N

N

Quadrotor UAV Dynamic Visual Servoing Based on
Differential Flatness Theory
Ahmed Alshahir, Mohammed Albekairi, Kamel Berriri, Hassen Mekki, Khaled
Kaaniche, Shahr Alshahr, Bassam Alshammari, Anis Sahbani

» To cite this version:

Ahmed Alshahir, Mohammed Albekairi, Kamel Berriri, Hassen Mekki, Khaled Kaaniche, et al..
Quadrotor UAV Dynamic Visual Servoing Based on Differential Flatness Theory. Applied Sciences,
2023, 13 (12), pp.1-19. 10.3390/app13127005 . hal-04251274

HAL Id: hal-04251274
https://hal.sorbonne-universite.fr /hal-04251274
Submitted on 20 Oct 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.sorbonne-universite.fr/hal-04251274
https://hal.archives-ouvertes.fr

friried applied
e sciences

Article

Quadrotor UAV Dynamic Visual Servoing Based on Differential

Flatness Theory

Ahmed Alshahir 1*, Mohammed Albekairi 1, Kamel Berriri 2, Hassen Mekki 32, Khaled Kaaniche 100, Shahr Alshahr 1,
Bassam A. Alshammari ! and Anis Sahbani *

check for
updates

Citation: Alshahir, A.; Albekairi, M.;
Berriri, K.; Mekki, H.; Kaaniche, K.;
Alshahr, S.; Alshammari, B.A.;
Sahbani, A. Quadrotor UAV Dynamic
Visual Servoing Based on Differential
Flatness Theory. Appl. Sci. 2023, 13,
7005. https://doi.org/10.3390/
app13127005

Academic Editors: Leszek Ambroziak

and Cezary Kownacki

Received: 11 May 2023
Revised: 31 May 2023
Accepted: 5 June 2023
Published: 10 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Electrical Engineering, College of Engineering, Jouf University, Sakaka 72388, Saudi Arabia
LAMMDA Laboratory, University of Sousse, Sousse 4054, Tunisia

National School of Engineering of Sousse, NOCCS Laboratory, University of Sousse, Sousse 4054, Tunisia
Institute for Intelligent Systems and Robotics (ISIR), CNRS, Sorbonne University, 75006 Paris, France
Correspondence: aaalshahir@ju.edu.sa

W N e

Abstract: In this paper, we propose 2D dynamic visual servoing (Dynamic IBVS), where a quadrotor
UAV tries to track a moving target using a single facing-down perspective camera. As an application,
we propose the tracking of a car-type vehicle. In this case, data related to the altitude and the lateral
angles have no importance for the visual system. Indeed, to perform the tracking, we only need to
know the longitudinal displacements (along the x and y axes) and the orientation along the z-axis.
However, those data are necessary for the quadrotor’s guidance problem. Thanks to the concept of
differential flatness, we demonstrate that if we manage to extract the displacements according to
the three axes and the orientation according to the yaw angle (the vertical axis) of the quadrotor, we
can control all the other variables of the system. For this, we consider a camera equipped with a
vertical stabilizer that keeps it in a vertical position during its movement (a gimbaled camera). Other
specialized sensors measure information regarding altitude and lateral angles. In the case of classic
2D visual servoing, the elaboration of the kinematic torsor of the quadrotor in no way guarantees the
physical realization of instructions, given that the quadrotor is an under-actuated system. Indeed,
the setpoint has a dimension equal to six, while the quadrotor is controlled only by four inputs.
In addition, the dynamics of a quadrotor are generally very fast, which requires a high-frequency
control law. Furthermore, the complexity of the image processing stage can cause delays in motion
control, which can lead to target loss. A new dynamic 2D visual servoing method (Dynamic IBVS) is
proposed. This method makes it possible to generate in real time the necessary movements for the
quadrotor in order to carry out the tracking of the target (vehicle) using a single point of this target
as visual information. This point can represent the center of gravity of the target or any other part
of it. A control by flatness has been proposed, which guarantees the controllability of the system
and ensures the asymptotic convergence of the generated trajectory in the image plane. Numerical
simulations are presented to show the effectiveness of the proposed control strategy.

Keywords: target and feature tracking; autonomous unmanned aerial vehicles; quadrotor; dynamic
image-based visual servoing; flatness control

1. Introduction

The navigation of unmanned aerial vehicles (UAVs) using a vision system has found
much interest during the last few decades in several fields of its application, such as the
military field and civil society [1,2], traffic surveillance [3,4], mapping and exploration [5,6],
and agriculture [7,8]. Visual servoing methods use visual information to control a vehicle’s
pose relative to specific visual targets. They are divided into two main families [9]: 3D
visual servoing, or position-based visual servoing (PBVS), and 2D visual servoing, or
image-based visual servoing (IBVS). IBVS directly uses image feature errors in the image
plane to derive control inputs. It regulates the vehicle without reconstructing the relative
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pose with respect to visual targets. It therefore does not need information on the geometry
of the target a priori, as in the case of PBVS. Moreover, it is easy to calculate and more
robust than PBVS.

The IBVS technique is a control method that guarantees the convergence of the visual
features of a target toward the desired values in the image, as stated in [9]. IBVS methods
may face challenges, such as significant tracking inaccuracies or total tracking failure, in
situations where the motion of the target changes over time or is not accurately antici-
pated [10]. Predictive visual control (PVC) tries to solve this problem by incorporating
model predictive control constraints [11,12]. These constraints include the field of view
(FOV), actuator output limitations, and the workspace. In [13], a nonlinear predictive
controller was effectively employed to produce the desired velocity for an underwater
vehicle while adhering to visibility limitations. The same approach was investigated in [14]
to develop a tracking controller for UAVs. The application of the model predictive control
(MPC) scheme has been observed in the context of a mobile robot [15] and quadrotor [16]. In
the aforementioned scenario, the model predictive control (MPC) was employed to ensure
that the visual attribute of the target remains in the intended location within the image. In
the context of navigation, the IBVS system has been observed to encounter occlusion issues
leading to missing feature points. To address this, artificial patterns have been utilized
to predict the missing feature points and maintain the proper functioning of the system.
This approach has been documented in [17]. Nevertheless, the model predictive control
(MPC) methodologies are restricted to immobile targets. Furthermore, a high-performance
processing stage is necessary. Predictive control is a computational process that involves
solving an optimization problem at every moment in real time. This is due to the fact that
predictive control requires intensive calculations. This situation may result in a substantial
computational load, particularly for complex or fast systems, as occurs in our scenario.

For effective tracking control, it is crucial to have knowledge of the movement of a
dynamic target. This information is frequently inaccessible and challenging to anticipate.
Closed-loop control employs various image characteristics to maintain the target within the
field of view (FOV), as stated in [18]. Various techniques have been developed for feature
extraction and matching in image processing. These include RGB-based methods [19], scale-
invariant feature transformation (SIFT) [20], and accelerated robust features (SURF) [21].
Notwithstanding, these techniques exhibit constraints with respect to object detection
and the assessment of the camera’s motion relative to the target. Quadrotors have been
subjected to vision-based optimization techniques [22] for the purpose of tracking a moving
target while avoiding obstacles. However, this is only possible if the target’s position is
predetermined. In [23], alternative model-based optimization techniques were employed
to ensure reliable detection of an unmanned aerial vehicle (UAV), but the focus of the study
was primarily on utilizing image features for indoor localization instead of target tracking.
Several methods have been employed to track humans, including the use of bounding
boxes and minutiae [24,25]. Nevertheless, the targets tracked using these methods moved
at slow speeds, which could result in their movements being ignored. Furthermore, it has
been reported that target orientation is frequently unavailable [26]. In [27], the utilization of
model-based predictive control was demonstrated for the purpose of tracking a periodically
moving target. This approach resulted in a reduction in the complexity associated with
controller design. The aforementioned methods failed to consider the interaction between
the unmanned aerial vehicle (UAV) and the intended target. Additionally, the angle
between the camera and the target was neither modeled nor quantified.

Quadrotor dynamics are typically fast and unpredictable. To control this type of
system, it is necessary to develop a high-frequency controller [28]. On the other hand, visual
servoing goes through an image processing step that aims to extract the characteristics of
the object. This can have a detrimental effect on the frequency of control law development.
Furthermore, the complexity of image processing can cause delays in motion control, which
can lead to the loss of a target. In order to solve these problems, a new 2D dynamic visual
servoing (Dynamic IBVS) method is proposed. Its objective is to generate the necessary
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movements of the quadrotor to keep the target centered in the image plane. The proposed
method transforms the problem into an asymptotic tracking process of a desired trajectory
in the image plane, using the inverse dynamic of the estimated model of the vehicle to be
followed. Since the proposed method allows the altitude of the quadrotor to be controlled
independently of other variables, it is possible to set the altitude to a high level in order
to reduce the risk of losing the target out of sight of the on-board camera, even during
discontinuous and significant movements of the target. Moreover, this method only uses a
single point on the target as a visual primitive. To increase the robustness and flexibility of
the detection, this point can represent either the center of gravity of the target to be tracked
or a specific part of the target.

The flatness property of a system is a relatively recent concept in automatic control that
was proposed and developed in 1992 by M. Fliess et al. [29]. This property, which makes it
possible to parameterize in a very simple way the dynamic behavior of a system, is based
on the highlighting of a set of fundamental variables of the system: its flat outputs. This
point of view, as we demonstrate, has multiple and interesting consequences relative to the
control of systems. First of all, this makes it possible to return to the center of the control of
a process the notion of trajectory that the system must execute; that is to say, the movement
requested from a system must above all be achievable by this system. This avoids many of
the problems faced by automation engineers. One of the first steps in flatness control is to
generate an adequate desired trajectory that implicitly takes into account the system model.

In this work, we consider as an application the tracking of a car-type vehicle (Dynamic
IBVS) by a quadrotor UAV equipped with a single facing-down perspective camera. In
our case, the information concerning the altitude and the lateral angles (the roll angle
and the pitch angle) are of no importance to the visual system. Indeed, to perform the
tracking, we only need to know the longitudinal displacements (along the x- and y-axes)
and the orientation along the z-axis. Those details are necessary for the problem of guiding
the quadrotor. In [30-33], the authors proposed to use a rotating image plane, called a
“virtual image plane”, thus making it possible to obtain a dynamic of decoupled image
characteristics. This method is applied to a fixed target and requires the detection of at least
three points on the target. Thanks to the concept of differential flatness, we demonstrate that
if we manage to extract the displacements according to the three axes and the orientation
according to the yaw angle (the vertical axis) of the quadrotor, we can control all the other
variables of the system. For this, we consider the following conditions. The camera is
equipped with a vertical stabilizer, which keeps the camera in a vertical position during
its movement; in other words, we neglect the lateral angles. It is also assumed that the
quadrotor flies over at a given altitude. This altitude is not necessarily constant, but it must
be known a priori. It should be noted here that these hypotheses only concern the visual
system, which makes it possible to generate the movements necessary for the quadrotor
in order to ensure the tracking of the vehicle. We use additional sensors to measure its
magnitudes in order to achieve the trajectory that the visual system has thus generated.

In the case of traditional 2D visual servoing, the development of the quadrotor’s
kinematic torsor does not guarantee the physical realization of control instructions (a con-
trollability issue compounded by an under-actuated system). In fact, the kinematic torsor
has six dimensions, whereas the quadrotor has only four inputs. With only four control
inputs, it is nearly impossible to implement the six instructions generated by the visual
servoing algorithm. To solve this problem, ref. [34] proposed a linear model predictive
control (MPC), but this method uses linear approximations and is not generally suitable
for systems with very fast dynamics. Dongliang Zheng et al. [31] offered a command by
backstepping; it was necessary to make many modifications to the model to render it in a
particular form.

The proposed control by flatness takes into account all the variables of the system,
guarantees its controllability, and ensures the asymptotic convergence of the resulting
trajectory. The contributions of this study can be summarized as follows:
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i.  Using the concept of differential flatness, we have developed a new method of dynamic
visual servoing for quadrotors. This method generates the necessary movements
(translation and orientation) in order to keep the target centered in the image plane.

ii.  Since quadrotors are fast systems working in outdoor environments, we have simpli-
fied the image processing and ensured the robustness of the visual primitive by using
only one point of the target.

iii. Since quadrotors are under-actuated and strongly coupled systems, the realization of
the kinematic tensor generated by the visual servoing algorithm becomes a problem.
To solve this, we have proposed a control by flatness that ensures controllability and
asymptotic tracking of the generated trajectory.

iv. In order to ensure robustness against climatic conditions, such as wind, we have
added a PD-type correction term to the open-loop flatness control.

This paper is organized as follows: Section 2 presents the dynamic model of the
quadrotor. The tracking strategy of a vehicle is detailed in Section 3. This strategy includes
three loops: the first controls the altitude of the quadrotor; the second is dedicated to the
generation of the trajectory; and finally, the third loop ensures tracking by flatness. Section 4
displays the simulation results validating the proposed approach.

2. The Dynamic Model of the Quadrotor

The commonly used quadrotor dynamic model [35-37] is given by Equation (1). This
model has been proven by numerous experimental tests.

x = uy(cosypsinfcosgp + sinpsing) — %

y = uy(sinysinfcosp — cosypsing) — %

z = uq(cosOcosp) — g — %

.. R 4 1
e M
. IKs5¢

¢ =us = p*

¥ =uy—

where (x,y, z) are the three positions; (6, ¢, {) are the three Euler angles, representing pitch,
roll, and yaw, respectively; g is the acceleration of gravity; [ is the distance from the center
of gravity to each rotor; m is the total mass of the quadrotor; (I, I, I3) are the moments
of inertia along x, y, and z; (K;, K», K3, K4, K5, Kg) are the drag coefficients (in the rest
of our work, we assume that the drag is zero since the drag is negligible at low speed);
(u1, up, u3, uy), are the control inputs defined Equation (2) [36]:

_ (I+T+T5+Ty)

u = m

Ur = 1(7T17T2+T3+T4)

’ I )
_ =N+ T+ T3-Ty) -

Uz = L
_ C(h-T+T3-Ty

Uy = ( 3 )

where (Ty, T, T3, T4 ) are the thrusts generated by the four rotors and can be considered as
the actual system control inputs; C is the force-moment scaling factor; 1, represents the
total thrust on the quadrotor UAV body according Z; u; and u3 are the pitch and roll inputs;
and 1y is the yaw input.

3. Tracking Strategy

The control strategy of the quadrotor for ensuring the tracking of a vehicle is given in
Figure 1. The quadrotor takes a desired altitude, z;, and as soon as it detects the vehicle
to be pursued, it will join it and ensure its tracking. The quadrotor used in this work
is equipped with a camera with a stabilizer that keeps this camera upright during its
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movement. Once we have generated the movements necessary for the quadrotor to ensure
the tracking of the vehicle, a flatness control technique is proposed to carry out this target.

e (26,9)
Desired | v ;
altitude ! Altitude i
T control | (x.3.9)
Z4 ! |
cmmmmmmmmmmeeey | %
|
. - Uag ' Uzpre
Tra]ectcfr} "—:"' Feedforword > : *| Quadrotor ——-
Generation yg | flatniess Uzg | Corrective |l uz?r.'g
Block T control |, "] terms i
Wa | dud | Yarre
I | g
| | |
A '
N e !
Y H
Point |
— Camesra
extraction X
FN

Figure 1. Vehicle tracking strategy.

We demonstrate in this work that a single point of the object to be tracked is enough
for our proposed algorithm to achieve visual servoing. The trajectory generation block
uses the coordinates in the image plane of this point to generate the necessary movements
for the quadrotor in order to track the vehicle. In this control strategy, we develop three
control loops, namely the loop that controls the altitude of the quadrotor; the loop that
provides the 2D dynamic visual servoing, generating in real time the correct movements
for the quadrotor in order to perform the tracking of the vehicle; and the loop that ensures
the asymptotic convergence of the desired trajectory with a given degree of robustness
using flatness control.

3.1. Loop 1: Altitude Control

As mentioned in Section 2, the control input, 11, is responsible for movement along the
Z-axis. By applying the input/output linearization method on the third line of Equation (1),
the linearizing control will be given by:

{ up = (Nuz+g)

cosbcos , 3)
with cosBcosg # 0

where Nu, is the new input of the linearized system given by Equation (4):

z = Nu,. 4)
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To make the altitude, z(t), track the desired altitude, z;(t), we just take the new input

as follows:
Nu, = z; + kg (Zd *Z) + k12(z4 fZ). (5)

The coefficients ki1 and kqp are chosen so that the polynomial p2 +kpp+kpisa
Hurwitz polynomial.

3.2. Loop 2: Trajectory Generation

By using a vertical camera stabilizer, the image plane will always be parallel to the
(Xw, Yw) plane of the Cartesian world coordinate system, as shown in Figure 2.

e,

<

I
]
I

Xc
T
()
: The trajectory
E in the image
1
i plane
Image frame
Vehicle (target)
Xw
fw World frame

Figure 2. Quadrotor coordinate system vs. Cartesian world coordinate system.

We denote (x,y,z,0,¢,9P) as quadrotor coordinates and (xc, Y, Z¢, Oc, Pc, P ) as camera
coordinates. So, we have x. = x; Yy =y, zc = z; Y. = P, 0. = 0; and I, = 0. We assume
that the quadrotor flies at a given constant altitude, z;, and we impose that the orientation
of the quadrotor is the same as that of the vehicle to be tracked (the orientation is managed
by the Yaw angle ¢, = ¢). The translation movements along the Xy,- and the Y;,-axes as
well as the rotation along the Z,-axis of the quadrotor are independent. In other words, to
go from an initial situation to a final situation, there is an infinity of possible trajectories. We
are therefore faced with a problem that is undersized: we have three variables to determine,
(X4, Y4, 94) using only two equations (coordinates of the point, P, in the image plane). To
remedy this problem, we choose a trajectory that connects the two situations in a way
similar to that carried out by a differential mobile robot. This choice has legitimacy since
we aim to track a car-type vehicle. We can therefore assimilate the behavior of the camera
on board the quadrotor to that of a differential mobile robot that moves in the plane parallel
to the plane (X, Yy) located at a distance, z;, from this plane and rotating according to the
axis Zy by an angle, ¢, according to the following dynamics:

Xy = vrcos(1p)
i, = vsin(y) (6)
Y =wr
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where x, and y, are the translation velocities along the X;,- and Yy-axes of the robot. v,
and wy are, respectively, the linear speed and the angular speed of the robot.

3.2.1. Characteristics of the Descriptor

The tracking problem using a camera as a visual sensor is a 2D dynamic visual servoing
problem. In this case, tracking is guaranteed if we manage to keep the vehicle (the target)
centered in the image plane, as shown in Figure 3.

A J

Au

________________________ S O R

!
/
!
/

0 Projection center

u
v

Figure 3. Image coordinate system.

According to the behavior of the dynamics proposed in Equation (6), the knowledge of
the displacements (Ax;, Ay,) according to the axes X;, and Yy, makes it possible to deduce
the orientation ¢ along the Z,-axis. In effect,

_ Ayr
Y= atlm(Ax,)' 7)

Since we know z, = z = z;, we can deduce the displacements (Ax;, Ay,) from the
coordinates of a single point, P, of the vehicle (the target). This point can be chosen in an
arbitrary way, belonging to the vehicle but other than that which coincides with the center
of projection of the camera because it is invariant to the rotation according to the axis Z,.

It is interesting here to take the point, P, on the horizontal axis, H, of the image
(Figure 3) passing through the center of projection, o, because all the points located on this
axis are invariant to displacement along Z,,. To simplify the task of extraction, this point
can represent the center of gravity of the vehicle or even the center of gravity of the vehicle
hood, as shown in Figure 3. Let X = (X, Y., Z; = z; = constant), the coordinates of the
point, P, in the 3D Cartesian coordinate system; the projection of this point on the image
plane is done in p of coordinates (X, ¥m) expressed in millimeters. The visual information
considered in this work is S = (X, ¥ ). The expressions of these coordinates are given by
the following relations:

Xy = % = (L}ic”)
c Ky

Ly (-4 8)
Ym =7, = “Fa,

where (1, v) represents the coordinates of the point p of the image expressed in pixels.
a = (cu,Co, f, 04, 0y) is the set of intrinsic parameters of the camera with (c,,¢y), the
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coordinates of the principal point of the image; f is the focal length; and (ay, ay) are the
vertical and horizontal scale factors expressed in pixel/mm. By performing the derivation
with respect to the time of the projection equations in (8) we obtain:

S=1.V, )

where V is the kinematic torsor of the camera formed by the translation velocities, v., and
the rotation velocities, w,. Ls denotes the interaction matrix, also known as the Jacobian of
the image, and is given by:

(10)

0 —& I T4yh —Xmym X

l_zld 0 %’; Ymym  —(L+%%)  Ym ]

Since the movement of the robot is assumed to be in a plane and, using Equation
(7), we can conclude that if we know the translational speed along the X.-axis and the
rotational speed along the Z.-axis we can deduce the translation speed along the Y. -axis.
The interaction matrix can be reformulated as follows:

L- [—zld o ] an

0 _xm

Equation (9) can be rewritten in the following form:

Xm _ _% Ym Or
G- (3 ) @) &

3.2.2. Creation of the Trajectory

It should be remembered that our objective is to carry out vehicle (target) tracking
using a camera on board a quadrotor UAV. This problem can be converted into a problem
of asymptotic tracking of a desired trajectory in the image plane of the point p resulting
from the projection of the point P belonging to the vehicle. Let (x*(¢), y*(t)) be this desired
trajectory, as shown in Figure 2. Using Equation (12), the two mobile robot control inputs

are given by
1 -t
Ur) _ [Tz Ym (xm> 13
<w7> ( 0 _xm> Ym)' 13)

Assuming that point p does not coincide with the center of the projection (i.e., x,; # 0),
and calculating the inverse of the interaction matrix, we get

v —zg —4mN
( r ) — x{n ( Wl) . (14)
Wy 0 — % Ym
In this case, we have a reversible relationship between outputs and inputs. We use the

exact linearization presented by Hagenmeyer—Delaleau in [38]. The resulting linearized
system is equivalent to a system that has an integration of the following form:

{’?m = Ox (15)

where 9, and 9, are the two auxiliary control inputs to be specified, which ensure the
asymptotic tracking of the desired trajectory. The control law of the mobile robot is finally

given by
ZdYm
Or\ _ [ TZd T, Oy
(-3 =)@ &
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with .
x . . 17)
{ﬂy=y + k2 (y* = ym)

k1 and ky are chosen so that the error dynamics are asymptotically stable. In this case,
it suffices to take k; > 0 and k; > 0, which ensure an asymptotic pursuit of the desired
trajectory (x*,y*). The variables (x*, y*, x",i/") represent the metric coordinates in the image
plane, in position and speed of the point P. The metric coordinates in the image plane of
the desired point to be tracked all along the path are (x;;, ). Once the two commands
(vy, wy) ensuring the asymptotic tracking of the point P of the vehicle (target) are defined,
we can deduce using Equation (6) the necessary movements (x4, y,, 7) that the quadrotor
must achieve to ensure the vehicle tracking.

3.3. Loop 3: Flatness-Based Tracking Control

In this subsection, we propose a control by flatness to achieve and ensure an asymptotic
convergence of the trajectory generated in Section 3.2.

3.3.1. Flatness Theory

Flat systems theory is a complex area of research in differential algebra and differential
geometry. Differential flatness is introduced as follows [29]:
A nonlinear system is given by:

x=f(x,u), x e R"and u € R". (18)

This system is differentially flat if there is a vector, F € ™, such that
F = C(x,u,it,...,u(rfl)), (19)
whose components are differentially independent, and two functions, 7(.) and I'(.), such that

x:n(P,F,ﬁ,...,F(”‘_l)) (20)

uzr(F,F,Ti,...,F(“)), 1)

where « and r and are finite multi-indices and ¢, #7, and I are vectors of smooth functions.
The vector F that appears in this definition is called the flat output of the system. In other
words, a flat system is a system whose state and control variables can be written according
to this flat output and its derivatives. The open-loop flatness control given by Equation (21)
is known as the Brunovosky control because it provides an exact linearization of the system.
For a differentially flat system, when the desired trajectory, F;, is known, the desired state,
x4, and the desired open-loop control, 14, can be defined as follows:

Xg = U(Pd, Fy, Fy, ... ,Fyfl)), (22)

"y = F(Fd, Fy By, .. .,Fé"‘)). (23)

If the system is naturally stable, it will behave well and follow the desired trajectory.
For unstable systems whose purpose is to accelerate convergence, it is necessary to add to
this open-loop control a small closed-loop correction term to ensure trajectory tracking.

In this work, a closed-loop flatness control is proposed. We denote it by FTC: flatness-
based tracking control. This control contains two parts: the open loop control given by
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Equation (21) and a loop term, ¢, which represents a linear control capable of stabilizing
the obtained linearized system. The FTC is given as follows:

UpTC = F(Fd,f-d, E, .. .,0). (24)

9(t) represents the new command. When gg((a)) is locally invertible, this leads to the

following decoupled system:

r =y, (25)

with . ‘
a— i
0= Y+ Loy ki(F) - ). 26

Let K(p) = pP + 25;01 k;p' be a diagonal matrix whose elements are polynomials with
negative real part roots. This allows for asymptotic trajectory tracking with

tll,r?o(Fd —F)=0. (27)

3.3.2. Control Strategy

As shown in Figure 1, the control used to ensure the realization of the movements
necessary for the quadrotor in order to satisfy the tracking of the vehicle (target) is based
on the differential flatness. This control uses an open-loop control that linearizes the system
and a closed-loop correction term that ensures the asymptotic convergence of the desired
trajectory even in the presence of disturbances. Here, we replace the command u; of
Equation (3) in the model that describes the dynamics of the quadrotor (Equation (1)):

i = (Nuy + g)tanfeosy + (Nus + g) 2 siny

cosf
i = (Nuz + g)tanfsing — (Nu, + g) 2 cosyp
%:NMZ:Zd+kll(zd_z)+k12(zd—z) o8
9 = 1/[2
¢ =1us
P =uy

We prove that this system is flat and has flat output: F; = z; F, = x; 3 = y; Fy = 1.
Indeed, using the first and second lines of Equation (28), we can express the variables 6
and ¢ in terms of the flat outputs:

- cos(ip)x+sin(p)y
0 = arctan <72+g )
¢ = arcsin sm(Wims(lp)y) ' @)
. ) . 2
X+ +(2+3)

Control expressions can be written in terms of flat outputs and their derivatives:

Uy = 0= %(urctun(%@))

U3 = = %i (arcsin <M>> . o

P+ (24g)’
Uy = IIJ

We have just expressed all the variables of the system as a function of the dynamics
of (z,x,y,¢). The system of Equation (28) is flat and has as flat outputs of F; =z ; F, = x;
F3 = y; Fy = . To achieve the desired trajectory (x;,y,, 1), generated by the trajectory
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generation block and using Equation (30), we can deduce the open loop control ensuring
this desired trajectory:

ng = 4 (arctan (LTt )

Zi+8
sy = | arcsin sin(Pg)xa—cos(Ya) vy : (31)
a VB (Eatg)”
Ugg = Py

Until now, flatness has been used to calculate the commands corresponding to the
open-loop trajectories of the system. If the system is intrinsically stable, it will behave
appropriately and pursue the desired trajectory. For unstable systems whose purpose
is to accelerate convergence, a small closed-loop correction term must be added to this
open-loop control to guarantee trajectory tracking. To generate this correction term, we will
consider some simplification assumptions. It should be noted here that these assumptions
relate only to the development of a correction term that is considered in the vicinity of the
desired trajectory.

When the quadrotor joins the desired trajectory, we can assume that the angles 9, ¢,
and 1 become small. The expressions for the second derivative of § and ¢ will be given by

4 3) .3 = (p(3))? _—
Y _2F2<>F1<) +2F1(F1 ) B

SR T(Bag) (Br)” (Rits)
. 2
P RO
Fi+g <F]+g> <F1+g) (F1+g)
By using the theorem given in [39], which neglects all terms of the polynomial equation
greater than the fourth degree, Equation (32) becomes

(32)

i

.. 4
h— B
Fi+
) 1(453’ . (33)
b B
F1+g

Assuming the quadrotor reaches its desired altitude (z — z; = 0), the control expres-

sions are then
£4)

Uy = 9 =2
. g(4) . (34)

— — 3

u3_¢_ g

The expressions of the closed-loop control laws (FCT), which ensure asymptotic
convergence toward the desired trajectory even in the presence of disturbances, are given by

3 2 .
UpFTC = Upg + k21e§ )+ kzzeé ) ¥ kasén + kases
3 2 .
UsrTc = Uzg + k31€:(,’ ) + k326:(;, ) + kazes + kzqes (35)

ugrrc = Ugg +kares +kapey

withe; = Fig — F; (i = 2, 3, 4),and the k;; values are deduced using the pole placement technique.

4. Simulation Results

To demonstrate the effectiveness of our proposed control strategy, we divide this
section into two parts. In the first part, we exclusively test the algorithm responsible for
generating the necessary movements of the quadrotor based on its dynamics, which are
similar to those of a differential robot. It is essential to assess its ability to maintain the
target in the center of the image plane. Then, in the second part, we integrate this algorithm
with the other control loops using the complete model of the quadrotor. The tool used to
perform the simulations is the RVCTOOLS library from MATLAB 9.2 R2017b.
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4.1. Proposed Algorithm Performance Related to the FOV Constraint

Since we are in a simulated environment, in order to generate the displacements
necessary for the quadrotor to ensure the pursuit of a vehicle (target), we must propose
a model for this vehicle. This model will be used to generate the trajectory of a point in
the image plane with variable dynamics. We seek to prove that the proposed approach
generates a trajectory for the quadrotor that fully copies the dynamics of the vehicle (target)
without a priori knowledge of this dynamic. The only knowledge available is that of the
instantaneous position (as well as the history of this position) in pixels of the point p of the
vehicle (target). This vehicle is a car-type vehicle, as is described by Figure 4. We assume
that this vehicle is located just below the quadrotor and that it starts to move according to
the following kinematic model:

Xp = Uypc0s(6y)
Yy = vosin(by) (36)
91; == CUy

where vy, is the linear speed of the vehicle given by v, = f(w; + w>) and w, is the angular
speed of the vehicle given by w, = Jz (w2 — w1).

A

B R e E T

v

Figure 4. Considered car-type vehicle (target).

The position of the vehicle is given by X, = [xy, Yo, 0] T The two control inputs are v,
and wy. (Xy, Yu) represent the abscissa and the ordinate of the middle of the axis of the two
driving wheels. 0, represents the orientation of the vehicle. w; and w; are the speeds of
the two driving wheels. R is the distance between the two wheels, and r is the diameter
of a wheel. The movement of the vehicle is managed by the two rotational speeds (w1,
wy) of the two driving wheels. In order to achieve any movement at variable speed and
orientation and to ensure a variation of the linear velocities of translation and the angular
velocities of rotation, we have chosen (w1, w»), as follows:

{ w1 (t) = 20sin(0.27tt)

wy(t) = 20sin(0.2271t) ,for t € [0, 120s]. 37)

In order to facilitate the detection of the descriptor point of the target object (the
vehicle), we have chosen the center of gravity of the vehicle’s hood. Our objective is to keep
the vehicle (target) centered in the image plane of the quadrotor camera throughout its
movement. So that the coordinates of this point are not largely affected by displacements
along the Z-axis, it is better that this point is on the horizontal axis, which passes through
the center of projection, and that it is not confused with the throwing center. Indeed, the
center of projection is invariant with respect to the rotation along the Z-axis. The desired
image that must be satisfied throughout the movement of the vehicle is given in Figure 5.
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Figure 5. Desired image.

The simulation results are given in Figure 6. Figure 6a—d illustrate the displacement
along the X- and Y-axes as well as the orientation along the Z-axis, both real and generated
by the visual servo loop. Figure 6e—g show linear translational velocities and angular
rotational velocities, respectively. It is clear that despite variations in vehicle speed, the
desired trajectory is followed perfectly. Figure 6h shows the continuous detection of point
P in the image plane along the trajectory. It is obvious that the object always remains in
the field of view of the camera. In a practical situation, it would be possible to adjust the
altitude of the quadrotor to widen the field of view because our method allows this variable
(the altitude) to be independently controlled from the others.

9 T T T T T 12 T T T T

X-deplacment (m)
Y-digsplacment (m)

1 - L -
0 20 40 60 80 100 120 0 20 40 60 80 100 120
time (s) time (s)

(a) (b)

Figure 6. Cont.
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Figure 6. Performances related to the FOV constraint. (a-d) Displacement along the X- and Y-axes as
well as the orientation along the Z-axis, both real (in red) and generated by the visual servo loop (in
blue). (e-g) Linear translational velocities and angular rotational velocities. (h) Continuous detection
of point P (target point) in the image plane.

4.2. Global Tracking Strateqy’s Performance

To validate the effectiveness of the global tracking strategy, we will consider the
following experiment. The quadrotor takes off to reach a given altitude. The vehicle (target)
is located just below the quadrotor. At a given moment, it begins to move according to a
variable dynamic. As mentioned above, to ensure the pursuit or tracking of the vehicle, we
have made three servo loops. In this section, we detail the simulation results of each loop.
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height (m)

We include in this experiment the fact that the quadrotor cannot maintain a constant altitude
throughout its flight. We choose the descriptor point P such that its projection on the image
plane is located on the horizontal axis H which passes through the center of projection.
This point will be less affected by the displacement along the Z-axis. We impose a variable
altitude given by the following expression: z;(t) = 0.1sin(0.047tt) + 5 for t € [0, 200s].
The control law responsible for altitude control is given by Equations (3) and (5). The
parameters of Equation (5) are chosen following experimental tests: k13 = 10 ; ki = 25.
The simulation results are given in Figure 7.
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Figure 7. Loopl simulation results. (a) Desired altitude vs. actual altitude. (b) Altitude control
variations 1.

Figure 7a represents the desired altitude and the altitude achieved by the quadrotor.
We can clearly see that the quadrotor ensures the tracking of this altitude. Figure 7b
represents the total force that is responsible for the displacement along the Z-axis. We
note that it is a continuous command and physically realizable. In order to achieve any
movement at variable speed and orientation, we have chosen (w1,w;) as follows:

{ w1 (t) = 20sin(0.000267tt) + 20 , for t € [20, 200s]. (38)

wy(t) = 20sin(0.00027tt) 4 20

The 2D dynamic visual servoing is provided by Equations (16) and (17). The coeffi-
cients of Equation (17) are given by k; = 28 and ky = 28. To realize the trajectory thus
generated, a flatness-based control is proposed. The values of the gain that control the
dynamics of the errors are given in Table 1:

Table 1. Gain values associated with the dynamics of the errors.

Gain ka1 k2o ka3 ka4 k31 k3 k33 k3q kg kaz
Value 4 6 4 1 4 6 4 1 2 1

The simulation results are given by Figure 8. Figure 8a—c represent, respectively, the
actual trajectory (displacement along X, displacement along Y, and orientation along the
Z-axis) performed by the vehicle, the trajectory generated by the visual servo loop and
the trajectory produced by the quadrotor using flatness control. We notice that the visual
servoing algorithm generates a trajectory faithful to the real trajectory carried out by the
vehicle (target). Flatness control ensures exact tracking of the generated trajectory. The
evolution of the error in pixels between the position of the point p in the image plane and
the desired point is given in Figure 8d,e. The evolution of the roll angle and the pitch angle,
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respectively, are given in Figure 8f,g. We notice that these two variables remain sufficiently
small during the trajectory tracking.
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Figure 8. Cont.
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Figure 8. Simulation results. (a) Displacement along X of the target trajectory (red), the visual
servo-based trajectory (gray), and the flatness-based quadrotor trajectory (blue). (b) Displacement
along Y of the target trajectory (red), the visual servo-based trajectory (gray), and the flatness-based
quadrotor trajectory (blue). (c) Orientation along Z (Yaw angle) of the target trajectory (red), the
visual servo-based trajectory (gray), and the flatness-based quadrotor trajectory (blue). (d) Error
evolution in pixels along u. (e) Error evolution in pixels along v. (f) The evolution of the roll angle.
(g) The evolution of the pitch angle.

5. Conclusions

In this paper, we have presented a new dynamic image-based visual servoing method.
We proposed to solve the problem of the pursuit of a car-type vehicle by a quadrotor
UAV. Under the specific conditions of this application, we have demonstrated that we
can use a single point of the target object to perform the task of dynamic visual servoing.
This contribution aims to reduce the computation time of the quadrotor control law. To
circumvent the problem of controlling an under-actuated system and to achieve the necessary
displacements generated by the visual servoing algorithm, a new flatness-based control
algorithm has been integrated. The simulation results show the effectiveness of the proposed
method. The proposed method provides an intriguing solution to the issue of vehicle tracking
by a quadrotor UAV through the utilization of an onboard camera. In order to effectively
implement this method, it is advisable to pair it with an additional algorithm that enables
the precise selection of the target vehicle from among the other automobiles present. Given
the aforementioned considerations, we suggest a classification algorithm based on artificial
intelligence. In another context, the proposed method can be extended to solve the planning
problem in the image plane for the 2D visual servoing of a quadrotor. This represents a
challenge and will solve many problems related to the integration of vision in UAVs.
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