.J., “Digital Flutter Suppression of Active Flexible Wing Using Moment 
Feedback,” Journal of Aircraft, 1995, Vol. 32, 205–206, doi: 10.2514/3.46702 

570. Waszak, M.R., and Srinathkumar, S., “Flutter Suppression for the Active Flexible Wing - 
A Classical Design,” Journal of Aircraft, 1995, Vol. 32, 61–67, doi: 10.2514/3.46684 

571. Hoadley, S.T., and McGraw, S.M., “Multiple-Function Digital Controller System for 
Active Flexible Wing Wind-Tunnel Model,” Journal of Aircraft, 1995, Vol. 32, 32–38, doi: 
10.2514/3.46680 



 

87 

572. Silva, W.A., and Bennett, R.M., “Application of Transonic Small Disturbance Theory to 
the Active Flexible Wing Model,” Journal of Aircraft, 1995, Vol. 32, 16–22, doi: 
10.2514/3.46678 

573. Mukhopadhyay, V., “Flutter Suppression Control Law Design and Testing for the Active 
Flexible Wing,” Journal of Aircraft, 1995, Vol. 32, 45–51, doi: 10.2514/3.46682 

574. Wieseman, C.D., Hoadley, S.T., and McGraw, S.M., “Online Analysis Capabilities 
Developed to Support the Active Flexible Wing Wind-Tunnel Tests,” Journal of Aircraft, 
1995, Vol. 32, 39–44, doi: 10.2514/3.46681 

BACT 

575. Mason, G.S., and Berg, M.C., “Multirate flutter suppression system design for a model 
wing,” Journal of Guidance, Control, and Dynamics, 1994, Vol. 17, 1267–1274, doi: 
10.2514/3.21343 

576. Mukhopadhyay, V., “Benchmark Active Control Technology: Part I,” Journal of Guidance, 
Control, and Dynamics, 2000, Vol. 23, 913, doi: 10.2514/2.4631 

577. Mukhopadhyay, V., “Benchmark Active Control Technology Special Section: Part II,” 
Journal of Guidance, Control, and Dynamics, 2000, Vol. 23, 1093, doi: 10.2514/2.4659 

578. Mukhopadhyay, V., “Benchmark Active Control Technology Special Section: Part III,” 
Journal of Guidance, Control, and Dynamics, 2001, Vol. 24, 146, doi: 10.2514/2.4693 

579. Mukhopadhyay, V., “Transonic Flutter Suppression Control Law Design and Wind-Tunnel 
Test Results,” Journal of Guidance, Control, and Dynamics, 2000, Vol. 23, 930–937, doi: 
10.2514/2.4635  

580. Waszak, M. R., “Robust Multivariable Flutter Suppression for Benchmark Active Control 
Technology Wind-Tunnel Model,” Journal of Guidance, Control, and Dynamics,Vol. 24, 
No. 1, 2001, 147–153, doi: 10.2514/2.4694 

581. Applebaum, E., Adin, Z.J., and Ben-Asher, J.Z., “Output Regulation with Actuator 
Saturation for the Benchmark Active Control Technology Model,” Journal of Guidance, 
Control, and Dynamics, 2010, Vol. 33, 1951-1966, doi: 10.2514/1.45668 

582. Applebaum, E., and Ben-Asher, J., “Control of an Aeroelastic System with Actuator 
Saturation,” Journal of Guidance, Control, and Dynamics, 2007, Vol. 30, 548–556, doi: 
10.2514/1.20763 

Beijing University High AR Low-Speed Wing Model 

583. Shao, K., Wu, Z., Yang, C., Chen, L., and Lv, B., “Design of an Adaptive Gust Response 
Allewviation Control System: Simulations and Experiments,” Journal of Aircraft, Vol. 47, 
No. 3, May-June 2010, 1022–1029 

Boeing – Solar Eagle 

584. Britt, R., Ortega, D., McTigue, J., and , M., “Wind Tunnel Test of a Very Flexible Aircraft 
Wing,” AIAA Paper 2012-1464, doi: 10.2514/6.2012-1464 

  



 

88 

FSM – Flexible Semispan Model 

585. Schuster, D., M., Spain, C.V., Turnock, D.L., Rausch, R.D., Hamouda, M.-N., Vogler, 
W.A., and Stockwell, A.E., “Development, Analysis, and Testing of the High Speed 
Research Flexible Semispan Model,” NASA/CR-1999-209556, September 1999. 

586. Silva, W.A., Keller, D.F., Florance, J.R., Ciole, S.R., and Scott, R.C., “Experimental steady 
and Unsteady Aerodynamic and Flutter Results for HSCT Semispan Models,” AIAA Paper 
2000-1697. 

HILDA (High Lift Over Drag) and AEI (Aerodynamic Efficiency Improvement) - Northrop-
Grumman & Lockheed-Martin) 

587. Love, M., Zink, P., Wieselmann, P., and Youngren, H., “Body Freedom Flutter of High 
Aspect Ratio Flying Wings,” AIAA Paper 2005, doi: 10.2514/6.2005-1947 

588. Vartio, E., Shimko, A., Tilmann, C., and Flick, P., “Structural Modal Control and Gust 
Load Alleviation for a SensorCraft Concept,” AIAA Paper 2005-1946, doi: 
10.2514/6.2005-1946 

589. Silva, W., Vartio, E., Shimko, A., Kvaternik, R., Eure, K., and Scott, R., “Development of 
Aeroservoelastic Analytical Models and Gust Load Alleviation Control Laws of a 
SensorCraft Wind-Tunnel Model Using Measured Data”, AIAA Paper 2006-1935, doi: 
10.2514/6.2006-1935 

590. Bartley-Cho, J., and Henderson, J., “Design and Analysis of HiLDA/AEI Aeroelastic Wind 
Tunnel Model,” AIAA Paper 2008-7191, doi: 10.2514/6.2008-7191 

591. Scott, R., Vetter, T., Penning, K., Coulson, D., and Heeg, J., “Aeroservoelastic Testing of 
a Sidewall Mounted Free Flying Wind-Tunnel Model,” AIAA Paper 2008-7186, doi: 
10.2514/6.2008-7186 

592. Penning, K., Love, M., Zink, P., Wei, P., Marinez, J., and de la Garza, A., “GLA and Flutter 
Suppression for a SensorCraft Class Concept Using System Identification,” AIAA 2008-
7188, doi: 10.2514/6.2008-7188 

593. Penning, K., Zink, S., Wei, P., De La Garza, A., Love, M., and Martinez, J., 
“Aeroservoelastic Analysis of a SensorCraft Vehicle and Comparison with Wind Tunnel 
Data,” AIAA Paper 2009-2405, 10.2514/6.2009-2405 

594. Scott, R.C., Vetter, T.K., Penning, K.B., Coulson, D.A., and Heeg, J., “Aeroservoelastic 
Testing of Free Flying Wind Tunnel Models. Part 1: A SidewallSupported Fullspan Model 
Tested for Gust Loads Alleviation and Flutter Suppression,” NASA TP-2013-218051, 
October 2013. 

JAPAN NAL (JAXA) Hi AR Transonic Wing Model 

595. Matsushita, H., Hatta, J., Saitoh, K., “Experimental Confirmation of Limit Cycle 
Oscillation for Active Control of Transonic Flutter in Wind Tunnel”, ICAS 2006, The 25th 
International Congress of the Aeronautical Sciences, ICAS 2006-10.2.1 

  



 

89 

The Japan NAL Low Speed Swept Wing Model 

596. Matsuzaki, Y., Ueda, T., Miyazawa, Y., and Matsushita, H., “Gust Load Alleviation of a 
Transport Type Wiing: Test and Analysis,” Journal of Aircraft, Vol. 26, No. 4, April 1989, 
322–327 

597. Ueda, T., Matsushita, H., Suzuki, S., Miyazawa, Y., “ACT Wind-Tunnel Experiments of a 
Transport-Type Wing,” Journal of Aircraft, 1991, Vol. 28, No. 2, 139–145 

KTH, Sweden, Wing Model 

598. Borglund, D., KuttenKeuler, J., “Active Wing Flutter Suppression Using a Trailing Edge 
Flap,” 2002. Journal of Fluids and Structures, Vol. 16, No. 3, 271–294, doi: 
10.1006/jfls.2001.0426 

Milan Polytechnic Wing Models 

599. Ghiringhelli, G.L., Lanz, M., and Mantegazza, P., “Active Flutter Suppression For A Wing 
Model,” Journal of Aircraft, 1990, Vol. 27, 334–341, doi: 10.2514/3.25277 

600. De Caspari, A., Ricci, S., Riccobene, L., and Scotti, A., “Active Aeroelastic Control Over 
a Multisurface Wing: Modeling and Wind-Tunnel Testing”, AIAA Journal, 2009, Vol. 47, 
1995–2010, doi: 10.2514/1.34649 

Milan Polytechnic 3-Surface WT Model 

601. Ricci, S., Scotti, A., Cecrdle, J., and Malecek, J., “Active Control of Three-Surface 
Aeroelastic Model,” Journal of Aircraft, 2008, Vol. 45, 1002–1013, doi: 10.2514/1.33303  

602. Mattaboni, M., Quaranta, G., and Mantegazza, P., “Active Flutter Suppression for a Three-
Surface Transport Aircraft by Recurrent Neural Networks,” Journal of Guidance, Control, 
and Dynamics, 2009, Vol. 32, 1295–1307, doi: 10.2514/1.40774 

603. Ricci, A., and Scotti, A., “Aeroelastic Multi-Surface Roll Control of a Three Surfaces Wind 
Tunnel Model,” AIAA 2009-2511, doi: 10.2514/6.2009-2511 

604. Ricci, S., and Scotti, A., “Gust Response Alleviation on Flexible Aircraft Using Multi-
Surface Control,” AIAA Paper 2010-3117, doi: 10.2514/6.2010-3117 

MIT Smart Wings 

605. Lin, C.Y., Crawley, E.F., and Heeg, J., “Open- and Closed-Loop Results of a Strain-
Actuated Active Aeroelastic Wing,” Journal of Aircraft, 1996, Vol. 33: 987–994, 
10.2514/3.47045 

606. Lazarus, K.,B., Crawly, E.F., and Lin, C.Y., “Multivariable Active Lifting Surface Control 
Using Strain Actuation: Analytical and Experimental Results,” Journal of Aircraft, 1997, 
Vol. 34, 313-321, doi: 10.2514/2.2200 

Nanjing University Model and Tests 

607. Huang, R., Hu, H., Zhao, Y., “Designing Active Flutter Suppression for High-Dimensional 
Aeroelastic Systems Involving a Control Delay,” Journal of Fluids and Structures, 2012, 
Vol. 34, 33–50, doi: 10.1016/j.jfluidstructs.2012.05.012 



 

90 

608. Huang, R., Zhao, Y., and Hu, H., “Wind-Tunnel Tests for Active Flutter Control and 
Closed-Loop Flutter Identification,” AIAA Journal, 2016, Vol. 54, No. 7, 2089–2099, doi: 
10.2514/1.J054649 

ONERA 

Wing with Stores 

609. Gravelle, A., “Active Flutter Control in transonic Conditions,” in Strructural Control, 1980, 
H.H.E Leipholz (ed.), North Holland publishing Company, ISBN 0 444 85485 1, 
International IUTAM Symposium on Structural Control, 297–311. 

Supercritical Transport Aircraft Wing 

610. Gravelle, A., Honlinger, H., and Vogel, S., “Flutter Calculation on a Supercritical Wing in 
the Transonic Range. Comparison Theory-Experiment,” ICAS-84.1.7.3, Congress of the 
International Council of the Aeronautical Sciences, Toulouse, France, 1984. 

Rockwell International FSW Demonstrator 

611. Miller, G.D., Wykes, J.H., and Brosnan, M.J., “Rigid-body structural mode coupling on a 
forward swept wing aircraft,” Journal of Aircraft, 1983, Vol. 20, 696–702, doi: 
10.2514/3.44931 

612. Yamamoto, T., “Impact of Aircraft Structural Dynamics on Integrated Control Design,” 
AIAA Paper 83-2216, doi: 10.2514/6.1983-2216  

Sensorcraft at the TDT 

613. Scott, R., Coulson, D., Castelluccio, M., and Heeg, J., “Aeroservoelastic Wind-Tunnel 
Tests of a Free-Flying, Joined-Wing SensorCraft Model for Gust Load Alleviation,” AIAA 
Paper 2011-1960, doi: 10.2514/6.2011-1960 

614. Silva, W., Vartio, E., Shimko, A., Kvaternik, R., Eure, K., and Scott, R., “Development of 
Aeroservoelastic Analytical Models and Gust Load Alleviation Control Laws of a 
SensorCraft Wind-Tunnel Model Using Measured Data,” AIAA Paper 2006-1935, doi: 
10.2514/6.2006-1935 

615. Reichenbach, E., Castelluccio, M., and Sexton, B., “Joined Wing Sensorcraft 
Aeroservoelastic Wind Tunnel Test Program,” AIAA Paper 2011-1956, doi: 
10.2514/6.2011-1956 

616. Reichenbach, E., and Sharma, V., “Development of an Innovative Support System for 
SensorCraft Model,” AIAA Paper 2011-1958, doi: 10.2514/6.2011-1958 

617. Scott, R., Coulson, D., Castelluccio, M., and Heeg, J., “Aeroservoelastic Wind-Tunnel 
Tests of a Free-Flying, Joined-Wing SensorCraft Model for Gust LoadAlleviation,” AIAA 
Paper 2011-1960, doi: 10.2514/6.2011-1960 

618. Reichenbach, E., “Aeroservoelastic Design and Test Validation of the Joined Wing 
Sensorcraft,” AIAA Paper 2008-7189, doi: 10.2514/6.2008-7189 

619. Scott, R.C., Vetter, T.K., Penning, K.B., Coulson, D.A., and Heeg, J., “Aeroservoelastic 
Testing of Free Flying Wind Tunnel Models. Part 2: A Centerline Supported Fullspan 
Model Tested for Gust Loads Alleviation,” NASA TP-2014-218170, February 2014. 



 

91 

Truss Braced WT Model 

620. Scott, R.C., Bartels, R.E., Funk, C.J., Allen, T.J., Sexton, B.W., Dykman, J.R., and 
Coulson, D.A., “Aeroservoelastic Test of the Subsonic Ultra-Green Aircraft Research 
Truss-Braced Wing Model,” Journal of Guidance, Control, and Dynamics, 2016, Vol. 39: 
1820–1833, doi: 10.2514/1.G000265 

S4T (NASA) 

621. Roughen, K., Bendiksen, O., and Gadient, R., “Active Aeroelastic Control of the 
Supersonic Semispane Transport (S4T) Model,” AIAA Paper 2010-8397 

622. Chen, P.-C., Moulin, B., Ritz, E., Lee, D.H., and Zhang, Z., “CFD-Based Aeroservoelastic 
Control for Supersonic Flutter Suppression, Gust Load Alleviation, and Ride Quality 
Enhancement,” AIAA Paper 2009-2537, doi: 10.2514/6.2009-2537 

Uncertainty 

623. Brenchley, N., and Grant, R., “Experience with the Concorde Flying Control System,” 
Paper 19 in: AGARD CP-157, Impact of Active Control Technology on Airplane Design, 
1974.  

624. Schwanz, R., Cerr, J., and Blair, M., “Dynamic Modeling Uncertainty Affecting Control 
System Design,” AIAA Paper 1984-1057, 10.2514/6.1984-105 

625. Miyazawa, Y., and Dowell, E.H., “Approach to modeling and estimation for uncertain 
systems,” Journal of Guidance, Control, and Dynamics, 1989, Vol. 12, 672–680, doi: 
10.2514/3.20461 

626. Miyazawa, Y., and Dowell, E., “Robust Control System Design with Multiple Model 
Approach and Its Application to Active Flutter Control,” AIAA Paper 1989-3578, doi: 
10.2514/6.1989-3578  

627. Balmes, E., Wright, Jan., “GARTEUR Group on Ground Vibration Testing. Results from 
the Test of a Single Structure by 12 Laboratories in Europe,” 15th International Modal 
Analysis Conference (IMAC), 1997  

628. Poirion, F., “On Some Stochastic Methods Applied to Aeroservoelasticity,” Aerospace 
Science and Technology, Vol. 4, No. 3, April 2000, 201–214, doi: 10.1016/S1270-
9638(00)00118-8 

629. Potter, S., Lind, R., “Developing Uncertainty Models for Robust Flutter Analysis Using 
Ground Vibration Test Data,” AIAA Paper 2001-1585, doi: 10.2514/6.2001-1585 

630. Brenner, M.J., “Aeroservoelastic Model Uncertainty Bound Estimation from Flight Data,” 
Journal of Guidance, Control, and Dynamics, 2002, Vol. 25, 748–754, doi: 10.2514/2.4942 

631. Petitt, C.L., “Uncertainty Quantification in Aeroelasticity: Recent Results and Research 
Challenges,” Journal of Aircraft, 2004, Vol. 41, 1217–1229, doi: 10.2514/1.3961 

632. Lindsley, N., and Beran, P., “Methods for Quantifying Uncertainties in Aeroelastic 
Responses,” Computational Uncertainty in Military Vehicle Design, 2007, NATO RTO-
MP-AVT-147-50, doi: 10.14339/RTO-MP-AVT-147 

633. Lindsley, N., and Beran, P., “A Framework for Quantification of Uncertainty in Aeroelastic 
Systems,” Computational Uncertainty in Military Vehicle Design, 2007, NATO RTO-MP-
AVT-147-62, doi: 10.14339/RTO-MP-AVT-147 



 

92 

634. Poirion, F., “Uncertainty and Aeroelasticity: A Review of ONERA’s Experience,” 
Computational Uncertainty in Military Vehicle Design, 2007, NATO RTO-MP-AVT-147-
38, doi: 10.14339/RTO-MP-AVT-147 

635. Styuart, A.V., Demasi, L., Livne, E., and Lin, K., “Probabilistic Modeling of the 
Aeroelastic Life Cycle for Risk Evaluation of Composite Structures,” AIAA Paper 2008-
2300, doi: 10.2514/6.2008-2300 

636. Lind, R., “Flutter Margins for Multimode Unstable Couplings with Associated Flutter 
Confidence,” Journal of Aircraft, 2009, Vol. 46, 1563–1568, doi: 10.2514/1.40328 

637. Chung, C.H., Shin, S.J. & Kim, T. J., “Development of an Aircraft Worst Case Flutter 
Prediction with Mach Variation Using Robust Stability Analysis,” Journal of Mechanical 
Science and Technology August 2009, Vol. 23, No. 8, 2059–2071, doi: 10.1007/s12206-
009-0506-1 

638. Marques, S., Badcock, K.J., Khodaparast, H.H., and Mottershead, J.E., “Transonic 
Aeroelastic Stability Predictions Under the Influence of Structural Variability,” Journal of 
Aircraft, 2010, Vol. 47, 1229–1239, doi: 10.2514/1.46971 

639. Danowsky, B.P., Chrstos, J.R., Klyde, D.H., Farhat, C., and Brenner, M., “Evaluation of 
Aeroelastic Uncertainty Analysis Methods,” Journal of Aircraft, 2010, Vol. 47, 1266–
1273, doi: 10.2514/1.47118 

640. Styuart, A.V., Livne, E., Demasi, L., and Mor, M., “Flutter Failure Risk Assessment for 
Damage-Tolerant Composite Aircraft Structures,” AIAA Journal, 2011, Vol. 49: 655–669, 
doi: 10.2514/1.J050862 

641. Borglund, D., “Robust Aeroelastic Stability Analysis Considering Frequency-Domain 
Aerodynamic Uncertainty,” Journal of Aircraft, Vol. 40, No. 1, 2003, 189–193, doi: 
10.2514/2.3074 

642. Moulin, B., “Modeling of Aeroservoelastic Systems with Structural and Aerodynamic 
Variations,” AIAA Journal, Vol. 43, No. 12, 2005, 2503–2513, doi: 10.2514/1.15023 

643. Wu, Z., Dai, Y., Yang, Chao., Chen, Lei., “Aeroelastic Wind-Tunnel Test for Aerodynamic 
Uncertainty Model Validation,” Journal of Aircraft, Vol. 50, No. 1, 2013, 47–55, doi: 
10.2514/1.C031618 

644. Borglund, D., “The mu-k Method for Robust Flutter Solutions,” Journal of Aircraft, Vol. 
41, No. 5, 2004, 1209–1216, doi: 10.2514/1.3062 

645. Borglund, D., and Nilsson, U., “Robust Wing Flutter Suppression Considering 
Aerodynamic Uncertainty,” Journal of Aircraft, 2004, Vol. 41, 331–334, doi: 
10.2514/1.9328 

646. Borglund, D., “Robust Eigenvalue Analysis Using the Structured Singular Value: The mu-
p Flutter Method,” AIAA Journal, Vol. 46, No. 11, 2008, 2806–2813, doi: 10.2514/1.35859  

647. Borglund, D., Ringertz, U., “Solution of the Flutter Eigenvalue Problem with Mixed 
Structural/Aerodynamic Uncertainty”, Journal of Aircraft, 2012, Vol. 48, No. 1, 343–348, 
doi: 10.2514/1.C031204 

648. Avalos, J., Swenson, E.D., Mignolet, M.P., and Lindsley, N.J., “Stochastic Modeling of 
Structural Uncertainty/Variability from Ground Vibration Modal Test Data,” Journal of 
Aircraft, 2012, Vol.49, 870–884, doi: 10.2514/1.C031546 

649. Zeng, J., Chen, P.C., and Kukreja, S., “Investigation of the Prediction Error Identification 
for Flutter Prediction,” AIAA Paper 2012-4575, 10.2514/6.2012-4575  



 

93 

650. Danowsky, B., Schulze, P., and Brenner, M., “Structured-Singular-Value-Based Optimal 
Aeroelastic Uncertainty Quantification using Surrogate Models and Flight Test Data,” 
AIAA 2012-4950, 10.2514/6.2012-4950 

651. Marques, S., Badcock, K.J., Khodaparast, H.H., and Mottershead, J.E.,, “How Structural 
Model Variability Influences Transonic Aeroelastic Stability,” Journal of Aircraft, 2012, 
Vol.49, 1189–1199, doi: 10.2514/1.C031103 

652. Dai, Y., and Yang, C., “Methods and Advances in the Study of Aeroelasticity with 
Uncertainty,” Chinese Journal of Aeronautics, Vol. 27, No. 3, June 2014, 461–474, doi: 
10.1016/j.cja.2014.04.016 

653. Wu, S., and Livne, E., “Probabilistic Aeroservoelastic Reliability Assessment Considering 
Control System Component Uncertainty,” AIAA Journal, 2016, Vol. 54, 2507–2520, doi: 
10.2514/1.J054824 

654. Beran, P., Stanford, B., and Schrock, C., “Uncertainty Quantification in Aeroelasticity,” 
Annual Review of Fluid Mechanics, 2016, doi: 10.1146/annurev-fluid-122414-034441 

655. Bansal, P., Pitt, D. M., “Effects of Variations in Structural Properties of a Generic Wing 
on Flutter Prediction,” AIAA Paper 2012-1795, doi: 10.2514/6.2012-1795 

656. Pitt, D. M., Haudrich, D. P., Thomas M. J., Griffin, K. E., “Probabilistic Aeroelastic 
Analysis and Its Implications on Flutter Margin Requirements,” AIAA Paper 2008-2198, 
doi: 10.2514/6.2008-2198 

657. Bansal, P., Pitt, D. M., “Stochastic Variations in Aerodynamic Influence Coefficients 
(AICs): Effects on Flutter Prediction of a Generic Wing,” AIAA Paper 2013-1841., doi: 
10.2514/6.2013-1841 

658. Wu, S., and Livne, E., “Uncertainty Analysis of Flutter Predictions with Focus on the 
AGARD 445.6 Wing,” AIAA Paper 2017-0412, doi: 10.2514/6.2017-0412. 

659. Attar, P.J., and Dowell, E.H., “Stochastic Analysis of a Nonlinear Aeroelastic Model using 
the Response Surface Method,” Journal of Aircraft, Vol. 43, No. 4, July-August 2006, 
1044–1052, doi: 10.2514/1.17525 

660. Karpel, M., “Sensitivity derivatives of flutter characteristics and stability margins for 
aeroservoelastic design”, Journal of Aircraft, 1990, Vol .27, 368–375, doi: 
10.2514/3.25281 

Aeroservoelastic MDO 

661. Sensburg, O., Schmidinger, G., and Fuellhas, K., “Integrated Design of Structures,” Journal 
of Aircraft, 1989, Vol. 26, 260–270, doi: 10.2514/3.45755 

662. Suzuki, S., and Matsuda, S., “Structure/control Design Synthesis of Active Flutter 
Suppression System by Goal Programming,” Journal of Guidance, Control, and Dynamics, 
1991, Vol. 14, 1260–1266, doi: 10.2514/3.20782 

663. Suzuki, S., and Yonezawa, S., “Simultaneous Structure/Control Design Optimization of a 
Wing Structure with a Gust Load Alleviation System,” Journal of Aircraft, 1993, Vol. 30, 
268–274, doi: 10.2514/3.48276 

664. Livne, E., Schmit, L.A., and Friedmann, P.P., “Integrated Structure/Control/Aerodynamic 
Synthesis of Actively Controlled Composite Wings,” Journal of Aircraft, Vol. 30, No. 3, 
May-June 1993, 387–394. 

665. Bindolino, G., Ricci, S., and Mantegazza, P., “Integrated Servostructural Optimization in 
the Design of Aerospace Systems,” Journal of Aircraft, 1999, Vol. 36, 167–175, doi: 
10.2514/2.2423 



 

94 

666. Nam, C., Chen, P.-C., Liu, D., and Chattopadhyay, A., “ASTROS with Smart Structures 
and ASE Modules - Application to Flutter Suppression and Gust-Load Alleviation,” AIAA 
Paper 2000, doi: 10.2514/6.2000-1365 

667. Nam, C., Chattopadhyay, A., and Kim,Y., “Optimal Wing Planform Design for Aeroelastic 
Control,” AIAA Journal 2000, Vol. 38, 1465–1470, doi: 10.2514/2.1123 

668. Moulin, B., Idan, M., and Karpel, M., “Aeroservoelastic Structural and Control 
Optimization Using Robust Design Schemes,” Journal of Guidance, Control, and 
Dynamics, 2002, Vol. 25, 152–159, doi: 10.2514/2.4860 

669. Haghighat, S., Martins, J.R.R.A., and Liu, H.H., “Aeroservoelastic Design Optimization 
of a Flexible Wing,” Journal of Aircraft, 2012, Vol. 49, 432–443, doi: 10.2514/1.C031344 

670. Qian, W., Huang, R., Hu, H., and Zhao, Y., “New Method of Modeling Uncertainty for 
Robust Flutter Suppression,” Journal of Aircraft, Vol. 50, No. 3, 2013, 994–999, doi: 
10.2514/1.C031987 

671. Jackson, T., and Livne, E., “Integrated Aeroservoelastic Design Optimization of Actively-
Controlled Strain-Actuated Flight Vehicles,” AIAA Journal, 2014, Vol. 52, No. 6, 1105–
1123, doi: 10.2514/1.J050941 

672. Xu, J., and Kroo, I., “Aircraft Design with Active Load Alleviation and Natural Laminar 
Flow,” Journal of Aircraft, 2014, Vol. 51, 1532–1545, doi: 10.2514/1.C032402 

673. Stanford, B., “Optimization of an Aeroservoelastic Wing with Distributed Multiple Control 
Surfaces,” Journal of Aircraft, 2016, Vol. 53, 1131–1144, doi: 10.2514/1.C033613 

674. Stanford, B., “Static and Dynamic Aeroelastic Tailoring with Variable-Camber Control,” 
Journal of Guidance, Control, and Dynamics, doi: 10.2514/1.G000413, posted online 1 
August 2016 

Targeted Energy Transfer 

675. Lee, Y., Vakakis, A.F., Bergman, L., McFarland, D.M., and Kerschen, G., “Suppression 
Aeroelastic Instability Using Broadband Passive Targeted Energy Transfers, Part 1: 
Theory,” AIAA Journal, 2007, Vol. 45, 693–711, doi: 10.2514/1.24062  

676. Lee, Y.S., Kerschen, G., McFarland, D.M., Hill, W.J., Nichkawde, C., Strganac, T.W., 
Bergman, L.A., and Vakakis, A.F., “Suppressing Aeroelastic Instability Using Broadband 
Passive Targeted Energy Transfers, Part 2: Experiments,” AIAA Journal, 2007, Vol. 45, 
2391–2400, doi: 10.2514/1.28300 

677. Lee, Y.S., Vakakis, A.F., Bergman, L.A., McFarland, D.M., and Kerschen, G., “Enhancing 
the Robustness of Aeroelastic Instability Suppression Using Multi-Degree-of-Freedom 
Nonlinear Energy Sinks,” AIAA Journal, 2008, Vol. 46, 1371–1394, doi: 10.2514/1.30302 

678. Hubbard, S.A., McFarland, D.M., Bergman, L.A., and Vakajis, A.F., “Targeted Energy 
Transfer Between a Model Flexible Wing and Nonlinear Energy Sink,” Journal of Aircraft, 
2010, Vol. 47, 1918–1931, doi: 10.2514/1.C001012 

679. Hubbard, S.A., McFarland, D.M., Bergman, L.A., Vakakis, A.F., Andersen, G., “Targeted 
Energy Transfer Between a Swept Wing and Winglet-Housed Nonlinear Energy Sink,” 
AIAA Journal, 2014, Vol. 52, 2633–2651, doi: 10.2514/1.J052538 

680. Hubbard, S.A., Fontenot, R.L., McFarland, D.M., Cizmas, P.G., Bergman, L.A., Strganac, 
T.W., and Vakakis, A.F., “Transonic Aeroelastic Instability Suppression for a Swept Wing 
by Targeted Energy Transfer,” Journal of Aircraft, 2014, Vol. 51, 1467–1482, doi: 
10.2514/1.C032339 



 

95 

Certification 

681. Zitchenkov, M.Ch., Dovbishchuk, V.I., and Popovsky, V.N., “System of Aeroservoelastic 
Experimental and Numerical Investigations for Aircraft Design and Certification,” 
AGARD CP-566, Advanced Aeroservoelastic Testing and Data Analysis, 1995. 

682. Long, P.,J. ; Ellis, J., E., “A Comparison of Air Force Versus Federal Aviation 
Administration Airframe Structural Qualification Criteria: MIL-A-87221 (USAF) Versus 
FAR Parts 23 and 25,” USAF ASD-TR-86-5018, August 1986, DTIC ADA180922, 
http://www.dtic.mil/docs/citations/ADA180922 

683. FAA Overview – Title 14 of the Code of Federal Regulations (14 CFR), 
https://www.faa.gov/regulations_policies/handbooks_manuals/aircraft/amt_handbook/me
dia/faa-8083-30_ch12.pdf 

684. FAA 14 Code of Federal Regulations (CFR) Parts 21, 23, & 25,http://www.ecfr.gov/cgi-
bin/text-idx?rgn=div5;node=14%3A1.0.1.3.9 

685. FAA, “Aeroelastic Stability Substantiation of Transport Category Aircraft,” FAA 
Advisory Circular AC 25.629-1B, 10/27/2014, 
http://www.faa.gov/documentLibrary/media/Advisory_Circular/AC_25_629-1B.pdf 

686. FAA, “Means of Compliance with Title 14 CFR, Part 23, § 23.629, Flutter,” 9/28/2004, 
http://www.faa.gov/documentLibrary/media/Advisory_Circular/AC23-629-1b.pdf 

687. FAA Advisory Circular AC 25.672-1, Active Flight Controls, 11/15/83, 
https://www.faa.gov/regulations_policies/advisory_circulars/index.cfm/go/document.info
rmation/documentID/22661 

688. FAA DO-178B DO-178B, Software Considerations in Airborne Systems and Equipment  
689. FAA AC 20-171 - Alternatives to RTCA/DO-178B for Software in Airborne Systems and 

Equipment, 
https://www.faa.gov/regulations_policies/advisory_circulars/index.cfm/go/document.info
rmation/documentID/698460 

690. FAA RTCA/DO-254, “Design Assurance Guidance For Airborne Electronic Hardware”. 
Certification Authorities Software Team (CAST) Position Paper CAST-30 Simple 
Electronic Hardware and RTCA Document DO-254 and EUROCAE Document ED-80, 
Design Assurance Guidance for Airborne Electronic Hardware. 

691. MIL-STD-1797A - Flying Qualities of Piloted Aircraft (followed by Mil-HDBK-1797). 
692. SAE, “Aerospace - Flight Control Systems - Design, Installation and Test of Piloted 

Military Aircraft, General Specification For,” SAE AS94900, 2007-07-06, 
http://standards.sae.org/as94900/  

693. SAE, “Aerospace - Vehicle Management Systems - Flight Control Design, Installation and 
Test of, Military Unmanned Aircraft, Specification Guide For,” SAE ARP94910, 2012-12-
19, http://standards.sae.org/arp94910/  

694. Boeing, “Background Information and User’s Guide for MIL-F-9490,” January 1975, 
NTIS AD-A029074 

695. IEEE 12207, “Systems and Software Engineering—Software Life Cycle Processes” 
696. MIL-STD-498 Establishes Uniform Requirements for Software Development and 

Documentation (Replaced DOD-STD-2167A, DOD-STD-7935A, and DOD-STD-1703) 
697. MIL-HDBK-516C, Dec. 2014. Airworthiness certification criteria, standards and methods 

of compliance to be used in the determination of airworthiness of all manned and 
unmanned aircraft. 



 

96 

698. EASA “Proposed Special Condition for Installation of Flutter Suppression System,” 
Boeing 747-8/-8F – Special Condition C-18, 
http://www.easa.europa.eu/system/files/dfu/SC%20C-18%20for%20publication.pdf 

699. Department of Transportation, Federal Aviation Administration, 14 CFR Part 25, Docket 
No. NM400; Special Conditions No. 25-388A-SC, Special Conditions: Boeing Model 747-
8/-8F Airplanes, Interaction of Systems and Structures. 

700. Federal Aviation Administration, Special Conditions: Boeing Model 747-8/-8F Airplanes; 
Interaction of Systems and Structures, 8/12/2009, 
https://www.federalregister.gov/documents/2009/08/12/E9-19246/special-conditions-
boeing-model-747-8-8f-airplanes-interaction-of-systems-and-structures 

701. Federal Aviation Administration 14 CFR Part 25 (Docket No. FAA-2016-6137; Notice No. 
25-16-05-SC), Special Conditions: The Boeing Company Model 787-10 
Airplane;Aeroelastic Stability Requirements, Flaps-Up Vertical Modal Suppression 
System, Federal Register, Vol. 81, No. 182, Tuesday, September 20, 2016, Proposed Rules, 
pp. 64360-64364 

702. Federal Aviation Administration 14 CFR Part 25 (Docket No. FAA-2016-6137; Notice No. 
25-16-05-SC), Special Conditions: The Boeing Company Model 787-10 Airplane; 
Aeroelastic Stability Requirements, Flaps-Up Vertical Modal Suppression System, Federal 
Register, Vol. 81, No. 182, Sept. 2016, Proposed Rules, pp. 64,360–64,364. 


	Abstract
	Key Words
	Table of Contents
	List of Figures



