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SUMMARY
Safe and accurate navigation for autonomous trajectory tracking of quadrotors using monocular vision
is addressed in this paper. A second order Sliding Mode (2-SM) control algorithm is used to track
desired trajectories, providing robustness against model uncertainties and external perturbations. The
time-scale separation of the translational and rotational dynamics allows to design position controllers
by giving a desired reference in roll and pitch angles, which is suitable for practical validation in quad-
rotors equipped with an internal attitude controller. A Lyapunov based analysis proved the closed-loop
stability of the system despite the presence of unknown external perturbations. Monocular vision fused
with inertial measurements are used to estimate the vehicle’s pose with respect to unstructured scenes.
In addition, the distance to potential collisions is detected and computed using the sparse depth map
coming also from the vision algorithm. The proposed strategy is successfully tested in real-time
experiments, using a low-cost commercial quadrotor.

KEYWORDS: UAVs; Quadrotors; Autonomous navigation; Sliding mode; Collision avoidance;
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1. Introduction
Applications involving flying robots, also known as Unmanned Aerial Vehicles (UAVs), have
astonishingly spread out all over the world, in a wide range of tasks where they are used mainly for
remote sensing. In particular, four rotor rotorcrafts have attracted special attention from both research
groups and industry, thanks to their simplified mechanics and control, and their great maneuverability
which allows for vertical take-off and landing, hover and aggressive flight in small spaces. Such
applications include, among others, remote monitoring, surveillance, patrolling, search and rescue,
transportation and film recording.

In order to successfully accomplish their mission in an autonomous or semi-autonomous operation,
besides the control algorithm, all UAVs require a good estimation of their state vector, with high fidelity
and fast rate. Moreover, aerial robots normally present extra challenges steaming from their limited
size and payload, constraining their sensing capabilities. Even more, small UAVs are intended to be
inexpensive, and the use of high-precision sensing equipment is precluded. Primarily, the position, ori-
entation, translational speed and angular rate are needed; hence, they are equipped with a set of sensors
normally including an Inertial Measurement Unit (IMU), an optic flow sensor, ultrasound range finders
and cameras. A Global Positioning System (GPS) is often used for localization, however, in many scen-
arios GPS measurements are unavailable, or corrupted due to jamming or environmental constrains.
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In fact, localization in GPS-denied environment continues to be an open problem of great interest
in the field. Several recent works about this subject can be found in the literature. For example, in
ref. [1] the autonomous control problem of a quadrotor in GPS-denied environment is addressed using
a miniature laser range finder as the main onboard sensor.

Monocular vision appears as a good option for UAV’s perception of their environment, since
cameras offer huge amount of information in a compact, lightweight and inexpensive device, at
the cost of computational effort. For instance, in ref. [2] a vision-based navigation strategy for
UAVs using a single embedded camera observing natural landmarks is presented. Also, in ref.
[3] the authors proposed a vision-based algorithm to track and land on a known moving target. A
vision-based anticipatory controller for the autonomous indoor navigation of an UAV is addressed in
ref. [4], where a dual feedforward/feedback architecture was used as the UAV’s controller and the K-
NN classifier using the gray level image histogram as discriminant variables was applied for landmark
recognition. Additionally, in ref. [5] optic flow information from a camera is fused with inertial
measurements using an Extended Kalman Filter (EKF) to estimate metric speed, distance to the scene
and also acceleration biases.

More in particular, in the last years, some important works on pose estimation using monocular
vision have appeared in the literature. They make use of a powerful technique conceived for Augmented
Reality (AR) applications, where a hand-held camera is tracked through a small unstructured
workspace. This technique, which is called Parallel Tracking and Mapping (PTAM), is based on the
generation of a sparse map composed of thousands of points from the special features on the scene,
which can be tracked at frame-rate with high accuracy.6 In addition, PTAM has been successfully
adapted for UAV’s localization, by extending the generated map and solving the absolute scale
estimation problem using extra information from the quadrotor’s embedded sensors. In refs. [7–10],
the authors introduce implementations of an onboard vision-based UAV controller for navigation on
unknown environments without any external assistance. The drawback of these works is that they
consider expensive aerial prototypes to get a fully embedded system.

Other teams, contrary to the above cited works, have obtained similar results using only a low-cost
commercial UAV coupled with a ground-station to compute externally the algorithms.11,12 In these
research works the system is composed of the PTAM algorithm, an EKF and a linear control. The
contribution was to find a solution to the estimation problem for the absolute scale of the generated
sparse map, by fusing the visual information with inertial and/or altitude measurements. Furthermore,
they provide their complete implementation as open-source code.

Once the vehicle’s pose problem is solved, other key components for the success of autonomous
navigation of aerial vehicles are the obstacle detection and avoidance. Several teams have explored
this matter using different approaches and in several cases adding more sensors, for example, in ref.
[13] the authors proposed a complete system with a multimodal sensor setup for omnidirectional
obstacle perception consisting of a 3D laser scanner, two stereo camera pairs and ultrasonic distance
sensors. Detected obstacles were aggregated in egocentric local multiresolution grid maps. Planning
of collision-free trajectories and reactive obstacle avoidance were tested in real-time experiments.
However, this approach requires a huge payload for the multiple sensors involved.

Monocular cameras arise again as an excellent alternative to detect and avoid obstacles for small
UAVs. First works were based on optical flow algorithms14 or perspective cues,15 however, these
methods cannot handle frontal obstacles well. In ref. [16], the problem of detecting frontal obstacles
for an UAV is examined through a method to detect relative size changes in image patches, with highly
confident results in experiments. Similarly, in ref. [17] the authors presented a strategy for a quadrotor
with a monocular camera to locally generate collision-free waypoints. In that paper, PTAM is used
for navigation, then a dense depth map is computed from a small set of images, finally a 2D scan is
rendered and suitable waypoints are obtained, but extensive extra computations are required.

In this work, the vehicle’s localization and obstacle detection and avoidance problems are solved
using visual information coming only from a camera. The sparse depth map obtained from the special
features on the image and provided by the PTAM algorithm is modified and used to locate the aerial
vehicle in unstructured scenes. Moreover, this algorithm is improved and extended to detect possible
collisions in the horizontal plane. In addition, no extra sensors are needed in the prototype to perform
this task because we consider that, for a wide range of applications, no extra computation is needed to
generate a dense map for collision avoidance, despite the fact that the sparse map is noisy and weak
for low-texture regions. The advantage of this algorithm is that it could be implemented in commercial
aerial vehicles having a camera. In our case, a quadcopter Parrot AR.Drone is used.
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Linear or nonlinear control algorithms can be used for autonomous navigation (the choice depends
on the application, background of control knowledge, desired characteristics of the algorithm and
implementation complexity in the embedded system, in case of real validation). Real-time applications
involve a set of practical problems including modeling uncertainties, measurements noise and external
disturbances mainly due to natural conditions, such as wind. It is then of great interest for the controller
to acknowledge for these constrains and be robust against them. Robust control for UAVs have been
subject of several studies, to cite some examples, in ref. [18] a robust global trajectory tracking
is derived for underactuated UAVs, in a hierarchical scheme where the inner-loop is the attitude
which is represented using quaternions in a hybrid system’s framework, while the global position
trajectory tracking is accomplished robustly in the outer-loop. The proposed scheme was tested
experimentally in yaw with the help of a motion capture system. Moreover, in ref. [19] a robust
trajectory tracking control for quadrotors is derived through a hierarchical scheme, where the position
control is achieved by means of a feedback linearization plus a robust compensation technique, taking
into account parametric perturbations, nonlinear and coupled dynamics, external disturbances and time
delays. Experimental validation is provided using a precise GPS and an optic flow sensor. High order
sliding mode techniques are well-known and popular, for their inherent robustness properties with
decreasing of the undesired chattering effect typical in sliding mode strategies. Some applications
of the sliding mode theory to UAVs can be found in the literature, for example, in ref. [20] the
author presents a regulation controller for the Planar Take-Off and Landing (PVTOL) vehicle using
feedback linearization in combination with a sliding mode, while in ref. [21] the author introduces an
attitude controller for mini UAVs using a sliding mode controller and a fuzzy inference mechanism.
In ref. [22] a sliding mode fault-tolerant control for an octorotor is proposed, taking advantage on the
redundant rotors in this kind of configuration. Also, in ref. [23] a 2-SM is used to achieve attitude
control, while position control is addressed using the sliding mode theory in ref. [24], both for
quadrotors.

For autonomous navigation, a second order sliding mode controller was designed in this work, to
follow desired trajectories in a robust way with respect to uncertainties and perturbations, making
the closed-loop system suitable for outdoor applications. Such controller is inspired in our previous
work,25 and modified to improve the closed-loop system behavior and facilitate the parameter tuning.
Furthermore, real-time experiments were carried-out to validate the control strategy.

This controller is capable of following all kinds of mostly translational maneuvers for trajectories
in the 3D space. However, since only a frontal camera is used for perception, collision avoidance is
only guaranteed for frontal obstacles or previously detected obstacles for lateral motions.

Our contribution can be summarized in the following points:

• A 3D trajectory tracking control algorithm based on high order sliding mode, robust against
perturbations and uncertainties, is proposed and successfully validated in real-time experiments
for quadrotors.

• Several tools were assembled, adapted and improved to offer solutions for aerial autonomous
tracking. This includes extending the use of the PTAM algorithm to detect and avoid collisions,
without extra expensive calculations or sensors.

• An effective strategy for obstacle avoidance in the horizontal plane was developed taking into
account the visual information and without requiring expensive cost computation. No extra sensors
are required for this task.

The rest of this paper is organized as follows: the monocular vision algorithm for pose estimation
and the experimental platform are introduced in Section 2, the proposed control strategy for robust
trajectory tracking with collision avoidance is described in Section 3. Main results from real-time
experiments are presented in Section 4. Last but not the least, Section 5 states the conclusions and
perspectives for future work.

2. Experimental Setup
The experimental setup is simple, which is an advantage of the proposed work, and composed by a
quadcopter Parrot A.R. Drone and vision algorithms for localization and perception.
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Fig. 1. Overview of the experimental setup and the ROS nodes. Significant changes were made in the Trajectory
generator node, Collision-free node and State estimation node. This last node was customized to recover the
pointcloud.

2.1. Prototype
The AR.Drone is a well-known and inexpensive commercial quadrotor which can be used safely
close to people and is robust to crashes. It measures 53 × 52 cm2 and weights 0.42 Kg. It is equipped
with three-axis gyroscopes and accelerometers, an ultrasound altimeter, an air pressure sensor and
a magnetic compass. The prototype has an inner algorithm for fusing data from the inertial sensors
and estimating its attitude. Also, it provides video streams from two cameras, the first one is looking
downwards with a resolution of 320 × 240 pixels at a rate of 60 fps, and is used to estimate the
horizontal velocities with an optic flow algorithm. The second camera is looking forward, with a
resolution of 640 × 360 at 30 fps and is in general employed for transmitting video when the vehicle
is flying. No algorithm for this video stream is reported for this prototype. All sensor measurements
can be sent to a ground station at a frequency of 200 Hz. In addition, it is equipped with an on-
board autopilot to control roll, pitch, altitude velocity and yaw rotational speed (φ, θ, ż and ψ̇),
according to external references. These references are considered as control inputs and computed and
sent at a frequency of 100 Hz. A WIFI communication is used between the drone and the ground
station.

It is in general hard to modify the software or the hardware; hence, no modifications in the prototype
were realized. The idea is to focus the research efforts in the development of new algorithms and
solutions using this kind of test-beds. For our application, we propose to use the open-source ROS
(Robot Operating System) in the ground station. The video stream from the frontal camera is used with
the monocular vision algorithm and fused, all in real-time on ROS, with the measurements coming
from the accelerometers, gyrometers, altimeter and the downward camera to estimate the vehicle
position and perceive the environment (obstacle avoidance).

Figure 1 depicts an overview of the full experimental setup and the nodes used in ROS. From Fig. 1,
the AR. Drone driver node connects the ground station to the aerial vehicle. The Joystick node is used
to control the quadrotor in manual mode. Tum_ardrone state estimation node computes the PTAM
algorithm for localization. The trajectory generator node was included for adding new trajectories.
The Collision-free trajectory tracking node includes the control algorithm. The parameter adjust node
gives the user the possibility of tuning the algorithms gains online. And finally the plots node helps
for visualizing graphically the quadrotor performance.
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Fig. 2. UAV localization w.r.t. the sparse depth map (left). Characteristic features on the image (right).
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Fig. 3. Horizontal projection of the sparse depth map obtained by PTAM.

2.2. Monocular vision localization
The aerial vehicle position is obtained using computer vision and inertial data fused with an EKF
algorithm. The vision algorithm, based on PTAM, estimates camera pose in an unstructured scene.6,9,11

The algorithm executes in parallel the vision information for the tracking and mapping. Even if the
PTAM is a good solution for pose estimation, it was conceived for mostly static and small scenes,
and an absolute scale for the map is not provided. This could be considered as a drawback for MAV’s
(Micro Aerial Vehicles) applications. Nevertheless, in refs. [11] and [12], the authors proposed a nice
solution fusing data measurements coming from an IMU, a camera, ultrasounds sensors and using a
scale estimator and an EKF. One advantage of this solution is that the vision approach can be found
as open-source for ROS.

For the present work, the estimation module in ROS proposed by ref. [11] was modified and
enhanced for obstacle detection and avoidance. Also, the control algorithm code was completely
replaced for a new one in order to easily implement and validate different control strategies and
help to tune the required gains (parameter adjust node). Furthermore, a trajectory generator was also
included for tracking autonomously different kind of time-varying trajectories, rather than just way-
points. Finally, the localization algorithm was modified to recover the pointcloud of the depth map
generated by the PTAM algorithm and sent it to another node to estimate the distance to potential
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Fig. 4. Collision-free trajectory tracking. The aerial vehicle is capable of following the trajectory except when
the obstacle is detected and the repulsive forces is induced. The desired path is a lemniscate and the wall is
represented by the black rectangle.

frontal collisions, see Fig. 2, as explained in Section 3.2. In this way, the operator can select online
between the different programmed trajectories, control laws and operation modes, as well as modify
in real time any parameter for tuning.

3. Collision-Free Autonomous Tracking
Let us consider a simplified version of the well-known dynamic model of a quadrotor:26

mξ̈ = T Re3 − mge3 + w (1)

�̈ ≈ � (2)

with mass m and the gravity constant g. Also, ξ = [x y z]T defines the position of the quadrotor with
respect to an inertial frame, � = [φ θ ψ]T stands for the Euler angles roll, pitch and yaw. T ∈ �+
defines the total thrust produced by the motors and � ∈ �3 denotes the control torque produced by
the differential of rotors velocities. R ∈ SO(3) represents the rotation matrix from the body fixed
frame to the inertial one, and e3 = [0 0 1]T . Finally, w ∈ �3 is an external and unknown disturbance
vector.

3.1. 2-Sliding mode trajectory tracking control
Time-scale separation allows us to hierarchically design separate controllers for the rotational and
translational dynamics.27 This is possible considering that the close loop rotational subsystem is
much faster than the translational one. In addition, taking into account the prototype characteristics,
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Fig. 5. 3D Collision-free lemniscate trajectory tracking close to a wall. The solid line is the vehicle path. Note
that it is flattened in the y axis at 2m from the wall. It is a consequence of the potential field for avoiding the
obstacle.

the desired references for the attitude are used as control inputs for the trajectory tracking. Note that
this is suitable for most commercially available UAVs with internal autopilot.

Then, the control goal is to design a trajectory tracking control for performing outdoor flight
autonomous navigation. It is required to give robustness properties to the algorithm for dealing with
external perturbation and unknown uncertainties produced by the changing weather conditions, mainly
the wind. A second order sliding mode was selected for this purpose.

Define the desired position ξd and the position error as ξ̄ = ξ − ξd , then substituting into (1) leads
to

m ¨̄ξ = (T Re3)d − mge3 − mξ̈d + w. (3)

Let us consider the so called switching function

σ = ξ̄ + k1

∫
ξ̄ dt, (4)

where k1 ∈ �3x3 is a diagonal positive definite gain matrix. Then, computing the second time derivative
of the previous equation, it yields

σ̈ = ¨̄ξ + k1
˙̄ξ

= 1

m
(T Re3)d − ge3 − ξ̈d + k1

˙̄ξ + w

m
. (5)
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Fig. 6. x-state response (solid line) when the quadrotor follows the lemniscate trajectory (dashed line). Observe
the good performance of the controller when tracking the desired path in the x-axis. As can be seen in Figs. 4
and 5 the wall is located in the y axis only.

Consider now u = (T Re3)d to be the control input. Then, using the twisting algorithm theory in
ref. [28], the following discontinuous controller is proposed

u = m(ge3 + ξ̈d − k1
˙̄ξ − r1Sgn(σ ) − r2Sgn(σ̇ ) − k2σ̇ ), (6)

where r1, r2, k2 ∈ �+ are constant control parameters. Introducing the above into (5), the first three
terms will annihilate the continuous dynamics of the closed-loop system and (5) becomes

σ̈ = −r1Sgn(σ ) − r2Sgn(σ̇ ) − k2σ̇ + w

m
. (7)

Observe that the first two terms introduce a discontinuous control while the final term (−k2σ̇ ) induces a
proportional feedback of the position error. It is aimed to improve the controller behavior and facilitate
the parameter tuning.

The vectorial sign function is defined for a vector ϒ = [υ1 υ2 υ3]T as

Sgn(ϒ) =
⎡
⎣ sgn(υ1)

sgn(υ2)
sgn(υ3)

⎤
⎦ ; sgn(υi) =

⎧⎨
⎩

1 υi > 0
0 υi ∈ [−1, 1]

−1 υi < 0
. (8)

Then, using the Lyapunov stability theory for non-smooth Lipschitz continuous Lyapunov
functions,29 the stability of the closed-loop system can be analyzed. Let us consider the following
Lipschitz continuous Lyapunov function

V = r1||σ ||1 + 1

2
σ̇ T σ̇ (9)
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Table I. Parameters.

k1 k2 ε[m] krep ds[m]

2 25 0.5 4 5

differentiating (9) with respect to time, everywhere but on σ = 0 where V is not differentiable, leads
to

V̇ = r1Sgn(σ )T σ̇ + σ̈ T σ̇ (10)

and after some manipulations

V̇ ≤ ||σ̇ ||1(−r2 + 1

m
||w||) − k2σ̇

2 (11)

if the external disturbance is bounded ||w|| ≤ ma, for some a > 0, and choosing r2 > a we have
V̇ ≤ 0.

Applying an extended version of the LaSalle invariant principle, and following a similar procedure
as the one presented in ref. [25], we can show that choosing r1 > r2 + a, the largest invariant set
where V̇ = 0 contains only the origin σ = σ̇ = 0, and all the trajectories of the system converge to
zero.

Observe that

Rde3 =
⎡
⎣Rdx

Rdy

Rdz

⎤
⎦ = (T Re3)d

Td
(12)

with Td = ‖(T Re3)d‖.
For an easy implementation, propose ψd constant. Using the short notation sα = sin(α), cα =

cos(α), it is possible to find φd and θd explicitly as

φd = arcsin
(
Rdxsψd − Rdycψd

)
(13)

θd = arcsin

(
Rdxcψd + Rdysψd

cφd

)
, (14)

where φd and θd are the desired roll and pitch angles provided to the quadcopter vehicle.

3.2. Collision avoidance
One of the main challenges in aerial autonomous navigation, is the perception of unknown
environments with the extra difficulty of the limited payload. In this section, we extend the results
from monocular vision for detecting possible frontal collisions using only the sensors embedded in
the prototype. Particularly, the visual information is used to estimate the distance to obstacles from the
horizontal projection of the sparse depth map computed by the PTAM algorithm, as the one showed
in Fig. 3.

It consists of a set P of n points pi(xi, yi, zi), i = 1, . . . , n obtained from the characteristic features
of the image stream provided by the frontal camera of the quadrotor. PTAM uses these points as a map
to estimate the pose of the UAV. The horizontal projection of this point cloud is used for computing
the distance to frontal obstacles, we will consider for the first tests that the obstacles will have the
same height (this stands for walls, columns, etc.). However, this horizontal projection results in a very
noisy depth map and should be given special care for obstacles presenting low-texture surfaces for
the vision algorithm.
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Fig. 7. y-state response (solid line) when the aerial vehicle tracks the lemniscate trajectory (dashed line). Note
from Figs. 4 and 5 that the repulsive force is larger than the controller computed for this axis Frep � Fy, and
then, the controller gives priority to avoid collisions and as a consequence it did not reach the desired trajectory.

Therefore, we define the estimated distance to frontal obstacles dy as

dy = y − 1
ηy

∑
i∈�y

yi

�y = {pi(xi, yi, zi) ∈ P| xi ∈ [x − ε, x + ε]}
(15)

i.e., the average depth, w.r.t. the position of the quadrotor along y, of the η points inside certain lateral
range ε from the lateral position of the quadrotor x. Analogously, we can obtain the estimated distance
to lateral obstacles dx.

In order to avoid collisions, we apply a potential field, such that if distance di (i : x, y) falls bellow
certain safe distance ds, then, a repulsive force Frepi

will be exerted as follows

Frepi
=

{
0 di > ds

−krepi
( 1

di
− 1

ds
)( 1

d2
i

) di ≤ ds
. (16)

Finally, retaking the 2-SM trajectory tracking control (13) and (14), the full collision-free trajectory
tracking strategy becomes

φd = arcsin
(
Rdxsψd − Rdycψd

) + Frepy
(17)

θd = arcsin

(
Rdxcψd + Rdysψd

cφd

)
+ Frepx

. (18)
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Fig. 8. Error states when tracking the trajectory. From Fig. 4 notice that the desired path is followed almost
perfectly and then the error in the x-axis is small (dashed line in this figure). Nevertheless, from Fig. 5 note that
the desired path is not well tracked because the potential field appears producing an error in the y-axis (solid
line in this figure).

It must be noted that lateral obstacle detection becomes much more challenging, since only a frontal
camera is used for this purpose.

4. Real-Time Experiments
Extensive experiments were executed to validate the proposed control-vision collision-free scheme.
Two practical validations were developed; first, for autonomous trajectory tracking close to a wall
and, second, when the quadcopter is surrounding a column-kind obstacle. The parameters used for
the first case were tuned by trial and error and are presented in Table I. For surrounding a column, the
gains were relaxed due to the difficulty of the problem while dealing with a lateral obstacle and using
only a frontal camera for detection.

4.1. Trajectory tracking
In this test, the mission was to follow autonomously a lemniscate trajectory with a length of 3 m,
see Fig. 4. The challenge in this mission is to introduce a wall close to the trajectory, such that the
vehicle, using the monocular camera detects the wall and activates the repulsive algorithm for collision
avoidance.

Figures 4 and 5 (3D view) illustrate the experiment where we can appreciate how the vehicle
modifies its trajectory when it is close to the wall. Notice here that the repulsive force Frep becomes
bigger than the force generated by the tracking control Fy while approaching the wall, producing the
deflection with respect to the desired trajectory. This is expected since the safety of the system is more
important than accomplishing the tracking mission.

https://doi.org/10.1017/S0263574718000516 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574718000516


1504 Quadrotor collision-free navigation

0 20 40 60 80 100 120
Time (s)

-15

-10

-5

0

5

10

15

D
es

ire
d 

an
gl

es
 (o

)

d

d

Fig. 9. Desired angles computed for free collision and trajectory tracking. These angles act as virtual control
inputs for the trajectory tracking controller.

Figures 6 and 7 introduces the x and y responses of the quadrotor while following the lemniscate
trajectory. In this experiment the wall is in front of the y axis. Observe in these figures that the quadrotor
carries out very well the path tracking in the x coordinate, minor errors can be appreciated due to the
aggressive nature of the lemniscate path on this axis, see Fig. 6. Note that when the vehicle approaches
the wall (see Fig. 7) it cannot follow the desired trajectory on the y axis, this is due to the repulsive
force in the control scheme which becomes bigger than the trajectory tracking law.

In Fig. 8 the tracking errors ξ̄x, ξ̄y are displayed. These errors always remain bounded in small
values except for the time when the UAV get close to the wall. The control inputs for the internal
autopilot are depicted in Fig. 9. It is important to point out that small gains have been chosen in the
discontinuous terms for the real-time implementation to avoid aggressive commands. This is due to
the discontinuous nature of the controller, to solve this issue, it is considered to explore in future
developments a super-twisting algorithm, to attenuate the undesired chattering effect.

From this experiment we can conclude that the trajectory tracking control performs well even when
an obstacle is present. Meanwhile, we corroborate that obstacle avoidance is possible for obstacles
like flat walls, using only a frontal camera for detection and without any extra expensive computation.
In order to test the collision avoidance strategy in a more challenging scenario, Section 4.2 address
the position control problem when an obstacle is present in the path. In this case, the aerial vehicle
needs to surround the obstacle to arrive to the desired position.

4.2. Surrounding an obstacle
In this case, the objective consists in going from point (0,0) to (0,9) without clashing against the
obstacle localized halfway, as depicted in Fig. 10. The obstacle is placed in an unknown position for
the quadcopter and has an irregular shape, as shown in Fig. 11. Therefore, the practical objective will
be that the vehicle detects it and surrounds it in order to accomplish its mission without collision.

The experimental results are presented in Figs. 10–14. In Fig. 10 we can appreciate the performed
trajectory by the UAV in the horizontal plane. We can see how the quadrotor was able to detect the
obstacle and change its course to continue its mission without collision. Hence, a frontal repulsive
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Fig. 10. Quadrotor response (solid line) when following a desired trajectory (dashed line) with an obstacle.

Fig. 11. Obstacle avoidance experiment. Note that the obstacle has an irregular form and the vision algorithm is
capable of detecting it.

force is exerted to prevent the UAV from colliding, and once the UAV is close to the obstacle, a lateral
repulsive force allows to evade the obstacle and continue to the goal.

As previously stated, the control gains were relaxed in this experiment due to its difficulty. This
can be appreciated in Fig. 10 where the aerial vehicle follows the desired path but some errors can be
appreciated in the x axis.
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Fig. 12. x-axis response (solid line) when the vehicle follows a line trajectory (dashed line) and avoiding an
obstacle in the trajectory.
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Fig. 13. y-state performance when the aerial vehicle surrounds an obstacle in the desired trajectory.
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Fig. 14. Attitude quadrotor response for the experiment. Observe that the yaw angle remains constant and the
pitch angle has a significant value at the beginning because there is no obstacle in the trajectory (the vehicle is
moving in this axis) and later moves slowly when the obstacle is present. It is different for the roll angle that at
the beginning remains almost constant and changes to produce a lateral displacement in the drone for avoiding
the obstacle.

In Figs. 12 and 13 we can appreciate the x and y responses. From the x position in Fig. 12,
we can observe that there is a big overshoot at time 22 s, once the quadrotor passes the obstacle
and tries to retake its way to the goal. This is attributed to the relaxed gain adjustment in the x
coordinate. Meanwhile, in Fig. 13 we can appreciate how the helicopter converges to the reference
almost exponentially, despite the presence of the obstacle.

Finally, Fig. 14 shows the quadrotor orientation while performing the task. It is interesting to note
the attitude maneuvers performed by the UAV in order to quickly go to the target at time 4 s, and
in order to evade the obstacle at t = 9 s. We can also observe some peaks at t = 15 s and t = 21 s
probably due to noise in the point cloud.

It is important to point out that the obtained results are quite satisfactory, taking into account that
only a monocular camera is used to locate the quadrotor and to detect collisions, instead of using an
expensive motion capture system and/or extra range sensors as others teams. Henceforth, the obtained
results can be easily reproduced on outdoor flight tests.

Some experiments of this work were recorded in a video(1).

5. Conclusion and Future work
Collision-free navigation for a quadrotor using only a monocular camera was presented and
experimentally validated in this paper. Despite the simplicity of the proposed collision avoidance
technique, it satisfactorily accomplished its goal.

(1)https://youtu.be/A-6zgwdjn3k
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A second order sliding mode control proved to be adequate for accurate trajectory tracking with the
presented setup, accomplishing well the tracking objective while adding robustness against external
perturbations. However, special attention must be payed when implementing this kind of controllers
because of their discontinuous nature, in this case, the discontinuous terms were kept bounded by
choosing small gains. If required, a second order sliding mode control using the super-twisting
algorithm could be used to attenuate the chattering effect.

Monocular-vision based navigation showed to be a powerful tool for MAVs in GPS denied
environments, as well as an exciting research area to be explored.

Future work includes extending the obtained results for outdoor tests, and to improve the
obstacle detection algorithm for including the lateral direction. This could be performed using more
sophisticated techniques for point-cloud filtering or adding other sensors.
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