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Abstract

An aerodynamic model of a minimally-actuated flapping-wing micro air vehicle is derived from blade element
theory. The proposed vehicle is similar to the Harvard RoboFly that accomplished the first takeoff of an insect scale
flapping wing aircraft, except that it is equipped with independently actuated wings, and the vehicle center of gravity
can be manipulated for control purposes. Using a blade element-based approach, both instantaneous and cycle-
averaged forces and moments are computed for a specific type of wing beat motion that enables nearly decoupled,
multi-degree-of-freedom control of the aircraft. The wing positions are controlled using oscillators whose
frequencies change once per wing-beat cycle. A new technique is introduced, called Split-Cycle Constant-Period
Frequency Modulation, that has a number of desirable properties, such as maintaining energy efficiency by
operating the wing-actuator systems near resonance, as well as providing a high level of control input decoupling for
vehicles without active angle-of-attack control. The wing angle-of-attack variation in this vehicle is passive by
design, and is a function of the instantaneous angular velocity of the wing in the stroke plane and the geometry of a
hinge limiting device. A control-oriented dynamic model of the vehicle is derived for the purpose of developing a
cycle-averaged control law. The cycle-averaged control law is tested in a simulation of the vehicle that accounts for
instantaneous variations in the forces and moments as the wings move through their wing beat cycles. Simulation
results indicate that controlled six degree-of-freedom motion of the fuselage can be achieved by appropriately
shaping waveforms that drive two actuators that control the instantaneous position of the wings in the stroke-plane,
and a third actuator that provides limited control over the vehicle center of gravity location.
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