S SATBAYEV
UNIVERSITY

Computing & Engineering
Volume 1 (2023), Issue 4, 12-18

https://doi.org/10.51301/ce.2023.i4.03

Research on ROS-oriented UAV virtual simulation control

Cao Yuning", Fang Ding

Institute of Automation and Information Technologies, Satbayev University, Almaty, Kazakhstan

*Corresponding author: Cao.Y@stud.satbayev.university

Abstract. With the rapid advancement of robotics technology, quadcopters have been widely used in military, commercial
and other fields. Their ability to perform high-risk missions, keep personnel safe and significantly reduce operating costs
makes them an indispensable tool. Although quadcopters perform well in terms of performance, they are expensive to manu-
facture and their vital electronic components are prone to damage. In this case, the application of simulation technology is
particularly important. Virtual simulation technology can not only speed up the development cycle of UAV systems and reduce
costs, but also help us discover and solve potential problems in advance, which is very important for students in related majors

in universities.
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1. Introduction

This article mainly studies the virtual simulation control
of UAV in ROS (Robot Operating System) environment.
This study first constructed a three-dimensional physical
simulation model of a quad-rotor UAV in the Gazebo simu-
lation environment. Then, through the MAVLink communi-
cation protocol, a wireless connection is established between
the Pixhawk flight control and the QGroundControl ground
station to achieve remote control and data transmission. In
addition, this article also uses the XTDrone platform to veri-
fy and run the HectorSLAM algorithm to further enhance the
positioning and navigation capabilities of the drone. Finally,
this study tested key functions such as UAV flight control
and route planning through simulation, trying to verify the
effectiveness and practicability of the proposed method.

1.1. Exploration of quadcopter coordinate system and
flight principles

1.1.1 Establishment of coordinate system and reference
system

A coordinate system is a mathematical tool referenced to de-
scribe the position of an object relative to a reference system. A
reference system is a reference object selected to describe the
motion of an object. This reference object is generally called a
reference system. In the dynamics and control theory of quad-
copter UAVS, two coordinate systems are usually used: the
ground coordinate system (or global coordinate system, inertial
coordinate system) and the body coordinate system.

1.1.2 Ground coordinate system

The ground coordinate system is a fixed reference sys-
tem, usually with the earth's surface or the take-off point as
the reference origin. In the ground coordinate system, we
define three mutually perpendicular axes: X-axis, Y-axis and
Z-axis. The X and Y axes are usually in the plane of the
ground, with the Z axis pointing upward perpendicular to the
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ground. In this coordinate system, the position of the drone
can be represented by its coordinates on three axes, providing
a global position reference (Figure 1).
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Figure 1. Right-hand coordinate system

1.1.3 Body coordinate system

The body coordinate system is a reference system that
moves with the drone, and its origin is located at the center
of mass of the drone. In the body coordinate system, three
main axes are defined: the forward axis (usually consistent
with the forward direction of the UAV), the roll axis (per-
pendicular to the forward axis, usually located in the wing-
span direction of the UAV) and the pitch axis (perpendicular
to the UAV's wingspan direction). planes of forward and roll
axes). The body coordinate system is used to describe the
rotational movements of the drone relative to its own center
of mass, such as yaw, pitch and roll (Figure 2).
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Figure 2. Two coordinate systems
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1.2 Body structure and flight principles

A quadcopter drone has four rotors, which are symmetrical
to each other and are distributed in the front, rear, left and right
directions of the body. As shown in Figure 3 below:
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Figure 3. Quadcopter UAV body structure

The real-time attitude and real-time position transfor-
mation of the quadcopter UAV is achieved by adjusting the
speed of the four motors. When the speed of the motor [5]
changes, the speed of the quadcopter drone's rotor changes.
Since the rotational speed of each rotor is different, the lift
generated is also different. Through the transformation of
different lift forces, the attitude and position of the body
change.

Vertical movement: When the quad-rotor drone increases
the [5] same speed of the four motors at the same time, the
four rotors increase the same lift. If the total lift generated is
greater than the gravity on the body, the drone will rise verti-
cally. On the contrary, when it reduces the same speed of the
four motors at the same time, the total lift generated is less
than the gravity on the body, and it will fall vertically. If the
total lift generated by the UAV [5] is equal to the gravity
experienced when there is no external interference, then the
quad-rotor UAV is hovering horizontally [5].

Yaw motion: As mentioned earlier, the quadcopter UAV
uses 2 forward propellers and 2 reverse propellers to offset
the torque generated by the rotor during rotation and allow
the UAV to maintain a stable flight. Adjacent rotor propellers
are different, and the motor rotation directions on the diago-
nal are also different. The torque generated by the rotor is
related to the rotation speed of the rotor itself. When the four
motor speeds are the same, the torques generated by the four
rotors cancel each other out, and the quad-rotor drone does
not rotate; when the four motor speeds are not exactly the
same, the unbalanced Torque causes the quadcopter to turn.
In Figure 2, when the speeds of motor 2 and motor 4 increase
and the speeds of motor 1 and motor 3 decrease, the reaction
torque of rotor 2 and rotor 4 on the fuselage is greater than
the reaction torque of rotor 1 and rotor 3 on the fuselage, and
the machine The body rotates around the z-axis under the
action of the excess reaction torque, realizing the yaw
movement of the aircraft, and the steering is opposite to the
steering of motor 2 and motor 4.

Pitching motion: The speed of motor 1 decreases (in-
creases), the speed of motor 3 increases (decreases), and the

13

speeds of motor 2 and motor 4 remain unchanged [5] As the
lift of rotor 3 increases (decreases) and the lift of rotor 1
decreases (increases), the resulting unbalanced moment
causes the fuselage to tilt, generating a forward (backward)
component and flying forward.

Rolling motion: The principles of rolling motion and
pitching motion are the same. The speed of motor 2 decreas-
es (increases), the speed of motor 4 increases (decreases),
and the speeds of motor 1 and motor 3 remain unchanged. As
the lift of rotor 4 increases (decreases) and the lift of rotor 2
decreases (increases), the resulting unbalanced moment
causes the fuselage to tilt, creating a lateral component and
causing sideways flight.

The four flight motion modes of the quadcopter drone
can be superimposed on each other to complete the specified
flight mission and desired position through complex flight
motions [5].

2. UAV virtual simulation platform and method

The purpose of this section is to show how to use these
tools and platforms to build a simulation environment, and
how to verify the design, control strategy and performance of
the UAV system through virtual simulation.

2.1 Construction of simulation system

The operating system mainly used in this article is based
on Ubuntu20.04, and the ROS version is Noetic.

2.1.1 Gazebo quadcopter UAV 3D modeling

Gazebo is an open source robot simulation software
widely used in robot research, development and testing. It
provides a distinctive 3D simulation environment where
robots can interact in complex indoor and outdoor environ-
ments. Gazebo can simulate accurate physical environments,
including lighting, shadows, terrain, and physical properties
of objects (such as mass, friction, collision, etc.). Through
Gazebo, we can easily build suitable three-dimensional
scenes and simulated objects (Figure 4).

Figure 4. Gazebo simulated drone

2.1.2 PX4 autopilot

PX4 is a professional autopilot [1]. Developed by world-
class developers from industry and academia and supported
by an active global community, it powers a variety of vehi-
cles from racing and cargo drones to ground vehicles and
submersibles.
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Figure 5. PX4 flight control software

PX4 (Figure 5) is an independent open source project
dedicated to providing low-cost, high-performance flight
control for academia, amateurs and industrial communities.
Gazebo is a dynamics simulation software with a built-in
physics engine, directly integrated into ROS (Robot Operat-
ing System) development environment, both are commonly
used tools by smart [2] drone developers. In the research
process related to the reinforcement learning training of
quad-rotor drones based on PX4 flight control in the Gazebo
simulation environment, an interface program is needed to
enable interaction with the simulation environment during
the reinforcement learning training process.

2.1.3 XTDrone Platform

XTDrone provides a comprehensive drone simulation en-
vironment based on PX4, ROS and Gazebo. The XTDrone
platform is compatible with a variety of drone types, includ-
ing multi-rotor aircraft (four-axis or six-axis), fixed-wing
aircraft, etc. At the same time, the XTDrone platform also
supports other types of unmanned systems, including un-
manned vehicles, unmanned ships and robotic arms. In the
article, I mainly used the XTDrone platform to test and veri-
fy the algorithms to ensure that these algorithms can be cor-
rectly transferred to actual operating drones.

2.1.4 MAVLink & MAVROS

The MAVLInk protocol supports two-way communication
through wireless channels, which can realize wireless two-way
communication between the UAV and the UAV ground control
station QGC, so as to realize the control of the UAV by the
QGC and the return of UAV data. The data frame sent through
the MAVLink protocol is a data frame with a frame header of
FE and a frame tail of 16-bit CRC check code. Each frame has a
sending packet sequence from 0 to 255. Repeat counting is used
to monitor packet loss during the transmission process.

The main function of MAVRO is to provide information
exchange between the external computer and the PX4 flight
control. MAVROS It is a software package used in the ROS
environment, which allows the ROS system to communicate
with the drone through the MAVLink protocol. MAVROS
usually acts as a bridge between ROS and MAVLIinkE!, con-
verting messages in the MAVLink protocol into message types
that ROS can understand. The transmission of message content
under the MAVLink protocol is too complex. Data messages
written in C++ can be directly communicated with the Pix-
hawk flight controller through MAVROS. MAVROS will
complete the conversion of the messages under C++ into the
form of the MAVLink protocol and send them to the flight
controller. And because it is under the large framework of the
ROS system, it also brings convenience to other messages that
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need to access PX4. You only need to subscribe to the mes-
sage name of the required message to access the data in PX4.
Data is also published through this message mechanism.

roscd /opt/ros/noetic/share/mavros/launch
sudo vim px4.launch

Through the above settings, you can modify the MAVROS
configuration file of ROS based on the actual network IP.

<launch>

<l-- vim: set ft=xml noet : -->

<!-- example launch script for PX4 based FCU's -->
<arg name="fcu_url" default="/dev/ttyACMO0:57600" />
<arg name="gcs_url" default="udp://:14550@" />

The master node allows disabling the GCS agent by set-
ting an empty URL. Running example (autopilot connected
via USB at 57600 baud, GCS running on host, port 14550).

2.1.5 QGC ground station communicates with PX4 and
Gazebo

QGroundControl provides complete flight control and
vehicle setup for PX4 or ArduPilot powered vehicles (Figure
6).
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Figure 6. QGC ground station UDP communication settings

This article uses QGC to provide aircraft parameter set-
tings and flight environment for the PX4 powered aircraft.

After modifying the PX4.launch file in MAVROS above,
QGC can communicate with PX4 and Gazebo through UDP.

Gazebo
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2.2 The interaction between PX4 flight control and exter-
nal programs and simulation environment

In software-in-the-loop simulation (SITL), the PX4 can
interact with external programs through MAVLink messages.
At the same time, PX4 also interacts with simulation envi-
ronments (such as Gazebo) through MAVLink messages.
When interacting with Gazebo, usually, PX4 issues control
instructions to drive the drone's propeller motor to Gazebo,
and Gazebo issues to PX4 the information sensed by various
sensors on the drone model (simulator) in the simulation
environment.

When using the ROS development environment for pro-
gramming, since each ROS node (external control program)
interacts through ROS topics and services, it is also neces-
sary to use the MavROS function package to convert be-
tween MAVLink messages and ROS topics and services. The
message flow is shown in Figure 8.

PX4
MAV Link
Firmware Mav Ros
§ , )
MAV Link
Drone/Simulator External |
J ~ program

Figure 8. Message flow diagram from external program to
simulator

2.3. Implementation of HectorSLAM algorithm

In this chapter, 1 mainly use the HectorSLAM algorithm
to implement the SLAM (Simultaneous Localization and
Mapping) process of two-dimensional laser scanning in the
UAV virtual simulation system. HectorSLAM is able to
provide accurate SLAM solutions because it does not rely on
odometry data, and it performs well in applications in two-
dimensional space. This chapter first outlines the working
principle and characteristics of the HectorSLAM algorithm,
and then details its integration and implementation process in
the Gazebo simulation environment.

2.3.1 Overview of HectorSLAM algorithm

HectorSLAM is a SLAM technology based on lidar data.
It can create an environment map and locate its own position
in real time. It is especially suitable for robots with no or
very limited odometry information. This algorithm mainly
consists of three core components.

2.3.2. Scan matching

The robot's position is estimated using matching infor-
mation between the current laser scan data and the estab-
lished map. Use the current frame and existing map data to
construct the [4] error function, and use the Gauss Newton
method to obtain the optimal solution and deviation. Its job is
to convert laser points into raster maps. All laser points at
time t can be transformed into raster maps, which means the
matching is successful.
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2.3.3. Map update

In HectorSLAM, map updates are based on the latest es-
timated position of the robot. This process ensures that the
map is continuously updated as the robot moves, reflecting
the latest state of the environment.

The process is mainly divided into two parts. The data in-
tegration part mainly integrates the latest scanning data ob-
tained from lidar into the current map. This step typically
involves converting the lidar data from polar to Cartesian
coordinates and adjusting the position of these data based on
the robot's current estimated position. Next, the grid needs to
be updated. For each grid in the map, the status of the grid is
updated based on the position of the laser scanning point.
Generally, if a scan point falls within a grid, the probability
of occupancy of that grid increases; if a grid on the scan path
is not hit, its probability of occupancy decreases.

2.3.4. Posture optimization

Improve the accuracy of position estimation and the qual-
ity of the map through pose optimization algorithms (such as
Gauss-Newton method). Gauss Newton is one of the simplest
methods in the optimization algorithm. The goal is to find Ax
so that f(x+4x) is as small as possible. Its idea is to perform a
first-order Taylor expansion of the objective function f(x).

f(X+AX) = f(X)+ J(X)AX Q)
Here J(x) is the derivative of f(x) with respect to x, which
is actually an mxn matrix and a Jacobian matrix. Our goal

is to minimize |f(x+Ax)|. To find 4x we need to solve a
linear least squares problem:

AX =arg min1|| f(x)+J(x)Ax||2 2)
Ax 2
What is the difference between this equation and the pre-
vious one? According to the extreme value condition, the
above objective function is derived with respect to Ax, and
the derivative is zero. Since what is considered here is the
derivative of Ax (rather than x), we will finally get a linear
equation. To do this, first expand the square term of the ob-
jective function:

1|| f(x)+J(x)Ax||2:1(f(x)+J(x)AxT(f(x)+J(x)Ax):
2 2 (3)

%(u f(X) 118 +2F ()7 I()AX+AXTI(x)" I (x)AxX)

Find the derivative of the above equation with respect to
Ax and make it zero:

23(x" ) F () +23(0)T I(X)Ax =0 4)
The following system of equations can be obtained:
IxXM)I)AX == ()" f(x) (5)

Note that the variable we want to solve for is Ax, so this
is a linear system of equations. We call it the incremental
equation, which can also be called Gauss Newton equations
or normal equations. We define the coefficient on the left as
H and the right as g, then the above formula becomes:

HAX =g (6)
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3. SLAM simulation process and result analysis

In this chapter, I will explain how to implement two-
dimensional laser SLAM and save maps through virtual
simulation of drones.
roslaunch px4 indoor3.launch
roslaunch hector slam launch hector slam xtdrone.launch

Start the simulation environment first, and then start Hec-
torSLAM.

Figure 9. Two-dimensional laser SLAM scanning mapping

The figure below is the tf tree of the entire program, de-
scribing the transformation between various coordinate sys-
tems.

bk )
SN

Figure 10. Transformation between various coordinate sys-
tems
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During virtual simulation, a keyboard is needed to control
the flight of the drone. Why does the XTDrone platform
integrate everything? You only need to start the keyboard
control script to realize virtual simulation and control drone
flight. As shown in Figure 10 below, the drone control script.
By controlling the movement of the drone, two-dimensional
SLAM scanning is achieved.

Control Your XTDr
To all drones

g to control the leader)

: incre de
: return home
: arm/disarm
: takeoff/land
: offboard
the mask of keyboard control
d control (for single UAV)
on(eg.different formation configuration)
this w he keyboard control
] : control the lea
CTRL-C to quit

Figure 11. Keyboard control of drone flight

As can be seen from Figure 11, after setting up the UAV
to take off, the UAV can control the flight according to the
planned path and successfully realize the two-dimensional
laser SLAM simulation.

w4+ O U L LY IR

Figure 12. Two-dimensional laser SLAM simulation
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Figure 13. Roll rate response when the drone simulation test
is initiated
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The situation after the drone simulation test is started.  mission between the Pixhawk flight control and the QGround-
The response curve begins to show fluctuations, the system  Control ground station, but also ensures the real-time and relia-
is responding to changes in the set point, and the response  bility of remote control. In addition, by applying the Hec-

curve fluctuates around the zero point. torSLAM algorithm, this research further enhances the position-
ing and navigation functions of UAVS, enabling UAVS to per-

Roll Rate form accurate map construction and path planning in a virtual

0.9 simulation environment. Simulation test results show that the

31.5 : UAV demonstrates a high degree of accuracy and stability when

23.0 : I\ performing flight control and route planning tasks. The research

i | /\ results of this article provide an effective methodology for the

virtual simulation control of quad-rotor UAVs. Through the

- - )} ‘ [ YA comprehensive use of modern sensor fusion technology and
§ *5 \ N s, 1T 0 advanced SLAM algorithms, the operational performance and
“11.0 , ' performance of the UAV system in the virtual simulation envi-
-19.5 1/ ronment are introduced. safety. Future work will focus on opti-
28.0 | mizing the control algorithm, expanding application scenarios,
T . and further verifying the robustness and adaptability of the vir-
53 tual simulation system in complex environments.
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ROS-0arnapnanran UAV BUpPTYa bl CUMYJIALIMSACHIH 0acKapy
0oiibIHIIIA 3epTTeyJiep
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Anparna. PoOOTOTEXHUKAaHBIH KapKbIH/ABI JIaMYbIHBIH apKachlHIa KBaJPOKONTEP SCKEPH, KOMMEPLHSUIBIK XXOHE Oacka
cajanmapia KeHiHeH KojjaHbeuia Oactazsl. OmapAslH KayilTUTr SKOFapsl TalcelpMaiapisl OpBIHAAY, TEPCOHAIIBIH
Kayilci3/liriH KaMTamMachl3 €Ty »XoHe ONepalusuIbIK LIBIFBIHAAPBI aiTapibIKTail a3aliTy KabiineTi ojapisl TanThlpMac Kypan
ereni. KBazpokonTep eHIMAUIIK TYPFBICBIHAH KAKChI )KYMBIC ICTEr€HIMEH, OJIap/ibl OHIipy KbIMOAaTKa TYCell JKoHEe ONap.IblH
MaHBI3/Ibl AJIEKTPOHABIK KOMIIOHEHTTEpl 3aKpIMaHyFa OeiliM. By jkarnalima Mopjenbjey TEXHOJIOTHSUIAPBIH Talaiany
epeKiie MaHbp3Abl. Bupryamasl umuTanmsuielk TexHosoruss UAV  kyHenepiHiH JaMy IMKIIH OKbUIIAMJATYFa JKoHE
IIBIFBIHAPABl a3aliTyFa FaHa €Mec, COHBIMEH Karap BIKTHMall IpoOieManapibl aJlblH ajla aHbIKTayFa J>KoHE IMIeIIyre
KeMeKTece/1i, OyJ1 KoJUTeKAep MEH YHUBEPCUTETTEpIeT] cabaKrac caanap/AblH CTyICHTTepl YIIiH 6Te MaHbI3/IbI.

Heczizzi cozoep: UAV azipaey, ROS pobom, supmyanovt modenvoey, UAV cumynsayuscot, 6inim 6epy Koaioanbacwl.
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HUccaenoBanue ynpaspjaeHuss BUpTyaJabHou cumyJsnued BILJIA,
OPMEHTUPOBAHHOTO HA ROS
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AnHoranus. braronaps ObIcTpOMy pa3BUTHIO POOOTOTEXHHKH KBaJPOKONTEPHI CTAJIHM LIMPOKO HCIIOIB30BATHCS B BOCH-
HOM, KOMMEPUYECKO# 1 APYrux odmactTsix. X crmocoOHOCTh BBIMOJIHITH MHCCHH MOBBIIICHHOTO PUCKA, 00ecrednBars Oe3omnac-
HOCTh IEpCOHANa M 3HAYUTEIBHO CHIDKATH IKCIUTYaTal[MOHHBIE PACXObI JIENAeT UX HE3aMEHHMBbIM HHCTPYMEHTOM. XOTs
KBa/IPOKOIITEPBI XOPOLIO pabOTAIOT € TOYKHU 3PEHHS POU3BOANUTEIBHOCTH, UX TIPOU3BOJICTBO JOPOTO, & MX KHU3HEHHO BaXKHBIE
ANIEKTPOHHBIC KOMIOHEHTHI MOJBEPIKEHBI TIOBPEXKICHUSIM. B 3TOM cilyyae nmpUMeHEHHE TEXHOJIOTHI MOAEIUPOBaHUS 0COOCH-
HO BakHO. TEXHOJIOTHS BUPTYAIILHOTO MOJICITHPOBAHUS MOXKET HE TOJILKO YCKOPHTH IMKI pa3pabotku cuctem BITJIA u cHu-
3WTh 3aTPAThI, HO TAKXKE TIOMOYb HaM 3apaHee OOHAPYKUTh U PEIINTh MOTCHIMAIBHBIC POOJIEMBI, YTO OYCHD BAXKHO IS CTY-
JICHTOB CMEHBIX CIICIUALHOCTEH B KOJUIC/DKAX U YHUBEPCUTETAX.

Knrwuesvie cnosa: paspabomrka BIIJIA, pobom ROS, supmyanvrnoe moderuposanue, mooderuposanue BIIIIA, obpasosa-
menbHOe NPULodICceHUe.
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