HESPE

UNIVERSIDAD DE LAS FUERZAS ARMADAS
INNOVACION PARA LA EXCELENCIA

Sliding Mode Control for UAV Trajectory Tracking: Focus on Virtual Learning Environments

Vallejo Morales, Roberto Carlos

Departamento de Eléctrica, Electrénica y Telecomunicaciones

Carrera de Ingenieria en Electrdnica e Instrumentacién

Articulo académico, previo a la obtencidn del titulo de Ingeniera en Electrdnica e Instrumentacion

Mgs. Ortiz Moreano, Jessica Sofia

22 de enero del 2024

Latacunga



Sliding Mode Control for UAV Trajectory
Tracking: Focus on Virtual Learning Environments

Roberto Vallejo and Jessica S. Ortiz

Universidad de las Fuerzas Armadas ESPE, Sangolqui-Ecuador.

{rcvallejol, jsortizd}@espe.edu.ec.
Abstract. The present work presents a cascade control scheme, in the initial
stage, there is a kinematic controller based on the sliding mode technique for the
trajectory tracking of a UAV. Secondly, a dynamic controller is cascaded, this
controller allows to compensate the perturbation and velocity errors of the robot.
For this purpose, the simplified dynamic model of the UAV is used. For testing
purposes, a virtual reality simulator is presented to test the proposed control
scheme at laboratory level. The virtual reality environment will allow evaluating
the UAV performance as much as possible. The virtual reality environment has
the digitized physical robot, with its dynamic model and all the movement
characteristics. The controller is simulated and then experimental tests are
performe with the physical UAV in a partially structured environment and with
wind disturbances at the time of the experiment, an RMSE = 0.32 [m] is obtained
for the UAV position.
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1 Introduction

In the last decades, robotics has grown significantly, presenting a wide variety of
service robots that can perform various tasks in multiple environments: industrial [1],
healthcare [2], public services [3], military [4], among other fields. These service robots
can be autonomous or controlled by humans and can come in various shapes and forms,
from robots with legs to robots with wheels or propellers. Robots today are used to
solve dangerous tasks, thus preventing the risk of occupational accidents and increasing
productivity. One of these types of robots are called unmanned aerial vehicle (UAV) or
more frequently referred to as drones [5]. UAVSs or drones are robots that have the
ability to move from one place to another by their propellers. They are used in various
applications, such as: for transporting objects over long distances, inspection of
structures [6], agriculture [7], aerial photography [8], search operations [9], among
other applications.

For a UAV to operate autonomously and effectively, it is essential to have a control
system that allows complex tasks to be performed autonomously and safely within the
working environment. Most autonomous controls use the mathematical model of the
robot. Having a mathematical model of these robots is crucial to ensure the safety and
efficiency of the drones in their specific task. There are controllers that use only the
kinematic model. In [10] presents the autonomous control of a UAV using inverse
kinematics. This control allows to accomplish three tasks, position control, trajectory
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tracking and path following. The inverse kinematics control is normally used when
working with tasks that do not require much precision and especially at low velocity
[11]. However, for tasks that require high velocities, there are works in the literature
that present controllers based on the dynamic model of the UAV [12], for example, in
[13] they use the dynamic model to perform the trajectory tracking control of a UAV,
the authors validate the proposal through simulation. However, in order to have higher
accuracy and compensate for velocity errors or model errors, there are cascading
methods for kinematic and dynamic control [14], the authors perform experimental tests
with a quadrotor [15].

Most of the controller tests for its implementation require to be tested at laboratory
level, i.e., simulate the control scheme to adjust the gains and controller parameters,
this in order to avoid damage to the physical robots, there are several robotic simulators,
such as: Webots [16]; Gazebo [17]; Flightmare [18] and among others involving mobile
and aerial robots. However, having the physical robot in a simulation environment is
usually complicated, since most simulators only have commercial robots. In function
to this, in this article a sliding mode controller is proposed for the trajectory tracking of
a UAV. There are several applications of sliding control, e.g., in [19] they present a
study of sliding mode control strategies for wind energy conversion systems; in [20]
they present a sliding mode control strategy that guarantees that the spacecraft station
(Helianthus) maintains feasible attitude maneuvers; and among other applications. As
can be noted, this control strategy is used thanks to its robustness and because it works
with nonlinear systems. Finally, a cascade control based on robot dynamics is
proposed., which allows to compensate the errors of velocities that are presented in the
experimentation.

The proposed controller is first validated in a virtual simulation environment, which
has environmental characteristics similar to those of a real environment and has the
molding of the robot to be used for real tests. The virtual reality environment is designed
in Unity and at this stage the controller is evaluated and adjusted. Then, we proceed to
test the controller with the physical robot in a partially structured environment. This
paper is divided into 6 sections, including the Introduction. In Section II, the
conceptualization of the process is presented, while Section Il presents the
mathematical models of the UAV together with the proposed controller. Section 1V
details the development of the virtual environment for simulation. The results obtained
are presented in Section V and finally, Section VI presents the conclusions of the work.

2 Process Conceptualization

Figure 1 presents the conceptualization process for the development of the controller in
combination with the virtual reality simulator. The process is divided into five parts or
blocks that allow structuring the control system and the virtual environment together.
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Figure. 1. Process Scheme.

i) Sources, these are the physical sources that are essential and consist of: the physical
environment where the control tests will be performed, this environment is digitized
considering the disturbances that may exist in reality; the UAV which is the robot in
which the work will be done; and the operator who is the person in charge of task
definition, i.e., the desired trajectory for the robot. ii) Mathematic Model. To define the
motion characteristics of the robot, the kinematic model and dynamic model of the
robot are obtained. These models allow to control and define the behavior of the robot
in the virtual environment. iii) Virtual Environment Design. After obtaining the robot
model and defining the sources to be used for the system, the virtual environment is
created. For the development of the virtual environment it is essential to have the
predefined structure of the environment to be used, the digitized robot and above all the
mathematical model of the robot. The mathematical model of the robot allows
emulating the behavior of the physical robot. iv) Controller. It allows to obtain the robot
maneuvering references, for the development of the controller the kinematic model and
the dynamic model are used. The controller is executed in a mathematical software, in
this case in Matlab software. Finally, v) The test environment. This block consists of a
subprocess that allows the communication of the software where the controller runs
with the virtual reality environment or with the physical robot. This depends on whether
you want to perform the simulations and adjustments of the controller and proceed to
perform real experiments with the robot.

3 Modeling and Control

The mathematical model allows to determine the behavior of the robot according to its
state variables. We have two types of model: i) Kinematic model, the kinematics of a
robot studies the behavior of the robot without considering the forces that originate the



movement; and ii) Dynamic model, allows to determine the behavior of the robot
according to the forces and torque acts on the robot.

3.1 Direct Kinematic

The kinematics of the aerial robot relates the movements of the robot's joints to its
position and orientation in space. In other words, it is a function that, from the positions
and angles of its joints, allows to determine the position and orientation of the robot in
the working space [21]. In this case study, the position and rotation of the aerial robot
in are defined as:

xp(t) o (t)
x(t) = [y ()| n() =|6(t) 1)
zp(t) Y(t)

where, x(t) € R is the position vector of the robot; n(t) € R? is the rotation vector of
the robot formed by: Roll ¢(t) which is the rotation that occurs around the X axis
R(x, ¢); Pitch (0) is the rotation that is generated around the Y axis R(y, 8); and Yaw
Y (t) which is the rotation around the Z axis. Figure 2 represents the kinematic
configuration of an aerial robot in the workspace.

Figure. 2. UAV kinematic configuration.

The matrix relating the moving reference frame of the aerial robot {B} to the fixed
reference frame {A} is determined by multiplying the rotation matrices R(¢,0,vy) =

R(x,9)R(y,0)R(z ).



3.2 Differential Kinematic

In order to obtain the motion model of the aerial robot, the differential kinematic
model is established. It allows to relate the robot maneuverability velocities with and
its velocity and orientation in the workspace {B}.

Remark: Remark: for the purpose of the present work, which is the trajectory
tracking, it is considered that the robot works at small velocities, then, the angular
rotations of roll and pitch are very close to zero and the matrices R(x, ¢) = R(y,0) =
I result in identity matrices. Therefore, the relationship between {B} and {A} depends
only on the Yaw orientation.

The aerial robot used in this work has four maneuverability velocities defined asu(t) =
[Ux Uy Uz UylT, They allow direct control of the kinematic movement of the
robot. Three linear velocity u,, u, and u, that allow to move the robot frontally,
laterally and elevation respectively and an angular velocity that allows to control the
Yaw rotation of the robot. As the relationship between the velocities of the moving
frame {B} and {A} depends only R(z,v) and the rotational velocity depends only on
the angular velocity Yaw, the following equations are obtained:
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Now, writing in a compact form the kinematic model that relates all the maneuverability
velocities of the drone with the velocities in the workspace is obtained:

{(t) = T(W)u(t) 3)

where, {(t) = [xT )]” € R* is the vector containing the robot velocities in the fixed
reference frame {A4}; wu(t) = [Uxr Uy Uz Uy]T is the vector of robot
maneuverability velocities within the moving frame {B}; and I'(yp) € R*** is the
matrix relating the velocities of the moving frame and the velocities of the fixed
reference frame {A}. The matrix is defined as:

r) = [f P O (4)

()

3.3  Dynamic Model

The structure of the dynamic model used in this work is similar to that of the AR.
Drone presented in [22]. Simplified dynamics is taken into account, accounting for the
dominant dynamics. Therefore, the UAV used in this work (DJI phantom) has the
following dynamic model structure:

Uyep(£) = Dit(t) + Fu(t) (5)

where, Uyop = [Yarer  Uyrer  Uzrer Uyp,.r]T is the vector of reference velocities;
u(t) € R* is the vector of UAV accelerations; u(t) € R* is the vector of UAV
velocities; D, F € R*** are diagonal matrices obtained through the identification and
validation of the UAV phantom 4, described as:



D = diag([0.6599 0.6725 0.4642 0.2756]) (6)
F = diag([0.5978 0.6628 1.1145 0.9398])

3.4  Controller

The scheme of the controller can be seen in Figure 3, in the first stage there is the
kinematic sliding mode control in cascade is the dynamic control to compensate for
velocity errors.
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Figure. 3. UAV controller schematic.

Sliding Mode Controller

For the design of the controller, the theory about this type of controller is considered
[10]. Now, used for trajectory tracking it consists of obtaining control actions to drive
the robot along a desired trajectory. It consists of two control actions:

ug(t) = ve(6) +vp(6) (7)

where, u,(t) € R* is the vector of robot maneuverability actions; v¢(t) € R* is the
continuous control action, which allows the system to stay on the sliding surface;
vp(t) € R* and represents the discontinuous part of the controller. The discontinuous
action allows the system to search for the sliding surface. Now, we propose the
following sliding Surface:

s=ﬁ0+K{fﬁﬂw ®)

where Z(t) = 4(t) — ¢(t) is the vector of trajectory tracking errors; K € R*** and A
is a design constant; K € R*** is the gain matrix. Now, taking the partial derivative of
(8) we obtain:

$=¢) + K, (0 9)

Taking the derivative of the trajectory tracking error and considering that the
continuous part v¢(t) is on the sliding surface, then $ = 0 and the equation (9) results
in0 = {4 —{+ K, € R*T. Now, replacing the kinematic model (3) we obtain and as
the robot is on the sliding surface, therefore, u = v¢. Then it turns out that the
continuous control action is:



ve(®) = T@) ™ (440 + KZ®) (10)

Now, for the discontinuous part v, is done by means of the Lyapunov analysis theory,
a Lyapunov candidate is proposed V = ssT and its derivative results in V = s7s.
Substituting $ in V results V = s7({y — F(@)u + K{). Then, taking the control
actions defined in (7) we make ug = u resulting in:

V=5s"({q = T@)(F@)({q + K) +vp) + KQ) (11)

Simplifying (11) we obtain V = sT(—I'(y)vp), so that V < 0, the control action vy is
defined as follows:

vp(t) = TW) " Kpf(s) (12)

where, K, € R* is a diagonal matrix defined positive; f(s) = lslﬁ it is a function that

allows maintaining the stability of the controller with . Then substituting (12) in V we
obtain V = sT(—Kpf(s)). Then, if K, is positive definite of v¢, it means that s(t) —
0, therefore, the system reaches the sliding surface and that the control errors { — 0
have to be zero. And with the odd function f(s) we reduce the oscillations in the
compensation asymptotically to the value s(t) = 0.

In other words, V < 0 it is negative definite and the control error is asymptotically
stable. The sliding mode control law is defined as:

u(t) = W) (La(®) + K (@) + Kpf(s)) (13)

Dynamic Controller

Dynamic control allows us to correct the velocity errors %(t) = ug(t) — u(t). Then
we need a control action u,.(t) that allows us to correct these errors. Therefore, we
propose the controller of the form:

u,.(t) = Da(t) + Fu(t) (14)

where, a(t) = usref(t) + K,1i(t) is the control action that allows to correct the
velocity errors; usref(t) is the desired acceleration; and u(t) is the actual velocity of
the robot.



4 Virtual Environment Design
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Figure. 4. Multilayer scheme of the simulator design in Unity

The multilayer scheme in Figure 4 shows the steps for the development of the simulator,
consisting of three stages: i) Layer 1. In the first stage, the 3D models are developed,
the UAV model is developed in SolidWorks software, which is an appropriate software
for the CAD model of prototypes. And as a second part the model of the environment,
this model is developed in Sketchup for the creation of the buildings. These models are
exported in a format admissible for Unity (*.obj). ii) Layer 2. In the second stage there
is the programming of the simulator in virtual reality. This is done in the UNITY
software. First the model of the robot and the environment is exported. The animation
characteristics of each model are placed. The scrpits for the animations are
programmed, especially the one for the robot animation. The communication script is
made to link Matlab with Unity, the link consists of a DLL (Dynamic Link Library).
And finally iii) Layer 3. In this stage the controller developed in Matlab is linked with
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Unity, the DLL is created to send the maneuverability commands of the UAV to the
robot emulated in Unity. Figure 5 shows the developed environment and the UAV
within the environment and the UAV export to Unity.

a) Unit?enVircTnmeﬁt. b) UAV in the virtual environment.

Figure. 5. Environment in Unity with Pahntom 4 drone.

5 Results and Discussions

To validate the controller, the simulation result of the controller simulation is presented
to adjust the controller. Figure 6 shows the movement executed by the UAV in the
virtual environment. As it is a system that first allows to emulate the behavior of the
robot, the values of the control gains in sliding mode and the control gains with
dynamics are adjusted.

b) View on the top plane.

a) XZ plane view.
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Figure. 6. Movement of the robot in the virtual reality simulator.

Figure 7 presents the movement with the DJI Phantom 4 aerial robot during the
experimental test.

Figure. 7. Stroboscopic motion executed during the experiment.

After the controller has been adjusted, we proceed to test the controller experimentally.
The experiment consists of defining a trajectory and executing the cascade control with
the dynamic compensator to observe the behavior of the UAV in a real environment.
Figure 8 shows the actual movement of the UAV.
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Figure. 8. Executed movement of the UAV during the experiment.

Figure 9 shows the trajectory tracking control errors. Figure a) shows the position
errors, it is evident how they are very close to zero. Figure b) shows the orientation
error, the desired orientation is perpendicular to the trajectory and the error is close to
zero. It is worth mentioning that at the beginning the controller corrects the error, that
is, until it finds the sliding surface, once on the sliding surface it is maintained and
therefore the errors are very close to zero. El error cuadratico medio para la posicion
del UAV es de RMSE, = 0.32 [m] y para la orientacion resulta RMSE,, = 0.12 [rad].

2
of
4
E 2 ? 0
; =
2
0 20 40 60 80 24 20 40 60 80
Time [s] Time [s]
a) Position errors. b) Orientation error.

Figure. 9. UAV trajectory tracking errors.

Finally, Figure 10 shows the velocity errors, it can be seen how the linear and angular
velocity errors tend to zero. This is thanks to the cascade dynamic compensator. This
control allows correcting the dynamic effects of the robot. El error cuadréatico medio de

la velocidad lineal resulta RMSE, = 0.29 [?] y de la velocidad de orientacion es

rad

RMSE,, = 0.017 ["4].
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Figure. 10. UAV velocity errors.

6 Conclusions

With the mathematical models of the UAV, the behavior of the robot was emulated,
which allows the robot to be incorporated into a simulator developed in a virtual reality
environment. Thanks to this, the controllers were adjusted by simulation and then
experimental tests were carried out with the real robot without causing damage to the
physical robot. This simulator can include more robots and will allow simulations to
test different control schemes for UAVs. The controller proposed for the trajectory
tracking behaves stably and allowed to perform the UAV trajectory tracking
autonomously. The robustness of the controller can be observed when there is a
disturbance induced by the environmental conditions of the experiment (wind) the
controller keeps the robot within the desired trajectory. While the controller with
dynamics allowed correcting the velocity errors by compensating the disturbances or
non-modeled parameters of the system, the controller with dynamics allowed correcting
the velocity errors by compensating the disturbances or non-modeled parameters of the
system.
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