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Design, Modeling and Control of a Two Flight Mode
Capable Single Wing Rotorcraft With
Mid-Air Transition Ability

Hitesh Bhardwaj ', Xinyu Cai

Abstract—Monocopters are nature-inspired, single-wing, rotat-
ing aerial vehicles that fly by spinning their entire body. Meanwhile,
bicopters are twin propeller-based aerial vehicles that control their
attitude by changing the direction of thrust from the motors using
two servos. In this paper, we present a novel single-wing aerial ve-
hicle, which can fly in both the monocopter and bicopter modes. To
enhance its maneuverability while still being in the air, the platform
can perform a mid-air transition from one mode to another. To
achieve this, we fused the attributes of monocopter and bicopter,
while allowing the monocopter to maintain its natural shape for
flight. Considering forces and torques experienced by both modes of
flight, the dynamics are described, and a cascaded control strategy
is developed. A novel approach is proposed to control the angular
velocity of the monocopter. An innovative blending and transi-
tion method of controllers for both modes is developed to allow
transition between the two modes. We constructed a prototype to
demonstrate the flight of the aerial vehicle in both modes. The
results verify the proposed concept for the design of the aerial
vehicle, along with the control strategy implemented for the control
over the states during the flight modes as well as the transition
between the two modes.

Index Terms—Aerial systems: applications, aerial systems:
mechanics and control, biologically-inspired robots.

I. INTRODUCTION

NMANNED Aerial Vehicles (UAVs) have been continu-
U ously gaining attention since their development, owing to
the multitude of tasks they can accomplish involving mapping,
inspection, and observation. In the past, research has enhanced
the performance and capabilities of traditional UAVs through
additional flight modes. An additional flight mode can help
accomplish different objectives using a single platform. In [1],
the authors have proposed a tri-tiltrotor UAV, which can per-
form a conversion between vertical take-off and landing, and
fixed-wing flight modes. In [2], the authors presented a trans-
formable hovering rotorcraft, which can achieve controllability
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Fig. 1. Picture of our prototype flying - (A) in monocopter mode (B) through
a narrow gap in bicopter mode.

in 4 degrees of freedom while in horizontal cruising mode and
5 degrees of freedom while in its hovering mode. In [3], the
authors have introduced a flying robot that can roll over on the
ground, through a gap that is narrower than its diameter.
Monocopters are single-wing rotating aerial vehicles, which
achieve lift by spinning around the yaw axis (Fig. 1(A)). The
inspiration for the monocopters has been taken from maple
seeds (or samaras) which can utilize their shape to auto-rotate
while falling. So far, the monocopter platform has been used
for different applications where spinning nature can be uti-
lized. Work done in [4] shows an example of an unpowered
monocopter-based lightweight sensor, that can achieve a soft
landing due to its shape. Alongside soft landing, the concept
of autorotation has also been explored for directional control
while in descent using a control surface such as an aileron or
flap in [5], [6]. Together with a flap for directional control,
monocopters can utilize a motor-driven propeller to achieve lift
for the ascent. Works done in [7] and [8] are examples where
this principle has been applied. A recent study conducted in [9]
tried to study the dynamics of the monocopters having multiple
actuators to achieve better position control. In [10], the authors
have presented a monocopter-based platform for short-range
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TABLE I
COMPARISON OF MONOCOPTERS AND BICOPTERS

Parameter Monocopters Bicopters

Actuators 2 4
Spins continuously ~ Zero angular velocity
about yaw axis in hover mode
Heading Angular states
Single wing Dual propellers
Spins to and from Vertical take-off
a smooth surface and landing

Hovering style

Feedback required
Lift generation

Take-off and landing

urban surveillance and sampling missions. A recent work done
in [11] shows the development of three-dimensional electronic
micro-fliers based on the platform, covering a wide variety of use
case scenarios. The spinning nature of the platform also helped
in passively scanning and mapping the surrounding environment
using Simultaneous Localization and Mapping (SLAM) in [12].
Similarly, in [13] and [14], the authors have shown applications
for the monocopter for simultaneous image and onboard state
estimation and LiDAR inertial odometry, respectively.

On the other hand, a bicopter UAV uses two motors to
generate collective lift force and torque in the roll axis using
differential thrust. Additionally, two servos produce torque in
pitch and yaw axis by tilting the motors (Fig. 1(B)). Several
studies have been conducted on the bicopter platform. In [15],
the authors developed a functional mini tiltrotor UAV, which,
unlike the conventional tiltrotor swashplate mechanism, utilized
the tilting of rotors to stabilize the UAV. In [16], the authors
have presented a prototype based on research conducted on the
principles of motion and the design of an attitude stabilizing
controller based on a Proportional Integral Derivative (PID)
controller. In [17], the authors have presented a detailed process
of development of a bicopter, including an aerodynamic analysis
of the propellers for optimizing the efficiency and control system
design. In [18], the authors have presented a fixed pitch bicopter,
which tries to utilize the gyroscopic torque for pitch response.
Besides these and various other studies, the concept of bicopters
has been implemented on manned aircrafts as well [19], [20],
[21]. A comparison of the main characteristics of bicopters and
monocopters has been presented in Table I, which highlights the
differences between the two flight modes. In particular, during
hover, the monocopter spins its entire body while the bicopter
has zero angular velocity.

To capitalize on the advantages of the two platforms, we
introduce a novel single-wing rotorcraft, that can fly in both
monocopter and bicopter modes. The motivation behind using
these modes for this platform is to obtain the best combination
for achieving a power-efficient flight (monocopter mode), and
hover with zero angular velocity (bicopter mode). The aero-
dynamic force produced by the wing and the rotating motion
provides monocopter mode with passive stability while hov-
ering. The ability to auto-rotate helps the mode to reduce the
impact in no-power mode. Moreover, recent research has also
demonstrated that the rotating wing platform has superior power
efficiency compared to other platforms [22]. Monocopters can
be employed for various applications where the spinning nature
of the platform can be utilized, for example, passively scanning
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and mapping the surrounding environment as done in [12], [13].
However, even though the monocopter platform is based on a
single wing, the physical footprint of the spinning drone is large
enough to hinder its mobility. The platform has a highly non-
linear dynamic nature [7]. Moreover, the cost-effective sensors
available in the market will struggle to measure the states of
monocopter as they cannot keep up with the rotation speed of
the platform. On the other hand, the flight mode of a bicopter is
steady with zero angular velocity during hovering. This benefits
in achieving position and attitude control with easier control
effort. The steady nature of the UAV contributes to capabilities
such as close inspections and steady mode video transmission.
Additionally, the smaller footprint while hovering allows ma-
neuvering through small spaces. Therefore, the combination of
flight modes onto a single platform not only increases the merits
but also helps to overcome each other’s limitations.

The bicopter bears a resemblance to the tailsitter, which
is particularly good for its efficiency in forward-flight mode,
however, owing to its forward velocity, this mode is not suitable
for operations inside a confined space. Furthermore, the tailsitter
would simply crash during a fail-safe scenario, however, the
monocopter mode can help in a softer landing, comparatively.
Besides the capability to fly in two different flight modes, our
platform is also able to perform a transition from one mode
to another without landing. Since the two flight modes have
completely different hovering styles (one being rotating and the
other being steady), a blending and transition control of the two
modes is required. The monocopter mode and the bicopter mode
will hereafter be called the M-mode and the B-mode.

The contributions of this work are as follows:

® Design and control a rotorcraft having two different modes

of flight,

e Experimental proof of successful takeoff and position con-

trol in both flight modes,

e Experimental proof of transition between two different

flight modes while in flight.

II. DYNAMIC MODELING

Let (XZ,Y7, Z%) € T denote the right-handed inertial frame
and (25,45, %) € B denote the body frame attached to the
Centre of Gravity (CG) of the UAV as depicted in Fig. 2. The
rotation angles in X7, Y7, and Z7 directions are denoted by ¢,
0, and 1. Using the Newton-Euler formulation, the translational
dynamics of the UAV can be expressed as,

mP? = RLFB + mG (1

where PT = [Px, Py, P7]7 is the position vector in the inertial
frame, R represents the rotational transformation from body-
frame to inertial-frame, F® = [F,, F,,, F.]" is the force vector,
and G = [0,0, g7 is the gravity vector.

Similarly, the attitude dynamics equation of the UAV can be
expressed as,

1°6F + W IPWf = 7F )

where I® € R3*3 is the inertia matrix, w? is the angular velocity
in the body frame, and 75 = [r,, 7, 7.]7 is the torque vector.
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Fig. 2.
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(A) Top view of the UAV labeling various dimensional parameters as well as the location and number of motors (M1, M2) and servos (S1, S2). (B)

Isometric view of UAV in M-mode, and (C) B-mode, labeling the forces acting in the two modes. 77, T are the thrust forces generated by motors and propellers,
and J; and J7 are the angles controlled by the servos. The rotation direction of propellers as well as the monocopter’s spin direction are marked with arrows. (D)
Cross-section view of the UAV, depicting the aerodynamic forces acting on the wing and the flap surfaces of the UAV where d L refers to lift force, d D refers to
drag force, dV refers to normal force and d7" refers to tangential force on each blade element. Subscripts b and f denote the body and flap, respectively.

The aerodynamic forces acting on the wing and flap sur-
faces (Fig. 2(D)) are modeled with the Blade Element Theory
(BET) [23]. Under BET, a surface is sliced span-wise into
n blade elements, and the overall lift and drag contributions
are obtained summing up the individual contributions. Each
element’s lift and drag contribution can be defined as,

1 1
dL = §ClpU20dr, dD = 5cde%dr 3)

where C; and Cj are the lift and drag coefficients respectively, p
is the density of air, U is the relative air velocity encountered at
the tip of the blade element, c is the chord length of each blade
element, and dr is the width of each blade element. dL and dD
can be resolved into normal and tangential forces as,

dN =dL cosf +dD sinf, dT = dL sinf —dD cosf (4)

By integrating (4), we can obtain the overall contribution of
normal and tangential forces for both wing and flap which are at
different angles of attack (6, and 0, respectively) with respect
to the inertial frame. We assume that the total normal (/N;) and
tangential (7}) forces from wing and flap will be acting on the
Centre of Pressure (CP). These forces can be calculated as,

Ny
Ti

Ny
Ty

&)

where subscript ¢, b, and f refer to total, body and flap forces
respectively, and Rl; € R?**2 represents the rotational transfor-
mation from flap-frame to body-frame.

During the spinning motion of the UAV, a precession torque
is experienced, which can be obtained by, T)rec = Ipw), X w,
where, I, and w), is the moment of inertia and rotational speed of
the propeller [24]. Considering the body frame axis definition,
the first and third components obtained for 7. will be zero,
and therefore can be ignored. Using the Newton’s laws and the
free body diagram given in Fig. 2, the total force and moment

equilibrium equations for the UAV can be written as,

F, = (T sind1) a + Ty sindo + (Ny) 8, F, =0
F, = (T} cosdy) a + Ty cosdy — (T3) B 6)
Ty = (=T cosd1Lr) o+ Ts cosda Lo — (Tyry — faragLe) B
(T4 sind1D) o + T sindo D — (N7 + Tprec,2) B
(

Ty =

T, =

T1 Sil’l(glLl) o+ T2 sin52L2 — (Nt’l"y) ﬂ (7)

where fq,q4 is drag force induced by the propeller flying in its
own wake and 7.2 is the second component of the precession
torque Tppec. o, B € [0,1] are control parameters that can be
varied to modify the dynamics of the overall system for a specific
mode.

Considering the force and torque equilibrium of the UAV
((6) and (7)), and the fact that M; and S; are not used for the
monocopter flight, the body force and torque equations for the
UAV in M-mode can be obtained by taking « = 0 and 8 = 1 in
(6) and (7).

A few assumptions are made for simplification of the dynam-
ics while flying in B-mode. (1) The lift and drag generated by
the wing are considered to be negligible in steady state. (2) The
reaction torques due to the servos and propellers are considered
negligible as they are comparatively much smaller compared to
the torque induced by the thrust in the body frame. (3) The thrust
force projected by the motors is considered to be present in the
x-z frame in the steady state. This force will be projected in the
y-axis during the transient response but will become zero as the
roll angle of the UAV converges to the commanded value by the
controller. Considering these assumptions, the body force and
torque equations for the UAV in B-mode can be obtained by
taking« = 1and 5 = 0in 6 and 7.
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Fig. 3. Cascaded control architecture used on UAV.

III. FLIGHT CONTROL AND TRANSITION

The control architecture of the UAV can be divided into three
main sections: (1) Monocopter control, (2) Bicopter control,
and (3) Transition phase. The overall controller is based on
a cascaded control strategy, where the higher-level controller
controls the position in the three-axes. A manual switch can
control the flight input data to be fed from a radio controller
or the position, velocity, and altitude controllers as depicted in
Fig. 3.

A. M-Mode Control

1) Cyclic Controller: The lower-level controller for M-mode
flight is based on a cyclic controller which generates a periodic
signal to steer the UAV in a specific direction. The cyclic control
for the monocopter is based on the square cyclic control strategy
which has been previously implemented in [25].

The monocopter constantly rotates in the Z-axis, the error
for which is corrected with the altitude control based on a
PID controller. The directional control correlates to the roll(¢..)
and pitch(f.) commands for position correction in X and Y
directions. The direction control variable v, and the amplitude
of the cyclic control T4, are calculated as,

1. = atan2 (ﬁc) , Tomp = ke/O2+02  (8)

where k. is a constant to scale the effectiveness of roll and
pitch actuation commands. The cyclic commanded thrust for
the motor includes both the components for the altitude as well
as direction and is computed as,

Tam b) .f i C
T — {uz + py A Sin(Y + e +1Pg) > € ©)

Uz — Tamp, oOtherwise

where uy is the altitude correction, 1 is the current azimuth
heading of the monocopter, 1) is the offset value for angular
correction induced due to gyroscopic precision and other effects,
and e is the variable to control the duty cycle.

2) Rotational Speed Controller: Typically, a single actuator
monocopter does not have control over the rate at which it is
spinning. This rate of spin or the angular velocity depends on the
shape, size, and weight distribution of the UAV. However, for the
designed platform, the angular velocity needs to be controlled in
the desired manner for better efficiency, more control authority,
and to assist in the transition between modes. Therefore, using
So, the angle of the flap and motor are controlled to provide extra
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lift to control the rotational speed as well as reduce the effort on
the motor.

Typically, owing to the fast-spinning speed in M-mode, those
force components perpendicular to the rotating axis can be
treated as zero over a rotation cycle in the inertial frame as they
have a limited impact on the translational motion. In the hovering
state, the collective force aligned with the rotating axis balances
the gravity. As a result, we can determine the equilibrium for
hovering using,

. T

RE(L,3) [Fo By | =mg, [rm,7] =0, (10)
where R%(1,:) refers to the first row of the rotation matrix, as
the gravity is applied on the z-axis in M-mode (Fig. 2(B)). By
solving (10), we can obtain the equilibrium of motor thrust 75,
roll angle ¢, pitch angle 6, as well as the rotating speed 2.
Particularly, by choosing a different servo angle 5, the rotating
speed €2, can be controlled.

B. B-Mode Control

1) Attitude Controller: The attitude controller for the B-
mode flight consists of a higher-level quaternion-based con-
troller and a lower-level angular rate controller. The inputs for
the attitude controller are the UAV quaternion and the desired
attitude. The quaternion-based controller is based on the work
done in [26]. The higher-level controller for the attitude control
can be defined as,

(11)

where €, is the desired angular rates vector, c 4 is the attitude
gain vector, and ey = @' - gq is the error quaternion. The
lower-level attitude control is the angular rate controller, which
is a PID control over the angular rate of the UAV given by,

Qd - CASign(Qerrw)qev'rwyz

t

Td = Cp,€q + Cd,€q + Ci, / eq(t)dt (12)
0

where T4 = [Tz, Tyd, T=4)” is the desired moment vector, ¢, ,

cq, and c¢;, are the proportional, derivative, and integral gain

vectors, and e, is the angular rate error vector.

2) Control Allocation: A relationship between the attitude
controller output 74 along with F,; and the desired actuator
commands (77,75, 1, and ) can be established. Reference [17]
describes an intuitive method to generate these desired actuator
commands. Therefore, using (6) and (7), the actuator commands
for B-mode can be calculated as,

neC Gy o
e L
6, = —atan (I(DJ?ZCI— L%)Zii(fl ti?)) (13¢)
5y = —atan (g?;d__ LLQ le;ii(i 1F+dii))> (13d)
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B-mode begins

Fig. 4.
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M-mode begins

nump

Transition cycle showing the change of orientation from one mode to another. Transitioning from B-mode to M-mode following the top arrow, at stage

B-1, the UAV pitches down aggressively, while simultaneously increasing and decreasing the thrust in Mo and My, respectively. Due to the uneven thrust, at
stage B-2, the UAV starts to gain rotational velocity. As the velocity increases, the controller is switched to M-mode in stage B-3. Transitioning from M-mode to
B-mode following the bottom arrow, at stage M-1 the UAV stalls the flap to increase the pitch and decrease the rotational speed, while simultaneously increasing
and decreasing the thrust in M and Mg, respectively. Stalling of wing and balance of thrust in motors reduce the rotational speed further in stage M-2, while the
servos start to align to desired values. At stage M-3, the controller is switched to B-mode, which takes over the control of the actuators for flight.

C. Blended Transition Control

The transition control is based on the concept of providing
the best conditions for the subsequent flight mode to take over
while maintaining the stability and control of the UAV in the
present flight mode. One of the easiest methods for switching
controllers would be using a simple on-off method, but since
the two different flight modes are based on different attitude
controllers, a blending strategy is imposed for handing over the
control.

The transition strategy developed for the UAV is a heuristic-
based design to utilize the nature of flight modes and the attitude
controllers implemented. The controller is essentially a phase-in
phase-out control of the two flight modes based on a sigmoid
function, preceded by blending control, which is a series of
movements to orientate the UAV and initiate the controller
for each mode. Fig. 5 depicts the switching of controls from
B to M-mode and M to B-mode respectively, illustrating the
initialization of blending using the motors and servos, followed
by the switching of the controllers. The sigmoid function used
for controlling switching output sw, is given by,

1

BRI 14

SW

where ¢ is the time, and b and r are parameters used to define
the offset and slope which can be changed to obtain the desired
results.

Fig. 4 depicts the transition of UAV from B-mode to M-mode,
showing the various stages which are encountered during the
transition. To transit from B-mode to M-mode, the natural sta-
bility of the monocopter was utilized. The fact that a monocopter
spins naturally on its axis when falling through the air was
utilized to initiate the transition. To transit from M-mode to
B-mode, the stalling of the wing plays a crucial role. This is
done to subside the rotation rate as quickly as possible and to

B-mode M-mode = = = Motorl Motor2 — — —=Servol Servo2
o T 100
°
£ B-mode M-mode
S ]
3 2
) <
9 005 N s0
2 €
3 £
€ 2
§ Z
o
z
ab o 5
0 1 2 3 4 5 6 7 8 9 10
o1 u T T T T T 100
g
< M-mode B-mode .
S 1
e 2
] =
o 0F0.5 s0
5 = g
% -~ =
: -
: - \
o
= -
ak o L . . 0
0 1 2 3 4 5 6 7 8 9 10
Time

Fig. 5. An illustration of switching of controls from B to M-mode and M to
B-mode, where the yellow zone marks the blending and transition of controls.
The servo angles are normalized from —1 to 1. Control = 0 means no control
and Control = 1 means full control. The thrust value is normalized from 0 to
100.

pitch up the UAV to orientate the UAV for the B-mode controller
to take over.

The transition from B-mode to M-mode starts with an aggres-
sive pitch maneuver and simultaneous reduction of M; thrust.
The thrust of M; keeps reducing as orientation changes to transit
to the other mode. As the M-mode activates, the S; and M are
disabled to save battery. To transit from M-mode to B-mode, the
UAV utilizes S to intentionally stall the wing by reducing the
rotational speed and gaining high pitch, followed by initiation
of M; and S, and finally passing the control to B-mode.

IV. EXPERIMENTAL RESULTS

A physical prototype of the UAV defined earlier was made for
experimental verification of the model. Fig. 6 shows the UAYV,
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100 mm

Fig. 6.  Final prototype developed for experimentation depicting (A) top view
and (B) bottom view.

TABLE II
TABLE OF RELEVANT VARIABLES

Parameter | M-mode | B-mode | Units
L1, Lo, D 140, 295, 50 mm
ke, € 0.75, 0.1 - -
Yo —3m/2 - rad
ca - [12, 10, 10] rad/s
Cpa - [35, 25, 20] Nms/rad
Cd, - [0.01, 0.01, 0] | Nms?/rad
Ci, - [0.1, 0.1, 0.3] Nm/rad
b, r 3, 0.1 2,0.2 -

consisting of a carbon fibre rod, 3D printed structures for holding
the two servos, motors, and landing gears on each side, and a
wing and flap cut from Balsa wood. Two EMax 30 A ESCs
(electronic speed controllers) drive the twin TMotor 4500 KV
brushless motors. Each motor is attached to a 3-inch propeller,
capable of generating a maximum of 100 g of thrust, which
leaves sufficient overhead for control of the UAV, which weighs
152 g in total. Using a standard 3S 300 mAh Li-Po battery, the
UAV has an endurance of approximately 2.8 £ 0.2 mins while
hovering in the B-mode and 3.2 =+ 0.2 mins while hovering in the
M-mode. An ESP32 micro-controller was used onboard, which
is connected through a receiver to the transmitter for receiving
the manual signal as well as through Wi-Fi to the ground station.
Table II tabulates the relevant dimensional and gain parameters,
along with their numerical values.

Testing of the prototype was performed to verify the following
objectives: (1) Both the modes are fully operable with control
over the position and attitude, and (2) In-flight transitions can
be performed from one mode to another. In the experiments,
along with the sensors onboard, the OptiTrack system was used
to provide position and orientation data for closed-loop control.

Fig. 7 compares the power consumption of M-mode and
B-mode while hovering. It was observed that during B-mode,
which utilizes all actuators, the current drawn and hence the
power consumed is more compared to the M-mode. On average,
hovering flight in B-mode consumed approximately 50.38 W,
compared to 40.45 W consumed by M-mode, making the M-
mode 21.86% more efficient.
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Fig. 8. Euler angles and 2z during a hovering flight in M-mode and B-mode.

Fig. 8 depicts the Euler angles of the UAV during the M-mode
and B-mode flight. For the M-mode flight, the roll and pitch of
the UAV are varying between £0.1 rad, indicating the effort to
hold the position using the cyclic control implemented. Fig. 8
also depicts the 2 for M-mode flight, which is controlled by
the rotational speed controller. On the other hand, the roll, pitch,
and yaw values for the B-mode flight fluctuate only between
+0.05 rad, depicting more stability during hovering.

A. Position Tracking

Using the controllers mentioned, the UAV was commanded
to fly towards waypoints forming a square pattern and fly in a
circular path to follow a trajectory. Figs. 9(A) and 10(A) depict
the desired and actual position of the UAV along with the actuator
output while following the waypoints and while tracking the
trajectory, respectively, for the M-mode flight. From the figures,
it can be observed that altitude control is very responsive and
stable, due to the direct control of the motor over the Z-axis. The
position control, however, is hindered by the nonlinear nature of
the platform. A slower response is observed because of indirect
control and due to the gyroscopic nature of the UAV. One way to
solve this issue is by implementing a nonlinear controller as done
in [9]. Figs. 9(B) and 10(B) show the desired and actual position
of the UAYV, along with the actuator outputs while following the
waypoints and while tracking the trajectory, respectively, for the
B-mode flight.
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Fig.9. Square shaped waypoint tracking with actuator outputs for (A) M-mode
flight (RMS = 0.214), and (B) B-mode flight (RMS = 0.194). Take-off part has
been truncated.
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From the graphs, it can be observed that the B-mode has better
control over the position compared to the M-mode. A compar-
ison of Fig. 9(A) and 9(B) shows that B-mode can reach the
waypoints and hold position better compared to M-mode. Like-
wise, Fig. 10(B) shows that the transient motion of B-mode is
better compared to M-mode depicted in Fig. 10(A) (in particular,
between 20 and 40 seconds, the roughness of M-mode motion
can be observed). Although, B-mode portrayed some delay in
response in the X-axis. This is due to the aerodynamic force
affecting the wing and flap surfaces while moving in that direc-
tion. This is a trade-off effect that can be reduced by optimizing
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Fig. 11.  Angular velocity and attitude plot during transition from B-mode —

M-mode — B-mode.

the shape of the wing and flap to obtain minimum surface area
facing the wind while providing the best lift while rotating in the
M-mode. Comparing the Root Mean Square (RMS) values for
the position tracking while following square shape waypoints for
the two modes, the B-mode performed 19.49% better, whereas
for the circular trajectory this performance was 36.59% better.
Overall, the constant spinning nature of the M-mode affected
the translational motion and hovering of the UAV, whereas the
steady nature of the B-mode helped it achieve better translational
motion as well as position holding after reaching the waypoints.

B. Transition Between the Two Modes

Due to the completely different nature of the flight style
of both modes, the blended transition plays a crucial role in
switching the modes. The transitions between the two flight
modes were tested and observed. During the transition from
B-mode to M-mode, it was found that the UAV can reliably
switch, although losing altitude since M-mode relies on the lift
produced by the wing and spinning nature of the UAV to gain
altitude. In the transition from M-mode to B-mode, the stalling
of the UAV was found useful to reduce the rotational speed,
although the UAV takes some time to recover after entering the
B-mode. An iterative approach based on the results obtained
was adopted to tune the switching function parameters defined
in (14).

Several factors weigh-in for the success or failure of a tran-
sition. The natural autorotation of the monocopter requires a
certain distance to start, which is proportional to its weight
and size. Therefore, the rate at which the motors start assisting
the spins to enter M-mode impacts the success or failure of
the transition from B-mode to M-mode. On the other hand,
once the wing is stalled, the pitch angle can start to either
decrease or increase. The first scenario is favourable, however,
beyond a certain angle, the latter scenario makes the transition
unstable. Furthermore, as the rotational speed is decreased to
enter B-mode, the UAV has a tendency to fall inwards due to
the gravity and location of the CG. Both factors can affect the
success or failure of transition from M-mode to B-mode.

Fig. 11 depicts the angular velocity and the attitude of the
UAV during the transition. The red shaded and blue shaded
regions depict the B-mode and M-mode, respectively. A slight
disturbance was experienced around 40 seconds into the flight,
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which can be ignored. Fig. 12 depicts the actuator outputs during
the transition from one mode to another, zooming in on the
transition parts.

V. CONCLUSION

This paper presented a novel transition strategy and control
of a single-wing rotorcraft, that can fly in two different modes
namely the M-mode (based on monocopter platform) and B-
mode (based on bicopter platform). The rotorcraft can take off
and land in both modes, as well as perform mid-air transitions
from one mode to another. This novel platform utilized two
actuators for flight in M-mode and utilized all four actuators
for a stable flight in B-mode. The UAV can achieve better
position and attitude control while flying in B-mode, whereas
it can utilize the M-mode for hovering to conserve battery. The
M-mode can also be utilized for using a LiDAR sensor for 3D
mapping of the environment, and in case of power failure, it can
help descent safely using the inherent autorotation capability.
Also, a contemporary approach developed allowed the control
of the angular velocity of the UAV while hovering in M-mode.
Experimental proof has been presented for the position control
of the UAV in both flight configurations. Based on the results, the
UAV is fully controllable in both modes, having more control
in the bicopter flight mode. Along with the position control,
relevant data showing the transition from one mode to another
was presented. The blending and transition methodology imple-
mented produced promising results, confirming the viability of
the platform to switch modes of flight mid-air. By combining the
spinning monocopter platform with a stable bicopter platform,
this UAV has shown more potential for real-world applications,
compared to the other works done previously on these platforms.

The future work includes a more robust and reliable transition
methodology. An optimal transition sequence by minimizing
a cost function will be designed for better control during the
transition.
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