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Abstract—In this paper, we propose a novel swashplateless-
elevon actuation (SEA) for dual-rotor tail-sitter vertical takeoff
and landing (VTOL) unmanned aerial vehicles (UAVs). In con-
trast to the conventional elevon actuation (CEA) which controls
both pitch and yaw using elevons, the SEA adopts swash-
plateless mechanisms to generate an extra moment through
motor speed modulation to control pitch and uses elevons solely
for controlling yaw, without requiring additional actuators.
This decoupled control strategy mitigates the saturation of
elevons’ deflection needed for large pitch and yaw control
actions, thus improving the UAV’s control performance on
trajectory tracking and disturbance rejection performance in
the presence of large external disturbances. Furthermore, the
SEA overcomes the actuation degradation issues experienced
by the CEA when the UAV is in close proximity to the ground,
leading to a smoother and more stable take-off process. We
validate and compare the performances of the SEA and the
CEA in various real-world flight conditions, including take-off,
trajectory tracking, and hover flight and position steps under
external disturbance. Experimental results demonstrate that the
SEA has better performances than the CEA. Moreover, we
verify the SEA’s feasibility in the attitude transition process and
fixed-wing-mode flight of the VTOL UAV. The results indicate
that the SEA can accurately control pitch in the presence of
high-speed incoming airflow and maintain a stable attitude
during fixed-wing mode flight. Video of all experiments can
be found in youtube.com/watch?v=Sx9Rk4Z£f7sQ

I. INTRODUCTION

Vertical takeoff and landing (VTOL) unmanned aerial
vehicles (UAVs) can take off and land vertically like multi-
rotor UAVs and achieve efficient long-range and high-speed
flight similar to fixed-wing UAVs [1]. VTOL UAVs can be
implemented using different configurations, such as tilt-rotor
[2], [3], tilt-wing [4], [5], and tail-sitter [6]-[8]. Among
these, the tail-sitter UAV is advantageous due to its ability to
transition its attitude to enter fixed-wing flight mode without
additional tilting mechanisms, resulting in a simpler and
more compact structure [9].

Tail-sitter UAVs can be controlled using various actuator
configurations, such as quad-rotor type [10], [11] and dual-
rotor type with additional control surfaces (e.g., elevons)
[12]-[14]. Compared with the quad-rotor type, the dual-
rotor type uses fewer motors and propellers, making it
less expensive, lighter, and more portable. However, the
limited deflection range and small size of the additional
control surfaces may lead to saturation, which constrain the
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Fig. 1. Dual-rotor tail-sitter VTOL UAV, named Hong He. (a) The UAV
hovers at the multi-rotor mode. Main components on the front side of
the UAV are labeled. (b) The UAV flies at the fixed-wing mode. Main
components on the back side of the UAV and the definition of coordinate
frame are shown.

achievable performance or even cause instability [15]. In
particular, when the UAV hovers in multi-rotor mode, wind
disturbances can significantly affect the UAV’s attitude due
to its large wing area. These disturbances often act on the
pitch and yaw directions of the dual-rotor-type VTOL UAVs,
which are controlled by the elevons (call it conventional
elevon actuation (CEA)). One problem of the CEA is that
large control efforts in both directions can induce elevons’
deflection sharply, causing actuation saturation that further
degrades the control performance or even destabilizes the
system. One approach to mitigate this problem is to place
elevons at the high-speed airflow region of the propellers
by reducing the distance between rotors and elevons [16].
However, this design also decreases the airflow speed flowing
through the main wing, resulting in lift loss. Overall, wind-
resistance is one of the major challenges in moving the dual-
rotor tail-sitter VTOL UAV towards practical use.

Another problem of CEA is encountered in the take-
off process. Due to the constraints of the UAV footprint
and landing stability, the landing gear cannot be very high,
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resulting in a short distance between the elevons and the
ground. Before take-off, the downwash airflow generated
from the propellers can be easily affected by the ground,
leading to a decreased or even disappeared control moment
of the elevons [17]. As a result, the pitch attitude may
become unstable, potentially causing the UAV to crash.
Motivated by these problems, in this study, we propose
a swashplateless-elevon actuation (SEA) which employs a
swashplateless mechanism with improved structure to dual-
rotor tail-sitter VTOL UAVs. The swashplateless mechanism
is a passive structure mounted on the motors. It generates lat-
eral moment by controlling the high-frequency acceleration
and deceleration of the motor without requiring additional
actuators [18], [19]. For VTOL UAVs, it can produce an
extra control moment in the pitch direction, which can
dramatically alleviate elevons’ deflection saturation caused
by large disturbances applied in both pitch and yaw direc-
tions or by large moments required by controllers, leading
to a better disturbance rejection performance and higher
maneuverability. Furthermore, the moment generated by the
swashplateless mechanism is independent of the propeller’s
airflow, which enables a more stable take-off process for this
type of UAV. We compare the SEA with the CEA in various
experiments, which are described in the following sections.

II. SYSTEM DESIGN
A. UAV Structure and Avionics

We designed and manufactured a dual-rotor tail-sitter
VTOL UAV named Hong He as shown in Fig. 1. For realiz-
ing large-scale scanning and mapping, it is equipped with a
Livox AVIA LiDAR and an onboard computer Manifold 2-C.
The LiDAR is capable of achieving long-distance scanning
up to 400 m, making it suitable for outdoor large-scale
scenes. To meet the requirements of long-range flight and
control performance, we choose a canard wing layout and
optimize the aircraft’s aerodynamic shape design. For this
prototype, our mechanical design concept emphasizes ease of
assembly and maintenance, and hence we use formed wings
and 3D printed materials (e.g., PLA, Nylon) to manufacture
the UAV, making it simple to assemble.

The avionics control system is centered around a Pix-
hawk mini 4 flight controller attached to the fuselage. It
is connected to two Electronic Speed Controllers (ESCs)
(model T-MOTOR F35A 3-6S) for driving two motors
(model T-MOTOR MN5006 KV450), two servos (model
KST DS215MG V3.0) to control the deflection of two
elevons, and two magnetic encoders (model AS5600) to
measure the rotor angles of two motors. The final designed
aircraft has a wingspan of 107 cm, weighs about 2.25 kg,
and has a cruising speed of approximately 9 m/s. Detailed
parameters can be found in Table I.

As shown in Fig. 1 (b), the origin of UAV’s coordinate
frame (i.e. body frame) is attached to the UAV’s center of
mass. Beside the x axis is perpendicular to the plane of main
wing, both y and z axes are located in the plane of main
wing, but the y axis is parallel with the main wing while the
z axis points to the tail of UAV. The roll, pith, and yaw are

TABLE I
SPECIFICATIONS OF THE VTOL UAV HONG HE.

Item Parameter

Wing span 107 cm

Total weight (with battery) 225 kg
Thrust weight ratio 2.5
Cruise speed 9 m/s
Cruise current 9 A
Hover current 12 A

Battery 6S, 2600 mAh

Pressure bearing

Positive blade

Fig. 2. Components of one set of Hong He’s propulsion system, mainly
including a motor, a swashplateless mechanism, and two blades.

defined in UAV’s multi-rotor mode, and hence their rotation
are along with the z, y, and z axes, respectively. All the
experimental data in this paper follow this definition.

B. Swashplateless Mechanism

The swashplateless mechanism, originally proposed in
[20], can realize functions similar to the cyclic blade pitch
control mechanism of swashplates that has been widely
used in helicopters, providing both thrust and moment. The
moment of the swashplateless mechanism comes from the
unbalanced thrust of blades, induced by cyclic blade pitch
changes. Unlike traditional swashplates driven by additional
servos, the swashplateless mechanism is entirely passive. As
shown in Fig. 2, two passive hinges connect side hubs to the
central hub asymmetrically. Through periodic acceleration
and deceleration of the motor (i.e., motor speed modulation),
the unsymmetrical hinges rotate due to blade inertia, leading
to different pitch angle changes of positive and negative
blades. The blade with an increased pitch angle produces
more thrust, while the blade with a decreased pitch angle
produces less thrust, resulting in a net moment being gen-
erated. Detailed working principles are detailedly introduced
in [20]-[22].

The propulsion system shown in Fig. 2 mainly composes
of a brushless DC motor, an improved swashplateless mecha-
nism mounted on top of the motor’s rotor, a pair of propeller
blades, and a magnetic encoder mounted on the bottom of
the motor’s shaft. Compared with the original design, the
improved structure of swashplateless mechanism includes
additional ball bearings and pressure bearings to reduce the
friction caused by the high-frequency rotation of the hinges,
providing a smoother and more linear moment output and a
faster response.
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Fig. 3. Control system overview. All modules in the control part are inherited from the standard PX4 and the mixer module of actuation part is additionally

implemented into the PX4.

III. CONTROL AND ACTUATION
A. Overview of Control System

The overview of Hong He’s control system with the
proposed SEA is shown in Fig. 3. The external inputs of
the position & velocity controller can be switched to two
sources: remote controller (i.e., manual mode) and onboard
computer (i.e., autonomous mode). In the manual mode,
the remote controller directly generates the desired velocity.
In the autonomous mode, the onboard computer produces
desired position as the input of the position controller and
the desired velocity & acceleration as the feed-forward terms.

The control section (i.e., the orange zone) is the stan-
dard realization of PX4 while the actuation section (i.e.,
the green zone) are specifically designed for actuating the
swashplateless mechanism and hence should be focused on.
The operating frequency of the SEA mixer is dependent
on the output frequency of the angular velocity controller
(i.e., the measurement frequency of the inertial measurement
unit (IMU)). Therefore, we set the measurement frequency
of the IMU to 1 kHz, allowing the mixer run at the same
frequency for processing the 910-Hz measurement from the
two magnetic encoders without dropping any measurement.
The outputs of the mixer are motor commands and servo
commands, which are sent to the ESCs using the DShot600
communication protocol and to the servo by a standard 50-
Hz PWM signal. The DShot600 protocol has a very short
communication delay of 26.7 us, making it suitable for high-
frequency speed modulation of the motor.

B. Actuation Principles of SEA and CEA

The SEA and CEA exhibit identical actuation principles
with respect to thrust generation and the control of roll
and yaw moments. The two propellers, which are driven
by motors, contribute to the total UAV thrust. Differential
thrust produced by the propellers induces the roll control
moment, while the airflow deflection by the elevons create
the yaw control moment. However, there exists a differ-
ence between the SEA and CEA in terms of pitch control
moment generation. The elevons contribute to the pitch
control moment in the CEA, whereas the SEA employs
swashplateless mechanisms for this purpose. This actuation
principle facilitates decoupling of the attitude control of pitch
and yaw.

In the CEA, the mixer blends the pitch and yaw moments
to regulate the elevons’ deflection through servo commands.

Moment
direction

Motor frame |
(Right motor)

Fig. 4. Coordinate frame definition for the swashplateless mechanism of
the two motors shown in the top view of the UAV. The UAV coordinate
frame is also labeled for reference.

Moment
direction

z y
UAV coordinate

frame
Motor frame Il

(Left motor)

Conversely, in the realization of SEA (i.e., the green zone
in Fig. 3), the pitch and yaw controls are directed towards
separate actuators (i.e., the motors and the elevons). The SEA
can mitigate elevon saturation by decoupling the generation
of pitch control moment, thereby enhancing control and dis-
turbance rejection performance. This feature is of particular
significance, given that disturbances are frequently applied
in the pitch and yaw directions due to the UAV’s large main
wing surface area.

C. Design of SEA Mixer

1) Cyclic speed control of motor: Before introducing the
mixer, the cyclic speed control of motor is needed to be
described since it defines a part of the output variables of
the mixer. To prevent undesired vibration caused by motor
speed modulation, a sinusoidal signal is employed for two
motors. The total motor throttle U;,7 = 1,2 is designed as

A
where C;, A;, 6;, and ¢; are the nominal throttle, sinusoidal
amplitude, motor’s rotor angle measured by the magnetic
encoder, and the moment direction in the UAV coordinate
frame of motor ¢, ¢ = 1, 2, respectively, the ~q is a positive
constant for compensating the angle delay caused by blades’
inertia and can be calibrated in advance through experiment
data from a test stand of the swashplateless mechanism.

Despite the fact that the motors rotate in opposite direc-
tions, we can define the same coordinate frame for both
motors, as shown in Fig. 4. The absolute angle of the
rotor, 6;, is defined as the angle between the z-axis and the
positive blade, regardless of the rotation direction. In the
motor coordinate frame, the moment direction is represented
as ¢; + m/2. However, due to the 90° rotation between

cos(01 — ¢1 +70)

1
cos(fs — ¢ —vo) |’ M
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the UAV frame and the motor frame, ¢; can represent the
actual moment direction in the UAV frame. The sign of ~q is
determined by the rotation direction since the delay direction
is opposite to the rotation direction. As only the pitch angle is
controlled by the moment of the swashplateless mechanism,
¢; can be simply set as 0 or 7, depending on the direction
of the desired pitch moment.

2) Mixer mapping: The mixer is designed to calculate all
actuator inputs (e.g., motor throttles, servo angles) according
to the desired thrust f:lﬁ, 4 and moment Tf . Given the geom-
etry of the mechanical structure of the UAV, the mapping
from actuator outputs to the body thrust and moment are

B Ty
Ir 1 100 0 0]|T
2l |=L L 0 0 0 0 |1 5
BT 0 0 110 0f |7 2
7_53 0 0 0 0 1 1] |7e

Te,2

where T; and 7, ; are the thrusts and moments generated
by the motor 7,7 = 1, 2, respectively. 7. ; are the moments
generated by the elevon j,5 = 1,2, respectively. L is the
body-y-axis distance between UAV’s center of mass and the
motor.

Assuming that the actuator outputs are approximately
linear to the actuator inputs, leads to

T
(T1, T, Ts 1, To2, Te 15 Te 2] =

. T
dlag(Kta Kta Ka; Kaa K67 Ke) [017 027 A17 A2a 617 62] )
3)
where J; are the angle command of servo j, j = 1,2.
K, K,, and K, are proportion coefficients, representing the
conversions from throttle to thrust, from sinusoidal amplitude
to swashplateless mechanism moment, and from servo angle
to elevon moment, respectively. Here, the Cy, Co, A, and
Ag are required by the cyclic speed control of motor.

B

Given the desired thrust f2 , and the moment vector 75 =
T . .
[P, 75, 78,]" . combining (2) and (3) and assuming the
equal distribution of moments, we can finally determine the
desired actuator inputs as
-1 -1

I R
Cod 9K, 3LK, IT.d
Al:d _ 0 0 211(a 0 Tsd
Apal L0 0 g 0| |, @
g;;i 0O 0 0 % 78,
: (0 0 0 5]

where the §; 4 are directly sent to the servo j by PWM
signal. The C; 4 and A; 4 are used to generate the total motor
throttle U; 4 sent to the ESCs. In (4), the desired moments
of pitch and yaw are decoupled into different actuators (i.e.,
the motors’ swashplateless mechanisms and elevons).

IV. EXPERIMENTS

This section presents experimental results comparing the
performance of the SEA and the CEA in several aspects,

including take-off, trajectory tracking, and disturbance rejec-
tion. Additionally, tests of attitude transition and fixed-wing-
mode flight are also performed using the SEA. To ensure a
fair comparison, the controllers’ parameters of angular rate,
attitude, and position are tuned carefully in the best effort to
optimize the performance for both SEA and CEA. The tuning
process are conducted by analyzing the logged actual flight
data to ensure fast responses while keeping small overshoots.
All experiments can be found in an accompanying video
uploaded in youtube.com/watch?v=Sx9Rk4Z£f7sQ

A. Comparison of Take-off Performance

First, three take-off experiments are conducted on the UAV
with attitude control (i.e., temporarily turn off the position
controller). They are CEA with ground take-off, CEA with
take-off on a lifted pedestal, and SEA with ground take-
off. The results are shown in Fig. 5 (a)-(c), respectively.
In Fig. 5 (a), the pitch angle unexpectedly increases to
a maximum value of 8.6°, although the desired attitude
is still zero during take-off. The large pitch error during
ground take-off is caused by the small distance between
elevons and the ground. Constrained by both the footprint
and landing stability, the landing gear cannot be higher,
making the elevons easily affected by the near-ground airflow
and deteriorating their control effect. In contrast, Fig. 5 (b)
shows the same take-off process on a lifted pedestal, and
the pitch error significantly decreases to a maximum value
of 2.1°. The lifted pedestal alleviates the effect caused by
the near-ground airflow, enabling the elevons to maintain
a control effect during the whole take-off process. In the
case of SEA shown in Fig. 5 (c), because the pitch is fully
controlled by the swashplateless mechanism, which is not
affected by the near-ground airflow, the pitch error during
take-off is minimal (1.4°).

By turning the position controller off, one can manually
control the throttle and allow the UAV to take-off quickly.
In such a case, the pitch error can be less than 10° and
does not cause significant disadvantages. However, when the
UAV takes off with position control, the throttle is decided
by the calculation of position controller. If a smooth take-
off is expected, the take-off throttle may increase gradually,
resulting in a significant pitch angle and position error in the
CEA. Figure 6 shows the UAV’s position and attitude during
take-off in position control mode. A significant position error
(0.79 m) is caused by the large pitch error (14.7°) when
using the CEA. For the SEA, the position error is only 0.04
m, which is merely 5.1% of the CEA. Therefore, the take-off
performance of the SEA control is much better than that of
the CEA, leading to a smooth take-off even when the UAV
is close to the ground, no matter the position controller is
turned on or off.

B. Comparison of Trajectory Tracking Performance

The tracking performance of both SEA and CEA are
compared by conducting a figure-of-eight trajectory tracking
experiment, as shown in Fig. 7. The length and width of
the figure-of-eight trajectory are 2 m and 1 m, respectively,
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and the trajectory is executed for four cycles. The trajectory
period is 5 s, but in the first and last cycles, the trajectory
period is extended to 7.5 s to achieve smooth acceleration and
deceleration. During tracking, the yaw angle is commanded
to maintain the body z-axis same as the horizontal com-
ponent of the velocity direction, which can generate more
attitude control effort to evaluate the differences between
SEA and CEA. The results in Fig. 8 show that the tracked
trajectory of SEA is more consistent than that of CEA. The
absolute errors of position norm and attitude yaw during
tracking are shown in Fig. 9. For the absolute error of
position norm, the median value of SEA and CEA are 14.17
cm and 15.35 cm, respectively, and the maximum values for
both are 38.91 cm and 40.64 cm, respectively, indicating that
the SEA has a slightly better performance than the CEA in
the position control. For the absolute error of attitude yaw,
the median value of SEA and CEA were 19.5° and 27.1°,
respectively, and the maximum value for both were 87.9° and
119.3°, respectively, indicating that the SEA has relatively
obvious advantage in yaw control than the CEA during the
fast trajectory tracking.

C. Comparison of Disturbance Rejection

Three experiments are performed to evaluate the distur-
bance rejection performance of the SEA and the CEA:
(1) hovering under balanced wind disturbance, (ii) forward
position steps under unbalanced wind disturbance, and (iii)
lateral position steps under unbalanced wind disturbance.
The position information is provided by a motion capture
system (Vicon).

Fig. 7. The overlaid snapshots of Hong He when it tracks a 3D figure-of-
eight trajectory with continuous yaw rotation.

Reference trajectory
—SEA tracked trajectory
— CEA tracked trajectory

Obvious
tracking error

of red line
0.5

Inconsistent
tracked trajectory
(red line)

Position z (m)

Fig. 8. The reference trajectory and tracked trajectory in the trajectory
tracking experiment.

1) Hover under balanced wind disturbance: As shown in
Fig. 10 (a), two fans are placed in parallel and located 1 m
from the UAV’s hover position. The fans are off initially and
are then turned on to produce a wind gust of about 4.5 m/s in
this distance. After the UAV reaches a stable pose, the fans
are turned off to cancel the wind disturbance. The results are
shown in Fig. 10 (b). Since the wind disturbance is applied
on the body z-axis, we can only focus on the errors on z-
axis position and pitch angle. For the x-axis position, both
the median value and maximum value of SEA are smaller
than that of CEA, which are 1.77 cm versus 3.83 cm and
6.60 cm versus 7.92 cm, respectively. The results show the
SEA can maintain the UAV’s position better. For the pitch
angle errors, although the CEA has slightly smaller median
values than the SEA (i.e., 1.09° versus 1.32°), the maximum
value of CEA are relatively larger (i.e., 5.78° versus 4.08°).
This shows that both actuation approaches have good pitch
angle control performance under wind disturbance but the
SEA can realize a smaller error band.

2) Forward position steps under unbalanced wind distur-
bance: Maintaining good response in the presence of exter-
nal disturbances is more difficult than without disturbance,
as the actuators need to actively suppress the disturbance,
leading to reduced actuator margins for tracking controller
commands. To verify actual performance under disturbances,
a position step response in the x direction is performed with
a fan wind disturbance being applied to a single side of the
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for the disturbance rejection test of fan wind. (b) errors of z-axis position
and pitch angle of SEA and CEA during a balanced wind disturbance.

Hover under balanced wind disturbance. (a) Experimental setup

main wing.

In the experiment, the UAV first hovers 1 m from a
fan that has been turned on. Then, the UAV steps 1 m in
the same direction as the wind airflow and finally steps
back to the original hover position. Since the wind area
of the UAV is large, we pay more attention to the attitude
response during the wing disturbance. The results of attitude
response is shown in Fig. 11. When the UAV steps away from
the fan, the wind disturbance decreases. In this condition,
and attitude response of the two actuation approaches are
similar. However, when the UAV steps back to the original
hover position, the wind disturbance increases. Because
the elevons of CEA need to deflect an angle to generate
control moment both in pitch and yaw directions, they cannot
provide sufficient moment to resist the wind disturbance
on these two directions. Consequently, when using CEA,
obvious oscillation occurred in the converging process of
pitch angle and significant shaking in yaw angle (maximum
error of 31.2°). Since large attitude error occurred in pitch
and yaw, the wind disturbance affects roll more easily due to
the changing of the windward side, leading to a maximum
error of 8.2°. In contrast, no oscillation or obvious error
occurs in the attitude response of the SEA during the entire
process, indicating that it can achieve more actuator margin
and maintain good attitude control performance even with
external disturbance.

3) Lateral position steps under unbalanced wind distur-
bance: In addition to the forward and backward position
step experiment in the body x direction, we also conducted
a lateral position step experiment in the body y direction.
The experiment setup is same as before. The UAV initially
hovered 1 m away from a fan that had been turned on, then
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(right panel) when applied a step command in body z direction under an
unbalanced wind disturbance on the main wing.
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Fig. 12.  Attitude responses (left panel) and their corresponding errors
(right panel) when applied a step command in body y direction under an
unbalanced wind disturbance on the main wing.

stepped 1 m away from the fan in the direction which is
orthogonal to the direction of the wind airflow, and finally
stepped back to the original hover position. The attitude
response results of this experiment are shown in Fig. 12.
When the UAV stepped away from the fan, the wind
disturbance decreased. In this condition, the attitude control
of the two actuation approaches are still similar. However,
when the UAV stepped back to the original hover position,
the wind disturbance increased. Similar to the forward step
experiment, the CEA showed obviously larger yaw angle
shaking (maximum error of 22.1°) than the SEA (maximum
error of 8.4°), further verifying that the SEA has better
disturbance rejection performance than the CEA.

D. Transition and Fixed-wing Mode Flight

We also conducted experiments to verify the performance
of the proposed SEA in the fixed-wing mode flight as shown
in Fig. 1 (b). The results are shown in Fig. 13. The definition
of UAV coordinate frame in the fixed-wing mode is the same
as that of the multi-rotor mode. The pitch angle of fixed-wing
mode is set at -65° (i.e., the angle between main wing and
horizontal plane is 35°). During the transition, the attitude
controller tracked the desired attitude accurately without any
overshoot, showing that the swashplateless mechanism has
a fast response and can generate sufficient moment. In the
fixed-wing mode flight, the UAV accelerated continuously
and finally reached a speed of 9.6 m/s. The pitch angle
had no vibration and always remained at 65°, indicating
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Fig. 13. Desired attitude, actual attitude, and flight speed during transition
and fixed-wing mode flight using SEA.

that the swashplateless mechanism can work well in the
fixed-wing mode. However, the roll and yaw, which are
controlled by the motors and elevons, respectively, had slight
vibrations around the desired values. The maximum errors
in roll and yaw appeared when the UAV just completed
the transition process, which may have been caused by
the airflow disturbance. Nonetheless, these errors were not
obvious, only 5.3° in roll and 3.8° in yaw. It is should be
noted that the CEA-based fixed-wing mode flight of a VTOL
UAV has been verified previously. Hence, we did not present
a quantitative comparison experiment here and only verify
the feasibility of the fixed-wing mode flight based on SEA.

V. CONCLUSION

In this paper, an actuation approach called SEA is pro-
posed for dual-rotor VTOL UAV to decouple pitch and yaw
control and improve take-off and disturbance rejection per-
formance. The proposed SEA-based UAV showed reduced
pitch and position errors during take-off compared to the
CEA-based UAV, which had noticeable errors due to ground-
distorted airflow. The control performance of both SEA and
CEA are evaluated by tracking a 3D figure-of-eight trajectory
with continuous yaw angle rotation, showing that the SEA
has less error both in position and yaw angle. Disturbance
rejection performance was evaluated by the experiment of
hovering in the balanced wind gust produced by two fans.
The SEA exhibited better performance in position and pitch
angle, indicating that SEA is more robust in an environment
with wind gust. Step response experiments under unbalanced
wind disturbance showed that the SEA outperformed the
CEA with obviously lower attitude errors. These experiments
validate that the SEA can mitigate actuator saturation by
decoupling the actuation of pitch and yaw, and improve
the performances of both tracking control and disturbance
rejection. Finally, we validate the SEA in the transition pro-
cess and fixed-wing mode flight in an outdoor environment,
demonstrating its capability to maintain a stable attitude for a
VTOL UAV in the presence of high-speed incoming airflow.
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