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Adaptive Control of the Transition from Vertical to Horizontal Flight
Regime of a Quad-Tailsitter UAV

Grant I. Carter

(ABSTRACT)

Tailsitter UAVs (Unmanned Aerial Vehicles) are a type of VTOL (Vertical Take off and

Landing) aircraft that combines the agility of a quadrotor drone with the endurance and

speed of a fixed-wing aircraft. For this reason, they have become popular in a wide range

of applications from tactical surveillance to parcel delivery. This thesis details a clean sheet

design process for a tailsitter UAV that includes the dynamic modeling, control design,

simulation, vehicle design, vehicle prototype fabrication, and testing of a tailsitter UAV. The

goal of this process was to design a robust controller that is able to handle uncertainties in

the system’s parameters and external disturbances and subsequently can control the vehicle

through the transition between vertical and horizontal flight regimes. It is evident in the

literature that most researchers choose to model and control tailsitter UAVs using separate

methods for the vertical and horizontal flight regimes and combine them into one control

architecture. The novelty of this thesis is the use of a single dynamical model for all flight

regimes and the robust control technique used. The control algorithm used for this vehicle is

a MRAC (Model Reference Adaptive Control) law, which relies on reference models and gains

that adapt according to the vehicle’s response in all flight regimes. To validate this controller,

numerical simulations in Matlab and flight tests were conducted. The combination of these

validation methods confirms our adaptive controller’s ability to control the transition between

the vertical and horizontal flight regimes when faced with both parametric uncertainties and

external disturbances.



Adaptive Control of the Transition from Vertical to Horizontal Flight
Regime of a Quad-Tailsitter UAV

Grant I. Carter

(GENERAL AUDIENCE ABSTRACT)

Unmanned aircrafts have been a topic of constant research and development recently

due to their wide range of applications and their ability to fly without directly involving

pilots. More specifically, VTOL UAVs have the advantage of being able to take off without

a runway while retaining the efficiency of a classical aircraft. A tailsitter UAV behaves as a

traditional quadrotor drone when in its vertical configuration and can rotate to a horizontal

configuration, where it takes advantage of its wings to fly as a conventional aircraft. Modeling

the dynamics of the tailsitter UAV and designing an autopilot controller is the main focus

of this thesis. An adaptive controller was chosen for the tailsitter UAV due to its ability to

modify the gains of the system based on the behavior of the vehicle to adapt to the unknown

vehicle properties. This controller was validated using both computer simulations and actual

flight tests. It was found that the adaptive controller was able to successfully control the

transition between the vertical and horizontal flight regimes despite the uncertainties in the

parameters of the vehicle.
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Chapter 1

Introduction

1.1 Motivation & Scope

In this thesis, we design and test an adaptive control system for the longitudinal dynamics

of a VTOL (Vertical Take off and Landing) tailsitter UAV. A tailsitter UAV is able to take

off vertically, pitch 90 degrees to a horizontal orientation, and then fly like a traditional

fixed-wing aircraft. The applications of a vehicle with this ability are nearly endless. Most

existing tailsitter UAVs employ a generic control system that combines quadrotor and fixed-

wing aircraft controllers and fail to properly model the dynamics of the vehicle. The goal of

this thesis is to develop a proper dynamic model of the vehicle and design a robust adaptive

control architecture that allow the transition between vertical and horizontal flight regimes

despite modeling uncertainties and external disturbances.

In general, previous researchers have designed the control architectures for VTOL UAVs

separately for the vertical and the horizontal flight regimes. While this strategy seems valid,

it fails to account for the increasingly important aerodynamic forces during the transition

between the vertical and horizontal flight regimes. Numerous researchers had also applied

control techniques that were unable to guarantee satisfactory performance despite uncer-

tainties in the systems parameters and external disturbances, especially in the nonlinear

regime characterizing the transition between vertical and horizontal flight. In this thesis, we

develop a control strategy that is fluent between flight regimes and robust against vehicle

1



Chapter 1. Introduction 2

parametric uncertainties.

The wide range of possible applications for this vehicle is also a motivating factor in this

research. The desire for VTOL UAVs in both military and private industry has been apparent

in recent years. The ability for these vehicles to take off and land in tight spaces, without

an airstrip, while maintaining the endurance of a fixed-wing aircraft is the driving factor for

the recent research and application of this class of aircraft. The demand for VTOL vehicles

has been present in the Untied States since the 1950s, shortly after the benefits of the first

helicopters were observed [13]. For the first VTOL vehicles, researchers had experimented

with attaching turbojet engines to helicopters and called them “convertiplanes”. While the

execution seems elementary, this concept was the origin of modern VTOL vehicles.

A prime modern example of a VTOL aircraft that has been used by the military is the

Boeing V-22 Osprey [1]. The V-22 Osprey is a manned transport vehicle that combines the

vertical abilities of a helicopter and the efficiency of a fixed-wing aircraft and is shown in

Figure 1.1. The V-22 Osprey utilizes tilting motors, known as vector thrusting, to enable

forward flight after a vertical take off [14]. Boeing has supplied the United States military

with V-22 Osprey vehicles since 2007. Another example that emphasizes the wide range

of applications for VTOL aircraft is the VTOL UAV developed by Wing for commercial

payload delivery [2]. Their VTOL UAV combines the vertical take off ability of a helicopter

with the endurance of a fixed-wing aircraft by simply adding vertical lift propellers to a

fixed-wing aircraft; shown in Figure 1.2. This vehicle operates autonomously and has been

conducting payload deliveries from stores such as Walgreens in Christiansburg, Virginia since

2019. These two examples provide a brief look at the wide range of possible applications for

VTOL aircraft.

Some of the prominent technical challenges that were faced when conducting this research

included the aerodynamic performance, lack of control surfaces, and the mechanical under-
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Figure 1.1: Boeing V-22 Osprey [1] Figure 1.2: Project Wing [2]

actuation. It is inherent that any tailsitter UAV faces aerodynamic challenges during a rapid

transition between vertical and horizontal flight regimes. While the vehicle pitches to its

horizontal flight mode, it must undergo a period of wing stall, in which there is a decrease

in lift and an increase in drag. In the design of the vehicle, we choose to not incorporate any

control surfaces, and regulate the vehicle only by the means of the propellers’ differential

thrust. This make the vehicle lighter and less mechanically complex, but makes controlling

the vehicle more difficult. Although this work is primarily focused on the design of a control

law for the longitudinal motion of a tailsitter UAV, we designed an outer loop to guarantee

satisfactory lateral-direction behavior in actual flight tests.

1.2 Thesis Outline

In this thesis, we review the current literature on the configurations of tailsitter UAVs. We

describe in detail the different configurations used in research for tailsitter UAVs dating back

to the first vehicle’s constructed in the 1950s. Following that, we provide a brief description

of the configuration of our tailsitter UAV.
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In Chapter 2, firstly we review the dynamic modeling strategies from the literature on

tailsitter UAVs. Specifically, we focus on the design decisions and assumptions that were

made to simplify currently available dynamic models. Next, we discuss the notation used

in this thesis to represent the tailsitter UAV and capture its longitudinal dynamics. Fol-

lowing that, we present the classical kinematic and dynamic equations of an aircraft and

the equations of motion used in this thesis to capture the longitudinal motion of a tailsitter

and hence, design adaptive control laws. Finally, we analyze these equations of motion to

determine the controllability of the tailsitter UAV.

In Chapter 3, we review the literature on tailsitter UAVs to survey the control methods

employed by previous researchers. Both the control strategies and the assumptions used

by previous researchers when developing their control algorithms for tailsitter UAVs are

described in detail. Following that, we present the control architecture used for our tailsitter

UAV, namely Model Reference Adaptive Control (MRAC). To apply MRAC to our vehicle’s

translation and rotation, we begin by feedback linearizing the equations of motion derived

in Chapter 2. The MRAC control laws are then presented for the translation and rotation of

the vehicle. Subsequently, we present an outer loop for the vehicle to regulate the vehicle’s

lateral-directional dynamics during actual flight tests. Finally, we compute the thrust force

that each motor needs to produce to realize the desired control inputs.

In Chapter 4, we validate the control algorithms designed in the previous chapter using

numerical simulations in the Matlab environment. We begin by describing the user-defined

trajectory that we employ to simulate a flight profile that encompasses take off, horizontal

flight, and landing. The results of Matlab simulations of the transition between vertical

and horizontal flight regimes are presented and analyzed. From these simulations, we also

determine the motor thrusts required to complete this transition, which is useful in the

design process of the tailsitter UAV. Finally, we evaluate the performance of the proposed
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outer loop controller. These simulations give us an idea of how the vehicle behaves in real

flight tests.

In Chapter 5, we describe in detail the design and fabrication of the vehicle along with

the flight tests completed to validate our modeling and control designs. For the design of

the vehicle, we describe the entire design process from the design decisions related to the

vehicle’s aerodynamics to the materials used in the 3D printed mounts. Then, we describe

the fabrication and assembly process for the tailsitter UAV prototype used for our real flight

tests. For the flight tests, we begin by conducting autonomous hover tests, both indoors and

outdoors. We also perform tests to validate the outer loop control of the vehicle. Finally,

we present the results of an outdoor flight test that comprises vertical take off, horizontal

flight, and vertical landing.

In Chapter 6, we provide a summary of the work completed for this thesis and the

results obtained. Then we discuss the possibilities for future work including vehicle upgrades,

modeling changes, control improvements, and applications’ studies. Lastly, we discuss the

conclusions drawn from the work completed for this thesis.

1.3 Overview of Tailsitter Configurations

Tailsitter UAVs have a unique configuration. The basic configuration for a tailsitter

UAV has one or multiple propellers providing vertical thrust during take off and landing

and horizontal thrust during forward flight. To perform forward flight, the vehicle pitches 90

degrees and exploits its wings to provide the necessary lift. For its ability to take off and land

vertically and hover, tailsitter UAVs are classified as VTOL (Vertical Take off and Landing)

aircraft. Therefore, tailsitter UAV’s have the advantages of a traditional quadcopter in

vertical flight mode and the endurance of a plane in horizontal flight mode. The hybrid nature
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of this vehicle allows for a wide range of applications from tactical surveillance operations

[15] to product delivery [16, 17].

An early example of a tailsitter configuration would be that of the first tailsitter developed

in 1954, the Lockheed XFV [3, 4]; shown in Figure 1.3. This vehicle is characterized by a

single propeller on the nose of the plane, and ailerons on the wings, which provide the pitching

moment to transition into horizontal flight. This tailsitter was developed by Lockheed Martin

for the United States Navy, who tasked Lockheed Martin and Convair with developing a

VTOL plane. Only Lockheed’s prototype plane was ever able to fly any successful test

flights. It is worthwhile to mention that the project was ultimately canceled due to the

complexity of controlling the vehicle and the lack of power from the motors. Other vehicles

of similar configuration include a miniature tailsitter UAV developed at Brigham Young

University (BYU) in 2008 [5]; shown in Figure 1.4. Another tailsitter called the ”Vertical

Bat” was developed in 2013 at BYU and it had a single propeller at the tail of the vehicle

instead of the nose [18]. The AVALON vehicle was also developed at Universidade de São

Paulo in 2017 [19]. These prototype vehicles show a simple configuration of a tailsitter UAV.

Figure 1.3: Lockheed XFV [3, 4] Figure 1.4: BYU tailsitter [5]

One way to generate a larger pitching moment to assist with the transition from vertical

to horizontal flight is to add propellers away from the axis of rotation of the tailsitter and
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apply a differential thrust to these propellers. This idea was explored at NASA AMES almost

two decades ago [20]. Their tailsitter had four propellers, a single wing. A tailsitter with a

configuration similar to the NASA tailsitter was developed at Tohoku University in Japan

[6]. Their tailsitter had a wing span of 1.19m, a chord of 0.28m, a NACA-0010(National

Advisory Committee for Aeronautics-0010) airfoil shape, and a mass of 2.0kg; see Figure 1.5.

Researchers at the University of Sydney developed a tailsitter in 2004 that they called the

“T-wing” [21]. The “T-wing” had two motors, one wing, and both ailerons and elevators,

which acted as control surfaces in both vertical and horizontal flight regimes. In the vertical

flight regime, the control surfaces relied on propeller wash and in the horizontal flight regime,

the control surfaces relied mostly on the wind. This vehicle had a 2.18m wing span, weighed

65 pounds, and was powered by two 6.5 hp two-stroke engines. In 2007, at the Technology

University of Compiegne in France [22], a tailsitter was studied that had two propellers,

one wing, and both ailerons and elevators. This unique configuration relied on both the

differential in thrust of the propellers and the deflection of the ailerons to transition from

vertical to horizontal flight. The Technology University of Compiegne in France developed

an interesting tailsitter a year later called the “T-Plane” [7]. The “T-Plane” tailsitter had

a single tilting propeller on the nose, two bisecting wings, and ailerons on the tail; see

Figure 1.6. The tilting propeller helped to improve roll control and robustness when external

disturbances were present. The goal of this project was to stabilize hover flight of the

tailsitter. Another tailsitter with two propellers, one wing, and ailerons was developed in

2018 at McGill University in Canada [23].

A commonly studied configuration of the tailsitter UAV is the quadrotor biplane (QRBP)

tailsitter, which distinguishes itself for the agility and its ability to generate lift with smaller

wing platform areas. For these appealing specifications, this is the configuration of the UAV

for this thesis. An example of a QRBP tailsitter UAV is the CRC-20 (Common Research
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Figure 1.5: Tohoku tailsitter UAV [6] Figure 1.6: T-Plane tailsitter UAV [7]

Configuration-20) which was developed at the University of Maryland (UMD) in cooperation

with the Army Research Lab (ARL) [8, 24]. The CRC-20 was developed in 2015 and was a

scaled up version of their previous prototype and weighed 21 pounds with a wingspan of 4.9

feet and a rotor diameter of 2 feet. The previous prototype, the AirEZ, weighed 8 pounds

with a wingspan of 3.3 feet and a rotor diameter of 1.2 feet [17]. The scientific literature

about the CRC-20 UAV substantially concerns its aerodynamics, whereas its dynamics and

control have been examined in lesser extent. An interesting variation on the QRBP developed

at the UMD in 2019 is the morphing winglet tailsitter [9]. This vehicle was similar to the

basic CRC-20 but had wing extensions that can actuate to form a box wing or open winglet;

see Figure 1.8. The morphing winglet allowed for the lift to be increased at low speeds and

decreased at high speeds. An additional example of a QRBP tailsitter UAV is the APT

(Autonomous Pod Transport) currently being developed at Bell Helicopters [8, 25, 26, 27].

The larger version of the Bell APT can reach speeds of 110 knots and weighs 300 pounds.

This vehicle was just recently able to carry a 100 pound payload for 8 miles and made its

first payload delivery in Fort Worth, Texas [16, 27]. The Bell APT is a quadrotor biplane

with stabilizing fins in the back and a pod in the middle, which houses the electronics and
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a storage area for a payload. This vehicle is a good example of the scalability potential

of a tailsitter UAV. Another example of a QRBP was developed at the Indian Institute of

Technology Kanpur in 2018 [28]. The vehicle developed was a quadrotor tailsitter UAV with

no control surfaces on the wings and a single stabilizing wing in the middle.

Figure 1.7: UMD CRC-20 [8]
Figure 1.8: UMD Morphing winglet tailsitter
[9]

The tailsitter developed for this thesis is a QRBP tailsitter with stabilizing wings shown

in Figure 1.9. This configuration is similar to the UAVs developed at UMD and Bell Heli-

copters. Stabilizing wings perpendicular to the main wings have been introduced to guaran-

tee lateral-direction stability during horizontal flight. This design aspect is similar to that

of the morphing winglet tailsitter developed at UMD. Control surfaces, such as ailerons and

elevators, have not been included to mimic the CRC-20, and enable future collaborations

with ARL and UMD. The center of the vehicle houses both the electronics and the battery on

a 3D printed mount. The onboard electronics include a Pixhawk autopilot, used for sensors,

and an ODROID, used as the companion computer to run the control law. Four carbon fiber

rods provide the UAV’s frame and support the four motors and the aerodynamic surfaces.

The motor mounts and the wings mounts, which act as the landing gear for the vehicle, were

also 3D printed. We designed this vehicle with two planes of symmetry, namely a horizontal

and a vertical plane, to guarantee lateral direction stability, and focus the controller’s effort

to perform a successful transition between vertical and horizontal regimes despite uncer-
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tainties in the UAV’s dynamics and aerodynamics. We also designed this vehicle assuming

that the center of mass coincides with the center of the vehicle. A prototype of our vehicle

was fabricated to test the control method discussed in Chapter 3. This prototype tailsitter

weighs 2.6kg, has a 0.75m wingspan, 0.5m of spacing between the wings, a chord of 0.29m,

a planform area of 0.41m2, and a symmetric airfoil similar to the NACA 0012 airfoil. More

details of the design process and fabrication of this prototype are outlined in Chapter 5.

Figure 1.9: Advanced Control Systems Lab tailsitter UAV



Chapter 2

Dynamical Modeling

2.1 Introduction

The goal of this thesis is to design, implement, and test a control system for a tailsitter

UAV (Unmanned Aerial Vehicle) able to control their transition between the vertical and the

horizontal flight regimes, and vice-versa. This transition is particularly critical since in the

vertical flight mode, this vehicle behaves like a classical quadcopter UAV and in the horizontal

flight mode, this vehicle behaves like a classical fixed-wing biplane. Although numerous

autopilots for these two vehicles have been developed, synthesizing a control system for

tailsitter UAVs that simply juxtaposes the control systems for quadcopters and fixed-wing

UAVs have been proven to be ineffective. Indeed, in the transition between vertical and

horizontal flight modes, the aerodynamic forces start playing an increasingly important role,

and control systems for quadcopter UAVs are usually designed neglecting the aerodynamic

forces [29]. Furthermore, autopilots for fixed-wing UAVs are usually designed assuming small

displacements from the aircraft’s trim condition, but this assumption has been proven to be

inaccurate in the transition between vertical and horizontal flight modes. For these reasons,

in this thesis we focus on the design of a control system that allows for a successful transition

between the horizontal and the longitudinal flight regimes.

This chapter is organized as follows. Firstly, we overview the current literature on mod-

eling a tailsitter UAV. Then, the frames of reference necessary and the notation needed to

11
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model the tailsitter UAV are discussed, and the translational and rotational equations of

motion for a tailsitter UAV are derived. Successively, assuming that the UAV has a vertical

plane of symmetry and that external forces act in the UAV’s plane of symmetry, we deduce

the longitudinal equation of motion for tailsitter UAVs. Finally, the controllability of our

tailsitter UAV is examined.

2.2 Literature Review on Dynamic Modeling of Tail-

sitter UAVs

In this section, we overview the current literature on dynamic modeling of tailsitter UAVs

to help understand the challenges that are faced when controlling these vehicles.

One of the first attempts at developing a quadrotor tailsitter UAV was at NASA AMES

almost two decades ago [20]. They were interested in demonstrating successful hover, transi-

tion, and some forward flight. However, they were unable to maintain steady forward flight

with their vehicle. These test were directly controlled by a pilot using a R/C controller and

not an autopilot. While this was an impressive feat, it did not address the issue of modeling

or designing automatic control algorithms for tailsitter UAVs. The Lockheed XFV was also

controlled by a pilot and therefore did not have a control system or dynamic model [3].

These earlier results are worthwhile being recalled since they show both the complexity and

novelty of this problem.

An early attempt at modeling and controlling a tailsitter UAV was completed at the Uni-

versity of Sydney [21]. A large portion of their research revolved around the propeller wash

model. To start, Goldstein’s vortex theory was used to analyze the blade element solution

for the propellers. Next, they used a full azimuthal solution to determine the aerodynamic
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forces produced by the wing as a result of the slipstream velocity. The slipstream velocity

induced by the propeller was combined with the freestream velocity to accurately model

the total aerodynamic forces. The aerodynamic coefficients were then determined using a

panel-method solution with two-dimensional viscous corrections to account for a large angle

of attack during the transition from vertical to horizontal flight regimes. Since this was

an early attempt at modeling a tailsitter UAV, they performed a multi-disciplinary design

optimization which helped to analyze the interactions between different components of the

vehicle. The areas studied included the aerodynamics, propulsion, vehicle structures, sta-

bility and control, and weight and balance. This study helped to determine the optimum

vehicle parameters and flight conditions.

Shortly after, the Technology University of Compiegne in France also attempted to model

and control their tailsitter [22]. Their model only captured the vehicle’s longitudinal dy-

namics, and made some important modeling assumptions. For instance, they assumed that

the vehicle aerodynamic surface was fully submerged in the propeller slipstream and the

slipstream velocity was much greater than the body normal velocity. These assumptions

lead them to model the aerodynamic coefficients as functions of the slip stream velocity and

hence, as a function of the axial velocity and the current thrust of the vehicle. A backstep-

ping technique was employed to control the system. The modeling strategy for the T-Plane

tailsitter, developed at the Technology University of Compiegne in France, also relied on

the simplification of the longitudinal equations of motion based on assumptions about the

aerodynamics [7].

Another modeling and control technique for a tailsitter UAV was developed at the Brigham

Young University (BYU) [5]. The configuration of this vehicle was different than the one

discussed in this thesis, but the modeling and control strategies were similar. Specifically,

the tailsitter designed at BYU had a single propeller on the nose and ailerons on the wings.
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The similarities in the modeling come about in their assumption that the vehicle maintains

symmetric flight and therefore the longitudinal and lateral equations can be separated. They

also created a reference model to help smooth the desired attitude trajectories and main-

tain a realistic reference trajectory. Their reference model was designed with the physical

limitations of the actual aircraft in mind. They used an adaptive backstepping controller

to stabilize the system. Finally, they used a stabilized recursive least squares method to

estimate the system parameters for the controller.

The Vertical Bat tailsitter was developed at BYU in collaboration with the MLB Company

[18]. Their aerodynamic lift was modeled as a mixture of a laminar airfoil model and a flat

plate model and they used a blending function to calculate the total lift coefficient while their

aerodynamic drag was modeled as a parasitic drag. Since their vehicle had a duct around

their airfoil, they modeled the radial airflow velocity, dynamic pressure, and angle of attack

around the duct as a function of the angular position around the duct to determine the lift

and drag induced by the duct. To help control the Vertical Bat tailsitter, they incorporated

eight control veins and two ailerons and modeled independent local reference frames for each

of these control surfaces.

The CRC-20 tailsitter developed at UMD underwent extensive aerodynamic design and

modeling studies [24]. The design parameters investigated included the wing airfoil shape,

motor propeller, wing aspect ratio, wing spacing, and the alignment of the propeller-chord.

All of these parameters were tested to maximize the vehicle’s aerodynamic efficiency and

once these parameters were chosen, tests in wind tunnels were performed. These tests

helped researchers at UMD develop an accurate model of the vehicle and determine minimum

operating speeds for transition and forward flight. Quaternions were employed to capture the

vehicle’s attitude, and a proportional-derivative (PD) control law was employed. They were

able to achieve transition to forward flight, but they had poor control over the vehicle once
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in forward flight. The next evolution of this project, the morphing winglet tailsitter, also

went through an extensive dynamic modeling investigation [9]. They focused on the effects

of the winglets on the lift force generated in different flight regimes. They first used a Vortex

Lattice Method (VLM) 3D flow solver to determine the lift generated at different dihedral

angles of the winglets, which allowed them to more accurately model the lift coefficient.

Following that, they verified the simulation results with experimental tests, which showed

the improved horizontal flight efficiency over their original vehicle designs.

A tailsitter UAV was produced and tested at Tohoku University in Japan [6]. They

separated the longitudinal and lateral dynamic equations when modeling the tailsitter UAV

and modeled both the lift coefficient and the drag coefficient as functions of the angle of

attack deduced by means of tests in a wind tunnel. One of the main differences with this

thesis lies in the control laws employed, where they implemented a proportional-integral-

derivative (PID) controller based on the altitude and attitude error dynamics. Their goal

was to study the effect of different transition strategies from vertical to horizontal flight,

while minimizing the transition time and maintaining a constant altitude during transition.

The AVALON tailsitter UAV was developed at the Universidade de São Paulo [19]. The

vehicle was designed to mimic a typical fixed-wing symmetric aircraft with a single propeller,

one wing, two ailerons, two elevators, and one rudder. To model the vehicle, the assumptions

were made that the center of the body-fixed reference frame coincided with the center of

gravity of the vehicle and that the inertial frame is fixed with the Earth and tangent to

gravity. Both the kinematics and dynamics of the vehicle were used to model the vehicle.

They assumed that the propeller is aligned with the center of gravity of the vehicle, which

justifies modeling the propeller thrust only in one axis of the body fixed reference frame.

Their model was tested using a simulation made in Matlab.

A tailsitter UAV with a very similar configuration to the one addressed in this thesis but a
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different modeling technique was studied at the Indian Institute of Technology Kanpur [28].

Multiple dynamical models and control algorithms were used for the different flight modes.

In their vertical flight regime, they modeled the vehicle only using the thrust provided by

the propellers neglecting the aerodynamic forces, they captured the UAV dynamics as a

second-order system, and designed their controllers by setting the desired damping ration

and natural frequency for the closed-loop system. In the horizontal flight regime, they

modeled the aircraft by employing the classical set of translational and rotational equations

of motion in the UAV’s plane of symmetry and then their fixed wing controller was used to

determine the necessary throttle input to achieve their desired velocity. During the transition

between vertical and horizontal flight regimes, they choose a reference pitch angle to switch

from using their vertical flight controller to using their horizontal flight controller. While

this strategy is practical, it fails to account for the aerodynamic forces in the quadrotor mode

and the transition mode.

The tailsitter UAV developed at McGill University had an extensive model and was

verified with a simulation [23]. To ensure an accurate simulation, they modeled the typical

aerodynamic forces and thrust forces but went on to model the drag induced by the propeller

protectors, landing gear, propellers and the gyroscopic moments induced by the rotation of

the propellers. They also modeled the ground contact forces during take off and landing

and then used a Dryden wind turbulence model to represent the inflow velocity from the

propellers in the aerodynamic model. To determine the coefficients for the propellers and the

control surfaces, static bench tests were conducted. They used quaternions to represent body

rotations without any singularities. This comprehensive model was used for the simulation,

but for the controller, a simplified model was used that predicts the effect of the propeller

thrust and elevator deflection on the body moments and forward force.
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2.3 Notation

In this section, we present the notation used in this thesis to capture the dynamics of a

tailsitter UAV. To model the UAV, three orthonormal references frames are introduced. Let

I ≜ {O;X,Y, Z} denote the orthonormal inertial reference frame centered at the point O

and fixed with the Earth. This is a North-East-Down (NED) reference frame, that is, X

points North, Y points East, and Z is along the direction of gravity so that the weight of

the UAV is denoted by F I
g = mgZ, where m > 0 denotes the UAV’s mass and g > 0 denotes

the gravitational acceleration; see Figure 2.1. Vectors expressed in the reference frame I are

denoted by the superscript I. A reference frame fixed with the Earth is not inertial due to the

revolution of the Earth about its axis and the rotation of the Earth about the Sun. However,

the assumption can be made that a reference frame fixed with the Earth is inertial because

the UAV is relatively slow and operates at a low altitude [30, Ch. 2]. The orthonormal

body reference frame is denoted by J(·) ≜ {A(·);xbody(·), ybody(·), zbody(·)} and is centered

at the UAV’s center of mass, A(·). A vector expressed in J(·) will not have a superscript.

Lastly, W(·) ≜ {A(·);xwind(·), ywind(·), zwind(·)} denotes the orthonormal wind frame. Vectors

expressed in the wind frame W(·) are denoted by the superscript W. The xwind(·) axis is in

the direction of the UAV’s velocity with respect to the freestream wind velocity, the zwind(·)

axis is orthogonal and in the UAV’s plane of symmetry, and the ywind(·) axis is chosen so

that the reference frame adheres to the right hand rule. The position of A(·) relative to the

origin of the inertial reference frame I is denoted by rA : [t0,∞) → R3. The orientation

of the body reference frame with respect to the inertial reference frame is represented by a

3-2-1 sequence of explicit Bryan-Tait angles, whereby ψ : [t0,∞) → [0, 2π) captures the yaw

angle, θ : [t0,∞) → (−π
2
, π
2
) captures the pitch angle, and ϕ : [t0,∞) → [0, 2π) captures the

roll angle.

The orientation of the wind reference frame W(·) with respect to the body reference frame
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Figure 2.1: Tailsitter UAV with reference frames

J(·) is captured by the the polar coordinates β : [t0,∞) → [−π, π] and α : [t0,∞) → [0, 2π),

which denote the sideslip angle and the angle of attack, respectively. In this thesis, we assume

that the freestream wind velocity does not have any component orthogonal to the UAV’s

plane of symmetry and hence, we assume that β(t) = 0, t ≥ t0. Finally, the angle between

the wind reference frame W(·) and the inertial reference frame I is captured by the flight

path angle, γ(t) ≜ θ(t)− α(t), t ≥ t0; see Figure 2.1.

A tailsitter UAV has four control inputs that form the control vector, u(t) ≜ [u1(t), u2(t),

u3(t), u4(t)]
T, t ≥ t0, where u1(t) ≥ 0 captures the propellers’ total thrust force, and u2(t),

u3(t), and u4(t) ∈ R capture the moment induced by the propellers’ thrust force about the

xbody(·), ybody(·), and zbody(·) axes, respectively. Since we are only studying the longitudinal

motion, we assume that u2(t) = u4(t) = 0, t ≥ t0, and introduce Ta and Tb : [t0,∞) → [0,∞)

so that u1(t) = Ta(t) + Tb(t) and u3(t) =
l
2
(Tb(t)− Ta(t)), where l > 0 denotes the distance

between propellers along the zbody(·) axis and Ta and Tb denote the force produced by the
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top two and bottom two propellers, respectively. A fixed wing aircraft typically has control

surfaces on the wings in the form of ailerons and on the vertical stabilizer in the form of a

rudder. As discussed in Section 1.3, our vehicle is a hybrid of a quadcopter and a classical

fixed-wing UAV, and we chose not to introduce ailerons to reduce the UAV’s total weight.

2.4 Modeling Assumptions

In this section, we present the hypotheses underlying the proposed dynamical models for

a tailsitter UAV, which can be summarized as follows. The mass of the aircraft is assumed

to be constant, which is a suitable assumption for applications such as reconnaissance and

surveillance.

An additional assumption is that the aircraft velocity vector with respect to the free

stream air is contained in its plane of symmetry. Although restrictive, this assumption

is justified by the fact that in this study, we are interested in controlling the transition

between vertical and horizontal flight regimes while keeping the roll angle as small as possible.

Additionally, to minimize the control effort, it is recommended that in this stage, the take

off maneuver is performed by pointing the UAV in the same direction as the wind.

In this thesis, we model the UAV as a rigid body. This assumption is verified whenever the

aircraft does not carry any dangling payload and whenever the gyroscopic effect produced

by the propellers is sufficiently small compared to the Coriolis forces produced by the UAV’s

rotational motion.

Our final modeling assumption is that the lift and drag coefficients of the wings are

estimated in the linear regimes, whereas the UAV’s aerodynamic properties are completely

unknown beyond the linear regime. A key point of this thesis is to produce a control law for
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a tailsitter UAV that allows for a successful transition between vertical and horizontal flight

regimes despite this limiting assumption.

2.5 Longitudinal Equations of Motion

In this section, the longitudinal equations of motion for the tailsitter UAV will be deduced

from the general set of equations of motion of an aircraft. The translational kinematic

equations of an aircraft modeled as a rigid body are given by [30, Ch. 2]

d

dt
rIA(t) = vI(t), rIA(t0) = rIA,0, t ≥ t0, (2.1)

where v(·) denotes the velocity of the center of mass with respect to the wind, and the

rotational kinematic equations are captured by

d

dt


ϕ(t)

θ(t)

ψ(t)

 =


1 sinϕ(t) tan θ(t) cosϕ(t) tan θ(t)

0 cosϕ(t) − sinϕ(t)

0 sinϕ(t) sec θ(t) cosϕ(t) sec θ(t)

ω(t),

ϕ(t0)

θ(t0)

ψ(t0)

 =


ϕ0

θ0

ψ0

 . (2.2)

The translational dynamic equations are captured by

d

dt
vI(t) =

1

m
RI

J(ϕ(t), θ(t), ψ(t))

Ft(t) +RJ
W(α(t), β(t))


D(t, v)

C(t, v)

L(t, v)


W+


0

0

g

 ,
v(t0) = v0, t ≥ t0, (2.3)
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where the orientation of the body reference frame J(·) relative to the inertial reference frame

I is captured by

RI
J(ϕ(t), θ(t), ψ(t)) ≜


cosϕ(t) − sinϕ(t) 0

sinϕ(t) cosϕ(t) 0

0 0 1




cos θ(t) 0 sin θ(t)

0 1 0

− sin θ(t) 0 cos θ(t)



1 0 0

0 cosψ(t) − sinψ(t)

0 sinψ(t) cosψ(t)

 ,
(2.4)

Ft(t) ≜ u1(t)e1,3 denotes the thrust force produced by the propellers, the orientation of the

wind reference frame W(·) relative to the body reference frame J(·) is captured by [31, p.

117]

RJ
W(α, β) ≜


cosα(t) cos β(t) − cosα(t) sin β(t) − sinα(t)

sin β(t) cos β(t) 0

sinα(t) cos β(t) − sinα(t) sin β(t) cosα(t)

 ,

D(t, v) ≜ −1
2
ρ||v(t)||2SCD(α(t)) denotes the drag force in the wind reference frame W(·),

C(t, v) ≜ −1
2
ρ||v(t)||2SCC denotes the side force in the wind reference frame W(·), L(t, v) ≜

−1
2
ρ||v(t)||2SCL(α(t)) denotes the lift force in the wind reference frame W(·), ρ denotes the

air density, S denotes the UAV’s planform area, CL : R → R denotes the coefficient of lift

at any given angle of attack, CD : R → R denotes the coefficient of drag at any given angle

of attack, and CC denotes the coefficient of side force. To model the relationship between

the lift and the angle of attack, the coefficient of lift is defined by

CL(α) ≜ CL,0 + CL,αα(t), α ∈ [0, 2π), t ≥ t0, (2.5)
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where CL,α > 0 denotes the coefficient of lift slope and CL,0 ∈ R denotes the coefficient of

lift at zero angle of attack [32, p. 70]. Similarly, the coefficient of drag is modeled as

CD(α) ≜ CD,0 + CD,αα(t), α ∈ [0, 2π), t ≥ t0, (2.6)

where CD,α > 0 denotes the coefficient of drag slope and CD,0 ∈ R denotes the coefficient of

drag at zero angle of attack.

Finally, the rotational dynamic equation is captured by

d

dt
ω(t) =


−Iz(I2xz − IxIz)

−1 0 −Ixz(I2xz − IxIz)
−1

0 I−1
y 0

−Ixz(I2xz − IxIz)
−1 0 −Ix(I2xz − IxIz)

−1





K(v(t), ω(t))

M(v(t), ω(t), ω̇(t))

N(v(t), ω(t))



−ω×(t)


Ix 0 −Ixz

0 Iy 0

−Ixz 0 Iz

ω(t) +

u2(t)

u3(t)

u4(t)


 , ω(t0) = ω0, t ≥ t0. (2.7)

where ω(·) denotes the aircraft angular velocity expressed in the body frame J, K : R3×R3 →

R, M : R3 ×R3 → R, and N : R3 ×R3 → R denote the components of of the moment of the

external forces acting on the aircraft, along the roll, pitch, and yaw axes, respectively, Ix, Iy,

and Iz > 0 denote the moments of inertia, and Ixz ∈ R denote the products of inertia. The

products of inertia, Ixy and Iyz, are zero because we assume a symmetric vehicle and that

the center of the body reference frame J(·) is at the center of mass of the vehicle. [30, pp.

32-33]. Equations (2.1)–(2.7) are the equations of motion of an aircraft modeled as a rigid

body.

The tailsitter UAV is a symmetric fixed-wing aircraft and we assume that the lateral

component of the aerodynamic force and the moment of the aerodynamic forces are equal
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to zero. Thus the side slip angle is zero at all times [31, pp. 159-160] [33, Ch. 2] [30, Ch.

2]. Under these assumptions, it follows from (2.3) that the translational dynamic equations

of motion reduce to

d

dt
vI(t) =

1

m


cos θ(t) 0 sin θ(t)

0 1 0

− sin θ(t) 0 cos θ(t)



u1(t) +D(t, v) cosα(t)− L(t, v) sinα(t)

0

D(t, v) sinα(t) + L(t, v) cosα(t)



+


0

0

g

 , v(t0) =


s0

0

w0

 , t ≥ t0. (2.8)

Using the relation, γ(t) = θ(t) − α(t), t ≥ t0 and (2.1), it follows that (2.8) can be further

reduced to

ẍA(t) ≜
1

m
[F I
x(t) + L(t, v) sin γ(t) +D(t, v) cos γ(t)],

xA(t0) = xA,0, ẋA(t0) = ẋA,0, t ≥ t0, (2.9)

z̈A(t) ≜
1

m
[F I
z(t) +mg + L(t, v) cos γ(t)−D(t, v) sin γ(t)],

zA(t0) = zA,0, żA(t0) = żA,0, (2.10)

where xA(·) and zA(·) denote the first and third components of rA(·), F I
x(·) ≜ (Ta(t) +

Tb(t)) cos θ(t) denotes the desired control force in the X inertial direction, and F I
z(·) ≜

−(Ta(t) + Tb(t)) sin θ(t) denotes the desired control force in the Z inertial direction.

Furthermore, (2.2)–(2.7) do not explicitly depend on the yaw angle ψ(·). Therefore, it
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follows from (2.2) that [30, p. 44]

d

dt

ϕ(t)
θ(t)

 =

1 sinϕ(t) tan θ(t) cosϕ(t) tan θ(t)

0 cosϕ(t) − sinϕ(t)

ω(t)
ϕ(t0)
θ(t0)

 =

ϕ0

θ0

 , t ≥ t0.

(2.11)

Using the same assumptions as for the translational equations of motion, (2.7) simplifies to

d

dt
ω(t) =


0

I−1
y u3(t)

0

 , ω(t0) =


0

q0

0

 , t ≥ t0, (2.12)

and following from (2.11) and (2.12), the rotational equation of motion of the tailsitter UAV

is expressed as

θ̈(t) ≜ I−1
y u3(t), θ(t0) = θ0, θ̇(t0) = θ̇0, (2.13)

where Iy denotes the moment of inertia about the ybody(t) axis.

In this thesis, (2.9), (2.10), and (2.13) are considered as the equations of motion of a

tailsitter UAV. Analyzing these equations of motion, we recognize that there is no need to

limit θ(·) within the interval (−π
2
, π
2
) as previously stated in Section 2.3 because no singularity

is present in (2.13). Therefore, we let θ(t) ∈ [0, 2π), t ≥ t0. Similar examples of longitudinal

translational and rotational dynamic equations of motion are provided by [32, pp. 69-70],

[22, p. 3387], [31, pp. 160-161], and [34, p. 1893].
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2.6 Controllability of the Tailsitter UAV

In the following, we recall the notion of underactuated dynamical systems. For the state-

ment of this results consider the dynamical system [29, pp. 106-107]

q̈(t) = f(t, q(t), q̇(t)) +G(q(t))u(t), q(t0) = q0, q̇(t0) = qd,0, t ≥ t0, (2.14)

where q(t) ∈ D ⊆ Rn denotes the vector of independent generalized coordinates, u(t) ∈ Rm,

f : [t0,∞)×D × Rn → Rn, and G : Rn → Rn×m.

Definition 2.1 ([35]). Consider the nonlinear dynamical system (2.14). If rank(G(q)) = n

for all q ∈ D, then (2.14) is fully actuated. Alternatively, if rank(G(q)) < n for all q ∈ D,

then (2.14) is underactuated.

Next we verify that the dynamical model given by (2.9), (2.10) and (2.13) is underactu-

ated. To verify this fact, we recognize that (2.9), (2.10) and (2.13) is in the same form as

(2.14) with n = 3, m = 2, q(t) = [xA(t), zA(t), θ(t)]
T, t ≥ t0, u(t) = [Ta(t), Tb(t)]

T,

f(t, q(t), q̇(t)) =


1
m
(L(t, v) sin γ(t) +D(t, v) cos γ(t))

1
m
(mg + L(t, v) cos γ(t)−D(t, v) sin γ(t))

I−1
y

 , (2.15)

G(q) =


cos θ(t) cos θ(t)

− sin θ(t) − sin θ(t)

− l
2

l
2

 . (2.16)

We note that rank(G(q)) = 2 < n for the given q ∈ D and therefore the system is

underactuated. If we only consider q(t) = [zA(t), θ(t)]
T, t ≥ t0 then, n = 2, m = 2,



Chapter 2. Dynamical Modeling 26

u(t) = [Ta(t), Tb(t)]
T,

f(t, q(t), q̇(t)) =

 1
m
(mg + L(t, v) cos γ(t)−D(t, v) sin γ(t))

I−1
y

 , (2.17)

G(q) =

− sin θ(t) − sin θ(t)

− l
2

l
2

 . (2.18)

For this case, the rank(G(q)) = n and therefore the system is fully actuated for all q ∈ D.

For this reason, we choose to directly control only zA(·) and θ(·).

Simply put, underactuation of a mechanical system occurs when there are less control

inputs than generalized coordinates. This is the case for the longitudinal motion of a tailsitter

UAV because there are three independent coordinates, the position in X and Z directions

and the pitch angle, and there are only two control inputs, Ta(·) and Tb(·). This means that

we have to choose two of the generalized coordinates to directly control and leave the third

uncontrolled.

2.7 Conclusion

In this chapter, we first outlined the current literature on tailsitter UAVs. We reviewed the

modeling decisions and assumptions made for other tailsitter UAVs. Through the exploration

of the current literature on the modeling of tailsitter UAVs, we found examples of how other

researchers using similar assumptions as ours to derive the vehicle’s equations of motion. We

then presented the notation, as well as the reference frames necessary to capture the tailsitter

UAVs attitude and altitude. Following that, we proceeded with the general kinematic and

dynamic equations of motion of an aircraft and employed our assumptions to deduce the
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translational and rotational dynamic equations that are used in this thesis to model our

tailsitter UAV. Some important assumptions that we made when simplifying the equations

of motion were that the center of mass of the vehicle is known, that the inertial reference

frame I is fixed with the Earth, that we will always operate in symmetric flight, and that

the wind reference frame W(·) is centered at the same point as the body reference frame J(·)

which is the center of mass of the vehicle. Finally, we examined the controllability of the

system and determined that our vehicle is underactuated and therefore we will only be able

to control two of the generalized coordinates, zA(t) and θ(t). In the next chapter, we will

start with the equations of motion derived in this chapter and proceed to design the method

of control used to stabilize the tailsitter UAV despite uncertainties.



Chapter 3

Adaptive Control of a Tailsitter UAV

3.1 Introduction

Once a dynamical system has been modeled, the next step is designing a controller. The

“hybrid” nature of the tailsitter, which allows it to hover as a quadcopter and to fly forward

as a fixed-wing airplane, is what makes this vehicle so attractive, but also what makes it

more difficult to control than classical quadcopters and conventional fixed-wing airplanes.

Control methods for both fixed-wing aircraft and traditional quadrotor UAVs have been

extensively researched in recent years. However, controlling a tailsitter UAV is a relatively

new research area.

When dealing with an uncertain, nonlinear system attempting to undergo a complex ma-

neuver, such as a transition from vertical to horizontal flight, it is important to implement

a robust control technique. An adaptive control technique, in which the gains of the control

system adapt based on the response of the system, can be considered as robust for its ability

to guarantee satisfactory trajectory tracking error performance despite modeling uncertain-

ties. Research on adaptive control began in the 1950s to develop a new control technique for

high-performance aircraft [36, Ch. 9]. For this thesis, we use a version of adaptive control

called Model Reference Adaptive Control (MRAC). First proposed in 1958 by Whitaker et

al. [37], MRAC introduces a user-defined reference model, based on an ideal system, for the

system to track in the presence of uncertainty. The first proof of MRAC for a closed-loop

28
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Figure 3.1: Schematic representation of the proposed control architecture for a tailsitter
UAV

system based on Lyapunov stability was given in 1965 and was confirmed experimentally on

an analog computer [38]. A simple block diagram of MRAC is shown in Figure 3.1.

We will begin this chapter by reviewing the types of control laws used by other tailsitter

UAVs. Successively, we will overview the basics of the MRAC technique. Following from

the equations of motion derived in Chapter 2, we will apply MRAC with a baseline PD

controller to our tailsitter UAV to control its longitudinal motion. A control algorithm for

the outer loop, which will be instrumental to enforce the symmetric flight assumptions model

underlying the inner loop, will be presented. Finally, we will show how the tailsitter UAV

will realize the desired forces and moments.
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3.2 Literature Review on Control Methods for a Tail-

sitter UAV

Controlling the transition from vertical to horizontal flight for a tailsitter UAV is a chal-

lenging task. When a tailsitter UAV begins to transition to forward flight, the aerodynamic

forces and moments of inertia play a significant role in the dynamics of the vehicle. Without

a robust control technique, the transition flight is unlikely to be successful. Many control

techniques have been tested on tailsitter UAVs and in this section we will summarize these

efforts.

Some of the early tailsitter UAVs developed were not controlled autonomously due to

their complexity and the state of technology at that time. These vehicles were operated

by a pilot, whether that be in the vehicle or via R/C controller. The tailsitters that were

not autonomously controlled were the Lockheed XFV [3, 4] and the tailsitter developed at

NASA AIMES [20].

The T-Wing tailsitter UAV developed at the University of Sydney had a controller based

on a simplified version of the dynamical models [21]. They began by linearizing the UAV’s

dynamical model about various trim conditions in different flight regimes and proceeded

to design multiple low-level gain-scheduled controllers to stabilize the system in all flight

conditions. The controllers included linear–quadratic regulator (LQR) controllers and other

classical flight controllers. The purpose of gain-scheduled controllers is to stabilize a non-

linear system using a series of linear controllers in different flight conditions. Guidance

controllers were implemented at a higher level to navigate the tailsitter between its desired

waypoints. The researchers at the University of Sydney developed a simulator in Simulink

to test their control law in the presence of unknown disturbances and uncertainties. As for

real tests, their control law was tested for autonomous hovering but no transition flights



Chapter 3. Adaptive Control of a Tailsitter UAV 31

were tested.

The tailsitter developed at the University of Compiegne split its control strategies into

a vertical flight controller, which neglected the aerodynamic terms, and a forward flight

controller [22]. The vertical flight controller used feedback linearization in the thrust input

and employed a backstepping technique to overcome the system’s underactuation. The fi-

nal vertical control law was designed such that the derivative of their Lyapunov function is

negative definite, proving stability. Their forward flight control law incorporated a set-point

Proportional-Derivative (PD) controller for the pitch of the vehicle in addition to the previ-

ously described controller for the altitude. To test their control laws, a simulation was run

with perturbations in the attitude during vertical and horizontal flight. The vertical control

law was proven to be robust to external perturbation, and experimental results confirmed

their vertical flight control law. In [7], the T-Plane UAV developed at the University of Com-

piegne employed a nonlinear control law based on separated saturation functions to stabilize

both the orientation and position of the vehicle. This controller was able to successfully

stabilize the vehicle when an autonomous hover test was conducted with disturbances, but

they did not move on to horizontal testing.

An adaptive control law was employed in an attempt to control the miniature tailsitter

developed at BYU [5]. As already mentioned in Chapter 2, this tailsitter had control surfaces

in the form of ailerons to assist with the transition from vertical to horizontal flight regimes.

They explored the application of a computationally efficient least-squares-based model ref-

erence adaptive quaternion backstepping control method [5]. Their reference model was

based on the physics of the actual system to ensure that their trajectories were obtainable.

Their adaptive backstepping controller drove the error between the actual trajectory and the

reference trajectory to zero and the stability of this controller was verified using Lyapunov

stability theory. The system parameters needed for the controller were estimated using a
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stabilized recursive least squares method. Both the simulation and hardware test showed

the vehicle tracking the reference model and the estimated parameters quickly converging

to their true values.

The Vertical Bat tailsitter developed at BYU implemented a hierarchical control structure

based on Proportional-Integral-Derivative (PID) controllers, which contained a waypoint

manager, flight mode controller, flight mode specific controllers and attitude controller [18].

The waypoint manager was the highest level of the control architecture and determined

which waypoint should be tracked at any given time. One level down was the flight mode

controller, which determined the maneuvers, such as transitioning from vertical to horizon-

tal flight regimes, that the the tailsitter UAV must undergo to reach the desired waypoint.

The next level of the control architecture comprised of the individual controllers that would

change depending on the UAV’s current flight mode. For horizontal forward flight, a closed

loop PID controller was implemented, while in vertical hover flight, a feed-forward controller

was used in addition to a PID controller. For transition modes, a combination of a pro-

portional controller and a feed-forward controller was used. The last level of the control

architecture was an attitude controller which consisted of a PID controller based on quater-

nions to represent orientations. Other examples of tailsitter UAVs implementing PID or PD

controllers are given in [6, 9, 19, 23, 24].

A variation of the traditional PID control strategy was used to study the transition from

vertical to horizontal flight of a tailsitter UAV at Tohoku University [6]. They verified

that a PID controller did not successfully stabilize the system when a large attitude error

was present. This led them to implement a “Resolved Tilt-Twist Angle Feedback Control”

method for the attitude error in addition to the PID controller [39]. For this control tech-

nique, pitch and yaw errors were formed based on an analogy of the inverted pendulum.

This control technique was found to stabilize the UAV in both simulations and experiments.
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It is important to note that this vehicle implemented control surfaces in the form of ailerons

and elevators, which assisted its transition between vertical and horizontal flight regimes.

The tailsitter UAV developed at the Indian Institute of Technology Kanpur used a non-

linear dynamic inversion controller with an outer loop that was based on the translational

dynamic equations, an inner loop that was based on the rotational dynamic equations, and

a third loop that dynamically allocated control to the individual motors [28]. The contents

of the outer and inner loops were different based on the flight regime. For the vertical flight

regime, the aerodynamic forces were ignored in the derivation of the model for the control

law and the error dynamics for both the inner and outer loops were designed based on a de-

sired damping ratio and natural frequency. These researchers designed their tailsitter UAV

to switch between the vertical and horizontal flight controllers at the pre-specified stall angle

of attack. The horizontal flight controller was designed taking into account the aerodynamic

forces and resembled a traditional fixed-wing airplane controller based on dynamic inversion.

Numerical simulations showed the efficacy of this approach.

3.3 Fundamentals of Model Reference Adaptive Con-

trol

In this section, we will overview Model Reference Adaptive Control for multi-input multi-

output (MIMO) systems. Let the dynamics of the plant be captured by

ẏ(t) ≜ Ay(t) +BΛ[u(t) + ΘTΦ(t, y)], y(t0) = y0, t ≥ t0, (3.1)

where y(t) ∈ Rn denotes the plant state, u(t) ∈ Rm denotes the control input, B ∈ Rn×m

denotes a known matrix, A ∈ Rn×n and Λ ∈ Rm×m denote unknown constant matrices, the
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pair (A,B) is controllable, Λ is diagonal and positive-definite, Θ ∈ RN×m denotes a constant

matrix of unknown coefficients, and Φ(t, y) ∈ RN denotes the known regressor vector, which

is continuous in t and Lipschitz continuous in y [36, Ch. 9]. The matrices A and Λ capture

the parametric uncertainty of the plant, while ΘTΦ(t, y) represents the matched uncertainty.

MRAC laws steer the plant state towards the trajectory of the reference model, which is

expressed as

ẏref(t) ≜ Arefyref(t) +Brefr(t), yref(t0) = yref,0, t ≥ t0, (3.2)

where Aref ∈ Rn×n is Hurwitz, Bref ∈ Rn×m, the pair (Aref, Bref) is controllable, and r(t) ∈ Rm

is user-defined and bounded. Let e(t) ≜ y(t)− yref(t), t ≥ t0, denote the trajectory tracking

error. To guarantee that lim
t→∞

e(t) = 0, the adaptive control law is defined as

u(t) ≜ K̂T
x (t)y(t) + K̂T

r (t)r(t)− Θ̂T(t)Φ(t, y), t ≥ t0, (3.3)

where K̂x(t) ∈ Rn×m, K̂r(t) ∈ Rm×m, Θ̂(t) ∈ RN×n denote estimates of the adaptive gains.

These adaptive gains will be generated online by integrating the following adaptive laws

˙̂
Kx(t) ≜ −Γxy(t)e

T(t)PB, K̂x(t0) = K̂x,0, t ≥ t0, (3.4)
˙̂
Kr(t) ≜ −Γrr(t)e

T(t)PB, K̂r(t0) = K̂r,0, (3.5)
˙̂
Θ(t) ≜ ΓΘΦ(t, y)e

T(t)PB, Θ̂(t0) = Θ̂0, (3.6)

where Γx ∈ Rn×n, Γr ∈ Rm×m, and ΓΘ ∈ RN×N are symmetric, positive-definite, and denote

the user-defined rates of adaptation, P = PT > 0 is the solution of the algebraic Lyapunov
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equation

AT
refP + PAref = −Q, (3.7)

and Q = QT > 0 is user-defined. To prove the existence of a controller in the form of (3.3)

such that the plant dynamics (3.1) behave like the ideal reference dynamics (3.2), there must

exist gains Kx ∈ Rn×m and Kr ∈ Rm×m that satisfy the matching conditions

A+BΛKT
x =Aref, (3.8)

BΛKT
r =Bref. (3.9)

For a detailed proof of the effectiveness of the control law (3.3) to guarantee asymptotic

convergence of the trajectory tracking error, see pp. 282–285 of [36].

3.4 Feedback Linearization of the Translational Equa-

tions

To design a controller for the translational motion of the tailsitter UAV, first we consider

the translational dynamics for zA(·) derived in Chapter 2. Due to the under-actuation of

the UAV, only the vertical translation and pitch of the vehicle are controlled directly. The

translational equations of motion of the UAV along the vertical direction are captured by

(2.10). In this thesis, we assume that the UAV’s wings are symmetric and their lift is

poorly modeled. Thus, we prefer to consider the UAV’s lift force as an external disturbance

supporting the controller’s effort rather than a term to design through the outer loop. Thus,
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we set the control law

uz(t, v) ≜ −L̂(t, v) cos γ(t) + D̂(t, v) sin γ(t)− m̂g+ ur,z(t), (t, v) ∈ [t0,∞)×R3, (3.10)

for F I
z(·), where uz(t, v) denotes the control input, ur,z(t) denotes the adaptive control input,

L̂(t, v)) ≜ −1
2
ρ̂||v(t)||2ŜĈL(α) denotes the estimated lift force, D̂(t, v)) ≜ −1

2
ρ̂||v(t)||2ŜĈD

(α) denotes the estimated drag force, ρ̂ > 0 denotes the estimated air density, Ŝ > 0 denotes

the estimated planform area, ĈL : R → R denotes the estimated coefficient of lift, ĈD : R → R

denotes the estimated coefficient of drag, and m̂ > 0 denotes the estimated mass. We also

model the relationship between ĈL(·) and the angle of attack α as

ĈL(α) = ĈL,αα + ĈL,0, α ∈ [0, 2π), (3.11)

where ĈL,α > 0 denotes the estimated coefficient of lift slope and ĈL,0 ∈ R denotes the

estimated coefficient of lift at zero angle of attack [32, p. 70]. Similarly, the estimated

coefficient of drag is modeled as

ĈD(α) ≜ ĈD,αα + ĈD,0, α ∈ [0, 2π), (3.12)

where ĈD,α > 0 denotes the estimated coefficient of drag slope and ĈD,0 ∈ R denotes the

estimated coefficient of drag at zero angle of attack.

It follows from (2.10), (3.10), (3.11), and (3.12) that the UAV’s equations of motion in

the inertial vertical direction can be expressed as

ẏz(t) = Azyz(t) +BzΛz[ur,z(t) + ΘT
z Φz(t, yz)], yz(t0) = yz,0, t ≥ t0, (3.13)
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where yz(t) =

zA(t)
żA(t)

, Az =

0 1

0 0

, Bz =

0
1

, Λz ≜ 1
m

,

Θz ≜



ρ̂ŜĈL,α − ρSCL,α

ρ̂ŜĈL,0 − ρSCL,0

ρ̂ŜĈD,α − ρSCD,α

ρ̂ŜĈD,0 − ρSCD,0

m̂−m


, (3.14)

Φz(t, yz) ≜



||v(t)||2α cos γ(t)
2

||v(t)||2 cos γ(t)
2

− ||v(t)||2α sin γ(t)
2

− ||v(t)||2 sin γ(t)
2

−g


. (3.15)

The reference model for the zA(·) dynamics is given by

ẏz,ref(t) ≜ Az,refyz,ref(t) +Brefrz(t), yz,ref (t0) = yz,ref,0, t ≥ t0, (3.16)

where yz,ref(t) = [zA,ref(t), żA,ref(t)]
T,

Az,ref ≜

 0 1

−Kp,z −Kd,z

 , (3.17)

Bref ≜

0
1

 , (3.18)

rz(t) ≜ z̈user(t) +Kp,zzuser(t) +Kd,z żuser(t), (3.19)
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Kp,z > 0 and Kd,z > 0 denote the user-defined proportional and derivative gains, respectively,

and zuser(·) denotes the user-defined reference trajectory for the UAV’s altitude. Next, let

ur,z(t) ≜ K̂T
x,z(t)yz(t) + K̂T

r,z(t)rz(t)− Θ̂T
z (t)Φz(t, yz) +K0ez(t) +K1ėz(t), t ≥ t0,

(3.20)

denote the adaptive control input, where K0 > 0 and K1 > 0 denote the baseline controller

gains and ez(t) ≜ zA(t)−zA,ref(t). Applying (3.4)–(3.6), the adaptive gain rates are captured

by

˙̂
Kx,z(t) ≜ −Γx,zyz(t)e

T
z (t)PzB, K̂x,z(t0) = K̂x,z,0, t ≥ t0, (3.21)

˙̂
Kr,z(t) ≜ −Γr,zrz(t)e

T
z (t)PzB, K̂r(t0) = K̂r,0, (3.22)

˙̂
Θz(t) ≜ ΓΘ,zΦz(t, yz)e

T
z (t)PzB, Θ̂z(t0) = Θ̂z,0, (3.23)

where Γx,z ∈ R2×2, Γr,z ∈ R, and ΓΘ,z ∈ R5×5 are symmetric, positive-definite, and denote

the user-defined rates of adaptation, Pz = PT
z > 0 is the solution of the algebraic Lyapunov

equation

AT
ref,zPz + PzAref,z = −Qz, (3.24)

and Qz = QT
z > 0.
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3.5 Feedback Linearization of the Rotational Equations

It follows from from (2.13) that the rotational equations of motion for the pitch of the

tailsitter UAV can be expressed as

ẏθ(t) ≜ Arotyθ(t) +BrotΛroturot(t), yθ(t0) = yθ,0, t ≥ t0, (3.25)

where yθ(t) ≜

θ(t)
θ̇(t)

, Brot ≜

0
1

, Arot ≜

0 1

0 0

, and Λrot ≜ 1
Iy

. To control the pitch

dynamics of the UAV a reference system is established in the form

ẏθ,ref(t) ≜ Arot,refyθ,ref(t) +Brotrrot(t), yθ,ref(t0) = yθ,ref,0, t ≥ t0, (3.26)

where yθ,ref(t) ≜ [θref(t), θ̇ref(t)]
T,

Arot,ref ≜

 0 1

−Kp,rot −Kd,rot

 , (3.27)

rrot(t) ≜ θ̈user(t) +Kp,rotθuser(t) +Kd,rotθ̇user(t), (3.28)

Kp,rot and Kd,rot denote the user-defined proportional and derivative gains, respectively. The

rotational control input is given by

urot(t) ≜ K̂T
x (t)yθ(t) +K2eθ(t) +K3ėθ(t), t ≥ t0, (3.29)

where K2 > 0 and K3 > 0 denote the baseline controller gains, eθ(t) ≜ θ(t)− θref(t), and

˙̂
Kx(t) = −Γrotyθ(t)e

T
θ (t)ProtBrot, K̂x(t0) = K̂x,0, (3.30)
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denotes the estimated adaptive gain rate, Γrot ∈ R2×2 is symmetric, positive-definite, and

denotes the user-defined rate of adaptation, Prot = PT
rot > 0 is the solution of the algebraic

Lyapunov equation

AT
rot,refProt + ProtArot,ref = −Qrot, (3.31)

and Qrot = QT
rot > 0 is user-defined.

3.6 Outer Loop Design

In this section, we outline the outer loop system of our tailsitter UAV. The purpose of

the outer loop is to ensure that the aircraft travels along the X axis of the inertial reference

frame I at all times. We will design this system by controlling the roll angle ϕ(t), t ≥ t0.

The strategy used in this section is similar to the outer loop strategies used in [29, 40], and

we will assume that ϕ(t), t ≥ t0 and ψ(t) are sufficiently small. Linearizing (2.1) and (2.3),

it follows thatẍA(t)
ÿA(t)

 ≜ 1

m

 0 0

r2,1(t, v(t)) r2,2(t, v(t))


ϕ(t)
ψ(t)

 ,
xA(t0)
yA(t0)

 =

xA,0
yA,0

 ,
ẋA(t0)
ẏA(t0)

 =

ẋA,0
ẏA,0

 , t ≥ t0, (3.32)

where

r2,1(t, v(t)) ≜ (u1(t)− L(t, v) sinα(t) +D(t, v) cosα(t)) cos θ(t)

+ (L(t, v) cosα(t) +D(t, v) sinα(t)) sin θ(t),

r2,2(t, v(t)) ≜ −D(t, v) sinα(t)− L(t, v) cosα(t).
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From (3.32), it follows that in first approximation, the xA(·) dynamics do not depend on the

roll or yaw angles. Therefore we will choose to only control the yA(·) dynamics and leave the

xA(·) dynamics uncontrolled. This is a reasonable decision since this work is concerned with

the transition between horizontal and vertical flight modes. Considering ϕ(·) as a virtual

control input for the second term of (3.32), we design the reference angle

ϕref(t) =
1

r̂2,1(t, v(t))

(
ϕ̂ref(t)− r̂2,2(t, v(t))ψ(t)

)
, t ≥ t0, (3.33)

where r̂2,1(·, ·) and r̂2,2(·, ·) denote estimates for r2,1(·, ·) and r2,2(·, ·), respectively. We also

can denote r2,1(t, v(t)) = η1(t)r̂2,1(t, v(t)) and r2,2(t, v(t)) = η2(t)r̂2,2(t, v(t)). Since r2,1(·, ·) is

in the denominator of ϕref(·), we must determine if there are any flight conditions in which

r2,1(t, v(t)) = 0, (t, v(t)) ∈ [t0,∞)×R3. To this goal, let r2,1(t, v(t)) = A(t, v(t))+B(t, v(t)),

(t, v(t)) ∈ [t0,∞)× R3, where

A(t, v(t)) ≜(u1(t)− L(t, v) sinα(t) +D(t, v) cosα(t)) cos θ(t),

B(t, v(t)) ≜(L(t, v) cosα(t) +D(t, v) sinα(t)) sin θ(t).

As shown in Figure 3.2, r2,1(·, ·) denotes the sum of the aerodynamic and thrust forces acting

along the X axis. Therefore, assuming that the UAV does not move in the plane containing

the Y and Z axes, r2,1(t, v(t)) ̸= 0, (t, v(t)) ∈ [t0,∞)× R3.

To generate a reference roll angle which can handle uncertainties in the system’s pa-

rameters, we use a linear-quadratic baseline controller augmented by an MRAC law with

disturbance rejection. A proof of this control technique is provided in [36, pp. 303 – 311].

It follows from (3.33) and (3.32), that the yA(·) dynamics can be expressed in the form

ẋ(t) = Ax(t) +BΛ[ϕ̂ref(t) + ΘTΦ(t) + d(t)], x(t0) = x0, t ≥ t0, (3.34)
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Figure 3.2: Visual depiction of r2,1(·, ·)

with x(t) =


∫ t
t0
yA(τ)dτ

yA(t)

ẏA(t)

, A =


0 1 0

0 0 1

0 0 0

, B =


0

0

1

, Λ ≜ η̂1
m

,

Θ = 1, (3.35)

Φ(t) = −r̂2,2(t, v(t))ψ(t), (3.36)

d(t) = (η1(t)− η̂1)ϕ̂ref +
η2(t)

η1(t)
r̂2,2ψ, (3.37)

ϕ̂ref(t) = ubl(t) + uad(t), (3.38)

ubl(t) = −KT
x x(t), (3.39)

uad(t) = −K̂T
u (t)ubl(t)− Θ̂Φ(t), (3.40)

η̂1 denotes a time-invariant estimate of η1(t), ey(t) ≜ yA(t)− yA,ref(t) denotes the state error,
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KT
x = R−1BT

y Py denotes the LQR-baseline controller gain, R ∈ R is symmetric, positive-

definite, and user-defined, Py ∈ R3×3 > 0 is the symmetric, positive definite solution of the

algebraic Riccati equation

0 = ATPy + PyA+Qy − PyByR
−1BTP, (3.41)

Qy ∈ R3×3 > 0 is symmetric, positive-definite, and user-defined,

˙̂
Ku(t) = Γuuble

T
y (t)PrefBy, K̂u(t0) = K̂u,0, (3.42)

˙̂
Θ(t) = ΓΘΦ(t)e

T
y (t)PrefBy, Θ̂(t0) = Θ̂0, (3.43)

Γu ∈ R3×3, ΓΘ ∈ R are symmetric, positive-definite, and denote the user-defined rates of

adaptation, Pref ∈ R3×3 > 0 is the symmetric, positive definite solution of the algebraic

Lyapunov equation

AT
refPref + PrefAref = −Qref, (3.44)

and Qref ∈ R3×3 > 0 is symmetric, positive-definite, and user-defined. This adaptive control

technique will generate a reference roll angle that will drive the system back to the inertial

X axis despite the uncertainties in the system’s parameters.

Once the reference roll ϕref(·) angle has been established, we must command the roll angle

ϕ(·) of the vehicle to follow its reference angle. To this goal, we will apply the PID control

law

u2(t) ≜ Kp,ϕeϕ(t) +Ki,ϕ

∫ t

t0

eϕ(τ)dτ +Kd,ϕėϕ(t), t ≥ t0, (3.45)

where Kp,ϕ > 0, Ki,ϕ > 0, and Ki,ϕ > 0 denote the user-defined proportional, integral and
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Figure 3.3: Body reference frame and motor numbering for the tailsitter UAV

derivative gains, respectively, and eϕ(t) ≜ ϕ(t)− ϕref(t).

Similarly, it follows from (2.7) that u4(t), t ≥ t0, denotes the control input for the yaw

dynamics of the vehicle ψ(·), which is given by

u4(t) ≜ Kp,ψeψ(t) +Ki,ψ

∫ t

t0

eψ(τ)dτ +Kd,ψėψ(t), t ≥ t0, (3.46)

where Kp,ψ > 0, Ki,ψ > 0, and Kd,ψ > 0 denote the user-defined proportional, integral, and

derivative gains, respectively, which will steer the yaw angle of the tailsitter to zero, and

eψ(t) ≜ ψ(t)− ψref(t).
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3.7 Realization of Required Force and Moments

In this section, we compute the thrust force each motor must produce to realize the desired

control inputs. Analyzing the UAV’s geometry from Figure 3.3, we deduce that



T1(t)

T2(t)

T3(t)

T4(t)


≜



1
4

− 1
2l

1
2l

1
4kT

1
4

1
2l

− 1
2l

1
4kT

1
4

1
2l

1
2l

− 1
4kT

1
4

− 1
2l

− 1
2l

− 1
4kT





−uz(t,v)
sin θ(t)

u2(t)

urot(t)

u4(t)


, t ≥ t0, (3.47)

where − uz(·,·)
sin θ(·) denotes the required thrust force along the xbody(·) axis given the desired

control input along the Z inertial axis and the current pitch angle, T1(·), T2(·), T3(·), and

T4(·) denote the thrust produced by each of the propellers, kT > 0 denotes the drag coefficient

of the propellers, and l > 0 denotes the length between the propellers along the zbody(·) axis.

We recognize that −uz(·,·)
sin θ(·) will become undefined when the pitch angle is 0 degrees. Logically,

if we were pitched all the way to 0 degrees, no amount of force along the xbody(·) axis

would satisfy our desired force in the Z inertial axis since the motors would be oriented

perpendicular to the Z inertial axis. For this reason, and due to our symmetric airfoil design

discussed in Chapter 5, we choose to retain a small pitch angle during horizontal flight tests.

Equation (3.47) provides a static relation between control inputs and propellers’ thrust force.

This relation can be replaced by a dynamic relation that accounts for the motors’ dynamics.

Applying these thrust forces, the resulting forces in the inertial reference frame I and
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pitching moment about the ybody(·) axis are given by

F I
x(t) ≜ (Ta(t) + Tb(t)) cos θ(t), t ≥ t0, (3.48)

F I
z(t) ≜ −(Ta(t) + Tb(t)) sin θ(t), (3.49)

My(t) ≜
l

2
(Tb(t)− Ta(t)), (3.50)

respectively, where Ta(t) ≜ T2(t) + T4(t) and Tb(t) ≜ T1(t) + T3(t). We then apply the

control inputs to our equations of motion, given by (2.9), (2.10), and (2.13), to determine

the translational and rotational accelerations of the tailsitter UAV.

3.8 Conclusion

In this chapter, we designed a control algorithm that will enable a tailsitter UAV to

transition between vertical and horizontal flight regimes. To begin, we reviewed the current

literature on controlling a tailsitter UAV and detailed many different control methods applied

to tailsitter UAVs. From this, we found that tailsitter UAV control is a relatively novel

research topic and early tailsitter UAV were controlled by a pilot rather than an autonomous

algorithm. Some of the first tailsitter UAVs to be controlled autonomously were the T-

wing developed at the University of Sydney, which used gain scheduled controllers, and the

tailsitter developed at the University of Compiegne, which used feedback linearization. Many

of the other papers reviewed used variations of PID controllers for the tailsitter UAV. We

then proceeded to introduce the fundamentals of MRAC and showed the adaptive control

law (3.3), which is a function of the adaptive gains. Following from our zA(·) equation of

motion (2.10) we performed feedback linearization and derived our ideal adaptive control

law (3.20). A similar process was performed for our pitch dynamics that resulted in the
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ideal adaptive control law for θ(·), (3.29). Next, we developed a controller for the outer loop

to determine the control input u2(·) necessary to maintain the desired yA(·) position during

all flight regimes, (3.45). These four control inputs are then multiplied by the inverse of

the mixer, given in (3.47), to determine the necessary thrusts of each propeller to follow the

desired reference trajectories, which completes the control loop. In this next chapter, we will

outline the numerical simulations conducted to test our control law.



Chapter 4

Numerical Validation of the Proposed

Control Systems

4.1 Introduction

In this chapter, the control system presented in Chapter 3 will be tested through numeri-

cal simulations. These simulations will ensure that the controller is effective and allow us to

begin tuning the adaptive rates and other user-defined parameters underlying the adaptive

laws. First, we will overview the user-defined trajectory chosen for these simulations. Fol-

lowing that, the results of the numerical simulations performed in the Matlab environment

are presented. Successively, we present the results of the outer loop tests conducted in the

Matlab environment. These simulations are an important stepping stone to the real flight

tests presented in Chapter 5.

4.2 Reference Trajectories

To perform flight simulations, reference trajectories have been outlined by employing

quintic polynomials [41, pp. 191-192]. This method allows us to produce reference trajec-

tories that meet user-defined constraints on the initial and final positions, velocities, and

48
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accelerations. Moreover, this technique guarantees that the reference acceleration is con-

tinuously differentiable at all time and hence, the reference trajectory the UAV follows is

sufficiently smooth.

To compute reference trajectories as quintic polynomials, a set of coefficients a = [a0, a1,

a2, a3, a4, a5]
T ∈ R6 is computed offline as the solution of the following linear algebraic

equation



1 t0 t20 t30 t40 t50

0 1 2t0 3t20 4t30 5t40

0 0 2 6t0 12t20 20t30

1 tf t2f t3f t4f t5f

0 1 2tf 3t2f 4t3f 5t4f

0 0 2 6tf 12t2f 20t3f





a0

a1

a2

a3

a4

a5


=



q0

v0

α0

qf

vf

αf


, (4.1)

where t0, tf ∈ R denote the initial and final times, respectively, t0 ̸= tf , q0, qf ∈ R denote

the initial and final positions, respectively, v0, vf ∈ R denote the initial and final velocities,

respectively, and a0, af ∈ R denote the initial and final accelerations, respectively. Then,

the user-defined trajectory along a given direction is calculated as

q(t) = aT[1, t, t2, t3, t4, t5]T, t ≥ t0, (4.2)

q̇(t) = aT[0, 1, 2t, 3t2, 4t3, 5t4]T, (4.3)

q̈(t) = aT[0, 0, 2, 6t, 12t2, 20t3]T. (4.4)

This strategy will be applied to generate user-defined trajectories for both the vertical posi-

tion zA(·) and the pitch angle θ(·) of the tailsitter UAV. Having set a reference trajectory,

our MRAC controller for zA(·) and θ(·), along with our outer loop controller, is then used to
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determine the necessary control inputs for the actual system to track the reference system.

4.3 Numerical Simulations in the Matlab Environment

To test the proposed control system, we first developed a simulation in Matlab. This

simulation employed the built-in ode23 function in Matlab to apply the Runge-Kutta scheme

and integrate our vehicle equations of motion (2.9), (2.10), and (2.13), the reference model

dynamics (3.16), (3.26), and the adaptive laws (3.21), (3.22), (3.23), and (3.30) at every time

step. To evaluate the robustness of our controller, we performed two sets of tests considering

that the estimated values of the vehicles mass, lift coefficient, drag coefficient, planform area,

and the air’s density are 90% and 50% of their true vales, which were measured either directly

or through high-fidelity computer aided design (CAD) models. These tests allowed us to

verify the controllers’ ability to stabilize the system despite these parametric uncertainties.

For the vehicle parameters and controller gains used during the Matlab simulations, see

Appendix A.

Since the scope of this thesis is to design control algorithms to allow a successful transition

between vertical and horizontal flight regimes, our simulations focused on this scenario. The

user-defined trajectory strategy for the vertical position expressed in meters is as follows

zuser(t) =



1
2
t2, 0 ≤ t < 1,

q1(t), 1 ≤ t < 4,

3, 4 ≤ t < 12,

q2(t), 12 ≤ t < 15,

q3(t), 15 ≤ t < 19,

0, 19 ≤ t,

(4.5)
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where q1(t) = q(·) given by (4.2), with q0 = 0.5m, v0 = 1m/s, a0 = 1m/s2, qf = 3m,

vf = 0m/s, af = 0m/s2, q2(t) = q(·) given by (4.2), with q0 = 3m, v0 = 0m/s, a0 = 0m/s2,

qf = 3.5m, vf = 0m/s, af = 0m/s2, and q3(t) = q(·) given by (4.2), with q0 = 3.5m,

v0 = 0m/s, a0 = 0m/s2, qf = 0m, vf = 0m/s, af = 0m/s2. The user-defined trajectory

strategy for the pitch angle expressed in degrees is as follows

θuser(t) =



90, 0 ≤ t < 1,

q4(t), 1 ≤ t < 4,

5, 4 ≤ t < 12,

q5(t), 12 ≤ t < 15,

90, 15 ≤ t,

(4.6)

where q4(t) = q(·) given by (4.2), with q0 = 90 degrees, v0 = 0 degrees/s, a0 = 0 degrees/s2,

qf = 5 degrees, vf = 0 degrees/s, af = 0 degrees/s2, and q5(t) = q(·) given by (4.2), with

q0 = 5 degrees, v0 = 0 degrees/s, a0 = 0 degrees/s2, qf = 90 degrees, vf = 0 degrees/s,

af = 0 degrees/s2.

The user-defined trajectories (4.5) and (4.6) capture the following mission scenario: our

simulations began with the vehicle sitting on its tail, and we instructed the tailsitter UAV to

accelerate vertically for 1s before commencing the transition to the horizontal flight regime.

The transition to the horizontal flight regime then lasted for 4s before we instructed the

vehicle to remain at its current altitude of 3m for 7s of horizontal flight. We then instructed

the vehicle to transition back to vertical flight, and during this transition we allowed the

vehicle to increase its altitude to 3.5m, which created a smooth transition. The vehicle then

landed following a quintic polynomial trajectory for the vertical position zA(·) to ensure a

soft landing.

Figures 4.1 and 4.3 show the UAV’s actual trajectory and pitch angle, the reference trajec-
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Figure 4.1: Matlab simulation of transition for zA(·) with 90% confidence in system’s pa-
rameters and using the proposed MRAC laws.

tory and pitch angle given by (3.16) and (3.26), respectively, and the user-defined trajectory

and pitch angle given by (4.5) and (4.6), respectively, assuming a 90% confidence level on

all parametric uncertainties. As shown by these figures, the tailsitter UAV successfully tran-

sitioned to the horizontal flight regime, maintained horizontal flight, and transitioned back

to the vertical flight regime using the proposed control architecture. The trajectory tracking

error ez(·) was identically zero throughout the simulation, as shown in Figure 4.2. The max-

imum pitch angle trajectory tracking error eθ(·) was 0.65 degrees, as shown in Figure 4.4. It

can also be seen that the reference trajectory was able to follow the user-defined trajectory

with great accuracy in both cases. The

The plot for the vertical velocity, the vertical reference velocity, and the user-defined

vertical velocity is shown in Figure 4.5. This plot shows that the vehicle was able to achieve

the reference and user-defined velocities throughout the entire simulation of the transition

between vertical and horizontal flight regimes. The pitch angular velocity during the tran-

sition between horizontal and vertical flight regimes is shown in Figure 4.6. This plot shows

that the pitch rate of the vehicle was able to perfectly follow the reference and user-defined

angular velocities.
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Figure 4.2: Matlab simulation of transition for ez(·) with 90% confidence in system’s param-
eters and using the proposed MRAC laws.

Figure 4.3: Matlab simulation of transition for pitch angle with 90% confidence in system’s
parameters and using the proposed MRAC laws.

While we leave the translational motion along the xA(·) direction uncontrolled, it is im-

portant to observe the resulting motion in the X inertial direction. Figure 4.7 shows the the

trajectory profile that the vehicle undertook over these simulations. The vehicle travelled

120m in the X inertial direction, which will be acceptable for our real flight tests because of

the size of the outdoor drone cage in which the flight tests will be performed.

The final plot of significance from the Matlab simulation using the MRAC controller is

the plot of the thrust force needed to meet the reference trajectory, shown in Figure 4.8.
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Figure 4.4: Matlab simulation of transition for pitch angle error with 90% confidence in
system’s parameters and using the proposed MRAC laws.

Figure 4.5: Matlab simulation of transition for żA(·) with 90% confidence in system’s pa-
rameters and using the proposed MRAC laws.

This result was critical in choosing the motor and propeller combination that would be used

for our tailsitter UAV, as will be discussed in Chapter 5. This plot shows that the maximum

force required from our motors was about 33N, while the force required to maintain horizontal

flight was about 25N. This plot also shows our individual TA(·) and TB(·) required to make

the transition from vertical to horizontal flight regimes and vice versa.

The same transition maneuver was simulated in Matlab using a PID controller. The PID

controller was manually tuned by first varying the proportional gain to achieve sustained
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Figure 4.6: Matlab simulation of transition for pitch angular velocity with 90% confidence
in system’s parameters and using the proposed MRAC laws.

oscillation. Subsequently, the derivative gain was tuned to dampen the system’s response.

Finally, the integral gain was tuned to reduce the steady state error. It is worthwhile to

recall alternative techniques to tune a PID controller such as Ziegler-Nichols, lead, lag,

and lead-lag to name a few [42]. For details on the gains used perform these simulations,

see Appendix A. As shown in Figures 4.9–4.12, the tracking errors are considerably larger.

Therefore, the benefits of the PID controller of lower computational time do no justify the

use of these controllers. As shown in Figures 4.11 and 4.12, the pitch angle converged to the

reference pitch angle with an overshoot of 2 degrees, however controller failed to guarantee

satisfactory performance in forward flight. The largest trajectory tracking error for z(·)

during this simulation was 0.55m. This result confirms the need for an adaptive controller

to be use for a nonlinear system undergoing a complex maneuver.

To further show the need for an adaptive controller to control the transition between

vertical and horizontal flight regimes of a tailsitter UAV, we conducted Matlab tests with

lower confidence in our system’s parameters. For these simulations, we lowered the esti-

mated parameter values to be 50% of the actual parameter values, while leaving the other

simulation parameters unchanged. This was a useful test because while some system param-
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Figure 4.7: Position of the UAV in the X-Z plane over a vertical take off, horizontal flight,
and a vertical landing maneuver with 90% confidence in system’s parameters and using the
proposed MRAC laws.

eters, such as the mass, were easily determined on the actual vehicle, other parameters, such

as the aerodynamic coefficients, were more difficult to determine accurately. It is shown in

Figures 4.13 and 4.14 that the MRAC controller was able to overcome these uncertainties

and stabilize the system’s vertical position zA(·) with a maximum trajectory tracking error

of 0.18m during transition flight.

The simulation with 50% confidence in the system parameters was run again, but with the

PID controller. Figures 4.15 and 4.16 show that the PID controller was unable to stabilize

the system during the transition flight and resulted in a maximum trajectory tracking error

of 1m and a steady state error of 0.4m during horizontal flight. This is due to the lower

robustness levels of the PID control technique, once again confirming the need for an adaptive

controller to be used.

The final simulations completed in the Matlab environment were tests of the outer loop

control architecture. As previously stated, the purpose of the outer loop was to ensure the

vehicle retains its position on the X inertial axis by controlling the roll angle of the vehicle.

For all of the previous simulations in Matlab, we set the initial position for yA(t0) = 0 and
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Figure 4.8: Matlab simulation of transition forces with 90% confidence in system’s parame-
ters and using the proposed MRAC laws.

Figure 4.9: Matlab simulation of transition for zA(·) with 90% confidence in system’s pa-
rameters and using a PID control law.

since there were no external disturbances, the vehicle was able to hold that position through

the entire flight. In this case, the outer loop was never actually used, which would also be the

case for real flight tests if we flew in ideal conditions. Since we anticipated that we will not

be able to operate the vehicle in ideal conditions, we designed some simulations in Matlab to

test the outer loop controller. For the first test, the vehicle had an initial starting position

of yA(t) = 1m, t = 0s, and we observed the outer loop controller’s ability to steer the vehicle

back to the inertial X axis. The zA(·) and θ(·) trajectories during these simulations were
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Figure 4.10: Matlab simulation of transition for ez(·) with 90% confidence in system’s pa-
rameters and using a PID control law.

Figure 4.11: Matlab simulation of transition for pitch angle with 90% confidence in system’s
parameters and using a PID control law.

the same as the previous simulations. It is shown in Figure 4.17 that the vehicle was able

to return to yA(·) = 0 within 4s during the simulation. Since we are indirectly controlling

the yA(·) position with the roll angle of the vehicle, we did not expect fast response times

during simulations or real flight tests.

The roll angle and reference roll angle which drove the vehicle back to the inertial X axis

is shown in Figure 4.18. The roll angle of the vehicle was able to follow the reference roll

angle, guiding the vehicle back to yA(t) = 0. We set the reference roll angle to saturate
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Figure 4.12: Matlab simulation of transition for pitch angle error with 90% confidence in
system’s parameters and using a PID control law.

Figure 4.13: Matlab simulation of transition for zA(·) with 50% confidence in system’s pa-
rameters and using the proposed MRAC laws.

at 12 degrees during both simulation and flight test. This result validates our outer loop

controllers ability to return the vehicle to the inertial X axis in the case that the vehicle

takes off with an unwanted initial position.

The second simulation test of the outer loop incorporated an unknown external distur-

bance acting on the vehicle during the horizontal flight regime. We modeled an unknown

external disturbance that would apply a specified amount of force in Newtons to the yA(·)

dynamics of the vehicle during the horizontal flight regime. We found this to be a realistic
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Figure 4.14: Matlab simulation of transition for ez(·) with 50% confidence in system’s pa-
rameters and using the proposed MRAC laws.

Figure 4.15: Matlab simulation of transition for zA(·) with 50% confidence in system’s pa-
rameters and using a PID control law.

situation during real flight tests, since the vehicle occasionally would experience gusts of

wind during flight. That was the type of situation that our outer loop controller was de-

signed to handle during flight tests. Figure 4.19 shows the external disturbance applied to

the vehicle between 5s and 10s with a maximum magnitude of 2N.

It is shown in Figure 4.20 that the vehicle was able to return to the X axis while only

deviating 0.25m despite the unknown force applied to the vehicle. The corresponding roll

angle and reference roll angle that drove the vehicle back to the X axis are shown in Figure
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Figure 4.16: Matlab simulation of transition for ez(·) with 50% confidence in system’s pa-
rameters and using a PID control law.

Figure 4.17: Matlab simulation of yA(·) for test of outer loop controller when an initial
condition was present.

4.21. The combination of the two tests conducted in Matlab for the outer loop control of

the vehicle validate the outer loop controller in realistic flight conditions.

4.4 Conclusion

In this chapter, we evaluated our control algorithms using a Matlab simulation. For

these simulations, we employed a quintic polynomial user-defined trajectory for the vertical
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Figure 4.18: Matlab simulation of roll angle for test of outer loop controller when an initial
condition was present.

Figure 4.19: External disturbance applied during Matlab simulation testing the outer loop.

position zA(·) and pitch angle θ(·). The Matlab simulation showed a successful transition

between vertical and horizontal flight regimes for both the vertical position zA(·) and pitch

angle θ(·) with 10% uncertainty in the vehicle’s parameters. These simulations also showed

the corresponding distance the vehicle traveled in the X inertial direction. We were also

able to determine the thrust from the motors that was necessary to complete these flights,

which was used to choose a motor and propeller combination. Next, we evaluated both our

MRAC controller and the baseline controller’s ability to control the vehicle when there was a

50% uncertainty in the vehicle’s parameters and showed much better results with the MRAC
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Figure 4.20: Matlab simulation of yA(·) for test of outer loop controller with an unknown
external disturbance.

Figure 4.21: Matlab simulation of roll angle for test of outer loop controller with an unknown
external disturbance.

controller, which confirmed the need for an adaptive controller for the tailsitter UAV. Finally,

we showed sufficient Y position control from the outer loop in the presence of both incorrect

starting position and unknown external disturbance, which confirmed our symmetric flight

assumption. In the next chapter, we will begin by detailing the design and fabrication of a

prototype tailsitter UAV and following that we will show the results of the real flight tests

performed with our tailsitter UAV.



Chapter 5

Flight Test

5.1 Introduction

In this chapter, we will explore the design, fabrication, and flight tests that were con-

ducted to test the MRAC controller designed in Chapter 3. Indoor flight tests have been

performed in the drone cage the Advanced Control Systems Lab (ACSL). This facility was

instrumental in the fabrication, hover testing, and maneuvers at small pitch angles of the

tailsitter UAV. Once we were ready to move on to transition testing, outdoor flight tests

were performed at the Virginia Tech Drone Park, Figure 5.1. These facilities have larger

flight areas, which was necessary to complete a transition between vertical and horizontal

flight regimes. Furthermore, the Drone Park allows us to perform outdoor tests without

complying with FAA part 107 rules [43].

Figure 5.1: VT Drone Park [10]

64
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We will begin this chapter by detailing the design decisions that were made and the

process of designing the tailsitter UAV. Following that, we will show how the prototype

tailsitter UAV was fabricated and assembled at the ACSL. Next, we outline the hover tests

that were completed, both indoor and outdoor. Finally, we will discuss the transition test

flights and the results of these tests.

5.2 Tailsitter UAV Design

As with any aircraft, the aerodynamic and structural design decisions are critical to the

performance of the vehicle. The airfoil shape, wingspan, chord, and wing spacing for a

biplane are all design decisions that must be carefully researched to achieve our desired

performance. The choice of a motor and propeller combination and frame design are also

critical steps during the design phase.

The first design decision that was made in regards to our tailsitter UAV was the configura-

tion of the vehicle. As discussed in Chapter 1, we chose the quad-rotor biplane configuration

because of its ability to transition between vertical and horizontal flight regimes using a

differential in thrusts between the top two and bottom two propellers. We also chose this

configuration to allow for future collaborations with the University of Maryland and the

Army Research Lab. We decided to not include any control surfaces on the vehicle to reduce

the weight and mechanical complexity. Finally, we chose to include two stabilizing wings to

act as rudders and prevent unwanted drift.

The most pressing concern with a VTOL tailsitter UAV design was the transition period

between vertical and horizontal flight regimes. During this period, the wings will be expe-

riencing stall, which is when the angle of attack is greater than the specified stall angle for

the airfoil. When stall occurs, it causes separation in airflow along the top of the airfoil,
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Figure 5.2: Plot of lift coefficient versus angle of attack for the NACA-0012 airfoil [11].

which results in increased drag and decreased lift [44]. Therefore, our goal was to choose

an airfoil that has a larger stall angle of attack so that our vehicle will spend less time in

the stall region during our transition tests. Another consideration when choosing an airfoil

for our tailsitter UAV was the lift coefficient at zero angle of attack. A symmetric airfoil

will not generate any lift at zero angle of attack while an asymmetric airfoil will generate

lift at zero angle of attack. For our tailsitter UAV, we chose a symmetric airfoil because we

do not want to generate any lift when we are accelerating in the inertial Z axis before we

begin transition. During this period of acceleration at the beginning of our transition flight

tests, our angle of attack will be 0 and if we had an asymmetric airfoil, we would generate

unwanted lift. Deciding on a symmetric airfoil also means that during our horizontal flights,

we needed to maintain a small pitch angle, while our flight angle is zero, to maintain a small

angle of attack so we can generate the necessary lift. With all these considerations taken into

account, we chose the NACA-0012 symmetric airfoil [45]. A plot of the lift coefficient versus

the angle of attack of the airfoil is shown in Figure 5.2. This plot shows zero lift coefficient

at zero angle of attack, a linear increase in lift coefficient as angle of attack increases, and a

stall angle of attack of 15 degrees.
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Once the airfoil was chosen, the next step was determining the dimensions of the wing to

provide the necessary planform area to generate enough lift. In our Matlab simulations, we

were able to determine that a planform area of 0.5m2 generated the necessary lift to maintain

horizontal flight given our airfoil shape, estimated vehicle mass, and maximum motor thrust.

Therefore, we choose to have two wings with a 0.75m wingspan and a 0.28m chord. This

wingspan and chord results in an aspect ratio of 2.7, which falls into the range of aspect

ratios that the researchers in [24] recommend for tailsitter UAV vehicles. These researchers

also recommend that the spacing between the wings be at least 1.5 times the chord, so we

chose to have our wings spaced 0.5m apart. This means that our stabilizing wings had a

0.5m wingspan and had the same chord as our main wings.

One assumption that was made with regards to the dynamics of the vehicle was the rigid

body assumption. This means that we had to make the entire vehicle as rigid as possible

to prevent deformation during flight. We accomplished this by designing the main structure

of the vehicle with 0.5 inch carbon fiber rods, which are particularly strong and stiff. The

four carbon fiber rods were connected in the middle of the vehicle with a 3D printed plastic

piece that also acted as the mounting point for the ODROID computer, Pixhawk autopilot

sensor board, and the battery. At the other end of the carbon fiber rods were the 3D printed

mounts that connect to the motors, the main wings, and the stabilizing wings. The 3D

printed mounts for the wings also acted as the landing gear of the vehicle, so we did not

have to land on our wings. We designed this vehicle so the 3D printed mounts acted as the

weak link in the event of a crash, and therefore they would break first and prevent anything

important from breaking. All of the components of this vehicle were designed in Solidworks

and the final model is shown in Figure 5.3.

The choice of motors and propellers used for our tailsitter UAV was a crucial decision.

This choice can be circular because stronger motors require a larger batter, which in turn
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Figure 5.3: Solidworks CAD model of our tailsitter UAV

requires additional lift and thrust force. To solve this issue, we set the vehicle mass in our

Matlab simulator to the value we desired and then let the simulation results show us the

amount of thrust we need, as discussed in Chapter 4. From our Matlab simulations, we

determined that the maximum thrust that we would need would be 33 N. This means that

each motor would have to be rated for at least 0.84kg of thrust. We ended up choosing

the T-motor FP60PRO IV V2.0 KV1750 motors with 6 inch (15.2cm), 3 blade propellers

that have 4.8 inches (12.2cm) of pitch. These motors provided about 1.1kg of thrust at 75%

throttle which met our needs. We then found a battery that would provide the necessary

capacity, while staying in the given weight limit. The motors we chose required 24 V, so we

chose the PULSE Ultra Power Series 6S LiPo battery because it had 2600 mAh of capacity

and weighed 410 g. This combination of motors, propellers, and battery met our thrust

needs while staying within the given weight limit of 2.6kg.
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5.3 Tailsitter UAV Fabrication

Once we had designed the tailsitter UAV, we moved on to the fabrication of the prototype

vehicle. The first parts of the tailsitter UAV to be fabricated were the wings. The foam core

of the wings was given by the WY-4 symmetric wings by Eureka Aircraft [46]. We chose to

use foam for the core of the UAV’s wings to guarantee low weight, and then we sheeted the

wings with 1/16” balsa wood sheets to add stiffness. To sheet the wings, multiple sheets of

balsa wood were glued together and left to dry for 24 hours. We then used the larger balsa

sheets, clamped them to the wings, and left them for 24 hours to allow the glue to set; see

Figure 5.4. The addition of the balsa wood gave the wings greater stability in all directions,

which improved aerodynamic properties and prevented the wings from breaking on crashes.

Once the sheeting was complete, the leading edge of the wing was attached and sanded to

shape using a sanding block. The leading edge was made of a 1/2” × 1/2” balsa wood bar

and was also attached using wood glue and left to dry for 24 hours; see Figure 5.5. This

process was completed for all four wings and then the stabilizing wings were cut to size using

a band saw.

Figure 5.4: Foam core wing with balsa
sheeting clamped for drying

Figure 5.5: Leading edge of wing drying
before sanding to correct shape

The next parts to be fabricated were the 3D printed parts. The ACSL is equipped with
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a QIDI X-max 3D printer capable of printing with a wide range of materials. We had

to evaluate the trade offs of printing with PC (Polycarbonate) with carbon fiber inlaid and

PETG (Polyethylene Terephthalate with Glycol). The PC material was stronger and lighter,

but it was more expensive and took longer to print. Ultimately, we choose to use the PC

material for the motor mounts, where the strength was needed the most, and to use PETG

for the wing mounts and center piece of the drone. These parts were designed to be easily

replaced upon a crash and extras were printed in preparation. Figure 5.6 shows one of the

wing mounts that had been printed on the QIDI X-max. Each of these wing mounts took

about 30 hours to print and used our entire print space.

Figure 5.6: Wing mount printed with PETG in the QIDI X-max 3D printer

The final step of the fabrication for the tailsitter UAV was the assembly. To begin, holes

were drilled in the carbon fiber rods with a drill press so the rods could be attached to the

3D printed center piece with M3 bolts. The same process had to take place on the other

ends of the carbon fiber rods for the motor mounts. For each motor, four M3 bolts were

fed from the bottom side of the wing mount, through the motor mount, and into the motor,

clamping the three parts together. The stabilizing wings had to already be in place during

this step. Next, the motors were soldered to their ESCs (Electronic Speed Controller) and

then the ESCs were soldered to the power distribution board, which was on the center piece

of the vehicle. The power distribution board connected to the battery and supplied power
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for the motors, Pixhawk autopilot, and ODROID. The ODROID and Pixhawk autopilot

were mounted above the power distribution board on the center piece of the vehicle and the

battery was mounted on the bottom of the center piece. The main wings of the vehicle were

then slid into place. Some pictures of the assembly process are shown in Figure 5.7 and

a picture with the labeled components of the tailsitter UAV is shown in Figure 5.8. The

modularity and simplicity of design of this prototype vehicle allowed for quick repairs and

opportunities for future innovation.

Figure 5.7: Assembly process of the ACSL tailsitter UAV

ODROID Pixhawk AutopilotRover GPS

FPV
Radio

Foam
Core

Balsa
Wood

ESC
Motor

Figure 5.8: Labeled Components on ACSL tailsitter UAV
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Motor

Vicon Camera
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Figure 5.9: Flow of data for indoor flight tests

5.4 Hover Flight Tests

Once the vehicle had been assembled, we began testing. To ensure the vehicle is ready

for transition tests, it must first be tuned by conducting indoor and outdoor hover tests.

The indoor tests were completed at the ACSL in the indoor drone cage. This drone cage

is fitted with six Vicon V6 motion capture cameras [47] that provided accurate feedback

on the position and yaw angle of the vehicle. The pitch and roll angles were measured

by the onboard Pixhawk autopilot since it has a greater measurement accuracy for these

angles than the Vicon cameras. The data from the Vicon cameras was streamed over WI-FI

from a desktop computer to the onboard ODROID. The ODROID then sent the data to

the Pixhawk autopilot to be merged through a Kalman filter with its own estimates and
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returned altitude and attitude values to the ODROID. The ODROID then sent commands

to the Pixhawk autopilot, which in turn controls the motor thrusts. A visual depiction of

the data flow for indoor and outdoor flight tests is shown in Figure 5.9. To provide a WI-FI

signal that would work for indoor and outdoor tests, the ODROID was set up to be an access

point and broadcast its own WI-FI signal.

To verify the effectiveness of the proposed UAV and its control system, we first performed

autonomous hover tests. The user-defined trajectory strategy for the vertical position zA(·)

expressed in meters for these hover tests was

zuser(t) =



0, 0 ≤ t < 15,

t−15
3
, 15 ≤ t < 18,

1, 18 ≤ t < 37,

− t−37
3
, 37 ≤ t < 40.

(5.1)

The user-defined trajectory strategy for the pitch angle remains vertical at 90 degrees

throughout the simulation. The simulation started at 15s, to be consistent with the real flight

tests warm-up period, and the vehicle was commanded to go from zA(t) = 0 to zA(t) = 1 over

the course of the next 3s, remain at that height until 37s had passed, and then descend back

towards the ground over the next 3s where the simulation would end at 40s. One hundred

and sixty indoor hover tests were performed to tune gains and verify the effectiveness of the

UAV and of the control system’s design. The gains chosen for indoor and outdoor hover

tests are shown in Appendix A. Figures 5.10 and 5.11 show the trajectory and trajectory

tracking error of the vehicle during the hover test. The results of this test show a maximum

trajectory tracking error of 0.15m during the transient period and 0.05m during the steady

state.

To confirm our pitch controller’s ability to hold the vehicle’s vertical orientation during
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Figure 5.10: UAV’s altitude during indoor hover tests.

Figure 5.11: UAV’s altitude trajectory tracking error during indoor hover tests.

hover, we observed the trajectory and trajectory tracking error for the pitch angle; see Figures

5.12 and 5.13, respectively. These plots show trajectory tracking errors of 2.3 degrees during

the transient period, and 0.5 degrees during the steady-state period.

We also evaluated our outer loop controller’s ability to maintain its Y inertial position.

For these flight tests, we set the desired y(·) position to a constant equal to the UAV’s initial

position. During the hover test, our outer loop controller always tried to steer the vehicle

back to that initial position. As shown in Figure 5.14, the vehicle deviated 0.2m from its

desired position during the transient period and stayed within 0.05m of its desired position
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Figure 5.12: UAV’s pitch angle during indoor hover tests.

Figure 5.13: UAV’s pitch angle trajectory tracking error during indoor hover tests.

during the steady-state period. The reference roll angle and actual roll angle of the vehicle

during this test is shown in Figure 5.15. The vehicle’s roll angle was able to stay within 1

degree of the desired roll angle during the steady state hover period. These results validate

our outer loop controller’s ability to maintain the vehicle’s y(·) position. The outer loop was

tested more extensively during the outdoor hover tests.

We then moved on to outdoor hover tests at the Virginia Tech Drone Park. For these tests,

the UAV’s position ws estimated by the Here+ differential RTK (Real-Time Kinematic) GPS

system, which was chosen for its compatibility with the Pixhawk autopilot and its .025m
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Figure 5.14: Outer loop indoor hover tests results for yA(·) position.

Figure 5.15: Outer loop indoor hover flight tests results for roll angle.

precision [48]. This system comprises a base station GPS which connected to the laptop

running QGroundControl, and a rover GPS unit installed on the vehicle and connected to the

Pixhawk autopilot. For increased accuracy over conventional GPS systems, this differential

RTK GPS relied on the relative position between the airborne and the fixed units for position

estimates. The roll and pitch angles were still given by the Pixhawk autopilot, as they were

in the indoor flights, while the yaw angle was measured by the magnetometer in the rover

GPS unit. This data flow is shown in Figure 5.16, which shows the only difference between

the indoor and outdoor tests being the method of altitude and yaw feedback; recall Figure

5.9.
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Figure 5.16: Flow of data for outdoor flight tests

After having calibrated the RTK GPS, outdoor hover tests were performed. For these

tests, the vehicle was commanded to go to 2.5m of altitude in 5s, hold that altitude for

15s, and then return to its starting position to complete test within 40s. The user-defined

trajectory strategy for the vertical position zA(·) expressed in meters for these outdoor hover

tests is

zuser(t) =



0, 0 ≤ t < 15,

t−15
2
, 15 ≤ t < 20,

2.5, 20 ≤ t < 35,

− t−35
2
, 35 ≤ t < 40.

(5.2)
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Figure 5.17: UAV’s altitude during outdoor hover tests.

Figure 5.18: UAV’s altitude trajectory tracking error during outdoor hover tests.

Figures 5.17 and 5.18 show the UAV’s vertical position and the corresponding trajectory

tracking error, respectively, using the proposed control architecture. The maximum trajec-

tory tracking error during the transient period was 0.5m, and during the steady state period,

the trajectory tracking error stayed within 0.1m.
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5.5 Transition Flight Tests

In this section, we will discuss the results of the flight tests from take off to landing

employing the proposed control architecture. In the previous section, we verified our vehicle’s

ability to hold a stable hover. The logical next step was to attempt to transition the vehicle

and fly horizontally. For this transition flight, The user-defined trajectory strategy for the

vertical position expressed in meters is as follows

zuser(t) =



1
2
t2, 15 ≤ t < 17,

q1(t), 17 ≤ t < 20,

4, 20 ≤ t < 21,

q2(t), 21 ≤ t < 24,

q3(t), 24 ≤ t < 27,

0, 27 ≤ t,

(5.3)

where q1(t) = q(·) given by (4.2), with q0 = 2m, v0 = 2m/s, a0 = 1m/s2, qf = 4m, vf = 0m/s,

af = 0m/s2, q2(t) = q(·) given by (4.2), with q0 = 4m, v0 = 0m/s, a0 = 0m/s2, qf = 4.5m,

vf = 0m/s, af = 0m/s2, q3(t) = q(·) given by (4.2), with q0 = 4.5m, v0 = 0m/s, a0 = 0m/s2,

qf = 0m, vf = 0m/s, af = 0m/s2. The user-defined trajectory strategy for the pitch angle

expressed in degrees is as follows

θuser(t) =



90, 15 ≤ t < 17,

q4(t), 17 ≤ t < 20,

10, 20 ≤ t < 21,

q5(t), 21 ≤ t < 24,

90, 24 ≤ t,

(5.4)
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Figure 5.19: Stages of a transition flight between vertical and horizontal flight regimes [12].

where q4(t) = q(·) given by (4.2), with q0 = 90 degrees, v0 = 0 degrees/s, a0 = 0 degrees/s2,

qf = 10 degrees, vf = 0 degrees/s, af = 0 degrees/s2, q5(t) = q(·) given by (4.2), with

q0 = 10 degrees, v0 = 0 degrees/s, a0 = 0 degrees/s2, qf = 90 degrees, vf = 0 degrees/s,

af = 0 degrees/s2. This trajectory strategy same as for the Matlab simulations presented in

Section 4.3, but the horizontal flight period was shortened to account for the size of the Drone

Park and the range of the connection between the vehicle and the base station. Using this

trajectory strategy, we were able to observe the behavior of the vehicle during the transition

between vertical and horizontal flight regimes, which was the goal of this thesis. A series of

images showing the take off, transition to the horizontal flight regime, horizontal flight, and

transition back to the vertical flight regime are shown in Figure 5.19.

For our transition tests, the vertical position zA(·) and its respective trajectory tracking

error are shown in Figures 5.20 and 5.21. During the transition from the vertical to the

horizontal flight regime the maximum trajectory tracking error was 0.4m and during the

horizontal flight regime, the maximum trajectory tracking error was 0.2m. The maximum

trajectory tracking error during the whole flight was 1m, which occurred during the tran-

sition back to the vertical flight regime before landing. During this period, the vehicle’s

motors are once again facing in the vertical direction and therefore the vehicle will naturally

gain altitude. This is a common result among the literature for tailsitter UAV’s and some

researchers have focused their work on reducing this altitude gain during the transition back
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Figure 5.20: UAV’s altitude during outdoor transition tests.

Figure 5.21: UAV’s altitude trajectory tracking error during outdoor transition tests.

to the vertical flight regime [6].

The results for the pitch angle and the pitch angle trajectory tracking error during the

transition flight tests are shown in Figures 5.22 and 5.23, respectively. These plots show

a successful transition both to and from the horizontal flight regime. Figure 5.23 shows a

maximum trajectory tracking error of about 25 degrees during this flight. This result showed

the ability for the vehicle to transition to the horizontal flight regime, fly under the power of

the wings, and transition back to the vertical flight regime. These results could be improved

through the use of ailerons or elevators which would help to maintain the desired pitch angle
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Figure 5.22: UAV’s pitch angle during outdoor transition tests.

Figure 5.23: UAV’s pitch angle trajectory tracking error during outdoor transition tests.

during horizontal flight.

Finally, the results for the Y position of the vehicle during this transition flight test is

shown in Figure 5.24. The vehicle deviated about 3.5m from its starting position. This

result shows that the vehicle was able to fly straight and provide similar results as the

Matlab simulations. Since these transition tests were short, the vehicle was in the transient

period the entire flight, where the outer loop showed worse performance during the hover

tests completed. Implementation of control surfaces on the wings would help to provide a

more steady horizontal flight. A video of a transition flight test is provided on YouTube [12].
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Figure 5.24: UAV’s lateral position during outdoor transition tests.

5.6 Conclusions

In this chapter, we detailed the design, fabrication, and testing of the prototype tailsitter

UAV. For the configuration, we chose a QRBP tailsitter with stabilizing wings and no control

surfaces on the wings. For the wing design, we chose the symmetric NACA-0012 airfoil with

a 0.75m wingspan and 0.28m chord, resulting in about 0.5m2 of planform area between the

two wings. The main structure of the vehicle was made of carbon fiber rods that attached

in the middle with a 3D printed center piece and at the other ends to the motors and

wings with 3D printed mounts. We chose T-motor FP60PRO IV V2.0 motors and 6 inch,

3 blade propellers to generate the necessary thrust, which was calculated from the Matlab

simulations in Chapter 4. To fabricate this prototype vehicle, we made the wings from foam

core bases and sheeted them with balsa wood. We then used PC and PETG to print the

mounts for the vehicle with the 3D printer in the ACSL. Once the individual parts had

been fabricated, the vehicle was assembled and the electronics were soldering, resulting in

a finished prototype vehicle. Next, we discussed the process in which we completed hover



Chapter 5. Flight Test 84

tests for the vehicle, which included piloted tests, autonomous indoor hover test using the

Vicon motion capture cameras, and finally outdoor autonomous tests using the RTK GPS.

Finally, we completed the transition flight test to validate our proposed control architecture.

We found that the trajectory tracking for the altitude of the vehicle was very good, while

the trajectory tracking of the pitch angle was satisfactory for these tests using a prototype

vehicle. When the trajectory of the altitude and the pitch are observed together, they show

a successful transition to the horizontal flight regime, a short but steady horizontal flight,

and a transition back to the vertical flight regime.



Chapter 6

Conclusion and Future Research

Directions

6.1 Summary

The goal of this thesis was to design and test a robust MRAC controller on a tailsitter

UAV. More specifically, we wanted to regulate the transition between vertical and horizontal

flight regimes of the vehicle. To complete this task, we developed a dynamic model of

the vehicle, designed a robust controller, validated the controller in numerical simulations,

designed and built a prototype tailsitter UAV, and finally performed tests flights.

To begin, we reviewed the current literature on configuration of tailsitter UAVs. Through

this review, we found that there were many ways to configure a tailsitter UAV and each con-

figuration has its own benefits. Tailsitter UAVs with a single wing, one motor, and ailerons

on the wing have the simplest configuration, but have a lesser pitching moment due to the

reliance on ailerons for pitching. To create a larger pitching moment, multiple motors were

used away from the axis of rotation and the differential in motor thrusts created a greater

pitching moment. This idea led to many different combinations of vehicle configurations

that take advantage of differential thrusts pitching moment. These vehicles had either two

or four motors, one or two wings, and relied on different combinations of control surfaces. A

common configuration of the tailsitter UAV was the QRBP, which stood out for its agility
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and its ability to generate lift with smaller wing platform areas. For these reasons, we chose

to develop a QRBP for this thesis. Our vehicle had no control surfaces, four motors, two

main wings, two stabilizing wings, and was connected together using a carbon fiber frame.

Before we derived the dynamic model of the tailsitter UAV, we reviewed previous vehicle’s

modeling strategies. One of the main areas of study for tailsitter UAV’s was the aerodynamic

models. Previous researchers studied everything from the blade element solution for the

propellers slipstream velocity to the effects of wing spacing on aerodynamic properties for a

QRBP. Some vehicles were put into wind tunnels or flow analysis software so the aerodynamic

coefficients would be more accurately modeled. These extensive aerodynamic studies show

the importance of taking great care to model the aerodynamics of the vehicle correctly.

Some notable assumptions that were made by other researchers when deriving the dynamic

model of tailsitter UAVs were the symmetric flight assumption, that the center of the body-

fixed reference frame coincided with the center of the gravity of the vehicle, and that the

longitudinal and lateral dynamic equations can be decoupled. Some of these assumptions

would also be important for our dynamical model.

Following that, we discussed the notation that would be used in this thesis and derived the

dynamic equations that would be used in this thesis starting from the general dynamic and

kinematic equations of motion of an aircraft. To complete this simplification, we assumed

that the lateral component of the aerodynamic force and the moment of the aerodynamic

forces were zero, resulting in a side slip angle of zero at all times. This assumption allowed

for the decoupling of the longitudinal and lateral equations of motion, which reduced the

equations of motion to the form used in this thesis. In this section, we also discussed how

the aerodynamic forces and moments would be modeled. Finally, we reviewed the notion of

controllability and how it applies to our vehicle. Through this analysis, we found that our

vehicle was underactuated, which was why we chose to only directly control the vehicle’s
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pitch angle θ(·) and altitude zA(·).

Once we had derived the dynamic equations, we moved on to the control of the tailsitter

UAV. Through a review of the literature, we found that many early researchers controlled

their vehicles using a pilot instead of an autonomous control technique. More recently,

most researchers chose to control the vehicle with separate controllers for the different

flight regimes, which caused inconsistencies in the control during transition due to mod-

eling changes. The majority of previous tailsitter UAVs researched were controlled using a

PID controller, or a variant of a PID controller. For our controller, we chose to use a robust

adaptive control law for the vertical position zA(·) and pitch angle θ(·) to account for the

parametric uncertainties. We began by feedback linearizing the dynamic equations derived

in Chapter 2. We then applied a control algorithm called Model Reference Adaptive Control

(MRAC) to the zA(·) translation and θ(·) rotation. Following that, we developed a control

algorithm for the outer loop of the vehicle that would retain the vehicle’s position on the X

inertial axis. The outer loop was designed to create a reference roll angle ϕref(·) based on the

error in the yA(·) position and a PID controller would steer the vehicle’s roll angle towards

the reference roll angle, which will bring the vehicle back to the inertial X axis. Finally, we

examined how the force of each individual motor is determined based on the desired control

inputs u(·). This completed our control algorithm, allowing us to move on to the numerical

simulations.

For the first round of testing the proposed control architecture, we developed a numerical

simulation in the Matlab environment. For our user-defined trajectory, we utilized the quintic

polynomials reference trajectory, which allowed the user to dictate the the initial and final

position, velocity, and accelerations. From the Matlab simulations, we were able to validate

the controllers designed in Chapter 3 for flight tests between vertical and horizontal flight

regimes with 90% confidence in the system’s parameters. Using the MRAC control laws, both
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the vertical position zA(·) and pitch angle θ(·) were able to follow their reference trajectories

and therefore the user-defined trajectories with identically zero trajectory tracking error.

Using the same user-defined trajectory, but instead using the the PID controller showed worse

trajectory tracking. From these simulations, we also determined the necessary thrust that

our motors would need to generate for our vehicle to follow the trajectory, which was useful

in the design process of the prototype vehicle. The adaptive controller was then compared

to the baseline controller when there was a 50% uncertainty in the vehicle’s parameters,

which resulted in the adaptive controller showing better results. The results of this test

further confirmed the need for the adaptive controller. Next, we tested the outer loop of

the vehicle in the presence of an unknown external disturbance and observed the resulting

yA(·) position. We observed that the roll angle of the vehicle was able to track the reference

roll angle, which resulted in satisfactory tracking of the yA(·) position. Using the Matlab

simulations, we were able to validate our dynamic model and control algorithms, showing

we were ready to move on to real flight tests.

Once we were confident in our numerical simulation results, we moved on to the real

flight tests. We had to first design and fabricate a prototype vehicle before moving on

to hover tests, and finally, transition test. The prototype tailsitter UAV was designed as

a quadrotor biplane with stabilizing wings and no control surfaces. We chose symmetric

NACA-0012 airfoils and designed the wings to have a total planform area of 0.5m2. The

motors and propellers were chosen based on the Matlab simulations, which showed the thrust

necessary for our vehicle to fly. We then fabricated the wings out of foam core and balsa

wood sheets and printed the mounts using the 3D printer in the ACSL. The vehicle was then

assembled and the electronics were soldered. Following that, we completed autonomous

indoor hover tests in the drone cage at the ACSL before moving on to outdoor hover tests

at the Drone Park on Virginia Tech’s campus. These tests showed close tracking of the
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altitude of the vehicle for hover tests. The outer loop was also validated during indoor hover

tests by observing the vehicle’s ability to retain its Y inertial position. Finally, transition

tests were completed at the outdoor Drone Park. Through these tests we were able to show

satisfactory trajectory tracking for both the vertical position and pitch angle. These tests

further validated our proposed control architecture for the vertical position and pitch angle,

which was the goal of the thesis.

6.2 Future Work

The primary area of improvement of this thesis consists in the design of a control ar-

chitecture that exploits the UAV’s nonlinear dynamics and regulates both the longitudinal

and lateral directional dynamics without relying on the separation principle. This would

re-introduce the aerodynamic side slip angle and side force and therefore re-couple the lon-

gitudinal and lateral dynamics of the tailsitter UAV. The issue of gimbal lock would then

become present due to the reliance on Euler angles. This issue could be solved by instead

using Euler parameters to represent the orientation of the vehicle. The outer loop of the

vehicle would also have to be redesigned to account for this more complex model. While

this would lead to a more complete dynamic model of the vehicle, we decided this modeling

strategy was outside of the scope of this thesis. Implementation of this model in future

work could lead to improved vehicle control and flight tests. Another method of improving

the dynamic model of the vehicle would be more accurately modeling the aerodynamics of

the vehicle. This could be completed by using both a flow analysis software such as Ansys

and performing wind tunnel tests with the actual vehicle. Both these options could provide

us with a more accurate model of the aerodynamic coefficients. Additionally, developing a

prop-wash model for the effects of the wind created by the propellers of the vehicle would
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also help to improve the aerodynamic model of the vehicle.

An additional area of possible future improvement is the hardware of the vehicle. As with

any prototype vehicle, it is important to have a constantly evolving design. An interesting

adaptation that could be explored for the tailsitter UAV is the integration of tilting rotors,

as researched in [49]. Tilting rotors would enable the tailsitter UAV to better control the

thrust and moments created by the motors during the transition between flight regimes [50].

This idea is similar to vector thrusting motors on the V-22 Osprey [14]. Another possible

modification to the vehicle would be the addition of control surfaces on the wings. This

addition has been widely explored in the literature on tailsitter UAVs and would provide

better control over the vehicle in horizontal flight and would also help provide a larger mo-

ment during the transition between flight regimes. We could also find other ways to improve

the aerodynamics of the vehicle by reducing the drag caused by flat surfaces or painting

the wings to reduce their skin friction. Also, once the final design has been determined for

our tailsitter UAV, some of the mounts and connecting pieces could be fabricated externally

with stronger materials than can be 3D printed. One other improvement for the hardware

of the vehicle could be the sensors. If we have more accurate feedback on the altitude and

attitude of the vehicle, this would result in better flight tests.

As for the control of the vehicle, there are many possibilities that could be explored. One

control algorithm that could be used to improve the robustness would be the σ-modification

of MRAC [36, pp. 323-327] [51]. The σ-modification of MRAC allows for greater robustness

against external disturbances without knowledge of the upper bound on those disturbances.

Other adaptive controllers that could be implemented to the tailsitter UAV in future work

include the e-modification of MRAC [52] and the Projection-Based MRAC Design [36, p.

337]. Finally, a L1 adaptive controller could be implemented for the control of the the

tailsitter UAV, which would guarantee robustness in the presence of fast adaptation [53].
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Any of these control architectures would increase the robustness of our controllers and their

ability to handle external disturbances.

One possible application of this vehicle is rapid payload delivery. In order to develop a

payload handling system on our tailsitter UAV, both hardware and software modifications

would have to be made. Some type of payload container would have to be incorporated to

the design of the vehicle and studies would have to be conducted to determine the maximum

payload the vehicle could handle and to optimize the placement of the payload. The addition

of a payload to the vehicle would create additional unknown mass and inertia properties of

the vehicle, which would have to be accounted for in the control technique. While this

addition would be useful for commercial applications of the tailsitter UAV, it was outside of

the scope of this thesis.

6.3 Conclusions

The goal of this thesis was to regulate the transition between vertical and horizontal

flight regimes for a tailsitter UAV. Through a review of the current literature on tailsitter

UAVs, we found that the application of a robust adaptive controller to a QRBP tailsitter

UAV had not been explored. The control method that we employed in this thesis was Model

Reference Adaptive Control, which utilized a reference system and gains that adapt based

on the response of the vehicle. Through Matlab simulations we were able to validate our

control formulations for our vertical position and pitch angle controllers. We also imple-

mented an outer loop controller to ensure the vehicle is able to hold its position in the Y

inertial direction and validated this control formulation in the Matlab simulations. We then

designed and fabricated a prototype tailsitter UAV at the ACSL for flight testing. During

indoor and outdoor hover flight tests, we were able to validate all of our control formula-



tions and begin tuning both the adaptive and baseline controller gains. We found that the

major challenges during flight tests were the the aerodynamic properties of the vehicle, data

feedback methods, and the external disturbance in the form of wind. Despite these chal-

lenges, we were able to demonstrate successful transition between vertical and horizontal

flight regimes, validating our adaptive controllers for both the vertical position and pitch

angle controllers. The performance of this vehicle met the set expectations, but as always,

there are opportunities for future innovation for the tailsitter UAV. This thesis showed the

successful first implementation of MRAC to the transition flight regime of a tailsitter UAV,

which was validated in both simulation and flight tests.
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Table A.1: Values of Parameters and Gains for Simulations and Flight Tests

Parameter Matlab Simulation Hover Flight Transition Flight
m̂ 2.25 & 1.25 2.5 2.5
ĈL,α 0.54 & 0.3 0.6 0.6
ĈL,0 0 0 0
ĈD,α 0.18 & 0.1 0.2 0.2
ĈD,0 0 0 0
Ŝ 0.45 & 0.25 0.5 0.5
ρ̂ 1.17 & 0.65 1.3 1.3

Kp,z 4 2.5 2.5
Kd,z 3.6 1 1
K0 28 35 45
K1 10 10 12
Γx,z 10·I2 10 ·I2 12 ·I2
Γr,z 20 15 15
Γθ,z 5·I5 I5 0.75 · I5
Kp,rot 2.25 2 2
Kd,rot 2.1 1 1
K2 15 1.5 2.5
K3 1 0.6 0.8
Γrot 30·I2 2 ·I2 1.5 ·I2
Kp,y 8 0.5 0.05
Ki,y 4.5 0.05 0
Kd,y 6.9 0.05 0.005
Kp,ϕ 10 0.3 0.2
Ki,ϕ 1 0.05 0
Kd,ϕ 3 0.08 0.08
Kp,ψ 5 0.7 0.4
Ki,ψ 0.5 0.05 0
Kd,ψ 1 0.02 0.02
l 0.5 0.5 0.5
kT 0.001 0.001 0.001



Table A.2: Description of Parameters and Gains for Simulations and Flight Tests

Parameter Units Equation Description
m̂ kg (3.10) Estimated mass
ĈL,α n/a (3.11) Estimated lift coefficient slope
ĈL,0 n/a (3.11) Estimated lift coefficient at α = 0

ĈD,α n/a (3.12) Estimated lift coefficient slope
ĈD,0 n/a (3.12) Estimated drag coefficient slope
Ŝ m2 (3.10) Estimated planform area of wings
ρ̂ kg/m3 (3.10) Estimated air density

Kp,z n/a (3.17) Proportional gain for Z direction reference model
Kd,z n/a (3.17) Derivative gain for Z direction reference model
K0 n/a (3.20) Proportional gain for Z control
K1 n/a (3.20) Derivative gain for Z control
Γx,z n/a (3.21) Adaptive rate for K̂x,z

Γr,z n/a (3.22) Adaptive rate for K̂r,z

Γθ,z n/a (3.23) Adaptive rate for Θ̂z

Kp,rot n/a (3.27) Proportional gain for θ reference model
Kd,rot n/a (3.27) Derivative gain for θ reference model
K2 n/a (3.29) Proportional gain for θ control
K3 n/a (3.29) Derivative gain for θ control
Γrot n/a (3.30) Adaptive rate for K̂x

Kp,y n/a (3.39) Proportional gain for outer loop baseline control
Ki,y n/a (3.39) Integral gain for outer loop baseline control
Kd,y n/a (3.39) Derivative gain for outer loop baseline control
Kp,ϕ n/a (3.45) Proportional gain for roll control
Ki,ϕ n/a (3.45) Integral gain for roll control
Kd,ϕ n/a (3.45) Derivative gain for roll control
Kp,ψ n/a (3.46) Proportional gain for yaw control
Ki,ψ n/a (3.46) Integral gain for yaw control
Kd,ψ n/a (3.46) Derivative gain for yaw control
l m (3.47) Length between TA and TB
kT n/a (3.47) Propeller drag coefficient
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