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In highly flexible aircraft, the large structural slenderness associated to their high-aspect-ratio wings,
while bringing challenges to the design, analysis, and control of such aircraft, can be pro-actively
exploited for improving their flight performance, resulting in mission-adaptive morphing configurations.
This paper studies the optimum wing bending and torsion deformation of highly flexible aircraft, with
distributed control loads along the wing span to achieve the optimum wing geometry. With the goal of
improving flight performance across the entire flight regime, a modal based wing shaping optimization is
carried out, subject to the requirement of trim and control cost limitation. While a single objective of the
minimum drag can be used to find the optimum wing geometry, this paper further considers a trade-off
between flight efficiency and structural integrity. In this trade-off study, a multi-objective optimization
is formulated and performed, targeting for both minimizing the drag to improve flight efficiency and
reducing the gust-induced wing bending moment to enhance the structural integrity. Finally, this paper
explores the minimum control cost for different targets of combined flight efficiency and structural
integrity. This paper provides not only an efficient way to search for the desired wing planform geometry
at a given flight condition but also insights of the required control effort that is necessary to maintain

the wing geometry.

© 2018 Published by Elsevier Masson SAS.

1. Introduction

The improvement of aircraft operation efficiency needs to be
considered over the whole flight plan, instead of a single point in
the flight envelope, since the flight condition varies in a flight mis-
sion. Therefore, it is natural to employ morphing wing designs so
that the aircraft can be made adaptive to different flight conditions
and missions. At the advent of recent development in advanced
composites as well as sensor and actuator technologies, in-flight
adaptive wing/airfoil morphing is now becoming a tangible goal.
Traditionally, discrete control surfaces were used to re-distribute
the aerodynamic loads along the wing span during the flight, to
tailor the aircraft performance. However, the deflection of discrete
control surfaces may increase the aerodynamic drag. A practical al-
ternative is to introduce conformal wing/airfoil shape changes for
the aerodynamic load control. In addition, the flexibility associated
with the morphing wing structures may be pro-actively utilized
to improve the aircraft performance. The active aeroelastic tailor-
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ing techniques will allow aircraft designers to take advantage of
the wing flexibility to create the desired wing load distribution
according to the mission requirement, to improve overall aircraft
operating efficiency and performance, without using the traditional
discrete control surfaces. The utilization of these concepts is predi-
cated upon the optimum shape being known and a control system
which can produce this wing shape.

The question of determining the optimum wing shape has been
studied in depth. Recently, Chen et al. [1] investigated the effects
of various trim conditions on the aerodynamic shape optimization
of the Common Research Model wing-body-tail configuration. Us-
ing a free-form distribution for the wing geometry coupled with
a RANS solver for the aerodynamics, they studied the impact of a
trim constraint on the optimization process. Through a series of
optimizations utilizing the trim conditions at varying points in the
design process, they concluded that considering the trim during
optimization yields the best performance. In a similar study, Lyu
and Martins [2] performed an aerodynamic optimization of the
trailing edge of a wing. Their optimization showed the drag re-
ductions (including induced drag, friction drag and wave drag of a
full aircraft planform) with shape optimization of either the entire
wing or just the trailing edge. Previtali et al. [3] used a concurrent
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Nomenclature
a Centrifugal acceleration........................... m/s? Q Tuning matrix for control cost
B Body-fixed frame q Trim or design variables
b¢ semi-chord of airfoil......................cooll m R Radius of turning path ......................ooooilt m
Bf, BV, N¢ Influence matrices for aerodynamic force, moment, Rr, Rp  Flexible and rigid-body components of generalized
and gravity force load vector
Br, By Components of influence matrix for u R%, R} Generalized loads due to u
B/, B" Influence matrices in control loads rr, rg  Residuals of equilibrium equation
Crr, Crp, Cgr, Cgg  Components of generalized damping matrix T Thrust force vector..........covviiviiniiieennennnnn.. N
CCB Rotation matrix from body frame to global frame Uc Control cost
Cq1,Cy, C3,C4 Optimization constraints Uso Flight speed.........ccooiiiiiiiiiiiiiiiie i m/s
d distance of midchord in front of beam reference u Distributed wing shaping control force vector
AXES ettt ettt e m W Wing node-fixed local frame
Emax» Rmax Maximum endurance and range of aircraft.... s, m wg GUSt VelOCItY ..o v e m/s
F?, M Aerodynamic force and moment on wing v, 2z, Z, &, & Airfoil motion variables in local aerodynamic
a5 (o) L N, N-m frame
F?', M2" Complete points loads due to u agp Aircraft pitching angle ............................. rad
F1, Fo, F3 Matrices for inflow states differential equitation og Gust-induced angle of attack....................... rad
G Global or inertial frame B Rigid-body velocity of aircraft.............. m/s, rad/s
g Gravitational acceleration vector................. m/s? & Complete strain vector of aircraft
] Jacobian matrices relating independent and dependent &l Initial strain of aircraft
variables € (&x, kx, ky, kz) Elemental strain vector and its components
Krr Generalized stiffness matrix I Quaternion
L, D, W Total lift, drag, and weight of aircraft............... N n Magnitude of mode shapes
lme, Mme, dme  Aerodynamic lift, moment, and drag in local A Inflow states for unsteady aerodynamics
aerodynamic frame about midchord.............. N/m Ao Induced velocity due to wake..................... m/s
Mg, Mg, Mpr, Mg Components of generalized inertia ma- £1, & Tuning parameters in multi-objective optimizations
trix Poo AT denSity .o .vveee e kg/m3
M§ Gust-induced aerodynamic bending moment.... N-m P Linear mode shape of aircraft
Pp Inertial rigid-body position of aircraft............... m ©B Aircraft bank angle.............oooiiiiiiiin rad

approach to optimize a 3-D morphing wing. In this work, rolling
moment, weight, and maneuver aerodynamic drag were consid-
ered at different flight speeds, where the wing performances were
compared with those of a conventional wing. Taking the optimiza-
tion a step further requires the development of a realistic system
capable of producing the optimum shape that is suitable for a
given flight condition. This concept was highlighted in Nguyen et
al. [4], where the design of the Variable Camber Continuous Trail-
ing Edge Flap (VCCTEF) is introduced. In addition, an optimization
is performed to determine the deflection angles required through-
out the trailing edge to improve the flight performance.

Many wing morphing technologies have been developed over
the years as the materials and fabrication methodologies have
advanced. Molinari et al. [5] presented wind tunnel and flight
tests of a morphing wing built by using compliant mechanisms
and piezoelectric actuators. In Nguyen et al. [6] the principles of
aerodynamic shape optimization and morphing wing structures
were explored. The optimization process led to the development
of the VCCTEF, which was a novel concept for improving aircraft
performance by drag reduction. A further study of the VCCTEF
wing model was conducted by Nguyen and Ting [7], where they
performed a flutter analysis of the mission-adaptive wing. The
methodology included a vortex-lattice aerodynamic model coupled
with a finite element structural dynamic model. Urnes et al. [8]
provided an updated review of the development, design, and test-
ing of the VCCTEF project. Under the support of the U.S. Air Force
Research Laboratory, FlexSys, Inc. developed the Mission Adaptive
Compliant Wing (MAC-Wing) to test and evaluate its performance.
The adaptive trailing edge flap technology was combined with a
natural laminar flow airfoil and tested on the Scaled Composites
White Knight aircraft. The testing suggested fuel saving, weight
reduction, and improved control authority [9,10]. In an effort to

move from an adaptable trailing edge to a completely adaptable
wing structure, the Cellular Composite Active Twist Wing was de-
signed and tested in Cramer et al. [11], showing promising re-
sults. A scaled airplane model was built, which incorporated ac-
tive twist wings and was compared to a similar rigid model with
traditional control surfaces in wind tunnel tests. The active twist
wings showed similar capabilities for symmetric and asymmetric
movements as well as added benefits in the stall mitigation. An
overview of the process used to design the composite lattice-based
cellular structures for active wing shaping was presented in Jenett
et al. [12], in which they presented a detailed approach for design-
ing a low density and highly compliant structure.

Although both the optimization process and the morphing tech-
nology have improved, there is a need for a complete system,
in which a robust controller may actuate and maintain the wing
members to the desired optimum shape throughout the flight en-
velope. The controller may also perform the required maneuver
and vibration control during the flight. Most current optimiza-
tion schemes utilize a CFD aerodynamic model coupled with dis-
crete structural points as design variables. These methods produce
promising results. However, when optimization is performed over
an entire flight plan, this approach could be very time-consuming.
Moreover, these methods consider the detailed wing shape rather
than the wing bending and torsions associated with highly flexible,
large aspect-ratio wing members. Recent developments of morph-
ing technologies such as the Cellular Composite Active Twist Wing
take advantage of the flexible nature of high-aspect-ratio wings.
Therefore, it is natural to develop an optimization scheme that
mainly considers the bending and torsion of the high-aspect-ratio
wings of high-altitude, long-endurance aircraft. This concept was
implemented in Su et al. [13], which utilized a modal based op-
timization approach in determining the best feasible wing shape
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