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In this paper, we explore a novel multi-mode hybrid Unmanned Aerial Vehicle (UAV). We combine a tailless fixed-wing with a dual-wing
monocopter such that the craft’s propulsion systems and aerodynamic surfaces are fully utilized in both a horizontal cruising mode and a
vertical hovering mode. This maximizes the structural efficiency across the flight envelope, thereby reducing drag and unused mass while
airborne in either flight mode. This UAV is also designed such that the transition between the two flight modes can be executed in mid-air,
using only its existing flight actuators and sensors — there are no transition specific actuators. Using two prototypes, the foundational
design and control of the system is established; the first explores the hovering mode characteristics of the unique dual-wing monocopter
configuration, while the second explores the full multi-mode capabilities of the combined platform. In addition to analytical simulations,
the prototypes are experimentally evaluated and assessed to demonstrate the feasibility, viability and potential of this multi-mode aerial
robot design.
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1. Introduction

Across a broad range of unmanned aerial vehicle (UAV)
applications, it is useful for a UAV design to possess both a
cruising and a hovering flight mode. The former provides
higher speeds and longer range while the latter provides
functionality and maneuverability to traverse constrained
and enclosed environments. For example, in first responder
applications, the UAV would, need to possess a rapid re-
sponse time over long distances while also being able to
hover at any point in the mission — be it over mountains,
jungles or water bodies, for the retrieval or delivery of ma-
terial or personnel. Another example would be in the courier
business, where service providers can tap on the longer

range to reduce the number of aerodromes needed to cover a
region while also allowing said regions to include dense
urban areas where traditional runways are not available.

As appealing as these capabilities may be, combining a
cruising mode and a hovering mode onto a single platform
poses several significant design challenges. The most in-
herent of these is that current solutions tend to have a high
degree of structural inefficiency — the propulsion systems
and aerodynamic surfaces are not fully utilized in both
flight modes. This is due to the fundamentally different
operating principles of cruising and hovering flight; efficient
cruising flight is optimized around linear airflow as com-
pared to hovering flight, which has a larger contribution
from rotational airflow. This often leads to numerous single-
mode only components that eat into flight efficiency by
being an inefficient mass or by being an additional source of
aerodynamic drag. Even worse, additional components
might be needed to execute the transition step between the
two flight modes, further adding to the mass and mechan-
ical complexity of the platform.
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Efforts to reduce single-mode only components to
improve the structural efficiency of hybrid aircraft have had
a good measure of success. A manned example of this would
be the V-22 Osprey which uses the same propulsion sys-
tems for both cruising and hovering flight. While much of its
wing surfaces are still single-mode only and it requires
additional mechanisms for its transition step, the design is
nevertheless a strong testament for hybrid aircrafts. As
compared to its purely rotor-winged predecessor, the CH-46
Sea Knight, it has almost triple the combat radius and twice
the cruising speed, all while retaining similar hover capa-
bilities [1, 2].

Within the field of UAVs, we see a greater variety of
solutions to improving structural efficiency as the absence
of an on-board crew eliminates the need to follow specific
orientations for forward flight and allows for a larger mass
budget for other components. Some examples in contrast to
the Osprey can be seen in Fig. 1.

Structural efficiency can be defined as a property of a
multi-mode aircraft, and can be expressed mathematically
as

Au

ATot
� 100%; ð1Þ

where Au is the aerodynamically functional area (wings,
flaps, propellers, etc.) utilized in all modes, and ATot is the
total aerodynamically functional area of the aircraft. Totally
independent systems for each mode would have a 0%
structural efficiency, while a craft with a shared system used
for all modes would yield a structural efficiency of 100%.

On the low end of the spectrum, we have designs that
fuse a multi-rotor frame onto a separate fixed-winged
frame. While structurally inefficient, they are mechanically

simpler than other hybrids, making them a viable test bed
for exploring use cases. Toward the middle, we see more
optimized designs that use additional mechanisms to rotate
some or all of their propulsion systems (much like the Os-
prey) to ensure at least some of the components are utilized
in both flight modes. And finally, toward the limit of struc-
tural efficiency, we have hybrids like the tail-sitter that do
away with the added transition mechanisms and instead
rotate the entire craft via a pitching maneuver.

However, in all the designs mentioned above, the wing
surfaces that are the hallmark of the cruising mode are still
inhibitive, if not unused, in the hovering mode. Moreover, all
the above categories also use their propulsion systems to
directly counter gravity when in the hovering mode
resulting in a high disc loading which in turn contributes to
a poor hover efficiency.

To tackle this, we seek a hybrid configuration that can
retain the use of the wings in hovering flight, thereby
maximizing structural efficiency in a way that keeps the disc
loading low. Taking inspiration from the tail-sitter, we take
the pilot-less advantage further by choosing a design that
also disregards the need for a constant forward orientation
within the hovering flight mode itself. Known as a mono-
copter, this aircraft design rotates its entire fuselage as a
wing to generate lift.

1.1. A brief on monocopters

Monocopters are not a new concept. Nature has been its
earliest proponent with an existing example being the sa-
mara seed, a winged achene that utilizes its entire body to
generate lift. Studies like [3, 4] have shown that these seeds
possess excellent, passive lift generating properties (auto-
rotation), are inherently stable and can be controlled.

Given these attractive characteristics, man-made ver-
sions added propulsion systems to enable sustained flight
and flaps for directional control. An early example of these
would be the Gyroptre, a giant, manned prototype by
Alphonse Papin and Didier Rouilly [5] from the 1910s.
While this prototype didn’t take off (both literally and fig-
uratively), it marked the beginning of researchers’ attempts
to develop a structurally efficient, hover capable aircraft.

The start of the 21st century saw the revival of the
monocopter concept. Hoburg and Houghton developed a
prototype in 2008 that could repeatably fly across a 70m by
3m corridor followed by a 1.5m doorway [6], thereby
proving its viability for use in confined spaces. Hoburg and
Houghton also made two important advances. The first was
the observation that with proper selection of design para-
meters, a propulsion system and flap equipped monocopter
can still achieve a passive stability in hover akin to its sa-
mara seed ancestors. The second was the linking of this

Fig. 1. Structural efficiency comparison of various multi-mode
aircraft designs.
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nature inspired design to helicopter dynamic and control
principles; for example, the control advantages of using a
fixed angular velocity for the rotor and the cyclic actuation
solutions for forward flight.

The properties that give the monocopter astounding
structural efficiency also gives it its drawbacks. The con-
stantly rotating fuselage hinders certain popular and useful
payloads like video cameras as they tend to be rotation
sensitive. Such payloads would require either additional
mechanical components or a software solution (like [7, 8])
to stabilize the heading of the sensor. The former leads to
added mass and added mechanical complexity, while the
latter is highly dependent on environmental brightness and
on-board nutation. More critically, both actuated and non-
actuated solutions are proportionally harder to implement
the higher the hover angular velocity as the sensor and
control would have to be more precise (thereby posing an
additional challenge to scaling down the design).

That said, these drawbacks should not be reason enough
to disregard the design. A multitude of rotation insensitive
payloads exist; gas sensors, wireless signal relays, Global
Position Systems (GPS), first-aid kits, fertilizers and pesti-
cides just to name a few. In fact, there also exist sensors that
could benefit from a controlled angular velocity like spin-
ning Light Detection and Ranging (LIDAR) sensors and
event-based cameras.

As such, we believe there are good motivations for ex-
ploring monocopter designs and their potential use cases.
Given the structural similarity of a dual-wing monocopter to
a tailless fixed-wing, we believe that monocopters have an
especially compelling case within the field of hybrid UAVs.
To simplify terminology, we henceforth call such a hybrid a
Transfomable HOvering Rotorcraft (THOR). With their
ability to keep the wings fully utilized in both its dual-wing
monocopter configuration and its tailless fixed-wing con-
figuration, we hypothesize that such a design can possess
two regions of flight efficiency within its flight envelope as
compared to the single region of common hybrid designs
like the tailsitter (Fig. 2).

1.2. Summary of contributions

As a first step toward investigating our hypothesis, we make
the following contributions:

. A comprehensive dynamic model for a dual-wing mono-
copter that uses 2nd order rotational symmetry to sim-
plify design and control. This forms the foundation of the
craft’s hovering mode.

. Control solutions for the dual-wing monocopter flight
mode. We utilize helicopter control principles to influ-
ence both the hardware and software aspects of flight
control in hovering mode.

. An additional dynamic model unique to the transition
step. Given the extremities of flight conditions within the
transition step, we utilize a separate model for this phase
that is built on a different set of simplifying assumptions.

. A control solution for the forward transition (FT) (hov-
ering to cruising). Given the large angular velocities
unique to the hover mode, an FT without a controller is
both unreliable and dangerous. We describe a multi-
phased control solution that ensures a repeatable, robust
mid-air transition without the use of additional compo-
nents.

. A long-term software build that would allow for further
expansion of research on the platform.

Note that we do not delve deep into the modeling of the
cruising mode in this paper as it is nearly identical to the
fixed-wing mode of tailsitters, whose model and control is
already well described in the existing literature like [9, 10].
Design constraints necessary for stable flight in this fixed-
wing mode were achievable without any conflict with the
hovering mode contributions we made. In fact, we were
able to conduct succesful orbiting flight tests in the fixed-
wing mode (Sec. 3.5) with only minor tuning to existing
flight controller software (PX4 VTOL and KK VTOL).

2. The Transformable HOvering Rotorcraft (THOR)

A 2nd order, rotationally symmetric, dual-wing monocopter
is strikingly similar to a tailless fixed-wing, the only differ-
ence being that the wings are collectively � radians apart in
the monocopter setup. By splitting the actuation into almost
equal components (�2 radians for each wing), we have been
able to develop prototypes [11–13] that can execute a

Fig. 2. Target efficiency regions of flight of a THOR multi-mode
UAV as compared to other multi-mode designs. Note the rotor
wing and fixed wing flight envelopes for contrast.
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transition with minimal component travel that uses already
existent flight actuation mechanisms. Hence, our propulsion
systems and aerodynamic surfaces remain fully utilized, as
illustrated below in Fig. 3.

The 2nd order rotational symmetry provides two other
benefits. Firstly, it ensures that the majority of forces and
torques that the craft experiences have an opposite com-
ponent whose magnitude we can vary. This gives us options
for control. Secondly, it helps to keep the inertia tensor
mostly diagonal with a large component in the axis of rotor
rotation. This gives the craft a degree of passive stability
(More on this in Sec. 2.2).

Improving on our previous works, we implement an
additional adaptation of helicopter dynamics and control-
separated cyclic and collective pitch control. In helicopter
control, a collective pitch increases the pitch angle of all
rotor blades by the same amount, thereby increasing rotor
thrust (altitude control). A cyclic pitch increases the pitch
angle of each rotor blade depending on its angle with the
forward direction of the craft. This produces a torque which
can be used to impart a lateral or longitudinal velocity
(pitch/roll control). Their separation allows for the simpli-
fication of modeling as we can use a fixed rotor angular
velocity assumption. It also simplifies the control by
decoupling altitude and pitch/roll control. We take this one
step further by separating not only their calculation but also
their output actuator mechanisms — we use a high torque,
low speed servo system for the collective and a low torque,
high speed servo system for the cyclic. This essentially gives
us an electronically equivalent but mechanically simplified
swashplate.

2.1. Monocopter dynamic model

In this section, we describe a simple but insightful dynamic
model of our monocopter. This model differs from previous
contributions like [14, 15] and [16] as it accounts for the
craft’s larger wing area, which makes small scale assump-
tions like negligible ground effect and disc drag no longer
valid. This model also accounts for the THOR’s unique
separated cyclic and control setup.

We choose a body frame coordinate system pinned
to center of mass and aligned with the flight controller
(x-y-z in Fig. 4) as much of the dynamic model is dependent
on air flow velocities relative to the body frame. The 6DOF
rigid body equations of motion is thus given by Eqs. (2)
and (3).

mv
: ¼

X
F � !�mv; ð2Þ

I!
: ¼

X
¿ � !� I!; ð3Þ

where m is mass, I is the moment of inertia tensor, v is the
translational velocity vector and ! is the angular velocity
vector. Our objective here is to accurately determine the

Fig. 3. THOR prototype from [11] with aerodynamic surfaces and
propulsion systems highlighted.

Fig. 4. THOR-Spartan prototype (above) and dynamic model
(below).
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components within
P

F and
P

¿ , which are the body frame
forces and torques, respectively.

To determine the dynamic model of the monocopter, we
developed a first prototype without a transformation
mechanism. This allows us to tackle the monocopter com-
ponent of the design independent from the complexities of
multi-mode actuation. We call this the THOR-Spartan
(Fig. 4).

Named for its austere design, the wing of this prototype
is locked at 0.262 radians for standardization, and ensures
that the angle of attack of both wings in hover is within the
optimal range for the generation of lift. For its brains, we
use a custom flight controller based on the PX4 flight stack,
which we currently run via a PixRacer. We also implement
four additional design parameters along with some corre-
sponding assumptions.

We use a wing design with a quarter chord length that is
collinear to the x-axis from wing root to wing tip. This will
allow us to assume negligible aerodynamic moment in
Sec. 2.4 though it should be noted that with the exception of
high speeds in forward flight, the rotational symmetry of
the monocopter mode would cause the aerodynamic
moments to cancel out as the freestream velocity (the total
velocity of the air relative to a specified point on the craft
due to external, induced, linear and angular velocity com-
ponents) profile across both wings would be identical.
Given that the intentions of this flight mode, we assume
high forward flight speeds are not an immediate priority.

We choose to stack the flight controller, power distri-
bution board and battery along the z-axis and as close to
center of mass as possible. This is because given the lack of
a tail, we expect the fixed wing configuration to be unstable
unless the center of mass is close to or at the aerodynamic
center of the wings (which is the quarter-chord line men-
tioned earlier).

We place the propulsion systems and flaps as close to
the wing tips as possible. This helps us in two ways. Firstly,
it alters the inertia tensor for better passive stability just
like the rotational symmetry parameter mentioned earlier
(More on this in Sec. 2.2). Secondly, it allows for small
changes in actuation to have a large impact on net torque
given the greater moment arm and faster airflow at the tip.
The latter is also increased by airflow pushed through the
propulsion system. The reduced actuator action also allows
us to assume negligible changes to the inertia tensor during
altitude, pitch and roll control (Sec. 2.4).

Lastly, we place a light-emitting diode (LED) at one of the
wing tips that illuminates whenever it passes magnetic
north (detected via on-board magnetometers). This is to aid
debugging by providing an instantaneous notification of the
craft’s heading in flight.

With these parameters and assumptions, we find that we
can model the forces and torques on the body frame to

come from three sources (illustrated in Fig. 4)

. Mass: FG

. Propulsion Systems: FPM, FSM, ¿PM, ¿ SM

. Aerodynamic Surfaces: FPW, FSW, FPF, FSF, FDD

Note that subscript P corresponds to port, subscript S
corresponds to starboard, subscript M is for motor, sub-
scriptW is for wing, subscript F is for flap and subscript DD
is for disc drag.

2.2. Mass contribution

Mass contributes to three components of Eqs. (2) and (3);
m, FG and I. As is the case with any aircraft, we would want
m (and by extension the force due to gravity, FG) to be low.
However, given the rotating nature of the craft, the greatest
area of concern is the inertia tensor term, I. Using the In-
termediate Axis Theorem (also known as the Dzhanibekov
Effect) [17], we determine the form of the I term that would
allow for passive stability in the monocopter mode.

Through the rotational symmetry and concentration of
components along the axes of the body frame, we get an
inertia tensor that is close to diagonal. This is ideal in that
the forces and torques along each axis have a minimized
causal impact on the other axes. Hence, we can approximate
our inertia tensor to be

I ¼
Ixx Ixy Ixz
Iyx Iyy Iyz
Izx Izy Izz

2
4

3
5 �

Ixx 0 0
0 Iyy 0
0 0 Izz

2
4

3
5: ð4Þ

Let us now assume that Izz > Iyy > Ixx and the craft is
attempting to hover at a fixed position via a fixed angular
velocity about the z-axis (!z). In the absence of external
perturbations (a gust of wind, flying debris, etc.), we can
thus assume the summation of forces and torques to be
both zero and so in this scenario, if we expand Eq. (3) via
Eq. (4) we get

Ixx!
:
x ¼ ðIyy � IzzÞ!y!z; ð5Þ

Iyy!
:
y ¼ ðIzz � IxxÞ!x!z; ð6Þ

Izz!
:
z ¼ ðIxx � IyyÞ!x!y: ð7Þ

Given the small !x and !y values but significant !z, we
can claim the time dependence of !

:
z to be negligible,

whereas would have to solve further to determine impact of
!
:
x and !

:
y .

Knowing that !: z � 0, if we differentiate Eqs. (5) and (6)
and simplify using the other, we get

Ixx!
::
x ¼ ðIyy � IzzÞ

ðIzz � IxxÞ
Iyy

!2
z!x; ð8Þ
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Iyy!
::
y ¼ ðIzz � IxxÞ

ðIyy � IzzÞ
Ixx

!2
z!y: ð9Þ

Since Izz > Iyy > Ixx , we can see that the angular velocity
along each axis will always be the negative of its jerk

!
::
x ¼ �Kx!x; ð10Þ

!
::
y ¼ �Ky!y; ð11Þ

where Kx and Ky are positive constants. By this argument,
non-zero values of !x and !y are always inherently opposed
by a jerk given the above design parameters. Interestingly,
this also shows that the magnitude of the jerk on the x-axis
will be identical to that of the y-axis (Kx ¼ Ky), regardless of
the differences between Ixx , Iyy and Izz.

Therefore, in response to external forces and torques
that produce small perturbations in !x and !y , a design that
has Izz > Iyy > Ixx will be passively stable in a hover —
hence the concentration of components along the x-axis
(like the propulsion systems and flaps placements we
mentioned earlier). We use the flight experiments in Sec. 2.4
to illustrate this stability.

2.3. Propulsion systems contribution

We use two identical sets of plastic propellers, brushless
motors and Electronic Speed Controllers (ESCs) as our
propulsion systems. Their dynamic contributions can be
further broken down into two components, a thrust force
from the air pushed by the propellers (FPM; FSM) and a
torque to fulfill the conservation of momentum requirement
(¿PM; ¿ SM).

There are two interesting factors to consider when
modeling the propulsion systems of the monocopter.

2.3.1. Influence of freestream velocity

The first is that the propulsion systems are rotating with the
craft itself leading to an additional, high magnitude com-
ponent to the freestream velocities across the propellers. As
can be seen by rotor models like [18], this phenomena can
have a significant impact on FPM; FSM.

We overcome this by locking !z to a fixed value re-
gardless of the craft’s location in the flight envelope (be it
takeoff, landing, hover or forward flight). This is a known
design solution for many conventional helicopters that
brings a variety of advantages to the modeling and control
of the aircraft [19, 20]. In the case of the monocopter, many
of these benefits carry over (as will be seen in the later
sections) and with respect to the immediate challenge
of modeling our propulsion systems, it has the added
advantage of simplifying the problem by keeping this ad-
ditional component to the freestream velocities constant.

The method for locking !z (a PI controller) is described in
detail in Sec. 2.4.

Assuming that !z is locked, we now need to determine
the magnitude of this now constant component. So, we set
up a simple experiment.

As illustrated in Fig. 5 above, we mount our planned
propulsion system — a 5048S Tri-Blade Propeller, DJI Snail
2305 motor and Snail 430-R ESC, on an RC Benchmark
Dynamometer 1580. We generate a static equivalent of our
freestream generator via another propulsion system system
that pushes air towards the dynamometer from 0.15m
upstream. A power supply unit is connected to both pro-
pulsion systems to ensure a constant 12 V input and the
freestream velocity near the flight propulsion system
(specifically at 1

2 the radius of the propeller) is measured
using a hot-wire anemometer. It should be noted that when
measuring the airflow across the radius of the propeller, the
freestream velocity was found to be mildly turbulent but we
argue that this is similar to actual flight conditions as the
two propulsion systems will be flying into each other’s
wake when in monocopter mode.

With this setup, we take measurements of the propulsion
system’s rotations per second (RPS), thrust and torque
across a range of simulated flight conditions (between 0–
13m/s).

From the data (Fig. 6), we can see that the freestream
velocities have a noticeable relationship to thrust where the
thrust force is reduced within our estimated flight condi-
tions (10.0–13.2m/s). That said, at any fixed freestream
velocity, the force can be modeled as a linear term with
respect to the command input and so

FPM ¼ Kmf uPMðtÞ þ cmf ; ð12Þ
FSM ¼ Kmf uSMðtÞ þ cmf ; ð13Þ

Fig. 5. Test setup to determine effects of a freestream velocity.
Note anemometer is removed during testing.
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where Km and cm are the motor constants. To use these
equations, we determine the hover !z of the monocopter
mode and from there estimate the freestream velocity,
thereby allowing us to choose the relevant curve on the
Thrust graph in Fig. 6.

On top of informing us on its effects on thrust, the ex-
periment also confirms a negligible effect on torque. The
slight increase between 0 m/s and � 10.0 m/s is likely due
to the increased drag from the higher freestream velocities.
Given its small magnitude and near identical values in the
presence of non-zero freestream velocities, we can model
the torque quite simply to be

¿PM ¼ Km� uPMðtÞ þ cm� ; ð14Þ
¿ SM ¼ Km� uSMðtÞ þ cm� : ð15Þ

Lastly, we also see a reliable relationship across the
freestream velocity conditions between the pulse-width
modulation (PWM) input and the propulsion system’s RPS.
We choose to use this to simplify our dynamic model where
uPM and uSM are the actual PWM commands we program
into the controller. This assumes a near instantaneous re-
sponse between the PWM and the RPS (which is one of the

reasons why we chose a race grade ESC), an assumption we
feel is justifiable at this stage given the simplifications of the
modeling that we seek.

It should also be acknowledged that future designs
should consider using high pitch propellers since they are
better suited for high freestream velocities. This would be
especially worthwhile since the forward flight mode would
benefit from it too. We assign this optimization to future
work due to manufacturing constraints that would bring it
beyond the scope of this paper’s objectives.

2.3.2. Precession torque

The second factor is that the propulsion systems actually
contribute an additional torque on top of ¿PM; ¿ SM. Since !z

is non-zero when in flight, the motors and propellers are
rotating in a non-inertial frame and so a ’precession torque’
needs to be accounted for. From [6], we can model it to be

¿ gyro ¼ Ipropulsionð!propulsionÞ!; ð16Þ
where Ipropulsion is the inertia tensor of the motor, !propulsion

is the propulsion system angular velocity and ! is the craft
angular velocity. When the propulsion system is mounted
on the wing, this precession torque contributes to an in-
crease or decrease in the angle of the wing (�) as the torque
attempts to brings the wing to an equilibrium point relative
to the spinning inertia. The direction of the angle change, as
Eq. (16) implies, is dependent on both the direction of ro-
tation of the craft and the direction of rotation of the pro-
pulsion systems. For a positive increase in �, we follow a
clockwise positive convention with the thrust vector define
to be the forward direction. Hence, if both the craft and its
motor spins in the clockwise direction, it would have a
positive increase in � as illustrated in Fig. 7.

Fig. 6. Experimentally derived Thrust (FSM;FPM), Torque
(¿ SM; �PM) and RPS relationship to command input.

Fig. 7. Precession torque (¿ gyro) on starboard wing. The subscript
s in �S here is to denote the starboard wing angle.
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In a single-winged, single-motored monocopter, this
phenomena is accounted for by an adjustment to the
starting wing angle. However, this cannot be done in a two-
winged monocopter setup as, in the absence of a flexible
hinge about the x-axis, an increase in �S would force a de-
crease in �P and vice-versa. This in turn would produce an
unbalanced lift (FPW 6¼ FSW) which would critically desta-
bilize the craft when it is attempting to hover.

We resolve this by using the second propulsion system
to effect an equal but opposite torque on the craft. We
modify Eq. (16) to include the second motor

¿ gyro ¼ Imð!PM � !SMÞ!; ð17Þ
where !PM and !SM are the port and starboard propulsion
system angular velocities respectively. Given the capabilities
of the ESCs as shown in the RPS graph of Fig. 6, we are able
to reliably spin both motors at near identical RPS values in
identical directions, thereby negating the effects of the
precession torque.

Thus, there are only specific craft-motor configurations
(either both clockwise or counter-clockwise) where the
torque is canceled out. We illustrate this in Table 1 below
where Configurations A, D, E and H are the viable config-
urations. All our THOR prototypes follow Configuration A.

As a last comment on the topic of precession torque, it
can be seen from Eq. (17) that if we could precisely mea-
sure and control !PM with respect to !SM, we could poten-
tially control body frame pitch (rotation about the x-axis)
while maintaining a constant !. This could be useful for
stabilizing or even controlling the pitch/roll of the craft
without having to engage any flaps. We leave this unique
potential for a dual-wing monocopter to be the focus of a
future work.

2.4. Aerodynamics contribution

Aerodynamics is a complex phenomenon and it often relies
on a more empirical rather theoretical solution, thus ne-
cessitating a slightly different approach compared to our

two previous subsections. As with many other aerial sys-
tems, we start our aerodynamic model with the Blade Ele-
ment Theory (BET)

dL ¼ 1
2
�cClU

2dx; ð18Þ

dD ¼ 1
2
�cCdU

2dx; ð19Þ

where dL and dD are the incremental lift and drag forces
per unit span dx, � is the density of air, c is the local blade
chord length, Cd is the drag coefficients and U is the free-
stream velocity at the blade element (illustrated in Fig. 8).
Summing up the incremental terms across a wing (where
subscript n denotes the nth blade for a total of at least 40
blades [19]), we get the total lift L and total drag D vector
for each wing, which we combine to form the aerodynamic
force (FPW for port wing and FSW for starboard wing). Note
that dL and dD are defined to act perpendicular and parallel
to the vector U, respectively (also in Fig. 8).

For rotor wings, the BET is usually combined with Mo-
mentum Theory to form the Blade Element Momentum
Theory (BEMT). This allows for the modeling of the
downward airflow that is induced by the rotor action.
Similarly, additional model components of varying com-
plexity are then added to account for the various regions of
the flight envelope- forward flight, ground effect, high alti-
tude to name a few. Combined, these make for a highly
accurate but computationally intensive model. For the
insights that we seek, a simpler model would suffice in
exchange for lower costs and faster development times.

Table 1. Rotation configurations.

Config.
Craft

rotation (!)
Port

motor (!PM)
Starboard

motor (!SM)
Precession
effect (�gyro)

A þ þ þ 0
B þ þ � þ
C þ � þ �
D þ � � 0
E � þ þ 0
F � þ � �
G � � þ þ
H � � � 0

Fig. 8. Basic aerodynamic variables.
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As much as possible, we would also like this model to rely
only on on-board measurable states, thereby allowing us to
design a controller that would work outside of highly con-
trolled environments.

To this end, we take a cascaded approach to determining
our aerodynamic forces. We first model the wing’s drag
component. From there we implement the fixed !z con-
troller we mentioned earlier, which provides the benefit of
keeping several of our aerodynamics assumptions valid. We
then model the wing’s lift with which we combine with the
drag component to determine FPW and FSW. With these we
determine any remaining vertical contributors to the aero-
dynamic forces. In the case of the THOR, we determined
these to be disc drag (FDD) and ground effect. Finally, we
wrap up the aerodynamic model with the flap components
(FPF and FSF).

2.4.1. Wing drag

We chose to tackle the drag term first for several reasons.
Firstly, it will give us insight on !z as it produces the
dominant counteracting torque to the torque produced by
the propulsion system’s thrust. Secondly, we suspect that
the drag term is the most independent of the aerodynamic
forces and torques as its primary contributor is the high
magnitude !z. Lastly, it is the easiest to measure given that
!z can be measured via the on-board magnetometer and
gyroscope.

We start by using the BET model to describe torque and
so Eq. (19) gives

d¿D ¼ xn
1
2
�cCdU

2dx

� �
; ð20Þ

where d¿D is the elemental torque component and xn is the
x-axis distance of the nth blade element. Summing up the
element torques across each wing will give the total torque
due to drag ¿D.

Given a nonchanging wing, we can simplify a lot of
components in ¿D. The xn component when summed up
would be a constant. � can be assumed to be constant as
changes to local temperature and humidity would be neg-
ligible in hovering flight. c is a function of x, thus making it
also a constant. Cd remains as a variable, being a function of
the angle of attack (�p and �s). Lastly, U can be simplified
into its primary component, xn!z, which we can separate.

As such, our total drag torque per wing can be given by

¿D ¼ kwdCdð�Þ!2: ð21Þ
Given the fixed wing angle of the THOR-Spartan, for the

purpose of determining kwd , we can set Cd to be a constant
for now (which we determined via the open source airfoil
analysis tool, XFLR5).

To determine kwd , we implement a PI controller on both
the propulsion systems and so uPMðtÞ and uSMðtÞ (in
Eqs. (12) and (13), respectively) obey the following control
law:

uðtÞ ¼ KpeðtÞ þ Ki

Z t

0
eð!zÞd!z; ð22Þ

where Kp and Ki are the proportional and integral gains,
respectively, and e is the angular velocity error.

We manually tune the gains and then conduct a flight
test where we vary the desired !z value. We chose a range
of values between 28 rad/s and 33 rad/s, which we believe
is the region where the craft would be able to achieve
hovering flight. On the craft, we record both the !z mea-
sured by the craft’s magnetometer and gyroscope and the
PWM commands sent to the two motors (uPM and uSM). To
verify the !z, we also record it externally using motion
capture cameras as shown in Fig. 9.

Feeding the uPM and uSM commands into a simulation
that uses the model defined by Eq. (21), we determine a
value for kwd by finding a value that gives the global mini-
mum root-mean-square error (RMSE) for !z. For THOR-
Spartan, we determine this to be kwd ¼ 0:0079, whereby the
simulation and actual result for !z compares as shown in
Fig. 10.

The coefficient remained constant for successive flight
tests with the PI controller for !z proving itself to be suf-
ficiently reliable for us to proceed to modeling the next
aerodynamic component, wing lift.

Fig. 9. Wing Drag flight test setup.
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2.4.2. Wing lift

Using the same process as we did for the drag term, we
use a varying !z to determine an estimate of a simplified
lift term.

For the same reasons we gave for Eq. (20) (sans the
constant

P
xn term as this is a force and not a torque), we

can simplify Eq. (18) to get

L ¼ kwlClð�Þ!2: ð23Þ

For wing lift, we verify the dynamics using measure-
ments of the body-frame vertical velocity (velz). While we
draw our velocity data from both the flight controller and
motion capture setup, it should be noted that the position
data that we will present below is exclusively from the
Optitrack. This is because the default altitude sensor on our
flight controller, a barometer, is inaccurate for the small
range of altitudes we are interested in (0–2m). Future
versions of the THOR would include a Time-of-Flight (ToF)
sensor so as to bring us one step closer to our goal of using
on-board only measurements.

However, when we attempt to choose the coefficient with
the lowest RMSE across the flight time, we not only get an
extremely low lift coefficient (one order of magnitude lower
than expected), we also get an absurdly inaccurate simu-
lation equivalent (Base Model in Fig. 11).

We attempted to reduce the inaccuracy by also ac-
counting for additional drag via vertical freestream during
rotor action using the component

FDD ¼ kddðvelzÞ2: ð24Þ
where kdd is the disc drag coefficient and velz is the vertical
velocity of the craft. But even with this factored in, the
simulation plots were inaccurate. However, it did reveal that
the missing component had some correlation with altitude.
In fact, we observed from our flight tests that at every step
increase in !z, the craft would briefly climb before reaching
an equilibrium world frame Z position ðPoszÞ. We thus
suspected that our aerodynamic lift model required the
inclusion of a ground effect component.

To include the ground effect, we use the simplified
consideration from [19]

T
T1

¼
1

1� R
4z

2 ; for
z
R
� 0:5

cge; otherwise;

8><
>: ð25Þ

where T is the combined aerodynamic lift of both the wings
after accounting for ground effect, T1 is the combined
aerodynamic lift of both the wings given by Eq. (23) (which
by itself does not account for ground effect), R is the wing
radius and z is the world frame height. We set an otherwise
condition for z

R � 0:5 to avoid having an infinite lift condi-
tion at take-off and landing.

Using an RMSE, we determine the optimal combination
of kwl , cge and kdd (we ensure the combination is valid by
using the theoretical values as the starting point). With
kwl ¼ 0:00170, cge ¼ 0:15 and kdd ¼ 3:889, we get the ’Drag
and Ground Effected’ plot in Fig. 11, which is the closest of
all the models thus far.

This ground effect factor is not usually modeled, having
only a brief mention in [6] and no mention in other single-
motored, single-winged monocopter papers. This is likely
due to the relatively small sizes these prototypes, where the
R term in (25) is relatively small, allowing its contribution
to be assumed as negligible. Given the larger size of the
THOR prototypes, the potentially long flight times near the
ground and the simple but high impact contribution of a
ground effect model, we feel that Eq. (25) is worth keeping
in our dynamic model.

2.4.3. Flap component

We reach the final two components of our model FPF and
FSF. Given their position close to the wing tips, the blade

Fig. 10. Comparison of simulation and actual !z.

Fig. 11. Comparison of simulated and actual Velz and Posz.
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elements here have a long moment arm with respect to any
small oscillations of !x and !y and the hovering !z. This
makes modeling of the freestream velocities (U) in this re-
gion difficult. To make matters worse, we observed that the
craft experiences small amounts of precession during hov-
ering flight due to the small but non-zero products of inertia
and the slightly angled motors. This in turn contributes to a
tendency for the craft to enter into an increasing spiral over
long durations of uncorrected hover or when exposed to
repeated perturbations about the x- and y-axes, which in
turn add additional components to the U term.

The difficulties of modeling U for the development of a
controller is mostly a sensing problem. The ability of the on-
board inertial-measurement unit (IMU), which in our case
comprises of gyroscopes, magnetometers, accelerometers
and barometers, to sense wing attitude and velocities still
falls short of their helicopter equivalent- the swashplate.
This is understandable as the swashplate essentially
provides a mechanical calculation with the control input
built-in, thus giving it an unparalleled response time and
precision.

And neither is the IMU entirely useless. Our objective is
insight and current off-the-shelf IMUs, in combination with
robust filters and fusion algorithms, are sufficient for this
capacity. While simulation and actual results differ due to
unpredictable and often diverging instantaneous values of
U, we were able to observe that a P controller is sufficient
for a pilot to hold his/her position within a 1.5m by 1.5m
grid indefinitely, as shown by Fig. 12 below, which we
measured via our motion capture setup.

As an interim to a more complete model, we can also
attempt to determine the relationship between pilot input
to FPF and FSF by using the flaps as a collective input. While
the intended control of the THOR would be to use slow but

high torqued servos for a collective input onto the wing and
fast but low torqued servos for cyclic control (at the flaps),
we could temporarily use the flaps for collective control and
determine their lift component from changes in velz and
their drag component from changes in !z.

We use the following model for the flaps:

Lflap ¼ kflCl�u�ðtÞ!2; � �

8
� u� �

�

8
; ð26Þ

Dflap ¼ kfdCd�u�ðtÞ!2; � �

8
� u� �

�

8
; ð27Þ

where kfl and kfd are the flap lift and drag constants, Cl� and
Cd� are our lift and drag gradients and u�ðtÞ is our command
inputs. Note that we can assume the lift and drag gradients
are linear because we operate at small values of u� .

We conduct a flight test where we fly the craft at various
target !z (0–25 s in Fig. 13) but also with an added flap
control in the form of a collective input (25–75 s in Fig. 13).
At kfl ¼ 2:586� 10�5 and kfd ¼ 1:850� 10�5 we get a
sufficiently accurate model of the flaps close to equilibrium
conditions, as shown in Fig. 13.

Note that in this model, we use small perturbations to
the roll of the craft to induce forward flight in any direc-
tion of our choice. The flaps induce these roles through a
timed cyclic output across each period of rotation of the
craft. We keep the command inputs small so as to keep the
model within the assumptions of small rotational pertur-
bations about the x- and y-axes and a low forward flight
speed.

Fig. 12. Posx and Posy translation during a 70 s hover. Note the
curls due to mild precession and nutation.

Fig. 13. Comparison of simulation to actual dynamics over a
minute long flight.
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With this flap component accounted for, we complete the
monocopter model of the THOR. A summary of the config-
uration used for the experiments can be found in Table A.1
in Appendix A.

3. Flight Transition

Given the THOR’s similarity to tailsitter based fixed-wings,
our remaining hurdle is the transition step. Of the two
directions, hover to cruise and cruise to hover, we decide to
focus on the FT (hover to cruise) for this publication as this
transition is harder to achieve due to the rotating nature of
the hovering mode.

To simplify the problem, we separate the FT sequence
into two phases, FT-a and FT-b. FT-a encompasses the
phase where the rotational motion of the craft is reduced to
a halt, and FT-b involves the reorientation of the craft to the
fixed wing configuration.

3.1. Transition dynamic model

Unlike the hovering mode where the wing angles stay at
reasonably small values (like the fixed 0.262 rad for the
THOR-Spartan), the transition sequence requires the craft
to go into states where the wing angles reach �

2 radians. Due
to this larger operating range, a simpler dynamic model
specific to this transition sequence is utilized. To explore
this model, we built on our findings from the THOR-Spartan
and developed a second prototype, the THOR-Mini that also
includes a high torque, low speed servos for collective
control and the transition step.

3.1.1. Free body diagram

In addition to the existing body frame (x-y-z), we now add
an inertial frame (X-Y -Z). It is important to note that in the
cruising mode, the body frame z-axis is now the roll axis
and the body frame x-axis is now the pitch axis, where the
positive x-axis is now pointing to the starboard of the craft.
An illustration of these free body diagram components with
respect to the THOR-Mini is shown in Figs. 14 and 15.X

Fthor ¼ FP þ FS þ APW þ ASW þW ; ð28Þ

¿ thor ¼ ¿P þ ¿ S þ ¿PW þ ¿ SW þ ðrpmÞ � FP

þðrsmÞ � FS þ ðrpwÞ � APW þ ðrswÞ � ASW ð29Þ
While the craft is governed by the same 6DOF equations

of motion described in Eqs. (2) and (3), we chose to divide
our forces in a slightly different manner. FP and FS are
motor thrust forces, APW and ASW are the total aerodynamic

forces acting on each wing, which comprises of the lift and
drag forces, such that APW ¼ LP þ DP and ASW ¼ LS þ DS . ¿P

and ¿ S are torques caused by the motors. ¿PW and ¿ SW refer
to the aerodynamic torques.

Torques caused by the motor and aerodynamic forces for
each wing are also included in the torque equation. rPM and
rSM denote the positions of the motors, rPW and rSW denote
the positions of the aerodynamic reference points, with
respect to the body frame center of mass.

3.1.2. Aerodynamic forces and moments

Just like in the monocopter model, we use a modified BET
model in place of a BEMT model to determine the lift
generated by the wings. This simplifies the calculations and
gives validity over a wider operating range of wing angles.
In fact, the formulation used here is similar to works in-
volving the dynamics of tailsitters such as [21, 22]. Other
aerodynamic assumptions specific to our transition step are
defined as follows:

. Flow is assumed to be uniform throughout the wing
despite the UAV being in rotation at the start of the
transition sequence.

Fig. 14. Free body diagram of the THOR-Mini during the transi-
tion phase.

Fig. 15. Free body diagram of the THOR-Mini in fixed wing con-
figuration (cruising mode).

206 J. E. Low et al.

U
n.

 S
ys

. 2
01

9.
07

:1
95

-2
13

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 C
H

IN
E

SE
 U

N
IV

E
R

SI
T

Y
 O

F 
H

O
N

G
 K

O
N

G
 o

n 
09

/1
9/

19
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



. The entire wing is taken to be inside the propeller slip-
stream.

. Sideslip effects are ignored.

. Forces and moments are independently calculated for
each wing with no coupling effects.

A local coordinate system for the wing is defined at the
aerodynamic reference point as ½xw; yw; zw�, with xw point-
ing toward the leading edge and yw pointing upwards.
The propeller spin induces a flow in the negative zw
direction on the wings, and the total magnitude of the
flow in this axis can be approximated using Momentum
Theory [20]

vsum;zw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
zw þ 2Fprop

�airAprop

s
: ð30Þ

From the xw and yw components of the velocity, we can
deduce both the incident angle and the magnitude of the
total freestream velocity, V1

� ¼ atan2ðvyw ; vsum;zwÞ; ð31Þ

V1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 2
yw þ v 2

sum;zw

q
: ð32Þ

The lift forces, drag forces and torques acting on the
wing can thus be deduced using the equations below
(where Cl , Cd and Cm are functions)

L ¼ qClð�; �ÞS; ð33Þ
D ¼ qCdð�; �ÞS; ð34Þ
M ¼ qCmð�; �ÞS; ð35Þ

where q is the dynamic pressure, q ¼ 1
2 �U

2. Functions Cl , Cd
and Cm can be expanded into the following equations:

Clð�; �Þ ¼ clð�Þ þ cl� �; ð36Þ
Cdð�; �Þ ¼ cdð�Þ þ cd� �; ð37Þ
Cmð�; �Þ ¼ cmð�Þ þ cm�

�: ð38Þ
cl� , cd� , and cm�

are coefficients describing the first-order
effects of wing flap deflection which is dependent on the
craft’s geometry.

Functions clð�Þ and cdð�Þ are airfoil section data
obtained experimentally from 0 � � � �

2 radians [23].
The forces and torques acting on the body frame due to

Fwing is expressed as follows:

Faero;body ¼ Rw;bð�ÞFwing; ð39Þ
¿ aero;body ¼ rwing � Faero;body; ð40Þ

where Rw;bð�Þ is the 2D rotation transformation by angle �,
which is the angle between the frames ðx 0

w; y
0
wÞ and ðxw; ywÞ.

rwing is a translation vector from the body reference frame
to the wing reference point.

3.2. Forward transition (FT-a)

The objective of this phase would be to reduce the rota-
tional motion of the craft to a halt in preparation for the
next phase of the full transition sequence. It is also during
this phase where the wings physically rotate into the
cruising mode configuration.

The controller to be used for this phase is a cascaded
attitude-rate controller typically used in multi-rotors [24].
Attitude commands are fed through the attitude controller
which outputs rate commands. Rate commands are directly
processed by the rate controller into actuator commands. A
simplified control diagram is shown in Fig. 17.

The controller is already natively implemented within
the open-source PX4 Flight Stack. More details of the con-
troller and implementation can be found in [24, 25].

For the duration of the FT-a phase, a desired attitude for
pitch and roll is set such that the body z-axis coincides with
the inertial Z-axis. The desired yaw rate, !des;z is set to
be zero.

Fig. 16. Illustration of aerodynamic forces and torques overlaid
on a 2D-Section View of the Wing.

Fig. 17. Simplified control diagram of the cascaded controller.
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3.3. Forward transition (FT-b)

In this phase, the craft is required to re-orientate from the
hovering to a fixed wing configuration. The strategy we
adopt here is similar to [21], where the craft’s body rate
time histories during the reorientation phase is directly
obtained by trajectory optimization. It is assumed during
this optimization that the body rates can be controlled
directly.

3.3.1. Optimization formulation

min
!

t 2f þ
Z

ð1þ qzðtÞ2Þ � !xðtÞ2Þ þ !yðtÞ2 þ !zðtÞ2dt

s:t: q
: ¼ 1

2
WðqÞT!;

kqk ¼ 1; 8 t;
qð0Þ ¼ q0;

qðtf Þ ¼ qf :

ð41Þ

The objective function to be minimized includes both an
endpoint term and integral terms. The endpoint term, t 2f ,
seeks to minimize the time taken for the craft to re-orien-
tate to the fixed wing configuration. The body rates are
penalized quadratically for each axis. The weighting term on
!xðtÞ, 1þ qzðtÞ2, increases with yaw deviation to decrease
the reliance on pitch actuation as the yaw deviation
increases. No weighting terms are imposed on !yðtÞ and
!zðtÞ.

The optimization is also subject to the dynamics con-
straint described by the quaternion rate equation,

q
: ¼ 1

2 WðqÞT!, where WðqÞ is the quaternion rate matrix
[26]:

WðqÞ ¼
�qx qw qz �qy
�qy �qz qw qx
�qz qy �qx qw

2
64

3
75: ð42Þ

Due to the parameterization of the quaternion as q 2 R4,
a norm constraint has to be imposed on the quaternion
vector, q, to ensure a valid rotation representation at all
times.

3.3.2. Optimization results

The optimization routine was run for varying initial yaw
headings within the range ½0; �� to obtain a set of trajecto-
ries. Appropriate symmetry transformations were used to
derive trajectories for ½��; 0�.

The results are collapsed into a lookup table for the
body rates of each axis that can be expressed as,
wi;des ¼ Fiðt; yawinitÞ, where subscript i refers to the axis of
interest. A 3D Delaunay triangulation with linear bary-
centric interpolation between the triangles is used for in-
terpolation between the points. The lookup tables can be
visualized as surface plots as displayed in Fig. 18.

As different initial yaw angles would result in different
trajectory lengths, a separate 1D lookup table was defined
based on the optimization results, specifically the final time
tf of the trajectories. Linear interpolation was used between
points. A plot of the trajectory length varying with initial
yaw angles is shown in Fig. 19.

Fig. 18. Interpolated surface plots of body rates against initial yaw and transition time. The black points represent the discretized
trajectories obtained from the optimization routine.
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3.4. Experimental results

To validate the performance of our FT strategy, real-world
transition tests were carried out using the THOR-Mini
within our motion capture environment.

3.4.1. Experimental setup

Given the different testing objectives of the THOR-Mini, it is
important that we acknowledge its major differences with
respect to its predecessor, the THOR-Spartan

. A high torque, low speed collective control mechanism
that is also used for the transition step.

. Smaller wingspan due to limited space for transition in
motion capture environment.

. Design changes for increased crash resistance (namely
carbon fiber composite wings, snap-on motors, cyclic
servos and detachable wing tips)

That aside, just like in the THOR-Spartan, the prototype
runs on our customized PX4 flight controller via the Pix-
racer. The flight controller is used for low level flight
stabilization that computes actuator commands from
higher level rate and angle commands. As mentioned
earlier, the controller described in Sec. 3.2 is already na-
tively implemented in the PX4 flight stack. Low level ac-
tuator commands are computed via control allocation.
Rate and angle commands are sent over WiFi from an off-
board computer via MAVLink packets, a lightweight pro-
tocol for UAV communication [27]. The prototype that was
used for the transition experiments is shown in Fig. 20
and a summary of its configuration can be found in
Table A.2 in Appendix A.

Fig. 19. Plot of the transition length against initial yaw.

Fig. 20. THOR-Mini prototype

Fig. 21. From left to right: Snapshots of a FT-b trajectory (reorientation to fixed wing) with an initial yaw angle of � radians and 0.393
radians. Red denotes the port (left) side of the craft.
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3.4.2. Forward transition tests

The commands to be sent to the craft are derived from the
results obtained from Secs. 3.2 and 3.3. The craft is first
flown in hover mode for at least 5 s, before initiating the FT
sequence to cruising mode at various initial yaw conditions.
An illustration of two such tests can be found in Fig. 21.

Figure 22 describes the attitude of the craft during a
successful transition sequence for phases FT-a and FT-b.
Figure 23 shows the comparison between the desired body
rates and the actual body rates during the second phase of
the transition sequence (FT-b). For this particular flight, the
target final yaw was set to �=2 radians (toward East, 0 rad
yaw angle corresponds to magnetic north). 0 s corresponds
to the initiation of the transition sequence.

From the first 2 s of the transition sequence, the halting
of the rotation can be deduced from the yaw rate as seen in
Fig. 22. As shown in the 3–4 s region in the angle graph of
Fig. 22, the pitch angle can be seen approaching ��=2 as it
transits towards cruising mode by pitching forward. The
yaw angle also approaches the yaw end target of �=2. The
sawtooth nature of the yaw angle is due to the property of
Euler angle representation possessing a discontinuity at

� radians. (The peaks of the displayed graph do not hit �
and �� all the time due to aliasing in the data capture). An
image sequence depicting the successful transition can be
found in Fig. 24.

3.5. Cruising mode tests

As a follow up to the previous subsection for the transition
step, we test if the UAV is flyable in the cruising configu-
ration. So far we have assumed it to be achievable given the
THOR’s similarity to a tailsitter. Using existing PX4 software,
the cruising configuration was tested in an outdoor envi-
ronment. Figure 25 shows a map overlay of the entire flight
path on one mission where we successfully executed 3
different maneuvers in a 15,600m2

field.
Throughout these flight tests, we were able to keep the

craft airborne at an average cruising speed of 7.9m/s (max
17.2m/s) at about 8m above ground while also using about
25% less throttle than if we were to attempt to maintain a
stationary hover as a tailsitter. This implies that the wings
are effectively contributing a lift force on the craft. The
ground speed and altitude data for a test flight are pre-
sented in Fig. 26. It is also worth noting that due to the use

Fig. 22. Attitude time histories for the entire transition duration
(FT-a þ FT-b).

Fig. 23. Actual and target body rates during FT-b phase.

Fig. 24. From left to right: Snapshots of a successful FT sequence.
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of differential thrust for yaw control, we found that the craft
is able to perform agile maneuvers- for example Maneuver
3 in Fig. 25 where the craft does a hairpin turn.

4. Conclusions and Future Work

It is our hope that this paper highlights the potential while
also establishing the groundwork for future development of
this unique hybrid configuration.

In terms of its potential, we showed that the THOR can
achieve a near passive and controllable hover using the
same aerodynamic surfaces that it would use for a con-
trollable cruising flight. In fact, we were able to definitively
observe that the craft used less throttle to stay airborne in
both its hover and cruise flight configurations than if we
attempted to hover purely through its propulsion systems.

In terms of groundwork, we described the specific de-
sign parameters that simplifies the challenges of modeling,
stability and control. Most notable of these are the 2nd
order rotational symmetry parameter, the fixed !z param-
eter and the separated cyclic and collective mechanism. It is
worth noting that separated cyclic and collective also
reduces the load on the actuators as now each actuator no
longer needs to operate at both high torque and high speed.

This gives us access to a greater variety of cheaper, smaller
and lighter servos (coupled with a worm gear for when we
need high torque) for the actuator mechanisms. Also in
terms of groundwork, we have established a set of dynamic
models that are simple but accurate for this novel design
and implemented control solutions using PX4’s open-source
autopilot system.

Looking forward, we believe these contributions have
opened the path in two areas. Firstly, we now believe we
have sufficient material to develop figures of merit that
would allow this platform to be effectively compared with
other hybrid designs. While the reduced throttle in flight is
a promising indication, we believe extensive work needs to
be done to effectively compare the energy efficiencies and
limits of this hybrid’s flight envelope. This would possible
entail specific wing designs based on the craft’s intended
missions. Secondly, we hope to look further into control
solutions for the craft. Additional sensors (especially a more
accurate altitude sensor due to the ground effect), feed-
forward and/or non-linear control approaches and preces-
sion based control are interesting areas to explore that
could compensate for the short-comings of the electronic
swashplate. This shall be the focus of our future works.

A video compilation demonstrating the key flight
movements discussed in this paper (hovering, FT, and
cruising) of the prototypes can be found at https://

youtu.be/tBFndDLJKf0.
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Appendix A. Flight Configurations

Fig. 25. Map overlay of the UAV flight in fixed wing mode.

Fig. 26. Plots of the UAV ground speed and altitude.

Table A.1. Configuration of THOR-Spartan.

Wing collective servo None

Wing Flap Servo MKS DS480
Flight Controller PixRacer (with custom flight mode)
ESC DJI Snail Brushless ESC
Motor DJI Snail Motor
Propellers DJI 5048 Tri-blade
Batteries LiPo 3S 450mah
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Table A.2. Configuration of THOR-Mini.

Wing collective servo Actuonix P16-P

Wing Flap Servo HiTec HS-40
Flight Controller PixRacer (with custom flight mode)
ESC DJI Snail Brushless ESC
Motor Tiger Motor F40 Pro II 1600kv
Propellers DJI 5048 Tri-blade
Batteries LiPo 3S 450mah
Receiver Spektrumþ PixRacer WiFi
Wing Material Onyx Carbon Fiber Filament
Wing Span 300mm
Weight 540 g
Hover Wing Angle 0.262 rad
!z Target 33 rad/s
!z PI Gain 0.0820, 0.0120
Collective P Gain 0.500
Cyclic P Gain 0.300

Table A.1. (Continued )

Wing collective servo None

Receiver Spektrumþ PixRacer WiFi
Wing Material EPS Foam
Wing Span 500mm
Weight 504 g
Hover Wing Angle 0.262 rad
!z Target 31.0 rad/s
!z PI Gain 0.0820, 0.0400
Collective P Gain 0.500
Cyclic P Gain 0.300
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