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Resumen — Este articulo propone el desarrollo e implementacion
de un simulador virtual 3D para analizar y observar el
comportamiento de robots manipuladores aéreos en tareas de
control colaborativo, asi como navegacion autonomay teleoperada
a través de una sala multiusuario. El entorno virtual se desarroll6
utilizando fotogrametria 3D que sirve como escenario real para
probar las tareas de control colaborativo. La interfaz de
comunicacion entre el entorno y los robots manipuladores aéreos
es el motor gréafico UNITY 3D, que tiene un enlace bidireccional
con el software matematico cientifico MATLAB, utilizando
bibliotecas (DLL) para retroalimentar y compensar errores de
control. Finalmente, los resultados de la simulacién seran
presentados y discutidos para validar y probar las estrategias de
control colaborativo propuestas.

Palabras clave - roboética de servicios; multi usuario;
control colaborativo, digitalizacion del entorno.

Abstract — This article proposes the development and
implementation of a 3D virtual simulator to analyze and observe
the behavior of aerial manipulator robots in collaborative control
tasks, as well as autonomous and tele-operated navigation through
a multi-user room. The virtual environment was developed using
3D photogrammetry which serves as a real scenario to test the
collaborative control tasks. The interface for communication
between the environment and the aerial manipulator robots is the
UNITY 3D graphic engine, which has a bi-directional link with the
scientific mathematical software MATLAB, using libraries
(DLLs) to provide feedback and compensate for control errors.
Finally, the simulation results will be presented and discussed to
validate and test the proposed collaborative control strategies.

Keywords - service robotics; multi-user; collaborative control,
environment digitalization.

. INTRODUCTION

For a long time, robotics has evolved and experienced changes
in order to solve multiple problems in different areas such as
medicine, industry, military, etc. [1]. There is a field known as
service robotics that introduces autonomous robots specifically
designed to assist humans; the different services that these can
offer depend largely on their mechanical design and there is a
great variety of them such as terrestrial, aerial, marine, using
legs, wheels, propellers, allowing their mobility in any
environment and according to the need [2].

The great development of service robotics gave rise to the
Unmanned Aerial Vehicles (UAV), having great impact on
applications such as: civil works, security, agriculture and
communications [3]; however, when it is required to fulfill
more complex tasks that need both navigation and manipulation
capabilities, the implementation of one or more robotic arms in
the system is needed [4]. The mechanical connection between
an aerial mobile platform (UAV) with one or multiple robotic
arms is known as an aerial mobile manipulator robot (AMR)
[5], which can be used in tasks such as welding, transport of
objects, among others [6].

The rise of service robotics is the main factor in the
development of intelligent control systems, with the aim of
performing autonomous tasks efficiently [7] [8]. Today there
are tele-operated AMR that allow users to perform object
manipulation tasks in hard-to-reach places or hazardous
environments [9]. Tele-operation could be defined as a remote
operation or manipulation of a system to perform specific tasks
in any environment with a high degree of reliability [10].

Nowadays, the advance of technology allows carrying out
experiments with drones, however, failing a task can result in
an economic loss during control tests, so there is software
capable of simulating this interaction and training people who
do not have experience in manippulation UAVSs to carry out
tasks without any risk with respect to the hardware [11].
According to Sterman [12], flight simulator applications have a
high impact as a tool, since they transmit knowledge oriented
towards constructionism, interactive learning or learning by
doing. Some related research works that focus on the use of
UAYV simulators are Rao et al [13], who carried out a UAV
simulator to exercise firefighters in the probable situation of a
forest fire, so that they can visualize the affected areas. There
are other works such as [13], [14] and [15] that use UAV
simulators for emergencies or navigation in virtual
environments of real environments.

In this context, this article focuses on the application of
virtual reality technology as a tool for the simulation of
collaborative control techniques of aerial manipulator robots in
a shared environment (multi-user), virtualized, which allows
interaction with the 3D model of the aerial manipulator robot,
executing a trajectory tracking in a tele-operated way, in order
to perform a stability and robustness analysis of the control
strategy implemented.



Il.  VIRTUAL ENVIRONMENT

Figure 1 proposed diagram for the development of the virtual
simulator is shown, which is implemented in the UNITY 3D
graphic engine. The system is composed of a simulation
environment built by photogrammetry and CAD modeling,
SCRIPS programming to manipulate each of the objects in a
multi-user room, input and output devices which allows the
development of the simulated virtual environment.

Photogrammetry allows the development of the simulation
environment with 3D models creating a virtual environment.
Features are programmed to make the environment more real,
such as the state of the weather and physical properties of the
objects in the simulator.

The environment includes an aerial manipulator robot built
for each of the users, which allows collaborative control tasks
from the local station of each of the users connected to the same
multiplayer room, with the aim of interacting in the same
environment by moving objects from one place to another.

CAD modeling is defined by the 3D model of the aerial
manipulator robot built in computer-aided design (CAD)
software acquiring all its features and configurations of a real
aerial manipulator robot, to carry out control tests and observe
behavior in the simulated Environment.
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Figure 1. Proposed block diagram of the simulator

SCRIPTS are programmed by code blocks that allow the
exchange of information between input and output devices
connected to the system. For the communication between the
input devices (Novit Falcon), native programming of the device
in the Visual Basic (CHAID3D) software is used, for the
execution of collaborative tasks of the aerial manipulator
robots. The AP1 Weather will allow implementing climate data
to the simulated environment to influence the behavior of the
collaborative control; finally a SCRIPT is programmed for the
bilateral communication between the Matlab mathematical

software and the 3D UNITY graphic engine, where the
information is shared by means of a Dynamic-link-library
(DLL) in which it implements the method of shared memory
SM in the RAM.
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Figure 2. Photon Cloud Scheme

Photon Cloud is the communication interface between
two computers through a multiplayer room as shown in the
Fig. 2, the program that makes this link is PUN (Photon Unity
Nerworking), it is native to the 3D Unity graphic engine, it
has a client/server architecture where the first computer
becomes the server of the multi-user platform and the players
that connect to the room afterwards are the clients. The data
is stored and shared through the cloud. Finally, the interaction
between two totally independent devices will start to take
place in order to perform the collaborative control tasks,
where the control actions that are injected to the air handler
will be performed through the SM, and also the velocities that
enter will be received through the haptic device (Novit
Falcon), to then send them to the Matlab mathematical
software, thus obtaining the feedback to compensate the
control errors.

I1l.  CONTROL STRUCTURE

The scheme in Fig. 3 presents the block diagram implemented
for the control structure. The operator can interact with the
aerial manipulator robot through the haptic device, which sends
the desired velocity to MatlLab, at that moment the
mathematical algorithm acts, so it sends the respective actions
to the actuators to correct the position errors at the operating
end, all this information is fed back from Unity's virtual
environment.

The tele-operation scheme proposed in Fig. 3 is subdivided
into: i) Local Site, made up of one or more human operators,
who through haptic devices generate reference signals for each
robot through haptic devices; ii) Remote Site, is made up of the
interaction of multiple aerial manipulator robots executing
collaborative tasks in virtual environments implemented in the
Unity3D graphics engine; and finally iii) Communication
channel, transfers the bilateral information between the local
site and the remote site; in this work it is considered that there
is no delay in sending and receiving information, i.e.,

6 =¢6=0[s].
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Figure 3. Remote operation of the aerial manipulator robot

A. Kinematic Modeling

The kinematic model of the aerial manipulator robot as
show the Fig. 4 is composed of two 3DOF robotic arms
mounted on a UAV. The UAV is guided through 3 linear

velocities U» Um: Un s where, u, represents the velocity in

forward direction, u_ is the velocity pointing to the left side,
u, is the velocity in the z -axis; Furthermore, there is an angular

velocity o , that represents the rotation in anti-clockwise
direction with respect to the z -axis. While the maneuverability
commands of each robotic arm are represented by an angular
velocity for each link [16].
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Figure 4. Aerial manipulator robot.

The kinematic model of the aerial manipulator robto is
defined as follows:

h(t)zJ(qq,qal,qaz)v(t) 1)
where, J(gq)e®R™ con m=6 y n=10 represents the
Jacobian matrix that defines a linear mapping betweem the
velocity vector of the mobile aerial manipulator V € R" where
vi)=[u u, u, ® 4, 4, ¢, 4, 4, 4] and

the velocity vector of the operating end he®R™ where

h(t):[hl hZ]T:[hlx hly le hzx sz sz]T-

B. Object Manipulation

In this subsection, the strategy for manipulation of objects
through two robotic arms on a UAV is presented , see Fig. 4.
To determine the kinematic model of the aerial manipulator
robot, a virtual point is defined in the plane, X —Y —Z , between
the midpoint of each end-effector of the robotic arms; the virtual

point is defined as, p=[P, P, pZ]T =%[(hx1+hx2)

.
(hyz-+hy2) (h21+h22)] represents the position of it centroid

in the inertial frame <R >.

The vector structure of the object is defined as
s=[d 6 ¢] ,whered representsthe distance between the
position of the end-effector hyY hy: 0y ¢ represents its

orientation with respect to the global Y -axis and Z -axis,
respectively on the inertial framework < R > [17] [18].

d= \/(hxz -h,)?*+(h,-h, ) +(h,-h,)’
0=tan™ (1) )
¢= tan‘l(';—i)

The point of interest of the system is represented in
simplified formas n = [p S] .

Taking the time derivative of the forward and the inverse
kinematics transformations we can obtain the relationship

between the time variations of h(t)and 1(t), represented by
the Jacobian matrix J, which is given by

i(t)=T(h)h(t)

and in the inverse way is given by
h(t) =" (m)a(t).

In the other hand, the desired shape and position of the object
to be manipulated is defined as n, =[P, S,] and its desired
variations M, =[Py $ ]T . The formation error is defined
fl=m, —n as taking the first derivative of time the following

expression is obtained ﬁ= n-N .
formation control law is defined as,

Hence, the proposed

h(t)=T"(f, +Ktanh(#)) @3)

where, K it's a diagonal matrix of positive gain. Now, to
demonstrate stability, a Lyapunov-based controller is proposed.
Defining a positively defined candidate function as,

V(R) :%ﬁTﬁ >0. The closed-loop equation of the system is
obtained by replacing (3) with (1).



i+ Ktanh() =0 (4)
Introducing (4) in the time derivative of \/(fi) is obtained,
V(#)=-1"Ktanh(7) <0. (5)
As described, the equilibrium point is asymptotically stable,
i.e. 7(t) > 0asymptotically.

Relaxing the assumption of perfect velocity following is
considered a difference &, (t) between desired and actual

variations as &, =m, -7 . Equation (5) can be defined as,
V(i) =18, - Ktanh (i) . A sufficient condition to /(i) be
defined as negative is, |f]TKtanh(f1)| > |f]T6ﬁ| . For large values
of fi it can be considered that: Ktanh(f) ~ K. While V(}})

will be of definite negative only if K| >||5,.]|| making errors fi
decrease. For small values % , it can be expressed as

K tanh(i}) ~ K and |ﬁTKtanh(f|)|>|ﬁT§ﬁ| can be written as
||i’|||>||5ﬁ||/lmin (k) which implies that the error 7 is delimited
by, ||f|||$||5ﬁ||/§/lmin (k) with 0<¢ <1. Therefore, if 5,(t) =0
the training error 7(t)is ultimately delimited.

C. Aerial Manipulator Controller
From the object manipulation control the desired positions

hy =[h,q hlyd hye Do h2yd hzzd]T of the aerial
hd :[hlxd hlyd hlzd

Nys My ] are obtained; therefore, the control error is

manipulator ~ with a  variation

defined as ﬁ(t)zhd (t)—h(t) . Hence, the proposed formation
control law is defined as,

u(t):J#(hd +Qtanh(ﬁ)) (6)

where, Q it's a diagonal matrix of positive gain. Now, to
demonstrate stability is defined candidate function as,

V(h)=1h"h>0. Hence, introducing the closed-loop equation
in the time derivative of V(h) is obtained,
V(h)=-h"Qtanh(R)<0. @
As described, the equilibrium point is asymptotically stable,
i.e. h(t)— 0asymptotically.

Similar to formation control, if you relax the assumption of
perfect velocity tracking you have to G =u, —u where (7) is

defined as V(ﬁ) = ﬁTG—ﬁTQtanh(ﬁ). Therefore, the error h

is delimited by, [A <|dl/¢An, (Q) with 0< ¢ <1. Therefore,
if Gi(t) = O the formation error A(t)is ultimately bounded .

IV. EXPERIMENTAL RESULTS

In order to evaluate and validate the performance of both the
simulator and the controller, two experimental tests will be
carried out. The first one will observe the behavior of the aerial
manipulator robot when a single user performs transport and
object manipulation tasks; the second test will be carried out by
two users in the multiplayer room performing collaborative
tasks.

A. Experimental Test 1:

The first experimental test as shown in Fig. 5, presents the
tele-operation of the aerial manipulator robot for one user, the
objective of the experiment is to transport the rods from one
place to another, checking the effectiveness of the control
algorithm implemented.

By means of the haptic input device (NOVIT FALCON) the
operator enters the desired positions which are then translated
into velocities, which the controller sends to the aerial
manipulator robot in the simulator, the same one that feeds back
the velocity information, and it will be sent to the control law to
act so that the errors go to zero.

Figure 5. Experimental test by a user.

The virtual reality device allows the immersion of the
operator, allowing him to fulfill the required tasks as shown in
Fig.6.

Figure 6. Start the tele-operation of the aerial manipulator

Fig. 7 presents the multiple experiments of transport and
manipulation of the bars, performed by a single user.



Figure 7. Tele-operation task of the aerial manipulator robot

The graph of Fig. 8, presents the results of the experiment,
in them we can see the stability of the trajectory control
algorithm in the tasks mentioned above, the graphs present
comparison of velocities (linear and angular), sent through
haptic device, and those that have been fed back by the aerial
manipulator robot in the simulator.

Figure 10. Multi-user platform for collaborative control

T The evolution of experiment 2 is shown in Figs. 11 -14.
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Figure 8. Comparison of velocities applied by the operator versus velocities of
the aerial manipulator robot in the single-user simulator.

B. Experimental Test 2:

The second experimental test consists of creating a
multiplayer room for local tele-operation; with the objective of
carrying out a collaborative task of transporting and
manipulation loads, the players will enter the virtual
environment with a user name, as shown in the input interface
in Fig. 9

MANIPULADOR RERED MULTLISUAR MANIPULADOR RERED MULTILSURRIO

ado Lonis

Usuario 1 : Usurio 2 :

Figure 9. Multi-user platform for collaborative control

Figure 13. Collaborative object transport

As shown in Fig. 10, to carry out the collaborative work
experiment, each user is required to have a haptic device, so that
they can control the aerial manipulator robot independently, in
order to carry out tasks together with user number 2.



Figure 14. Finalization of the Collaborative Task

The behavior of the controller is shown in Fig. 15 and 16,
making a comparison of both linear and angular velocities,
applied by the haptic device, versus the velocities fed back
through the simulator, both for user 1 and user 2.
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Figure 15. Comparison of velocities applied by the operator vs. velocities of
the aerial manipulator robot in the simulator for the user 1.
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Figure 16. Comparison of velocities applied by the operator vs. velocities of
the aerial manipulator robot in the simulator for the user 2

V. CONCLUSIONS

In the present, a simulator implemented in the Unity 3D
platform was proposed, which allowed the evaluation of
collaborative control algorithms in transport and object
manipulation tasks for aerial manipulator robots. The design of
the controller is based on a kinematic control that meets the
purpose of the movement. Stability and robustness are tested by
the Lyapunov method. In addition, the graphic engine presents
great advantages when using Virtual Reality as an immersion
method for the operator when executing different tasks. The
simulation results have shown that the implemented control
algorithm allows the robots to comply with the trajectory

tracking, leading to zero control errors. As future work, it is
intended to implement in a real aerial manipulator robot, the
control law, to determine the effectiveness of the virtual
simulator as an evaluation platform
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