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Preface

Itis with great pleasure that | present this thesis report, which is the culmination of two years of research
conducted at Delft University of Technology. My academic journey in Delft began in 2015, and over the
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this accomplishment would not have been possible.

The research presented in this report proposes a novel approach to extending the endurance of fixed-
wing UAVs through autonomous soaring in an orographic wind field. 1 am immensely proud that this
research has been accepted for inclusion in the conference proceedings of the IEEE International Con-
ference on Robotics and Automation (ICRA), which | consider to be the highlight of my academic career.

Thank you for your curiosity in reading my work, and | hope that this report inspires further research
and innovation in the field.

T. Suys
Delft, April 2023
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Abstract

Prolonging the endurance of fixed-wing UAVs is crucial for achieving complex missions, yet their lim-
ited battery life poses a significant challenge. In response, this research proposes a novel approach
to extend the endurance of fixed-wing UAVs by enabling autonomous soaring in an orographic wind
field. The goal of our research is to develop a controller that can identify feasible soaring regions and
autonomously maintain position control without using any throttle. Soaring flight is desirable as it re-
sults in a low energy cost with zero throttle usage. However, without throttle usage, the longitudinal
motion of the UAV is an under-actuated system, presenting control challenges. The concept of a target
gradient line (TGL) is introduced as part of the control algorithm that addresses these challenges and
autonomously finds the equilibrium soaring position where sink rate and updraft are in equilibrium. Ex-
perimental tests showed promising results, demonstrating the controlleris effectiveness in maintaining
autonomous soaring flight in a non-static wind field. We also demonstrate a single degree of control
freedom in the soaring position through manipulation of the TGL.

v



DO000000000no

Nomenclature

Abbreviation

Definition

CFD Computational Fluid Dynamics
CG Center of Gravity
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Angle of attack [rad]
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t Thrust [rad]
Air density [kg/m?3]
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Introduction
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Unmanned Aerial Vehicles (UAVS) are increasingly more commonplace. A shift in public perspective
and recent technological advances are contributing factors to a wider adoption of UAVs. Next to recre-
ational use and amateur film making, UAVs also play an important role in the industry. Maintenance,
inspection, mapping, surveying and agriculture are among the top use cases for drones globally. The
drone market is a multi billion dollar industry, consistently growing at a seemingly unstoppable annual
growth rate of over 14% [1].

The endurance of these UAVs is a major constraint for most missions. Several methods have been
proposed and implemented to increase flight time. A notable distinction is that fixed-wing UAVs can
benefit from a lower energy consumption than their hovering counterparts. Large UAVs can explore
alternative energy sources such as combustible fuels or hydrogen generators. Smaller UAVs have also
benefited from the miniaturization of avionics and improvements in battery technology. In spite of these
efforts, the full potential of many UAV applications remains limited by a reduced flight time.

Therefore, researching other techniques that can positively impact the effective endurance of these
UAVs is essential. An interesting method that has shown great potential lies in exploiting updrafts to
stay airborne nearly indefinitely. Albatrosses have perfected the technique of soaring, enabling very
efficient flight where they stay airborne without flapping their wings. The ability to fly at no mechanical
energy cost allows these birds to embark journeys in excess of 20000km, staying airborne for multiple
days at a time. This performance is orders of magnitude beyond the capabilities of current UAVs of a
comparable size. Atestimony of the huge potential that lies in soaring as a method to extend endurance.
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In order to effectively conduct this thesis project it is important to formulate the research question. This
is done through the means of a main research question and sub questions that the author seeks to
answer during the project. The main research question has been formulated as follows:

Primary Research Question:

Is it feasible for a fixed-wing UAV to achieve a near unlimited endurance through autonomous
orographic soaring?

It is useful to break down the components of the research question so their meaning is unambiguous.

A UAV An unmanned aerial vehicle capable of autonomous flight. This
projects considers vehicles in the size range of a Micro Air
Vehicle (MAV) until hobby grade RC planes with a wingspan
smaller than 2 meter.

A fixed wing Multirotors and flapping wing variations of UAVs are excluded in
this study.
A near unlimited endurance Available on board power to run a propulsion system is no

longer the main constraint in the UAVs endurance. Of course,
the power requirements of other subsystems and components
would still drain the battery, but at much lower rate.

A autonomous The ability of the UAV to stay airborne without continuous
intervention of a human operator.

A orographic soaring The subset of static soaring where updraft is caused by the
rising air on the windward side of a slope. More context is given
in chapter 2.

Also notice how this is formulated as a polar question that could essentially be answered by yes or
no. Therefore it useful to add sub questions to further define the objective and scope of this project.

Sub question 1:
What degree of position control is possible while soaring?

UAVSs in a classical fixed-wing configuration have full control actuation around their principal axis and
full throttle authority for their position control. It can be foreseen that in the case of soaring flight the
control authority is dependent on the wind field. It is interesting to study what degree of control remains
possible and to what extend soaring capabilities are affected. Furthermore, minimizing or fully negating
throttle usage further reduces control freedom, it is worthwhile to study if position control is possible in
propulsion-less soaring flight.

Sub question 2:
How is the control system affected when the windfield changes?

Multiple variables can be manipulated in a soaring condition. The environmental conditions can change,
but also the shape of the object that is deflecting the wind. It is worthwhile to study how changes in the
wind velocity affect the windfield and soaring capability of the controller. Usually the wind deflection
is by static obstacles such as hills or buildings. It is interesting to consider a changing wind deflection
angle over an object. It is also interesting to consider the case of a moving obstacle. An example of
this is the updraft around a moving ship in open sea.
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This research is done in collaboration with the MAVLab. The MAVLab prides itself with extensive real
world experimental tests and results to back up research findings. The research objectives presented
below focus on the more practical accomplishments that this research seeks to attain.

Primary research objective:

Demonstrate autonomous orographic soaring of a UAV in a real world test setup.

The primary objective can be subdivided in multiple sub goals. This structures the research devel-
opment and defines a sequence of goals at an increasing level of complexity.

Sub goal 1:
Model an orographic windfield and define feasible soaring regions.

A crucial first step in the research is modelling the orographic wind field. This is needed to gain in-
sight in how and where the updraft is created and which factors affect the windfield. Furthermore it
is required to find the regions in the windfield where the updraft is sufficient to sustain soaring flight.
Having a model will aid in gaining insight in the flight dynamics of the UAV while in soaring condition.
This is necessary to effectively develop a controller that can realize autonomous soaring flight.

Sub goal 2:
Develop an autonomous controller capable of soaring flight.

With a model, different control strategies can be tested at a high pace and low cost. Different strategies
can be compared in performance before real world testing commences.

Sub goal 3:
Develop an initial test UAV and experimental test setup

A fixed wing UAV needs to be constructed with the necessary hardware on board capable of au-
tonomous control. Furthermore a test environment needs to constructed where an orographic updraft
can be created. Ideally, the test environment is controlled and variables can be individually adjusted.

Sub goal 4:
Demonstrate effectiveness in a non-static wind field and position control.

When steady soaring flight is demonstrated, the controller should be subjected to changing environmen-
tal conditions. This can be done in a controlled manner in an indoor test facility or outdoors, leveraging
the atmospheric variations in wind. Furthermore, it is interesting to test the controller when manipulat-
ing the deflection angle of the updraft. Finally, capability for position control of the UAV can be tested
and demonstrated.

Sub goal 5:
Experimentally determine the controller limitations.

The final goal in the research is to determine the controlleris limitations. As many external variables as
is practical should be adjusted until failure. This helps to define the limitations of tested controller and
will aid in further development and research.
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Following the introduction which introduced the motivation and research question, this report is divided
in 4 parts.

Part | is the scientific paper on this research. This paper contains the main contributions of this
thesis and can be read as a standalone document. This paper has been accepted for presentation at
the 2023 IEEE International Conference on Robotics and Automation (ICRA), May 29 - June 2, 2023,
ExCelL London, UK, and for inclusion in the conference proceedings.

Part Il consists of the literature study that was conducted for this research. Directly relevant literature
on autonomous orographic soaring itself is limited. Therefore, four different research focus areas have
been defined to explore the developments in this field. This part will discuss the fundamentals of soaring
in chapter 2. An analysis and study of orographic wind fields is presented in chapter 3. In chapter 4
the constraints on control freedom while soaring are explored. Furthermore, his chapter discusses the
relevant literature related to the control aspects of autonomous orographic soaring. Finally, chapter 5
provides an overview of various relevant positioning systems and attitude determination systems.

Part Il contains additional findings that were not included in the paper as well as more info on the
performed flight tests. chapter 6 highlights the results of an outdoor manual dune soaring test that was
performed. In chapter 7, additional context is given on the indoor flight test that was performed in the
Open Jet Facility.

Finally, is a synthesis of this work. This part contains a conclusion in chapter 8. This report ends with
recommendations for future work in chapter 9. Future research directions and alternative approaches
are discussed.
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Autonomous Control for Orographic Soaring of Fixed-Wing UAVs

Tom Suys!, Sunyou Hwang!, Guido C.H.E. de Croon!, and Bart D.W. Remes*

Abstract— We present a novel controller for fixed-wing UAVs
that enables autonomous soaring in an orographic wind field,
extending flight endurance. Our method identifies soaring
regions and addresses position control challenges by introducing
a target gradient line (TGL) on which the UAV achieves an
equilibrium soaring position, where sink rate and updraft
are balanced. Experimental testing validates the controller’s
effectiveness in maintaining autonomous soaring flight without
using any thrust in a non-static wind field. We also demonstrate
a single degree of control freedom in a soaring position through
manipulation of the TGL.

Index Terms— wind hovering,
tonomous control, UAV

orographic soaring, au-

I. INTRODUCTION

UAVs have benefited from advancements in battery tech-
nology and miniaturization of avionics, which resulted in
an increase in their endurance and range. However, the full
potential of UAV applications remains limited by reduced
flight time. Therefore, it is useful to research other techniques
that can positively impact the effective endurance of these
UAVs. An interesting technique that has shown great poten-
tial is exploiting updrafts to stay airborne nearly indefinitely.
Albatrosses have perfected this technique of soaring [1], [2],
allowing them to fly without mechanical energy cost and
embark on journeys exceeding 20,000 km, staying airborne
for multiple days at a time [3], [4].

All soaring techniques aim to extract sufficient energy to
stay airborne without losing altitude. Dynamic soaring is
when energy is extracted due to a gradient in the horizontal
wind velocity [5], while static soaring relies on a vertical,
upward wind component. Static soaring includes two types:
thermal soaring, which is created by a rising column of air,
and orographic soaring, which is created by the upwards de-
flection of the wind stream. This research focuses exclusively
on orographic soaring.

Prior research has explored the potential of exploiting
orographic updrafts [6]-[11]. White et al. utilized simulations
and measurement data to evaluate the feasibility of soaring
in the updraft generated by tall buildings. However, flight
demonstrations were not conducted in these studies. While
some studies have demonstrated orographic soaring [12],
[13], they require a priori knowledge of the wind field and
manual control of a human pilot to steer the UAV to an initial

1Al authors are with the MAVLab, Department of Control
and  Operations, Faculty of Aerospace  Engineering, Delft
University of  Technology, 2629HS  Delft, the Netherlands

mail@tomsuys.com, S.Hwang-l@tudelft.nl,
G.C.H.E.deCroon@tudelft.nl,
B.D.W.Remes@tudelft.nl

A supplementary video of the flight tests is available at: https://
youtu.be/b_YLoinHepo
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Fig. 1. Autonomous soaring and position control of an UAV. The model
shows the predicted excess updraft in the orographic wind field of the test
setup. By precisely maintaining position control along an operator-specified
target gradient line, the UAV successfully achieves autonomous soaring
flight at the intersection with zero-excess updraft. The observed flight data,
presented as three stacked stills in the image, correspond to the predicted
soaring locations for three distinct target gradient lines specified in the test.
soaring position. Above studies considered a static wind field
and predetermined path of the UAV.

In contrast, with this paper we propose a novel orographic
soaring method with a single degree of control freedom,
which can adapt to a non-static wind field, and does not
require any throttle usage. Our method utilizes information
derived from the approximate location of the updraft core
but does not require complete prior knowledge of the wind
field. We demonstrate fully autonomous soaring flight, and a
single degree of position control of a UAV without propeller
in a non-static wind field in a real-world test. We derive the
kinematics involved with orographic soaring in section Il. Its
distinct control freedom is outlined in section Ill. Potential
flow is used to estimate a soaring wind field in section V.
In section V, a control strategy is proposed to maintain
autonomous soaring flight. The experimental test setup and
test results are discussed in section VI and section VII.



II. OROGRAPHIC SOARING

The kinematics involved with orographic soaring can be
modeled using a point mass model, as illustrated by Lan-
gelaan [14]. In this model, we define the vehicle mass (m),
angle of attack (a), thrust (T), drag (D), and lift force (L)
as key parameters.

First, considering the forces parallel and perpendicular to
the flight path, we obtain two equations:

mgcos(g) =L+ Tsin(a) Q)
mgsin(g) =D T cos(a) 2
Here, flight path angle g is assumed small and a small

angle approximation is used. Next, we obtain an equation
that relates lift force to other parameters:

1
mg=L= ErvéSCL (3)

Using this equation, we can calculate the lift coefficient
(CL) in terms of other parameters:
_ 2mg

rvis

(4)

Additionally, we can derive a second-order approximation
for the drag force (D):

L

1
D= 5 rv2S(ap +a;C, +a,C?) (5)

Substituting this approximation into Equation 2, we can
calculate the flight path angle for a given speed and thrust:

1
mgg = 5 rvi(ao+aiCL+aCY) T (6)

Finally, we can describe the aircraft kinematics in terms
of airspeed, flight path angle, and wind speed. We define the
horizontal (x;) and vertical (Z;) velocity components in the
inertial frame and model the wind speed as a polynomial
function of position in the inertial frame (w = f(x;;z)):

Xj = V4 €08(q) + Wy (7
7i = Vasin(g) +w, (8)

I11. SOARING CONTROL FREEDOM

The ailerons, elevator, and rudder have a primary control
effect on roll, pitch, and yaw respectively. Flight control in
powered flight is further augmented by a throttle setpoint,
which relates to the thrust reaction force. In the 6 degree of
freedom (DOF) equations of motion, the aileron, elevator,
rudder deflection, and thrust are the four main actuator
control inputs. In this research it is useful to isolate the lateral
and longitudinal motion.

Longitudinal motion:

X =[Au Aw Aq Ax Az Aq]"

9
u=[AdE AdT]" ®©)
Lateral motion:
=[AvV Ap Ar Ay AT Ay]"
X=[Av Ap y Y] (10)

u=[AdE AdT]"

For lateral motion, the dynamics during soaring remain
the same. Therefore, the continuation of this report will
focus solely on the longitudinal motion. As can be seen in
Equation 9, in powered fixed-wing flight, elevator deflection
and throttle setpoint are actuator inputs to the system. There
are 6 state variables; position in the vertical plane, velocity
in the vertical plane, pitch angle, and pitch rate.

Consider the available control freedom in the longitudinal
motion of powered fixed-wing flight. Granted that the control
objectives adhere to the nonholonomic constraints of the
system, one is able to satisfy 2 of the 3 DOF. Fundamentally,
this allows longitudinal control systems, such as a total
energy control system to function [15]. Throttle and elevator
control input are used to obtain a desired position and
velocity in the vertical plane, resulting in pitch angle and
pitch rate as dependent, uncontrollable variables.

The design of a soaring control strategy aims to eliminate
throttle usage, leaving elevator deflection as the sole control
actuator in the longitudinal motion. As a result, in this under-
constrained system, traditional position control is not a viable
option, and a novel approach is required.

IV. WIND FIELD ANALYSIS

In the development of an orographic soaring control strat-
egy, it is useful to consider methods to analyse and simulate
a viable soaring wind field. A simplified potential flow model
can be used for this, which estimates the wind field over an
idealized hill with a semi-circular cross-section. [16], [17].

Potential flow around a cylinder can be obtained by
considering a uniform stream of velocity (U) and a doublet
at the center of the cylinder such that the stagnation point
precisely matches the boundary of the cylinder. The solution
is most easily obtained in polar coordinates:

R2
o(r;,q) =Ur(1 - r—zcos(q ) (11)
The velocity in polar coordinates is then:
do R?
Vi = dar - u@ - r—ZCOS(q ) (12)
1d® R?
Vg = rdg U@+ r—zsm(q)) (13)

This can be related to Cartesian coordinates by substituting
x=rcos(q) and y = rsin(q).

The wind field is illustrated in Figure 2, which shows
the upper windward quadrant as an orographic wind field.
Of particular interest in the wind field is the vertical wind
component, which should match the sink rate of the UAV to
sustain soaring flight.

Therefore, for soaring flight it is useful to consider the
glide polar of an airframe, as it precisely describes the
relationship between airspeed and sink rate. At the maximum
endurance speed (Vve) a particular airframe will experience
the lowest rate of sink. At lower velocities the airfoil will
enter its stall regime and sink rate will increase. To maintain
higher velocities than Vye during unpowered flight, the
aircraft has to assume a nose-down attitude and the sink rate
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Fig. 2. Wind velocity components around a cylinder obtained with potential
flow theory. The upper windward quadrant is an orographic wind field.

will increase as well. An arbitrary quadratic function that
follows the characteristics of a glide polar is chosen to study
its effect in an orographic soaring wind field.

As introduced by Fisher et al. [12], we can determine
the feasible soaring region. At every point in the wind
field, the local vertical updraft component is compared to
the expected sink rate at the local horizontal wind velocity
according to the glide polar. In this research we introduce
the zero excess updraft contour (ZEUC); the line in the
windfield where the expected local updraft equates the sink
rate. The inner region defined by the ZEUC has an excess
in updraft and the outer region has a lack of sufficient
updraft. The process is illustrated in Figure 3. The aircraft
is able to maintain its soaring position at every point on this
contour. Three different soaring positions and their respective
state on the glide polar are mapped. At [a] and [c], the
aircraft will experience the same sink rate of 1:7m=s at a
different horizontal velocity wind component, whereas in [b]
the aircraft requires the least updraft to maintain its soaring
position.

V. AUTONOMOUS CONTROL STRATEGY

As concluded in section 1ll, the longitudinal motion of a
soaring UAV is an under-actuated system. The feasible region
where the UAV can soar efficiently in the vertical plane is
limited to a specific contour line called zero excess updraft
contour (ZEUC), as outlined in section V. However, the
location of this contour line cannot be determined without
prior knowledge of the wind field, which complicates the use
of a position controller. To address this issue, we introduce
a target gradient line (TGL) as a novel approach to control
the UAV’s position.

The TGL represents a path in the wind field along which
there is a gradient in the available updraft. The TGL is chosen
thoughtfully to originate at a point in the wind field where
there exists excess updraft and extends upwards to a region

Glide Polar
~1.01 — Glide Polar
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% -1.5
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x
=
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Fig. 3. The glide polar defines the relation of the sink rate and horizontal
velocity. Mapping of this glide polar on the orographic wind field yields
the zero excess updraft contour. Three different soaring positions and their
respective state on the glide polar are mapped.

of lack in updraft. The UAV utilizes its single degree of
longitudinal control to maintain position on the TGL but is
free to move along it. As a result, the UAV naturally settles
in an equilibrium at the intersection of the TGL and ZEUC.
This approach simplifies the control strategy, making it easier
to implement and more robust to variations in the wind field.

The natural equilibrium soaring location of the UAV can
be influenced by several factors. Firstly, the operator can
manipulate the UAV’s position along the ZEUC by rotating
or translating the TGL in the vertical plane, thereby realizing
a single degree of control freedom. Secondly, during flight,
small changes in the wind field are expected, which can result
in a changing position of the ZEUC. By maintaining position
on the TGL, The UAV will naturally move along the TGL
to a new equilibrium point, which will be at the intersection
with the ZEUC.

The controller to maintain position on the TGL is imple-
mented as a closed-loop pitch controller. The perpendicular
distance of the UAV to the TGL, (er), is formulated as an
error input for the controller. By convention, e, is positive
when the UAV is upstream of the TGL and negative when
the UAV is downstream, defined in Equation 14.






	Preface
	Abstract
	Nomenclature
	List of Figures
	List of Tables
	Introduction
	Motivation
	Research question
	Research objectives
	Structure of this work

	I Scientific Paper
	II Literature Study
	Fundamentals of Soaring
	Static Soaring
	Thermal Soaring
	Orographic Soaring

	Dynamic Soaring

	Soaring Windfield
	Wind Field Estimation
	Computational Fluid Dynamics
	Potential Flow

	Soaring Feasibility Region

	Control Algorithms
	Control Freedom
	Total Energy Control
	Control Strategies

	Attitude and Positioning Systems
	Performance Assessment
	Attitude and Positioning Systems
	System comparison


	III Further Analysis and Discussion
	Dune Soaring
	Test Setup Discussion
	Test Location and Setup
	Windfield Simulation
	Test Data


	IV Synthesis and Future Outlook
	Conclusion
	Recommendations for future work
	Future Research Directions
	Alternative Approaches
	Drag increasing devices
	Upwind zig-zag pattern


	References


