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Abstract

The importance of Unmanned Aerial Vehicles (UAV) applications is becoming increasingly clear with every new year. While a lot
of research has been done in the past, there are still several research areas, topics and applications to unveil and explore. The Air
Force Academy Research Center (CIAFA) is working on a new modular control architecture for UAVs that allows for the reutilization of
several modules such as trajectory control, computer vision, automatic learning and sensory data fusion, applied to a large spectrum of
missions, which includes automatic landing or terrestrial target tracking based on computer vision. This thesis contributes to the formal
implementation of a command and control architecture, to be used in search and target tracking missions in a maritime environment.
The architecture was idealized in Santos (2021), using three main operating modes: search mode, target tracking mode and collision
avoidance mode. Specifically, this dissertation contributes to the implementation of the target tracking mode of that architecture, in the
same application scenario, considering that after detecting the target, this should be followed in a collaborative way. The main focus of
this target tracking mode implementation is a controller that allows for a group of aircrafts to follow a circular path centered at the target
coordinates and moves together with it, using the Moving Path Following (MPF) method (Oliveira, Aguiar, and Encarnagao (2016) and
Jain (2019)). In afirst phase, the proposed control architecture is validated through numerical simulations, considering kinematic unicycle
type model for the aircrafts and a simulated target. Next, a more realistic approach is adopted, with software in the loop simulations, using
an open source model for the considered aircrafts dynamics. In this phase, specific software modules are developed for the considered
control system, using an architecture based on Python, ROS, PX4 and Gazebo. Finally, after the implementation and validation of these
simulations, a new feature is added: a target detection algorithm based on the received data from one of the UAVs onboard cameras
to estimate the target’s position and velocity, using an automatic detection module developed in Alves, Oliveira, Cruz, and Silva (2022).
These simulation closes the implemented multi-UAV control loop system using a computer vision algorithm. The obtained results show
the efficiency of the proposed method in a realistic computational simulation context, which allows for a quick transition to eventual flight
tests.
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1 Introduction

Up until the year of 2022, the Portuguese Air Force (FAP), more specifically, the Air Force Academy Research Centre
(CIAFA), has been involved in several important research projects such as the PITVANT, PERSEUS, SUNNY, SEAGULL
or FIREFRONT, all using unmanned aircrafts (see AFA (2022)). These mainly focused on the development of tools and
added capabilities and in the designing, manufacturing and operation of Unmanned Aerial Vehicles (UAVs). Among the
stated projects, the main publications include target tracking and path following for fixed wing UAVs (Oliveira, Aguiar, and
Encarnacgéo (2016) and Oliveira, Aguiar, and Encarnacao (2017)), computer vision (Marques, Bernardino, Cruz, and Bento
(2014a), Marques, Bernardino, Cruz, and Bento (2014b) and Cruz and Bernardino (2015)), multidisciplinary design opti-
mization (Felix, Gomes, and Suleman (2013)), micro and nano flapping-wing aerial vehicles (Armanini, Caetano, de Croon,
de Visser, and Mulder (2016)) and reliability and airworthiness for small UAVs (Gongalves, Sobral, and Ferreira (2016) and
Gongalves, Sobral, and Ferreira (2017)).

It is intended, with this thesis, to continue the work done in Santos (2021) and Alves et al. (2022), where a command
and control system for multiple vehicles to work on maritime environments is developed. Specifically, Alves et al. (2022)
implemented a new command and control architecture for low cost UAVs, using a hardware and software framework which
includes, among others: Autopilot PX4 (PX4 (2022)), Robot Operating System (ROS)/MAVROS (ROS (2022)) and Open
CV (OpenCV (2022)). As a sequence to that work, the formal implementation of a command and control architecture to be
used in target search and tracking in maritime environment was idealized in Santos (2021) using three main modes: search
mode, following mode and collision avoidance mode (see Figure 1). In that work, classic path following and trajectory
tracking controllers were also implemented as a solution to the flight formation control for the search mode in maritime
environment missions.

In this paper, it is intended to implement a control system that allows a group of N UAVs to follow in a coordinated way
a target in a given environment, using a computer vision system to estimate the target’s position. Regarding the use of
multiple vehicles, one must answer the following problems: which geometry is the most suitable to solve the problem in



the target tracking phase; which control architecture should be implemented; Which motion control technique is the most
suitable.
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Figure 1: Control hierarchy defined in Santos (2021).

2 Literature Review

2.1 Multi-UAV Physical Architectures

Based on Maza, Ollero, Casado, and Scarlatti (2015) one possible scheme of classification for multi-UAV architectures
is defined according to the coupling between the members. According to this classification, there are four types of cou-
plings: physical coupling (see, for instance, Maza, Kondak, Bernard, and Ollero (2009) and Bernard, Kondak, Maza, and
Ollero (2011)), formations (see, for instance Yun, Chen, Lum, and Lee (2010) and Paul, Krogstad, and Gravdahl (2008),
with leader-follower and virtual leader approaches, respectively), swarms (see Rosalie et al. (2017) and Petrlik, Vonasek,
and Saska (2019) for example applications) and intentional cooperation (see Viguria, Maza, and Ollero (2010), where
coordination between aerial and ground vehicles is achieved and Han, hong Wang, and xing Yi (2013), for instance).

2.2 Control System Architectures

According to Ridao, Yuh, Batlle, and Sugihara (2000), control architecture is defined as the framework that manages
both the sensors and actuators systems and thus enables the robot to undertake a user specified mission. Following Peng,
Wang, Wang, and Han (2021), the control architecture can be divided into three main classifications: centralized control
(examples can be found in Arrichiello, Chiaverini, and Fossen (2006) and Skjetne, Moi, and Fossen (2002)), decentralized
control (see Liu, Wang, Peng, Chen, and Li (2019) and Dai, He, Lin, and Wang (2018)) and distributed control (see Peng,
Wang, and Wang (2017) and Peng, Wang, Li, and Han (2020) for example implementations).

2.3 Vehicle Formation

There are different possible vehicle formations that define how these machines can interact with each other to accomplish
a certain specified goal. In the literature, the main types are artificial potential functions (see Leonard and Fiorelli (2001)
and Souza et al. (2022), for instance), graph-based methods (see Peng et al. (2017) and Peng, Wang, and Wang (2018))
and consensus based formations, which, according to Ren (2006), divides itself in the classical leader-follower (see Shojaei
(2015) and Santos (2021), where this method was used for his control architecture implementation on a target search
mission in maritime environments), virtual structure (see Skjetne et al. (2002), for instance) and behavioral approaches
(see Hejase, Noura, and Drak (2015)). According to Peng et al. (2021), all these methods can be thought as classic
motion-control problems, such as path following, trajectory tracking and target tracking.



2.4 Motion Control Techniques

To solve the problems stated above, different control techniques can be used such as Proportional- Integral-Derivative
(PID), Linear-Quadratic Regulator (LQR) (B. Wang, Dong, and Chen (2010), Ratnoo, Suijit, and Kothari (2011) and Lee,
Cho, and Kee (2010), for instance), gain scheduling (Cunha, Silvestre, and Pascoal (2003)), adaptive control (Kaminer et al.
(2007) and Cao, Hovakimyan, Patel, Kaminer, and Dobrokhodov (2007)), sliding mode control (Nelson, Barber, McLain, and
Beard (2007)), model predictive control (Li, Sun, and Oh (2010)) and Mansouri, Nikolakopoulos, and Gustafsson (2015)),
backstepping (Chitrakaran, Dawson, Kannan, and Feemster (2006) and Ahmed and Subbarao (2010)) and Lyapunov vector
fields (Frew, Lawrence, Dixon, Elston, and Pisano (2007)).

3 Flight Control System’s Implementation

3.1 Proposed Solutions

By design, the MPF method (originally described in Oliveira, Aguiar, and Encarnacao (2016)) retains all the desirable
characteristics of the classical path following method, namely smooth convergence to the moving path and the possibility
of doing so at constant speed with respect to an inertial coordinate frame (Oliveira, Aguiar, and Encarnacao (2016)).
Additionally, the MPF was successfully tested and validated in practical applications with CIAFA’s UAVSs. In this paper, the
MPF controller that computes the inputs to steer the vehicle to the virtual particle point along the circular path is based on the
work developed in Jain (2019), which extended the MPF problem (Oliveira, Aguiar, and Encarnacao (2016)). All the details
regarding this Lyapunov-based controller, including the corresponding error dynamics derivation and proof of convergence
are presented. The coordination system to get the vehicles equally spaced in the circle is performed by controlling the
progression rate of the particle in the circle and having a leader and virtual particles to be followed, as done in Y. Wang,
Wang, and Zhu (2019a). These particles are controlled to be equally spaced and to move along the path at a desired speed,
being the control architecture applied separately from the vehicle steering control, in a chain like network. In order to follow
the target, a circular path around it with a predefined constant radius is created since it is easy and simple to mathematically
design and define a circular path and it is applicable to any number of vehicles (considering a minimum safe distance);
also, fixed wing airborne vehicles can be always moving along this path, meaning that even when the target is steady, the
aircraft still has a path to follow, never having the velocity going to zero. Furthermore, the UAVs are chosen to be equally
spaced along the circle, which ensures a maximum distance between vehicles. Given the considered mission scenario in
this thesis, where the UAVs should be flying relatively close to each other, it is assumed that a communication network
connecting all the participating UAVs is available. Having shared data on the target between UAVs, possibly obtained by
image acquisition and data fusion algorithms, can lead to better target estimates and better mission performances. Being
so, a distributed architecture is implemented assuming that each vehicle knows the information about the vehicle that it is
following, creating a chain communication network (Y. Wang, Wang, and Zhu (2019b)).

3.2 Mathematical Model and Control Laws
3.2.1 Problem Definition and Notation

Given, in two dimensions (see Figure 2), an inertial reference frame {I} and a target frame {T'} attached to a moving
target with unknown dynamics, let the position and velocity of this target be defined as p! € ®2 and v/ € R2, with respect
to the inertial frame, respectively; it is assumed that in every time instant, these two variables are known. Let p% : R — 2
be a defined fixed reference geometric path parameterized by v € R, with 4 € R being the desired speed assignment. The
parameter ~ represents, for instance, the arc length along the path and it can be seen as a virtual particle along reference
path. Being so, the speed of the virtual particle, 4, dictates the evolution of this virtual particle along the path over time.

The vehicle kinematics are given by equations (1).
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Figure 2: Coordinate frames, according to Jain (2019).

p. € %% is the position of the vehicle expressed in the inertial frame, v = [v;(¢) 0]’ is the linear velocity of the vehicle
expressed in the robot body frame {R} and w,.(t) is the angular velocity of the vehicle. The two dimensional rotation matrix
REL(t) represents the orientation of the vehicle frame { R} with respect to the inertial frame of reference. The control input is
defined as u(t) = [vy w,]" and is constrained, meaning that v,,i, < v < Vmaee AN Wiin < Wr < Wmaa-

According to all the definitions stated above, the MPF problem can be stated as: given a trajectory p!(¢) with time
derivative v/ and a desired geometric path pZ () with desired speed 4, the control problem is to design a control law for
u(t) that steers the vehicle along the desired moving path pi(t,v) = p! + pZ(y) while satisfying the input constraints.
Specifically, it is required to drive the term ||pL(¢) — p(t,~)|| towards an arbitrarily small neighborhood of the origin as
t — o0.

3.2.2 Lyapunov-based Nonlinear Control Law

Following the definitions stated above, the error (e(t) = [e; e2]’) can be defined as the difference between the current
positions of the vehicle and the desired virtual particle to be followed, as e(t) = (RL(t)) (pL(t) — pL(t,7)) + €, where € is
defined as a vector € = [¢; €]’ and it can be chosen to be arbitrarily small. By definition, the error is written with respect to
the robot referential frame. The error dynamics are then defined in (2).

&(t) = (RL(1)) (PL(t) — PL(t, 7)) + (RL(£)) (Pr(t) — Py(t, 7)) )

The terms p’(t,~) = pf(t)+p% (v) and pfi(t, v) = Vvi{t)+ %@(ﬁ) are the virtual particle position and its time derivative
with respect to time, respectively.

Based on the definitions in (1) about the vehicle dynamics and the equations stated above, the error dynamics can now
be rewritten as shown in (3).

T
6(1) = ~S(wr)e(t) + Au(t) — (RRO)VI() - (RA(0) PL ) @

In the equation above, A = e
€1

] , Where e; # 0 so that there is a direct control over the vehicle angular velocity.
The implemented control law based on Jain (2019) is represented in equation (4), where K, is a constant known positive

definite gain matrix and e is defined such that the matrix A is invertible.

T
ul(t) = A (~Kye(t) + (RRO)VI() + (Rh(0) P2 @




3.2.3 Virtual Particles Coordination

Now that a control law has been established to follow a given virtual particle in a desired moving path, the virtual particle
needs to be defined so that coordination between vehicles is achieved. The coordination control law for controlling the rate
of progression of the virtual particle along the parameterized path is based on the work done in Y. Wang et al. (2019b).

The control law implemented is presented in equation (5), where for each vehicle i = 1,2,...,. N, % = v, —vi—1 + A, is
the coordination error for vehicle i and A, is the desired along-path separation distance. g € & and k,, € % are positive
constants. To achieve coordination, 4; — 0 must be assured as ¢t — co.

Y = Ji—1 — B tanh(k,7;) )

Itis assumed that there is a leader particle (particle number zero) that moves at a constant defined velocity (represented
by o) along the parameterized path. The first particle is then controlled via the equation in (5) and followed by UAV one,
and so forth for every particle and UAV.

This solution implies a consecutive share of information between UAVs, namely the ~ and 4 parameters, with a distributed
control strategy. It is assumed that with this strategy, the necessary data is transmitted between UAVs, which is possible
due to the fact that, in this flight phase, the UAVs are relatively close to each other.

Exponential error convergence to zero as time goes to infinity is assured for both presented control laws, based on
Lyapunov methods (see Jain (2019) and Y. Wang et al. (2019b)).

The implementation is validated through numerical simulations with both a steady and a moving target. An unicycle type
model was used to simulate the UAVs, in which the linear and angular velocity could be directly controlled. In the results,
the errors converge to 0 as time goes to infinity, as expected, and the commanded control inputs achieve coordinated flight
with the specified conditions.

4 Software In The Loop Simulations

An open source software framework was used to validate the command and control architecture implementation, in
a more realistic setup with software in the loop simulations. The used software, includes, among others: Autopilot PX4
(PX4 (2022)), ROS/MAVROS (ROS (2022)), QGC (QGC (2022)) and Gazebo (Koenig and Howard (2004)). The final
implemented ROS environment is depicted in Figure 14, which was done based on a modular approach with three main
modules: particle controller, vehicle offboard controller and target data publishing module. Initially, the target data publishing
module was implemented with a simple node that directly published the target data to all the UAVs in the flight formation, in
a centralized manner. The results shown in this section refer to that implementation.

In all the presented results, the graphs are displayed with the vehicles correspondent colours: red refers to the first UAV,
green to the second UAV and blue to the third UAV. The stars represent the UAVs starting positions and the circles the final
positions, either for the UAVs or for the target. The starting positions for each one of them was chosen to be p,{l (0) = [0; 2],
p.,(0) = [0; 4] and p/, (0) = [0; 6] with the target starting at p; (0) = [0; 0]. The target's movement is defined as it was in
the numerical simulations validation phase with the acceleration being given by ||V, ||(£) = 0.1sin(0.07¢) meters per second
squared and the angular velocity governed by w;(t) = 0.02cos(0.03t) radians per second (based on Oliveira, Aguiar, and
Encarnacao (2016)). The remaining simulation properties were set to be the following: K, = [0.09 0;0 0.005], 8 = 0.2,
k, = 0.1, e = [10; 0], 4o = 15 meters per second, v;(0) = —iA, meters, r = 200 meters, A, = 2% meters and N = 3. The
control rate was set to 20 Hertz and the desired altitude was set to 30 meters.

In Figure 4, the UAVs converge and maintain themselves in the circular path, correctly following the target in a coordi-
nated way. Figure 5 shows that after approximately 20 seconds, the UAVs converge to the desired altitude of 30 meters.

The errors plotted in Figures 6 and 7 converge to zero as time moves to infinity, as expected, similar to the results
obtained in the numerical simulations.

Taking into account the presented results, it is safe to assume that the implementation is validated with the tracking
errors converging to a value around zero and achieving a coordinated flight around a moving target, as desired. The next
section explores the use of a computer vision system to obtain the target data.
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Figure 3: UAVs and target paths. The stars represent the UAVs starting positions and the circles the final positions.
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Figure 4: Longitudinal (North-East plane) perspective of the
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5 Closed Loop Simulations with Computer Vision

A new target detection computer vision algorithm is added (Alves et al. (2022)), to estimate the target velocity and
positions based on acquired images through one of the UAVs onboard electro-optic sensor, as shown in the grey block in
Figure 14.

The defined waypoints to control the target's movement were chosen to be the following: p!(0) = [0; 0], p{(50) = [0; 0],
p!(100) = [50; 0], pf(150) = [150; 0], pL(175) = [175; 0], p{(200) = [250; 0], p/(250) = [150; 0] and pf(300) = [0; 0]. The
black line in Figure 8, Figure 9, Figure 10 and Figure 11 represents the target’s estimated position while the magenta line
indicates the target’s real position.

From Figure 10 it is possible to visually conclude that the target estimations had a poor performance, with large estima-
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tion errors compared to the real target position. This is due to the fact that, during long periods of time, the UAV with the
mounted camera could not capture the target on the acquired images. After the target is captured in the images and the
UAVs start to correctly circling over it, the estimations start to get better and coordinated flight following the moving target is
achieved. After 200 seconds, the target reaches its further most position and starts heading back to the origin, and its clear
from Figure 11 that throughout this simulation period, the aircrafts followed in a coordinated way the moving target. Figure
9 show the UAVs full trajectory, where they headed back to the origin, correctly following once again the moving target.
Regarding the errors plotted in Figures 12 and 13, although there is no clear convergence to 0, there is a tendency for lower
error amplitudes as time goes forward. After 200 seconds, the target changes its movement to the opposite direction, and
there is an increase in the error amplitude during approximately 50 seconds, after which it starts to decrease again, when
the estimations stabilize and the target estimation algorithm correctly identifies the target direction change. Overall, the
target could be followed in a coordinated way, proving the conjugation of a computer vision target position and velocity es-
timator with the proposed architecture. The results validate the implementation and the ultimate goal of following a moving
target in a coordinated manner is once again achieved, this time with the added capability of real time estimation based on
the acquired images from a simulated electro-optic sensor.

6 Conclusions

The developed work aimed to achieve the formal implementation of a command and control architecture to be used in
search and target tracking missions in a maritime environment. After a thorough review of the available literature, several
solutions are considered and the proposed solutions are justifiably chosen. The MPF method (Oliveira, Aguiar, and Encar-
nacao (2016) and Jain (2019)) using a distributed architecture with circular equidistant vehicle formation was implemented,
achieving the design of a moving target tracking mode for the command and control architecture idealized in Santos (2021).
The numerical simulations validated the implemented model, with overall satisfactory results and performance. In a more
realistic approach, software in the loop simulations implemented the designed target tracking mode, achieving similar re-
sults and also validating the implementations. Lastly, a simulated electro-optic sensor onboard of one of the UAVs fed the
obtained images to a computer vision algorithm (developed in Alves et al. (2022)) that estimated the target position and
velocity, closing the control loop and validating the newly added capability through the shown results.

Future work can be developed in many different research areas to improve and continue this thesis. The developed
target tracking mode can be integrated in the command and control architecture idealized in Santos (2021), with the other
modes, which, in the case of the collision avoidance one, still needs to be developed. Future projects could focus on
gimbaled camera systems, fusing the data obtained from all the UAVs to feed a computer vision algorithm. Overall, the
written code is well documented, although some improvements could be made, namely by adding fail proof strategies and
correcting code imposed limitations for scalability to a large number of UAVs. The investigation of different control laws,
particularly to control the particle dynamics, could also be addressed to better adapt to different mission scenarios.

In the end, a coordinated control architecture was implemented with satisfactory results. With the proposed method and
implementation, a number of aircrafts can follow a circular path around a generally moving target, while keeping a maximum
distance between each other, as proved by the results presented throughout this dissertation.
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