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Abstract— This paper presents a general control framework
for multicopters equipped with tiltable rotors (tilting mul-
ticopters). Differently from classical flat multicopters, tilting
multicopters can be fully actuated systems able to decouple
position and attitude control. The proposed framework has
been transparently integrated into the widely used PX4 control
stack, an open-source controller for ground and aerial systems,
to fully exploit its high-level interfaces and functionalities and,
at the same time, simplify the creation of new devices with
tilting propellers. Simulation tools have been also added to the
PX4 simulation framework, based on its Software-In-The-Loop
(SITL) system and a set of simulated experiments in a dynamic
robotic simulator have been carried out to demonstrate the ef-
fectiveness of this system. Moreover, to demonstrate the usabil-
ity of the proposed framework, initial experiments with a real
platform have been carried out. The proposed control frame-
work is accessible at the following link: https://github.
com/prisma-lab/PX4_tilting multicopters

I. INTRODUCTION

Over the last decades, the usage of [Unmanned Aeriall
systems has massively grown. This growth is
motivated by their maneuverability and massive modularity
for the onboard sensing equipment (i.e. cameras, LIDARs,
thermal cameras, etc...). Thanks to the improvements in the
hardware devices and the strong aerial robotics community
that provides new efficient control techniques, can
nowadays be employed in industrial applications like indus-
trial plants inspection [1]-[4], surveillance [5], [6], remote
sensing and similar.

In recent years, aerial robots have been used also in
that domains requiring interaction with the environment
(see [7]). In this context, these robots take the name of
[Unmanned Aerial Manipulators (UAMs)| The ability of a
to reach high-altitude locations along with their
capacity to stay in contact with the environment makes
them attractive systems for industrial companies to perform
inspection and maintenance operations. In this domain, one
of the most efficient flight configurations for multicopters
is represented by a special class of called tilting
multicopter (see Fig. [T), where the motion of their floating
base is obtained by modifying the orientation of its pro-
pellers [8]. The actuation capability of such platforms has
been proven to be very suitable to enable safe aerial-physical
interaction, obtaining better performance in flight and high
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Fig. 1: Fully actuated tiltable coaxial octocopter

disturbance rejection [9], [10]. Tiltrotors can be equipped
with actively tiltable rotors (tiltable or tilting) and fixed tilted
rotors (tilted). Tiltable drones [11] consist of a rigid base
frame and multiple propellers attached to that with actuated
servomotors. In this way, the propellers can be oriented
towards different directions, enabling a fully actuated system.
Differently, tilted drones [12] are equipped with multiple
propellers oriented toward different directions and fixed to
the robot’s base frame. The proposed framework is focused
on the modeling and control of tiltable multi-copter. Such
devices are nowadays employed in more and more tasks
[13]-[15]. However, the current platforms rely on custom
hardware solutions and flight controllers also when they are
implemented on open-source autopilots, like the well-known
PixHawk board [16].

Among the different solutions present in the literature,
PX [17] is one of the leading open-source autopilots for
drones devoted to controlling a wide range of unmanned
vehicles, like ground rovers and underwater robots.
Close to our domain, various rotary-wing platforms are
supported by the PX4 control stack, namely single, tri, quad,
hexa, octa copters. [Vertical TakeOff and Landing (VToL)
aircrafts [18] are supported as well. These systems consist of
two different configurations: one to achieve vertical motion
(during the takeoff and land) and one to plane during
the flight. However, no tilting multirotor systems are cur-
rently supporte Other control frameworks for autonomous
aerial and ground mobile robots are the iNAV [19] and
Arducopter [20] control stacks. The performance of these
firmware has been compared in [12]. Despite the perfor-
mance and supported functionalities of such autopilots being
comparable, PX4 is becoming the leading research platform

"https://px4.io/
2 At the time this paper is being written, the latest stable release of PX4
is the v1.13
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for drones, from consumers to industrial applications. It has
one of the biggest open-source communities and collaborates
with several hardware manufacturers to assure compatibility
between the software and the hardware, simplifying the
development and the usage for the users.

In this context, the main contribution of this work concerns
the development of a set of modules integrated into the PX4
flight stack to set up and control generic tilting multicopters.
With this tool, developers can add new tilting rotor airframes
without losing the high-level functionalities of the PX4 stack,
like the interface with the remote controller and the ground
control station, the safety checks and the interfaces with
all the compatible external sensors and actuators (i.e. the
landing gear, the GPS antennas, etc...). Moreover, simulation
models of tiltable drones have been added to the [Software-]
In-The-Loop (SITL) simulation environment of PX4. In
particular, these models have been imported in the Gazebo
simulator [21] to test the control framework in a physical,
realistic environment.

We tested the proposed framework with two kinds of
platforms: an H-shaped drone with one-direction tiltable
rotors and a fully-actuated tiltable coaxial octarotor. The
effectiveness of the proposed control system has been tested
in simulation, in which a set of trajectories have been tracked.
In addition, initial tests on a real platform have been carried
out and here discussed.

The rest of the article is structured as follows. In Section[[I]
the motivations of our work are reported. In Section |III| a
brief description of the tiltrotors considered in the evaluation
case studies is reported. In Section the overall system
architecture is explained. In Section [V]the user interface used
to configure the tilting UAV is described. In Section a
set of simulation case studies demonstrate the framework’s
effectiveness. Finally, in Section the conclusions of this
work are reported.

II. MOTIVATIONS

Conventional multicopters have been extensively used in
recent years for a bunch of applications. These vehicles
have six [Degrees of Freedoms (DoFs)| (i.e. three translations
and three rotations) with four control inputs, making this
system under-actuated. In particular, for flat multicopters,
the two representing the rotations of the body frame
around the = and y axes are coupled with the one of the
position. As consequence, the orientation of the platform
changes accordingly with the change of its position, causing
disturbances to eventual sensors attached to the floating
base, like cameras, LIDARs and similar. Differently, tilting
multicopters have additional thanks to the possibility to
change the orientation of their propellers. In this way, consid-
ering the platform’s total number of position-tracking
tasks can be achieved without modifying the orientation of
the floating base.

One of the first works concerning the modeling and control
of a tiltable drone is presented in [22], where the dynamic
model of a tiltable drone has been derived and its controller
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Fig. 3: H-shaped one-tilt coaxial octocopter

has been implemented and tested using numerical simula-
tions, while in [23] the same model was experimentally
evaluated with real-world tests. However, the drone used to
validate the control approach was a pure research platform.
Moreover, since that time different other tiltable or tilted
drones have developed to reach industrial standards. Some
examples of these devices are the APPELLIX [24], Texo
Drone Survey Inspection platform [25], Ronik Inspectioneer-
ing UT device [26] and Voliro inspection drone [27] [28].
Despite the wide number of tiltable platforms that can be
found in the literature, a common, open-source and config-
urable autopilot for such systems is not present yet.

III. TILTABLE DRONE CONFIGURATIONS

Even though the proposed framework is general and
permits configuring any kind of tiltrotor, in this work we
consider two types of tiltable drone configurations: the H-
shape one-tilt and the fully actuated. The first one takes the
form of a traditional H-shape multirotor, where the rotors
are placed at the corners of the arms that form the shape
of an H. The difference with the standard one consists
of one or more servomotors, added to rotate the rotor-
propeller groups around the arm’s transversal axis (Fig. [3).
Depending on the front axis orientation relative to the H
shape, the drone is capable of moving forward and backward
without changing its pitch angle, or left and right without
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Fig. 4: Architecture of the customized version of PX4. The modified modules are highlighted with an azure background,

while the unmodified modules have a white background.

changing its roll angle. This configuration can be useful
in those applications where the drone needs to generate a
desired force in only one direction, for example, pushing
on a surface to perform some measurement with a spe-
cific sensor. The second configuration, instead, can take the
form of several standard configurations, such as quadrotors,
hexarotors, octorotors and so on. The difference here consists
in the presence of one servomotor for each arm, with the
rotation axis transversal to the arm (Fig. 2). Thanks to this
configuration, the drone is able to move in all directions
without changing its orientation and vice versa. The ability
to perform more precise movements and to generate a force
with any orientation while the drone maintains its attitude,
makes these systems appealing for environment interaction
tasks.

IV. PX4 CONTROL FRAMEWORK FOR TILTABLE
MULTICOPTERS

A. Mathematical Notation

The multirotor UAV coordinate systems are shown in
Fig. where B (28,95, 28) denotes the body
fixed frame, attached to the UAV’s center of mass, and
W o (2,9, 2") denotes the global world coordinate
system. Let p” = [2V,y",2]T € R? be the position
vector, n = [¢,0,9]T € R? be the attitude vector with
®a, 04,14 being the desired roll, pitch and yaw Euler angles,

w = [wp,wp,wy]l € R3 be the angular rate vector,
5 = [f7, 57ff]T € R3 be the force vector, 75 =

(74,70, Tp)T € R3 be the torque vector. Following in this
paper, with (-); will be indicated the desired quantities and
the measured one without any subscript while, since the
reference frame of the quantities presented above will not
change, the apexes relative to the reference frame will be

omitted for ease of writing.

B. Software Architecture

The software architecture of the proposed framework is
integrated into the PX4 control stackE| with some changes
in the controller and allocation modules. A sketch of the
proposed architecture is depicted in Fig. ff] where our main
contribution is highlighted in boxes with azure background,
integrated with the ones already available in the PX4 stack
(boxes with white background).

Starting from the conceptualization of the PX4 architec-
ture, the software modules reported in Fig. d can be logically
divided into high-level and low-level modules. The high-level
ones implement communication interfaces to command the
drone in teleoperation or autonomous mode and reconstruct
the state of the during the flight. Differently, the
low-level modules implement the position, the attitude and
the direct motor control to actuate the platform. A
[Width Modulation (PWM)|signal is generated for each motor
of the platform, namely the motors for the propellers and
the servomotors to tilt the propellers. This data is directly
sent to the robot’s actuator drivers when the firmware is
run on a real system, and to the simulated models if the
simulation layer of the PX4 software is enabled. Here, the
simulation layer implements a mechanism to bring
the firmware architecture in a simulated [UAV] platform and
environment to a local machine. Among the different tools,
Gazebo dynamic simulator [21] is supported as well. In this
context, specific simulation models suitable for the Gazebo
simulator, representing the two tiltable multicopters tested in
this work, have been implemented and deployed.

High-Level modules

Like a standard using the proposed framework a
tilting multicopter can be controlled using different flight
modes. Here, flight modes define how the autopilot can be
commanded. For a matter of simplicity, we mainly discuss

3https://docs.px4.io/v1.12/en/concept/
architecture.html
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the autonomous and teleoperated control modes (i.e. stabi-
lized, position and offboard modes). To interact with the
aerial platform with a classical radio transmitter, the Radio
Controller (RC) module can be used. Depending on the
designated control mode, the RC can be used to specify the
desired position (p)Y) and attitude (r,) or directly specify
the desired forces (f¥) acting on the platform and the
attitude. Differently, the autonomous flight mode enables the
control of the platform from a remote/onboard computer. In
this case, the desired position and attitude (constrained to the
total of the platform) are commanded.

Finally, to enable position and autonomous control, the
state of the must be known. For this reason, the
Position & Attitude Estimator module fuses different in-
formation sources like the GPS, optical flow, external pose
estimation, IMU, and so on to calculate the position ®"™)
and orientation (1) of the platform during the flight.

It is worth to notice that these modules have not been
modified with respect to the classical PX4 control stack.
Meaning that the output of these modules has not been
modified, while the way these data are processed by the low-
level modules has been customized.

Low-Level modules

The low-level modules of the system architecture cooper-
ate to generate the control input for the real/simulated plat-
form. In this context, the Position Controller module consists
of a cascade of a proportional control action for the position
error and a PID controller for the linear velocity error. In
this module, the control law has not been changed, but its
output is used differently. Considering a flat multicopter, the
desired velocities in the horizontal plane are transformed into
desired roll and pitch angles that are given as input to the
attitude controller, due to the under-actuation of the system.
Therefore, the outputs of the position controller for a flat
multirotor are 1, = [¢4,04]7 € R? and the total thrust
fa = f. € R. Since drones with tiltable rotors have more
they can also move in the horizontal plane without
changing one or both angles mentioned above, depending
on the tiltable configuration (Sec. [[T). For example, with an
H-shaped one-tilt configuration as shown in Fig. [3] the drone
can move forward and backwards tilting the rotors without
changing its pitch angle. In that case the outputs of the po-
sition controller are 1/, = ¢4 € R and fq = [f,, f-]T € R2
Instead, with a fully actuated tiltable configuration (Fig. [2)),
position and attitude controllers are independent and the
output of the position controller consists of the desired force
vector f; = [F,, F, F.]T € R only.

The Attitude Controller module consists of a proportional
control action on the attitude error. In the case of a standard
multirotor, the roll and pitch desired angles come from the
position controller, while the yaw angle reference is given as
the desired state from the external inputs. Thus, the inputs
of this module are ng = ¥4 € R and 1/, = [¢q,04)" € R
With tiltable drones, instead, the input vectors are 1g =
[pa,a) € R? and 7}, = 64 € R, or g = [04,%4) € R? and
1%, = ¢4 € R in the case of H-shaped one-tilt configurations

and ng = [¢q,04,%4] € R3 in the case of fully actuated
tiltable configuration. The output of this module is the
desired angular rates vector for all the configurations. In the
end, the Rate Controller module consists of a PID controller
that gives as output the desired torque vector.

Finally, the Control Allocation module is where the desired
forces and torques vectors are allocated to generate the
desired angular velocities for the propellers, given as [PWM
signals to the motor drivers or the simulated multirotor. The
input vectors are allocated through the allocation matrix as
written in equation, where n € RY is the vector of the
propeller’s angular velocities with NV € R being the number
of rotors, A € R®*¥ is the allocation matrix that depends
on the rotors configuration and parameters (Fig. , with A
being the Moore-Penrose inverse.

2 fa
n?=Af { iy } (1)
This module has been modified to take into account the
new tiltable-rotors multirotors airframe family. For the H-
shaped one-tilt configuration has been added the mapping
of the desired angle on the servo motors, while for the
fully actuated tiltable configuration has been changed the
entire allocation matrix. More specifically, with the settings
from the user interface (Fig. [5), the module generates a
static allocation matrix A sqtic € RE%2N [28] that allows to
compute the forces vector fiec = [fu,; fiys s fons fin]? €
RN, with f,, and f;, for i = 1,..., N being the vertical
and horizontal force of each rotor. At the end, from f,.. are
computed the propeller’s angular velocities and the desired
angles of the servo motors.

Parameter server

To customize the tiltable drone configuration and tune
its control, a new set of parameters is available with the
proposed firmware. As described in Section the pa-
rameters related to the drone’s configuration are used to
specify the type of tiltable drone, the number of rotors
and servomotors with their rotation limits. To tune the
control of the drone, in addition to the already present
control gains, we added few parameters related to the
horizontal forces and desired body attitude bounds. More
specifically, the parameter MC_MAX _FXY is used to limit
the maximum and minimum value (expressed in Newton)
of the forces that the drone can exert along x and y
axes. The parameters introduced to limit the desired body
attitude are MC_DES_PITCH_-MAX, MC_DES_PITCH_MIN,
MC_DES_ROLL_.MAX and MC_DES_ROLL_MIN, which
they represent the boundaries for the desired roll and pitch
angles, expressed in degrees.

V. USER INTERFACE

To manage the firmware settings, the various parameters
and the communication with the drone, PX4 users usually
utilize the [Graphic User Interface (GUI)| [QGroundContro]|
(QGCﬂ Being the proposed framework fully integrated

4http://qgroundcontrol.com/
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Thrust
Rotors Position X Position Y coefficient Direction CCW

Rotor 1 (Motor 1): [o3s | [o3s | [ss |
Rotor 2 (Motor 2): [035 | [-035 | [es | [
Rotor 3 (Motor 3): [-035 | [-035 | [es |
Rotor 4 (Motor 4): [-035 | [o3s | [6s | [
Rotor 5 (Motor 5): [035 | [-035 | [65 ]
Rotor 6 (Motor 6): [035 | [o3s | [es | [
Rotor 7 (Motor 7): [-035 | [o3s | [65 ]
Rotor 8 (Motor 8): [-035 | [-035 | [es | [J
Tilt Servos

e e M it pirection
Tilt 1 (Servo1): [-4s | [as ] [TowardsFront ~]
Tilt2 (Servo2): [-4s | [as |  [TowardsFront -]
Tilt3 (Servo3): [-as | [45 | [TowardsFront -]
Tilt4 (Servo4): [-4s | [as | [TowardsFront -]

Tilting drone type:

Fig. 5: QGC interface to set up a tiltable drone

with the original autopilot firmware, [QGC| can be used to
set up the tiltable drones as well. Thanks to the dynamic
control allocatiorﬂ one of the new features introduced in the
firmware, the user has the possibility to setup the geometry of
its drone in the actuators configuration panel. Starting from
that, we added some new parameters that are related to the
configuration of a drone with tiltable propellers. As shown in
Fig. E], in addition to the rotors section, where it is possible
to set the number of the rotors and their position with respect
to the flight controller position, there is the one dedicated to
the servomotors. This panel is used to set up the actuators
that tilt the propellers and the tiltable drone configuration.
The tilt direction parameter for the servomotors is used only
for the H-shaped one-tilt configuration, to specify if the
propellers rotate toward the front or the side of the drone.
While, with the fully actuated configuration is not needed
to specify the direction because is always considered that
the servomotor rotation axis is transversal to the arm of the
drone. The maximum and minimum angle values are used
to set a limit for the servomotors. This value can be related
to the mechanical limit of the servomotors or a safety limit
that the user wants to impose, keeping in mind that it will
influence also the flight performance.

VI. CASE STUDIES
A set of experiments has been carried out to demonstrate
the effectiveness of the control framework. The tests aimed

Shttps://docs.px4.i0/main/en/concept/control_
allocation.html

at showing stabilization and trajectory tracking of the two
airframes previously introduced (see Fig. 2}f3). Two kinds
of simulation tests were performed. A trajectory tracking
test, in which the robot must follow a 3D planned trajectory
and a hovering test, in which the orientation of the drone
is changed while its position remains fixed. These tests have
been performed in the offboard flight mode, meaning that the
flight controller receives a desired trajectory from an external
application. In this context, the trajectory has been planned
with a fifth order polynomial function. As for the heading
direction (namely, the yaw), the trajectory has been planned
in order to follow the motion. The simulations have been
performed using Gazebo simulator, while the communication
between the external application and the emulated system
autopilot is performed with the PX4-FastRTPS Bridg to
send the trajectory planned and executed in C++ using ROS2
as robotic middleware [29]. In the end, the effectiveness of
the framework has been demonstrated also with initial exper-
iments by teleoperating a fully actuated tilting multicopter.

A. Trajectory Tracking Test

This test has been performed with the two tilting multirotor
platforms, the fully actuated and the H-shaped, respectively.
In both cases, the drone was asked to takeoff (in about
10 s) and perform a circular motion. The reference (planned)
trajectory and the actual performed one are reported in
Fig. [6a] and [6f} It is worth noting that the with the
fully actuated configuration is able to follow satisfactorily
the desired trajectory (Fig. [6c), without changing its roll and
pitch angles (Fig. [6d). Differently, the one-tilt H-shape drone
must also modify its roll configuration in order to move
along the y axis (Fig. [6hll6i). Finally, Figures [6¢] and [6]] show
the values of the rotor’s angles computed from the proposed
control framework to track the trajectory, for the two drone
configurations, respectively.

B. Hovering Test

In the second test case, the goal was to demonstrate the
functionality of the introduced configurations to decouple the
translational from the rotational ones. The behavior
of the simulated platforms in the Gazebo simulation envi-
ronment during this test is depicted in Fig. [8] in which the
rotation of the propellers is clear. For this reason, after the
takeoff, the floating base is commanded to remain in the
same position while changing the desired attitude. Results
of this experiment performed with the fully actuated drone
are reported. In particular, Fig. shows the commanded
and measured positions respectively, along with the platform
attitude (7)), depicted in Fig. [7b|in which the roll and pitch
desired angles are reported. The attitude tracking error is
depicted in Fig. It’s worth noticing that this error is
negligible, with a maximum error norm of 2 deg during the
floating base rotation, while the drone changes its attitude
to 20 degrees. Finally, Fig. shows how the servomotors’
angles change.

Ohttps://dev.px4.io/v1.11_noredirect/en/
middleware/micrortps.html
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Fig. 6: Position trajectory tracking: in the left column there are the results obtained with the fully actuated tiltable
configuration, and in the right column the results obtained with the H-shape one-tilt configuration. The plots represent
respectively: (@)(f) the desired and measured 3D trajectory, (B)(g) the desired attitude expressed with Euler angles, (c)(h)
the norm of the position error, (d)(i) the norm of the attitude error and (e)(j) the desired servomotor tilt angles
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Fig. 7: Attitude tracking while hovering, with a fully actuated tilting configuration: @) desired and measured position
trajectory, (b) desired attitude trajectory represented with Euler angles, (c) norm of the attitude error, (d) desired servomotor

tilt angles

Fig. 8: Hovering with a desired attitude: on the left is shown
the H-shape one-tilt configuration in hovering with a pitch
angle of —20deg, on the right is shown the fully actuated
tilting configuration in hovering with 20deg of roll and
—20deg of pitch angles

C. Preliminary Experiments

Initial experiments on a real system have been performed
as well. In particular, a teleoperated flight in which a human
operator drives a fully actuated platform has been carried
out. Considering the system architecture described in Fig. 4}
the operator uses the RC to directly generate the force
vector (ff ) as input for the allocation module. In this
context, the stabilized flight mode is used, since the position
estimation of the [UAV] was not available. The platform
utilized in this experiment (Fig. O]I) consists of a coaxial
octocopter commercial frame, with almost 1 m of diameter
and 11.5 Kg of payload. It has been modified by adding eight

T-Motor U7 V2.0 280rpm/V brushless motors coupled with
20” x 6” propellers, four high-speed Savox Monster SB-
2292SG servomotors and a custom mechanism to make it
fully actuated with tiltable rotors. It is equipped with the
Holybro PixHawk 6C flight controller and is powered by
two 6S-25C Li-Po batteries connected in parallel. It has
also an Intel UP? companion computer, that will be used
for future experiments. Despite the absence of the position
feedback, this experiment allowed us to test the modified
modules of the control allocation, attitude controller, and the
rate controller showing a great stabilization of the platform
during the hovering and random movements.

VII. CONCLUSIONS

Despite the numerous advantages that configurations with
tiltable rotors offer, nowadays doesn’t exist an open source
firmware that allows one to control them. In this paper, we
proposed a customization of the well-known firmware PX4
to introduce a new airframe family for drones with tiltable
rotors. Two types of configurations have been added: the H-
shaped one-tilt and the fully actuated. Both configurations
have their advantages and disadvantages, considering that
additional confer more versatility to the system, while
on the other hand bringing more complexity in the control
law and the dynamics. To validate the proper functioning
of the firmware, we performed some experiments in the
dynamic simulation environment Gazebo, testing the stabi-
lization and trajectory tracking, for both position and attitude.
The simulation results showed good performance of our
customized firmware, giving us the confidence to perform



Fig. 9: Flight test with a fully actuated tilting drone. Inside the circle is highlighted the tilt of the propeller

tests also on real platforms. In fact, at the time this paper is
being written, the firmware is being tested on two platforms
with the configurations discussed above.

Future directions of this work concern the execution of
further tests on real platforms, the test of different control
approaches for drones with tiltable rotors to compare the
performance with the already implemented PIDs cascade,
and the implementation of a force or admittance/impedance
control to exploit the ability of these configurations to exert
a desired horizontal force.
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