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Abstract. This work proposes a kinematic modelling and a non-linear kinematic
controller for an autonomous aerialmobilemanipulator robot that generates veloc-
ity commands for trajectory tracking problem. The kinematic modelling is con-
sidered using a hexarotor system and robotic arm. The stability and robustness of
the entire control system are tested by this method. Finally, the experiment results
are presented and discussed, and validate the proposed controller.
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1 Introduction

Robotics has greatly evolved and is now present in several areas of the industrial field,
as well as the service robotics, where a wide study and research field exists due to its
several applications, such as: robotic service assistant in nursing [1]; service robotics
with social conscience for guiding and helping passengers in airports [2]; robotics for
home assistance [3]; service robot used for preventing collisions [4]. Service robots may
present unexpected behaviors that represent economic and safety risks, especially for
the human staff around them [5], because of the wide operating field of service robots,
some structures have been developed so that they can work in land, water and aerial
environments, therefore, they can use wheels, legs, and propellers, as its application
requires. For service robotics, one of the main workplaces are locations where there are
only flat surfaces for movement, so in order to cover these locations, unmanned aerial
vehicles are used (UAV) [6].

Unmanned aerial vehicles, also known as drones, are flying objects that are not
manned by a pilot [7]. Aerial vehicles have been under research lately [8] generating
several applications, like search and rescueoperations, surveillance, handlingor grabbing
tasks, in which it is needed to include a robotic arm that can limit the vehicle from
executing more complex and precise tasks.

The combination of mobile aerial systems with robotic arms is known as aerial
mobile manipulators [9], which are a type of unmanned aerial vehicles with the ability
to physically interact within an ideally unlimited workspace [6]. The most often used
platforms for aerial mobile manipulators are helicopter-type or multirotor with their
different varieties: quadrotor, hexarotor or octorotor, combined with robotic arms with
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multiple freedom degrees [14]. The main applications of aerial mobile manipulators
are: i) Military field: transportation of equipment tasks, search under rubble and rescue
tasks [11]; ii) Commercial field: performing merchandise transportation tasks [10]; iii)
Industrial field: welding, handling high-rise objects, equipment and light machinery
moving, which require high precision for performing the task [9, 10, 12].

The aerial manipulators have recently covered a vast area of research, which has
focused its attention on multiple research groups and international companies interested
in such technology by boosting robotic systems with manipulation abilities as its main
goal [10]; and especially focusing on studying: i) Construction: As the complexity
of the task or application increases, the advances in mechanical design of the aerial
manipulator must innovate and focus on designing channeled fans, boosting tiltable
framesmechanisms, and studying the concept of the architecture of a tiltable rotor, which
has been a very thoroughly studied topic to increase the flying time of such vehicles [15];
ii) Energy consumption: One of the most relevant parameters to be considered in these
vehicles is the light weight and the inertia that the robotic arm must present due to the
severe limitations of useful load and the convenience to extremely reduce the influence
of the arm movement over the UAV’s stability, apart from optimizing the tilting angles
of the propeller depending on the application [14]; iii)Modelling: There are two criteria
for modelling an aerial manipulator, which are a) Kinematic analysis, and b) Dynamic
analysis. The kinematic analysis determines the movement and restrictions of the mobile
manipulator.On the other hand, the dynamic analysis focuses on the study of several pairs
and forces intervening in movement (inertia, centrifuge, coriolis, gravity, etc.), focused
in using methods and proceedings based in the Newtonian and Lagrangian mechanics.
This analysis is crucial for designing and assessing the mechanic structure of the aerial
manipulator, as well as sizing the actuators and other parts [13, 15]; iv) Control: There
are several types of controllers, but they are used depending on the aerial manipulator
considerations. Such is the case of the included control that consider the UAV and the
robotic arm as a whole system and in these controllers focused in one control-point only,
(tip of the robotic arm) are used. There are also controllers focused on not included
controllers which are characterized by considering 2 different systems, one for the UAV
and one for the robotic arm, and must be applied to the work position, and later the
robotic arm controller is used to perform the task [15]. However, it is still necessary to
address the technological challenges before the use of this kind of technology can be
considered reliable. Among these challenges, the ability to handle impacts during a task
of a highly dynamic physical interaction is still an unexplored research topic [9].

This paper presents a non-linear control strategy for resolving the trajectory tracking
problem of an Aerial manipulator robot that will be defined with the acronym ARM.
Which is constituted by an hexacopter mounting a robotic arm of 3 degrees of freedom
mounted on back of base. For the design of the controller, the kinematic model of the
AMR is used which has as input the velocity and orientation, this controller is designed
based on nine velocities commands of theAMR, six corresponding to the aerial platform:
forward, lateral, up/downward and orientation, the last three are those who command
the manipulator robot. It is also pointed out that the workspace has a single reference
that is located in the operative end of the AMR R(x y z). The stability of the controller
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is analyzed by the Lyapunov’s method and to validate the proposed control algorithm,
experimental processes are presented and discussed in this paper.

The document is organized as described below. Section 1 describes the characteristics
and applications of the aerial manipulators. Section 2 includes the movement charac-
teristics of the hexarotor. Section 3 describes its kinematic model. Section 4 details the
control to be implemented in the aerial manipulator, stability and robustness analysis.
Section 5 includes the results obtained from the experimental tests. And, Sect. 6 presents
the conclusions.

2 Motion Characteristics

An UAV is an unmanned aerial vehicle, which when combined with a robotic arm turns
into an aerial manipulator, Fig. 1 shows the combination of a rotational-frames vehicle
with an anthropomorphic-type robotic arm.

Fig. 1. Structure of hexarotor and its frames

Since this work is formed by a 3-DOF robotic arm on an hexarotor UAV, as shown in
Fig. 1, in which the two principal forces for moving it are gravity and the rotors thrust,
its movements are controlled by several effects, whether mechanical or aerodynamic.
The main effects on the hexarotor are listed in Table 1.

3 AMRModel

The aerial manipulator robot configuration is defined by a vector q = [
qTh qTa

]T
where

qh = [
xu yu zu ψ

]T
that represents the specific coordinates of the UAV, and qa =

[
q1 q2 q3

]T
the specific coordinates of the robotic arm.
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Table 1. The main effects on the acting hexarotor

Effects Fountainhead

Aerodynamics effects Rotating propellers

Inertiel counter torque Velocity change of propellers

Effect of gravity Position of the center of mass

Gyroscopic effects Change in the direction of the drone

Friction effect All drone movements

Where, the next system of equations represents the direct kinematic model of the
ARM:

⎧
⎨

⎩

hx = xu + l2 cos(q1 + ψ) cos(q2) + l3 cos(q1 + ψ) cos(q2 + q3)
hy = yu + l2 sin(q1 + ψ) cos(q2) + l3 sin(q1 + ψ) cos(q2 + q3)

hz = zu + l1 + l2 sin(q2) + l3 sin(q2 + q3)
(1)

The instantaneous kinematicmodel of anAMRgives the derivative of its end-effector
location as a function of the derivatives of both the robotic arm configuration and the
location of the UAV, it is worth emphasizing that it is practically the partial derivative
of Eq. (1).

ḣ(t) = df

dq
(q)v(t)

where, ḣ(t) =
[
ḣx ḣy ḣz

]T
is the vector of the end-effector velocity, v(t) =

[
ul um un ω q̇1 q̇2 q̇3

]T
is the control vector of mobility of the AMR.

Now, after replacing J(q) = df
dq (q)v(t) in the above equation, we obtain

ḣ(t) = J(q)v(t) (2)

where, J(q) ∈ R
3×7 is the Jacobian matrix that defines a linear mapping between the

vector of the AMR velocities v(t) ∈ R
7 and the vector of the end-effector velocity

ḣ(t) ∈ R
3.

4 Control Algorithm: Numerical Methods

Through Euler’s approximation to the kinematic model for AMR trajectory tracking, the
following discrete kinematic model is obtained.

h(k + 1) = h(k) + T0J(q(k))vref (k) (3)

where, values of h at the discrete time t = kT0 will be denoted as h(k), T0 is the
sample time, and k ∈ {1, 2, 3, 4, 5 . . .}. Next by the Markov property and to adjusting
the performance of the proposed control law, the states vector h(k + 1) is replaced by,

h(k + 1) = hd (k + 1) − W(hd (k) − h(k)) (4)
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where, W is weight matrix of control errors defined by hd(k) − h(k).
For the design of the control law is used the Euler’s approximation of the kinematic

model of the ARM (2) and in turn the property of Markov (3), hence

hd (k + 1) − W(hd (k) − h(k)) = h(k) + T0J(q(k))vref (k)

J(q(k))vref (k) = 1

T0
(hd (k + 1) − W(hd (k) − h(k))) (5)

Equation (4) can be represented by, Jv = b, through the properties of Linear Algebra
the following control law is proposed for trajectory tracking

vref = J#b

where J#(q(k)) = JT (q(k))
(
J(q(k))JT (q(k))

)−1
represents the pseudoinverse matrix

of J(δ(k),q(k)), hence, the proposed control law is:

vref (k) = 1

T0
J#(q(k))(hd (k + 1) − W(hd(k) − h(k)) − h(k)) (6)

where vref (k) =
[
ulref (k) umref (k) unref (k) ωrref (k) q̇1ref (k) q̇2ref (k) q̇3ref (k)

]T

is the maneuverability vector of AMR.

4.1 Stability Análisis

In order to evaluate the behavior of the AMR control errors, the stability analysis is
performed, for which it is considered perfect velocity tracking, i.e. vref (k) ≡ v(k). The
behavior of control errors can be obtained by relating the dictated model of the AMR
(3) and the proposed control law (6)

1

T0
(h(k + 1) − h(k)) = 1

T0
JJ#(hd (k + 1) − W(hd(k) − h(k)) − h(k)).

Where I = JJ# simplifying the terms, the closed-loop equation is

hd (k + 1) − h(k + 1) = W(hd(k) − h(k)) (7)

where the control error is defined by h̃(k) = hd (k)−h(k) and h̃(k + 1) = hd (k + 1)−
h(k + 1), therefore (7) can be rewritten as

h̃(k + 1) = Wh̃(k). (8)

In order to evaluate the evolution of the control error, the i-th control error is
considered, h̃i(k + 1) and h̃i(k) theweightmatrix is defined asW = diag(w11,w22,w33)

h̃i(k + 1) = wiih̃i(k) (9)

Table 2 represents the evolution of the i-th control error for different instants of time
If k → ∞ then h̃(∞) = w∞

ii h̃(1), therefore so that the h̃(∞) → 0 values of the
diagonal weight matrix must be between 0 < diag(w11,w22,w33) < 1. As described, it
can be concluded that control errors have asymptotic stability, that is to say h̃(k) → 0,
when k → ∞.
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Table 2. Evolution of it-th control error.

k h̃i(k + 1) wiih̃i(k)

1 h̃i(2) wiih̃i(1)

2 h̃i(3) wiih̃i(2) = w2
ii h̃i(1)

3 h̃i(4) w3
ii h̃i(1)

...
...

...

n h̃i(n + 1) wn
iih̃(1)

4.2 Robustness Analysis

In order to the robustness analysis it is considered:

v(k) = vref (k) − ṽ(k)

The behavior of control errors can be obtained by relating the dictated model of the
AMR (3), the proposed control law (6)

1

T0
(h(k + 1) − h(k)) = 1

T0
JJ#

(
hd (k + 1) − h(k) − W

(
h̃(k)

)
− Jṽ(k)

)

where I = JJ# simplifying the terms, the equation is

Jṽ(k) = hd (k + 1) − h(k + 1) − W
(
h̃(k)

)

h̃(k + 1) = W
(
h̃(k)

)
+ Jṽ(k)

h̃(n + 1) = Wn
(
h̃(n)

)
+ Jṽ(n) (10)

if 0 < W < 1 and n → ∞
∴

∥∥∥h̃(n + 1)
∥∥∥ < ‖Jṽ(n)‖.

5 Experimental Results

The experimental tests of the proposed control algorithm are performed on the Aerial
Manipulator Robot consisting of a 3DOF robotic arm, a UAV (Matrice 600 pro) and the
PCwhere the control actions are sent. Figure 2 shows theARMused for the experimental
tests.

A desired trajectory is established to verify the performance of the proposed control
law. For the compliance of the trajectory the AMR PC sends the control actions that
allow the AMR mobility and the tracking of the trajectory. It is necessary to know the
initial conditions for the execution of the control law. The initial conditions are defined
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Fig. 2. Aerial manipulator robot

by: xUAV (1), yUAV (1), zUAV (1), q1(1), q2(1), q3(1). The conditions can be defined from
the controller or read the actual positions of the robotic arm and drone. Table 3 below
shows the initial conditions and the desired values of the trajectory.

Figure 3, shows the desired and realized trajectory of the final effectory. It can be
seen that the proposed controller has a good performance. The data of the trajectory
made are real obtaining experimental tests.

The control errors are close to zero as shown in Fig. 4. This allows to say that the
controller has a good performance, due to the fact that in the experimental tests in spite
of the existence of perturbations the AMR fulfills the established trajectory.

The maneuverability commands shown in Fig. 5 are those that allow the movement
of the UAV defined by ul movement forward, um lateral move, un up and down motion
and ψ orientation of UAV.

Table 3. Initial conditions and target trajectory values

Variables Values Variables Values

xUAV (1) 0 [m] q3(1) 0.4 [rad]

yUAV (1) 0 [m] hxd (t) 5 cos(0.05t) + 5[m]

zUAV (1) 0 [m] hyd (t) 5 sin(0.05t) + 5 [m]

ψUAV (1) 0 [m] hzd (t) sin(0.3t) + 16 [m]

q1(1) 0.2 [rad] ψzd (t) tan−1(ḣyd
/
ḣxd

)
[rad]

q2(1) 0.8 [rad]
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Fig. 3. Stroboscopic movement of the aerial manipulator robot in the trajectory tracking problem.

Fig. 4. Control errors of the end-effector of the aerial manipulator robot.

The robotic arm maneuverability commands are defined by q1, q2 y q3 which will
allow the end effector to comply with the established trajectory (Fig. 6).
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Fig. 5. Commands of maneuverability of aerial manipulator robot

Fig. 6. Commands of maneuverability of Arm.

6 Conclusions

In this article, a non-linear controller based on numerical methods for trajectory tracking
was proposed, through the kinematic analysis that allowed the implementation of an pre-
cise model of an aerial manipulator robot, the same one that was used for experimental
tests. The easy implementation of the controller and its simplicity make it much more
understandable and easy to use, in addition to presenting excellent stability and robust-
ness, in analytical tests and experimental tests. The results of the experimental tests
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have demonstrated the capacity of the controller to perform control actions globally and
asymptotically.
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