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Abstract—Unmanned aerial vehicles (UAVs) have been
used in different applications due to their flexibility in
maneuvering and performing missions. However, they can
face external disturbances, such as wind, which can cause
physical instability of the platform. Usually, UAVs com-
monly use a classical PID controller due to their simple
structure and less dependence on the model. However, this
classical controller requires expertise from the operator
to adjust the parameters when dealing with nonlinearities.
Therefore, this work proposes the integration of a slide
mode control (SMC) controller into a PX4 flight control unit
(FCU) and combining it with computer vision techniques
and sensor data fusion to enable autonomous UAV off-
shore cargo tasks for the Oil & Gas sector. The controller
was evaluated in a software in the loop (SITL) simulation
performed in the robot operating system (ROS), demon-
strating its robustness and potential for small marine cargo
transportation using UAVs.

Index Terms—Flight control unit (FCU), offshore appli-
cation, PX4, small cargo transport, SMC, unmanned aerial
vehicle (UAV).

I. INTRODUCTION

UNMANNED aerial vehicles (UAVs) have been used in
diverse applications. For instance, they are used in the

inspection of large structures [1], [2], search and rescue activ-
ities [3], delivery goods [4], [5], security surveillance [6], [7],
etc. UAVs present flexibility for maneuvering and performing
tasks with short path length and maximum roll angle [8]. One
of the main goals of the oil and gas industry is to improve the
exploration process without losing manufacturing efficiency
and quality [9]. Therefore, applying robots in this sector is
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a prominent solution to replace tasks that can be unsafe for
humans or cause worker depletion [10].

There is a growing interest in researchers that publishes
works applying UAVs to automate tasks in the Offshore indus-
try, such as [11] and [12]. According to [13], UAVs offer
faster, safer, and more cost-efficient ways of mass data col-
lection, which can directly impact the reduced costs in a few
applications.

For instance, Ramos et al. [14] applied an autonomous
UAV to deliver a message cable from the shuttle tanker to
the floating, production, storage, and offloading (FPSO) unit.
Dai et al. [15] investigated the application of UAVs for data
offloading for smart containers in offshore maritime commu-
nications. The UAV relays on a node between smart containers
and an onshore base station in their application. For a complete
overview of UAVs remote sensing in the oil and gas industry,
the authors refer to [16].

Note that the selection of UAVs depends on different factors,
including the coverage area, distance from the base station,
flight duration, and the sensors aboard the UAV [16]. Cameras,
by far, are the most widely used sensors aboard UAVs [17].
Using computer vision techniques and a self-controlling func-
tion to fly in an unstructured environment to perform the
autonomous survey makes it possible to use UAV versatility to
improve and substitute the riskier jobs. Such examples are the
inspection of power and transmission lines [18], dams [19], or
buildings [20]. Other tasks that autonomous UAVs can perform
are transporting materials or equipment between predefined
locations, like offshore landing platforms on ships and support
vessels nearby. In this case, computational vision techniques
could be used to identify landing zones [21].

For autonomous or semiautonomous operations, the UAV
should also be capable of performing these missions stably.
The control design for quadrotor UAVs has two main chal-
lenges. The first challenge regards the fact that the quadrotor is
a multiple-input–multiple-output (MIMO) unstable nonlinear
systems, presenting four actuators and six degrees of freedom
(DOFs). The second issue is that this kind of robot faces dif-
ferent difficulties, such as external and internal disturbances,
uncertainty in the model, and parametric perturbations [22].
In this sense, many attempts from the literature suggested the
use of different robust approaches to improve the reliability
of the UAV controller to compensate for the effects of the
external disturbances [10], [23], [24], [25], such as feedback
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linearization [26], [27], dynamic inversion [28], [29], sliding
mode control [30], [31], backstepping [32], [33], and others.

The flight control unit (FCU) is the main component in this
entire hardware setup, known as the brain of this underactuated
quadcopter. The controller’s firmware has many parts working
in parallel that are responsible for maintaining the drone’s sta-
bility and desired position. Citing just a few parts, we have
the outermost position controller, the speed controller, the
tilt controller, and the angular acceleration controller, which
are responsible for the main cascade control loop, which is
best explained in [34]. In addition, we also have the motor
mixer, which is responsible for distributing the output values
to the drone actuators so that the propellers behave correctly.
Another important component of the control cascade is the
world-to-body conversion module that translates the coordi-
nates passed with the global frame reference to the UAV
reference. The most difficult part when modifying this con-
troller is understanding how all the modules communicate
and where each modification should be done to achieve the
desired result or behavior. The FCU is the piece of hard-
ware that encapsulates all the sensors and processing cores
that the control software will use to generate the desired
outputs.

The main contribution of this work is developing and imple-
menting an SMC controller in a PX4 FCU software for
quadrotor UAV for position control. Besides, this work also
proposed the use of this SMC-based controller along with a
computer vision technique to apply an autonomous UAV in
an offshore cargo transport task in the Oil and Gas scenario.
The work also considers a classical PID controller for com-
parison purposes. The main contributions can be summarized
as follows.

1) Implementation of an SMC controller in a PX4 FCU
software for quadrotor UAV for position control.

2) Development of an SMC-based and Computer Vision
technique that enables the UAV to fly autonomously
between vessels to deliver materials.

3) Experimental tests are carried out in a realistic simula-
tion environment by using the robot operating system
(ROS)/Gazebo platforms to verify the performances of
the proposed methodology.

As mentioned, Ramos et al. [12] proposed a framework that
fuses flight data information from UAV sensors and an object
detection algorithm based on YOLOv3 to deploy the vehi-
cle from an oil rig and safely reach a shuttle tanker vessel
nearby. The context of such a proposal is to assist the moor-
ing process in offloading operations. A thin messenger line
must be carried from the vessel to the production facility so
it can be tied. Besides being complete, the work fails to ana-
lyze stability and environmental effects on the UAV’s flight.
It proposes a solution for this issue, focusing on developing
and simulating the hybrid approach. The present work takes
a step ahead, covering control solutions to deal with wind
and flight instabilities during this operation using the SMC
controller.

The remainder of this article is organized as follows.
Section II gives the necessary background for cargo transport
in the Oil and Gas industry. Also, this section presents related

works in the employment of SMC controllers for quadro-
tor UAV controlling. Section III shows the mathematical
foundations for the control strategy and its implementation
in a real FCU. Section V presents the results and discussions.
The concluding remarks and ideas for future works are given
in Section VI.

II. BACKGROUND AND RELATED WORKS

A. Sliding Mode Controller

The external disturbances can cause physical instability of
the UAV’s platform. UAVs commonly use a classical PID
controller with a simple structure, good stability, and less
dependence on the exact system model [10]. However, the
PID process of adjusting the parameters requires expertise,
especially when dealing with nonlinearities. For instance, the
authors of work [35] proposed using a self-tuned PID con-
trol method to handle external disturbances in a quadrotor
UAV. Carvalho et al. [36] proposed using a PID and Fuzzy
Logic hybrid controller. The fuzzy logic was used to sched-
ule the PID controller. Another kind of controller for UAV
stabilization was used in [37]. In their work, the authors
proposed a sliding mode control based on neural networks for
the attitude and altitude system of quadcopters under exter-
nal disturbances. The controller evaluation was performed by
numerical simulation.

The sliding mode control (SMC) arises as a robust control
design to deal with uncertain conditions for complex high-
order nonlinear systems [38], [39], [40], [41], [42], [43].

The main advantage of the SMC technique is its low
sensitivity to disturbances and system parameter variations,
being widely employed for trajectory tracking control algo-
rithms [44]. Mofid and Mobayen [41] proposed using an
adaptive sliding mode control strategy to stabilize quadro-
tor UAVs that present parametric uncertainties. Another use
of the SMC strategy is proposed in [42]. In their work,
the authors proposed using a sliding-mode-observer-based
equivalent-input-disturbance approach to handle the distur-
bance suppression of quadrotors. Both works evaluated their
results using numerical simulation analysis.

In SMC design formalism, the commonly chosen slid-
ing surface s(X) is a function of the state variables X =
[x, ẋ, . . . , x(n−1)]T , namely

s(X) = x(n) + λn−1x(n−1) + · · · + λ1ẋ + λ0x = 0. (1)

The surface in (1) defines a region in state space where the
control structure changes will be applied. Once the state trajec-
tories reach this surface, it remains invariant, that is, s(X) = 0,
and then the closed-loop system exhibits a desirable behavior
which is defined by the coefficients λi (i = 1, . . . , n−1) in (1).
In the following, we briefly show that such behavior can be
performed via a switched-type control law in the form:

u := −ρ sign[s(X)] (2)

with

ρ > 0 ∈ �, sign[s(X)] =
⎧
⎨

⎩

−1, s(X) < 0
0, s(X) = 0
1, s(X) > 0.

(3)
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Let us consider, for example, a class of second-order
systems in the format

ẍ = u + g(t) (4)

in which x ∈ � is the system output, u ∈ � is the system
control input, and g(t) ∈ � is a function that represents some
disturbance term. Here, the main assumptions are as follows.

(A1) A real upper bound constant ρ > 0 is known for
|g(t)|, i. e., ρ > |g(t)|.

(A2) The state variables ẋ and x are available.
If the control input is chosen as

u = −λẋ − ρ sign(s), λ > 0 (5)

s = ẋ + λx (6)

then, the closed-loop system becomes

ẍ + λẋ = ṡ = −ρ sign(s)+ g(t). (7)

For analyzing the stability of the previous closed-loop
system, let us choose the following Lyapunov function candi-
date:

V(s) = 1

2
s2. (8)

The time derivative of (8) over the trajectories of (7) is
given by

V̇(s) = s ṡ = −ρ|s| + sg(t) = −|s| [
ρ + g(t) sign(s)

]
.

(9)

Since the magnitude of the term “g(t) sign(s)” cannot over-
come the magnitude of ρ, as assumed by Assumption (A1),
then we conclude that V̇ < 0. The last condition guarantees
that s → 0 for some finite time t = tf . Thus, after the system
trajectories (4) reach the sliding surface s = 0 (6) for t ≥ tf ,
one has that

ẋ + λx = 0 (10)

which does imply that x → 0 exponentially fast.
As the aforementioned structural change occurs via a

switched-type control law, the abrupt changes that can cause
unwanted oscillations are known as chattering [45]. This
technique’s known disadvantage can become accentuated if
there are response delays between the actuator and the con-
troller [46]. A well-known fact in the literature is that the
chattering phenomenon can be avoided by adopting a smooth
control law instead of the switching one in (5). However, with
such smoothing, the closed-loop system loses the sliding prop-
erty. In this case, the trajectories of the system do not converge
to the surface s = 0 but lie in a residual region around it that
is denoted by a boundary layer [45]. For instance, if a smooth
control law

u = −λẋ − ρ tanh(s) (11)

is used instead of its switched-type version in (5), then the
Lyapunov function derivative of (9) would have the following
format:

V̇(s) = s ṡ = −|s| [
ρ|tanh(s)| + g(t) sign(s)

]
. (12)

One can note that by adopting such a smoothing approach,
the magnitude of the term “ρ|tanh(s)|” decreases with s and
cannot always overcome the magnitude of the disturbance
term “g(t) sign(s)” as before. In this case, V̇(s) < 0 can
be guaranteed only outside a certain region around the origin
defined by

|ρ tanh(s)| > |g(t) (13)

which, as mentioned, is well known by the boundary layer
region [45]. In the following, we apply the SMC to control a
UAV for the cargo transporting problem.

B. Cargo Transport in Marine Offshore Scenario

Currently, the use of UAVs in general transport applications
is consolidated and well documented, as established in [47].
The operations may vary from parcel delivery to human trans-
portation [48], enhancing the logistic chain efficiency, reducing
costs compared to conventional delivery options, and reducing
environmental damage by eliminating the emission of pollut-
ing gases. The study of UAV controllers and aircraft designs
reduced the vehicles’ manufacturing costs and advanced the
technology for more audacious applications, such as human
organ and medicine transport in emergencies [49].

The naval industry has used the robotic framework in sev-
eral applications since the 70’s decade, mainly in the form
of remotely operated vehicles (ROVs) for underwater inspec-
tions [50]. Recently, the versatility of UAVs and aerial robotics
systems caught the attention of the naval industry for small
parcels transportation [9], naval operations assistance, such as
in ship maneuver on ports [51] and offloading hose connec-
tion [12], an inspection of naval structures [52], marine search
and rescue [53], among others. One particular application
drawing attention in this sector is cargo transport. Traditional
marine logistics is restricted to transshipment by boats, vessels,
and helicopters.

Usually, the aerial alternative is used for small cargo.
However, it presents some restrictions for transportation and
navigation [54]. For instance, there is a restriction to trans-
porting some packages, such as inflammable petrochemical
samples, cutting or piercing tools, explosive components (i.e.,
batteries), etc. Using boats for transport demands the manip-
ulation of cargo by cranes (even when it is lightweight) or
launching the cargo in water (for example, in offloading oper-
ation mooring and connection stages). In this sense, UAV
represents an attractive alternative for small cargo transport.
It could easily replace the conventional means for small cargo
transport between near naval structures, eliminating traditional
restrictions while improving efficiency [55], [56].

In the context of our research work, an autonomous UAV is
applied to an offshore cargo task for the Oil and Gas sector.
An SMC controller is implemented in the PX4 flight control
software for the quadrotor to perform position control. The
navigation process is based on the work of our group lab arti-
cle [12]. They used a hybrid approach based on deep learning
and sensor fusion for the path planning of autonomous UAVs.
Fig. 1 presents the operation in marine small cargo transport
performed by a UAV between a shuttle tanker and an FPSO.
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Fig. 1. Cargo transport scheme.

Fig. 2. Overview flowchart. (a) SMC controller is implemented to sub-
stitute the PID controller in the FCU due to the wind disturbances of
the marine operation. (b) Autonomous trajectory method is used to
autonomously guide the UAV to the delivery point in the destination ves-
sel. (c) When arriving at the delivery point, the UAV delivers the small
cargo.

This is a complex and difficult marine operation due to the
windy disturbance and difficulty of reaching a safe place to
land or drop the cargo.

III. PROPOSED METHODOLOGY

This research aims to deliver a small cargo in a marine oper-
ation from one vessel platform to another. As stated before,
autonomous navigation is derived from previous work from
our group research and is available at [12]. Therefore, this
work only focuses on the control strategy to perform the cargo
transport in this scenario with stability and safety. For this
reason, we implemented an SMC controller in a PX4 FCU
software for the position controller. This controller will be the
base for data acquisition and actuator control. We modified
the current PID control strategy as an innovative approach and
inserted the SMC logic inside the internal rate control module.
Fig. 2 presents the process in a simplified way.

A. Quadrotor Model

When deriving the dynamic model, it is important to
consider the quadrotor as a nonlinear unstable system that

Fig. 3. Quadrotor UAV architecture.

TABLE I
VARIABLE DESCRIPTIONS USED IN THE SET

OF QUADROTOR EQUATIONS

comprises four actuators whose thrust is treated as an input
to the entire system. Besides, this work considers a quadrotor
body frame as a rigid and symmetrical structure.

Fig. 3 presents a widespread quadrotor control architec-
ture. Article [34] could better describe this architecture. Our
approach, as described before, was to modify the controller
logic on the “Angular Rate Control” block in order to imple-
ment an SMC-based controller in place of the current PID
controller.

Table I presents the variables descriptions used in the set of
equations for modeling the quadrotor.

The angles φ, θ , and ψ are used as the inputs of the forward
kinematics equation computing the conversion matrix of the
world to the body frame. Note that based on the estimated
values of the Euler angles and velocity at each moment, it is
possible to estimate the UAV position as shown in (14) where
cos(ψ) is shown as Cψ and sin(θ) is Sθ

R(φ,θ,ψ) =
⎡

⎣
CφCθCψ − SφSψ − CφCθCψ − SφSψ CφSθ
SφCθCψ + CφSψ − CφCθCψ + SφSψ SφSθ

−SθSψ SθSψ Cθ

⎤

⎦. (14)

Equation (15) presents the UAV body frame axes mathemat-
ical model. For this type of model limitations and characteris-
tics, the authors refer to [57] and [36]. Besides, an appropriate
and nearer dynamical model for quadrotor can be seen at [58],
[59]. Equation (15) has the following auxiliary variables � =
cos(φ) sin(θ) cos(ψ) and � = cos(φ) sin(θ) sin(ψ):

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

φ̈

θ̈

ψ̈

z̈
ẍ
ÿ

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

Iyy−Izz
Izz

θ̇ ψ̇ + θ Jr
Ixx
	r + l

Ixx
U2

Izz−Izz
Iyy

φ̇ψ̇ + φ Jr
Iyy
	r + l

Iyy
U3

Ixx−Iyy
Izz

θ̇ φ̇ + l
Izz

U4

g − cos(φ) cos(θ)U1
m

U1
m (�+ sin(φ) sin(ψ))

U1
m (� + sin(φ) cos(ψ))

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

ξφ(t)
ξθ (t)
ξψ(t)
ξh(t)

0
0

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(15)
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Fig. 4. Linear trajectory.

where the thrust and the actuation torque for the roll, pitch,
and yaw movements are Ui|(i = 1, . . . , 4) variables [36].

By using the motor mixing algorithm, it is possible to com-
bine these variables and analyze the Ui inputs related to the
angular speeds of the rotors 	(1,2,3,4)

⎡

⎢
⎢
⎢
⎢
⎣

U1
U2
U3
U4
	r

⎤

⎥
⎥
⎥
⎥
⎦

=

⎡

⎢
⎢
⎢
⎢
⎣

b
(
	2

1 +	2
2 +	2

3 +	2
4

)

b
(−	2

2 +	2
4

)

b
(
	2

1 −	2
3

)

d
(−	2

1 +	2
2 −	2

3 +	2
4

)

−	1 +	2 −	3 +	4

⎤

⎥
⎥
⎥
⎥
⎦
. (16)

B. Autonomous Trajectory

For the autonomous trajectory, the authors refer to a
previous work of our group lab [12]. In this scheme, the loca-
tion of the delivery point is configured in the UAV’s offboard
through GPS coordination. Besides, the operator informs the
desired distance between the ship and the vehicle for secu-
rity purposes. The trajectory calculation starts from reading
the coordinates of the takeoff point through GPS, making
this the origin of a 3-D Cartesian system (x-axis oriented
toward the east, y-axis oriented toward magnetic north, and
z-axis being the altitude). The designed trajectory is presented
in Fig. 4. Note that this straight line is to avoid gas escapes
points and classified areas around the vessels.

Given the destination and the takeoff coordinates, it is pos-
sible to calculate the distance D between the takeoff point, and
the final point of the first step of the trajectory based on [60],
and shown in

D = R · arccos
(
sin(Lati) · sin

(
Latf

)

+ cos(Lati) · cos
(
Latf

) · cos
(
Loni − Lonf

))
(17)

where the parameters Lat and Lon represent the GPS coordi-
nates (in radians) and the notations “i” and “f ” are the takeoff
location and destination point. R symbolizes the Earth’s radius,
admitted as 6.373×106 m. Equation (18) gives the destination
azimuthal direction θ from the takeoff point

θ = arctan ·�(Lon)

�(φ)
(18)

where

�φ = log

⎡

⎣
tan

(
Latf

2 + π
4

)

Lati
2 + π

4

⎤

⎦ (19)

�lon = |Loni − Lonf |. (20)

Note that the destination point of the vessel is not where
the UAV delivers the cargo but a location distant from the
delivery point by a distance d. The control node receives this
information and measures the UAV’s distance from the target.
The trajectory calculation publishes this route to the controller
with the points (x, y), the flight height at each point (z), and
the robot’s orientation (yaw) at each point.

To approach the destination, it is implemented a hybrid
methodology in which the controller detects the vessel and its
generic regions (bow, mid-ship, and stern) by a convolutional
neural network for object detection and fuses it with position
and attitude data using an extended Kalman filter (EKF) to
navigate toward the delivery point, anticipating any drifting
caused by wind or yaw controller error while maintaining a
safe approaching speed to the destiny, as detailed in [12].

C. Control Design and Implementation in PX4

The PX4 firmware is used as a code base to implement
and test the SMC controller in a quadrotor UAV. The purpose
is to modify the part of the code responsible for controlling
the UAV angular rate, that is, the most internal part of the
cascading controller, as shown in Fig. 3.

The idea for this case is to replace the angular rate con-
troller, which is the lowest level controller in the cascade, by
the first order SMC with a relative degree of 2 represented
by (21) in which κ > 0 ∈ � is the modulation constant,
α, β, γ > 0 ∈ � are design parameters, and σ ∈ � defines
the sliding surface. In (22), the tanh(·) function is adopted
in the following for smoothness purposes. The objective is to
reduce the chattering phenomenon in the control command to
be applied to the actuators. Since SMC is applied in the sub-
systems of (15)–(16), to represent them in a standardized way,
we define generalized control and output error signals u and
e, respectively, as

u = κ tanh(σ ) (21)

σ = αe + β

∫

e dt + γ ė. (22)

In (21) and (22), σ stands for the generalized sliding sur-
face that is computed for every subsystem in (15) and (16).
It is important to mention that, in practice, the control sig-
nals generated by (22) are transformed to U2, U3, and U4 of
(15) and (16) which are torque commands for roll, pitch, and
yaw axis, respectively. Similarly to other SMC controllers, the
proposed one in (21) and (22) use a higher order sliding sur-
face provided that the velocity information is available from
the sensor’s telemetry. This controller is implemented at the
top of the PX4 firmware as a base for data acquisition and
actuator control. A fork of the official repository was made.
By following the provided documentation [61], the current
cascade PID control was modified to insert the SMC logic



350 IEEE JOURNAL ON MINIATURIZATION FOR AIR AND SPACE SYSTEMS, VOL. 4, NO. 4, DECEMBER 2023

Fig. 5. SMC implemented in the PX4 Firmware.

inside the internal rate control module. All the documentation
on how to run this simulation yourself and the source code
change can be found at piradata-WPG (python module for
tests) and piradata-Firmware (Modified PX4 Firmware, mainly
file RateControl.cpp on directive RateControl::update). Fig. 5
presents a general idea of this work proposition.

IV. STABILITY AND CONVERGENCE ANALYSIS

Let us define the vector of state variables as in (15), namely,
X = [φ̇, θ̇ , ψ̇, φ, θ, ψ, z, x, y]T . In this way, the
expressions of (15) can be rewritten as

φ̈ = fφ(X )+ kφu2, θ̈ = fθ (X )+ kθu3 (23)

ψ̈ = fψ(X )+ kψu4, ẍ = fx(X )u1 (24)

ÿ = fy(X )u1, z̈ = g − fz(X )u1 (25)

in which fη(X ) stand for the nonlinear parts, kη are constants
or nonlinear functions, uη = Uη, and η is an index for denoting
φ, θ, ψ, z, x, and y. Since such dynamical expressions for
φ, θ, ψ have similar formats, we can carry out the analysis
only for the variable φ, for the sake of simplicity, and by noting
that extensions can be easily performed for the remaining θ
and ψ variables. Also, one can note that the control variable
u1 affects states x, y, and z at the same time. However, if we
consider that the angles φ and θ are sufficiently small during
the flight, then u1 can be designed thinking about acting on the
variable z since fz(X ) = Fz ≈ 1/m. Therefore, let us define
the error variables as

eφ :=
(

1

γ

)
[(
φ∗ − φ

) + eφ1 + eφ2
]

(26)

ez :=
(

1

γ

)
[(

z − z∗) + ez1 + ez2
]

(27)

in which α > 0 is a design constant, φ∗ and z∗ are the
reference trajectories for states φ and z, respectively, and
eφ1, eφ2, ez1, and ez2 are the filtered versions of eφ and ez,
respectively, defined by

ėφ1 = −a1eφ1 − b1eφ (28)

ėφ2 = −a2eφ2 + b2eφ1 (29)

ėz1 = −a1ez1 − b1ez (30)

ėz2 = −a2ez2 + b2ez1. (31)

In (28)–(31), a1, a2 > 0, and b1, b2 are non null constants.
After differentiating (26) and (27) two times, we obtain

γ ëφ + b1ëφ + b1(b2 − a1)eφ = φ̈∗ − fφ(X ) (32)

− kφu2 + K1eφ1 + K2eφ2

γ ëz + b1ëz + b1(b2 − a1)ez = g − Fzu1

− z̈∗ + K1ez1 + K2ez2 (33)

where the constants K1 and K2 have emerged from the combi-
nations of filter parameters a1, b1, a2, and b2. By comparing
the left-hand sides of (32) and (33) with the time derivative
expression of the sliding surface σ in (22), one can note that
they are quite identical. Indeed, it is not difficult to demon-
strate by back substitution that it is always possible to choose
the filter parameters a1, b1, a2, and b2 to match the other
surface parameters α and β. Thus, based on (21) and (22), we
can rewrite (32) and (33) to obtain

σ̇φ = − κφkφ
︸︷︷︸
ρφ

tanh
(
σφ

)−φ̈∗ − fφ(X )+ K1eφ1 + K2eφ2
︸ ︷︷ ︸

μφ

(34)

σ̇z = − κzFz
︸︷︷︸
ρz

tanh(σz)+g − z̈∗ + K1ez1 + K2ez2
︸ ︷︷ ︸

μz

. (35)
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To analyze the stability of the error systems σφ and σz, the
following Lyapunov function candidates are proposed

V1 = σ 2
φ

2
, V2 = σ 2

z

2
. (36)

After differentiating both V1 and V2 along the trajectories
of (34) and (35), we obtain

V̇1 = −|σφ |
[
ρφ |tanh

(
σφ

)| + μφsign
(
σφ

)]
(37)

V̇2 = −|σz|
[
ρz|tanh(σz)| + μzsign(σz)

]
(38)

from which we can establish the limits of the boundary layer
regions that enclose σφ, σz

ρφ |tanh
(
σφ

)| > |μφ |, ρz |tanh(σz)| > |μz|. (39)

Note that the expressions in (39) have identical formats as
the one defined in (13), as expected. From (39), it is also
possible to verify that outside such regions the magnitudes
of both errors decrease because V̇1 < 0 and V̇2 < 0. Since
ρtanh(σ ) can be approximated by ρσ around the origin, then
for errors sufficiently close to the origin, we can write

ρφ |σφ | > |μφ |, ρz|σz| > |μz|. (40)

Thus, from (22) and (39), and after some developments, we
can write

ëz +
(
α

γ

)

︸ ︷︷ ︸
ᾱ

ėz +
(
β

γ

)

︸ ︷︷ ︸
β̄

ez =
(

1

γ

)

︸ ︷︷ ︸
γ̄

σ̇z

ez =
(

γ̄ s

s2 + ᾱs + β̄

)

︸ ︷︷ ︸
M(s)

σz

||ez||∞ ≤ |M(s)|||σz||∞ (41)

which corresponds to the steady-state upper bound for ez.
By analyzing the behavior of V̇2 at the boundary layer fron-

tier, i.e., ρz|σz| = |μz|, we conclude that V̇2 ≤ 0, which still
guarantees stability and boundedness for σz. Then, by replac-
ing the last condition into (41), we can state the following
upper bound for the output error ez, in steady-state:

||ez||∞ ≤ 1

ρz
|M(s)|||μz||∞. (42)

Only for analysis purposes, the magnitude curve of the
frequency response of function M(s) is depicted in Fig. 6.
Since it is an illustrative plot, the curve is drawn by using
the parameters γ̄ = 1/10 and poles lying at s = −10, result-
ing in ᾱ = 20 and β̄ = 100. In this situation, the largest
value that |M(s)| can assume over frequency, in linear scale,
is ≈ 5.0 × 10−3. Thus, since γ̄ = 1/γ and 1/ρz = 1/(κzFz),
then the upper bound limit of (42) for ez in steady-state, can
be reduced even more if the design parameters γ and κz are
conveniently chosen. It is worth mentioning that large values,
in modulus, may result in sufficiently small-size convergence
regions together with fast convergence responses.

By extension, the same conclusion can be stated for the
upper bound limit for eφ , namely

||eφ ||∞ ≤ 1

ρφ
|M(s)|||μφ ||∞ (43)

Fig. 6. Frequency response analysis. Magnitude curve of M(s).

Fig. 7. Quadrotor used in the Gazebo software.

but, in this case, also regarding the design parameter κφ . Such
stability and convergence analysis can be carried out on the
remaining system’s states, thus revealing similar results of
steady-state behavior.

V. RESULTS AND DISCUSSION

In this section, we discuss the results obtained with sim-
ulations of the proposed controller. The simulation environ-
ment and the controller implementation are also presented.
Comparisons are made with the original PID controller of the
PX4 Firmware.

A. Simulation Environment

In order to evaluate the proposed strategy safely, this work
used the Gazebo software to simulate the test environment.
The ROS interface with UAV works as follows. The computer
receives the information from a telemetry module available
on both the computer and the UAV, using the MAVLink com-
munication protocol. The PX4 software, which runs on the
PixHawk flight controller hardware, is responsible for acquir-
ing information from the peripheral sensors and modifying
these values in the actuators to which it has access. The GCS
runs the operating system Ubuntu 20.04.5 LTS 64 bits with an
Intel Core i7-5500U CPU 2.40 GHz × 4, Intel HD Graphics
5500 (Broadwell GT2) with 15.6-GB RAM.

The UAV used in the experiments (3DR iris model) and the
world created to simulate the cargo transport between vessels
are shown in Figs. 7 and 8, respectively.
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Fig. 8. World created in the Gazebo software.

TABLE II
PID PARAMETERS

TABLE III
SMC PARAMETERS

After carrying out the code modifications on the PX4, it is
important to compare the UAV performance using the origi-
nal PID controller and the modified one with SMC. The PID
gains used in the tests, for comparison purposes, are shown in
Table II. The parameters for the SMC controller (21) used in
these tests can be found in Table III. Note that the PID values
are the default ones already implemented in the PX4. In this
sense, no modification was necessary. However, a set of val-
ues were tested for the SMC until an optimized solution was
obtained.

The tests were conducted in three stages, as shown in Fig. 9.
In the first stage, the UAV takes off from the original vessel.
Then, in the second stage, it approaches the destination vessel
by using the autonomous trajectory algorithm. Finally, when
reaching the limited distance, it starts to land, which is the
end of the third stage.

These stages were performed using the proposed SMC and
the original PID algorithms on the internal rate control module
of the PX4. State estimation is obtained from the FCU data.
Note that the proposed SMC solution and the classical PID
control were applied to the system for comparison purposes
in the absence and presence of disturbances (i.e., wind).

Fig. 9. Tests were conducted in three stages. (a) Take off.
(b) Approaching the destination vessel. (c) Landing.

Fig. 10. 3-D visualization of the position reference tracking comparing
the SMC and PID controllers considering no external disturbance in the
simulation.

1) Simulation Results Considering the Absence of External
Disturbances: Regarding the proposed scenario of marine
small cargo transport, which comprises take off, movement
along a trajectory, and then landing, the first set of results
presents a comparative performance analysis between the
classical PID controller and the SMC strategy for posi-
tion control along the x-, y-, and z-axis of all three
stages.

Fig. 10 gives the outcome for the entire 3-D path performed
by both controllers without considering wind in the scenario
of going from one ship to another.
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Fig. 11. Position error without disturbances for (a), (d), and (g) x-axis, (b), (e), and (h) y -axis, and (c), (f), and (i) z-axis.

As expected, when achieving desired maneuvers, the SMC
performs satisfactorily similar to the one obtained with the
PID. That is, both controllers were capable of tracking the
desired position with negligible steady-state errors, demon-
strating fewer performance differences in the case of the
absence of external disturbances.

The results for the positioning error in the x-, y-, and z-axis
of the three stages are shown, respectively, in Fig. 11. This is
the same test case as the former results in Fig. 10, in which
no external disturbances such as wind current and/or variable
mass cargo exist.

Note that on takeoff and landing tasks, the results in the
z-axis are not comparable as they seem almost identical,
and the same occurs on the x- and y-axis while moving
between ships. That happens because these axes are sub-
jected to the largest changes in the desired position along the
step.

It is possible to observe that the proposed SMC strategy
behaves similarly to the classical PID available for the PX4
firmware under these conditions. However, using the SMC
controller can also verify that some disturbances are compen-
sated better. Small overshoots on the x- and y-axis are observed
in the landing phase right after they reach their targets when
moving from one ship to another.

2) Simulation Results Considering the Presence of External
Disturbances: Fig. 12 shows the entire 3-D path for the
position reference tracking to observe both controllers’ behav-
ior when dealing with external disturbances. Note that

Fig. 12. 3-D visualization for comparing the SMC and PID controllers
for position control considering wind.

in applications in real scenarios, UAVs can suffer from
environmental disturbances. such as wind, magnetic fields, or
uncertain disturbance effects (i.e., sensor noise or payload).
Thus, aerial systems must have a robust control for attitude
and stabilization problems [62], [63].

To demonstrate the effectiveness and robustness of the SMC
controller, this simulation considers the same wind current in
both simulation trials. Note that the SMC performed better
than the classical PID in tracking the reference inputs.
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Fig. 13. Position error with disturbances for (a), (d), and (g) x-axis, (b), (e), and (h) y -axis, and (c), (f), and (i) z-axis.

Fig. 13 gives the position errors of both controllers along
the x-, y-, and z-axis, for all three stages of the proposed sce-
nario, respectively. Note that the output obtained with SMC
has less oscillatory behavior around the reference value than
that obtained with the PID. The SMC also presented even bet-
ter performance under disturbance circumstances in terms of
the convergence velocity of the tracking error. Thus, this kind
of result can help to understand the importance of the imple-
mentation of this robust controller into the PX4 hardware.

In the initial takeoff step, there is a gust of wind that
the SMC counteracts better. There is also an upward gust
on the movement step that almost does not interfere with
the quadcopter when the rate controller is under the SMC
algorithm.

One point that is valid to mention is that the path controller
algorithm of the WPG package considers that the UAV arrives
at the destination if the distance from the current point to the
desired point is less than 0.1 m in all directions. Basically,
inside a cube (side of 20 cm) centered on the desired point.
And only when that happens does the WPG package send
the drone to the next desired destination. So, the algorithm
that does the path in less time in an environment with high
disturbances is not necessarily the better, as one could reach
by chance the “checkpoint area” faster.

In order to define the best controller in this situation, we
need to observe the maximum average error (MAE) that both
present. The PID has an MAE of 0.35 m, and the SMC
controller with the PID surface has an MAE of 0.16 m.

Note that the trajectory tracking performance demonstrated
the effectiveness of the SMC solution embedded in a PX4
FCU against the adverse condition, as expected from theo-
retical analysis. The outcomes obtained by this work reaffirm
the good performance of the SMC directly implemented in the
firmware of the PX4 and its capacity for disturbance rejection,
as previously mentioned in the works of [37], [41], [44], and
[42]. It is not easy to compare the proposed solution with these
mentioned ones due to the necessity of inserting all of them in
the PX4 firmware to perform the software-in-the-loop (SITL)
tests. Besides, all these mentioned works were evaluated using
numerical simulation.

Another comparison can be performed regarding the SMC
proposed in this scenario and other advanced control methods
such as model predictive control (MPC) [64] and reinforce-
ment learning (RL) [65]. The SMC provides a simpler and
more straightforward implementation than MPC, as it does
not require formulating an optimization problem or relying
on a dynamic system model. This simplicity allows for eas-
ier parameter tuning and reduces computational complexity.
Besides, SMC excels in handling uncertainties and distur-
bances, making it robust in real-world scenarios where the
precise model of the UAV might not be available or may
change over time. On the other hand, the RL requires exten-
sive training and may struggle with convergence issues or
the need for a large amount of data. Additionally, human
operators can more easily interpret and understand SMC, facil-
itating system diagnosis and troubleshooting. In this sense,
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Fig. 14. 3-D visualization for comparing the SMC and PID controllers
in autonomous trajectory simulation.

SMC demonstrates the advantages of simplicity, robustness,
and interpretability, making it a suitable control strategy for
the proposed scenario compared to more complex and data-
intensive methods like MPC and RL. In contrast, the Slide
Mode Controller (SMC) offers a simpler implementation that
does not require a precise model, making it more suitable
for real-world scenarios. Besides, SMC can be directly inte-
grated into the PX4 system without extensive modifications,
leveraging the simplicity of PID controllers.

B. Autonomous Trajectory Results

These simulations were conducted under the same envi-
ronment, one using the classic PX4 PID controller and one
using the implemented SMC. The objective was to verify if
the implemented SMC responds better when the UAV is carry-
ing cargo subjected to offshore environmental conditions. The
simulations can be observed in the video recording available
at [66]. Fig. 14 presents the simulation results.

When compared to the ideal trajectory, the PID has an MAE
of 0.35 m, and the SMC controller with the PID surface has
an MAE of 0.16 m. As presented before, the initial trajectory
is performed with the UAV following geospatial waypoints,
so both controllers execute almost the same course in this
trajectory.

The major difference was in stage 2, where the UAV nav-
igates toward the marker of the final destination with the
trajectory corrected by an EKF sensor fusion between the cam-
era data and the avionic positioning and attitude data. In this
stage, the SMC had fewer errors than PID. The SMC also
provides a quicker operation than the PID, finding the marker
within 2 min 48 s, while the PID took 3 min 34 s, proba-
bly by being more stable and, therefore, the camera input for
the OpenCV in smoother. Therefore, the implemented SMC
controller is an advanced option for flight robustness for oper-
ations in harsh environments like the one proposed in this
work.

The simulations show good results when applying the
proposed methodology in real-life missions. For example, from
Figs. 10 and 12, it is possible to verify that the UAV was able
to deliver the cargo at 100 m from the deployment point, being

able to improve such distance even more. In a real offloading
operation presented in [14], this could easily replace the pneu-
matic line thrower (PLT) to complete the mooring process or
deliver fluid samples between vessels. This is also an improve-
ment from the PLT, which makes the approaching between
vessels mandatory and has several restrictions when the two
vessels that must send and receive parcels or towlines have
relative movement, as reported in [67].

Also from this SITL simulation test, it is possible to verify
that the proposed strategy offers advantages, such as enhanced
stability, simplified parameter tuning, and autonomous off-
shore cargo capabilities for UAVs. Integrating an SMC into the
PX4 FCU improves stability and robustness against external
disturbances. Besides, by combining the SMC with computer
vision techniques and sensor data fusion, the control strat-
egy enabled the UAV to autonomously perform the proposed
offshore cargo tasks in the context of Oil & Gas industry.
However, limitations in this proposition include the need for
real-world validation, complex integration requirements, and
considerations of scalability and adaptability. Therefore, fur-
ther research and experimentation are needed to ensure the
practical implementation of the proposed control strategy.

VI. CONCLUSION AND FUTURE WORKS

The PID controller has been widely used in the literature
and industry due to its simple structure. However, this con-
troller adjustment can be difficult in practical terms. Regarding
UAVs, external disturbances, such as wind, actuator failure,
and parametric uncertainties, can cause physical instability
of the UAV’s platform. UAVs commonly use a classical PID
controller. A drawback is the necessity of expertise from the
operator to adjust the parameters to deal with nonlinearities.

This work developed and implemented an SMC controller
in a PX4 FCU software for a quadrotor UAV and a computer
vision technique to apply an autonomous UAV in an offshore
cargo task for the Oil and Gas sector. Experimental tests were
conducted in a realistic simulation environment using ROS and
Gazebo platforms to verify the performances of the method-
ology. The results demonstrated the robustness of the SMC
implemented in the PX4 FCU software. This work opens the
possibility of several improvements in terms of implementa-
tion. In future works, the authors intend to carry out the same
test performed in the Gazebo software simulation in which the
quadrotor moves between ships carrying a cargo transport.
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