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Abstract—Coaxial bi-copter autonomous aerial vehicles (AAVs)
have garnered attention due to their potential for improved rotor
system efficiency and compact form factor. However, balancing
efficiency, maneuverability, and compactness in coaxial bi-copter
systems remains a key design challenge, limiting their practical
deployment. This letter introduces COMET, a coaxial bi-copter
AAV platform featuring a dual swashplate mechanism. The coax-
ial bi-copter system’s efficiency and compactness are optimized
through bench tests, and the whole prototype’s efficiency and
robustness under varying payload conditions are verified through
flight endurance experiments. The maneuverability performance
of the system is evaluated in comprehensive trajectory tracking
tests. The results indicate that the dual swashplate configuration
enhances tracking performance and improves flight efficiency
compared to the single swashplate alternative. Successful au-
tonomous flight trials across various scenarios verify COMET’s
potential for real-world applications.

Index Terms—Aerial Systems: Mechanics and Control, Mech-
anism Design, Autonomous Aerial Vehicle

I. INTRODUCTION

M ICRO aerial vehicles (MAVs), particularly small-scale
rotary-wing AAVs, have gained widespread adoption

in applications such as environmental monitoring [1], disaster
response [2], indoor exploration [3], and infrastructure inspec-
tion [4]. Their vertical takeoff and landing (VTOL) capability,
compact structure, and agile maneuverability make them well-
suited for autonomous operations in GPS-denied or confined
environments [5]. Despite these advantages, small rotary-wing
AAVs face fundamental challenges in energy efficiency and
endurance. Constrained by limited horizontal projection area,
they typically rely on multiple small-diameter rotors, which
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reduce the thrust-to-power ratio and result in high energy
consumption per unit thrust [6], [7]. These limitations critically
constrain flight time, particularly in high-payload or long-
duration missions.

Enhancing rotor system efficiency while maintaining a
compact horizontal projection area is therefore crucial for ad-
vancing MAV endurance performance. Under such constraints,
coaxial bi-copter systems offer a promising solution [8]. By
stacking two counter-rotating rotors along a shared vertical
axis, coaxial bi-copter designs effectively increase the rotor
disk area without enlarging the lateral dimension. This archi-
tecture enables high power density and compactness, making
it particularly suitable for small rotary-wing AAVs targeting
extended endurance and portability.

The rotor system of a coaxial bi-copter AAV is tasked with
providing the main thrust for the vehicle while simultaneously
achieving full attitude control. This dual responsibility presents
a significant challenge to the design and implementation of
coaxial bi-copter systems. Thus, it is hard to balance efficiency,
maneuverability, and compactness in coaxial bi-copter systems
without considering all factors systematically.

In this work, we present COMET (Coaxial Bi-copter AAV
with High-Maneuverability and Long-Endurance). COMET
integrates a coaxial bi-copter system with a dual swashplate
cyclic pitch mechanism. The dual swashplate cyclic pitch
mechanism enables the independent actuation of both rotors,
providing improved agility. The rotor system is optimized
through bench tests, which define the optimal rotor separation
distance and installation angle, ensuring optimal rotor sys-
tem efficiency while maintaining compactness. Comparative
experiments in endurance and maneuverability validate the
effectiveness of our system.

The main contributions of this work are as follows:
• Design and implementation of COMET: We introduce

a coaxial bi-copter AAV equipped with a dual swashplate
cyclic pitch control system, enabling independent actua-
tion of the upper and lower rotors to significantly enhance
maneuverability.

• Optimization of the coaxial bi-copter system: We con-
duct systematic testbench experiments to jointly optimize
rotor separation distance and blade installation angle,
improving rotor system efficiency while preserving a
compact vertical profile.

• Comprehensive experimental validation: We validate
the endurance of COMET’s rotor system under varying
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Fig. 1. (a). A center-of-gravity (CoG) shifting driven coaxial bi-copter AAV muFly by Bermes et al. [9] (b). Aerodynamic control surfaces coaxial bi-copter
AAV CanFly by Pan et al. [10] (c). A swashplateless duct coaxial bi-copter AAV Halo by Li et al. [11] (d). A servo-controlled coaxial bi-copter AAV by
Chen et al. [12] (e). A gimbal-controlled coaxial bi-copter AAV GimbalHawk by Reddington et al [13]. (f). A coaxial bi-copter AAV CoAX with swashplate
cyclic pitch control by Fankhauser et al. [14]

load conditions, the necessity of the dual swashplate
configuration for dynamic flight, compared to the single
swashplate setup, and the autonomous capabilities in
unknown environments through extensive and sufficient
experiments.

II. RELATED WORK

A. Actuation Strategies

The actuation mechanism is a critical factor in the design
and performance of coaxial bi-copter systems. To achieve
effective and agile attitude control, researchers have explored
various approaches, including center-of-gravity (CoG) shift-
ing [15], [9], [16], aerodynamic control surfaces [10], [17],
[18], swashplateless actuation [11], [19], servo or gimbal-
based thrust vectoring [13], [12], and cyclic pitch control via
swashplates [6], [14], [20].

MuFly [9], shown in Fig. 1(a), employs a CoG-shifting
mechanism that repositions onboard masses (e.g., batteries)
to induce attitude changes. This approach enables basic atti-
tude control in micro AAVs with inherently passive stability.
However, due to limited movable mass and short moment
arms, CoG shifting provides poor control torque and poor
agility, particularly in larger (above 250 g take-off weight)
or long-endurance platforms. Canfly [10] uses aerodynamic
control surfaces (e.g., rudders, fins) to deflect rotor down-
wash airflow to generate aerodynamic forces, as shown in
Fig. 1(b). However, due to the limited size of the rotor, the
aerodynamic control force generated by the deflection of the
control surfaces in the downstream flow is relatively limited
and can be easily affected by crosswinds. HALO [11], shown
in Fig. 1(c), features a coaxial ducted structure and employs
a swashplateless design to reduce mechanical complexity. It
achieves three-axis attitude control using only two motors by
leveraging differential speed modulation and passive flapping
dynamics of the blades. However, the reliance on frequent
motor speed changes introduces current ripple, which can
increase thermal load and potentially degrade both efficiency
and long-term reliability [21]. Chen et al. [12] propose a servo-
actuated coaxial bi-copter AAV, whereas GimbalHawk [13]
employs a gimbal-based mechanism, as illustrated in Fig. 1(d)
and (e), respectively. However, tilting the entire rotor assembly
introduces additional gyroscopic moments, which complicate
control. Moreover, the minimal rotor separation exacerbates
aerodynamic interference, limiting overall system efficiency.

Swashplate-based cyclic pitch control systems are widely
used in micro autonomous helicopters, including coaxial bi-
copter AAVs. These systems can be configured with either
a single swashplate or a dual swashplate. CoAX [14] shown
in Fig. 1(f) adopts a single swashplate configuration derived
from commercial model helicopter designs. However, unlike
single swashplate systems, dual swashplate architectures allow
independent control of each rotor’s cyclic pitch, significantly
enhancing control authority and increasing response band-
width for agile attitude maneuvers [22].

Previous studies [23] show that compact aerial vehicles
with coaxial rotors inherently benefit from induced power
advantages over single-rotor systems, especially in hover and
at low advance ratios. Swashplate-based cyclic pitch con-
trol, through thrust-vector tilting and flapping dynamics, is
demonstrated to enhance maneuverability in coaxial bi-copter
AAVs [14]. Additionally, swashplate-based cyclic pitch control
is proven to improve efficiency and control response in small-
scale AAVs [24], further supporting its use in coaxial bi-copter
systems.

B. Rotor System Optimization

The primary challenge in coaxial bi-copter system design
stems from airflow interference between the rotors. This
interference introduces substantial aerodynamic disturbances,
negatively impacting overall system performance. Mitigating
such effects hinges on optimizing two critical rotor design
parameters: (1). the vertical separation distance between rotors,
and (2). the blade installation angle.

The vertical spacing between the upper and lower rotors
is a primary factor influencing wake interaction, as identified
in prior works [17], [14], [25], [26], [27], [28]. Ramasamy
et al. [25], [28] experimentally demonstrate that inadequate
vertical spacing leads to severe wake impingement on the
lower rotor, reducing its effective lift and increasing the power
required to maintain thrust equilibrium. Buzzatto et al. [8]
develop an open-source testbench to benchmark coaxial rotor
systems and systematically analyze the relationship between
mechanical and electrical power with respect to rotor separa-
tion ratio across varying rotor diameters. The blade installation
angle, including pitch and coning angles, also plays a critical
role in influencing rotor–rotor aerodynamic interaction in
coaxial systems. Hai et al. [26] note that slight variations in
installation angles can significantly alter the pressure distri-
bution across rotor planes, affecting stability and efficiency.
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Fig. 2. (a). General schematic of COMET. (b). The folded overall dimensions of COMET are 450 mm in height and a maximum diameter of 66 mm.
(c). Breakdown of the COMET’s propulsion system, highlighting key structural components including the swashplates, brushless motors, propeller mount, and
servos. The diagram also illustrates the vertical rotor separation distance z, (d). Blade installation angle, (e). Flapping hinges, and (f). Lead-lag hinges.

Additionally, Lakshminarayan and Baeder [27] show through
computational fluid dynamics that carefully adjusting blade
pitch profiles promotes smoother inflow and reduces local
flow separation in coaxial configurations, thereby improving
aerodynamic performance.

Together, these findings highlight the importance of jointly
optimizing rotor separation and blade installation geometry to
minimize interference effects, thereby ensuring optimal rotor
system efficiency while maintaining compactness.

III. SYSTEM DESIGN, OPTIMIZATION AND
IMPLEMENTATION

A. System Overview and Propulsion Architecture

COMET integrates three core subsystems: the power sys-
tem, the propulsion system, and the perception and computing
system, as illustrated in Fig. 2(a). The whole system height of
the COMET is 450 mm and approximately 66 mm in diameter
in the folded state, as shown in Fig. 2(b). The power system
supports interchangeable battery packs with varying capaci-
ties to accommodate diverse mission requirements, including
3000 mAh and 5000 mAh 6s Li-ion battery options. The
perception and computing system comprises an NVIDIA Orin
NX onboard computer for high-level planning and decision-
making, and a Holybro Kakute H7 flight control unit for
low-level control execution. Onboard sensing is provided by
either an Intel RealSense D430 stereo camera or a Livox
Mid-360 LiDAR, depending on the mission requirements. The
propulsion system is based on a coaxial bi-copter configura-
tion, with two DT-5008 brushless DC (BLDC) motors, two-
pair propeller mounts with 16x6 two-blade carbon composite
propellers, and two swashplates. All assemblies are mounted
on a stainless steel shaft, as shown in Fig. 2(c). The elevator
and aileron servo inputs for the upper and lower swashplates
are denoted as δele,up and δail,up, δele,dw and δail,dw, with
identical control signals, i.e., δele,up = δele,dw, and δail,up =
δail,dw. The rotorhead combines flapping and lead–lag hinges,

producing a compact assembly with favorable rotor dynamics.
The blades are mounted onto the propeller mounts with a
specific installation angle via lead-lag hinges, as shown in
Fig. 2(d). The lead–lag hinges, shown in Fig. 2(e), permit
in-plane blade motion, relieving the asymmetric aerodynamic
and inertial loads during aggressive maneuvers, enhancing
flight stability [29]. The propeller mounts are connected
to the rotorhead through flapping hinges, enabling out-of-
plane flapping motion around the hinge axis, as illustrated
in Fig. 2(f). COMET has a projected diameter of 465 mm,
with blades folding downward for compact storage, reducing
the platform’s maximum diameter to 66 mm and achieving a
98.0% reduction in projected area. The overall components of
COMET are shown in Table. I.

To verify COMET’s structural robustness, we conducted
finite element modal simulations to analyze structural modes
and performed Fast Fourier Transform (FFT) using IMU data
during hover flight to identify vibration modes. The results
show that the actual vibration mode at 23 Hz is close to
the simulated modes (28.3 Hz and 31.5 Hz), all well sepa-
rated from the 45 Hz rotor frequency, ensuring no structural
resonance. Cumulative flight tests over 100 hours confirm
no performance degradation, excessive vibration, or structural
failures, supporting the robustness and reliability of COMET’s
propulsion system and design.

B. Propulsion System Design And Optimization
The propulsion system is a central element of COMET’s

mechanical design, engineered to achieve compact integration
within a limited vertical envelope while enhancing efficiency
under the premise of a compact longitudinal structure. The
vertical separation distance z between the upper rotor and
lower rotor, as well as the installation angle of each blade, are
critical parameters that directly affect rotor–rotor interaction,
lift symmetry, and overall control efficiency. An optimized
vertical separation distance z can mitigate aerodynamic in-
terference between the rotors while influencing the system’s
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TABLE I
WEIGHT AND MODEL OF EACH COMPONENT

Category Component Model Weight
(g)

Power
System

Battery 1 5000mAh 21700 480

Battery 2 3000mAh 18650 340

Propulsion
System

Propeller EOLO CN16x6 58

Motor DT-5008 245

Servo BlueArrow BA8-3 6.8

Perception
Computing
System

Flight Controller Holybro Kakute H7 8

ESC Holybro Tekko32 50A 8

Onboard Computer NVIDIA Orin NX 80

Stereo Camera Intel RealSense D430 30

LiDAR (Optional) Livox Mid-360 300

center of gravity and thrust allocation. Similarly, a carefully
adjusted installation angle can improve lift distribution and
enhance control responsiveness.

We experimentally evaluate these parameters to quantify
their effects on propulsion efficiency and guide the final design
configuration of COMET. The thrust generated by the motor
was measured using an SRI M3813B high-precision force and
torque sensor. The sensor offers a maximum force error of 0.04
N and a maximum torque error of 0.009 N·m within its rated
measurement range. The motors are rigidly mounted on the
force sensor, and the sensors themselves are securely fixed to
the test rig. During the experiment, both motors are operated at
equal torque, with the total throttle fixed at 40% to replicate
COMET’s hover condition. As shown in Fig. 3(a), with the
increase in the normalized separation distance z/D, where
D is the rotor diameter, the thrust generated by the lower
rotor also increases. The result suggests that increasing the
vertical spacing effectively mitigates rotor–rotor interaction.
Consequently, the overall efficiency of the system gradually
improves and tends to stabilize when the separation ratio
reaches z/D = 0.17, which corresponds to a separation of
79 mm, as illustrated in Fig. 3(b). Since further increasing
z/D yields no significant improvement in system efficiency,
z = 79 mm is selected as the rotor system design parameter
to maintain structural compactness. Installation angle tests are
conducted at the fixed optimal separation distance of 79 mm.
As the lower rotor is more exposed to the aerodynamic wake
of the upper rotor, optimizing its installation angle is likely
to produce a greater improvement in thrust efficiency [30].
Therefore, only the lower rotor’s installation angle is tested,
ranging from –1° to +1.5°, at 0.5° intervals. As shown in
Fig. 3(c) and (d), both the lower rotor thrust and the overall
system efficiency increase with the installation angle. Thrust
magnitude and efficiency are both maximized at +1◦, and then
begin to decline. Therefore, we chose +1◦ as the installation
angle for the lower blades.

To verify the effectiveness of the COMET dual swash-
plate configuration in providing control torque compared to
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Fig. 3. (a)(b) Thrust and efficiency versus normalized separation distance
(z/D). (c)(d) Thrust and efficiency versus installation angle of the lower
rotor.

the single swashplate configuration, we conduct testbench
experiments to measure the differences in maximum control
torque between the single swashplate and dual swashplate
configurations. We recorded the average of the maximum and
minimum values of the control torque generated by cyclic
pitch and its trend as the normalized thrust changed, as shown
in Fig. 4. The results indicate that the maximum control
torque provided by the COMET cyclic pitch mechanism is
related to the normalized thrust and varies linearly with it.
The maximum control torque of the COMET with the dual
swashplate configuration is higher than that of both single
swashplate configurations. Compared to the single swashplate
configuration on the upper rotor, the dual swashplate configu-
ration increases the control torque by 116.7%, and compared
to the single swashplate configuration on the lower rotor, the
dual swashplate configuration increases the control torque by
72.51%. The results demonstrate the effectiveness of the dual
swashplate configuration in enhancing the maximum control
torque.
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Fig. 4. Testbench torque results, blue for dual swashplate configuration,
orange for single swashplate configuration on lower rotor, green for single
swashplate configuration on upper rotor.

IV. MODELING AND CONTROLLER DESIGN

A. Dynamics

We introduce two coordinate frames of the proposed system
for further discussion and they are shown in Fig. 5: the body

IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2026, Vienna, Austria. Cite as RA-L paper.



WANG et al.: COMET: A DUAL SWASHPLATE AUTONOMOUS COAXIAL BI-COPTER AAV WITH HIGH-MANEUVERABILITY AND LONG-ENDURANCE 5

Fig. 5. Reference frame definition of COMET and visualization of the tilted
thrust vector with tilt angles αi and βi.

frame xB, yB, zB, and the inertial frame xI , yI , zI . The
body frame’s origin oB is set to coincide with the vehicle’s
center of gravity (CoG). We formulate the equation of motion
for the COMET as follows

mv̇I = mg +R(F B + F B
ext),

Jω̇B = MB − ωB×JωB + τB
ext,

(1)

where m denotes the AAV’s total mass, vI is the vehicle’s
velocity vector in the inertial frame, g represents the gravita-
tional vector, R is the rotation matrix from the body frame to
the inertial frame, F B is the force generated by the rotors in
the body frame, F B

ext is the collection of the rotor drag and
fuselage drag in the body frame, J is the inertia matrix, and ωB

and MB are the angular rate and net torque in the body frame,
respectively. Additionally, τB

ext represents the external torque
acting on the vehicle’s CoG, induced by rotor and fuselage
drag. Rotor thrusts, denoted by T B

i for i ∈ {up, dw}, where
“up” refers to the upper rotor and “dw” refers to the lower
rotor, are oriented perpendicular to their respective Tip Path
Planes (TPPs). The deviation of the TPP can be described
by the longitudinal flapping angle αi and the lateral flapping
angle βi, so the rotor thrust vectors are

F B =
∑

|T B
i |

 − sin(αi)
sin(βi)

− cos(αi) cos(βi)

 . (2)

When the TPPs deviate from their nominal orientation, the
thrust vectors no longer intersect the center of gravity (CoG).
This misalignment generates off-axis moments about the CoG,
expressed as lup × T B

up and ldw × T B
dw, where lup and ldw are

the displacement vectors from the CoG to the upper and lower
rotor hubs. The deviation of the TPP also directly results in
flapping torques. The resulting flapping-induced torques are
modeled as a linear torsional spring proportional to the rotor’s
thrust, with a stiffness constant Kβ , based on the testbench
results from Fankhauser et al. [14] under fixed thrust and our
testbench results shown in Fig. 4. The combined torque is
expressed as

MB =
∑

li × T B
i +

∑
Kβ

sin(αi)
sin(βi)

0

 |T B
i |. (3)

In COMET, the rotor swashplate mechanism is configured with
a flapping phase lag of 45◦, effectively decoupling longitudinal

and lateral flapping dynamics [29], simplifying the mapping
between servo commands and TPP orientation to

αi = Aiδele, βi = Biδail, (4)

where δele and δail are the normalized upper and lower elevator
and aileron command inputs, ranging from [−1, 1], Ai and Bi

represent the ratios between the normalized control inputs and
the TPP flapping angles, respectively.

B. Control System

Fig. 6. Control Structure for COMET

The whole control architecture of the proposed system is
illustrated in Fig. 6. The motion planning module gener-
ates target positions and their first and second derivatives
pI
d , ṗ

I
d , p̈

I
d , as the feedforward term along with the desired

yaw angle ψd for the position controller to track. The position
controller, in turn, computes the desired attitude Rd and thrust
along the body’s z-axis T B

d . Based on the desired attitude,
the attitude controller calculates the required torque MB

d .
Ultimately, the Mixer translates MB

d and T B
d into motor speed

commands Ωup,Ωdw and swashplate servo commands δele,up,
δail,up, δele,dw and δail,dw.

1) Motion Planning: In quadrotor trajectory optimization,
the principle of differential flatness [31] is widely utilized.
Although COMET is equipped with six actuators, the small
vertical spacing between its upper and lower rotors, com-
bined with the need to prevent blade interference, restricts
its ability to achieve full six-degree-of-freedom control. As a
result, similar to conventional multirotors, COMET is treated
as an underactuated vehicle. This work focuses on near-
hover and low-speed flight conditions, where aerodynamic
drag is negligible and external forces primarily act along
the body’s z-axis. Under these assumptions, the net body
force F B can be reasonably approximated as being parallel
to zB. This simplification makes COMET’s dynamic behavior
analogous to that of traditional quadrotors, allowing the direct
application of differential flatness. Consequently, the existing
quadrotor trajectory planning method can be readily adapted
for COMET.

2) Cascaded Controller: The COMET’s position controller
employs a cascaded structure with velocity and acceleration
feedforward. Feedforward terms are derived from the motion
planning module, utilizing the first and second derivatives of
the reference trajectory as velocity and acceleration inputs,
respectively. The position controller employs a cascaded struc-
ture with a proportional gain, calculating the desired velocity.
The velocity controller computes the desired acceleration aI

d

via a PID controller. The corresponding desired attitude Rd

IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2026, Vienna, Austria. Cite as RA-L paper.
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(a) (b) (c)

Fig. 7. COMET applications in various scenarios. (a). The composite snapshot demonstrates COMET executing a figure-eight trajectory tracking maneuver.
(b). COMET is autonomously navigating in a well-lit, cluttered environment. (c). COMET is autonomously navigating in a dimly-lit, cluttered environment.

and thrust force T B
d are determined from the desired acceler-

ation aI
d and the gravity force mg, following the differential

flatness formulation described in [31]:

maI
d = mg +RdT

B
d . (5)

The attitude controller adopts a dual-loop PID control strategy,
with an outer loop for attitude control based on quaternion
error and an inner loop for angular rate control.

V. EXPERIMENTS

A. Hover Flight Endurance

Hovering flight time is one of the core performance metrics
of the COMET. To validate the effectiveness of COMET’s
optimization for efficiency, we conduct endurance tests under
hovering conditions with varying take-off weight configura-
tions. The experimental results are summarized in Table II.
With a battery capacity of 66.6 Wh and a take-off weight of
1250 g, COMET achieves a hover time of 24.3 min and a
power efficiency of 7.66 g/W. By using a larger battery as an
additional payload, COMET can further extend its endurance
to 35.5 minutes. However, due to the 16.8% increase in addi-
tional load compared to the standard configuration, COMET’s
efficiency decreases to 7.15 g/W. By further increasing the
additional payload, the take-off weight of COMET is raised
to 1940 g, resulting in a 55.2% increase in additional load
compared to the standard configuration, as a result, COMET’s
efficiency further decreases to 6.00 g/W. Compared to existing
coaxial bi-copters with reported flight efficiency, such as
HALO [11] and GimbalHawk [13], as well as commercial
multicopter AAVs with the same projected area (DJI Air 2S),
COMET demonstrates an advantage in hover efficiency.

The above results demonstrate the effectiveness of
COMET’s propulsion system design and efficiency optimiza-
tion. COMET is capable of carrying a sufficiently large battery
for tasks requiring extended endurance, maintaining a long
flight time and high efficiency, while also ensuring that its
flight efficiency does not significantly decrease when carrying
additional payloads.

B. Trajectory Tracking and Flight Effectiveness

Trajectory tracking performance is critical for dynamic
flight tasks. In this experiment, COMET is tasked with track-
ing a predefined circle trajectory with a diameter of 5m and
a figure-eight trajectory within a 10m × 5m area, using the

TABLE II
COMPARISONS OF HOVER ENDURANCE

Prototype Battery
energy
(Wh)

Takeoff
weight

(g)

Hover
power

(W)

Hover
time
(min)

Actually
Efficient
(g/W)

COMET 66.6 1250 163.2 24.3 7.66

COMET 111 1460 204.0 35.5 7.15

COMET 111 1940 294.0 22.0 6.00

HALO [11] 16.5 1344 199.5 N/A 6.74

GimbalHawk [13] 285 5380 994.3 N/A 5.41

DJI Air 2S 41.4 595 101.1 24.0 5.89

NOKOV motion capture system for precise state estimation.
The maximum speed for the generated circular trajectory is
set to 3 m/s and 4 m/s, while the maximum speed for the
figure-eight trajectory is set to 3.5 m/s, 4 m/s, and 5 m/s.
To evaluate the necessity of the dual swashplate configuration
for maneuverability, we include a comparison with a single
swashplate version of COMET. In this configuration, the cyclic
pitch mechanism of the upper rotor is disabled, while all
controller parameters are kept identical across both config-
urations. Meanwhile, to record the efficiency during dynamic
flight missions, a CUAV HV PM power meter is installed on
COMET to measure high-precision voltage and current data
during flight. The total take-off weight of COMET in trajec-
tory tracking tasks is 1340g. Fig. 7(a) presents a composite
snapshot from one of the trajectory tracking experiments, and
the various trajectory tracking results in X and Y positions are
shown in Fig. 8. The additional control torque provided by
the dual swashplate mechanism enhanced COMET’s tracking
performance in these tasks, as demonstrated by the comparison
between Fig. 8(a) and (b), as well as between (c) and (d).
However, in the figure-eight trajectory tracking task with a
maximum speed of 4 m/s, COMET with the single swashplate
configuration lost control at the first turn due to actuator
saturation. In contrast, COMET with the dual swashplate con-
figuration is able to effectively track figure-eight trajectories
with maximum speeds of 4 m/s and 5 m/s, as shown in
Fig. 8(e) and (f). The corresponding quantitative results are
summarized in Table III. In the circular trajectory tracking
task with a maximum speed of 3 m/s, COMET with the dual
swashplate configuration reduces the root mean square error
(RMSE) by 41.12% and the maximum absolute error (MAE)
by 44.54% compared to the single swashplate configuration.
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ReferenceReference EstimationEstimation

(a) (b) (c) (d) (e) (f)

Single, Max Vel 4m/s Dual, Max Vel 4m/s Dual, Max Vel 3.5m/sSingle, Max Vel 3.5m/s Dual, Max Vel 4m/s Dual, Max Vel 5m/s

Reference Estimation

(a) (b) (c) (d) (e) (f)

Single, Max Vel 4m/s Dual, Max Vel 4m/s Dual, Max Vel 3.5m/sSingle, Max Vel 3.5m/s Dual, Max Vel 4m/s Dual, Max Vel 5m/s

Fig. 8. COMET trajectory tracking performance under different swashplate configurations, trajectory types, and maximum velocity. (a)-(b). COMET tracks
a circular trajectory. (c)-(f). COMET tracks a figure-eight trajectory.

TABLE III
TRAJECTORY TRACKING RESULT OF THE COMET IN SINGLE SWASHPLATE AND DUAL SWASHPLATE CONFIGURATIONS.

Single Dual Single Dual Single Dual Dual Dual
Circle Circle Circle Circle Figure eight Figure eight Figure eight Figure eight

Max Vel (m/s) 3.00 3.00 4.00 4.00 3.50 3.50 4.00 5.00
Max Acc (m/s2) 3.71 3.71 6.64 6.64 5.0 5.0 6.45 6.79

RMSE (m) 0.2908 0.1712 0.3924 0.3139 0.3221 0.2534 0.2876 0.3052
MAE (m) 0.6161 0.3417 0.8696 0.6201 0.7833 0.5165 0.5650 0.6526

Min/MAX Roll Control (-) -0.8013/0.5770 -0.3363/0.5214 -1/0.9893 -0.6473/0.5900 -1/0.8318 -0.7554/0.5490 -0.8821/0.3635 -1/0.4353
Min/Max Pitch Control (-) -0.6767/0.9912 -0.3984/0.6028 -0.8585/1 -0.5806/0.6938 -0.9308/0.4953 -0.6379/0.4239 -0.4064/0.7926 -0.5734/1

Avg Power (W) 187.98 170.57 201.86 198.39 194.78 186.93 193.13 197.08
Max Power (W) 223.22 183.75 262.49 257.99 246.48 215.85 236.77 237.03
Efficiency (g/W) 7.1283 7.8561 6.6382 6.7544 6.8796 7.1686 6.9382 6.7992

In the circular trajectory with a maximum speed of 4 m/s,
the RMSE is reduced by 20.01% and the MAE by 28.69%.
In the figure-eight trajectory with a maximum speed of 3.5
m/s, the RMSE is reduced by 21.33% and the MAE by
34.06%. In the figure-eight trajectory tracking task with a
maximum speed of 4 m/s, COMET with the single swashplate
configuration is unable to complete the flight task. However,
COMET with the dual swashplate configuration achieves an
RMSE of 0.2876 m and an MAE of 0.5650 m. Furthermore,
COMET with the dual swashplate configuration successfully
tracks the figure-eight trajectory with a maximum speed of 5
m/s, achieving an RMSE of 0.3052 m and an MAE of 0.6526
m. We evaluate the normalized control inputs of COMET’s
cyclic pitch during flight under two different configurations.
The rate controller outputs are normalized to cyclic pitch
control inputs ranging from -1 to 1 through the mixer. We
count the maximum amount of pitch and roll normalized
control for different cyclic pitch configurations in the trajectory
tracking task. As shown in Table. III, the COMET with the
single swashplate configuration experiences saturation in the
cyclic pitch control inputs for both roll and pitch control
(i.e., absolute normalized control inputs reaching 1) in the
circular trajectory tracking task with a maximum speed of
4 m/s. In contrast, the dual swashplate configuration does
not exhibit control input saturation under the maximum flight
speed of 5m/s. These results indicate that the dual swashplate
configuration can provide sufficient control torque for agile
flight.

Finally, we calculate the average power, maximum power,
and efficiency of COMET in the trajectory tracking tasks,
as shown in Table III. The experimental results indicate that
COMET with the dual swashplate configuration, compared
to the single swashplate configuration, can reduce power

consumption and improve efficiency to some extent during
dynamic flight. In the circular trajectory with a maximum
speed of 3 m/s, the dual swashplate configuration reduces
the average power by 9.26% and the maximum power by
17.68% compared to the single swashplate configuration. In
the circular trajectory with a maximum speed of 4 m/s, the
average power is reduced by 1.72% and the maximum power
by 1.71%. In the figure-eight trajectory with a maximum speed
of 3.5 m/s, the average power decreases by 4.03% and the
maximum power by 12.43%. This improvement is due to the
reduced amplitude of cyclic pitch variation, which decreases
the fluctuations in the TPP inclination angle, thereby reducing
the fluctuations in the aircraft’s thrust. As a result, both the
average power and maximum power decrease, leading to an
improvement in COMET’s flight efficiency.

C. Autonomous Navigation with Different Sensing Configura-
tions

We present several experiments in cluttered, unknown envi-
ronments to validate the overall system integration of COMET.
We use the Ego-planner [32] framework for trajectory plan-
ning. The waypoint is provided in advance and is located 15
meters away from the take-off position. Depending on the
lighting conditions, we configure different perception sensors
to adapt to the environment. In well-lit conditions, we use
VINS-Fusion [33] for visual-inertial state estimation. In dimly-
lit conditions, we use a lidar-inertial odometry (LIO) system,
leveraging FAST-LIO2 [34] for robust localization. The snap-
shots from the flight tests are shown Fig. 7(b) and (c). We
refer readers to the supplementary video for more information.
COMET successfully completes autonomous navigation tasks
in both conditions, demonstrating the platform’s versatility
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and robustness across various sensing modalities and environ-
ments.

VI. CONCLUSION AND FUTURE WORK

The COMET proposed in this letter features a dual swash-
plate coaxial bi-copter system. The vertical separation distance
and the blade installation angle of the coaxial bi-copter system
are optimized through bench tests, ensuring the optimal rotor
system efficiency while maintaining compactness. Compara-
tive endurance tests confirm that COMET achieves a hover
efficiency of up to 7.66 g/W and demonstrates its robustness
under varying payload conditions. Bench tests and comprehen-
sive trajectory tracking experiments, compared to the single
swashplate configuration, demonstrate the necessity of the
dual swashplate configuration for dynamic flight performance.
Autonomous flight trials further confirm COMET’s potential
for real-world missions.

However, the current trajectory tracking performance of
COMET is constrained by rotor drag and the induced torque
disturbances relative to the aircraft’s CoG, limiting further
improvements in its tracking capability. Future work will focus
on developing a specific trajectory generation and tracking
control framework for high-speed flights.
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