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Abstract. This article aims at designing and implementing the "Hardware in the
Loop" (HIL) technique, to evaluate the collaborative control algorithm of two
mobile manipulator robots to carry out tasks of movement and manipulation of
objects in an industrial environment. The developed control structure is made up
of a centralized control algorithm, developed in Matlab mathematical software,
which is linked to the HIL system, which contains both the kinematic model and
the dynamic model of each robotic system programmed on the Raspberry Pi. To
analyze the optimal functioning of the proposed control algorithm, an immersive
virtual reality scenario is designed and implemented using the UNITY3D graphic
engine, which facilitates interaction with the user.
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1 Introduction

The industry 4.0 has opened several forms of automation that have as common objec-
tive the improvement of the productivity and the optimization of the work processes,
reason why, many companies already have different collaborative robots that are de-
signed to share with people with high degree of security in a work atmosphere [1], [2].

Currently, mobile manipulator robots refer to robots that consist of a manipulator
arm on a moving platform [3], [4]. the combination of these robotic systems has several
advantages because it complements the capacity of a fixed base manipulator arm with
the freedom of movement offered by the mobile platform with wheels [5]. Mobile
manipulators allow for complex tasks that require both locomotion and handling capa-
bilities [6], [7]. The mobile manipulator robots have multiple applications in different
areas of the industry, for example, in construction companies, in mining, as assistance
to people, among others [8]. In addition, a mobile manipulator robot to adapt to an
industrial environment, must meet several features such as having the ability to work
with people without any risk, be autonomous, easy to configure and install and work in
compliance with the requirements of the industry [9].

Systems generally made up of two or more mobile manipulator robots that fulfill a
common objective are called collaborative robots [10] which allows for multi-tasking
operations [11], allowing standard controllers to cooperate with each other, to perform



complex tasks that cannot be performed by a single robot [12], The control schemes of
the collaborative robots are mainly based on: i) centralized architecture in which the
central computer generates the control actions to achieve the secondary projections
[13]; ii) decentralized architecture, in which all components of the robotic system con-
sist of the proprietary processing unit which develops both kinematic and dynamic con-
trol [13].

The implementation of control algorithms for mobile manipulator robots in the de-
velopment of collaborative tasks presents a high complexity, because the robots are not
always physically available due to the high cost of acquiring each one [14]. Therefore,
we suggest the implementation of didactic modules that use the HIL technique [15] as
a low cost alternative for the implementation of the proposed algorithms, in which it
will be possible to simulate a control environment for the robot, which will analyze the
stability of the control algorithm implemented [16], to validate trends in control errors.
Avoiding the cost, risk and time associated with physical testing today. [17]

This article aims to develop a system that uses the technique Hardware in the Loop,
for collaborative control between two mobile manipulator robots, for which it is con-
sidered a 3D virtual environment where the displacement of the robots is simulated. To
do this, from Matlab mathematical software control actions are sent through a wireless
channel to Raspberry Pi modules, which are programmed mathematical models for each
robot, to evaluate the control algorithms and present them in the 3D virtual interface.

This document is developed in 7 sections. In section two it presents the structure of
the implemented HIL system. Section three shows the development of the virtual envi-
ronment. The section four presents the modeling both kinematic and dynamic of the
Mobile Manipulator Robot. Section five describes the Collaborative Control algorithm.
Section six includes results obtained. Finally, section 7 contains the conclusions of the
implemented system.

2 System Structure

The HIL technique is a simulation of the system or process required in real time, in
which real signals from the controller are connected to a test system that uses a com-
puter as a virtual representation of the plant model, with the objective of validating the
controller without the cost and time associated with current physical testing.

For the proposed system, its structure consists of the implementation of the "Hard-
ware in the Loop™ (HIL) technique, for the collaborative control of two mobile manip-
ulator robots to execute tasks of moving and manipulating a common object. Fig. 1
describes the structure of the system based on HIL.

The proposed structure consists of three main stages. In the first stage, the collabo-
rative control algorithm consists of three layers: a) The Offline Planning layer. is in
charge of determining the initial conditions for the system and generating the required
path of the common object to be manipulated by the robots, b) The layer of Planning
Online. aims to restore the references at any time, so that the layer of formation reacts
appropriately to the environment, c) The layer of control formation. It is in charge to
generate the signals of control that are sent to each robot manipulator mobile that works
as a team to realize the established trajectory by the planning layers.
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Fig. 1. System Structure.

The signals of the collaborative control algorithm for the robots are calculated by the
mathematical software Matlab, which are transmitted via a wireless communication
channel to each mobile manipulator robot of the HIL system.

The second stage presents the Robot Control, which has two mobile manipulator
robots, each consists of a 3DOF robotic arm on a mobile platform type unicycle, whose
mathematical models, kinematics and dynamics, are integrated into a Raspberry PI to
simulate the dynamic behavior of the mobile manipulator robot in real-time, without
the need for the physical mechanism.

In stage three, in the Unity3D graphic engine is designed and implemented a vir-
tual environment for immersion and interaction of the system in real time, which con-
tains the structure of the mobile manipulator robots, designed by means of CAD soft-
ware considering their respective mechanical characteristics, which emulate the
movement of the robots. The communication between Matlab mathematical software
and Unity 3D virtual environment is based on the communication protocol DLL (dy-
namic link library), through shared memories.



3 Virtual Environment

Fig. 2 presents the proposed scheme for the implementation of the virtual environment
designed in the UNITY3D software. The aim of the virtual system is to simulate the
environment; the programming of SCRIPTS that allow the control of each object pre-
sent in the environment; external complements that allow to improve the animation of
the scenes.

The simulated system incorporates 3D objects that allow the creation of a virtual
reality environment. This environment is developed considering all the real physical
properties, taking into account that it is an industrial environment. The environment
contains two mobile manipulator robots, each consisting of a 3DOF robotic arm on a
mobile platform, designed to execute collaborative tasks that require the ability to ma-
nipulate and move objects. The virtual environment presents each mobile manipulator
robot, developed in a CAD design software, considering the mechanical and physical
characteristics of the whole robotic system. In the same way, the 3D design of the sce-
nario where the animation is developed is presented; in this case, the environment is an
industrial environment (a construction), where the robots will execute tasks of manip-
ulation and displacement of the mechanical pieces (beams, rods, etc.) belonging to the
environment.

In the execution of the system, the virtual environment is linked to input devices
such as the Oculus, which uses the device library (SDK), which allows visual and au-
ditory user interaction during the execution of the established task. It also links up with
Matlab mathematical software through the use of shared memories (SM) based on dy-
namic link libraries (DLLSs), which allow information to be shared between programs.
The use of shared memories allows the control actions, both position and rotation, to
be entered into the robotic system.
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4 Mobile Manipulator Robots

The vector q of n coordinates, define the mobile manipulator robot, so that

d=[ 9 9 .. 9,] where, g, and (, represent the standardized coordinates of

both the manipulator and the mobile platform respectively. It is obtained N =Ny +N,,
where n, refers to the magnitudes of the standardized spaces of the manipulator, in
the same way N of the mobile platform.

The vector g expresses the configuration of the working area of the robot; expressed

as N . The ubication for the point of interest of the robot refers to the vector m-dimen-
sional h=[y h, hg .. h,] which represents both the position and the orientation

of the point of interest corresponding to the robot in the plane % . the grouping of all
locations forms the operating area of the robot, expressed as M .

41 Kinematic Model

It presents the ubication of the point of interest (operating end) h(t) depending on both
the position of the platform as well as the configuration of the manipulator [18].

f:Ny x Myp—>M
so that

(da + ap)=h="f(d. , ap)
in which, N, corresponds to the operating area of the manipulator, in the same way
M, of the mobile platform.

By means of the derivative of the position of the point of interest taking into account
those derived from the location of the platform and the configuration of the manipula-
tor, the instantaneous kinematic model of the robotic system is obtained [18],

. of

h(t)za(qa’qp)v(t)
in which, h=[n K, h, .. h,] expresses the velocity at the point of interest,
v=[v, v, vy .. v] -[v, v, ] expressesthe mobility control of the robotic system.
The dimension is denoted by A, = A, +A,,, In Which A expresses the magnitudes

of the mobility control corresponding to the platform and A, to the magnitudes of the

manipulator. Following the analysis of the above statements, it is possible to express
the velocity at the operational end, as:



h(t)=T(a)v(t) (1)

in which, 1 (q) defines the Jacobian matrix which represents the linear mapping of
v(t) and h(t), which corresponds to the velocity vector of the robotic system and the
operating end respectively.

4.2 Dynamic Model

The mathematical model that refers to the dynamics of the robotic system, is obtained
by means of the Euler-Lagrange technique, from the difference of the kinetic energy
K, and the potential energy P [19].

L=K-P (2)

0-§%) = ®

Applying the Euler-Lagrange method, the forces generated in the robot are defined

t(t)=g(a)+C(a . a)v(t)+M(a)¥(t) (4)

in which, q is the main vector of the coordinate system for the robotic system, v
represents the velocity vector of the robot, M expresses the inertial matrix for the sys-
tem, C represents the matrix of centrifugal and centripetal forces, and g(q) defines
the gravity [19] [20].

The reference velocities that act as control signals of the system, considering the
dynamics of the robot, is expressed in the following way:

Vet ©=8(a)+C(a . a)v(t)+M(a)v(t) (5)

5 Collaborative Control

The collaborative control starts from the formation of two mobile manipulator robots
in which the main interest is based on the center point of the distance between the ma-
nipulators having a projection of position and orientation. This projection is shown in
Fig. 3, in which the two mobile manipulators h, and h, execute the collaborative task.



Fig. 3. Collaborative Control of Mobile Manipulators

Between the two robots h1, h2 there is the projection in which the point n0 is ob-
tainedn, =[p, s,], where you have to p, =[x, vy, 2], which establishes the center

point of the distance that separates the robots in coordinates from the reference system
Ry sy=[dy o f] Where d, is in units of length and represents the distance be-

tween the manipulators; while o, and g, are angles representing the orientation

formed with the axes of the reference system ‘R .

The projection allows to differentiate the position and orientation that is desired
(given by the established task) and the orientation and position of the collaborative
work to be done at that time n,, to later generate new velocities and make corrections

of the errors in the mobile manipulators, for which we have the following expressions
with which the projections are made [7].

poz%[(xz+x1) (Y2+y1) (22+21)] (6)
\/(Xz—X1)2+(Y2—Y1)2+(22+21)2

So = tan‘l(ﬂj (7)

Xy =%

tan—L Yo— W%
X=X

where [Xl Y1 21],[X2 Yo 22] refers to the position components of the reference

system R, of the point of interest of the first and second mobile manipulator respec-
tively.



Taking into account the forward and backward temporal derivation of the kinematic
transformations, the relation between the temporal variations is obtained h(t), #(t)

which are represented by J, defined as Jacobian matrix, the same that is described by

A(t)=J (h)h(t) (8)

otherwise it is defined by

A(t) =37 (m)a(t)- (9)
5.1 Formation Controller

The collaborative control stage in Fig. 1 designates the shape parameters and the defi-
nite position parameters for the task ny =[p, s, ] and desired variations q, =[py $4]

by means of f, =y, —n the formation error is determined, deriving the equation as a

function of time 1}, =14 —1. Now, by defining 1)y with null or zero value and consid-
ering as the control objective of the system, to verify which system is stable, a check is
implemented with Lyapunov's method. Defining the function as V(i) = %ﬁTﬁ >0. Tak-

ing into consideration the first derivative V(#)=1#"1 is replacing in &, = i, -7 taking
into consideration 7 =Jh is obtained V(f)=#' f=h" (ﬁd —Jli) consequently, the law

of control is established by
h(t)=J7(ny +Ktanh (7)) =J" (10)

where, K expresses the diagonal matrix with positive gain. By deriving (10)with re-
spect to time it is determined that

V(@) =—1' Ktanh(/) <0 (11)

so it is established that the equilibrium point is asymptotically stable when, f(t) -0
asymptotically.



5.2  Control i-th Robot

This section presents the decentralized control to be implemented in the i-th mobile
manipulator robot, for which are considered as inputs the velocities emitted by the cen-
tralized training control, where the desired positions are obtained

hg=[hg hyg hyq | withavariation iy =[hy hyy hyy | so that the control error is

obtained by h(t)=hy (t)-h(t) taking into account the derivation in time h= hy—h.In
order to demonstrate the stability of the system, it is proposed to use a controller based
on Lyapunov. In which you have a candidate function that is defined as
V(F\) =1h"h > 0. Taking into account the first derivative and replacing h= hy —h and
considering that h = T'v, where T represents the Jacobine matrix and v represents the
control actions; with what is obtained V(R)=h" (g —T'v) Thus, the law of control for

the i-th mobile manipulator is defined as,
v=rt (lid +Gtanh (ﬁ)) (12)
in which G represents the matrix that has positive diagonal gain. By deriving (12)with
respect to time it is determined that
V(ﬁ):ﬁTGtanh(ﬁ)<0 (13)
which leads to say that the equilibrium point is asymptotically stable, therefore the error
position the point of interest ﬁ(t) — 0 asymptotically t - o0

6 Experimental Results

In this part of the article you can see the results of the development and implementation
of the HIL technique focused on the teaching process. The proposed system consists
of two Raspberry Pi development cards were considered, in which the kinematic and
dynamic models corresponding to each mobile manipulator robot obtained in (1) and

(5) - Each Raspberry Pi device is connected through a wireless communication channel

to the Central Control Unit developed in Matlab mathematical software which is in
charge of executing the collaborative control law. By using the DLL communication
protocol, the communication between Matlab software and the Unity 3D development
environment is carried out, where the user has the ability to interact and observe the
movement that develops the robotic system to execute the various tasks of collabora-
tion.

Fig. 4 shows the digitized environment which consists of an environment that simu-
lates an industrial environment (Construction) in which two mobile manipulators are
used as means of transporting heavy loads.
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Fig. 4. Virtual Mobile Manipulator Environment

The evaluation was conducted using two mobile manipulators with a collaborative
controller, for the transport of a bar with a defined trajectory, the simulation progresses
in time, where the correction of errors made by the controller is checked. The manipu-
lators acquire a formation pattern to make the trajectory and also keep the axis of the
manipulated object in the center of the distance separating the manipulators.

Fig. 5, the results obtained from the experiment are presented, showing the desired
task and the task performed, so that the controller responds optimally and inde-
pendently.

Fle [dt Asmes GameObject Component EdtorPrefs Took Window Hep

€ Game

e SIS . RSB e
Q1: -0,01 [rad/s] TRAYECTORIADESEADA [ Q1: 0,11 [rad/s]
Q2: 0,15 [rad/s] TRAYECTORIAOBTENIDA [l Q2: 0,16 [rad/s]
Q3: -0,01 [rad/s] Q3: -0,04 [rad/s]
phi: -0,01 [rad] phi: 0,01 [rad]
=022 mis] -/ u: 0,22 [mis]
‘w: 007 [radis] ~w: 0,07 [rad/s]

\
Fig. 5. Trajectory described by the mobile manipulators.

The errors in the speeds generated by the controller for each mobile manipulator are
presented in the curves in Figs. 6. and 7.
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Fig. 7. Errors in the angular velocities of the Mobile Manipulators.

The errors corrected by the corrective action of the controller are presented

curves in Figs. 8 and 9.

in the
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Fig. 9. Positioning errors.

7 Concluciones

This work presents the design of the Hardware in the Loop technique developed in a
virtual environment, for the collaborative control between two robotic systems, in order
to carry out tasks of moving and manipulating objects in an industrial environment. For
the development of the control algorithms is composed of two stages, a kinematic cas-
cade controller, which executes the path of the manipulated object; also a dynamic con-
troller that acts as a compensator for errors generated by the dynamic effects of the
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robotic system. With the tests developed through the use of virtual system it was pos-
sible to verify and evaluate the control algorithm implemented, managing to demon-
strate the validity of the control algorithm for the fulfillment of the established task, as
presented in Fig. 8 and 9, the errors of position, distance and orientation of the manip-
ulated object, tend satisfactorily to zero. In developing this project, the flexibility ob-
tained by using an HIL system becomes evident, since it allows the creation of efficient
systems with good performance at a much lower cost than the usual in today's industry.
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