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A automecao industriale uma parte fundamental para resglanas cres-
centes necessidades do mercado. As empresas que desejana gstada
competcao, ttm todas uma premissa em comum | melhorar a giddde
do produto, reduzindo custos e tempo de fabrico. Naultima d#ta, os
veculos autonomamente guiados (AGV) tém ganho expressaoddesn
facto de serem capazes de responder a estaultima necessidad

O contexto da presente dissertacao insere-se no desemvehtd desta
tematica atrawes da recuperacao de um equipamento conmliegeesa es-
cala industrial.

O objetivo principal passa por fazer retro tting da plataforma Robuter
Il, que se encontra obsoleta. Para isso, pretende-se substitdia a parte
de controlo por uma solwcao mais atual que permita a integracde difer-
entes nmodulos com base numa arquitetura distribuda baseaua ROS. Foi
entao necesario proceder a uma aralise detalhada daafteima existente
para refazer toda a instalacao ektrica da mesma, bem coproceder a
instalacao de diversos equipamentos.

No nal, obteve-se um veculo capaz de navegar de forma man{gaim
controlo remoto) e foi ainda realizada uma prova de conceito de hawpa
aubnoma atrawes da realizacao de um algoritmo simples disao arti -
cial. Foi ainda veri cada a versatilidade su ciente para égrar diferentes
equipamentos e @digo desenvolvido de forma simples.

Neste documentoe feita uma descrcao geral do projeto oné® sdenti-
cadas as \arias etapas do mesmo e o trabalho desenvolvidoaat mo-
mento. Para aém disso, e apresentada a forma como se ia gder para
a implementacao das metas propostas. Porultimo, sao apréados re-
sultados experimentais de navegacao e integracao de outrakaihos na
plataforma.
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The industrial automation has made its way in responding to thewgng
market's needs. Companies that wish to keep up with the contjetihave
a common goal: improve the product's quality while reducing maatifiring
costs and time.

In the last decade, the autonomous guided vehicles (AGV) haveeghin
expression due to the fact that they are capable of respondirig the last
mentioned necessity.

The context of the current dissertation is inserted in the demhent of
this thematic through the recovery of an equipment with induatrscale
applications.

The main goal is centered in the Robuter Il platform's retro tin For
that, it is intended to replace the old control part by a modern sdn
that allows the integration of di erent modules based on a ROStdimited
architecture. A detailed analysis of the existing platforrasvmade in order
to redo all the electrical installation, as well as to setup af the used
equipment.

In the end, a vehicle capable of navigating, both manual and autooasty,
was achieved. The vehicle can be operated manually (via rerootgrol)
and as a proof of concept, autonomous navigation was carried out through
a simple arti cial vision algorithm. It was also veri ed the xaatility of the
developed solution by integrating di erent equipment and desidrcode in
a simple way.

This document describes generally the project where all therdnt steps
are identi ed, as well as all the work developed until the @esmoment.
Furthermore, the guidelines to follow in order to achieve thegosed goals,
is presented. Finally, navigation experimental results ahe integration of
di erent works on the platform are presented.
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Chapter 1

Introduction

1.1 Context

It is common knowledge that market demands are growing exponentially, igher in a
qualitative or quantitative level. The strong competition lead the companies into constant
improvement in their quality standards, reduce their response ime and make task planning.
Industrial automation has made its way to become a crucial part in overconng these needs,
systematizing tasks that can be delivered by machines. One of thosesks, which is common
to almost every industry and very time consuming, is the transportation of material inside
the facilities.

In the past decade, the AGV's have gained expression due to the fact tit they are capable
of solving this issue. It is in this context that the importance of this type of vehicles arises
| vehicles capable of performing tasks autonomously, allowing workers to be released from
lower level tasks, maximizing the e ciency of the industrial environment.

This line of thought is being widely adopted and these emerging techologies not only help
promoting industrial upgrades but can also be included on the recent ancept of Industry
4.0 [1]. In an era where the cyber-physical systems allow the exchge of data between
industrial processes, the ability of performing a wide variety of asks can be enhanced with the
inclusion of AGV's. So, in an intelligent factory with modular structu res, besides navigating
autonomously, they can be told where to navigate in the same way.

Nowadays, most of the AGV's used in an industrial scale are similar to forkfts or trailers,
and they also have the advantage of being able to be integrated into theiown assembly lines,
by carrying material between stations without any human intervention. One of their other
main characteristics is safety. In order to be used as a collaborative einent, it follows a series
of standards that prevent accidents, reducing signi cantly these ncidents throughout the task
performance that, according to OSHA (Occupational Safety and Health Adminstration),
exceed the 90,000 occurrences per year in the United States of Americ2].|

1.2 Brief History

The development of AGVs began in 1954, when the engineer Arthur \MAC" Barret in-
vented the rst autonomous guided vehicle in his company, Barret Eled¢ronics. This vehicle
was given the name of Guide-O-Matic (Figure 1.1) and was developed to be ad in a ware-
house. It consisted of an electrical vehicle, similar to a trailer, lnt with inferior dimensions,
that could navigate by using wire trails on the oor. In order for them to move autonomously,
underneath them, they contained magnetic eld sensors that searchedor a induced eld,



which crossed the trail's wires. For it to stop in each station, therewere magnetic codes that
the vehicle was able to process [3].

Figure 1.1: First AGV, developed by Arthur Barret [4].

1.3 Motivation and Objectives

"Every major corporation in the world you can think of already uses AGVs" (Scott
Kwilinski, director of Solutions Engineering at Egemin Automation Inc [5]) and the projec-
tions point out that this type of equipment will be integrated in a more easy and versatile
way for the industrial sector. It has a wide range of applications and allove the workers to
focus on high level tasks. So, the development of a platform from this natre meets the actual
and future market demands.

Robuter is a robust platform with a solid metallic structure prepared to transport up to
120 kg that was stalled in the laboratory. This happened because some of itsahdware was
not operational and its programming method was archaic and not practical. Begles that, it
was almost impossible to expand due to it being a closed and proprietargolution.

The main focus will be the development of a new control system to appl a perception
unit (camera and possibly other sensor and devices). On the hardwareVel this has several
major tasks, but generically, it is necessary to design and mount all te electrical installation
and improve the necessary mechanical parts. On the software level, @ersatile and open
architecture will be implemented, such as ROS, that will allow the integration of di erent
control and data acquisition units.

From another point of view, there is also an academic motivation. By accompihing
this project, it will be possible to convert an obsolete and unused guipment to a modern
and didactic platform. It is still important to consider that it's a si gni cant contribution to
the Laboratory of Automation and Robotics (LAR), otherwise the institution woul d have to
invest a considerable amount of money to acquire an equipment of this nate.

In the end, it is expected to endow the laboratory with a modular equpment that can
be expanded and improved to future research and development. A paidular application to
this is another project already being developed in parallel and consis of the integration of
the Fanuc LR Mate 200iD on the top of the platform. So, the big picture here isto have an
AGV with a robotic manipulator.



1.4 Robot Software Frameworks

There are several open-source tools to develop robotic applications. Albugh this list
does not contain all of them, the main concern was to introduce those wich are up to date,
i.e., the ones that still have support and recent released versions

141 YARP

YARP stands for Yet Another Robot Platform. It is a free and open-source setof li-
braries, protocols and tools to keep modules and devices decouples].[ It supports building
a robot control system as a collection of programs communicating in peer-tgpeer way (TCP,
UDP, multicast, among others) and can even be implemented without haing to use YARP
codebase. It was written to be OS neutral (Linux, Windows and macOS hve been used [6]
alongside with YARP) and for that reason it can easily stream data across di elent types of
threads.

In YARP, the communications are ensured by a port network. A port is an object that
can read and write values to peer objects spread throughout the network7]. The objects
that listen to this kind of data are called observers. As it is visible on Figure 1.2, the
streamed information can be a camera image or motor commands to implement aisual
tracking application. The camera captures and transmits the image to tte \lviewerl" and
Vtracker/image" ports. The tracker then receives the image and processes it, transtting
it to another viewer (\lviewer2" ) and outputting position values that will further be sent
to the Vmotor/position” port. In the YARP topology, every port belongs to a process
and each connection can be established using di erent protocols [8].

ftracker/position

Figure 1.2: Example of a network of ports in YARP. Adapted from [8].

1.4.2 Orocos

Orocos (Open Robot Control Software) is an advanced framework, developedatdeal with
real-time constrains. The Orocos project supports four C++ libraries:

~

Real-Time Toolkit ;

~ Kinematics and Dynamics Library;
" Bayesian Filtering Library;

" Orocos Component Library.

These libraries are combined to develop the robot's application. In Oocos, the appli-
cations can be constructed using prede ned components, by using # Orocos\Control
Component” [9].



Component Interface

Methods /Commands| DataFlow

- Parameters - Alarms - Algorithms - Setpoints - Data streaming
- Persistent - Publish - Complex - Actions taking - Buffered and
configuration state changes configuration time unbuffered

Figure 1.3: Example of the ways of interfacing an Orocos component. Adaptedfom [9].

In the given example (Figure 1.3), ve ways of how a component can be intdaced are
shown. Although a single component can control a whole machine, a network afomponents
that communicate between them can also be implemented | using CORBA or MQueue
protocols.

1.4.3 Microsoft RDS

Microsoft® Robotics Developer Studio, currently in version 4, is a Windows-basd envi-
ronment to create robotics applications for a wide range of hardware platforrs [10] and it
provides the following tools:

CCR { Concurrency and Coordination Runtime;
DSS { Decentralized Software Services;

VPL { Visual Programming Language;

VSE { Visual Simulation Environment.

~

~

Regarding CCR, it allows to write programs to handle with asynchronous ensor inputs
and actuate outputs. The real-time feature is empowered by the DSSesvice, which enables
monitoring the robot/system using a Web browser or Windows-based appication. The reuse
of code is also provided, since the programming can be made in modulaervices

The programs can run natively on a PC-based robot running Microsoft Windavs OS or
remotely scenarios can be implemented with serial port, BluetoothWi-Fi or RF modem. To
program the robots, two languages can be used | C#, in Microsoft Visual Studio environ-
ment, or the Visual Programming Language.

1.4.4 ROS

ROS [11], Robotic Operating System, is a software framework that proviés a wide set
of tools and libraries for robotic applications. It is an open-source, metasperating system
that promotes the sharing and reuse of code. This last characteristicsi empowered by the
capacity of executing programs independently (even in dierent programming languages)
and integrating them in the system. This is possible due to the factthat it can run multiple
processes at the same time (even in di erent machines), passing éssages among them.
Currently, ROS only runs on Unix-based platforms and it provides the services expected
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from an operating system, including hardware abstraction.

In ROS, the processes are named \nodes". The nodes can communicatetiveach other with
publish/subscribe semantics to a given topic (channels used for comunication). Figure 1.4
shows an example of this topology.

Topic
fimage

Image acquisition Image processing Motor control

Topic
/coord

Figure 1.4: ROS topology example with three nodes exchanging messages orotiopics.

In the diagram from Figure 1.4, the "Node 1", which is responsible for the image ac-
quisition, publishes its data (in this case the acquired image) on tle topic "/image ". The
"Node 2 " will then subscribe to that same topic and collect that information so it can be
processed and published (in this given example, the coordinatesoald be from a determined
object so that the motor control system actuates accordingly and navigate tait).

Despite of not being represented in the diagram, each topic can be acs=sl by di erent nodes
(this is valid both for publish and subscribe actions).

This framework is used at LAR and it is the most suitable one to use in orderto carry

on and integrate the developed work so far.

1.5 Navigation techniques

Navigation, and particularly autonomous navigation, has been widely focuse by the
mobile robotics area. As Leonard and Durrant-Whyte de ned in the early 90's,it is a eld
of study that seeks to nd solution to three fundamental questions: "Where am 1?", "Where
am | going?" and "How do | get there?" [12].

Regarding the rst question, which intends to answer to the robot's position in its envi-
ronment, it can be said that the existing solutions have di culty to respond with a single
and elegant solution. This means there are plenty of partial and/or combinedsolutions that,
although they cannot be categorized, are usually divided in two groups: rative and ab-
solute positioning. Due to the lack of an unique method, the AGV's commotly integrate
technologies from both groups [13].

Nowadays the used techniques can go from solutions that imply restruaring the layout
of the facility to non invasive methods.

Absolute positioning

~ Active beacons { computation of the absolute position from measuring the diection of
incidence of at least three actively transmitted beacons. The transriiters generally use
light or radio frequencies and must be located at known sites in the mvironment so the
position can be determined (triangulation) [14].

Passive references { these references can be natural (inheremt the navigation environ-
ment) or arti cial (placed in known sites and detectable). They are generally detected
with perception techniques (for example arti cial vision) and, similarly to the active
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beacons, it is necessary to have at least three identi ers on the peeption eld so the
position can be calculated.

Model matching - this method compares the current information (acqured by the sen-
sors) to an existing model or map of the environment. The model/map is ceated
dynamically and then, using the existing one, the vehicle's absoli¢ location can be
estimated.

As major advantages, it is a non-invasive method that can present satisfaory results in
terms of accuracy (when correctly referenced). The main disadvantage particularly in the
techniques that use perception, are the intensive data computationdi culty of implemen-
tation and the robustness is heavily conditioned by the navigation enironment.

Relative positioning

" Dead-Reckoning { use of encoders or inertial sensors (for example gyempes and ac-
celerometers) to determine the direction and traveled distancdrom a starting reference.

One of the main disadvantages is the error accumulation due to its integrave method
(the values of direction and distance are added to a given initial point) As advantages it is
important to mention that these systems work regardless of the visiblity circumstances and
can even operate in adverse conditions (for example high altitudes).

Guiding techniques

~ Wire { slot on the ground that contains an electric conductor that can be easly detected
by a sensor. The wire is placed throughout the route.

" Magnetic or colored tape { detection of magnetic tape through sensors or colore@n-
cluding black and white) with arti cial vision or color sensors. As the wire technique,
the tape is placed throughout the desired path.

The major advantages of wires and tapes are the navigation robustness, theagy imple-
mentation from a software point of view and great accuracy on the positioning it can be
implemented in a way where the robot position is always known and calirated). As disad-
vantages it can be pointed out the need to restructure the facility'slayout and, in the case
of wire, the opening of gutters, which makes it a very limited and de nitive approach.

1.6 Related Work

Regarding the recent related work on Robuter's retro tting, no recent documentation has
been found. However, in 2005, in the \Hands-On" Laboratory of the IPP-Hurray! Research
Group, at the School of Engineering of the Polytechnic Institute of Poto the Robuter was
subject to an hardware and software upgrade. After this intervention (ona similar Robuter,
see Figure 1.5), the Robuter was equipped with the following items15]:

2 x 300W DC motors, with gear boxes and brakes;

" 2 x incremental encoders;

~ 2 x servo-ampli ers;

2 x axes interface between motors and boards;

" 4 x short range ultrasonic sonars (MIC130);

" 2 x medium range ultrasonic sonars (MIC340);

1 x RSMPC555 control board dedicated to multi-axis control (up to 4 axis);
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" 1 x Pentium4 class embedded computer;
~ 1 x Joystick 2-axis for manual operation with security button.

Figure 1.5: Previous version of Robuter used on "Hands on Laboratory", in Polytechic
Institute of Porto. Adapted from [16].
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Figure 1.6: Location of retro tted Robuter's main components in the "Hands on Laboratory"
project [15].

The location of the components can be observed in Figure 1.6. Although it is ot repre-
sented in the gure, some of the components are supplied with 24V and hare have dedicated
DC/DC converters to adjust the power supply to appropriate levels.

About the software, the on-board CPU was running the Linux Operating Sygem with
Real-Time Application Interface (RTAI), which allows to write appli cations with strict tim-
ing constraints [17]. Even though it's a main unit, the CPU was used to bad the executable
control application into the RSMPC555 board and communicate with it (via R S232).

Another important work was carried out in 1995, at the University of Porto. The di s-
sertation focus was to obtain a control system based on the platform's dyamics (forces and
moments) by observing the controllers limitations based on kinematicmodels [18]. Despite
the importance of this work to understand the platform's constraints, no physical interven-
tion was performed.



Throughout the years this platform has had a meaningful role on the evolutionof mobile
robotics [19]. Some of the following listed themes are an example of that:

~

Trajectory Tracking Strategies in Service Robotics Applications [20];

An Integrated Learning, Planning and Reacting Algorithm Applied to a Real Mobile
Robot [21];

Indoor Robot Navigation with Single Camera Vision [22];

Multi-agent Control Approach for Autonomous Mobile Manipulators: Simulation R e-
sults on RObuTER/ULM [23];

1.7 Dissertation Structure

This dissertation is divided in seven chapters, including the pesent one.

Chapter 2 presents the platform in its original state and shows the neessary steps to
discover the platform and all its elements. It exhibits pictures to illustrate the process and
it is an important chapter to have an overview of the existing system

Chapter 3 starts with a generic description of the proposed architeatre and details the
used hardware to achieve it.

Chapter 4 reports the implementation of the proposed solution where tle reader can un-
derstand where, how and why each equipment was used. Besides that,is explained the
developed software to communicate between the existing subsystes and the reading/actua-
tion of the main inputs/outputs of the system.

On chapter 5, after the retro tting is complete, a simple vision application to detect and
navigate through a line is made. Besides that, it is implemented a manal control with the
Xbox controller.

Chapter 6 refers to the tests and results performed on the platformsuch as the capacity
of navigating through a straight line or a circle with the aid of vision tools to measure it.
Also, the integration of a robotic manipulator and its software (work developed by Vitor
Silva [25]) is analyzed.

Finally, chapter 7, presents the conclusions and points out the futue work (where some
enhancements are suggested).

A list of appendix is also presented in order to complement the docmentation with
relevant, but not crucial, information, allowing a more detailed knowledge on speci ¢ matters.

Autonomous Navigation and Multi-Sensorial Real-Time Localization for a Mobile Robot [24].



Chapter 2

The Robuter Il

The purpose of this chapter is to present the Robuter Il platform in its original state and
report the major steps that took place in the platform recognition.

2.1 Original Features

The Robuter concept was created by a french company, Robosoft, and contisof a mobile
robotic platform (Figure 2.1) with on-board CPU dedicated to research and development. In
the 80's this was an innovating concept that allowed the researchers a gat exibility because,
not only is it a programmable platform (in ALBATROS environment), but it al so allowed
the integration of additional hardware [19].

Figure 2.1: Robuter Il original

The main characteristics are presented in Table 2.1. Note that this tablecould only be
completed after the platform disassembly described in Section 2.2.

The ALBATROS is \A exible multi-tasking and realtime network-operat ing-system-
kernel" [27]. It was speci cally designed with the purpose of control multi-axis and multi-
sensorial systems.

2.2 Platform Disassembly

Due to the lack of technical documentation, the platform was fully disassembled. This
step was crucial to understand its architecture and identify its components and physical
connections at the hardware level.

The analysis started with a generic approach, removing all the protedbns to observe
the elements that composed the platform. After their removal, the man case was detached
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Table 2.1: Robuter Il original characteristics.[26]

Dimensions [102.5 x 68 x 44] cm

Weight 150 kg

Payload 120 kg

Speed up to 1 m/s

4 Lead Batteries 12V 60Ah each

2 Motors Permanent magnet DC 300W 48V

Control Type Di erential

Positioning Optical encoders

Range sensing Network of ultrasonic sensors

CPU VME bus with 5 slots, Motorola 68020, 16 MHz
Operating System ALBATROS

Programming Software package and C application programs

(Figure 2.2). This case had several assembled units in an Eurocard typmount. Di erent
types of modules were identi ed:

" Two DC/DC converters (5V and 12V) | 1;
" Two DC drives | 2;

" One Security module | 3;

" One main CPU | 4.

Figure 2.2: Main case containing various modules.

In parallel, both wheels were detached in order to observe their chacteristics and test the
motors. Each wheel setup is composed by an electromagnetic brake (cougléo the motor)
and a two channel incremental encoder (Figure 2.3). The motor also has a gebox, but the
ratio was not determined.

During this stage, particularly to test the motors, a main circular connector was detected
(Figure 2.4 illustrates the connector type and Figure 4.1 its wiring). It establishes connection
between the enclosed wheel setup (motors, encoders and electromagjo brakes) and it was
mapped with a multimeter to match the pins to the actual connections (the pinout is shown
further in Figure 4.12). This step was crucial because without it, it would not have been
possible to know that the motor had coupled brakes, hence they could nobe actuated.
At this stage, a DC supply was used to test the motors because the DC Dwes were not
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Figure 2.3: Wheel with coupled elements. 1 - Motor; 2 - Electromagneti®rake; 3 - Encoder.

operational yet. Additional information is presented in Appendix A in th e Figures A.1, A.2
and A.3.

Figure 2.4: Circular connector in perspective and front view.

After the previous listed steps, an examination was carried out to detemine which ele-
ments could be used and which should be removed.

Since one of the main goals of the project is to implement an open architéare, the
internal CPU components were not used and therefore removed.

Also, the network of ultrasonic sensors (24 in total) was detached due theakk of infor-
mation and, in consequence, the time that was necessary to invest wanworthwhile given
the complexity and functionality of the solution (there are better approaches these days, e.g.
LIDAR). The four batteries were also tested, each one charged individally, and none of them
was with an acceptable voltage level.

At last, the unnecessary wires were removed after the identi caion of the relevant ones.
This step is registered in Figure 2.5, where it is possible to obseevthe amount of material
taken from the original platform.

In the end of this process, the following was used from the original Ralter (resulting in
the setup from Figure 2.6):
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" Chassis

" Full wheels setup (Motors + Brakes + Encoders)

~ DC drives

DC/DC converters (5V and 12V)

Figure 2.6: First setup used, main case aspect after disassembly.

12



2.3 Platform Kinematics

To perform the platform's kinematic analysis, rst, it is important t o understand the
robot's locomotion. The movement is based on two separate driving whég placed in one
end of the robot. It can thus vary the direction by changing the rate of rotation of each
wheel, eliminating the necessity of a steering system. The plérm is balanced by two caster
wheels, xed on the opposite side.

From Figure 2.7, it is visible that the direction is determined by th e relation between each
motor's velocity, vi and v,. However, in a robot's locomotion system, its position &, y) and
direction ( ) are the important variables, so each wheel velocity must be relatedvith them
(expression (2.1)).

Vrobot

Wrobot
/\0
7 )
X

Figure 2.7: Di erential drive kinematics. Image redesigned from [28].

8

2x= 3(vr + vi)cos

S Y= F(vr + vi)sin (2.1)
= %(Vr vi)

N o |

X = ViobotCOS

S Y ViobotSIN (2.2)

—= ! robot

Despite its valid relation, it is very cumbersome to think in terms of relative wheel veloc-
ities when designing a controller. For this reason, the unicycle mdel is used to have a more
intuitive control type [29]. This is a common approach when designing cotrollers because it
overcomes this issue by using the linear\{;opot) and angular(! gnot) velocities (2.2).
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Combining the equations (2.1) and (2.2), which is crucial because the aaal inputs to the
system are each wheel's velocity, the controller can be designed txcept linear and angular

velocities | equations (2.3) and (2.4).

(

Vrobot = %(Vr + V)

! robot = %(Vr Vi)

(

vV, = 2Viobot *! robot L
r 2R

— 2V ! L
VI - robot SR robot

(2.3)

(2.4)

At this point, and given all this information, it was more clear to design a detailed solution.

Chapter 3 gives an overview of the intervention plan.
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Chapter 3

Proposed Solution and Intervention
Plan

This chapter presents the proposed solution as well as an overview of Wit is achieved.
It starts with a generic solution for the global architecture, and afterwards the hardware will
be speci ed individually.

3.1 Control Architecture Types

When considering what type of generic architecture should the sygm have, there are
two major types that prevail: central and distributed systems (Figure 3.1).
Centralized systems use, in general, a CPU that is responsible forrpcessing all tasks, mean-
ing all the sensors/actuators communicate directly with the CPU through its peripherals.
This requires a high processing capability in order to maintain goodresponses to the system.
Since everything is centralized, these are usually lighter and m@& compact solutions than the
others.
On the other hand, in a distributed architecture, the systems aredivided in other subsystems,
or modules. Each one of these modules is responsible for the control ofdetermined task
and can even have its own CPU. In this topology, all the modules work ind¥idually to the
overall operation of the system, either interconnected and functioing in an independent way
or all connected to a central CPU (Master).

Figure 3.1: Central architecture type.
By comparing these architectures, it is easy to understand that a mdular system is more
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robust, allows development and expansion (particularly in the test $age) and it is more
versatile than a centralized system. For these reasons, and becaudad is a project designed
to be continuously improved, the option for a modular architecture becomes obvious.

3.2 System Diagram

The diagram in Figure 3.2 illustrates all the main blocks and explains hav they interact
among them, giving an overview of the proposed solution.

A video camera is responsible for acquiring the image that will then le received and
processed by the main unit,CPU1 Depending on that information, CPU2will generate electric
signals to actuate the motors accordingly. These motors are actuated through WM signal
on the DC drives and can feedback its velocity with encoders. Thissignal is processed by
the Counter block and sent to CPU2closing the loop.

To control the platform remotely, the operator will use a CPU, connected to the robot's
network, that will grant access to the CPUIfunctionalities. This will allow to monitor the
platform and perform actions/routines.

Visual

——>|

CPU2

Y

DC Drives MIEHErE <
Encoders

Figure 3.2: Generic system diagram for the platform's global architecture

3.3 Communication Between Subsystems

To interact between subsystems, a main protocols is proposed: TCPR. Besides that,
other interfaces (for example PC), which will be explained further in context on Section
4.5.2, are used.

The usage of TPC/IP protocol ful lls the concept of modularity and easy integration of
subsystems. Another determinant aspect is the available technology oithe market (both
in social and industrial means), which is predisposed for this typeof communication [30].
There are several units of microcontrollers and sensors which are caplgbof communicating
through this protocol. Nevertheless, it also allows con gurations whee all the devices can
communicate among themselves.

To transfer messages between the programmed processes (RPU}), passing messages, it will
be used ROS (see 1.4.4).

3.4 Hardware

This section contains a list and presentation of the used material on theplatform, which
will be further explained in context (Chapter 4). Some of the equipnent was selected and
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ordered, while the remaining was used from the previous robot or was alesly available in
the laboratory. This is important to mention in order to justify some de cisions of the used
hardware.

Table 3.5 makes the correspondence between the CPU's blocks from Figu 3.2 with the
presented hardware.

3.4.1 Motor Related Parts

The full wheel setup is illustrated in Figure 2.3. As explained in Setion 2.3, the system
has two driving wheels (which can be controlled individually) and two caster wheels.

Full Wheel Setup
Motors: Permanent magnet DC 300W 48V each (motor plate can be observed in Appendix
A, Figure A.1).
Encoders : Baumer BHE 05.25K500 three channel encoders with 8024 pulses per wheel+e
olution (each pulse 0.045). Despite that, only two channels are being used (CHA and
CHB) in the original setup. Power supplied with 5V.
Brakes: KEB electromagnetic 48V brakes. The brakes are disabled (loose wheels)ith a
48V signal. Although each wheel has an individual brake, in the original conne@ns the
supply is common, so they are actuated together. Both brakes have appraxately a power
of 24W.
Wheels : 2 motored wheels with 75cm of perimeter and two caster wheels with 40crof
perimeter.

DC Drives
Model 306 from Copley Controls [31]. Input voltage from 16 to 80VDC. Maximum output
current 10A. Controlled with an external PWM signal with minimum switc hing frequency of
22 kHz (avoids switching audible noise). These drives had to be repaid (as explained in
Section 4.2) and were used in order to save costs and make use of its robuosss.

Figure 3.3: Copley 306 DC drives.

3.4.2 Power

5V and 12V DC/DC Converters
These two converters (Figure 3.4) were still operational and had usefwoltage levels, there-
fore they were kept installed on the platform. Table 3.1 features the OC/DC converters'
characteristics.
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Table 3.1: Characteristics of the two original DC/DC converters [32].

Characteristic Q1000 240Q2000

Input Voltage (V) 38{75 38{75

Fixed Outputs (V) 5.1; 12; 15and 24 5.1; 12; 15 and 24
Variable Output (V) 3.3{48 3.3{48

Power Rating (W) 132 106

E ciency (%) 90 86

(a) (b)
Figure 3.4: DC/DC converters Q1000 (a) and 24Q2000 (b).

24V DC/DC Converter [33]
Switching DC/DC Converter Mean Well SD-100C-24 with input voltage range from 36V to
72V (Figure 3.5). Single 24V output with adjust range from 22V to 30V and maximum power
rating of 100W.

This converter was available in the laboratory and was necessary to supplCPUL It was
decided to use a single converter for that e ect because of the compat speci cations (see
Sub-section 3.4.3).

Figure 3.5: DC/DC converter SD-100C-24. Adapted from [33]

Batteries

There are numerous battery types on the market and choosing the right oa for the right
job is a demanding process. For this particular application, there wee several aspects took
into consideration such as size, weight, capacity, discharge rate and as ievery project |
price.
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In a simplistic way, as it is possible to observe in Table 3.2, the lihium batteries have
more energy density and charging cycles, therefore they are better a@nshould be selected
despite of their price (which does not include the more expensi& and sophisticated way of
its charging technology).

On the other hand, since this project is about retro tting, the prev ious equipment should
be analyzed. Figure 3.6 shows one of the two old Robuter's battery case$hese cases have an
open space measuring [210x340x140]mm and a set of wheels underneath them, clihinakes
manipulating the batteries easier.

Other aspect that is crucial to mention, despite not being the scopeof this project, is the
future application of the platform. As is mentioned in Section 1.3, this platform will have
future applications, one of them is a robotic manipulator on the top of it, which brings new
variables to the battery selection. It is important to lower the plat form's center of mass and
counterbalance the manipulator's movement (Fanuc LR Mate 200iD). Therebre, the weight
is a relevant factor to grant safety and enable the maximization of its operaton (for example
in maximum payload scenarios, 6kg).

Table 3.2: Battery types characteristics. Adapted from [34] and last updatel in 2016-04-11

Lead Li-ion  Ni-MH

Energy Density (Wh/kg) 30-50 150-250 60-120
Cycle Life (80% DoD) 200-300 100-500 300-500

Charge Time (h) 8-16 2-4 2-4
Cell Voltage (V) 2 3.6 1.2
Cost (e /Wh) Low High Moderate

In Table 3.2 the Lithium polymer technology is not mentioned despite béng widely im-
plemented on the market. Accordingly to [35], the batteries sold in themarket, commonly
mentioned as polymer, are essentially the same as lithium-ion. Li-poiyer o ers slightly
higher speci ¢ energy and can be made thinner than conventional Li-ion.

By the above reasons, and taking into consideration that in standalone apptations a lead
battery can have better payback [36], it was decided to order batteris with lead technology
and with the same dimensions as the previous ones.

There were selected 4 batteries from Ultracell. The model is UCG75-1and has a voltage
of 12V and 75Ah of capacity [37]. Table 3.3 compares the old and new batteries whereare
detailed information is presented.

Table 3.3: Old vs. new batteries arrangement.

old New
Weight (kg) 24 22.5
Size (mm) 210x168x208 210x168x208
Type Lead - AGM Lead - GEL
Voltage (V) 48 48
Total Capacity (kwh) 2.88 3.6
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Figure 3.6: Robuter's battery case.

3.4.3 Processing Units

CPUL1 | Mini PC Cubi 2 [38]

Selecting a computer within the wide range of o ers is challenging. Tofocus and limit
the choices some speci cations were pointed out, despite not beingecessary for the current
project. It is important that the CPU can cope with future application s, such as work with
Point Cloud Library. For these reasons, the requirements for the seatt were:

Good computational capacity | i5 processor and 8GB RAM;

Vibration/impact tolerance | SSD memory;

Compact size to t in the main case | smaller than 150mm X 120mm X 50mm;
Available 10's | 1 x Ethernet, 4 x USB, 1 x HDMI);

Voltage supply level | 24V or lower;

" Aordable.

Once de ned the speci cations, various quotations were asked and the quipment that
best ful Il them was the MSI Cubi 2 012BEU i5-7200U. This computer has built-in processor
and both the SSD and RAM were ordered separately. The 10's are detailedni Figure 3.7
and the detailed speci cations are presented in Table 3.4.

Table 3.4: CPUlspeci cations.

Spec Detail

Chipset Intel® H110

Processor InteP Core—5-7200U Dual-Core, 2.5 GHz with Turbo up to 3.1 GHz, 3 MB Cache
Storage SSD 2.5" Kingston V300 120 GB MLC SATA

Memory RAM SO-DIMM Crucial Ballistic 8GB DDR4-2400MHz
Graphics Intel® HD Graphics 620

Intel® Dual Band Wireless-AC 3168 (M.2 2230)
Realtek RTL8111H GigalLan 10/100/1000

Power 19V input, 65W

Dimensions 115 X 111 X 35 [mm)]

Network
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1xUSB 3.1 Gen1 1x Micin 1 x HDMI out 1x RJ45
1 x Headphone out 2x USB 3.1 Gen1

1xUSB 3.1 Gen1 Type-C 1 x mini DP out

(@) (b)
Figure 3.7: Mini PC MSI Cubi 2, front view (a) and rear view (b). Adapted fr om [38].

CPU2 | Arduino Leonardo ETH [39]
Microcontroller: Chip ATMega32U4 integrated in the development board Arduino Leonardo
ETH with a 16MHz clock.
10's: 20 10 pins of which 7 can be used as PWM channels and 12 as analog inputéll the
20 pins can be used as digital input/output.
Power: Input voltage from 7-12V and power consumption until 900 mW.
Interfaces: RS232, SPI, 1C, Ethernet.
Dimensions: 53.34 x 68.58 mm (WxD).
This board was available at the laboratory and has the necessary speci catianto be used
in this project. Ethernet communication, enough 10's (including PWM outputs) and clock
speed.

Figure 3.8: Arduino Leonardo Ethernet. Adapted from [39].

Counter | CPU3 | Arduino Micro [40]
Microcontroller and 10 pins are the same as described for Arduino Leonard ETH.
Power: Input voltage from 7-12V and power consumption until 360 mW.
Interfaces: RS232, SPI, #C.
Dimensions: 48 x 18 mm (WxD).
This board had three major speci cations: two or more interrupt pins, enough clock speed
to read the encoders data and capacity of communication with the ArduinoLeonardo ETH,
CPU2which can be achieved byCPU3as will be explained in Sub-section 4.5.2.
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Table 3.5: Identi cation of the blocks from Figure 3.2

Name Unit
CPU1 Mini-PC MSI Cubi 2 i5-7200U
CPU2 Arduino Leonardo ETH

CPU3 | Counter Arduino Micro

Figure 3.9: Arduino Micro. Adapted from [40].

3.4.4 Visual Units

Camera [41]
The chosen camera for this project was the Point Grey Flea3 GigE, modeGE-28S4C-C
(available from previous projects in the laboratory). It is a color camera with 2.8MP and it
is equipped with a Sony sensor: ICX687 CCD, 1/1.8",9.69m. Resolution 1928 x 1448 pixels
at 15 FPS.
Power supplied with 12VDC.

\ POINT(GREY

Figure 3.10: Flea3 GigE, model GE-28S4C-C. Adapted from [41].

Pan and Tilt Unit [42]

Servo controlled pan and tilt unit, model PTU-D46-17 by FLIR (Figure 3.11). Its pan and
tilt axis have 180°111° positioning range respectively, and both support speeds up to 30(.
The system allows control in position, speed and acceleration using R32 communications.
The resolution is 0.013.

Power: Input voltage from 12 to 30VDC. Maximum power consumption 13W (full-power
mode) and 6W on low-power mode.

This unit was available at the laboratory and will not have any particular fu nction in this
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project. Despite that, it will be installed to receive commands ard move, being prepared to
maximize the perception range for future applications.

Figure 3.11: Pan-Tilt Unit FLIR PTU-D46-17. Adapted from [42].

3.4.5 Network

Router [43]
Router Asus AC750 RT-AC51U with 802.11ac standard (Figure 3.12). It is a wirelessual-
band device (2.4 GHz and 5 GHz) with transfer rate up to 733 Mbps. It has wieless coverage
improved with 5dBi antennas.
Ports: 1 x RJ45, 4 x RJ45 and 1 x USB 2.0.
Power: 12V supply and power until 12W.
Dimensions: 189 x 129 x 36 mm (WxDxH) and 270g of weight.

Figure 3.12: Router Asus AC750 RT-AC51U. Adapted from [43].

The router allows the creation of a wi- network to remotely access/monitor the platform.
Its transfer rates are more than enough to transfer the necessary data liwith the available
budget the concern was to acquire a modern equipment.

Regarding the number of RJ45 ports, these are enough for the given appliciain but it
was decided to invest in an additional network switch. There were tvo main reasons for this
network arrangement | the platform must be prepared for the future wit h additional ports
and the price of an 8 port router was much higher than both (router and switdh combined).
The result was to spend less money and have 12 RJ45 ports, which is imé with a modular
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system that grants the easy integration of new hardware.

Switch  [44]
Network switch D-Link DGS-108 Gigabit (Figure 3.13). Contains 8 ports GigE with transfer
rates up to 1000 Mbps. Input voltage 5V, maximum DC power 3W and 0.6W in stand-by
mode.
Dimensions: 162 x 102 x 28 mm (WxDxH).

Figure 3.13: Switch D-Link DGS-108 Gigabit. Adapted from [44].

3.4.6 User

Remote Controller [45]
To control the robot manually the Xbox 360 Wireless Controller is used. This joystick uses
the Microsoft Xbox 360 Wireless Receiver(Figure 3.14) to communicate irthe 2.4 GHz band
with ranges up to nine meters.
Power: Two AA batteries (the ones used are rechargeable)
The selection of this controller was natural because of its availabilityin the laboratory, the
existing ROS libraries to interface with it and because it has seval analog buttons (which
allow a more accurate and versatile control experience to the user).

Figure 3.14: X-Box remote controller. Adapted from [45].
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3.4.7 Switches

Arduino 2 Relay Module [46]
Module with two relays to use with Arduino (Figure 3.15) for brake control and enabling
the 22V DC/DC converter. This module already has the relay's driver drcuit built-in. Each
relay is controlled with a 5V signal and can support up to 10A, 250VAC, 110VDC.
This solution is seen as an advantage since it is capable of actuating the brak with a
galvanically isolated circuit and it is a cheap circuit.

Figure 3.15: Arduino 2 Relay Module. Adapted from [46].

Circuit Breaker [47]
Since the platform already had one circuit breaker and the modi cationsdid not require a
new one, it was maintained. C32H-DC, Figure 3.16, is a circuit breaker that vill protect the
platform in case of short-circuit or overload current. It also allows cuo the power manually.
Power ratings: 250V DC, 1 to 40A at 40C and break capacity up to 20kA. Type C tripping
curve.

f® @
o O L

MERLIN GEAIN

FT - ——
. CRbC

Figure 3.16: Circuit breaker C32H-DC.
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Chapter 4

Solution Development

This chapter details the platform's retro tting. In order to do this , the steps to achieve
the proposed solution will be presented so that all the mechanical andlectric interventions
can be documented. Also, the developed code will be explained, mdynthe code implemented
for communicating between subsystems and motor control.

4.1 Electric and Mechanical Intervention

Although the core of this intervention is mostly electronic, several mechanical adjustments
also took place. This section describes both of these procedures tdlger because sometimes
they are complementary.

4.1.1 Components Layout

To decide which side is the front and the rear of the robot the possiblduture applications
had to be studied. One of them is the addition of a robotic arm to manipulate objects up
to 6kg. So, as explained in Sub-section 3.4.2, the counter-balance is an imgant factor and
therefore the weight distribution must be analyzed. It is visible, from Figure 4.2, that the
top part has more weight than the other half due to the batteries.

Based on the platform kinematics (Section 2.3) and the presented factst was decided
to make the front side the nearest to the motors, leaving the maniputor aligned vertically
with them. Also, to increase the manipulator's reachabily and to have agood eld of vision
it is convenient to have a wide area to operate.

Regarding the main case, the layout idea was kept, leaving the eleainics and processing
units on one side, and the power (drives and converters) on the otherFigure 4.1 displays
the items location, where in (b) the dashed circle (C-16P) is locatd on the bottom of the
case and the four blocks are xed at a di erent height. The two metal structures with rails
(Figure H.12) have revealed being very useful for xing purposes.

Despite the main case having plenty of space left, it was decided tput the network equip-
ment outside it, mainly for two reasons. One of them is to leave spaceof future processing
units or electronics inside the case. The other is to make the Etheret connections accessible
from the outside, allowing to plug devices externally. The choserplace is represented in
Figure 4.2 by number 2.
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Figure 4.1: Main case front view (a) and top view (b).

REAR / LED PANEL

BATTERIES

MAIN CASE

LEFT
CPU's DC DRIVES WHEEL

ELECTRONIC DC/DC CONVERTERS

| FRONT I

Figure 4.2: Platform's top view map.

4.1.2 Power

The platform is powered by 4 batteries in series, as stated in Subextion 3.4. Since the
old cases were used, some modi cations had to be implemented. The dak were not in good
condition and the connectors underneath the case (to connect the battées in series) were
damaged. To solve this, a new battery arrangement was made and new cables neeplaced,
both for the series layout and charging purposes (Figure 4.4). As represged in the schematic
from Figure 4.4 with a dark blue rectangles, two connectors were stilused, the rear one to
plug the charger and the front one to connect the robot's power. The nalresult is shown in
Figure 4.3 where it is possible to observe some extra length in the cés so that the batteries
can be operated easier and to allow its removal without disconnecting ancable. Figure H.1
shows an intermediate step of this stage and gives better detail on theditery cases.

The electric schematic is represented in Figure 4.5 where a cuit breaker, QF1, is re-
sponsible for disconnecting the main power. The circuit breaker as re-used from the old
platform and it was mounted in a piece of DIN rail, xed with rivets. It was xed on the
right side of the batteries, where it can be reached by the user fromhe outside. Figure 4.2
shows its location on the platform, represented by number 1, and Figug H.4 its assembling.
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t connector

Figure 4.3: Mounted batteries.

W

BATH

BAT2

BAT3

BAT4

E to charger

Figure 4.4: Batteries layout in the cases.

J I

Figure 4.5: Main power supply, batteries schematics.

To charge the batteries the old charger was used. This device was not opaional and

2

required intervention to x it. The connectors were damaged and therefore replaced and the
connections on the charging plug had to be
batteries in the cases (Figure H.2).

Concerning the installed DC/DC converters on the platform, 4 voltage levels are available:
+5V, +/-12V and +22V, which are used for d
of the DC/DC converters is represented in Figure 4.7. They are enabledvith a ground
signal (22A) and can be disabled with the ON
4.15). This allows to have the robot powere
reset purposes). To have negative voltage (-12V), VO2+ and VO1- are connectketo ground,
creating a negative voltage on the VO2- pin.

remade to match the new arrangeent of the

i erent applications (Table 4.4). The w iring

/OFF button from the rear LED panel ( Figure
d with the electronics disonnected (useful for

9
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Figure 4.7: DC/DC converters schematic.

Since the 24V DC/DC converter is only used to powerCPUJand does not have an enable
input, the solution found to reset CPUlwas to use a relay to cuto its power. The relay is
supplied with +5V, which is enabled by the ON/OFF switch (see furth er Figures 4.15 and
4.16 to identify the switch | BF2) on the rear. By connecting the conve rter's positive input
to the relay's NO (normally open) contact, the CPUZXan be connected/disconnected together
with the remaining electronics (Figures 4.7 and 4.6).

Even though the converter is 24V, the potentiometer (V ADJ), that allows t o adjust the
voltage output level (Section 3.4), was used to drop the voltage to its minnum: 22V. Despite
of the CPU% voltage supply is 19V, it was ensured by its vendor that it could be suptied
with 22V due to its internal circuitry. Validation tests were carrie d out by connecting CPU1
for an entire day and it presented normal behavior.
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4.1.3 General

This sub-section presents the electric schematics for the fans dnbattery level.

Fans

Inside the main case, there were four fans used for air circulation. Wén tested they made
too much noise (probably they were seized up) and had to be replacedif new ones. Instead
of ordering four similar fans, two 12V fans were taken from old computers andnounted on
a similar structure to the one represented on Figure H.12. Since theyad bigger dimensions
than the previous ones, one of the fans had to be installed inside the icture to t ev-
erything inside the main case (in Figure 4.2 the fans are representewith letter "F"). The
wiring used to connect the fans is shown in Appendix B, where thedll platform's schematic
can be observed.

Battery Level
The battery level is measured with a designed circuit (Figure 4.8) hat has a resistor in series
with a potentiometer (X2). The main reason for this was because the optimabattery levels
to the platform's functionality are not known yet, and with X2 it is poss ible to tune them
in the future. This way, the voltage levels can be optimized so the aalog read can have the
maximum scale (5V). The components were dimensioned with use of equath (4.1).

For the potentiometer installation, and to grant its accessibility, a hole on top of the main
case was drilled (Figure H.3).

_ X 2bottom
BV = oo 5 VBAT (4.1)

VBAT

g%

X2

B_LVL

b

Figure 4.8: Battery level acquisition circuit.

4.1.4 CPU2 Mount

CPU3Zs in charge of establishing communication between the hardware an@PU%hrough
Ethernet and for controlling the motors. The connections are represeted in the schematic
from Figures 4.9 and 4.23 and the labels detailed in Table 4.1.

Regarding the relay module, (schematic on Figure 4.6) it contains optoouplers and the
input circuit can be isolated from the relay circuit by removing the JD-VCC jumper and
providing a separate power supply for the relay, which was not neasary in for its applica-
tion [46]. For safety reasons, the used contact for the brakes was NO, previéng an unbraked
system in case of power failure.
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Figure 4.9: CPUZO0 circuit.

Table 4.1: CPUZO's list.

Pin Description Label

11 Digital input. Emergency/ Bumper state EN-DRIVES
7 Digital output. Brake actuation BK-EN

12 Digital output. Batteries Recharge LED BAT R

13 Digital output. Batteries OK LED BAT _OK
A0 Analog input. Batteries level B_LVL

9 Analog output. Connects to REF+ from Drive 1 PWM1
5 Analog output. Connects to REF+ from Drive 2 PWM2
SDA Data line. 12C communication SDA
SCL Clock line. 1°C communication SCL

4.1.5 CPU3 Mount and Circuit

CPU3Arduino Micro, is responsible for acquiring the data from the encoers and trans-
ferring it via | 2C to CPU3 For those purposes, the unit was installed in a prototype board
with additional components (Figure 4.10). To place CPU3female PCB sockets with 2.54mm
of pitch (same as the prototype board) were used. The remaining wires g&re connected with
PCB screw terminal blocks, again with the same pitch. This kind of comections allows the
replacement of components easier, which is useful in case of malfuias.

Regarding the schematic (Figure 4.11), the four capacitors are used to kr the noise
coming from the encoder signal. Even without resistance (to make a RQter) the capacitors
work, eliminating high frequency noise. Since the encoders canaeh up to 15 kHz frequencies,
a 10nF ceramic capacitors were used.

The two wires for 12C communication were directly connected betweerCPU2and CPU3
On the schematics (Figures 4.9 and 4.11) there are no pull-up resistoren the SDA and SCL
lines becauseCPU2lready has them internally [39]. The labels description for the I0's @n

be found in Table 4.2
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Figure 4.11: CPUJO's circuit.
Table 4.2: CPU3O's list.
Pin Description Label
2 Serial data SDA
3 Serial clock SCL
0 Encoder 1 signal, channel A E1-CHA
1 Encoder 1 signal, channel B E1-CHB
6 Encoder 2 signal, channel B E2-CHB
7 Encoder 2 signal, channel A E2-CHA

4.1.6 Wheel Setup and Circular Connector (C-16P)

As previously stated in Section 2.2, a main circular connector to accessie enclosed wheel
setup is available. This connector wiring is represented in Figue 4.12 alongside with the en-
coders, brakes and motors. Despite of the connector being circularniorder to make the
interpretation easier, it is represented by a rectangle where itswumbering matches with the
actual pin numbers in the connector. Both male (C-16P-M) and female (C-16PF) parts are
represented, establishing correspondence with the schematiéom Figures 4.9 and 4.11.
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Figure 4.12: Pinouts from 16 pin circular connector (C-16P-M and C-16P-F).

4.1.7 Level Shifter

A circuit was projected to convert a PWM signal to an analog signal from [-55V] (Figure
4.14). The design of the circuit will be explained in context on Sectiord.2.

Similarly to the CPU2 a PCB prototype board, illustrated in Figure H.5, which was
particularly chosen to avoid making wire or solder paths, was used to implement this circuit.
To cut the paths when needed, a Dremel tool was used to erode thenmThe implementation
of the circuit, as connected in the platform, is presented in Figure4.13.

Figure 4.13: Level shifter circuit mounted.
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Figure 4.14: Circuit to convert 5V PWM signal into [-5;5]V analog signal. Comporents values
can be found in Table G.

4.1.8 Status Panel

To be aware of some machine information and enable/disable modules, the dIRobuter
already had a LED status panel on the rear. On the original panel it was possild to:

~ Monitor the battery level (3 states - OK, RECHARGE and N.OK);
" Monitor the voltage levels (+5V, +/-12V and +48V);

~ Actuate the emergency and monitor its state (red LED);

" Reset the old on-board computer;

" Enable/disable the DC/DC converters.

Despite the usefulness of all these features, the panel's PCB layt did not allow it. In
Figure H.6 is shown the existing PCB that had to be adapted so it could ke used with the
new electronics. After deep analysis and identi cation of every pin fom the DB25 connector
to match with the PCB pads (Table 4.3), some modi cations were made:

" Emergency contact changed from NC to NO;

" Modi cation of the LED paths to connect them individually;

" Addition of resistors for the LEDS | Rygp = M

* Modi cation of the ON/OFF button connection to NC contact (DC/DC converter s
need OV to be enabled).

During this intervention, the red LED to inform the emergency state had to be discon-
nected. The same happened with the "BATTERIES N.OK" red LED. As ment ioned before,
some resistors were added to limit the LEDs current.
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Figure 4.15: LED status panel on Robuter's back. Check description on Tablet.3.

Since the space on the PCB was limited, it was decided to solder theesistors directly on
the cables (see Figure H.7). While doing this, each cable was extenddxkcause they did not
had the necessary length.

Due to the previous connections, the battery status LEDs were connded to 5V (28a pad
in the PCB, see Table 4.3). This way, to connect them fromCPUZ2the digital output needs to
be set "LOW" ("HIGH" to disconnect). On the schematics from Figure 4.16 are represented
all the necessary connections to understand the modi cations made.
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Figure 4.16: LED status circuit with DB25 pinout.

After removing the ultrasonic sensors (Section 2.2) a lack of mechanicakesistance was
detected on the rear part (Figure 4.15). In order to solve this, pieces ofoofmate (Figure
H.8) were placed, increasing the safety in case of unexpected colbsis.

4.1.9 Fixing Plates

To install and x some of the components it was necessary to design, in SimWorks,
parts for that purpose or, in other cases, use a di erent method, as it vill be explained in
the present sub-section.

Circuitry Fastening

For the circuitry, a polycarbonate sheet (technical drawing on Apperdix C) with many
openings was used to allow the air circulation inside the main case and tarrange/ x the
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Table 4.3: Signal matching between LED panel PCB and DB25 connector from Figre 4.16.

Num. DB25 ID PCB Function / Notes Label in schemes
1 22a NC contact pin 14. OFF { close, ON { open EN-DCDC

2 22c NO contact pin 13. OFF { open, ON { close GND

3 16a Emergency, BF1, ground contact. GND

4 30a GND Red LED (EMR) - not connected NC

5 6¢ Emergency, BF1, NO contact DC drives enable EN-DRIVES
6 28a Common 5V for LED1 and LED2 +5V

7 26a GND Yellow LED1 (Recharge) BAT_R

8 24a GND Green LED2 (Batteries OK) BAT _.OK

9 16¢c V+ Green LED3 (+5V with 220 resistor) +5V

10 10a GND Green LED3 +5V GND

11 20c V+ Green LED4 (+12V with 680 resistor) +12V

12 6a GND Green LED4 +/-12V GND

13 da V+ Green LED5 (VBAT with 2.7k + 1k resistor) VBAT

14 32c GND Green LED5 VBAT GND

15 8c Not used, Reservel RES1

16 4c Not used, Reserve2 RES2

wires properly. To lock the PCB boards, holes were drilled on the ettemities (four holes
per board) and attached with a set of M3 screw, nut, washer and spacer sew (Figure H.10
shows this in detail). The nal result, with all the installed board s, is presented on Figure
4.17

Figure 4.17: Polycarbonate sheet inside the main case with all PCBs mounte

Placement of Network Devices

For the network setup (router and switch), a metal plate was designed ¢ x them in a
wall mount type (while selecting the equipment this was a relevanconcern). On the technical
drawing (Appendix D) three half circles, that were made to pass thecables more smoothly,
are represented. Concerning the xation of the plate to the vehiclés structure, it was decided
to make use of the existing M6 holes (for the bottom part) and additionally were placed holes
to fasten with nylon cable ties (more speci cs on Figure H.11). Diagram 4.2ndicates where
the network hardware is located with the number 2 and Figure 4.18 exhilis the nal mount.
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Figure 4.18: Metal plate with router and switch installed.

Placement of Visual Units

In order to use the camera, two di erent aluminum supports were deggned, Appendixes
E and F. The decision of the camera’'s location was based on some constraingjch as:

Safety of the equipment | it should not exceed the platform's dimensions;
Manipulator's operability | the robotic arm's movements can not be condi tioned by
the camera location;

Pan and tilt (PTU) full range | the PTU, where the camera is xed, must h ave space
to reach its rotation range;

The acquired image must be from the front side of the robot.

~

The ideal camera location is in the center of the platform in order to smplify the naviga-
tion algorithm, but at the time of the rst design and due to the present ed constraints that
was not possible. So, on the rst designed support, the camera was placed the left side of
the platform, as shown in Figure 4.19.

Figure 4.19: First camera setup used for navigation. Detailed view of thecamera mounted
on the PTU.

Despite this fact, after performing the tests with a simple navigation algorithm, that de-

tected a line and its orientation, it was noticed that a more complex one lad to be designed
(the camera lost track of the line). By that time, it was already possible to rearrange the
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components on the top of the platform so the camera and PTU could be centexd with i,

minimizing/eliminating the e ect that the perspective introdu ced to the image. For that
purpose, a new support was designed, Appendix F, and the complete sgd is documented
on Figure 4.20.

Figure 4.20: Final camera setup used to implement the navigation algoritm. Detailed view
of the camera mounted on the PTU.

The di erence between the acquired raw images (mono8 format) can be olesved in Figure
4.21 where the white line (marked with a red 'X") on both images is simiar, only the camera's
location and orientation changes.

(b)

Figure 4.21: Raw images acquired from the rst setup (a) and second setupb). The navi-
gation line is marked with a red 'X'.

4.1.10 Wire Labeling

Another important procedure during the electrical installation was t he de nition of met-
rics/rules for the wiring. A color code was speci ed, presented on Take 4.4, making the
identi cation of the cables easier for future enhancements/repairs. Additionally, labels to
place in marker sleeves TM-I 18 from Weidmualler (reference 1798620000) weprinted, which
identify the majority of the cables (the printed label list can be seen in Appendix I).

In order to connect all the wires on the platform in an arranged and organized \ay, two
power distribution bus bars (see Figure H.13) were used. These barsene drilled to be aligned
vertically, and since they have three available screw terminalsn each, for the most common
wires (VBAT and GND), two were used. Figure 4.22 shows the rear view of he main case,
where the bus bar and all the connections can be seen.
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Table 4.4: Cable identi cation from Figure 4.22.

Code  Description Signal  Color
VBAT  Battery level supply for motor drives, DC/DC converters +48V  Orange
+22V Supply for CPU1 +22V Striped blue
+12V Supply for CPU2and Router +12V  Blue
-12v Voltage reference for level shifter circuit -12v White
+5V Supply for encoders, CPU3nd Switch +5V Red
GND Ground ov Black
M1-V+ V+ Motor 1 supply, signal from drive 1 0-48v  Brown
M1-V- V- Motor 1 supply, signal from drive 1 0-48V  White
M2-V+ V+ Motor 2 supply, signal from drive 2 0-48V  Brown
M2-V- V- Motor 2 supply, signal from drive 2 0-48vV  White
PWM1 PWM signal from the controller to the drive 1, REF+ [-5;5] V White
PWM2 PWM signal from the controller to the drive 2, REF+ [-5;5] V  White
BK+ V+ Common supply for electromagnetic brakes 48V Orange
BK- V- Common supply for electromagnetic brakes ov Black

4.2

Figure 4.22: Wire arrangement in the power distribution bars.

Motor Actuation

To actuate the motors, two DC drives are used (Copley 306), but only a deemnalysis
and one repair was needed. One of the drives had two soldered pins frorhe PCB that tted
on top of the drive (Figure 3.3 for more details) that could not be soldered bgether. To solve
this, it was necessary to cut some pins and remove the PCB using a st#ring station with
infrared technology (to maximize and uniform the heat on the row of pins) After cleaning
the solder from unwanted places, the pins were leveled to t a row offemale PCB sockets
(same pitch as the pins: 2.54mm).
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With this solution (Figure H.9) it is still possible to remove the top PCB to access the
rest of the DC drive. This PCB had the purpose of making the necessargonnections to the
driver and convert the pinout into an Eurocard mount. Besides that, the type of signal to
control the motors was modi ed. The original drives had two modes of operaion:

" PWM signal [0-5]V on REF+ pin and 0/5V on DIR pin;
" Single [0-5]V PWM signal where 50% of duty-cycle produces zero curréat the output
of the ampli er (motor stopped).

After the modi cation, each drive works only with a single analog signal from [-5;5]V,
where the [-5;0] range makes the wheels rotate forward and the [0;5]V range bagards.

After understanding this feature, a circuit had to be projected to allow the control from
CPUZFigure 4.14 ). This is necessary since the Arduino board only has a varide output
type: PWM from [0;5]V with adjustable frequency. The signal modulation was performed
with a di erence ampli er (expression (4.3) is for OUT1 but the same relation can be made
for OUT2). Note the variables, are identi ed in the schematic from Figure 4.14.

The simple RC low-pass Iter (R3-C1 and R4-C2) shown in the circuit converts the PWM
signal to a voltage proportional to the duty cycle. Expression (4.2) showshow these values
can be calculated, but note that two major aspects had to be consideredripple and settling
time. If the cuto frequency is too low, the RC constant will be to o high, meaning the
capacitor will take more time to output the desired voltage. On the other hand, if the cuto
frequency is too high, the ripple will be larger. To solve this probem, a lower resistor was
used, and the PWM frequency was adjusted to 31.25 kHz.

1
fe= SRC 4.2)
R2+ XavaL Re Rs
OUT1 =5V 1+ — Vi — 4.3
Ri1+ Ro+ Xi7o7 Rs 'Rs (4.3)

OUT1 e ReF+ outs U] MIVE)

EN

[EN_DRIVES)>—s

ouUT-
BF3 VIN
T | |VBAT> GND éINND
BF4 %
GND DRIVE1
L d
GND OUT2)—REEE ReF+ outs [FOUT*

EN
ouT- U Moy

i

VBAT VIN 1 yiN
GND GND
G%D DRIVE2

Figure 4.23: DC motor drives schematic.
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There is also a potentiometer, X1, that allows a ne tuning on the voltage reference. This
is important since the zero voltage applied to the motors will occur wten the Duty Cycle is
at 50%, and this tuning will grant that. Note that the values for the components presented
in Figure 4.14 are presented in Table G.1.

Still concerning the DC drives (schematics on Figure 4.23), they hag a disabling input
(with internal pull up resistor) that when it has a OV signal, it activat es the emergency mode,
stopping the motors. This emergency can be activated in two ways:

" Emergency push button pressed (on the rear LED panel);

" One of the two bumpers (BF3 and BF4) detects collision. At this stage oy two wires
were passed for each bumper to install them in the future, but conneting them together
simulates a collision event.

4.3 Con gurations

4.3.1 Network Creation

To share data between subsystems, a network was created on the platforwith a router
and switch. On the router, the DHCP was disabled in order to use staticlP addresses,
allowing the manual con guration of the network equipment. Figure 4.24 stows the details
of the con gured network for the platform, while Figure 4.25 illustrates the network diagram
used on the robot.

System Status System Status

2.4GHz 5GHz Status 2.4GHz 5GHz Status

Wireless name({SSID) Wireless name(SSID)
Robonuc Robonuc_5G
Authentication Method

WPA2-Personal

Authentication Method
WPA2-Personal
WPA Encryption

AEsff

WPA-PSK key

WPA Encryption

AEs |

WPA-PSK key

robonucl23 robonucl23

PIN code PIN code

LAN MAC address LAN MAC address

A:DC
Wireless 2.4GHz MAC address Wireless 5GHz MAC address

9C.5C:8 ADC

() (b)

Figure 4.24: Print screen from the Asus router webpage with both con gurednetworks: 2.4
GHz band (a) and 5GHz (b).
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Wifi
Router ~  [F-==-=-==—----

Ethernet

Switch CPU1 CPU2

Camera

Figure 4.25: Diagram with implemented network topology.

432 CPU1L

The CPUlwas the unit that required more con gurations. It is the main processing unit
of the system and where ROS will be running. Firstly, an operating sgtem was installed,
Ubuntu 16.04 LTS. Ubuntu is a complete Linux operating system, freely aailable with both
community and professional support [48].

After setting up the operating system, several tools had to be instded. In Appendix J is
a simple guide, with all the installation commands and some notes about eachne of them.
This way, the PC can be con gured exactly the same way for a fresh reistall, if necessary.

Another important aspect to mention is the BIOS con gurations. Usually, every PC
starts when the power button is pressed, but in this case that is nota viable solution due to
the CPUlbeing inside the main case. To solve that, it was enabled the AC PoweRecovery
setting. For better comprehension and mainly for re-installation purposes, a print screen
from the BIOS setup is shown in Appendix H, Figure H.14.

4.3.3 Camera

As previously stated in Sub-section 3.4.4, the camera was already used amother project,
so it had a dierent IP range from the platform. The prede ned IP was in the range
\169.254.0.XXX"  while the platform's network in the range 1192.168.0.XXX"

In order to change the camera's IP, it was necessary to install its API, Fycapture 2, and
create a network inside the camera’s IP range to be able to detect it. Akr detecting the
camera, it was possible to access its con guration menu, and its register Figure 4.26 illus-
trates this process, where it was necessary to write in the hexadanal registers to con gure
permanently the desired IP address range. This API also provides aess to a wide range
of camera settings that can be con gured manually on it, or by using FlyCapture2 library,
written in C++.
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Camera Settings Camera Register Manipulation

Standard Video Modes Register Set
2 1IDc

Custom Video Modes =
® GigE Vvision

Camera Information - .
Read / Write Register

Camera Registers =
Trigger / Strobe
gger / Name: Unknown
Advanced Camera Settings e 00 20 00 06 0.000000
High Dynamic Range
Look Up Table 0-7 8-15  16-23  24-31 IEEE754
Frame Buffer Write Register Value Read Register Value
Data Flash Read / Write Register Block
System Information | Register (Hex): | —
Bus Topology Number of quadlets to read: 2
Help / Support Offset Value Name
write Register Block Read Register Block

Figure 4.26: Setting the camera's IP range to the prede ned in the Robona's platform.
lllustration adapted from the FLIR documentation [49].

4.4 Generic ROS Nodes

4.4.1 Communication between CPU1 and CPU2

The most important part of the CPUlprogramming is the communication between the
ROS and the CPU2 This communication is established via Ethernet and it is crucial, be-
cause it allows to actuate the system and receive data from it while talng advantage of the
processing capacity ofCPULl So, the data transmission between units, is carried out by a
client node, named \client _node". After initiating the ROS environment (with roscore ),
the node is initialized with the following command, where \-e" represents the echo mode:

$ rosrun comm_tcp client_node 192.168.0.10 50000 -e

When the connection is established, this node subscribes to thenclient _-messages" topic,
that contains the messages to be transferred, at a rate of 20 Hz. The type of essages are
presented on Sub-section 4.5.1.

4.4.2 \elocity Conversion

Since the system was designed to output linear and angular velocitieshese values had to
be converted in motor commands (see Section 2.3). Nodes&l _decompose " is the publisher
and subscriber node responsible for that particular task. Velocites are subscribed from the
\ nnavi _commands " topic and equations (2.3) and (2.4) are used to perform the conversion.

After the conversion, each wheel velocity is determined to corrgsond to the desired
linear and angular velocity required by a navigation oriented node. Ths relative velocity
is obtained in radians/second; however, the input motor commands are give in pulses, as
will be presented in Sub-section 4.5.1. Equation (4.4) relates the vekity with the pulses
(encoder increments), where F" represents the sampling rate (20 Hz) and Py " represents
the number of pulses to complete a full wheel rotation (8024, note that thg value is multiplied
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Table 4.5: Communication commands betweerCPUland CPU2

Type Message

Motors MM B/F [0-200] { B/F [0-200] >
Request encoder EN >

Atuate brakes BK 1/0 >

Battery level BT >

by the gear box ratio). The result, P,, represents the necessary number of pulses to be counted
in Fl of a second. Although the equation refers to the right wheel, the same fation is valid

for the left one.
Vi Pw

2F

In the end, the message is packed in atring datatype to match the required format. When
this process is concluded, the motor's message is then publishadthe topic \ nclient _messages".

P, =

(4.4)

4.5 Microcontrollers Programming

45.1 CPU2 Program

CPU2wvas con gured as an Ethernet server [P address: 192.168.0.10Port: 50000) so
the ROS application can access its data through a client request, as elgined previously.

Figure 4.27 shows the main loop running inCPU2 The program starts on \Setup", where
all the necessary initializations are made, such as:

~ Adjustment of the PWM frequencies to 31.25 kHz;
De nition of input/output pins;

Brake system and stop motors;

Start | 2C module as master;

Start Ethernet connection and server;

De nition of timer interrupt frequency.

After the client connection is established (in CPU}, the received messages are validated
and then processed. As it can be observed in Figure 4.28 and Table 4.5, theeare four main
types of messages that can be distinguished by its rst two characters MMBK ENand BT.
These last three messagesBK ENand BT) are more simple to comprehend, while the other
requires more attention.

The type MMle nes the setpoint of each motor, in pulses (which is directly proprtional
to rpm’'s), and its direction of rotation. For example, the message WMIM50- F30>", de nes the
setpoint for motor 1 at 50 pulses in the backward direction and the motor 2 wih 30 pulses
in the forward direction. Highlighted in red is the type of message, in llue the direction of
rotation, in black the corresponding references and in green the encharacter of the message,
which is common to all types.

As stated in Section 4.2, each motor is controlled with a single PWM signal. he PWM
resolution in the Arduino has 8 bytes, meaning the value can vary from [0255], where:

~

From [0;127] | backward direction;
" From ]128;255] | forward direction;
" The value 128 | outputs 0V to the motor.
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Figure 4.27:

Message Processed
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This type of control has the advantage of saving 10's onCPUZa single wire is enough to
control each motor) but has the drawback of its control method, i.e., it is di cult to design
a control system that within its range has increasing and decreasing vaks depending on the
direction. To avoid a complex solution, a subroutine that accepts a diection input (B or F)
and values from [0;128] that are later converted to the full range output ([0;255]was created .

Running aside, as a timer over ow interrupt, a routine similar to a watch dog timer that
monitors the message income fromCPUlwas created (Figure 4.29). If the de ned number
of messages are not received on the timer's interval, the system detts it and enters in an
emergency state, braking the system and stopping the motors (PWM = 128).

Msg contains
cast?

default

EN

A4

MM

A 4

Request encoder
Data from CPU3

Fetch Setpoints and
Motors Directions

Msg contains
9

A 4

Return TRUE

Valid Values? Unbrake Brake

False

A 4

Read Char ( Return TRUE )

Add char to buffer

Return TRUE

A

s

> Return FALSE

Figure 4.28: Flowchart from routine "Process Reception®”.
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Start

Msg count<
Msg Freq?

False

Enable Brakes
Stop Motors

Reset message count

Return

Figure 4.29: Flowchart from Timer 2 interrupt routine.

45.2 Read and Transfer Encoders Data

The encoder data is acquired with the Arduino Micro (Sub-section3.4.3) because the Ar-
duino Leonardo ETH can not respond fast enough (equation 4.5) while handlinghe Ethernet
communication. To do it, some considerations took place on the selectioof this unit:

" The platform’'s maximum velocity is set in 1m/s;
" The encoders have 8024 pulses per wheel revolution;
" The wheel perimeter is 75cm.

Having this in mind, the proposed solution must be capable of respondig to a frequency
of 16 kHz per motor (equation 4.5). In the equation, a slightly increased vale for the velocity
is used to give a safety factor (in case of higher velocities).

15m=s=2rps ! facquisiion ~16KHZ: (4.5)

To validate this solution, some tests took place. It was decided to readhe pulses with
interrupt service routines (ISR) instead of the polling method to have a better code structure
running in the microcontroller [50]. To do it, a signal generator was usd (con gured with a
square wave [0;5]V with 50% of Duty-Cycle) in order to determine the naximum interrupts
frequency of the Arduino Micro while transferring its data via | °C or SPI.
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The performed tests have shown capacity of response up to 145 kHz in angjle interrupt
pin and 72 kHz in two interrupt pins (with synchronous waves).

After the proof of concept, this method was implemented onCPU3 Since each encoder has
two channels, A and B, to determine the sense of rotation, one of the charels is detected by
an interrupt routine, channel A, while the other, B, is polled (with digitalRead() function).
From Figure 4.30, it is possible to observe that both waves are 90out of phase. While
rotating backwards, when channel's A ISR is triggered, the value of chanel B is LOWThe
opposite happens when rotating forward, where channel's B value isllGHwhen the interrupt
is called. Depending on the sense of rotation, the variable containingtte number of interrupts
(one per encoder) is incremented/decremented.

Figure 4.30: Encoder signals with wheel rotating forward. Channel A in ydow, channel B
in blue.

To transfer data between CPU2and CPU3the 12C protocol was used. Despite that, the
rst approach was the SPI protocol because the communication only needetb be set between
two units and it is faster than 12C [51]. The code for the communication was developed and
successfully tested, nevertheless, when combining it withite remaining one it was detected a
con ict between the Ethernet and SPI libraries. Even though it was not the rst choice, the
I2C protocol has proved to be enough for this application and has one advantage thatan be
useful for future applications | it allows to communicate with multi ple devices if needed.

Similarly to the encoder's readings, the data transfer was also con geed with an interrupt
routine. CPU3when prompted by its master, CPU2transfers its data via I12C. The data is
requested at a 20 Hz frequency and, in order to save time in its transfr, two unsignedinteger
variables (2 bytes each) were used.

Since the PC protocol only can transfer one byte at the time, each variable is split efore
being transferred (CPUB and concatenated on the reception CPUR2 The owchart that
represents the microcontroller's program is shown on Figure 4.31. Note tit only one ISR is
represented for the encoders reading because the process is gkathe same for both (only
the input pin changes).
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Main loop ISR: chA rising edge ISR: I2C Request event

4 A

Setup Send Counters Data
True False
l A 4
Loop Pulse Count+ Pulse Count - Reset Counters Data

| |
'

Figure 4.31: Flowchart from CPU3with interrupt service routines.

4.6 Control System

4.6.1 Generic Description

To close the control loop it was decided to useCPUZnstead of CPUL The main reason
for this was to minimize the number of communications to perform the ontrol. Figure 4.32
illustrates a classical PID control system (despite only one diagram bieg represented, note
that two loops are implemented, one for each motor).

The reference is set in puIses/0.0Ssé() by CPUL After that, the actual rotation value,
also with the same units as before, is required to theCPU3via I2C so that the error can
be calculated. This error is then multiplied by a proportional, integral and derivative gains
(Kp; Ki and K g4, respectively) to calculate the necessary motor's output to reach fie desired
setpoint.

CPU2

—

Set reference

\ 4

DC Drive

Encoder
(feedback)

Figure 4.32: Implemented PID block diagram.
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4.6.2 Tuning

Finding the optimal PID parameters is a meticulous task, nearly imposible without an
accurate system's model. To determine the vehicle's transferuinction it is necessary to
model it considering all its numerous particularities, which is not feasible with the current
time constrains and system's complexity.

Nevertheless, some approaches use heuristic methods, which inteto bypass these dif-
culties. Like the trial and error method, Ziegler and Nichols also de ned commonly used
approaches. One of them being the closed loop Ziegler-Nichols methodhich consists of ap-
plying sustained oscillations to the system and relate them with a pe-determined parameter
table [52]. However, this method forces the system into a condition o€ritical stability that
may lead to an hazardous situation (due to the motors being constantly ostlating).

Despite of the Ziegler-Nichols method not being used, some of its guidines were taken
into consideration (like rst tuning the proportional parameter) whe n tuning the system
with an error and trial approach. To do it, a setup was created so all the inportant variables
(encoders data and desired setpoints) could be outputted. Also, forafety reasons, the rst
tests were carried out with the lifted platform, minimizing possible damages on the initial
tuning.

To monitor the variables, \rgt _plot " from ROS was used. This tool provides a GUI
plugin to visualize numeric values in a 2D plot [53]. Figure 4.33 shows th created graphs
alongside with the terminals to change each wheel's setpoint and each Blparameter.

Figure 4.33: Used setup to tune the PID parameters. Raqtplot tool on the right and terminals
publishing PID values and setpoints to CPU2n the left.

Also, it was decided to change the PID parameters while the program was rumng to
avoid the code compilation each time a test had to be performed. Sincthe control loop is
implemented in the CPU2the PID parameters, from CPUllo CPU2had to be transferred.
This was made by creating a new type of message t6PU2rocess: PI".
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An example of this message can be % 0.05-0.3,0.001>", where in red is the type of
messages, in blue the separators of each parameter, in green the termiireg character and in
black the actual PID values (PI< Proportional > -< Integrative > ,< Derivative>> ). To publish
the setpoints and PID messages to &lient _node" a standard publication was used :

$ rostopic pub -r 10 /client_messages std_msgs/String "MMF50-B70>"

$ rostopic pub -r 10 /client_messages std_msgs/String "'P10.12-0.0,0.0>"

It is visible from Figure 4.33, where only proportional control is implemented, a high
overshoot. This kind of response is not desirable for a system of thieature. So, at this
stage, it was necessary to add new parameters, like the integrative andedivative components.
The integrative intends to minimize the steady-state error, while the derivative tends to
compensate the variations. With this in mind, di erent values were tested for these three
variables. The main concern was to avoid the overshoot, even if the syem is slower to
respond (i.e. takes more time to reach the desired setpoint). Addibnally, the available
space to perform the tests was not the ideal, due to the LAR space constrais. In Figure
4.34 two examples of the system's response with the implemented Blvalues are represented.

(@ (b)

Figure 4.34: Final system's response with tuned PID parameters, wher(a) and (b) represent
di erent experiences. X axis | seconds; Y | pulses/0.05s.

An important note regarding the images is the rate of publication, \-r", which is set to 10
in the images. By the time these pictures were acquired, the rate as set at 10 Hz. This also
had in uence in the output velocity, which was half by comparing wit h the system running
at 20 Hz (see equation (4.4)).
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4.7 Remote Access

To access the platform from an external computer the OpenSSH is usedyhich is a free
available version of the Secure Shell (SSH) protocol family of tools foramotely controlling,
or transferring les between, computers [54].

When accessing the platform, the user must be connected to its nerk, \ Robonuc " or
\ Robonuc 5G", and then run the following command:

$ ssh -X robuter@192.168.0.123

The user will then be prompted with a password, which is fobuter ", to establish the
connection. The argument \-X " is optional since it is only used to bring the graphic envi-
ronment to the user's PC.

With this tool it is possible to fully access CPU% functionalities through command line,
therefore operations like running nodes, power o the CPU and havimg visual feedback can
be made remotely, without having anything connected through cables @ the platform.
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Chapter 5

Application Level

This chapter intends to demonstrate the versatility of the platform by implementing two
navigation methods: autonomous and manual. An application with a remote contpller is
presented as well as the integration of a simple navigation algorithm basedn line recognition.

5.1 Manual Navigation

5.1.1 Remote Controller

The platform can be operated manually with an Xbox remote controller (Figure 5.1). To
perform this task, rst it was necessary to install the controller's drivers [55] and then to
write a teleoperation node. To get the joystick data published ove ROS, \joy _node" must
be launched. This node will publish the buttons state in \/joy " topic whenever any alteration
occurs. Nevertheless, as referred in subsection 4.4.2, the veltycdata must be received at a
rate of 20 Hz, therefore this default had to be modi ed. In order to do it, the con guration
parameter \autorepeat _rate " was set to 20 (value in Hz) when launching the \joy _node",
which will guarantee the data publishing at the de ned rate, even if the buttons' status does
not change.

Figure 5.1: Remote controller's used buttons. Table 5.1 describes thbuttons' funtions.
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Table 5.1: Xbox remote buttons description.

Button Description

X Power on remote controller by holding for 1s

L Linear velocity, forward and backward on vertical axis
R Angular velocity, left and right on horizontal axis

LB Decrease velocity rate constant in 0.05

RB Increase velocity rate constant in 0.05

LT Dead-man switch

Also, by operating the joystick and observing its response, it was dedcted that the axis
values near the zero position had too much sensibility. So, to avoid wving the platform
unintentionally, the \ deadzone " parameter was set to 0.1, which is the amount by which
the joystick has to move before it is considered to be o -center.

The core node of the manual navigation is the Y _teleop node which is both a subscriber
and publisher. It subscribes to the Vjoy " topic and whenever a new message arrives it
processes the income data from the controller. Depending on each kohs' status, a message
containing the linear and angular velocity will be published in the \/navi _commands " topic.

Figure 5.1 identi es the used buttons to operate the platform, while Table 5.1 contains its
description. An important thing to mention is the addition of a dead-man switch, which fol-
lows the industry's practices. Therefore, to validate and transfe any velocity to the platform,
LT button must be pressed, otherwise the velocity will be set to ze.

5.1.2 Overview

In order to launch all the created nodes, a launch le was written (from roslaunch tool) |
robonuc _teleop.launch . The roslaunch is a tool for easily launching multiple ROS nodes
locally and remotely via SSH, as well as setting parameters on the Paramet Server [56].
Also, a le with parameters was created, in order to load them to the multiple les without
having to compile the code.

Figure 5.2 was obtained by launching gt _graph ", which provides a GUI for visualizing
the currently active ROS nodes and topics. The image presents thenformation ow through-
out the nodes and complements the previous description of each one, @ig an overview of
the implemented system.

decompose_vel

Joy_node r_teleop TCPcllent_node

\—/ \—/

Figure 5.2: Nodes involved in the platform's teleoperation. This diagram vas obtained with
rqt _graph tool, where the inter-node communication, in topics, is represeted.
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5.2 Autonomous Navigation

A simple vision application to perform autonomous navigation was integratedin the
platform. Again, this integration proves its capacity of enhancements andinclusion of add-
ons, which were crucial guidelines taken into consideration while @signing it.

5.2.1 Camera Calibration

To ensure an important condition on the system | constant camera orientat ion, a servo
controlled pan and tilt unit (model PTU-D46-17 by FLIR [42]) was used. The PTU controller
has a serial port interface, RS232, to receive commands and send statusgonmation. Com-
munication was established via serial terminal in Ubuntu, with gtkterm, where three main
commands were used:

" R | Performs reset calibration, the pan and tilt axis are set to its '0' posi tion;

PP or TP | to query the absolute pan and tilt axis' position, respectively;

PP <position > or TP <position > | to set a desired pan and tilt axis' position,
where < position > is the desired value.

~

~

The camera was connected and di erent con gurations were tested to anajze the ob-
tained views. In the end, the prede ned position was set to: PPO and TP-650 . Even
though di erent methods (i.e. simpler and inexpensive) could beused for this purpose, the
installation of this PTU is useful for future applications (e.g. searchng algorithms), since it
can be easily integrated in the ROS environment by using the manufaatrer's available node
and drives.

5.2.2 Image Acquisition

To acquire image, the \r_pointgrey _FL3 -28S4" node was used. This code, originally
developed by Marcelo Pereira [57] and David Silva [58], was integratedyhincluding its source
code and dependencies in the ROS environment, i.epackagesand CMakelLists (see Appendix
K, where a platform's operation guide is presented, for more details).

This node is responsible for establishing communication with the amera while con guring
some of its properties (i.e. image size) and acquiring its image. Aftertie acquisition, the
image is then published in the topic \nRawlmage " where can be subscribed by di erent
nodes.

5.2.3 Image Processing

Since the purpose of the current document is mainly to detail the mtegration of the
navigation algorithm instead of its development and experimental resuts, it will only the
used approach is presented.

The image processing node,A_image _process" is both a subscriber and a publisher. It
subscribes to the topic \nRawimage " to receive the image for further processing (in mono8
format) and afterwards, it publishes the necessary velocity (linar and angular) in the topic
\ nnavi _commands " to ensure the line following.

The process is triggered when an image is loaded. Subsequently, thest step is to crop

it, which will reduce the amount of information to be processed whik eliminating sources of
potential error in areas where no useful information (for this algorithm purpose) is contained.
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Image is loaded with 964x724 pixels and after the resize is 700x300 pixels.

The diagram from Figure 5.3 represents the major steps of the implemeaad computer vi-
sion algorithm to obtain and X, which are the angular di erence from the reference and
the o set of the detected line, respectively. The rst used vision algorithm from the OpenCV
library was an adaptive threshold operation, which calculates the thregold for small regions
of the image, allowing to surpass the illumination variation issue. Ths operation alongside
with a morphological operation, erosion, are performed in the block \Image Hiering", from
Figure 5.3.

Raw image
subscription

Canny edge . .
detector Fill object
A 4
Calculation "X" offset and Data publishing in
angle variation \navi_commands

Figure 5.3: Computer vision algorithm applied to detect line and determnine and X.

Image crop Image filtering

Find biggest object
through its area

.
=

Hough Transform
for line extrapolation

In the end, linear and angular velocities are published in the hnavi _commands " topic.
The linear velocity is set to constant (L const = 0:06) while the angular velocity is calculated
with equation (5.1). In the expression, the constants values were dermined empirically, by
observing the platform's behavior. Besides that, each one of them candmodied in the
\ default.yaml" le.

I obot =0:08  0:001 X (5.1)

The system's response can be reduced to three simple actions:

~

! robot < O | system turns right;
! robot > O | system turns left;
! robot = O | system moves forward, zero angular velocity.

~

For better comprehension, a resized raw image is presented alongsidéth the nal pro-
cessed image, Figure 5.4.
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(a) (b)

Figure 5.4. Raw image (a) and nal output image (b) from a \turning left" situ ation. The
and X values can be observed. The green line represents the reference these values
and the red line one side of the line.

An important note regarding the image process is its processing rate. fie 20 Hz, pre-
de ned for the control loop, are not achieved while processing and acdting image (Flea3
camera only acquired images at a maximum rate of 15 Hz). So, for that reason, theelocity
is published at a slower rate which did not represent a problem on tk system's behavior.

5.2.4 Overview

In order to launch all the created nodes for the autonomous navigation, a lanch le was
created | robonuc _aut _navi.launch . Figure 5.5 was obtained by launching Ygt _graph "
and presents the information ow throughout the nodes to give an overvew of the imple-
mented autonomous navigation system.

r_image_process
r_pointgrey_FL3 28S4 decompose_vel TCPclient_node
@tgrﬂ_ﬂj}ﬂﬂ [Rawimage /r_image_process Inavi_commands Jdec & cllent 1 [TCPclient_node

Figure 5.5: Vision system nodes diagram obtained byqt _graph where the inter-node com-
munication, in topics, is represented.
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Chapter 6

Tests and Results

This chapter presents some platform tests and results, along with te created infra-
structures to perform them, and nally shows the integration with a robotic manipulator.

6.1 Assessment of Trajectory Execution

The purpose of the following tests is to assess the quality of open logpath execution.

6.1.1 Straight Line

To carry out the straight line tests, a ROS node was developed, \_exp _results ", along-
side with a launch le for starting the experiments, \ experience.launch ". For a similar
reason presented on Sub-section 5.2.3, the designed code will only beported with a ow
diagram (Figure 6.1) and a brief explanation to obtain the nal image (Figure 6.3). Since
limited vision algorithms were applied, a crucial condition to perform the tests is a light con-
trolled environment. A 6 meter line was placed on the oor with the guidance of a stretched
rope to serve as straight path reference (Figure 6.2). Afterwards, thegystick was used to ac-
tuate the platform without the angular velocity's component, applying a same speed message
for both wheels.

Raw image .
subscription Image crop Image filtering
A 4
it e Calculate angle on each line Find blgggst object through
edge, 2 points per edge its area

A 4

Publish angle in
\exp_results

Figure 6.1: Image processing algorithm to extract platform's angle in relaion to a straight
line on the oor.
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Figure 6.2: Straight line used as reference at LAR.

Despite the fact that the created infrastructure is theoretically adequate for the problem,
some sources of error were veri ed, such as in the initial platform aligment with the line and
the oor irregularities, which conditioned the tests reproducibility. Therefore, many tests
had to be performed to obtain some repeatability.

To start the experiences some common initial conditions had to be ensad:

" Caster wheels turned for the navigation direction;

~ Platform centered with the oor's guideline;

" Platform with the same orientation as the oor's guideline;
~ All nodes from \experience.launch " le running.

The rst test was conducted at a constant speed (5 cm/s), in the forwarddirection (Figure
6.4). The graph was obtained withrgt _plot tool, where the vertical axis represents , in
degrees, and the horizontal axis the sample number, which is publigd by the \r _exp _node",
at the rate of its processing, in the \experimental _results " topic.

Since the tests were performed at low speed, even if the values aggven with slight
variable rates it is not signi cant for the results evaluation, since the objective is to evaluate
the whole path. Another important note is the presented graphs startingpoint, which is not
relevant, since therqt _plot sometimes had to be used during a long period of time. This
explanation can be extrapolated to all the graphs in the current sub-seton.
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Figure 6.3: Image processing result to measure angle.

Figure 6.4: Straight line path in forward direction with constant speed. Vertical axis in
degrees, horizontal in seconds.

Figure 6.7: Straight line path in backward direction with variable speedVertical axis in
degrees, horizontal in seconds.
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Figure 6.5:; Straight line path in forward direction with variable speed.Vertical axis in degrees,
horizontal in seconds.

Figure 6.6: Straight line path in backward direction with constant speedVertical axis in
degrees, horizontal in seconds.

By the above graphs (Figures 6.4, 6.5, 6.6 and 6.7), it is possible to concludéat the
system presents a better response on the forward direction (maxinmm error around 4 de-
grees) than in the backward one (maximum error almost reaches the 6 degree This is due
to the system's dynamics: while rotating forward, it is easier to dene a movement, since
the motored wheels are nearer the robot's front. This also validates thealecision of the front
and rear of the platform, mentioned in Sub-section 4.1.1. Also, no signi cahdi erences were
observed by varying the speed during the path, showing the systa's capacity of responding
to them.

Also, a di erent kind of test was performed, with the caster wheels rot aligned with the
navigation direction (Figure 6.8). For this purpose, only the initial be havior was plotted, and
as expected, unpredictable directions were visible (even smadingle variations were observed).
This depends on di erent factors, such as the initial caster wheeb position alongside with
the platform's navigation direction and the oor irregularities
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Figure 6.8: Caster wheels not aligned in the forward (a) and backward (b) diection. Vertical
axis in degrees, horizontal in seconds.

6.1.2 Circle

To carry a circular trajectory analysis a script was designed (diagram Bowing major steps
is shown in Figure 6.10). These tests, alongside with the straight lindests, allows to evaluate
the platform's response for di erent kinds of movement.

To obtain the images, a standard video camera was used. The camera was péknear
the ceiling, parallel to the oor and a video was recorded while the patform was rotating
with symmetric wheel speed values. To actuate the motors, the rema controller was used:
only with angular velocity by using the joystick's \L" button, see Fi gure 5.1 for more details).
Figure 6.9 shows an example of two acquired images during this rotation, here the objective
is to detect and plot the centroid of the red emergency button (Matlab was used for that
purpose). The objective of this test was to evaluate the robot's capacit of performing a
circular trajectory, rotating upon its axis.

In order to separate and numerate the frames for further Matlab processg, \FFmpeg"
tool was used. This tool is a multimedia framework, able to decode, code, transcode, mux,
demux, stream, lter and play any video or image format [59]. It was used byinstalling it in
Ubuntu and running a command with the following syntax:

$ ffmpeg -ss 20 -i input.mp4 -t 35 -vf fps=24 out%d.png

In the previous command, the option \-ss" de nes the starting point (in seconds), the
\-t" the duration (in seconds) and \fps" the frame rate (in Hz). So, for each experience, 840
frames were extracted from the recorded video and then processed.
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Figure 6.9: Aquired images from the top view in two di erent positions (a) and (b) while the
robot was rotating around its wheel center point.

imclose morphologic
operation

Extract region

: Clear small area objects
properties

Acquire new image Format conversion: HSV mask to find
from sequence RGB to HSV red objects

A 4

Apply a fc_)rm factor_ filter to Plot centroids
find circular objects

Figure 6.10: Image processing algorithm to extract and plot centroid pointsof the emergency
button used as marker for easy detection in the images.

Figures 6.11 and 6.12 illustrate the results of a circular trajectory, vhere an accurate
circumference was obtained in both scenarios (rotating left and right) Some points outside
the circumference are observed in both experiences, which can lsensidered as outliers since
the trajectory was kept.
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Figure 6.11: Plot of a robot point (the detected object's centroid) during rotation.. This
experience was performed with a rotation in the counter-clockwiselirection. Graph in pixels.
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Figure 6.12: Plot of a robot point (the detected object's centroid) during rotation. This

experience was performed with a rotation in the clockwise directin. Graph in pixels.

It is visible on the clockwise rotation (Figure 6.12) sense an absence ofomts during a
part of the experiment. This was due to light conditions (i.e. shadovs were observed) that
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altered the HSV values. In spite of that absence, a circular trajectoy can be observed in
both scenarios, validating the experimental results.

6.2 Velocity

For safety reasons the maximum velocity was limited to 0.4 m/s. This wasimplemented
on low level (CPU2) by truncating the PWM values and on the software levd by sending a
maximum pulse value for each wheel of 200 (which corresponds to 0.4 m/s). tdough higher
speeds can be achieved, it is necessary to perform tests in widereas to accurately determine
the maximum velocity maximum.

Another detected problem was the encoder's response on high veloigs. Measuring the
signal in an oscilloscope was veri ed that, at higher velocities (such a®$.6 m/s or higher)
the signal stopped being a square wave, presenting irregular behay. Despite of several
attempts, no plausible reason or solution was found, once the signal at lowevelocities was
the expected from an incremental encoder.

6.3 Integration With Robotic Manipulator

One of the most relevant results was the capacity of integrating a robotiananipulator on
the platform's architecture, both on the physical and hardware/software architectures. This
work was carried out by Vitor Augusto Silva [25] in the nal stage of this dissertation.

The used manipulator was the Fanuc LR Mate 200iD and the assembly can be obsesd in
Figure 6.13. This reinforces the platform's versatility, by including an industrial equipment
on it. At this stage, tests and code design are being carried out to intgrate both works
in order to perform simple mobile manipulation demonstrations. Despie of that, in this
document that will not be presented.

6.4 Retro tted Robonuc

The nal result can be observed on Figures 6.14, 6.15 and 6.16, where di erentiews are
presented.
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Figure 6.13: Complete platform draw. Adapted from [25]
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Figure 6.14: Complete platform after the retro tting. Perspective view.
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Figure 6.15: Complete platform after the retro tting. Front view.
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Figure 6.16: Complete platform after the retro tting. Rear view.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The main goal of this project was the Robuter's retro tting, hence it can be said that
it was successfully achieved. Several features were enhanced g€pented in Table 7.1). The
computational power was signi cantly increased and it is now distributed, which is commonly
used in modern robot architectures.

Also, the setup of a network within the robot (wired and wireless) o ers an easy way of
integrating di erent kinds of equipment while allowing remote access to it.

Table 7.1: Comparison of the old Robuter with the retro tted. Only the mo di ed features
are represented.

Feature Old Robuter Retro tted Robuter
Batteries capacity 2.88 kWh 3.6 kWh
Sensing Network of ultrasonic sensors Camera Unit

. Mini-PC MSI Cubi 2 i5-7200U
VME bus with 5 slots, Motorola Arduino Leonardo ETH

68020, 16 MHz Arduino Micro

Operating System ALBATROS Linux OS with ROS running
Software package and C
application programs

CPU

Programming C++ and Python

During the development of this project, a guideline was followed: since the project is
about retro tting, the maximum number of components should be recovered and used, but
like every philosophy, this method had advantages and disadvantages. Fomstance, the
DC Drives that were repaired and used | a considerable amount of money wassaved by
integrating them in the platform (see section 4.2) but the time consuned to do it can only
be justi ed and accepted in an academic project (in the industrial sctor a new equipment
should be quickly acquired). During this stage it was dicult to man age the compromise
between time and money, which is an important skill to improve.

Still, it is important to mention, that the budget spent to retrott he original platform
(that 20 years ago costed around 35.0G8) was around 130@ . Naturally, this budget does
not include the used equipment from the previous platform (structure, motors, etc) nor
the available at the laboratory (camera and PTU). Despite of that fact, it is important to
mentioned it, because a big intervention took place and a low-cost sation (proportionally
to the platform's original value) was achieved.
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A distributed and ROS-based architecture made the development of the solution easier
by facing each challenge individually. This is a fundamental premis since this project can
be considered the base for further developments and therefore mubie prepared to integrate
them. The potential and growing of the ROS community was veri ed seveal times during
the realization of this project, where several tools and nodes coulddused from it, revealing
to be a great environment for high level developers and researchers.

To accomplish this project, it was necessary to combine and developkils from a wide
range of areas. It was carried out an engineering work where the approach wasofn the
design of the solution to the contact with companies in order to get the neessary material
to be assembled. This contributed signi cantly to the improvement of multiple skills.

7.2 Future Work

Future work may include the design and installation of an electric swichboard to place
on the top of the platform. It is a safe and proper solution to connect additional equipment
without having to disassemble anything to do it.

To prevent noise interference or a possible faulty/loose contacts ithe developed circuitry,
it is suggested the design of PCB boards to replace the circuits mountkon prototype boards.
Those PCB's can also have room for connectors, in order to increase th@bustness of the
electrical installation

From the software architecture point of view, in ROS, it is strongly recommended to
evaluate the integration of the \actionlib " package on the platform. The main advantage of
its implementation is the possibility of canceling a request durhg its execution or get periodic
feedback about how the request is progressing [60].

To make use of the on-board computational power, the development of more sbpsti-
cated navigation algorithms or the integration of past projects developed atthe laboratory
is proposed. After the development is complete, the integration of thee algorithms should
not be a problem due to the ROS architecture.

Another important work to be developed is the inclusion of an odometry nale. This
feature alongside with a laboratory's navigation map would allow referenaig the robot to
determine its position, which could expand its use and applications.

With the created infrastructures (i.e. hodes and scripts) for obtaining experimental results
(for instance, PID tuning, straight line and circular trajectory), i tis recommended to carry
out additional tests. They should be performed in location with large erough area to avoid
any kind of constrains, thus maximizing the results.

The collected data should then be analyzed so an intervention to impove the platform can
take place. In this way, it will be possible to tune the platform's parameters more precisely.
Also, to evaluate the trajectories' precision, it is suggested to nda method of granting more
precision in the platform's positioning/alignment with the reference line or to use a marker
(e.g. chalk) that can print on the oor/sheet the traveled path for furt her analysis.

At last, the integration of a GUI is seen as a good enhancement to the platrm's func-

tionality and monitoring. This addition makes the robot more attractive and u ser friendly,
while providing important information and enabling a more intuitive operation.
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Appendix A

Motor and Encoder References

Figure A.1: Motor characteristics plate.

Figure A.2: Connector from each motor to the main circular connector.

Figure A.3: Encoder reference.
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Appendix B

Electrical Schematics
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Appendix C

Polycarbonate Board to Lock PCBs
In Place
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Appendix D

Plate to Hold Network Equipment
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Appendix E

First Visual Units Plate
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Appendix F

Final Visual Units Plate
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Appendix G

Full List of Components Used for
the Platform

Table G.1: Components list and identi cation.

Name Type Value / Ref
R1 Resistor 18 k
R2 Resistor 10 k
R3 Resistor 100
R4 Resistor 100
R5 Resistor 10 k
R6 Resistor 22 k
R7 Resistor 10 k
R8 Resistor 22 k
X1 Potentiometer 1k
C1 Capacitor 1 F
Cc2 Capacitor 1 F
C3 Capacitor 10 nF
C4 Capacitor 10 nF
C5 Capacitor 10 nF
C6 Capacitor 10 nF
UlA Operational Ampli er TLO84CN
ulB Operational Ampli er TLO84CN
R9 Resistor 120 k
X2 Potentiometer 12 k
R10 Resistor 2.7k
R11 Resistor 220
R12 Resistor 220
R13 Resistor 220
R14 Resistor 680
R15 Resistor 1k
LED1 Yellow LED 2.2V
LED2 Green LED 2.2V
LED3 Green LED 2.2V
LED4 Green LED 2.2V
LEDS Green LED 2.2V

91



Table G.1: Components list and identi cation.

Name Type Value / Ref
BF1 Emergency Push Button NO

BF2 ON/OFF Switch NC

BF3 Switch (Front Bumper) NO

BF4 Switch (Rear Bumper) NO

QF1 DC Circuit Breaker C32H-DC
BAT1 Lead battery 12v

BAT2 Lead battery 12v

BAT3 Lead battery 12v

BAT4 Lead battery 12v
MOT1 Left motor 48V/300W
MOT2 Right motor 48V/300W
FAN1 Cooling Fan 12v
FAN2 Cooling Fan 12v

Gl DC/DC Converter 5V

G2 DC/DC Converter 12v

G3 DC/DC Converter 22V
DRIVE1 DC Drive for Left Motor ~ 75V/10A
DRIVE2 DC Drive for Right Motor  75V/10A
El Encoder for left motor 0.045

E2 Encoder for right motor 0.045

K1 2 Relays Module 10A
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Appendix H

Platform's Installation Steps
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Figure H.1: Battery installation setup.

Figure H.2: Battery charger.

94



Figure H.3: Installation of the potentiometer X2.

Figure H.4: Mounted circuit breaker.
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Figure H.5: Type of prototype board used to circuit implementation (CPU2 and level shifter).

Figure H.6: PCB board for the status panel.

Figure H.7: Wires from DB25 connector identi ed and extended with soldered resistors.
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Figure H.8: Intervention performed to add resistance on the rear zone.

Figure H.9: Intervention performed to repair one DC drive.

Figure H.10: Type of fastening used to the developed circuitry.
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Figure H.11: Fastening of the router and switch.

Figure H.12: Type of structure used inside main case.

Figure H.13: Type of bus-bars used to make the power distribution.
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Figure H.14: BIOS setup used on CPUL.
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Appendix |

Printed Labels

Table I.1: Printed labels to place inside the label sleeves.

Label Description Quantity
E-C1 Ethernet CPU1 1
E-C2 Ethernet CPU2 1
E-Cam Ethernet Camera 1
E-RS Ethernet Router-Switch 1
USB-up USB extension to the top of the platform 1
B-CH+ Charge batteries, positive wire from the series of batteries 1
B-CH- Charge batteries, positive wire from the series of batteries 1
B-S+ Batteries series, +48V 1
B-S- Batteries series, GND 1
BP-R Rear bumper reserved cables 1
BP-F Front bumper reserved cables 1
5V-up 5V to the top of the platform 2
12V-up 12V to the top of the platform 2
VBAT-up VBAT to the top of the platform 2
GND-up  GND to the top of the platform 2
SW-S Switch supply (+5V and GND) 1
RT+ Router supply (+12V) 1
RT- Router supply (GND) 1
CPU1+ CPUL supply (+22V) 1
CPUL1- CPU1 supply (GND) 1
CPU2+ CPU2 supply (+12V) 1
CPU2- CPU2 supply (GND) 1
CPU3+ CPUS supply (+5V) 1
CPU3- CPU3 supply (GND) 1
DCC1+ DC/DC converter to +/-12V, positive supply (VBAT)

DCC1- DC/DC converter to +/-12V, negative supply (GND)

DCC2+ DC/DC converter to +5V, positive supply (VBAT)

DCC2- DC/DC converter to +5V, negative supply (GND)

DCC3+ DC/DC converter to +22V, positive supply (VBAT)

DCC3- DC/DC converter to +22V, negative supply (GND) 2
DRV1+ DC Drivel (Right motor), positive supply (VBAT)

DRV1- DC Drivel (Right motor), negative supply (GND)
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Table I.1: Printed labels to place inside the label sleeves.

Label Description Quantity
DRV2+ DC Drivel (Left motor), positive supply (VBAT) 2
DRV2- DC Drivel (Left motor), negative supply (GND) 2
22V-EN DC/DC converter supply (VBAT), relay contact (to enable/disable ) 2
BK+ Brakes supply (VBAT), relay contact (to break/unbreak) 2
BK- Brakes supply (GND) 1
F1+ Fan 1 supply (+12V) 1
F1- Fan 1 supply (GND) 1
F2+ Fan 2 supply (+12V) 1
F2- Fan 2 supply (GND) 1
E1-R Encoder 1, Right encoder (driver's perspective) 1
E2-L Encoder 2, Lef Encoder (driver's perspective) 1
E-S+ Encoders supply (+5V) 1
E-S- Encoders supply (GND) 1
M1V+ Motor 1 (Right) supply (0-48V) 1
M1V- Motor 1 (Right) supply (GND) 1
M2V+ Motor 2 (Left) supply (0-48V) 1
M2V- Motor 1 (Left) supply (GND) 1
PWM1 PWM signal from the controller to the drive 1, REF+ 1
PWM2 PWM signal from the controller to the drive 2, REF+ 1
VBAT Battery level. Supply for motor drives, DC/DC converters 6
+12V Supply for Arduino and switch 6
-12v Voltage reference for level shifter circuit 2
+5V Encoders supply 6
GND Ground 10
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Appendix J

CPU1 Install Commands

The following guide was elaborate while con guringCPU1so if is necessary to format it,
this guide can be used as starting point to reinstall everything.
WIFI and Bluetooth install

$ sudo apt update
$ sudo apt install linux-generic-hwe-16.04

ROS

$ sudo sh -c 'echo "deb http://packages.ros.org/ros/ubuntu H(
Isb_release -sc) main" > /etc/apt/sources.list.d/ros-latest.list'

$ sudo apt-key adv --keyserver hkp://ha.pool.sks-keyservers.net:80 --
recv-key 421C365BD9FF1F717815A3895523BAEEBO1FA116

$ sudo apt-get update
$ sudo apt-get install ros-kinetic-desktop-full

$ sudo rosdep init
$ rosdep update

$ echo "source /opt/ros/kinetic/setup.bash” >> ~/.bashrc
$ source ~/.bashrc

$ sudo apt-get install python-rosinstall

Arduino Related

To instal the Arduino IDE, rst download the version from https://www.arduino.cc/
en/Main/Software and run the install.sh le. After that, an error comes up: \xdg-icon-
resource: icon name 'cc.arduino.arduinoide’ does not have a proper mdor pre x ".

Solution (from https://github.com/arduino/Arduino/issues/6116 ) says that the re-
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source name in the install.sh " le is wrong. in that le, edit the eld \RESOURCE _NAME
= cc.arduino.arduinoide" to \RESOURCE _NAME = arduino-arduinoide". After that, it is
only necessary to run the \install.sh " normally.

$ sudo usermod -a -G dialout robuter

Arduino Leonardo requires a speci ¢ command to be detected. Solutiorfound at:
http://starter-kit.nettigo.eu/2015/serial-port-busy-for-avrdude-on -ubuntu-with-arduino-
leonardo-eth/

$ echo 'ATTRS{idVendor}=="2a03", ENV{ID_MM_DEVICE_IGNORE}="1" | sudg
tee /etc/udev/rules.d/77-arduino.rules

Used libraries for the Arduino (install from the Arduino IDE)
Ethernet2, TimerOne, MsTimer2

Joystick  (http://wiki.ros.org/joy/Tutorials/ConfiguringALinuxJoystick )

$ sudo apt-get install ros-kinetic-joy

Others

$ sudo apt-get install doxygen
$ sudo apt-get install opencv-doc

PTU unit
https://github.com/ros-drivers/flir_ptu https://github.com/wjwwood/serial

FLEA Camera
https://github.com/ros-drivers/pointgrey camera_driver
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Appendix K

Robonuc's Operation Guide

This guide intends to present an overview of ther_platform package as well as the
necessary commands/requisites to operate the platform.

Packages Trees

. CMakelLists.txt

| package.xml

.__launch
experience _launch
robonuc _teleop.launch
robonuc_aut _navi.launch

. MSg

L navi.msg

| _params

tdefault.yaml
joy _params.yaml

| _src

decomposevel.cpp

r _teleop.cpp

r _pointgrey _fI3-ge-28s4-c _driver.cpp
r _exp_results.cpp

Most of the the designed code is contained on the _platform package, where the cpp
les have the same name as the nodes. The remaining code, TCP/IP @int, is contained in
the comm _tcp-client package. Its tree is presented below:

/
CMakelLists.txt
package.xml
msg
Lpid.msg
src

tclient _node.cpp
server _node.cpp
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Launch the system

Power on the system | QF1 ON;
Ensure that the ON/OFF switch on the robot's rear status panel is in the ON position

(up);

~ Verify that the 4 green LEDs are ON (BATTERIES O.K., +5V, +/- 12V AND +48V);

" Connect to the Robonuc's network (with an external PC) | Robonuc or
Robonuc _5G;

" Access CPUL1 via SSH bridge;

When this point is achieved, the user must have an available remotedrminal from CPU1
on its machine. The user can now proceed in three di erent ways:

~ Manual operation with joystick | robonuc _teleop.launch;
" Autonomous Navigation | robonuc _aut_navi.launch;
"~ Straight line experimental results | experiment.launch.

Each one of these launch les can be executed from its directory simpgl by running:
\roslaunch launch lename.launch".

Recommendation for the operator: before executing any node, press themergency
button and verify that every node is running properly by publishing the expected data.
After that, proceed with the selected application.

IP table
Unit IP
CPU1 192.168.0.123
CPU2 192.168.0.10
Flea3 Camera 192.168.0.43

Fanuc Manipulator 192.168.0.231
Arduino ETH 2 192.168.0.50

Battery Charging

In order to charge the platform, the appropriate charger must be used. Bfore plug
the connector on the platform's rear, the circuit breaker, QF1, must be OFF . Also, the
connector as a proper position, the user should look for the \UP" and \DOWN" in scriptions
on it, which should be respected when plugging the cable.

CPU2 and CPU3 Programming

To upload new code for CPU2 and CPU3, two USB extensions are available insi
Robonuc's main case. For CPU2, the cable is labeled with \USB1" and for CPU3 wih
\USB2". Note that while uploading code for the Arduinos, the EMERGENCY BUTTON
MUST BE PRESSED , otherwise, uctuations in the PWM output pins are observed,
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which will actuate the motors while they are braked: harming the sysem and moving the
platform during the upload process.

Troubleshooting
If the message \There is an image consistency issue with this image" isrpmpted while
trying to acquire image, proceed in the following way:

" Increase the package delay on the Flycap API sub-menu \Custom Video Mod&' or by
accessing the camera registers through its library (FlyCap2.h);

" Decrease the package size using the same method;

" Test the connection with a higher category Ethernet cable.

The motors are rotating but the platform is not moving: insert the wheel's clutch.
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