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In this paper, a real-time, on-board methodology to utilize wind energy associated with air currents is
proposed for saving power, minimizing fuel consumption and increasing endurance during ight  of  an
unmanned aerial vehicle (UAV). The UAV is modeled as a 3D dynamic point mass and a non-linear
receding horizon control algorithm is investigated for implementation of real-time guidance strategies
developed for wind energy utilization.
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I. Introduction

In 1903, the Wright brothers demonstrated powered aircraft ight for the rst time in history. In a little
over a hundred years from that date, mankind has gone from ying primitive wooden aircraft a few hundred
feet at a time to sending ying metal marvels across the planet.

While there are many examples of aircraft that have grown in size and scope over history, there are
also  examples  of  aircraft  that  have  been  scaled  down  in  size  but  still  maintain  a  massive  scope:
unmanned aerial vehicles. Small-scale unmanned aerial vehicles (UAVs) exist in a variety of forms and
are used to ful ll a multitude of needs. A glider that a pilot controls remotely, a drone the military uses for
surveillance are just two examples of the roles UAVs take and the needs they ll. Moreover, UAVs are used
in  applications for  search  and rescue,  science,  leisure,  training,  surveillance,  agriculture,  military, re-
ghting, policing and more.

In order to serve these applications as best as possible, the aircraft we create are usually optimized with
respect to a desired performance objective. They have gone from composition of wood to metal and from metal
to composite. They have been revised and redesigned based on advancements in theory and empirical data.
Such advancements include winglets, which enhance aerodynamic e ciency and save fuel by reducing the
downwash induced on the wing. Their recent implementation on commercial airliners is evidence that aircraft
innovations are not at an end. An observation worth noting is that the ways in which aircraft have improved over



ability to climb in altitude and maintain level ight with apping wings as the only means of propulsion.
Another  way  in  which  nature  has  in  uenced  our  understanding  of  and  approach  to  ight  is  through
tubercles, the bumps on the ns of Humpback whales. Research has found that tubercles act as vortex
generators to produce turbulent ow over the whale's n and improve stall performance.2 Tubercles have
been  tested  for  applications  in  air  with  results  indicating  enhancement  to  lift  properties.3,  4 These
examples of biomimcry hardly scratch the surface of the potential improvements we can harness from
copying nature's approach to ight.

The ways nature approaches ight and the ways in which we might be able to bene t from a similar approach

have been investigated in the past. Richardson5 created a simple dynamical model of wind-shear soaring and
found that an estimated 80-90% of the total energy required for sustained ight can be extracted from wind-
shear soaring. The promise of energy bene ts from dynamic soaring motivated other research on the topic.

Zhao6 formulated a glider's dynamic soaring as a 3D point mass with utilization of wind gradients as a non-
linear optimal control problem and investigated various performance indices and terminal conditions to yield di
ering optimal ight patterns, each with their own prospective uses. Furthermore, using a 3D point mass and
linear wind gradients, optimal powered dynamic soaring ights of UAVs utilizing wind gradients at low altitudes

for reducing fuel consumption were studied by Qi and Zhao.7 They were able to compare the characteristics of
minimum thrust  dynamic  soaring  cases  with  those of  minimum power  dynamic  soaring  to  nd similar  fuel

savings  bene  ts  between  the  two  approaches.  Additional  air  current  research  of  Qi  and  Zhao8 includes
modeling a 2D point mass model of a UAV ying through a region of vertically owing thermal air current. Their
results suggest signi cant improvements in UAV fuel consumption are possible by taking advantage of thermal

air  energy.  Enforcing  the  e  ectiveness  of  using  thermal  air  currents,  Akhtar  et  al.9 created  a  positioning
algorithm for autonomous thermal soaring where a simulated 6DOF model is used to estimate the interaction of
a sailplane with thermal updrafts. In their study, a control system, based on classical theory, is used to guide
the sailplane for maximum bene t from the thermal energy. A situationally unique approach to energy savings is

taken by White, C. et al.,10 who conducted a feasibility study for micro air vehicles (MAVs) saving energy by
soaring near tall buildings. Provided issues of controllability could be overcome, the study ndings indicated the
prospect for soaring to be realistic. The current status of the technology in the eld of miniature air vehicles and

prospective future innovations were discussed by Gerdes et al.11 in a review of miniature air vehicle designs
with bird-inspired apping wings.

The utilization of these air currents and ight strategies requires computer algorithms capable of providing



II. Aircraft System Description

Properly de ning the system at hand is critical to generating the parameters, equations, and algorithm
so that  the nal  results  can emulate reality to the desired level  of  accuracy. The typical  approach to
modeling the aircraft dynamics include de nition of a system with six degrees of freedom (6DOF). While
this  is  common and  serves  as  an  accurate  model,  the  computational  burden  induced by the  highly
complex system model is  not  ideal for real-time optimization applications.  Furthermore,  the accuracy





which consists of the terminal cost function and the Lagrangian. It follows that the necessary condition for 
optimal control takes the form of the two-point boundary value problem shown in Eq.(17).

x  = HT  = f where x (0; t) = x(t)

=  Hx
T where   (T; t) = 'x

T
(17)

Hu  = 0

In Eq.(17),   represents the costate vector and H is the aforementioned Hamiltonian as de ned by

H = L +   T f (18)

Based on this approach, the control methodology is obtained as

u(t) = argfHu[x(t);  (t); u(t); p(t)] = 0g (19)





Figure 1. Velocity Versus Time

As can be seen from the Figure-1, for the ight scenario where the wind speed is de ned as 20[ft/sec]
(East), aircraft is able to minimize its airspeed and therefore reduce its power consumption, through Eq.
(8), while still maintaining its ight course (i.e. xed heading angle). This demonstrates the applicability and
bene ts of the concept for power minimization in optimal guidance strategies in the presence of wind.

VI. Conclusion

This paper has presented an approach for a UAV to take advantage of the energy gains available in
ying optimal trajectories with respect to current air currents. Aircraft dynamics are modeled by a 3D point
mass model, where constant wind is taken into account for level ight conditions. With the utilization of
nonlinear  receding  horizon  control  methodology  and  in  presence  of  favourable  wind  conditions,  we
demonstrated  the  reduction  in  airspeed,  which  corresponds  to  minimized  value  of  power,  thus  fuel
savings throughout the ight. In future work, the approach suggested will be extended to include the time
varying nature of the wind.

References
1




