N atu re co m m u n i cati o n S https://doi.org/10.1038/541467-026-73283-x
Article in Press

An autonomous single-actuator UAV with
omnidirectional field of view, high agility, and
collision resistance

Received: 31 May 2025 Nan Chen, Haotian Li, Yunfan Ren, Guozheng Lu, Fangcheng Zhu, Jiarong Lin & Fu Zhang
Accepted: 27 April 2026

We are providing an unedited version of this manuscript to give early access to its
findings. Before final publication, the manuscript will undergo further editing. Please
note there may be errors present which affect the content, and all legal disclaimers

Cite this article as: Chen, N., Li, H.,
Ren, Y. et al. An autonomous single-

actuator UAV with omnidirectional apply.
ﬁe"_j f’f view, high agility, and If this paper is publishing under a Transparent Peer Review model then Peer
collision resistance. Nat Commun Review reports will publish with the final article.

(2026). https://doi.org/10.1038/
s41467-026-73283-x

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not
have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this
article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.



An autonomous single-actuator UAV with
omnidirectional field of view, high agility, and
collision resistance

Nan Chen', Haotian Li!, Yunfan Ren!, Guozheng Lu!,
Fangcheng Zhu!, Jiarong Lin', Fu Zhang!”

'Department of Mechanical Engineering, The University of Hong Kong,
Pokfulam Road, Hong Kong, China.

*Corresponding author(s). E-mail(s): fuzhang@hku.hk;
Contributing authors: cnchen@connect.hku.hk;
haotianliQconnect.hku.hk; renyf@connect.hku.hk; gzlu@connect.hku.hk;
zhufc@connect.hku.hk; zivlin@connect.hku.hk;

Abstract

A single-actuator unmanned aerial vehicle (UAV) named PULSAR 1I is driven
by one motor and achieves three-dimensional maneuverability and natural
self-rotation. This motion enables an omnidirectional field of view (FoV) for
light detection and ranging (LiIDAR), thereby eliminating unobserved areas. To
enhance agility, we first built an accurate propulsion model using a data-driven
method and compensated its nonlinearities. Then, we designed model predic-
tive controller on the S2 manifold for minimal parameterization and aggressive
tracking performance. We also derived the UAV’s differential flatness to simplify
trajectory optimization. To ensure collision resistance, we designed a protective
solid frame structure around the UAV and developed a disturbance observer to
reject collision-induced disturbances in a fictional coordinate frame that decou-
ples self-rotation, with parameters optimized by p synthesis to address model
uncertainty. By integrating all modules, we established an autonomous UAV sys-
tem that demonstrated agile, robust, and fully autonomous flight in real-world
environments.

Keywords: Autonomous UAV, single actuator, self-rotation, omnidirectional field of
view, collision resistance, model predictive control, disturbance observer

1 Introduction

Unmanned aerial vehicles (UAVs) have become increasingly indispensable platforms
for real applications. For example, UAVs are used for environmental mapping [1-3],
inspection [4-7], and agriculture [8-10] based on onboard sensors such as cameras or
light detection and ranging (LiDAR). In these applications, the efficiency of mapping,
the stability of localization, and the observation of obstacles rely on the range of the
sensor’s field of view (FoV) [2, 11-13]. Meanwhile, key aspects of UAV flight efficiency,
agility, and safety also affect overall performance in real applications [14].

Firstly, to deal with the challenges due to the limitation of FoV, some UAVs are
directly equipped with sensors with relatively large FoV, such as fisheye cameras [15,
16] or 360° LiDAR [17, 18]. However, there are still about half of the areas that the
FoV cannot cover. Using multiple sensors in one system, such as multiple common



cameras [19, 20], fisheye cameras [12, 13], stereo cameras [21, 22], and LiDARs [23, 24],
is another solution to achieve a larger FoV. Whereas, it increases the weight, power
consumption, and computational load, which are all obviously limited resources of the
UAV system. Introducing a gimbal system [25-27] or a swing mechanism is a valid
attempt, but beyond the drawback of additional weight and power consumption, the
time-variant extrinsic parameters and potential actuator vibrations still lead to extra
challenges to the UAV’s localization and mapping.

Inherent self-rotation motion of UAVs is a promising solution to achieve sensor
FoV far beyond the original one without increasing the weight, power consumption,
and computational load [28-30]. Compared with the self-rotating UAVs based on mul-
tiple actuators [29-38], the single-actuator designs [28, 39-46] effectively reduce the
components’ weight and structure complexity through using a minimum number of
actuators. However, payload capacity and localization problems during high-speed
changes of FoV are still challenging, such that most of the existing single-actuator
UAVs [39-46] do not consider extending FoV via their self-rotation. An exceptional
single-actuator UAV is our previous prototype [28] that extends the LIDAR FoV from
its original conical shape to cover all surrounding areas via self-rotation, but obvious
unobserved areas still remain in the top and bottom directions.

Secondly, challenges remain in agility. Existing controllable single-actuator UAVs
[42-46] cannot perform agile motions such as aggressive trajectory tracking mainly
due to two reasons. The first one concerns actuation. The lift forces of these single-
actuator UAVs are generated by a propeller installed on a position away from the
center of mass (CoM) of the UAV body [42-44] or by a wing whose lift force direction
does not pass through the UAV body’s CoM [45, 46], such that the lift force can gen-
erate the moment for attitude control. To generate a moment in the desired direction,
the lift force has to be regulated once per revolution of self-rotation. Therefore, the
regulation frequency must match the self-rotation frequency, resulting in a low control
effort frequency since the self-rotation speed is only several hertz. In our previous pro-
totype [28], the regulation frequency of the control efforts matches the motor speed,
which can reach hundreds of hertz. However, the nonlinearity of the propulsion sys-
tem is not well modeled or compensated in the control system, resulting in insufficient
accuracy for aggressive trajectory tracking. The second reason concerns control. These
single-actuator UAVs are controlled by open-loop controller with passive stability [42],
proportional-integral-derivative (PID) controllers [28, 44-46], or linear quadratic reg-
ulator (LQR) [43]. These control methods cannot utilize the future information from
planned reference trajectories, resulting in limited tracking performance for aggressive
trajectories.

Lastly, the safety of all single-actuator UAVs [28, 39-46] is still challenging. The
designs of these UAVs do not consider collision resistance in the mechanical structure
and disturbance rejection in the control system, significantly reducing flight safety,
especially when operating in dense environments. Specifically, these UAVs have many
fragile structures, such as unprotected propeller, long wing, or thin damping vanes,
making them vulnerable to collisions. In addition, there is no dedicated disturbance
rejection module in their control systems to handle disturbances induced by collisions,
which obviously increases attitude errors and even the risk of crashes during collisions.

In this work, we introduce an autonomous, single-actuator UAV named PULSAR
IT with omnidirectional LIDAR FoV, high agility, and collision resistance, as shown in
Fig. 1. Leveraging structural design and inherent self-rotation, this LiDAR~equipped
UAV can perceive all directions without any unobserved areas. With a more accu-
rately identified model of the propulsion system and an advanced tracking control
framework of on-manifold model predictive control (OMMPC) [47], PULSAR II shows
superior tracking performance of aggressive trajectories. To ensure collision resistance,
a solid and lightweight outer frame design is introduced to a single-actuator UAV to
protect the entire UAV structure during external impacts. Additionally, in a fictional
coordinate frame that decouples self-rotation, a disturbance observer optimized by
1 synthesis is integrated into the control system to compensate for collision-induced
moment disturbances [48-50]. Overall, these measures improve the flight safety of
PULSAR II. With the integrated system comprising modules of perception, planning,



and control, PULSAR II demonstrates high-speed autonomous navigation in unknown,
cluttered, and Global Navigation Satellite System (GNSS)-denied environments.

2 Results

2.1 Overview of PULSAR I1

PULSAR II is a UAV with a single-actuator design that uses only a single actuator
(i-e., one motor) to achieve full 3D motion. With payloads of an onboard computer
and a LiDAR sensor, it can perform fully autonomous navigation in GNSS-denied and
cluttered environments (e.g., dense woods in Fig. la (i)) without any other external
instruments. PULSAR II also has high agility to support its high-speed autonomous
navigation in a parking lot shown in Fig. 1a (ii) and tracking of aggressive trajectories
(e.g., flip trajectory in Fig. la (iii)). Furthermore, PULSAR II has a unique ability
of collision resistance among all existing single-actuator UAVs, leading to much safer
flights even with collisions in environments with obstacles, as shown in Fig. 1a (iv).

The inherent self-rotation motion of PULSAR II is a natural way to achieve a
larger sensor FoV without additional sensors, actuators, and mechanisms. As shown
in Fig. 1b (i), the limited original LIDAR FoV (blue area) is substantially extended to
an omnidirectional FoV (yellow area). The point cloud maps of an indoor environment
before and after take-off are shown in Fig. 1b (ii) and (iii). As can be seen, before take-
off, the point cloud map is obviously incomplete due to the limited original LiDAR
FoV. After take-off, a complete point cloud map of the indoor environment can be
built without any unobserved area, including the ceiling and the floor, which are
hard to map at the same time. This demonstrates the advantage of omnidirectional
FoV. Furthermore, omnidirectional FoV is also crucial for autonomous navigation in
complex and narrow environments. It can promote safety since the UAV does not need
to move in a horizontal direction to identify the unknown space that is located in the
unobserved area of the original LiDAR FoV. Instead, the UAV can directly plan a
suitable path just in a hover state.

2.2 UAV Design
2.2.1 Structure of UAV body

The structures of PULSAR II and its separated components are shown in Fig. 2a,
with weight distribution and description of the components. PULSAR II weighs 1122.3
g, which is mainly contributed by LiDAR (22.4%), protection frame (20.8%), and
battery (19.5%). With only one motor, the whole 3D motion of PULSAR II can be
controlled. Compared with the previous version of the single-actuator UAV proposed
in [28], there are mainly four evolutions in design aspects: (i) a solid protection frame
is designed to keep the UAV safe during collision; (ii) four damping vanes are naturally
installed on the protection frame without extra supporting structures, which reduces
the total weight and possibility of damage; (iii) a 360° LiDAR is mounted vertically,
achieving a fully omnidirectional FoV without any unobserved area, which outperforms
the previous one that has a large unobserved area at the top and bottom; (iv) lighter
structural weight and larger capacity battery lead to longer flight duration and agility.
See Supplementary Figs. 14-17 for more details about the UAV structure.

2.2.2 Structure of propulsion system

The structure of the propulsion system is shown in Fig. 2b, comprising two blades, a
motor, and a swashplateless mechanism (SLM) [28, 51]. The SLM can generate both
thrust in the motor shaft direction and moments in the propeller disk plane at the
same time. Unlike the swashplate mechanism which is widely adopted in helicopters
and utilizes a set of servos to adjust the blades’ pitch angles, the SLM can adjust them
by two passive hinge mechanisms through modulating the rotational speed during
each rotational cycle of the motor. Since the axes of the two hinges are asymmetrical,
the changes in the two blades are always opposite. For example, when the motor
accelerates, the pitch angle of one blade increases while the other one decreases. This



leads to unbalanced thrust of the two blades such that a net moment can be generated
in the propeller disk plane with a direction perpendicular to the blades. Likewise, when
the motor decelerates, the SLM still generates the net moment, but its direction will be
opposite. More detailed SLM working principles are introduced in the Supplementary
Note 1.

To reduce the friction of hinge rotation and alleviate the deadzone phenomenon of
the net moment, as shown in Fig. 2b, we added axial bearings, rolling bearings, and
shoulder screws to the design of the SLM. To achieve accurate rotor speed modulation
and moment generation, we attached a magnet to the motor shaft such that a magnetic
encoder can measure the rotor’s angle and speed accurately.

2.2.3 Electronics

The electronic components of PULSAR II are shown in Fig. 2a and their internal
connection is shown in Fig. 2¢, which is divided into five parts. (i) The entire system
is powered by the power part containing a six-cell 53.7-Wh (2420-mAh) battery and a
DC-DC converter. (ii) The computation part has two separate computing platforms,
an onboard computer and a flight control unit (FCU), which are connected via the
USB. The type of onboard computer is the iIKOOLCORE R2 (shell removed) with a
4-core 3.7-GHz Intel N200 x86 processor, and the type of FCU is the Nxt-FC V1.2 [52]
with an ARM STM32H7 chip. (iii) The sensing part comprises LiDAR, (Livox Mid360),
inertia measurement unit (IMU), and magnetic encoder. The LiDAR measures 3D
point clouds at a frequency of 200,000 points per second via a FoV of 360° in the
horizontal direction and -7° to 52° in the vertical direction. The used IMU locates on
the FCU, which has better performance than the one contained inside the LiDAR.
Besides LiDAR and IMU, a magnetic encoder (ams AS5147U) is installed on the
bottom of the motor stator, measuring the rotor’s angular position (i.e., rotor angle)
and rotational speed, both at 2000 Hz. The measured data is transmitted to the
FCU via the Serial Peripheral Interface (SPI) to ensure high data bandwidth and
low latency. This 2000-Hz measuring frequency can generate about 24 measurements
per rotor revolution when the UAV is in hover (i.e., motor speed is about 5000 rpm
or 83.3 r/s). (iv) The actuation part contains a motor (T-MOTOR MN5006 KV450)
driven by an electronic speed controller (ESC) of type T-MOTOR MINI F45A. The
motor command is computed by the FCU and then sent to the ESC via the DShot 600
protocol which enables up to 33.3-kHz command transmission. (v) The communication
part has a WiFi antenna and a radio control receiver. The former enables remote login
of the onboard computer and the latter is used for human manual control through a
radio controller.

2.3 Control system overview

As shown in Fig. 3a, the control system has a hierarchical structure consisting of two
parts. The top-level part (orange area) is implemented on the ROS system running
on the onboard computer with an x86 CPU, while the low-level part (green area) is
realized on PX4 autopilot software [53] running on the ARM chip of the FCU. In this
section, we briefly introduce the modules in these two parts for better understand-
ing the comparison experiments below. More details are provided in the Section 4.
Meanwhile, for performance comparison of trajectory tracking control, we addition-
ally designed a cascade PID control framework with feedforward (see Supplementary
Fig. 13 for detailed system structure of cascade PID).

2.3.1 Top-level control

The modules of the top-level part include LiDAR odometry (LIO), OMMPC, offline
trajectory generator, and online trajectory planner, running in a frequency range from
50 to 200 Hz. The LIO is essentially a filter-based multi-sensor fusion framework [54]
estimating all states of the UAV based on measurements of a 50-Hz point cloud from
LiDAR and a 200-Hz IMU that is transmitted from the FCU to the onboard computer
using MAVROS [55]. Since the measurements come from different components, we
used LI-Init [56] to estimate their time difference and extrinsic parameters, and finally,



they were well compensated. Although the 50-Hz point cloud output can ensure a 50-
Hz state update frequency of LIO, it is not high enough for the controller. Hence, we
used the state that is generated by the 200-Hz prediction process of IMU measurement,
resulting in 200-Hz state feedback which is sufficient to support the 100-Hz OMMPC.
Details are described in the Supplementary Notes 4.

The system contains two trajectory sources. One is the offline trajectory generator,
which can publish the planned offline polynomial trajectory with time [pZ,vZ,aZ, jZ]
as a command. Another is an online trajectory planner. We adopted our previous work
SUPER [57] which can plan and optimize the trajectory directly on the point cloud
map with high efficiency. To maintain a point cloud map, SUPER uses a uniform grid
structure to spatially downsample the point cloud from LiDAR odometry. Similarly
to the offline trajectory generator, the output of the online trajectory planner is also
polynomial trajectories. However, the planned polynomial trajectory cannot be tracked
directly by the OMMPC. We derived the property of differential flatness of PULSAR
IT to convert the polynomial trajectory to the reference trajectory of state and input,
which is detailed in Methods (Section 4.2).

2.3.2 Low-level control

The structure of low-level control is depicted in Fig. 3b. The low-level control is imple-
mented on the FCU with an operating frequency of 1000 Hz, which is much higher
than the top-level part since it handles the rotational dynamics and drives the actu-
ator. The low-level control receives control efforts ar,4 and w%d from OMMPC as
desired inputs.

There are many modules implemented in the low-level control, such as actuator
compensation, disturbance observer (DOB); attitude delay compensation, and F frame
calculation. (i) The actuator compensation module is used to dynamically compensate
for the nonlinear characteristics of the actuator, such as the coefficient of moment
amplitude and the lag angle of moment direction, according to the input magnitude
and measured motor speed in real time. Details are described in the Supplementary
Notes 2. (ii) The attitude delay compensation module compensates for the delay in
the attitude feedback due to the communication between the FCU and the onboard
computer and the software processing time. In addition, it can increase the frequency of
attitude feedback through the prediction process of high-frequency IMU data. Details
of delay compensation are depicted in the Supplementary Notes 5. (iii) With high-
frequency attitude feedback RZB, the attitude related to F frame (i.e., R?" and
R7B) can be obtained in the module of F frame calculation. Details of the calculation
principle can be found in the Supplementary Notes 6. (iv) The DOB module is designed
to estimate external moment disturbances such that the UAV can maintain its attitude
better during collisions. See details in Methods (Section 4.6) and Supplementary Notes
7.

2.4 Setup of real-world experiments

To evaluate the designed control framework, including actuator compensation,
OMMPC, and DOB, as well as the entire system, we performed a series of indoor
ablation experiments. We further evaluated PULSAR IT autonomy through high-speed
autonomous navigation in two complex outdoor environments. All experiments use
full onboard sensing and computation, without any external computer, motion capture
system, or GNSS.

2.5 Actuator compensation

The experiments in this section evaluate actuator compensation in low-level control to
ensure actuator linearity over a wide range of motor speed changes (see Supplementary
Video 1 and 2). The UAV tracks two trajectories with actuator compensation enabled
or disabled. For fair ablation experiments, except for actuator compensation, all other
configurations are the same, with OMMPC in the top-level control and F-frame PI
control with DOB in the low-level part.



First, the helix trajectory is a 3D trajectory with a constant radius of 0.6 m in the
y — z plane and a displacement of 2.4 m in the z axis. We specified 9 waypoints and
optimized the trajectory using MINCO [58]. The optimized trajectory has two periods
and a total duration of 4.8 s, and overlaid photos are shown in Fig. 4a.

As shown in Fig. 4b, the UAV can track the helix trajectory with or without com-
pensation, with the highest velocity norm about 2 m s~!. However, the experiment
with compensation shows much smaller position errors in all three axes, especially
in the second period. For the velocity norm, the experiment without compensation
shows a significant overshoot. This is because the helix trajectory requires a wide
thrust range due to large altitude change. Without compensation, the mapping from
desired moment to generated moment varies obviously, degrading tracking perfor-
mance. With compensation, the UAV tracks the trajectory well, showing that actuator
compensation substantially improves tracking performance.

Second, we use a tilted figure 8 trajectory with displacements of 4 m on the = axis,
2 m on the y axis, and 1 m on the z axis. It is optimized by MINCO [58] with 17
waypoints. The optimized trajectory has a highest reference velocity norm of 3.57 m
s~! and two periods, with each period of 5 s, as shown in Fig. 4c.

The tracking results are shown in Fig. 4d. With compensation enabled, the UAV
can track the trajectory with small position error. Without compensation, the UAV
cannot finish the tracking and crashed in the second period, with oscillating and
diverging position error. Compared with the helix trajectory, the tilted figure 8 has
higher reference velocity norm and more aggressive attitude changes, so a constant
actuator mapping is not valid due to nonlinearity from wide-range motor speed and
desired moment variation. Hence, actuator compensation is indispensable for tracking
aggressive trajectories of PULSAR II.

2.6 Aggressive trajectory tracking

To evaluate aggressive trajectory tracking of PULSAR II, we conducted two experi-
ments, a high-speed tilted figure 8 trajectory and a flip trajectory (see Supplementary
Video 3 and 4). We compared two top-level controllers, OMMPC and cascade PID
with feedforward, which is widely used for UAV tracking control (see Supplementary
Fig. 13 for the PID structure). Both OMMPC and the PID feedforward use the refer-
ence state trajectory obtained via differential flatness conversion (see Fig. 3), providing
complete prior trajectory information and ensuring a fair comparison. The parame-
ters of OMMPC and cascade PID were first set in simulation and then well tuned in
real-world flight. The low-level control is identical for all cases, with actuator dynamic
compensation enabled and PI control in the F frame with DOB.

2.6.1 Tilted figure 8 trajectory

The tilted figure 8 trajectory used for tracking experiments has the same shape as
the trajectory in the actuator compensation experiments in Fig. 4c, and still has two
periods. We used the same method to generate the trajectory with a higher time
penalty in the optimization, so it has a shorter period of 4 s instead of 5 s and a higher
reference velocity norm of 4.04 m s~ such that it can better evaluate the high-speed
tracking performance, as shown in Fig. 5a.

We conducted tracking experiments three times for each controller. The position
error norm of all 6 experiments is shown in Fig. 5b, where OMMPC has an obviously
smaller error than PID with feedforward. For the 3-axis position in Fig. 5¢ (i), the
tracked trajectory has almost no phase shift from the reference due to the reference of
OMMPC and the feedforward of PID. OMMPC tracks all 3-axis positions with almost
no amplitude attenuation, while the cascade PID shows obvious amplitude attenuation
in the y axis due to its higher signal frequency, indicating a higher equivalent control
bandwidth for OMMPC. For the position error in Fig. 5c (ii), OMMPC has smaller
errors in all 3 axes, with maxima of 0.202 m versus 0.414 m in z axis, 0.188 m versus
0.364 m in y axis, and 0.148 m versus 0.242 m in z axis. The attitude vector, attitude
error vector, and attitude angle error are shown in Fig. 5¢ (iii-iv). Both controllers
track the reference attitude well, and OMMPC shows smaller error values and error
bands.



In Fig. 5¢ (v), the first figure shows that OMMPC follows the reference velocity
norm more closely than PID. The second and third figures show control efforts of
angular velocity norm and thrust. The cascade PID output follows the reference closer
because it depends on feedforward and current errors. OMMPC sometimes deviates
from the reference because it uses more control effort to minimize state error in the
prediction horizon. With modeling errors and external disturbances, OMMPC tends
to sacrifice control-effort tracking to maintain smaller state error.

2.6.2 Flip trajectory

Another aggressive trajectory, the flip trajectory, is adopted to evaluate the tracking
performance of PULSAR II. We specify 5 waypoints to define the trajectory, with
x-axis displacement of 2.2 m, z-axis height of 3.1 m, and no movement in y axis.
To achieve the flip motion, we constrain the norm of the UAV’s total acceleration
at the top point of the flip trajectory to 22 m s~2, in the same direction as gravity.
Since this norm is larger than gravity and the propeller cannot invert thrust direction,
the trajectory optimization forces the UAV to flip its attitude to satisfy the total
acceleration requirement, as shown in Fig. 6a (ii).

The UAV successfully tracked the flip trajectory, as shown in the overlaid photo in
Fig. 6a (i). We conducted tracking experiments three times for each controller, with
position error norm shown in Fig. 6b. OMMPC always shows a smaller position error
norm than PID with feedforward. Tracking results are shown in Fig. 6¢c. Compared
with the tilted figure 8 trajectory, the flip trajectory has aggressive attitude changes,
higher maximum velocity norm of 4.51 m s™1, a thrust range from 9.4 to 17.3 m s~2,
and rapid angular velocity changes from 50 to 560 deg/s. In the mean tracking results,
OMMPC shows slightly smaller position errors in « and y axes and a much smaller
error in the z axis, indicating better performance for aggressive motion. For attitude
error, both controllers have small errors, while OMMPC has relatively larger errors
because it reduces position error by relaxing attitude tracking when position weights
are much higher.

For the z-axis position error, although OMMPC surpasses PID with feedforward,
the tracked trajectory in Fig. 6¢ (i) remains below the reference, and thrust saturation
under constraints in Fig. 6¢ (v) finally prevents the UAV from reaching the top point.
Possible reasons are: (i) thrust response dynamics is not considered in the OMMPC
model, so the throttle is assumed instantaneous although there is delay; (ii) closed-
loop low-level control dynamics is not modeled for OMMPC, so tracking fast attitude
changes may cause phase delay; (iii) state errors from unmodeled dynamics and exter-
nal disturbances lead to larger control efforts than the reference and cause saturation,
as shown in Fig. 6¢ (v), where thrust is bounded from 3 to 19 m s72 and z- and y-axis
angular velocities are bounded from —15 to 15 rad s~! during OMMPC solving for
safety.

2.7 Collision resistance

To evaluate the UAV protection frame and the DOB design, we carried out two types
of experiments. In the first type, the UAV collides with a ball dropping from a fixed
height during hover flight to evaluate endurance against dynamic obstacles (see Sup-
plementary Video 5). In the second type, the UAV collides with an unfixed box during
forward flight and pushes through the box to maintain movement, which evaluates
robustness against static obstacles (see Supplementary Video 6).

Angular velocity control was implemented in two coordinate frames, the body-
fixed frame B with a z-direction angular velocity due to self-rotation and the fictional
frame F with zero z-direction angular velocity. This yields four configurations: (i) B
frame control without DOB; (ii) F frame control without DOB; (iii) B frame control
with DOB; and (iv) F frame control with DOB.

2.7.1 Collision with dropping ball

In this experiment, the UAV first hovers at a fixed position in the inertial frame Z. A
soft ball with a small iron sheet is held at the tip of a rigid arm by an electromagnet to



ensure consistent conditions, including the same height, zero initial velocity, no rota-
tion of the ball, and a consistent collision point on the UAV. When the experiment
begins, we disable the electromagnet to release the ball by manual remote control. The
ball drops freely from 60 cm above the UAV and collides with one side of the protec-
tion frame. After impact, the UAV experiences a momentary disturbance that causes
attitude and position errors, as shown in Fig. 7a. We performed three experiments for
each configuration. The results of each experiment are shown in Fig. 7b, and the data
distributions are shown in Fig. 7c.

Because the ball release is manually controlled, it is difficult to synchronize the
three experiments, so we plot them as separate lines in Fig. 7b. We select a 2.5 s window
that covers the entire collision process. For the z axis, the F-frame configuration with
DOB achieves the smallest errors. Since the collision point is on the left side of the
UAV (see Fig. 7a, positive direction of y axis of Z frame), the consistently small z-axis
errors indicate good decoupling in the F-frame control, while other configurations show
obvious z-axis errors caused by the y-axis collision, indicating coupling between the x
and y axes. For the y and z axes, the F-frame configuration with DOB generally has
smaller errors because DOB compensates for the momentary disturbance and stabilizes
the attitude more quickly, reducing the position error. The attitude angle error data
show the same trend, with the F-frame configuration with DOB having much smaller
errors than others. Comparing the two DOB configurations, the one in the F frame
performs better because self-rotation is decoupled in the F frame, allowing DOB to
handle the low-frequency disturbance signal better than the relatively high-frequency
signal coupled with self-rotation.

For each configuration, we merge data from the three experiments into one violin
plot in Fig. 7c to illustrate the distributions. The red point is the mean, and the
black error bar shows the range from 25% to 75%. In the x and z axes, the F-
frame configuration with DOB is more concentrated near zero with a shorter vertical
extent. In the y axis, its error magnitude is also smaller than the others. The attitude
error violin plot is more significant, as the F-frame configuration with DOB has a
lower central area and shorter height, indicating more stable attitude during the ball
collision. Overall, the F-frame control with DOB has the best performance among all
configurations, showing strong disturbance rejection, especially in the F frame.

2.7.2 Collision with unfixed box

Unlike the previous ball-dropping experiment, the collision in this experiment does not
occur during hover flight. We designed a straight-flight trajectory that drives the UAV
forward (i.e., opposite y axis) to the designated goal position, with an unfixed soft
box placed along the trajectory. After colliding with the box, the controller maintains
forward movement so the UAV pushes the box aside and reaches the goal position, as
depicted in Fig. 7d.

We performed three experiments for each configuration, synchronized the data
by the reference trajectory, and show the results in Fig. Te. Besides the reference
signal, the other four lines are the mean values of the four configurations. When
a collision occurs, there is an z-axis position deflection and a z-axis altitude drop,
where the F-frame configuration with DOB achieves the smallest amplitude. For the
moving direction (y axis) and the velocity norm, all configurations show similar trends
and converging times. When the reference trajectory ends (after 1.5 s), position-error
convergence is slow because the reference position and integration of position error
drive the UAV to the goal position, while other reference states tend to keep the UAV
stopped at the current position. This phenomenon is due to OMMPC and has no
relation to DOB. Overall, the DOB in the F frame shows better disturbance rejection
performance than other configurations in the forward-flight box-collision experiment.

2.8 Autonomous navigation in unknown environments

To validate the complete control framework and autonomous system of the single-
actuator UAV, we conducted high-speed autonomous navigation experiments in
complex unknown environments, including dense woods (Fig. 8) and an underground
parking lot (Fig. 9). In each experiment, we specified a start point, an end point that



coincides with the start point, and a set of guide points, marked as purple and blue
stars on the point cloud maps in Fig. 8a and Fig. 9a. These maps are built online by
the LIDAR odometry module during flight. Each guide point serves as a local goal that
shapes the overall trajectory. When the UAV enters a predefined radius around a guide
point, it is considered reached and the next guide point becomes the local goal. We
use our previous work SUPER [57] for online trajectory planning, running at 50 Hz.
If obstacles lie between the current position and the next goal, the planner computes
a collision-free corridor and optimizes a dynamically feasible trajectory within it. The
trajectory tracking controller then ensures accurate tracking of the planned trajectory,
which is essential for high-speed autonomous navigation of a single-actuator UAV.

2.8.1 Dense woods

The first experimental environment is dense woods, with trees, branches, and weeds
scattered throughout the space. The flight area has a size of 48 m x 43 m, and we
set two series of guide points to shape two trajectories, a loop trajectory and a star
trajectory (see Supplementary Video 7 and 8).

The first autonomous navigation is a loop shaped by 9 guide points (one start
point and points P1-P8). The actual flight trajectory is shown in Figs. 8a-b and the
flight data are shown in Fig. 8c. Fig. 8a shows that the UAV avoided obstacles and
returned to the starting point. With the reaching threshold set to 1 m, the UAV
almost passed through all guide points. The yellow arrows indicate zoom-in directions
for detailed trajectories, and the corresponding views of the data visualization tool
and real-world snapshots are shown in Fig. 8b. The UAV performed smooth turns and
flew through gaps between trees without collisions. In Fig. 8c, the position error in
the z axis is very small, while the errors in the x and y axes are larger but bounded
within 0.5 m. For attitude and velocity norm, the UAV tracked the reference well
and reached a maximum velocity norm of 6 m s~! in this dense environment. The
velocity norm decreased to zero twice because the planner spent more time finding a
trajectory due to dense obstacles. The UAV decelerated more when approaching each
guide point because the reaching threshold is small. The two control efforts followed
their references most of the time, with peaks in the angular velocity norm during
aggressive sharp turns.

The second autonomous navigation experiment uses similar configurations, but the
trajectory is a more complicated star shape with sharper turns at the vertices. The
trajectory is shaped by 7 guide points (one starting point and points P1-P6), and the
actual flight trajectory is shown in Fig. 8d-e. At a star vertex, as shown in Fig. 8e(ii),
the planner generated a smooth high-curvature trajectory, and the UAV followed it
without colliding with nearby trees. In the flight data in Fig. 8f, the position error
in the z axis remains the smallest, while those in the x and y axes are slightly larger
than 0.5 m, and large errors mainly appear during acceleration after a sharp turn.
The maximum velocity norm is also 6 m s~!, which is high speed for a single-actuator
UAV’s autonomous navigation. There were two stops at two star vertices (P2 and P4)
because the planned turns are acute-angle turns rather than arc turns, so the UAV
had to decrease the velocity to zero first.

2.8.2 Underground parking lot

The second experimental environment is an underground parking lot (see Supple-
mentary Video 9). As shown in Fig. 9a-b, there are numerous obstacles, including
dense pillars, multiple doors, and complex ceiling pipes, which are very challenging for
autonomous navigation. We specified eight guide points (one start point and points
P1-P7) to shape the trajectory, and set a higher reaching threshold of 3 m for each
guide point. As shown in Fig. 9a, the UAV successfully performed autonomous navi-
gation, but the actual trajectory did not pass through all guide points, which meets
expectations. This setting allows the planner to optimize the trajectory earlier before
arriving at a guide point. As a result, although decelerations occur in turns, the veloc-
ity norm remains more than 6 m s~! and never drops to an approximate zero value,
as shown in Fig. 9c. For position tracking, the maximum horizontal error is 0.77 m,



which is larger than previous results but sufficient to ensure safe flight in this environ-
ment. Large position errors occurred during straight flight at high speed because: (i)
a conflict between position error and attitude error occurs since no air drag model is
considered in OMMPC, causing the UAV to tilt more unexpectedly to resist air drag,
and (ii) the penalty weight of OMMPC for the state of position error integration is
not large enough to attenuate the error over a short period. Fig. 9b shows zoom-in
views, including passing through a door and turning around pillars, demonstrating
the agility and autonomy of the single-actuator UAV.

2.9 Comparisons

Compared with common quadrotors, many advantages, such as a simpler structure,
reduced non-payload weight, higher efficiency, and inherent FoV extension, have been
demonstrated in PULSAR [28]. In this section, we mainly focus on comparing PUL-
SAR IT with PULSAR [28] as well as other state-of-the-art self-rotating UAVs [29-46],
highlighting the contributions in the conceptual realization, disturbance rejection
framework, module refinement, and system-level enhancement.

2.9.1 LiDAR omnidirectional FoV with minimal components

Fully omnidirectional FoV is very beneficial for trajectory planning in narrow areas
because the UAV does not need to adjust its FoV to observe the unobserved regions
without horizontal movement, enabling generation of collision-free trajectories even in
hover. The design of PULSAR II completely realizes the concept of fully omnidirec-
tional FoV on a UAV with a minimal set of components, that is a single LIDAR sensor
and no additional actuators, such as gimbal motors. This realization has not been fully
achieved in PULSAR or, to our knowledge, in any other existing UAV platforms.

In prior systems, extending UAV’s single LiDAR FoV typically fell into one of
three categories. First, even a UAV with state-of-the-art LiDAR sensors offering a
hemispherical FoV (e.g., HESAI JT128 [59] with 360° horizontal and 189° verti-
cal coverage) still leaves half of the full spherical volume unobserved. Second, some
UAVs incorporate a LIDAR with an additional rotating mechanism (e.g., a UAV from
Exyn Technologies adopts a motor to rotate the LiDAR [60]). While this approach
expands FoV coverage, it adds extra weight and still suffers from obvious occlusion
by the UAV’s own body (estimated occlusion is vertically 70° and horizontally 30°),
preventing a fully unoccluded, omnidirectional FoV.

Third, extends FoV via self-rotation. Most self-rotating UAVs cannot carry visual
sensors due to limited payload and compute, with a few exceptions [28-30]. PUL-
SAR [28] extends FoV through self-rotation but still leaves blind regions, especially
vertically. Similarly, Lockheed Martin’s dual-actuator self-rotating UAV [29] retains
unobserved areas in its camera FoV. The self-rotating quadrotor with 2D LiDAR
in [30] achieves omnidirectional horizontal coverage yet still has vertical unobserved
regions due to its narrow vertical FoV and structural occlusions.

In contrast, PULSAR II achieves a fully omnidirectional FoV with minimal addi-
tional components. This is enabled not only by LiDAR selection (i.e., adopting a
modern commercial-off-the-shelf LIDAR with 360° FoV), but also by deliberate struc-
tural co-design: (i) the LIDAR is designedly mounted with a 90° tilt such that its native
FoV sweeps a full spherical volume through self-rotation; (ii) the structural design
eliminates the FoV occlusion: the airframe totally avoids blocking the region beneath
the UAV, while gaps between rotating propeller blades allow observation above; (iii)
damping vanes are placed to minimize their projection in the LiDAR FoV, preventing
beam refraction and reflection.

2.9.2 Disturbance rejection framework for self-rotating UAVs

Previous self-rotating UAVs were largely proof-of-concept systems because of limited
actuation, agility, and payload capacity, and they often did not address external dis-
turbances such as wind or collisions. In this work, we introduce a DOB design that
accounts for the coupled characteristics of angular velocity induced by self-rotation,
resulting in an effective disturbance-rejection control framework for self-rotating



UAVs. First, we define a non-rotating virtual coordinate frame using IMU integra-
tion and derive the dynamic model in this frame. We prove that accumulated IMU
integration error does not affect the equivalence between the dynamics in the self-
rotating body-fixed frame (B) and the non-rotating virtual frame (F). Second, based
on the F-frame model, we design and implement a multi-input multi-output (MIMO)
DOB in the low-level controller to separate high-frequency components induced by
self-rotation from low-frequency disturbances, enabling more effective rejection of true
low-frequency disturbances. Third, we optimize the disturbance observer parameters
via p-synthesis to account for model uncertainties while balancing disturbance rejec-
tion and noise suppression. Finally, extensive real-world comparative experiments show
that the proposed framework improves disturbance rejection performance.

2.9.3 Module refinement and system-level enhancement

As autonomous UAVs comprise multiple modules, overall performance depends on
both individual module capability and system integration. With refinements of each
module and more thorough system integration, PULSAR II shows substantial perfor-
mance enhancements over the previous prototype [28] and other self-rotating UAVs
[20-46].

Mechanically, PULSAR II is equipped with a protective frame that improves colli-
sion resilience and enables mounting fragile wind deflectors inside the frame, removing
the extra support structures used in [28]. In propulsion, model identification and
dynamic compensation address the nonlinearities of swashplateless mechanism and
improve agility. For trajectory generation, we derive the differential flatness of PUL-
SAR II. Because self-rotating UAVs control only three DoF and do not require yaw
control, we choose 3D position as the flat outputs, avoiding redundant yaw planning
and reducing optimization complexity. In control, we incorporate OMMPC to handle
states on S2, improving tracking accuracy over the traditional PID with feedforward.

System integration remains challenging. Modules must be assigned to the onboard
computer or FCU and integrated to support high agility and high-speed autonomy,
and each improved module must be validated in the full system. This process can
expose new issues. For instance, communication between two computing platforms
introduced a small estimation delay that was amplified by high-speed rotation and
degraded aggressive-flight tracking. We addressed this by adding a delay-compensation
module that predicts states from the latest estimates using recorded IMU data. As a
result, PULSAR IT achieves more precise state estimation, enabling aggressive tracking
of high-speed figure-8 and flip trajectories and autonomous navigation with speed
exceeding 6 m s~!, whereas PULSAR flew conservatively at 1 to 2 m s™1.

2.9.4 Energy efficiency improvement

Compared with common quadrotor UAVs, single-actuator UAV demonstrates much
higher energy efficiency due to the reduced structural weight and higher energy con-
version efficiency of the propulsion system, which are quantitatively analyzed in [28].
Beyond that, PULSAR II further improves the overall energy efficiency by integrating
modern components and better design: (i) the AVIA LiDAR is replaced with the more
suitable Mid-360 LiDAR, reducing LiDAR mass by 233 g; (ii) the battery is replaced
with a higher energy-density one (i.e., 12 Wh increased and 50 g reduced); despite
PULSAR II is equipped with the protective frame and a more powerful computer, its
total mass still decreases by 112 g; (iii) the damping vanes are installed fully parallel
with the propeller downwash airflow to reduce air drag. Hence, PULSAR II achieves
an average hover power of 147 W (132 W of propulsion system and 15 W of electron-
ics), leading to an efficiency of 7.63 ¢ W' and a hover duration of 15 min 50 s (see
Supplementary Video 10). These results are higher than those of PULSAR [28] (i.e.,
6.7 ¢ W~! and 12 min 30 s).



3 Discussion

Extensive real-world experiments validated PULSAR II from four aspects: (i) an
ablation study based on trajectory tracking verified the effectiveness of actuator com-
pensation; (ii) aggressive trajectory tracking, including high-speed figure-8 and flip
flights, demonstrated precise and stable control; (iii) collision and disturbance tests,
including impacts during hover and forward flight, confirmed strong collision resilience
and robustness; (iv) high-speed autonomous navigation in complex unknown environ-
ments demonstrated reliable system-level autonomy and robust performance. These
experiments also verified long-term mechanical reliability. The sturdy carbon-fiber
protection frame with a stable overall structure prevents damage to the propeller
and damping vanes during collisions or crashes, preserving structural integrity over
extended operation. Adding bearings to the swashplateless mechanism resulted in very
slight wear during frequent flights, indicating consistent and reliable performance.

PULSAR II also has strong potential for diverse applications due to its omnidirec-
tional FoV, collision resistance, high agility, and high-speed autonomous navigation.
It is suitable for weak or unavailable GNSS environments such as dense forests, caves,
tunnels, and underground parking lots, and for search and rescue, disaster relief, and
terrain mapping tasks requiring autonomous navigation, obstacle avoidance, and high
mapping efficiency. High energy efficiency and extended flight duration further improve
endurance. State estimation currently relies on LiDAR-inertial odometry, which may
fail in open spaces with insufficient LiDAR returns. In most obstacle-rich environ-
ments, the omnidirectional FoV observes a larger portion of the surroundings and
provides sufficient points for stable state estimation in mapping. In future work, we
plan to integrate additional sensors such as GPS and a compass to ensure robust state
estimation even in fully open areas with few LiDAR points.

4 Methods
4.1 UAV dynamic modeling

4.1.1 Definition of coordinate frames

As shown in Fig. 10a, three coordinate frames are defined for UAV modeling: (i)
an inertial (ground-fixed) coordinate frame Z (basis vectors [x%,yZ,z%]) whose z-
axis is the same as the direction of the gravity vector, (ii) a body-fixed coordinate
frame B (basis vectors [xZ,y?, z8]) attached to the UAV body and whose origin
coincides with the UAV’s CoM, and (iii) a fictional coordinate frame F (basis vectors
[x”,y”,2”7]) whose origin and z axis coincide with B and has no z-axis rotation on
F (see Supplementary Note 6 for more details).

Defining wng = [wgw,wg’y,O]T, wgz = [070,0.)572]1-, then wh = wgw + wgz =
[wg’z,wg’y,wg’zr is the angular velocity of B and is represented in B. Since frame F

has no rotation on z axis, the rotation between F and B satisfies
R7P = R7P|wi .| (1)
According to the relation of coordinate transformation R*8 = RZ7R”75, we have
RIB — RIFRTB + RIFRT5. (2)
Also, the rotation kinematics of frames Z and F are
RS = RTS|wf 3)
where || represents the skew-symmetric matrix. Then, we can further obtain

RTE = R7Ewf,, | + R7E|wf |

+ RIFR]:B.



Combining Equations (2) and (4), we have

RZB ng,ny — RIFR7B (5)
and then it yields
R™” = R7R75|wf,, |(R7F)T = R [R7P0E,, | = R¥|WF]  (6)

where w; =R7 ng’zy is a new symbol introduced to represent the angular velocity
of the F frame and is represented in the F frame. This result indicates that the
attitude kinematics of RZ7 is purely determlned by the angular velocity of w%. The
z-axis component of w; is zero because wB’xy has a zero z component and R*5 is a
rotation only along the z axis of B. Additionally, due to the pure z rotation of R7B, we
have ‘"B L = ""B .. For simplicity, we define a new symbol 2% = ""B ., to represent the
angular Velomty of the rotor part (that is, the self-rotation of the UAV) with respect
to the F frame.

Equation (6) indicates that the fictional frame F implicitly defined by R75 in
Equation (1) also satisﬁes a rotational kinematics of RZ whose angular velocity can
be easily calculated by w% = =R” BwB +y- Lhis property is the foundation for establish-
ing the dynamic rotational model in the F frame to achieve self-rotation decoupling,
which enables better disturbance rejection performance (see the next section for
modeling and the experimental results of collision resistance).

4.1.2 Rotational dynamics in F frame

The total angular momentum L7 in Z frame is
LY = R (Tfwf +15QFf + 129Q%), (7)

where I7), I, I, are the inertia matrices of the whole UAV, UAV’s body (body part),
and UAV’s propeller and motor rotor (rotor part), respectively, which are all diagonal
and the first two elements on the main diagonal are the same. 27 and Q7 are the
angular velocities of the body part and the rotor part represented in the F frame,
respectively, and their directions are illustrated in Fig. 10a.

According to the angular momentum theorem L7 = MZ and M? = R M7, we
can obtain

M/ = |wF|(T5wF + I5Q% + IRQ%) + (I5wf + IZQ) + IRQ7) (8)

where M7 is the total moment vector in F frame. With |w%|IfwZ = 0 due to
15 O ony, we have

MY = [wF] (1505 + 150%) + I5wr + 1505 + 15927 (9)

Isolating the xy and z directions yields the rotational dynamic model in z — y plane
and in z axis as
Mfz = Iﬁﬂﬁ + Iﬁﬂm
where M, contains the x and y components of M/ with a zero component in z,
and MF has the z component of M/ with zero components in = and y.
Note that the total moments M7

(10)

consist of the controllable moment Mfy and

t,xy
the aerodynamic moment caused by air drag M7 oy We assume that the aerodynamic
moments are proportional to the angular velocity, which is M7 oy = —Kawf_- where

K, = diag(k,) is a diagonal coefficient matrix of aerodynamic moments. In the 2z axis,
there is no controllable moment and only the damping moment caused by the air drag
exerted on the body and propeller of the UAV, so we directly simplify Mt}- . =M.
Finally, the rotational dynamic model in the x — y plane is

M7, = |wF|(I5QF + I50%) + K.wh + Dok (11)



and that in the z axis is _ )
M7T =15QF% +12Q7. (12)

4.1.3 Dynamics of translation and attitude
Defining the system state as
x =[(p")", (v)T, ("), (13)

where pZ, vZ, n? are the position, velocity, and direction of F frame’s z axis (i.e., a

unit vector on S? manifold), all represented in Z frame. The system input is
I\TIT
u= [aT7 (w]-') ] ’ (14)
where ar € R! is the acceleration generated by the propeller’s thrust and w%— =

R%Z7 wf € R3 is the angular velocity of F frame represented in Z frame. Then, the
dynamic model of translation and attitude can be expressed as

pI VI
x= |vI| = |arnT +g* (15)
i | R

4.2 Differential flatness

Differential flatness means that all the system states and inputs can be expressed as
functions of selected flat outputs and their multi-order derivatives. This characteristic
reduces the complexity of trajectory optimization. Generally, the number of selected
flat outputs should be equal to the DoF of the system input [61, 62]. Although the
system input w%— is a R? vector, it only has two DoFs since its direction is always
orthogonal to n according to the definition (i.e., wfﬁz = 0). As a result, the total DoF
of inputs is three; hence, we can only choose the flat outputs as the position in the
inertial frame p? € R3. Its multi-order derivatives are velocity vZ = pZ, acceleration
al = pZ, and jerk £ = p L.
According to the second row of Equation (15), we can solve

v — g

ar = "——2— = [la’ — g7 (16)
]|
and : 1
R (17)
la* — g

Note that the attitude vector n? can be arbitrary if the denominator is zero. To avoid
a large variation in the attitude, we can set the attitude reference n the same as the
value of the last calculated result.

Apply derivation on both sides of the second row, obtaining

VI = arn® + arn?, (18)

which is equivalent to
it = arn® + ar|wk|nt. (19)

Multiplying (n%)T on the left of both sides yields

(0")T§* = ar (n”)"n” t+ar (07)" w0’ (20)
—— —_————
=1 =0

hence,



When ar is determined, substituting it back to Equation (19) leads to

ST (nI\T3TnT
whin? = @)D (22)
ar
Because wZ is always orthogonal to n?, wk can be uniquely determined as
iT I\TiZ,Z I(iT
—(n n n
ar ar

When ar is zero, we can keep w%— the same as the last calculated value to avoid
singularity.

Now, all states and inputs can be represented as functions of given pZ, vZ, aZ,
and jT. Since p%, vZ, aZ, and j% are the zeroth-order to third-order derivatives of flat
outputs pZ, we use the notation pZ(#7) to represent derivatives with orders from i
to j. Then, combining all component expressions of differential flatness above, we can

define the compact expression as
x =D, (p""?), u=D,(p"*?) (24)

where D, (-) and D, (+) are two functions denoting the state flatness function and input
flatness function, respectively.

4.3 Formulation of on-manifold model predictive control

With differential flatness, we can plan the desired trajectory for the UAV in terms of
flat outputs and convert them to the reference states and inputs. Building on this prior
information about the trajectory, model predictive control (MPC) is a suitable choice
for trajectory-tracking control, as it can optimize control inputs based on the future
trajectory and predicted future system states over a time horizon, while considering
system constraints.

We use the unit vector n% to represent the attitude of the UAV since there is no
need to control the UAV’s z axis due to free self-rotation. According to the definition
of S? manifold (i.e., a sphere), the attitude state n? in Equation (15) is a point
on it. Utilizing standard MPC formulation directly based on the system’s original
states and inputs, additional constraint has to be introduced to ensure that n” is
always on the manifold (i.e., |n%|| = 1). Also, representing n by a 3D unit vector
leads to an over-parameterization. These two factors increase the complexity of the
optimization problem. Hence, we use the error state of attitude defined in the tangent
space of the S? manifold to eliminate the manifold constraint and to achieve minimum
parameterization.

The illustration of the S? manifold and its R? tangent space is shown in Fig. 10b.
The tangent space of S? at the point of ng (the subscript k indicates the discretized
state) is a 2D plane orthogonal to ng . by and by are two orthogonal basis on this
plane and can be defined as differentiable functions of n% . Given another point nf 41
on the S? manifold, the error dnf € R? between nf and nf_, can be represented in
the tangent space orthogonal to n% by defining a B operation for the S? manifold
leading to (5nf = n%_H H n%. Meanwhile, given n% € S? and 6ng € R?, we can define
the H operation to calculate n% 1= n% H 5n% . (See Supplementary Note 3.3 for more
details about the definition of B and B).

Here, we established the bidirectional mapping between the S? manifold and its
tangent space. With the defined error state of attitude, the constraint of the manifold
(i.e., |nf| = 1) can be eliminated such that we can optimize the error state of attitude
in the Euclidean space (i.e., the tangent space € R?). Then, we modeled the dynamic
system through error states and linearized it at the current state (i.e., zero values of
error states), and finally lead to a linear, minimum-parameterized, error-state dynamic
system without manifold constraint (see Supplementary Note 3 for more details).



To control the system mentioned above, a MPC problem can be formulated as

N-1
min > (I16xk118, + I16ukllR, ) + 119xn]G
= (25)
s.t. (5Xk+1 = kaéxk + Fukéuk, 0X9 = OXinit
ou, €U, k=0,...,N—1

where Q and Ry are the weighting matrices for the error states and error inputs,
respectively, U = {duy € R? | Umin < Ugk +0ug < Upmax | being the input constraints,
0X;init being the initial error state, §x being the terminal error state. §xj is the system
error state and duy, is the system input that is optimized within the prediction horizon
N. As shown, the MPC problem has a standard form. It is easy to solve, because it
is formulated upon the linear, minimum-parameterized, error-state dynamic system
without manifold constraint obtained above. In experiments, we solve this optimal
control problem (OCP) onboard the UAV by quadratic programming (QP) solvers
[63).

When the optimization problem is solved successfully, the optimal solution
[dug, ..., duy ] with the length of the prediction horizon N can be obtained. The first
element of the optimal solution will be used to calculate the actual value of system
input (i.e., control effort) as u, = uy 4 B du} where uy, 4 is the reference trajectory of
the system input.

4.4 Offline trajectory generation for trajectory tracking

The trajectory optimization is to generate a smooth and dynamically feasible tra-
jectory for the UAV. The 3D trajectory pZ(t) : R € [0,7y] — R?® is a multistage
polynomial trajectory, and each stage of the trajectory pjz(t) :R€[0,t] —» R3isa
function of time ¢ with a duration ¢;. The trajectory is required to pass a sequence
of waypoints Q,, = (qi,...,qn) for the purposes of: (i) offline trajectory tracking,
the waypoints can shape the flight trajectory so that the UAV can perform a desired
flight; (ii) for autonomous navigation in environments with obstacles, the waypoints
can guide the path search direction of the A* algorithm and further generate a safe
flight corridor based on some key points on the path to constrain the trajectory within
the corridor [64-66]. Since the trajectory is a function of ¢, a waypoint q; is associated
with a time tq,. The one-to-one time sequence associated with the waypoint sequence
satisfies 0 < tq, <tqo < ... <tgqy < T%.

The goal of trajectory optimization is to minimize the control effort u to reduce
energy consumption and the duration time T to ensure a suitable flight speed while
satisfying some constraints. Hence, we formulated the optimization problem as

T

Jmin [ a(Ow.dt+ o7 (262)
st x(t) = Do(pTOD (1), u(t) = Du(p=@3 (1)) (26b)
p=O9(0) = s, p© O3 (T}) = s¢ (26¢)

pl () = pTP(0), Vi =1, M — 1 (26d)
ti<ti, Vj=1,..,M—1 (26e)

P’ (tq) =aqi i=1,..,N (26)
xf(t)eX, ul(t) e U (26g)

where W, € R3*? is a positive diagonal matrix penalizing the control effort u(t),
p > 0 is the penalty of duration time T, N is the total number of waypoints, and M
is the total stage number of polynomial trajectories.

The optimization problem shown in Equation (26) is a nonlinear constrained
optimization problem with 6 constraints. The first one (26b) is the differential flat-
ness transform mentioned in Equation (24). The second one (26¢) is the initial state
so € R'2 and the terminal state Sy € R!2 for the flat outputs and their derivatives.



The notation pZ(%3) represents the derivatives with orders from 0 to 3. The third one
(26d) and fourth one (26¢) ensure the continuity of each of the two stages of trajec-
tories. The fifth one (26f) is the constraint of waypoints to ensure that the trajectory
passes through the waypoints at specified times. The sixth one (26g) is the boundary
constraints for both state and control effort, where X = {x € R® | X;yin < X < Xpmax}
and U = {u € R3 | upin < u < upax} are the feasible sets of state and control effort,
respectively. We solved this optimization problem by leveraging a state-of-the-art flight
trajectory optimization framework, MINCO [58].

4.5 Actuator modeling and compensation

The actuator, a motor with SLM, generates both thrust and moments. However,
the characteristics of moment generation (e.g., moment magnitude and delay angle
of moment direction) depend on the input of sinusoidal magnitude and the current
motor speed. In previous work [28], the actuator model did not consider such charac-
teristics dynamically, leading to obvious errors in the magnitude and direction of the
moment under different operating conditions. As a result, the UAV tends to deviate
from the desired trajectory, especially in high-speed trajectory tracking with a wide
changing range of motor speed, resulting in insufficient agility. To solve this problem,
we continue to adopt a data-driven approach to establish the actuator model, as it
can directly capture the system’s main dynamics in actual working conditions with-
out building a complex dynamic model containing nonlinear, high-coupling terms of
the swashplateless mechanism. The remaining unmodeled dynamics are expected to
be further handled by the DOB design.

To collect data, we first built a test stand as shown in Supplementary Fig. 2, which
can measure the thrust and moment generated by SLM as well as the rotor angle,
rotor speed, input voltage, and current of the motor, with time synchronization for all
data (see Supplementary Note 2). Then, with sufficient data collected from the test
stand, we established the static model through data fitting and the dynamic model via
system identification. For the static model, we modeled two functions in polynomial
forms. The first is that the coefficient of moment magnitude is modeled as a 2D
nonlinear function of both the motor speed and the inputted amplitude of sinusoidal
voltage. The second is that the delay angle of the moment direction is modeled as a 1D
function of motor speed. Then, the unknown parameters of the polynomial functions
are determined by solving the optimization problem with high accuracy. This static
model is finally used in the low-level control system to compensate for the nonlinearity
of the actuator.

For dynamic modeling, we assumed the dynamic actuator model is linear and iden-
tified it based on the data obtained from the test stand (see Supplementary Note 2).
The identification result is a transfer function with a non-minimum phase character-
istic, which is used for the DOB design to enhance disturbance rejection performance
(see Supplementary Note 7).

4.6 Disturbance observation
4.6.1 Overview of disturbance observer

To enable collision resistance, in addition to the structural design of the protection
frame, the control system’s robustness against external disturbances during colli-
sions should also be enhanced. DOB is an inner-loop output-feedback block capable
of actively estimating and compensating for both external disturbances and internal
model uncertainties in real time, which means that the closed-loop system with the
DOB can approximate the system performance of the baseline controller and the nom-
inal plant model. It is adopted for the following reasons: (i) its modular architecture
enables seamless integration into existing low-level control system; (ii) its frequency-
domain-based design aligns well with the identified frequency-domain model of the
actuator; (iii) DOB can handle a part of model uncertainties existing in the identified
actuator model; and (iv) it has good compatibility with MIMO systems, effectively
mitigating cross-coupling effects. Hence, a DOB is designed in the frequency domain
and embedded in the control system of angular velocity, as shown in Fig. 10c. Since



the gyroscopic effect introduces cross-axis coupling in the rotational dynamics of the
x and y axes, we formulated the disturbance observer as a MIMO system.

For an external disturbance moment, its primary component is generally dis-
tributed in a range of low frequencies. However, when this signal is represented in the
body frame B, it couples with a frequency of self-rotation. The coupled frequency due
to self-rotation increases the frequency distribution of the signal to a higher range,
resulting in a performance reduction of the DOB. Hence, we designed the DOB using
the dynamic model established in the fictional frame F, which eliminates the coupling
effect, allowing the DOB to effectively attenuate the original frequency component of
the external disturbance moment.

4.6.2 Structure of disturbance observer

The structure of DOB is shown in Fig. 10c, highlighted with an orange background.
All inputs, outputs, and internal dynamics of the system have 2 x 2 multi-input-multi-
output (MIMO) form. The three inputs are the reference input of angular velocity r,
the disturbance input d, and the noise input n. The only output is the system output
y (i.e., the actual angular velocity). For internal dynamics, G(s) is a plant model
with parameter uncertainties (see Supplementary Table 1) while G, (s) is a nominal
model without uncertainty. C(s) is a designed proportional-integral (PI) controller
with tuned parameters (K, = diag([0.19,0.19]),K; = diag([0.25,0.25])) according
to simulations based on the nominal model and actual flight performance. L(s) is a
second-order Butterworth low-pass filter with a cut-off frequency of 40 Hz. This setting
is to attenuate the primary vibration caused by the propeller with a frequency range
from about 58 Hz to 134 Hz (i.e., 3500 rpm to 8000 rpm). There are two L(s) existing
in the system. One is used to filter out the noise of y,, while the other is to compensate
for the phase of u. such that it synchronizes with y,,;, which is crucial to DOB design.

Q(s) is also a low-pass filter to ensure that Q(s)(G(s))~! is causal and further
suppresses the noise n. The poles of Q(s) are key for the DOB design. Therefore, we
optimized the parameters of Q(s) with the H-infinity method, resulting in robust and
quantifiable performance. More detailed working principles of DOB can be found in
the Supplementary Notes 7.

4.7 p synthesis for designing disturbance observer
4.7.1 Structure of generalized system

The poles of the low-pass filter Q(s) (i.e., the coefficients ¢; in Supplementary Equation
(S55)) are very crucial for the performance of DOB. An option to determine coefficients
is to tune them manually, but this process is inefficient and cannot guarantee the
robustness of the uncertainty of the plant model. p synthesis is a synthesis method for
uncertain models that combines two modules, H-infinity synthesis and p analysis, to
optimize the closed-loop robust performance under specified model uncertainties [67].
We adopt the p analysis to systematically optimize the coefficients of Q(s), which is
efficient, robust, and quantifiable.

We first restructured the angular velocity control system shown in Fig. 10c to
a generalized system shown in Fig. 10d, such that it becomes a suitable structure
for p synthesis. The external loop of the angular velocity control system constitutes
a generalized plant model P(s) (purple area) and the DOB structure is extracted
as a virtual controller K(s) (orange area). The generalized system has four sets of
signals: the generalized disturbance input W (s), error output Z(s), generalized system
input U(s), and generalized system output Y (s). More specifically, W (s) contains two
signals, which are noise input n,, and disturbance input d.,. Z(s) comprises disturbance
observation error de;or which is a new evaluation signal used in p synthesis. Y (s)
includes filtered output with noise y,; and desired actuation ug, which are also two
input signals of DOB. U(s) is equivalent to the observed disturbance des; outputted
from DOB.



4.7.2 Weight function and H-infinity optimization

We defined two transfer function matrices. The first is T4(s) that describes the relation
from d to desy and the second is T, (s) that describes the relation from n to deg. Ideally,
we expect them all to have small gains to ensure the performance of disturbance
rejection and noise attenuation for the whole frequency range. However, we cannot
achieve it at the same time, as better disturbance rejection performance leads to worse
noise attenuation performance (see the Supplementary Note 7). In the actual system,
the disturbance is mainly a low-frequency signal while the noise is mainly a high-
frequency signal, which requires a suitable Q(s) to ensure that Ty(s) has small gains
in the low-frequency range and T, (s) has small gains in the high-frequency range.

To achieve that, two frequency-dependent weighting functions Wy(s) =
diag([Wa(s), Wa(s)]) and W, (s) = diag([W,(s), W,(s)]) are introduced, and their
shape of the Bode diagram can be freely specified. As shown in Fig. 10d, the K(s) has
a fixed structure with adjustable poles of Q(s) (noted @p(s)). Then we can construct
the H-infinity optimization problem as

’ [vvgﬁigiﬁiﬂ Hw (27)

To ensure that K(s) is causal, we fixed the order of Qp(s) to 3, which is equal to the
order difference between the numerator and the denominator of G, 1(s).

According to Equation (27), a higher weighting function gain leads to a lower
weighting function gain at a certain frequency. We designed the shapes of the Bode
diagram of the weighting functions Wy(s) and W, (s) with the following considerations:

min
Qp(s)

(i) Wy(s) = mﬁ%, its reciprocal —‘/le—(s) has small gains in the low-frequency

range with a cross frequency of 1 Hz to ensure disturbance rejection performance, and
(i) Wa(s) = 1X12;is32(;592'2i6fs5g§‘x516§f 10° ' its reciprocal ﬁ(g) has small gains and a
slope of -40 dB in the high-frequency range, with -15.3 dB attenuation at 60 Hz. This
is to ensure noise attenuation performance because the most obvious noise source is
propeller rotation with a frequency range from 58 to 133 Hz. The Bode diagrams of
the reciprocals of the weighting functions are shown in Supplementary Fig. 10.

With the designed weighting functions, the optimization problem in Equation (27)
with an uncertain plant model G(s) can be solved by p synthesis with the function
musyn of the MATLAB Robust Control Toolbox. p synthesis first finds a suitable
®p(s) that minimizes the gain of the closed-loop system with a nominal plant model
using H-infinity synthesis. Then, it utilizes an iterative process called D-K iteration
to solve a sequence of H-infinity problems with uncertainty. The D step performs
a robustness analysis to estimate the robust H-infinity performance of the closed-
loop system, with the quantity expressed as a scaled H-infinity norm which considers
the uncertainty. The K step uses the H-infinity synthesis to find a controller that
minimizes the H-infinity norm in the D step. These two steps are repeated until robust
performance improvements stop. More detailed optimization results of p synthesis can
be found in Supplementary Notes 8.

Data availability

Source data are provided with this paper.

Code availability

Source code and design files of this work are available on the Code Ocean platform
and the GitHub repository: https://github.com/hku-mars/PULSAR2.
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main_figures/Figure 1.pdf

Fig. 1: Overview of the single-actuator UAV. a (i-ii) PULSAR II can fly autonomously
in dense woods with clutter and fly in a parking lot at high speed of over 6 m s™!.
(iii-iv) PULSAR II has high agility that tracks aggressive flip trajectory, and collision
resistance that pushes obstacles away during forward flight. b (i) The inherent self-
rotation can naturally extend the original LiDAR field of view (FoV) (blue area) to the
omnidirectional FoV (yellow area). (ii) Before take-off, the original FoV can observe
only a portion of the environment such that the built point cloud map is obviously
incomplete. (iii) After take-off, the omnidirectional FoV due to self-rotation enables
PULSAR 1II to build a complete point cloud map covering the whole environment

without any unobserved area.
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Fig. 2: Mechanical structure and components of PULSAR II. a Overall structure and
information of the main components including weight, brand, type, specification, or
materials. b Detailed structure of the propulsion system and swashplateless mecha-
nism. ¢ Electronic components onboard the UAV.
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Fig. 3: Control system structure. a Overall structure of the control system. b Detailed
structure of the low-level control.



main_figures/Figure 4.pdf

Fig. 4: Ablation experiments for evaluation of actuator compensation through tra-
jectory tracking. a Overlaid photos of the tracking of helix trajectory when actuator
compensation is enabled. (i) Front view. (ii) Side view. b Flight data for tracking a
helix trajectory. The legends of “w/o comp.”, “w/ comp”, and “ref.” represent “with-
out compensation”, “with compensation”, and “reference trajectory”, respectively. (i)
3D position and 3-axis positions. (ii) Velocity norm and 3-axis position errors. ¢ Over-
laid photos of the tracking of tilted figure 8 trajectory with 5-s period when actuator
compensation is enabled. (i) Front view. (ii) Side view. d Flight data for tracking a
tilted figure 8 trajectory. Legend definition is the same as before. Without compensa-
tion, the UAV failed to track the reference trajectory and crashed halfway, indicated
by the dropping of blue line in z axis. (i) 3D position and 3-axis positions. (ii) Veloc-
ity norm and 3-axis position errors.
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Fig. 5: Tracking of tilted figure 8 trajectory with two periods, each for 4 s. a Shape of
the figure 8 trajectory. (i) Overlaid photo during tracking of a section of the trajectory
(flight from P1 to P2). (ii) Planned trajectory in the simulator (the section from P1 to
P2 is corresponding to (i)). b Violin plot of the position error norm for all 6 experiments
(3 times for OMMPC and PID with feedforward (PID+FF), respectively). The shape
of the violin plot represents the density of the data distribution, with the red point
indicating the mean value. The black error bar denotes the range between the 25%
(lower quartile) and the 75% (upper quartile), capturing the central 50% of the data.
¢ Tracking performance comparison of the high-speed figure 8 trajectory with two 4-s
periods. The trajectory tracking experiments are performed for 6 times in total, with
3 times for PID or OMMPC, respectively. The central line represents the mean value
and the error band (i.e., shadow area) indicates the maximum and minimum values. (i)
Position in three axes. (ii) Position error in three axes. (iii) Three components of the
attitude unit vector on S? manifold. (iv) Attitude error in the tangent space R? and
the attitude angle error (defined by a scalar intersection angle between two vectors on
S2). (v) The velocity norm, the control efforts of angular velocity norm, and thrust.
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Fig. 6: Tracking of flip trajectory. a Shape of the flip trajectory. (i) Overlaid photo of
the whole tracking process. (ii) Planned trajectory in the simulator. b Violin plot of
position error norm for all 6 experiments (3 times for OMMPC and PID with feedfor-
ward (PID+FF), respectively). The shape of the violin plot represents the density of
the data distribution, with the red point indicating the mean value. The black error
bar denotes the range between the 25% (lower quartile) and the 75% (upper quartile),
capturing the central 50% of the data. ¢ Tracking performance comparison of the flip
trajectory. Content explanations are same as the previous figure.
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Fig. 7: Collision resistance of PULSAR II. a Snapshots of collision with a dropping
ball during hover flight. b Curves of 3-axis position errors and attitude angle error
during ball collision with different control configurations. Each type of experiment is
conducted for 3 times and the lines in the figures are the mean values. ¢ Violin plot of
3-axis position errors and attitude angle error. Each type of experiment is conducted
for 3 times and all 3-times data are merged into one violin plot. The shape of the violin
plot represents the density of the data distribution, with the red point indicating the
mean value. The black error bar denotes the range between the 25% (lower quartile)
and the 75% (upper quartile), capturing the central 50% of the data. d Snapshots
of collision with an unfixed box during forward flight. e Position, velocity norm, and
attitude responses during box collision with different control configuration. Each type
of experiment is repeated 3 times and the data lines represent the mean values of the
3-times experiments.
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Fig. 8: Autonomous navigation in a dense woods with loop and star trajectories.
a Top view of the point cloud map built in real time when performing autonomous
navigation with the loop trajectory. The blue stars represent the guide points and
the yellow arrows indicate the zoom-in directions whose views are shown in the right-
side figures. b (i-iii) Zoom-in trajectories with corresponding snapshots in real world
with red arrow pointing to the UAV. ¢ Data of the autonomous navigation with loop
trajectory. (i) Position and errors. (ii) The three components of the attitude vector
on S? manifold. (iii) velocity norm, angular velocity norm, and thrust. d Top view of
the point cloud map built in real time when performing autonomous navigation with
the star trajectory. e (i-iii) Zoom-in trajectories with corresponding snapshots in real
world with red arrow pointing to the UAV. f Data of the autonomous navigation with
star trajectory.
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Fig. 9: Autonomous navigation in an underground parking lot. a Top view of the point
cloud map built in real time. The blue stars represent the guide points and the yellow
arrows indicate the zoom-in directions whose views are shown in right-side figures. b
(i-iii) Zoom-in trajectories with snapshots in real world. ¢ Data of the autonomous
navigation. (i) Position and errors. (ii) The three components of the attitude vector
on S? manifold. (iii) velocity norm, angular velocity norm, and thrust.



main_figures/Figure 10.pdf

Fig. 10: Illustration of the coordinate definition, the attitude state on S? manifold,
and the system structure of disturbance observation. a Three coordinate frames are
defined for PULSAR II which are inertial frame Z, body-fixed frame B, and fictional
frame F. Both frames B and F are fixed on the center of mass (CoM) of UAV and
their z axes are same. Frame F has zero angular velocity in z axis while frame B has
a z-axis angular velocity due to self-rotation. The rotation matrix R7 2 describes the
transformation of coordinates from B frame to F frame and the rotation matrix R%%
describes the transformation of coordinates from F frame to Z frame. Three CoM are
depicted, which are CoM of rotor part including motor’s rotor and propeller, CoM of
the body part (i.e., the whole UAV excluding the rotor part), and CoM of the whole
UAV. b Illustration of the attitude state on S? manifold and its R? tangent space which
are the bases for minimum parameterization of the OMMPC. ¢ System structure of
angular velocity control with disturbance observer (DOB) and explanations of signals.
d Structure of the generalized system for the optimization of DOB parameters via p
synthesis.
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