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Abstract

Smart parking systems are promising solutions for a set of traffic-related problems in major
cities across the world. The goal of those systems is to guide users through paths in which
they spend less time, resources, and release fewer greenhouse gases to find a parking spot.
To this end, deployers develop Cyber-physical Systems that generally comprise embedded
electronics materials, Internet of Things technologies, and Artificial Intelligence concepts.
This work combines ESP8266 microcontrollers and Raspberry Pi microprocessors through
MQTT communication protocol to implement its architecture, a few possible different
options for the actuator are also presented, and a project for the power supply by low-
current photovoltaic panels is documented. Therefore, the goal is to work over some
options and ideas for the physical implementation of the low-level electronics physical
stage of a smart parking Cyber-physical System. The results include validated actuator
options, a small photovoltaic generation sizing, and the deployment of a microcontroller

routine capable of properly operate as a physical asset controller enabling scalability.

Keywords: Smart parking systems; Cyber-physical systems; Internet of Things;

Embedded electronics.
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Resumo

Sistemas de estacionamento inteligentes sdo solugdes promissoras para uma gama de
problemas relacionados a trafego de automéveis em grandes cidades do mundo. O
objetivo destes sistemas é guiar seus usuarios por caminhos pelos quais os mesmos
gastam menos tempo, recursos e liberam menos gases contribuintes para o efeito estufa
a fim de encontrar um local de estacionamento. Para este fim, desenvolvedores
implementam Sistemas Ciber-fisicos que geralmente incluem materiais de eletronica
embebida, tecnologias de Internet das Coisas e conceitos de Inteligéncia Artificial. Este
trabalho combina os microcontroladores ESP8266 e microprocessadores Raspberry Pi
pelo protocolo de comunicacao MQTT a fim de implementar sua arquitetura definida,
também apresenta algumas possiveis opg¢oes para a implementacao de um atuador e o
projeto para suprir o consumo de eletricidade por painéis fotovoltaicos de baixa corrente.
Portanto, o objetivo é trabalhar em possiveis opg¢oes e ideias para a implementacao fisica
da etapa de eletronica de baixo nivel de um Sistema Ciber-fisico para estacionamentos
inteligentes. Os resultados incluem opgoes validadas de atuadores, um dimensionamento
de geracao fotovoltaica de baixa poténcia e o desenvolvimento de uma rotina para o que

o microcontrolador aja como um controlador local e permita escalabilidade.

Palavras-chave: Sistemas de estacionamento inteligentes; Sistemas Ciber-fisicos;

Internet das Coisas; Eletronica embebida.
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Chapter 1

Introduction

On the edge of industry technology development, there are new engineering techniques
transforming processes completely, focusing on massive human-free communication and
autonomous decision-making. Those form the base of what is called the Internet of Things
and Industry 4.0, concepts and technologies enabling deployment of complex systems in
fields such as smart cities, energy conservation, and agriculture [1]. This project is framed
in the context of a concept known as Cyber-physical Systems (CPS), which consists of
integration between software for control and decision-making, multiple devices networking,
and physical electronic circuits capable of sensing, acting, and communicating [2]-[4]. The
focus of this work is on the physical implementation of a smart parking system for cyclists

aiming to change the way they interact with parking spots.

1.1 Context and motivation

Major cities across the world have increasingly struggled with a recurrent problem: traffic.
From the Americas to Asia, there are thousands of crowded streets where cars are not
able to fit or move efficiently. Cars accumulating in road traffic cause several different
problems, such as air and noise pollution, a higher chance of accidents, pressure on natural
resources, more fuel consumption, greater policing costs, and a significant waste of time

for the drivers [5], [6].



In this sense, new technologies are in development to reduce such problems. Some
governments are already seeking to change these scenarios, and solutions start to appear
locally. In Amsterdam, for example, the government is world-widely known for cycling
incentives [7]; likewise, cities like London, Oslo, Hamburg, Madrid, and Barcelona recently
announced long-term plans to ban cars from downtown areas [8]. The IoT trend is one
of the possibilities that offer potential solutions for both cases: first, to enhance bike
infrastructure but also to offer means to decrease car traffic.

The feasibility of the Smart Parking system is a matter of great importance. Bicycle
parking is almost omnipresent in european cities of all sizes, so automation plans must be
potentially scalable accordingly. Additionally, the project is expected to offer a low-cost
implementation so it can succeed and justify its adoption and relevance. Along with that,
the software’s versatility for different types of vehicles is a desirable feature.

Smart Parking systems are implemented from many distinct materials and techniques.
A literature review around the latest reported smart systems verifies the diversity of
approaches used for their deployment. For example, [9] proposes the substitution of
position sensors by an image recognizing algorithm based on machine learning to detect
free spots. Further, there is [10], which uses an Android platform for the management
of parking spots and users. Finally, this project itself is based on the use of industrial
Multi-agent Systems (MAS) in the context of smart parking [11], [12]. The results are
promising and, although this is still a topic in scientific maturity status, Smart Systems
shows signs of being, soon, a viable context-changing technology [13].

In essence, the goal of CPS systems based on IoT technologies is to rethink ordinary
objects and ultimately transform their use. Thus, smart parking systems emerge from
the demand for efficiency in the transport sectors. If a car, bike, bus, or any vehicle,
already has a reserved parking spot when reaching its destination, there is a significant
decrease in parking searching time. The claim that the Internet of Things concept can
help solve such a big problem in today’s society, like car congestion, is a big statement.
However, there are high hopes that one of the driving technologies of the fourth industrial

revolution can also bring improvements for everyday applications [1].



1.2 Objectives

This work is focused on the electronic stage design, validation, and implementation
conceptualization of a bicycle parking dock. For this, the connection between the
microcontrollers: a) agent-based programmed running virtually in the cloud; and, b)
used in the physical implementation as the physical asset controller, is essential.
Moreover, all electronic instrumentation and automation shall be properly
interconnected taking sensors, actuators, controllers, and user interfaces into account.
Further, it is expected an effort for the minimization of overall spending to propose a

low-cost solution. Enumerating, the main objectives of this project are:

1. Implement an effective communication between the cloud computing microcontroller
through a Message-Queue Telemetry Transport (MQTT) broker connected to the

local network and the physical asset controller;

2. Propose different actuator models, calculate, and validate reliable, low-cost, and

secure padlocks for parked bicycles;

3. Find solutions for the sensing and data flow in real-time to enable reliable control

of multiple bicycle padlocks; and,

4. Provide means for scale implementation.



1.3 Document structure

This work is ordered in six chapters. It begins with chapter 1, Introduction, which
approaches the contextualization and motivation, the objectives, and this structure
detailing.

Chapter 2, Related Works, discusses the relevant related academic research and
commercial options in the field of smart parking systems. The first section analyses the
Internet of Things (IoT) concept and machine-to-machine (M2M) technology, followed
by Smart Cities, and finished by a specific Smart Parking Systems inquiry.

Chapter 3, Study object and system’s architecture, displays the studied parking and
the approach adopted to deploy this project. It is divided into a description of the study
object and the techniques and concepts present on the defined architecture.

Chapter 4, Physical implementation, explains the proposed actuators structure and
sensor operation, the chosen power supplier, the defined routine for the microcontroller,
and the electronic drivers options.

Chapter 5, Results, presents the results obtained from the previously designed
structures and architectures. It also lists the multiple software used for the development
of simulations aiming to validate this work’s designs and implementation choices.

Chapter 6, Conclusions and future work, summarizes the whole project providing a
conclusion and ideas for future works in the same research field.

Lastly, this document also contains two Appendices. Appendix A comprises the data
obtained from the simulations and treated according to physical principles, and Appendix

B consists of a transcription of important excerpts from the microcontroller codes.



Chapter 2

Related works

This chapter seeks to offer a recent and multi-sourced but concise literature review on
the relevant related works in research fields such as the Internet of Things, Industry
4.0, Smart Cities, Cyber-physical Systems, and Smart Parking Systems providing its
definitions and state-of-the-art. Finally, this work is inserted in the exposed context to

express its relevance and placement in such study domains.

2.1 Internet of Things and machine-to-machine

The Internet of Things (IoT) is a concept that has been under media and science
spotlights for the past decade. Although it can be considered relatively new for the
scientific community, it is an old dream of automation technicians since the early 1980s.
The first-ever internet-connected device was a soda vending machine placed in the
Computer Science Department’s of Carnegie Mellon University, it could remotely inform
its stock and whether the beverage was cold or not. From that to the present date, the
idea of an interconnected virtual world of devices spread, and the rapid scientific and
industrial development of fields such as microcontrollers, power electronics, and wireless

communications have been enabling increasingly complex applications [13].



This concept is, in simple terms, a technology for the promotion of internet-connected
devices. These are designed to be simple enough to enable scalability, but complex to the
point of being able to form a network with other devices, collect data, and occasionally
make decisions. These study objects are called things and connected in a system of
decentralized processing units that comprehend their environment and communicate [14].

Likewise, machine-to-machine is, today, an increasingly relevant field for research and
development projects. Its most general definition is "communication between devices
with minimum or no human intervention at any phase', i.e., reconfiguration, operation,
and maintenance. M2M implementation makes many technologies possible, for example,
decentralized decision-making, real-time data acquisition/broadcast, smart homes, cities,
and mobility. In fact, this is a core technology for the development of Cyber-physical
Systems (CPS), specially in the context of the Industry 4.0, as it provides the essential
communication easiness. Both M2M and IoT hold great importance in the future of
Industry 4.0 and automation systems [15], [16].

It is noteworthy that the IoT concept usually denotes a collection and sharing of data
using a cloud-connected device or database as controller and calculator, while M2M stands
for direct communication between independent devices that belong to the same system.
The first is typically more scalable but deal with highly diversified types of data. M2M,
in its turn, is usually implemented with standardized communication protocols and serves
as a tool for the deployment of enclosed Smart Systems. Each of these two technologies
have its particular fields of applications, but projects are often labeled both as IoT and
M2M applications at the same time [16].

This work is framed both in the concept and the technology once it operates with non-
human communication between devices, as described in subsection 3.1.1, i.e., machine-
to-machine. Also, as said in subsection 1.1, the project consists of the automation of an
everyday object, intending to transform its use from an ordinary passive bicycle parking
spot to an active and intelligent parking system, allying multidisciplinary internet-based

technologies and concepts. Hence, it is framed as an IoT appliance as well.



2.1.1 Cyber-physical Systems (CPS)

CPS are structures with linked hardware and software. Its purpose is to combine
sensors, actuators, and embedded electronics aiming to add new capabilities to physical
objects. These systems are superior to regular control because of the technologies
applied to the combination of physical and cyber elements, which provides
enhancements such as reconfigurability, intelligence, communication, and scalability.
Namely, the system comprises physical objects to be controlled and virtual processing to
enable analysis and decision-making. The first collects data and sends for processing,
while the second feeds it with control signals and runs control algorithms. CPS can be
understood as intersecting closed-loop of physical and virtual environments [17]-[19].

The smart objects have different levels of intelligence for each intended application,
as it can sense its surroundings, process data, engage routines, or even trigger actions
on its environment. In fact, for the past years, the fast advances in embedded systems
have been sustaining the spread of cyber-physical appliances for ambient assisted living,
entertainment, logistics optimization, energy management, and industrial automation [1].

As said by [13], the CPS implementation trend is easily recognizable and is expected
to keep on rising, as now the Internet interconnects a large volume of heterogeneous
devices. For example, the spread of wireless sensor networks (WSNs), which consists of
many sensor nodes capable of collecting physical world data and wirelessly dispatching
it so this information is used for control or monitoring purposes. Such technologies are
being increasingly absorbed by the industry.

Figure 2.1 shows a schematic of the academic standard CPS’ layers. First, the things:
the physical objects of the system, for example, devices, machines, and environments.
Next, in the first CPS’ stage, there are sensors, actuators, and hardware. Then, the
internet gateways, where the system acquires data and connects to the cyber world. In
the third stage are pre-processing and connection between the physical and cyber world
(also known as "Edge'). And finally, the last step consists of a data center and cloud

computing [20]. This project focuses on the implementation of the first two stages.
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Figure 2.1: Four stages of Cyber-physical Systems (CPS).
Adapted from [20].

2.1.2 Industry 4.0

A trend of research in many interdisciplinary fields consists of the association of
technologies and concepts such as IoT, M2M, CPS, and Big Data analysis aiming to
build enough structure to provide new capabilities to smart production systems. These
previously unseen features include more refined integration between systems, more
flexible control, remote algorithm-based computing, and broader communication.
Industry 4.0, or fourth Industrial Revolution, is based on the implementation of such
topics intending to enable a more autonomous, more efficient, and customized
productive process. Notably, this is the first-ever so-called Industrial Revolution studied
a priori and not observed as a past event. This is an inherently interdisciplinary topic,
involving many study domains such as industrial, production, electrical, and mechanical
engineering, along with information technologies, business, and management [21], [22].
The remarkable Industrial Revolutions brought many paradigm changes to the
industrial environment. These new ideas led to the complete transformation of
equipment, processes, and factories organization in the course of decades. As seen in
figure 2.2, the first revolution introduced steam-powered machines; the second was
distinguished by electromechanical equipment on assembly lines; the third, in its turn,
was characterized by automation and connection of computers. Finally, Industry 4.0 is a

contemporaneous concept, and so there is no clear consensus on an universally accepted



definition [21]. This document considers the definition addressed in the previous
paragraphs of this section, based on [23].

The fourth Industrial Revolution, as said, was distinctly early identified and studied.
The German Federal Ministry of Education and Research published in 2013 its
recommended practices for the deployment of projects included in this topic [23]. This
publication became a landmark for other governments, and the German inclination to
sustain the quick development of Industry 4.0’s technologies along with its fast positive
results fueled a wave of research and industrial systems deployment both inside and

outside the country sustained to date [22], [24].

1st Industrial 2nd Industrial 3rd Indus-trial Industry 4.0
Revolution Revolution Revolution

B .
l’:l'a o" A
[ 0 0 0 0 0]

y— ‘E D'a of -

E First mechanical E Production lines E Programmable E Cyber-physical

1 loom (1784) 1 (1870) i logic controllers | systems

E Water and E _ Mass production E . ilectronifzs/ IT E . ?e;entrahzatlon
| steam-powered i . Division of labour | - utoma‘m(?n of .10 .

: : ' manufacturing ! - Cloud computing

' Late 18th century | Farly 20th century EEarly 1970s Now

Time and complexity — 5

Figure 2.2: Industrial revolutions and its starting points.
Adapted from [23].



2.2 Smart cities

"Smart cities' is a very general and contemporary topic. Researchers have been developing
the first studies on this subject for the past decade, and so its definitions still cannot be
considered consensus on the scientific community. However, several authors contributed,
in many ways, by publishing their particular characterizations. Taking this into account,
Smart Cities are defined by [25] and [26] as urban systems that use automation and
information technologies intending to build better, more stable, efficient, and resourceful
infrastructure and management for cities and citizens. Hence, public services have better

rates on its interactiveness, accessibility, and efficiency.

Edn

Smart grids Logistics

-
Water, waste and sewage .

management Smart homes

and buildings
*
= 5
m

Smart Transport

0'

' \

e
Crowdsensing

& and surveillance

[[—
Smart Mobility TT

Smart Parking Public services
management

Smart City

Figure 2.3: Smart city sample model.
Adapted from [27].
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For that matter, as shown in figure 2.3, deployers of Smart Cities must deal with
naturally complex and multidisciplinary concepts. In order to establish a reliable and
comprehensive system, they often must implement state-of-the-art communications, data
management, and embedded electronics technologies. Paraphrasing [27], the demand
for brand-new, enhanced solutions is high given factors like population constant change,
limited financial resources, and political inertia. Technologies such as Internet of Things,
agent-based CPS, and similars drive smart cities planning, which enable better flow of
goods, enhance vehicle traffic and allow the deployment of more environmentally friendly
systems. A Smart City is defined by [6] as an innovative city that has reached a point
of broad integration, with ICT and other means combined to improve quality of life, and
efficiency of urban operations and services.

As a naturally omnibus concept, Smart Cities invariably embrace many different types
of study objects (from devices to environments), so defining architectures, standards, and
critical requirements is vital. Along with that, the large-scale range of elements (sensors,
actuators, wireless technologies, internet connection, and processors) present on such
systems demands uniformity of data and hierarchization to allow data analysis. Also,
cybersecurity is seen as a critical component of this context, aiming to ensure responsible

gathering, storage, and treatment of data [26], [27].
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2.3 Smart parking systems

This section intends to approach the current works on smart parking systems demand
and present scope of research. Its focus is to search for techniques, topologies, and
implementation steps presently used for the deployment of such systems aiming to build
a general knowledge on the field’s latest academic and commercial solutions.

The exploration of the smart parking systems field of research is in its first steps. As
an advent of the [oT technologies, CPS are a state-of-the-art concept. Naturally, there is a
reduced number of available studies that include all of this work’s objectives and solutions.
Hence, specific approaches such as the physical implementation of bicycle parking tend to
count on fewer preliminary studies material. The focus of the recently published articles
is on the virtual control and communication of the smart parking systems, both already
deployed in this project. Still, there are isolated studies regarding steps of the physical
stage of implementation.

Contrarily, the commercial market presents many exciting features that could be
inspirational on the project of smart parking systems. Naturally, companies do not
share specific information around their devices and protect them with intellectual
property regulation laws, which can complicate the replication. Nevertheless, it is valid

to observe the solutions these organizations utilize to inspire a new solution design.

2.3.1 Demand for intelligent systems

Intelligent parking systems emerge from both the actual and forthcoming demand for
more efficient parking. Traffic congestion is recognizably one of the main problems in
the management of major cities since the increasing number of gridlocks and limited
number of parking spots causes fuel over-consumption, time delays, and driver fatigue.
Moreover, it is also responsible for problems like higher pollution rates and invariably
prompt socio-economic problems, especially in developing countries, as discussed in the

following subsections [28], [29].
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Pollution

Countries have been witnessing a continuous addition of cars to their total fleet [30]. The
rapid growth, shown by table 2.1, in vehicle numbers appears in industrialized countries
but is even stronger in developing countries, such as Brazil, China, and India. These
nations present economic growth, rising incomes, and intense urbanization for the last few
decades [31]. Along with that, these nations are notably gigantic. Summed, they count
2.93 billion inhabitants, representing 39% of the world’s population [32]. Therefore, the

steady enhancement in their quality of life rates embraces a vast amount of people.

Road transport represented, in 2012, 17% of global CO5 emissions. Many studies
are in development to establish a pollution prospect, and predictions point to a peak in
carbon emissions by 2020 and a gradual decrease until 2050 in a business-as-usual scenario.
Although the number of cars should grow until 2050, developed countries will significantly
decrease their carbon footprint in the next years. However, studies suggest that developing
countries will gradually increase their overall greenhouse gas (GHG) pollution in parallel
to a fast reduction in the gap between their and developed countries energy usage. Finally,
even with the expected shrinkage in global emissions, only scenarios with great mitigation

efforts seem to meet long-term sustainability goals [33].

Table 2.1: Vehicles per thousand people in 2007 and 2017 [30].

Vehicles per thousand people
2007 2017 Increase (%)

Country or region

India 12.3  36.3 195
Africa 24.0 38.4 60.0
Asia, Far East 63.4 112 76.7
Asia, Middle East 101 150 48.5
China 30.3 156 415
Central and South America 128 176 37.5
Brazil 132 210 59.1
Europe, East 271 373 37.6
Europe, West 588 612 4.08
USA 845 831 -1.66
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Figure 2.4: Europe’s GHG emissions trend projection and targets [35].

Europe leads the GHG mitigation efforts worldwide [34]. The European Union (EU)
has been setting targets since the Paris Agreement in the 1990s, aiming to achieve
progressively lower rates of emission (see figure 2.4). From 1990 to 2020, the EU set a
target of mitigating 46 Mt CO, e. per year, accomplished early, in 2012; from 2020 to
2030, the purpose is to drop by 81 Mt CO, e. per year, and from that until 2050 the
goal is to reduce 85 to 90% of global emissions since the year of 1990. Predictions,
however, indicate that the EU nations will miss the next targets [35].

In 1997, [36] estimated that finding a parking spot in Westwood, a small business
district of Los Angeles, took 730 tons of COs equivalent, 95 thousand hours, and 178
thousand liters of gasoline every year. A 2018 study on 22 downtown areas of the United
States suggested that cruising for parking took from 8 to 74%, averaging 34%, of the car’s
running time [37]. Smart parking appear in this context as a solution to improve efficiency,
lower fuel consumption, and mitigate GHG emissions significantly in more efficient spots

management and, also, on projects to encourage alternative transportation [28], [29].
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Gridlocks

The progressive increase in the total vehicles fleet (see table 2.1) incites problems such
as waste of time and more pollution, less available parking spots, and higher car accident
rates. Globally, road traffic crash rates remain a crucial problem, and projections suggest
little change in the foreseeable future [6]. As compiled by [38], an enormous amount
of resources is spent yearly on car congestion-related incidents: 88 billion dollars in the
United States, almost 7 billion pounds in the United Kingdom, and close to 3 billion euros
in Germany only in 2019.

Table 2.2 shows the world’s most congested cities. Notably, all cities cited on the table
are from developing countries, most of them in South America. Governments, usually from
high-income countries, are moving in the direction of building sufficient infrastructure to
overcome the traffic problem. The Spanish city of Santander monitors real-time status
of parking spaces, air pollution, and traffic conditions. Los Angeles, in the US, uses Big
Data analysis to enable second-by-second actions on traffic congestion [6].

However, measures to mitigate gridlocks are not always effective. A study from 2011
affirm that adding extra lanes to existing streets is unlikely to relieve congestion [39]. A
viable solution, then, is to diversify transport means. Examples are seen in NYC, Seattle,
and London; where policies were successfully deployed aiming to influence citizens into
choosing cycling to decrease the number of cars in the streets [40]-[42]. Bicycles naturally
occupy less space than cars. Hence, each person that transitions from driver to cyclist
saves significant space in a crowded urban environment. Smart parking systems fit in this

scenario as a tool for a more organized and coordinated transition from cars to bicycles.

Table 2.2: The five most congested cities in the world [38].

Urban area  Country Region HSCpD 2018-2019
Bogota Colombia South America 191 +3%
Rio de Janeiro Brazil South America 190 -5%
Mexico City Mexico North America 158 +2%
Istanbul Turkey Asia 153 +6%
Sao Paulo Brazil South America 152 +5%
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2.3.2 Academic solutions

Many academic studies consider the bike-sharing systems (BSS), where a company offers
multiple vehicles and users rent it for a limited period. Although these purposes are still
useful for the deployment of a purely smart parking system, it is relevant to highlight
that this project must offer a stand-alone solution, unlike the BSS where the bicycle’s
structures are designed to help the physical assets in locking and reservation processes.
That said, analyzing the available solutions, some interesting ideas come up. The
paper [43] defines an architecture for the deployment of BSS through many different IoT
technologies. GPS, sensors, RFID tags, and smart locks are proposed as physical assets for
this implementation. [44] and [45] present another compelling proposition for the physical
sensing stage, the use of a wireless visual-aided vehicle presence sensor. These projects
suggest sensing the spot availability through artificial intelligence image data processing,
which hugely increases complexity but offers less maintenance and adds more precision.
[46], [47], and [48] discuss reservation-based parking systems, bringing a closer
approach to this project specifically. The first, [46], documents an appliance of a
presence sensor as an edge device that detects occupied spots and communicates with
the system’s controllers through WiFi. [47] implements the previous edge device in a
spot reservation app for smartphones in an Arduino-based low-cost system. Finally, [48]
simulates one of these systems for cars in downtown Los Angeles and reached great
results in traffic reduction. This paper’s architecture consists of a proposition of a paid
web server reservation system with ZigBee sensors, wireless radio, and Bluetooth
communication. Interestingly, this deployment confirms the user’s identity through its

cellphone Bluetooth in loco.

2.3.3 Commercial options

As previously addressed, the commercial field has diverse developed solutions for the
physical handling of a bicycle’s parking. In the last few years, startups offering BSS

thrived in major cities. Therefore, the exploration of new material and methods rapidly
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Figure 2.5: Patents on bicycle’s locking mechanisms [49]-[52].

grew. For the successful deployment of companies that provide bike-sharing services,
characteristics such as a portability, fastness, reliability, and affordability are mandatory
for the lockers. So, in the past few years, many patents on bicycle lockers were registered,
and the improvement in the mentioned characteristics is clear.

1994’s, figure 2.5 (a), bicycle security system is large, mostly mechanic, and occupies
a large volume of physical space [49]. Differently, patent (b) is condensed and presents
automated features [50]. It must be locked by hand but unlocks via a wireless signal,
an improvement towards enhanced automated lockers. Subfigure (c) illustrates another
possibility for the same appliances [51]. It is also based on manually locking but can
be unlocked wirelessly using an internal electromagnetic actuator. Alternative (d) is
a socket, where a bicycle’s structure fixed mechanical part fits, enabling features like

charging electric bicycles’ batteries and ensure locking [52].
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The overall majority of the commercial patents in use locks the bicycles by passing a
piston through the wheel’s rim like the examples shown in subfigures (a), (b), and (c).
Although a few options propose locking the bicycles with the frame structure, like in
subfigure (d), or wrapping it with a resistant material. Noting that bicycles’ wheels are
largely standardized while its frame structures are not, this project focuses on the first
option to universalize its possible users.

As said, the lockers are evolving from purely mechanical locking structures to more
automated ones. The intent of this project is to go a step further, proposing ideas for the
full automation where the user does not need to interact with the locker at all other than

fitting the bike in the spot.
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Chapter 3

Study object and system’s

architecture

The following section addresses a closer observation of the system. At first, there is a
description of the study object intending to explicit its overall characteristics, possible
features, and general operation. Following, there is a section for the explanation of
fundamental concepts of this work. Then, the final segment discusses Multi-agent
Systems (MAS), integration between cyber and physical elements, and the operation

and appliances of linear solenoids.

3.1 Description of the study object

The studied object of this work is the transformation of a standard bicycle parking spot,
seen in figure 3.1, from an ordinary passive object into an intelligent and automated Cyber-
physical System. This conversion should grant characteristics such as secure locking,
parking spot reservation, control and management of spots under specific conditions,
pinpoint available spots for users, and promotion of alternative transportation means. It
is expected that this system suit applications for more heterogeneous vehicles with only

hardware modifications and minor software adjustments.
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Figure 3.1: Frontal, side, superior and isometric views of the studied parking spot.

3.1.1 Overview, characteristics, and features

This project is part of an on-going partnership between IPB and UTFPR for the
deployment of smart parking systems. Hence, the architecture of the virtual section of
the work is already defined as published by [11]. Figure 3.2 illustrates the steps for the
development of this smart parking system. Users would download a smartphone
application for the interface with the system; driver and spot agents, in its turn, interact
through an established MAS architecture; finally, the last step is the physical stage of

the system, the focus of this work.
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Figure 3.2: Generic scheme of an agent-based smart parking architecture [11].

The settled plan demands a well-defined organizational structure for the driver
agents proper operation on management and negotiations. For this, there is a need for
technologies such as cloud computing and machine learning to be added in order to
ensure flexible, robust, and adaptative handling of dynamic tasks. The architecture
embodies a micro-society of intelligent, autonomous, and cooperative agents to form a
MAS. Each agent represents a system’s object, namely parking spots and drivers. The
overall operation of the system consists of the interaction between the several drivers
and spot agents, supported by negotiation strategies. The spot agent represents the
physical spot and acts as a bridge of the cyber and physical components.

This project focus on the conceptualization for the physical implementation of the
smart parking for bicycles in question. Hence, it concentrates on the "physical world"
area of figure 3.2, from the connection bridge between the Spot Agent and the physical
asset controllers to the final lockers for the secure placement of the vehicles. Thus, the
project comprises the proper connection of wireless data transmission, the implementation

of a microcontroller routine for the control of spots, and the lockers mechanical design.
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Figure 3.3: Defined structure for the agent-based CPS smart parking.

Figure 3.3 shows the defined structure for the deployment of this agent-based CPS
applied to a smart parking system. The first stage consists of an established MAS
architecture, where driver and spot agents negotiate with one another following holonic
principles to define the most suitable path to the parking management. Then, the
iCalendar file stores the reservation information after a round of negotiations between
the driver and spot agents. In [11] this subject is addressed in more detail. Next, the
MQTT broker connects spot agents to the physical asset controllers (PAC). The first is
implemented in a cloud-connected device, and the second is a programmable control
device, responsible for the management of the system’s physical elements. The PAC is,
then, connected by wires to the sensors and actuators of the spots. The sensor is a
pull-up connected pushbutton acting as a debounced interruption source for the
microcontroller to verify the presence of a bicycle on the spot. Also, there is an
electromagnetic locker, the system’s actuator, which follows the PAC’s commands.

Section 4.1 addresses its design options, validation, and operation characteristics.
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3.1.2 System operation

This subsection addresses the choices related to materials and the project’s schematics.
The decisions demand the adoption of some project parameters in order to obey the
project’s architecture defined above and search for low-cost options and materials’
capabilities fitting this project.

Note, in figure 3.3, it is defined that each physical asset controller manages three
parking spots to enable scalability. This happens as a result of the GPIOs availability in
the chosen microcontroller model, ESP8266 development board. Each PAC could control
more or fewer parking spots at once, depending on the number of available ports for
the connection of peripherals and capacity of the chosen microcontroller unit. Another
approach is the alternative of using ESP8266 series module, which would be capable of
controlling a single spot at a time. This work uses the three spots management scheme,
but minor software adaptations allow the conversion to single-spot control as well. Section
4 discusses further details on the materials’ characteristics, programming, and placement
on the system.

Figure 3.4 shows the information flow through the different elements of the system.
As said, this project focuses on the physical implementation of the smart parking
system. Hence, the components presented on the cyber stage were defined previously by
the project’s past deployers. This stage consists of two Raspberry Pi microprocessors.
One for the implementation of the agent-based that emulates cloud computing MPU
that hosts the negotiations forming the basis of the system’s operation. The other is the
MQTT Broker, which manages the whole system’s data flow.

Both cloud-computing and PAC devices wirelessly connect to the MQTT Broker. This
form a bridge for the information sharing between these devices, which enables the chain of
command structuring from spot agents to the PAC, and data exchange from decentralized
sensors to the main program running in the Cloud. In its turn, the physical devices, such
as the actuator’s electronic drivers and sensors of each spot, connect to the PAC through

wires to exchange command and interruption signals.
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Figure 3.4: Scheme of the system’s structure of control.
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3.2 Architecture

This subsection addresses the system’s conceptual basis. Each operation stage comprises
a series of techniques combined to deliver proper functioning. So, it opens from a broad
perspective with the Multi-agent System architecture, then approaches the applied
communication protocol (MQTT), and concludes with an explanation around the
electromechanical concepts of the lockers’ designs. The previously discussed project’s
structure serves as a starting point for this discussion.

In figure 3.5 overview, the project structure shows the system’s organization. MPU
1 and 2 are Raspberry Pi, previously addressed and deployed. MPU 1 comprises agents
routines, reservations, decision-making, and calendar management tasks, while MPU 2
manages the MQTT links acting as the system’s broker. The microcontrollers identified
with letters ("MCU k'), in turn, are ESP8266 designated as physical asset controllers, and

they control all physical features of the system. The electronic drivers are referred to as
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Figure 3.5: Scheme of the project scope.

"Spot k1", and they control their respective sensors and actuators. This work scope begins
with the MQTT link between broker and MCU k and ends proposing a few implementation
options for the sensors and actuators. This work intends to develop simulations to validate
various recommendations of actuator and electronic driver options, as well as a simple

and reliable sensor configuration.

3.2.1 Multi-agent Systems (MAS)

MAS are a solution applied to CPS aiming to incorporate an intelligence level into its
operation. An agent is an autonomous software component gifted with an interoperable
interface, and it often interacts with other agents cooperatively or for self-interest [11].
Some characteristics define the agent as a singular and intelligent entity, which are

autonomy, responsiveness, proactivity, social skills, and learning ability.
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Autonomy due to its ability to make decisions without human intervention and on
its own. Responsiveness since it can perceive and respond to the world through sensors
and actuators. It shall take the initiative to reach its objectives or anticipate environment
changes, hence proactive. It cultivates social skills with other agents as a means to achieve
its goals. Lastly, it learns and adapts to the changing environment and needs of the
system’s users [53].

Figure 3.6 illustrates the Multi-agent System architecture applied to smart parking
systems. Ultimately, MAS are arrangements were multiple agents work and interact,
reaching for personal or social goals. It typically adds advantages such as scalability,
flexibility, robustness, responsiveness, and reusability. = On the other hand, the
implementation of this architecture is challenging since environments are continually
transforming. Also, there is a need for constant conflict resolution and information

exchange among the autonomous units, demanding a high level of cooperation [53].

3.2.2 Cyber-to-physical link

Several protocols exist for the deployment of CPS. The communication protocols supposed
to best fit this system were approached and studied before this particular work started by
other researchers. The considered interface practices were FIPA-ACL, MQTT, Modbus,
and OPC UA. After a study and results comparison, the chosen protocol was MQTT. The
investigation suggested that although the client-server approach provided faster response
time, the publish-subscribe option presented the best performance. This conclusion comes

from the fact that the second option has significantly better scalability characteristics [11].

Moreover, on-device approaches added both faster means of communication and better
deterministic data acquisition in every case, but the need for scalability and monitoring
play a more critical role in smart parking systems. Many low-level platforms cannot host
software agents, so remote applications are frequently preferred. Also, the reusability
feature provided by standardizing protocols is convenient in scalable systems. Hence, the

chosen and implemented communication means was the MQTT protocol [11], [54].
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IBM invented and developed, in the late 1990s, the Message Queue Telemetry
Transport (or MQTT) communication protocol. It was first conceived for the data
correspondence between sensors in gas pipelines and orbiting satellites. As shown in
figure 3.7, the MQTT practice supports asynchronous communication between parties
since it decouples the source and receiver of a message in both space and time, so it
happens to be scalable in unreliable environments. Despite its name, it does not work

based on message queuing but with the publish-subscribe model instead [55].

The MQTT protocol implementation occurred in the link between the spot agents and
the cyber-physical component, as illustrated in figure 3.6. Data format was standardized
between the agents and the PAC according to table 3.1. It was done in a way that both
the cloud-running agents and the physically present controller understand each other’s
commands and data. The agents can send .char messages like "arriving" or "departing'
aiming to send commands to the electronic parking spot. After this first interaction,

the agents address a second message to the PAC with a confirmation ID, to which the

Table 3.1: The sequence of standardized messages for MQTT communication.

Sender Receiver Message (.char) Triggers

arriving Verify spot, unlock, wait sensor confirmation
Agents PAC departing Unlock, wait sensor confirmation
1D Read ID, create a MQTT topic, publish
PAC Agents  error Error
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PAC reads and responds. The PAC can also send an error notification in case of vacancy

superposition, where the agents asked to free an already vacant spot, for example.

For the deployment of this communication mean, the Mosquitto message broker was
installed and run in a Raspberry Pi device connected to the same network as the ESP8266
acting as the PAC. The tests were successful for all standardized messages from table 3.1
from the agents and all coded routines such as incoming user, departing user, and error
messages were tested and trigged correctly, as addressed in subsection 5.6, following the

flow shown in figure 3.8.

Basically, the deployed MQTT broker device works as an information mediator. In the
first moment, devices subscribe to topics to receive data related to that subject. When a

device provides data to the same topic, the broker diffuses the information to every device
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Figure 3.8: MQTT simplified tests scheme.
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interested in it, i.e. previously subscribed to that topic. This way, as commented above,
the information source (publisher) and receiver (subscriber) are fully decoupled, which

enables higher control and security over data flux and storage.

3.2.3 Linear solenoid

The linear solenoid is a simple and widespread technology in many applications, such as
home appliances, electronic doors, and automated lockers. It consists of using electric
current as a driving source for linear movement. For this, as seen in figure 3.9, a
conductor wire, usually copper or aluminum, is rolled into a winding to form a solenoid.
A ferromagnetic piston is then concentrically coupled with the winding so that it acts as
a path for the magnetic flux induced by the electrical field of the winding.

This project intends to use linear solenoids as a way to obtain a human-free linear
movement inside the actuator mechanism aiming to trigger the mechanical locking
operation. Section 4.1 presents further details on the subject. As it is an established
technology, the mathematical formalization is known, and this work addresses the
simulation without going into more theoretical details than the final formulas.

More information about this subject is available in [56]. That said, the following
equations are vital to proper understanding and modeling a solenoid. The first is the
result of the integral calculating the magnetic field in the P point (Bp) while the second
derives from energy analysis to provide a force expression, also for the P point (Fp).

Notably, both of the equations depend only on constants, current, and geometrical terms.

Magnetic flux
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Figure 3.9: Generic solenoid scheme.
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Figure 3.10 illustrates all the terms of the equations and figure 4.5 is the graphical plot

of these equations for better visualization.
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3.2.4 Electromagnets

Magnets are materials found in nature that naturally induce a magnetic field. Michael
Faraday, a Britannic researcher, developed his law of induction in the early 19th century
and, later on, James Clerk Maxwell expanded it, including magnetodynamics analysis.
This law, known as Maxwell-Faraday Law of Induction, came to make explicit the intrinsic
relation between electro and magnetic fields. Electromagnets mimic the cited magnetic
materials with a magnetic field induced by an electric current flowing through a winding
using the induction principle. The solenoid rearranges its poles temporarily forming
a magnetic physical behavior. This way, electromagnets attract other opposite poles
magnets or ferromagnetic materials.

This work uses the Maxwell-Faraday fields relation as an alternative to address the
problem of locking the users bicycles in the actuator design context. The idea consists

of an electromagnet that provides linear movement to a ferromagnetic piston with its
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magnetic characteristics. To lock and unlock the system, current pass through a winding
positioned around a fixed induced magnet, at the same time that a solenoid push or pulls
the piston in the opposite direction. Figure 3.11 illustrates this process. To this end, the
electronic driver has to be carefully designed. There are two options, enabling current
flow in both directions or carefully timing the current supply so that the induced forces
do not overlap. Subsection 4.1.5 discusses this topic in more detail.

Magnets’” mathematical formulations are often intricate and time costly. Its inherent
non-linear, frequently hysteresis-like, behavior hinders a simple approach and
calculation. Also, it has a natural dynamic behavior. Again, [56] addresses in much
more detail the mathematical formulation around electromagnetic induction, energy,
and forces. However, this project chooses to develop its designs directly based on finite
element simulations, which is a faster and safe alternative to design and test solutions to
the addressed problems. Further, in section 4.1, this document discusses the electronic

drivers, and mechanical performances of the actuator options.
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Chapter 4

Physical implementation

This section discusses all the steps taken to implement the previously shown system’s
models, software, and hardware in four stages. It begins with the actuator propositions,
compiling three mechanical projects, its structural and electronic driver design, and
standard operation; following, the text approaches the chosen sensor; next, there is a
discussion around the power supply to enable autonomy and facilitate scalability; finally,
it ends with the explanation of overall functioning and connections of the

microcontroller.

4.1 Actuator options

The actuator of a smart parking system consists of an automatic locker for the users’
bicycles that receives a PWM signal from the controlling MCU. It must guarantee security;,
a low level of maintenance, easy scalability, while fitting the physical space of the structure.
That said, this subsection focus on lockers design suggestions, illustrates the expected
operation and the best range of applications of each one. A mechanism that converts
linear to rotational movement is the first considered design. Next, the document considers
a solenoid piston. Moreover, an electromagnetic locker is studied. And, at last, a stepper
motor is also taken as an option. The final subsection approaches the electronic driver

options as well.
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4.1.1 Linear-to-rotational mechanism

The inspiration for this design is the mechanism present on many ballpoint pens. In simple
terms, it converts the linear movement applied to one end into a rotational movement
inside the mechanism’s parts due to a peculiar path design. It consists of three parts
here called the fixed path cylinder (FPC), the linear movement guide (LMG), and the
rotational component (RC).

The FPC is a shell with a distinctive design to induce spinning on the rotational
component to lock and unlock it in every 90 degrees turn. In its turn, the LMG conducts
the rotational component back and forth, and also promotes the rotational movement
along with the FPC. Figure 4.1 illustrates the rotational component, the linear movement

guide, and the fixed path cylinder designs, respectively.

15

150

Dimensions in millimeters.
Drawings out of scale.

Figure 4.1: Views of the three parts of the mechanism.
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Figure 4.2: Simplified magnetic field and circuit design.

A winding is placed on the end of the FPC to provide a magnetic force from an induced
field and automatize the system. The LMG is pushed and pulled by the ferromagnetic
material subjected to the winding’s magnetic force. An alternative to simplify the project
is to attemp merging the winding and FPC’s parts. Figure 4.2 illustrate the descriptions
above and the resultant magnetic circuit. R denotes magnetic reluctance; N, the number of
turns of the winding; and, I, the current amplitude. The piston’s ferromagnetic reluctance
is negligible because of its inherent high magnetic permeability values compared to that
of the air.

Figure 4.3 shows the three key positions of the mechanism. At first, all parts are at the
beginning of the path. The guide component moves linearly to push the rotational forward
and, with the fixed cylinder’s help, induce the 90 degrees revolution on this part. The
symmetric characteristic of the paths designed inside the fixed cylinder ensures that when

the guide moves, it locks and unlocks repeatedly. Note that the rotational piece must be,

at all times, subjected to a force in the opposite direction of the LMG’s movement.

Figure 4.3: Isometric and lateral view of the mechanism’s three key positions.
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Placing

The mechanism’s design must point upwards, in a way that the required contrary force
acting in the system is the parts’ weight itself. This way, there is no need for spring or
elastic parts addition. The FPC points up, guiding the movement of the LMG and RC
against the gravitational pull. Placed below the FPC is a winding consisting of a fixed
ferromagnetic shell, that provides a low reluctance path for the magnetic field, and a
ferromagnetic piston that promotes the LMG and RC parts’ movements.

Figure 4.4 shows the mechanism’s open and closed physical states. The cylinder
placed on top of the RC part will then rotate a simple gear system that converts the
upwards linear movement to a lateral linear movement. The gears design can influence
the movement range of the winding’s piston, the amplitude of the force, and the robustness
of the mechanical locking. The ratio between the rays confer these characteristics and is
an essential piece of the project.

Alternatively, horizontal placing is possible for this project. This way, the mechanical
locking is provided by the mechanism’s design itself. On the other hand, this choice
requires a greater horizontal extent and would only be viable with major design changes
of the available parking spots. The project would also demand the addition of an elastic
part (spring or rubber band, for example) to ensure the proper RC’s rotational movement.

Due to these factors, this placing option will not be further considered in this work.

Open locker

ey Closed locker

= _

Figure 4.4: Isometric and lateral view of the open and closed mechanism.
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For the physical validation of this project, a few mathematical formulations will follow.
Taking into account the previously listed equations, in subsection 3.2.3, it is possible to
determine the behavior of the magnetic field flux density and the force that will push the
ferromagnetic material, respectively. For this plot, the first step is to define the project’s
parameters. The magnetic permeability of the air is a constant given by 47-10~" H-m™!.
The current was considered to be 10 A, more detailed calculations on the drivers are
addressed in subsection 4.1.5. Finally, the mechanism’s design provides values for the
solenoid’s length, 2.5 ¢m, and its diameter of 1.2 cm. Also, the steel magnetic permeability
is considered to be 500 po. This formulation is the theoretical base of all three actuator
designs.

The units were hidden and replaced by per unit (p.u.), hence all values are normalized.
The real physical values differ from this ideal formulation and depends on deeper and
more careful simulations. They are addressed in subsection 5.3. Figure 4.5 was plotted to
provide a visual interpretation of the force and magnetic flux dynamics on each point of
the distance between the ferromagnetic material and the solenoid is variable. The physical
elements are based on figure 3.10. Note that the force provided is positive for half of the
movement range of the solenoid’s length. When the ferromagnetic piston reaches the

middle point, the solenoid begins to push it back. The actuator is expected to operate in

the dashed line.
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Figure 4.5: Generic ideal magnetic field flux density and force versus distance.
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Figure 4.6: Considered design for the magnetic simulations.

Mechanical validation

Further validations of the system’s behavior do not come from algebraic calculations. As
said, the dynamics present on this system are highly variable for each analyzed point, and
the formulas disregard many physical elements. Such neglections overshadows the mildest
behaviors, which impair the results. So, this work used an open-source finite elements
software, FEMM, aiming to extract better results. This software provides a magnetic field
flux visualization and the force calculations using the weighted stress tensor algorithm.
Simulations were run for each millimeter of the movement. Figure 4.6 shows the design
used for this simulation, while figure 4.7 demonstrates the winding and mechanism’s
assembly:.

From that on, Newton’s laws of movement were used to obtain, as precisely as possible,
the movement’s performance. For this analysis, it is important to remember that the
mechanism will be pointing upwards, so gravity will pull the parts downwards constantly,
then the solenoid must provide enough force so that the RC part reaches the top of the
FPC. Further discussions and FEMM results are addressed by section 5.3.

i Piston
T
‘ — ([
RC \_g
- Windin

Figure 4.7: All the drivers of mechanical movement assembled.
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4.1.2 Solenoid piston

Similarly to the previously mentioned linear-to-rotational mechanism, the solenoid piston
option is based on electromagnetic force principles. It consists of a winding that induces
a force in a ferromagnetic piece that moves linearly inside of it. The mechanical design is
identical to the winding step of the mechanism spoken above. The peculiarity is that it
does not intrinsically provide mechanic locking. Instead, a locking design placed at the
end of the piston’s path is essential for its operation.

This part’s physical behavior validation is the same as the mechanism’s since it has the
same driving winding system. Otherwise, considering a constant gravitational opposite
force in the secondary solenoid, as illustrated in the previous subsection, this structure
choice demands the addition of a part that provides this function. The obvious choice
is a spring, so the opposing force is, in this case, variable according to Hooke’s Law:
F = —k - Ax. Therefore, the linear movement behavior depends on the chosen spring’s
specific elastic constant, k.

Figure 4.8 illustrates the concept of this design’s choice. Note that a spring is added
to the secondary winding which is placed on the piston path’s end as a locking tool. This
secondary solenoid feature can draw more implementation challenges to the project since

it would add more dynamic elements to the system.
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Figure 4.8: Solenoid piston simplified mechanical structure.
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4.1.3 Electromagnetic locker

Following the same train of thought, the electromagnet physical characteristics of
attraction and repulsion can also be a tool for this work’s development. This option, (a)
in figure 4.9, consists of the substitution of the mechanical locking, addressed in the
solenoid piston subsection (4.1.2), for an electromagnet driven by a winding placed in
series with the primary winding. Hence, the system will count with an adding extra
force vector provided by the electromagnet’s magnetic field, both in attraction and
repulsion situations.

This option provides, at first, better safety properties once it has two magnetic fields
continually attracting the locker. On the other hand, it demands constant current flow
in both windings to counterbalance the spring’s opposite force and ensure proper locking,
which increase considerably the electric current demand.

An alternative to that would be (b), in figure 4.9, using the electromagnetic force
to both push and pull the ferromagnetic piston towards the electromagnet. This option
requires careful testing and it also has very high power consuming characteristics. Also,
for both (a) and (b) options, the amount of ferromagnetic material needed to implement
it pushes the expenses up.. Therefore, considering budget and expected implementation

difficulties, the most viable solution would probably be the next topic, the stepper motor.
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Figure 4.9: Electromagnet locking simplified mechanical structures.
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4.1.4 Stepper motor

Lastly, an option is the placing of a stepper motor in each parking spot. The motor
option is the safest and most easily predictable locking system, once its behavior depends
only on the electronic driver’s command. The stepper motor is a widespread technology
because of its controllability, easiness of installation, and low-cost features relative to other
electric motors categories. As this project considers negligible opposing force for the piston
movement, possibly any motor can be implemented. Because of its price, dimensions, and
available documentation, this work considers the NEMA 17 model for the mechanical
designs. It demands 2.5 A of current and has a step angle of 1.8 ?, providing 4800 g.cm
of torque [57].

However, the mentioned positive features of this choice come at a high price. The
stepper motor is still notably expensive in a more comprehensive analysis. For the
automation of a few bicycle spots, it is a great possibility. Nevertheless, considering
scalability, it is a costly option since it is considerably more expensive than the solenoid
options previously presented. Figure 4.10 illustrates the stepper motor.

This work will not consider this subsection in the subsequent chapter 5, Results, since
the stepper motor employment is not the focus of this work and it is widespread through
many electronic applications, which can be found in many projects’ documentation. Still,
the stepper motor is cited at the conclusions chapter as a viable and valid option for the

deployment of smart parking systems.

Step motor

Protection structure

Plastic piston \

__________

Figure 4.10: Simplified scheme of a stepper motor in a motorized smart parking spot.
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4.1.5 Electronic drivers

The electronic drivers are a vital component of actuators. Hence, its proper
implementation is crucial for the deployment of CPS such as this project. For the choice
of an electronic topology, the outline should take some factors into account.

The project needs to fulfill parameters such as the required current boost from the
MCU to the actuator, maintain the correct logic level for enough time, and offer befitting
operation ranges to the solenoid. This work comprehends a set of different options for
the actuators. Therefore, it extends a few different options for electronic drivers as well,

illustrated by figure 4.11.

Darlington transistor

This electronic structure consists of two cascading transistors. A low-boost receives the
MCU’s PWM signal in its base. Next, the low and high-boost transistors collector pins
are connected. In its turn, the emitter of the first connects to the base of the high-boost
transistor. This construction characteristics confer the Darlington topology exceptional
values of current boost (). It is relatively more expensive than a conventional transistor
but still viable for scalability. Its inherent operation characteristics determine that it

works only with one current direction if fed by a single voltage source, which is the case.

VCC VCC vcc
MOSFET o o
Actuator }
: ' Rel
_____ PWM, 0 i i o
Darlington Transistor
{ transistor }
. D—@ Actuator
PWM PWM
< GND GND ./ GND
(a) (b) (c)

Figure 4.11: Three possible topologies for the implementation of the electronic drives.
(a) Darlington transistor, (b) H bridge, (c) Relay.
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The Darlington transistor is recommended for the following actuator options: Linear-
to-rotational mechanism; double solenoid; and, the electromagnetic locker. The stepper
motor requires an operation range this driver does not meet. This work considers 2N6052
model, which operates with 12 A, 100 V and is a PNP, it triggers at 2.8 V of base-emitter
voltage [58]. Any Darlington transistor that meet the MCU and current requirements

could be implemented here.

H bridge

The H bridge is a classic placement of four transistors in a way that two independent
PWDMs control the signal transferred to a load, the actuator in this case. It can operate
by applying both positive and negative current flux in the actuator, which is an advantage.
On the other hand, the H bridge needs more electronic components, which increases the
overall price of the system. Summarizing, this option’s operation range is great, but it
requires more electronic parts and GPIOs from the MCU. These properties make this
option feasible in some applications where its advantages outweigh the disadvantages.
The H bridge could be employed in any model to commute the winding’s current when
the piston reaches its middle point, so the solenoid apply force continuously to it. It is an
option to boost the electromagnetic force. The chosen component to build the H bridge

is FCB125N65S3, a power MOSFET, N-channel, which runs with 650 V and 24 A [59].

Relay

The relay works, different from transistors, switching pins according to a signal they
receive from the MCU. Instead of a PWM, the microcontroller sends a control order to
commute the switch when required. The relay would be a viable option in the
electromagnet scenario, where the MCU would send a commute signal so that the locker
secure the bicycles’ wheels and another to release it. In the meantime, while the
electromagnet does not receive any command, it would remain to retain the piston using
its electromagnetic force fed by the voltage source. A generic relay was considered for

the simulations.
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4.2 Sensor operation

The system’s sensor is a somewhat simple solution. There is a need for information on
whether a bicycle is occupying a specific spot or not. This report serves as a flag for the
system’s routine, such as turning on, restart after fault, proper spot management, and
confirmation of vacancy for the smart parking’s virtual part. Its function is solely to alert
the physical asset controller (PAC) when a bicycle has been placed or left its spot.

The found solution is a push-button connected to the electronic driver’s PCB
through wires. It is connected permanently to the ground and VCC with a pull-up
resistor structure, as seen in figure 4.12. The exit of this system connects to a GPIO of
the microcontroller coded as an input for an interruption. When the button happens to
be pressed by the bicycle’s wheel, the signal goes from VCC to ground. The controller
detects this and executes the coded routine to save the information, alert the cloud
computing device, and activate the actuator.

The pull-up arrangement is required for guaranteeing the high or low-voltage level
signal entering the controller’s input. Without it, a residual voltage may inadequately
trigger the interruption cycle. Also, the PAC is programmed with a debounce code to
filter the possible environmental natural noise and function properly, making sure it will

not trigger actions before it should.

VCC VCC

Pull-up Pull-up
resistor resistor

Push-button Push-button

5 o 5 ) GPIO o 5 ) GPIO
< e e

Figure 4.12: Pull-up resistor structure for the sensor.
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4.3 Embedded power supply

Naturally, a bicycle parking spot’s project condition is autonomy. It often stands far from
any electricity supply spot and plans to automate it must consider independent energy
supply. Hence, this project recommends the use of a small photovoltaic (PV) panel. So,
the power supply system consists of a PV panel, an electronic driver for the charge and

discharge management, and a battery to hold the charge in periods without sunlight.

4.3.1 Photovoltaic generation

With time, the photovoltaic generation transformed from an academic topic to a full
commercial-ready reality. Now it is used from big solar energy farms to day-to-day devices.
In this context, this work proposes the use of a small panel powering each bicycle’s parking
spot cluster.

The number of spots on each cluster varies, hence the need for electric power,
ultimately altering the sizing of each panel. This document considers a six parking spots
cluster, the most common in the IPB campus. In the scalable scenario, the author
recommends a study on individual cases for the determination of each electric power
demand intending to avoid oversizing.

Figure 4.13 shows the proposed schematic. As said, a PV panel uses the sunlight
energy to provide electricity to the electronic battery management system (BMS). In its
turn, the BMS manages the power flow between the PV panel and the charging battery,
or the discharging battery and the physical elements of the smart parking system.

SR
0-17V 24V bus DC 3.3V
PV panel BMS | | DC
B Electronic Microelectronic
attery .
power drivers controller

Figure 4.13: Proposed power flow.
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4.3.2 Batteries and BMS

While the sizing of the PV panels regards the whole system’s energy demand, the batteries
dimension depends on how long the parking spots will remain powered without sunlight.
These calculations follow the PV panel sizing, as it relies on these results.

The batteries should maintain the system’s power supply during the night and possible
weather events that undermine solar generation. Also, the microcontroller’s software has
a security feature that monitors the battery’s output voltage so that, in the event of low
charge, the MCUs enter a routine of battery saving by not allowing new users into the
spot (the actuators of vacant spots are opened for use by physical lockers), it also sends
a message to the broker so the user is notified. Consecutively, the BMS system choice
is based on both the PV panels and the batteries previously selected. Its input must
support the panel’s output voltage, and its output must be adjustable to the batteries’
and the system’s voltage level.

Figure 4.14 illustrates the current flow in the two likely situations: (a) PV panel and
(b) battery feeding the system. In the first case, the current flows from the panel to
the battery and system. Otherwise, when the battery takes over, the current flows from
it to supply the system. The project places diodes between the battery’s nodes to avoid

backward currents that can damage components such as the battery, BMS, and PV panel.
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Figure 4.14: Current flow during expected two operation states.

46



4.4 Microcontroller

The microcontroller (MCU) is responsible for the control of all the physical features of the
system. For this work, each MCU controls three parking spots at a time. That is because
all clusters at IPB are a set of three parking spots, hence each of these clusters would
receive a single microcontroller unit. In a scalable situation, each set of three parking
spots receives a microcontroller accordingly. Figure 4.16 demonstrates this configuration.

The microcontroller communicates through an MQTT server running in the cloud,
receives three interruption signals independently, and controls three actuators to lock the
user’s bicycles. The microcontroller ESP8266 NodeMCU Lua Wi-Fi meets all presented
specifications and is reasonably simple to code. Therefore, it was chosen for this project.
Figure 4.15 demonstrates the referred MCU’s pinout schematic. It consists of 30 pins,
in which there are sixteen GPIOs, 4 GNDs, three 3.3V port, and support for a variety
of communication protocols, for example, 12C. This work uses the pins highlighted in
bold. Notably, the pinout is underutilized, but the code will run MQTT communication
through Wi-Fi, which loads the MCU’s processing operation.

TOUT—e ADCO) —o —— GPIO16 o— USER
RSV ——e —— GPIOO05
RSV ——e —— GPIO04
SDD3 — GPIO10 —e —— GPIO00 e— FLASH
SDD2 — GPIO09 ——e ——— GPIO02 &— TXDI1
SDD1 —e MOSI —e —— 3.3V
SDCMD————— CS —e —— GND
SDD0 —e MISO —e —— GPIO14 e— HSCLK
SDCLK —e SCLK ——e —— GPIO12 e— HMISO
GND —e —— GPIO13 e— HMOSI
3.3V —e —— GPIO15 e— HCS
EN —e —— GPIO03 e— RXDO
RST —e —— GPIO01 e— TXDO
GND ——e —— GND
V., —e — 3.3V

in

Figure 4.15: ESP8266 NodeMCU Lua Wi-Fi pinout layout.
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Figure 4.16: ESP8266 MCU proposed schematic.

Another possibility, not implemented here, is the use of the ESP8266-01 series module,
which has fewer pins but, if implemented, would bypass the underutilization addressed
before. Figure 4.17 illustrates this option’s pinout schematic. Notably, fewer pins allow
the MCU to control fewer spots at once. Hence, the implementation architecture must

comprise the single-spot control for each ESP, in this case.

GPIO0O e— SPI (CS2

17 GPIO3 e— UORXD

—— VCC

——— RST

e—— CH_ENe*—CH_PD

o—— GPIO1 e— UOTXD e— SPI_(CS1

I— GND

GPIO2
Figure 4.17: ESP8266-01 series module Wi-Fi pinout layout.
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Chapter 5

Results

This section of the document explores results achieved during the work. It begins
exploring the resources used through its development, moves to the mechanical designs
and validations, finalizing with the magnetic distributions and electronic simulations.
Each subsection describes the project’s parameters taken for its development, followed
by an explanation of the produced calculations, and concluding with graphical

demonstrations.

5.1 Software resources

As a conceptualization project, this work is naturally dependant on a set of
multidisciplinary software to validate actuator concepts, microcontroller routines, and
communication parameters. SolidWorks 2019 and 2020, installed with the IPB’s
students license, were used to design all mechanical parts and simulate its movement.
Next, the open-source FEMM software was employed in this work to simulate and
analyze the existing magnetostatic behaviors and the relation between movement and
magnetic force in the designed solenoid. The data processing of FEMM’s results was
developed in the free online software Google Sheets. Finally, the open-source LT Spice
electronic circuits simulator was used to calculate the behavior of the electronic drive,

while Autodesk Eagle student’s version was used for the PCB’s design.

49



5.2 Mechanical design

The design of the mechanical parts is crucial for the proper deployment of this project.
It defines many variables for the following analysis and serves as the base to build the
physical implementation of a smart parking system. This stage of the project runs
alongside the magnetic design following in subsection 5.3 once any alteration on the
mechanical design directly impacts the magnetodynamics simulated and treated data.

The first device consists of the implementation of the locker based on the linear-to-
rotational mechanism. As seen in figure 5.1, it consists of a solenoid block that acts as the
movement propellent pushing the mechanical parts. Next to that block, the mechanism
is fixed on the same axis. The moving parts of the mechanism, in its turn, drive a second
piston that transforms the linear upper movement to a side movement, locking the bicycle
through a set of two identical gears arranged in a way they rotate together.

Finally, this device is shifted 45 degrees to match the IPB’s spot design, once it does
not fit horizontally to the available space. Which is the same reason why the initial idea
of using the mechanism directly pointing sideways did not work. Due to the reduced
available space, the set of gears and spare pistons were added to adapt this design. This
design would fit better in a situation presenting more spaced parking spots, disposing the

gears and added cillinder parts, hence considerably decreasing the mechanical complexity.

Mechanical supports hidden, drawings cropped and out of scale for better visualization
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Figure 5.1: Mechanical project for the mechanism proposal.
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The remarkable feature of this plan is the natural locking without the need for a device
at the other end of the piston’s path. Once the mechanism’s RC reaches the top of the
LMG, it locks. When the solenoid is triggered once more, in the same direction, the
RC rotates and unlocks the backwards movement, pulling the locker with its components
weight. Therefore eliminating the need for secondary devices or negative electric current.

In sequence, the second concept handled on the mechanical simulations software was
the double solenoid proposal, shown in figure 5.2. It incorporates two solenoids, a spring,
and a designed part to lock the primary piston’s linear movement with the secondary.
The secondary winding is triggered to unlock the system pulling its piston downwards.

In this idea, the electronic driver has two distinct operation cycles for locking and
unlocking. In the first routine, it only supplies current to the primary winding to move
the piston that locks the wheel, which is secured by the secondary piston, being pushed
upwards by the spring, at the end of its path. Otherwise, to unlock, the driver triggers
both windings, so the secondary releases the primary piston, which is being pulled back.
These characteristics add complexity to the double solenoid, but it is mechanically more
simple due to the fewer moving parts it requires in the implementation. Also, the
electronic driver can push and pull it with only one direction of electric current, which

simplifies the electronic circuit project as well.

Mechanical supports hidden, drawings cropped and out of scale for better visualization
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Figure 5.2: Mechanical project for the double solenoid proposal.
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Lastly, figure 5.3 illustrates the (a) stepper motor and (b) electromagnet options.
These two were not simulated, as justified in the previous chapter, but are also options for
the actuator implementation. The stepper motor is an expensive choice, but it is expected
to present fewer implementation difficulties since its deployment is widely documented.
Also, it is the most simple mechanical project, which is convenient for installation and
maintenance.

In its turn, the electromagnet is very similar to the double solenoid project. The
difference consists of exchanging the perpendicular secondary system for an axis-aligned
electromagnet that will be connected to the electronic driver aiming to add an extra force
pushing and pulling the piston. As previously said, this option requires constant electric

current flow, therefore it is expected to considerably increase the power demand.

Mechanical supports hidden, drawings cropped and out of scale for better visualization
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Figure 5.3: Mechanical projects for the electromagnet and stepper motor proposals.



Figure 5.4 better illustrates the double solenoid and linear-to-rotational mechanism
proposed designs and intended operation. The left and right images show lateral views of

each design path’s starting and ending point, respectively.
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Figure 5.4: Mechanical designs scheme and proposed operation.

23



5.3 Magnetic distributions

Starting from the early design sketches, this step of the project was developed alongside
the mechanical design process. The initial idea was to merge both winding and linear-to-
rotational mechanism in a way that this scheme choice would save space in the parking
spot. The magnetic simulations revealed this proposal did not provide enough force so
that the device would correctly operate. A careful analysis clarified that these results
were obtained because of the long gap between winding and piston that could not be
redesigned maintaining its proposed operation.

Based on section 3.2.3 equations and expected mechanical behavior, a new action
plan was drafted. It consisted of separating winding and mechanism in a way the
magnetic field has more accurate low-reluctance paths and a very reduced gap. The
following scheme had considerably better response in software simulations, confirming
the theoretical expectations. Figure 5.5 illustrates the simulated cross-section. In this
schematic all the non-ferromagnetic extra parts are hidden once it does not interfere in
the simulations.

The selected ferromagnetic material for the simulation was ferromagnetic steel with a
magnetic permeability of u, = 460 - g, the winding supports 10 amps and has a thousand
turns of copper wire. These values are important because the electronic drivers addressed
in subsection 5.4 have to supply the electric current the circuit demands for its proper

operation.
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Figure 5.5: Drawing of the simulated solenoid.
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This design was transferred to the finite elements magnetostatic analysis software.
The software returned the results for the density plot and integral force calculations via
weighted stress tensor. FEMM software provides the density plot in every desired points
of the operation through simulation, along with the integral weighted stress tensor force
results. The simulation was iteratively repeated to each point of interest defined. There
is a point for each half-millimeter for the first thirteen millimeters of the piston’s path.
From the thirteenth to the 58th, there is a simulation point for each millimeter. And from
then to the 158th, a simulation for each 10 millimeters. This resulted in 72 hand-drawn
simulation points and, therefore, software outputs.

Table A.1, in Appendix 5, reports the information obtained from FEMM, both
through simulated and treated data. The first column consists of the distance between
the beginning of the solenoid to the piston’s frontal face, and it was the software’s input.
The second column, F (N), is the electromagnetic force the solenoid applies to the
piston, i.e., the simulation’s output. Next, the accelerations were calculated from the
given force and the part’s weight for each case. For this, there is a need for an analysis
of the force diagram for each actuator option, shown in figure 5.6.

The calculations used the materials parameters and FEMM’s output data to
determine, using linear accelerated movement equations, the expected physical behavior

of each option. Below, the step-by-step process is more carefully addressed.

Hectric current

. PLA
Weight and —
frictional forces - t1 - -l
Hectromagnetic )
force in the piston Electr.omagne‘)tlc
. force in the piston
Hectric current 0 (I

Figure 5.6: Forces diagram analysis to treat the data from FEMM.
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Figure 5.7: Physical behavior of the components from treated FEMM simulation data.
(a) Force on the piston (FEMM) vs. distance between piston and solenoid;

(b) Acceleration and speed of the piston (UARM eq. predicted) vs. time;

(c) Traveled distance (UARM eq. predicted) vs. time.

Starting with (I) the mechanism option, the parts densities are 7.85 for steel and 1.24
g/cm? for the 3D printed PLA. According to the volume of the mechanical parts, available
from the SolidWorks design, the total mass the solenoid would push is approximately 0.5
kg. Gravity’s constant opposing acceleration is considered 9.81 m/s®. First, acceleration
is obtained from F' = m - a. Next, the speed is determined based on the UARM equation
for the speed: s? = s2 4+ 2-a - Ax. In sequence, the time for each fraction of acceleration
comes from the equation ¢t = As/a. Figure 5.7 shows the graphical plot of this data.

Note, in (a), the force has a behavior very close to the expected, as shown in figure
4.5, but with the solenoid turning halfway through the linear movement. The solenoid is
turned off at the point where the electromagnetic force reaches zero, so it does not pull
the components back. (b) plots the resultant acceleration and speed. (c) illustrates the

movement of the piston, note that the curve tends to reach its peak at the very end of the
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chart at the same time the speed curve is about to reach zero. If the speed turns negative
in (b) and the curve (c) shows an inflection point before the 160 millimeters, the force is
undersized and the project would need adaptations.

Here, we see this solenoid sizing is working on the limit. This work considers the
worst-case-scenario, but if in the implementation more forces are discovered to play a
role in the system, adaptations can be made on the solenoid winding characteristics,
adding more electric current or winding turns to drive more force into the piston. It is
noteworthy not to oversize it, since higher forces are provided at the expense of higher
values of impedance. This changes would pull up the speed behavior seen in the very end

of (b) as well as the overall behavior of (c) curve.
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5.4 Electronic simulations

For this stage of the project, the drivers topologies, addressed in subsection 4.1.5, were
transferred to the software LT Spice. The development of the simulations stands on the
expected current and voltage levels, which are based on the previous magnetic simulations
and the characteristics of typical commercially available batteries and PV panels.

The DC voltage supply is assumed to range from 0 to 17 V as a standard low-power
PV panel. The power bus of the system, in its turn, was defined 24 V because of the
conventional battery voltage rates. Also, the higher the available voltage, the less current
is needed to drive strength from the solenoid’s magnetic field. As figures 4.13 and 4.14
shows, the BMS handles this voltage difference internally, so the system is protected from
short circuits due to the different voltage levels.

Table 5.1 lists the parameters and materials’ categories defined for the deployment of
this stage of the project. Also, the determined self-inductance, resistance, and minimum
current that the driver needs to supply. The solenoid’s physical dimensions are the same

as the magnetic simulations.

Table 5.1: Solenoid’s parameters to define the electronic drivers’ specifications

Description Type Characteristics

Previously defined physical characteristics

Wire AWG 18  20.73 Q / km
Number of turns N 1000 esp
Diameter D 24 mm
Length [ 25 mm

Resultant values to be used in the simulations

Self-inductance L 22.74 mH
Resistance R 1.563 Q2
Minimum current Lin 10 A
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Figure 5.8: Electronic circuits as simulated in LT Spice.

The next step consists of inserting this information in the circuits simulation software,
as illustrated by figure 5.8. (a) shows the Darlington transistor topology, which could be
controlled with PWM or control command; in its turn, (b) represents the relay choice,
controlled by a commute signal; finally, (¢) shows the H bridge with internal freewheel
diodes, an option when the system needs both positive and negative currents. All figures
include the load, composed by the solenoid’s resistive and inductive parameters.

The highly inductive load was identified as a challenge for the project’s simulation. The
physical characteristics that enhance the available electromagnetic force for the piston’s
driving also pull the inductance value up due to the electromagnetic formulations. Factors
such as many turns and reduced length of the winding, the high current demanded, and
the diameter of the piston end up making several options unfeasible.

The starting option of working with a PWM signal in the Darlington transistor and H
bridge was discarded after the simulation. It pointed out that the electric current would
increase at a slow pace due to the cited highly inductive behavior. The implications of the
implementation of these options would be the current undersupply, and therefore lower

electromagnetic force.
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Figure 5.9: Simulated behavior of the (a) Darlington and relay, and (b) H bridge.

The discovered solution is to operate with the transistors in its active region, and not
the cutoff, as previously stated. So, it is expected that it presents higher energy losses,
which directly affect the PV panels and batteries sizing. That said, the following charts
5.9 exhibit the results for the operation with Darlington transistor, relay, and H bridge.

Notably, as the Darlington transistor is working in the active region, its performance
should be almost identical to that observed on the relay operation (a). The choice between
these two options occurs due to other factors, such as energy spends and components’
price. (b) shows the H bridge, which is also operating in the active region, so its advantage

consists of enabling both directions for the current flow, as said.

6e-2 (a)
z (b)
99}
?
& 3e2
3
g
5
[al
0
0.02 0.06 0.10
Time (s)

Figure 5.10: Simulated power losses of the (a) Darlington transistor and (b) H bridge.
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Finally, figure 5.10 illustrates the simulated power losses for a generic Darlington
transistor and two MOSFETS (present in the H bridge). Of course the values will change
accordingly to the specifically selected components in the implementation steps, but the
curve should remain with the same format and should not present much different values,
remaining within the same order of magnitude. For the H bridge, it is estimated by
the simulation a maximum power loss of 0.0166e-3 Wh per drive, while the Darlington
transistor value reaches approximately 0.0208e-3 Wh per drive. The relay option should

be proper physically tested in order to obtain an approximate value of its power losses.
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5.5 Photovoltaic panels and batteries sizing

The first step towards the sizing of the project’s power supply is to survey all the elements
that demand electric power in the system. The central electricity need distinctly occurs
on the actuator once it requires high currents and has an intrinsic resistance associated
with its copper windings. As presented, the resistance is estimated in table 5.1, 1.563 Q.
With the value of the expected flowing current, 10 A, and the time it remains turned on
for its operation, 0.06 seconds, it is possible to calculate the energy spending on each use

of the actuator.

1
Eoctuator = 500 1.563 - 10* - 0.06 = 2.605 mWh per use

As discussed in section 5.4, above, the power losses in the electronic switches are
approximately 0.0208e-3 Wh for each use. So, the following calculations consider an
extreme scenario in which users request an activation per hour for twenty hours every
day, aiming to calculate the required power for the electronic power drivers. It also
counts a 20% safety factor. Of course, more detailed studies comprising the bicycles’
users pattern of behavior would enrich this step of the project, avoiding batteries and PV

panels oversizing.

Epower = 1.2+ 20 - [Egetuator + 0.0208 - 1077
Epower = 63.02 mWh per day

According to the chosen MCU’s documentation [60], the power consumption during
typical operation ranges between 70 and 100 mA at 3.3 V. Therefore, to grant a 24h

operation with a 20% of oversizing for security reasons:

Eyvev =33-0.1-24-1.2 =9.500Wh per day
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As said, each MCU controls a total of three actuators, each of them having its electronic

driver. Hence, the estimation of the total power consumption per day is given below:

Eiotat = Encu + 3 - Epower = 9.690 W h per day
Eiota = 9.690 Wh per day = 403.7 mAh per day

The power consumption stated above is considerably low, and the PV panels’ sizing
offers values under the minimum commercial available. Therefore, oversizing is expected
in this part of the project. Also, there is no need for a highly precise calculation of the
PV panels due to the previously mentioned reasons. Hence, a renewable energy software
[61] was used as a calculator for the PV panels and battery pack sizing.

The input data for the software were the electricity consumption, assumed 10 Wh
per day; the days the system is supposed to run without sunlight, choice of 7 days; the
effective capacity of the battery bank due to lower temperatures, choice of -1 °C because of
the low temperatures in Braganca’s winter; and it considers a 50% discharge to optimize
the battery lifespan. For the PV panels, the information on the average of 8 sun-hours
per day in Braganca [62] is added.

The software outputs are a 24V battery pack with 10 Ah charge capacity, and a PV
panel electricity generation of 1.6 W. As all parking slots in the IPB campus comprises
six spots, each three composed by one MCU and three electronic power drivers, one 5 W

photovoltaic panel would be enough to feed the three batteries.
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5.6 Microcontroller routine

As discussed in subsection 4.4, the project defined in its early stages that each
microcontroller unit would act as the physical asset controller (PAC) of three parking
spots in clusters called parking slots. The MCU coding consists of the following
routines, pinout setup and physical assets’ verifications, connection to the WiFi and
MQTT server, main loop, and message received from the virtual controller. A general
view of the MCU coding routines is illustrated by figure 5.11.

As the code starts running, the microcontroller defines three GPIOs as inputs and three

more as outputs. The outputs are used for the control of the actuators and the inputs to

enable interruptions from the sensors. Next, a function runs through the sensors’ inputs

—

Message arrived
from MQTT

Lost connection
Start

Y

(.char to .string)

Disconnected ( Configure GPIOs )
v
MQTT ( Verify spots availability )
p
WiFi connection ( Setup WiFi )
loop ¥
v (Connect to MQTT server)
Connects to
+
MQTT
N

Restart
(Force shutdown)

& Restart MCU /

Figure 5.11: Flowchart of the MCU code.

One for
each spot
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to check its logic level aiming to verify if there is a parked bicycle in any of the spots, so
the flags are updated. Right after that, the MCU connects to the local WiFi system and
then to the MQTT server deployed in the same network. By the end of the setup stage,
the code enables the debounced interruptions.

The WiFi and MQTT libraries already provide looping checks that run alongside the
MCU’s programs. Hence, the microcontroller can automatically reconnect in a disruption
situation. If the MCU disconnects from the WiF1i, it enters the reconnection to the internet
routine and then the MQTT. Otherwise, if only the MQTT communication falls, it goes
right to its connection routine.

Finally, the last block of this part of the system is the routine when a message arrives
from the MQTT topic. When a message is received, the MCU immediately translates
it from char to string. Right after, there is a series of checks the processor makes to
review the message’s content. It was standardized that the virtual controller sends three
types of messages: departing, arriving, or "else" (which is anything else than the first two
messages). For each of them, there is a coded action plan detailed in figure 5.11. There
is a block of these for each spot, so the MCU subscribes to three MQTT topics to receive
messages from the virtual controller.

As the demands for the physical asset controller in this work are not very high, many
different commercial microcontrollers, with WiFi connection and enough memory,
running on possibly any programming language would fit this application. ESP8266 was
chosen due to its opportunity for simple coding in both language and software, pinout
characteristics, and availability in the laboratories. The microcontroller was coded and
tested in parallel with the development of the other parts of this project. Its routines
were validated through the serial monitor provided by the software, and tests with
oscilloscopes in the laboratory.

Appendix B shows selected parts of the code used to achieve the results seen below.
The first expected outcome was to successfully connect to the WiFi and MQTT server
at the initialization. The following tables are results shown in the serial monitor at the

starting of the MCU operation. The IP address is hidden.
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Device: [ESP1]

Connecting to [agents].....
» WiFi connected
» IP address [192.xxx.x.x13]

Attempting MQTT connection

» Connected and subscribed to [IPB/SmartParking/Sectorl/Spotl;
IPB/SmartParking/Sectorl/Spot2;
IPB/SmartParking/Sectorl/Spot3]

When the MCU receives a message from the MQTT topic in which it is subscribed,
the following information is obtained from the serial monitor. It contains all possibilities
of messages and its actions. The locker routine, ID publishing, and MQTT message

treatment are documented in Appendix B.

Received "arriving"

In this situation, the MCU received a message warning that a user is ready to lock a bicycle
in a specific spot. The first situation illustrates the action of the controller when the spot
is vacant. Next, the same message, but for an occupied spot. The second situation should

not occur if the flags defined in the code are properly updated.

Message arrived from: [IPB/SmartParking/Sectorl/Spot2]
» msg: "arriving"

bikeinplace2 == false

» Arriving in [k2].

» Initiate locker routine.

Message arrived from: [IPB/SmartParking/Sectorl/Spot2]
» msg: "arriving"

bikeinplace2 == true

» Spot [k2] already occupied.

» Warn the virtual controller.
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Received "departing"

The same situations addressed above, but now the microcontroller received a message

warning that the user wishes to unlock its bicycle. Again, the second situation is not

expected to occur if the flags are correctly defined.

Else

Message arrived from: [IPB/SmartParking/Sectorl/Spot2]
» msg: "departing"

bikeinplace2 == true

» Departing from [k2].

» Initiate locker routine.

Message arrived from: [IPB/SmartParking/Sectorl/Spot2]
» msg: ‘'"departing"

bikeinplace2 == false

» Spot [k2] already empty.

» Warn the virtual controller.

It was also standardized that the virtual controller, cloud-connected Raspberry Pi,

publishes a message containing the user’s ID after the bicycle locking. Then, the

physical asset controller, ESP8266, reads it and publishes back for spots management

use.

Message arrived from: [IPB/SmartParking/Sectorl/Spot2]
» msg: 1ID

» ID: [msg].

» Publishing to: [IPB/SmartParking/ID] .
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Chapter 6

Conclusions and future work

Smart parking systems are a proper solution for many traffic-related large cities
problems such as air and noise pollution, fuel spendings and the resultant GHG
emissions, and the considerable drivers time spent searching for a vacant parking spot.
Considering this background scenario, Cyber-physical Systems emerge as a suitable
solution for the implementation of such systems. This work uses CPS allying IoT
techniques along with established embedded electronics materials to conceptualize the
deployment of a fully automated bicycle parking spot, working from an already deployed
multi-agent architecture.

To this end, this work first ensured proper communication using the implemented
MQTT protocol through WiFi means. Then, several options for the actuator’s project
obtained from the literature review or designed from scratch were explored, focusing on
its physical operation validation. These options then went through software tests such as
magnetostatics and electronic circuit simulations for the magnetic circuits and electronic
drivers, respectively. Previous works defined both the power supply as photovoltaic and
microcontrollers (ESP8266 and Raspberry Pi). This project dimensioned the photovoltaic
panels for electricity supply based on the expected electricity demand from the actuator,

MCU, and electronic drivers project. Also, it implemented ESP’s routine software.
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The results show that a set of different actuators are possible validated solutions for
the deployment of a bicycle’s smart parking. Stepper motors are recommended once
they provide safety and reliability but are considerably expensive, while crafted options
are cheaper but offer many implementation uncertainties and greatly add to the project
development’s time. The mechanical, electronic and magnetic validations are illustrated
in multiple figures and graphic plots obtained from SolidWorks, LT Spice, and FEMM
simulations. ESP’s routine seems to work as expected, reaching all the objectives defined
for this project during laboratory tests.

Initially, this project’s goal was to implement a complete automated spot for the
deployment of a Smart Parking System. Due to uncontrollable difficulties, pieces of the
project converted to validation, as stated in this document. From the agents to the
parking spot itself, this work successfully implemented communication between a cloud-
based Raspberry Pi and the physical asset controller ESP8266 using an MQTT broker as
an intermediate. Also, all routines of the PAC were coded and run as expected, including
sending and receiving messages, treating commands received from the cloud, and sending
PWM signals to the electronic actuators. The actuator options were validated through
3D design and magnetic simulation software, as well as a 3D printed prototype for the
linear-to-rotational mechanism, and the electronic circuitry was verified using circuits
simulation software.

Future work should treat this document as a source of inspiration and simulation
development. The future of this smart parking project would be a physical
implementation, not done here due to COVID-19 setbacks, and a full integration
between the low-level electronics and the cloud computing agent-based software. The
first step is to choose between the actuator options named here and deploy it, then move
on to testing the system and integrating it with the mobile application, ultimately
obtaining a functional arrangement. The ultimate goal is to implement and validate this
project both in the campus and society environments, so students from IPB or the

general public would have access to a reliable, safe, effective, and time-saving system.
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Appendix A

FEMM data

Table A.1: Mechanism’s magnetic simulation data from FEMM treated with UARM eq.

x (mm) F (N) F,.(N) a(m/s?) s (m/s) t (s) S t(s)

0.00  30.06 25.16 50.310  0.000000 0.000000 0.000000
0.50  30.31 2541 50.810 0.224299 0.004414 0.004414
1.00  30.50 25.60 51.190 0.317994 0.001830 0.006245
1.50  30.61 25.71 51.410 0.390269 0.001406 0.007651
2.00  30.79 25.89 51.770 0.451354 0.001180 0.008831
2,50  30.87 25.97 51.930 0.505460 0.001042 0.009872
3.00  30.85 25.95 51.890 0.554455 0.000944 0.010817
3.50  30.94 26.04 52.070 0.599425 0.000864 0.011680
4.00  30.82 25.92 51.830 0.641389 0.000810 0.012490
450  30.66 25.76 51.510 0.680595 0.000761 0.013251
5.00  30.52 25.62 51.230 0.717440 0.000719 0.013970
5.50  30.21 25.31 50.610 0.752296 0.000689 0.014659
6.00  29.90 25.00 49.990 0.785213 0.000658 0.015318
6.50  29.51 24.61 49.210 0.816425 0.000634 0.015952
7.00  29.13 24.23 48.450 0.846026 0.000611 0.016563
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7.50

8.00

9.00

9.50
10.00
10.50
11.00
11.50
12.00
12.50
13.00
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00
22.00
23.00
24.00
25.00
26.00
27.00
28.00
33.00

Table A.1 continued from previous page

28.62
28.04
26.71
26.06
25.39
24.76
24.09
23.46
22.85
22.33
21.72
20.68
19.70
18.76
17.98
17.18
16.46
15.80
15.15
14.54
13.96
13.44
12.91
12.43
11.98
11.53

9.56

23.72
23.14
21.81
21.16
20.49
19.86
19.19
18.56
17.95
17.43
16.82
15.78
14.80
13.86
13.08
12.28
11.56
10.90
10.25

9.64

9.06

8.54

8.01

7.53

7.08

6.63

4.66

47.430
46.270
43.610
42.310
40.970
39.710
38.370
37.110
35.890
34.850
33.630
31.550
29.590
27.710
26.150
24.550
23.110
21.790
20.490
19.270
18.110
17.070
16.010
15.050
14.150
13.250

9.310

0.874191
0.900911
0.950168
0.972846
0.994354
1.014746
1.034128
1.052516
1.070000
1.086642
1.102561
1.132652
1.160172
1.185403
1.208553
1.230000
1.249800
1.268156
1.285224
1.301069
1.315796
1.329489
1.342267
1.354142
1.365211
1.375536
1.422884

0.000594
0.000577
0.000549
0.000536
0.000525
0.000514
0.000505
0.000496
0.000487
0.000478
0.000473
0.000954
0.000930
0.000911
0.000885
0.000874
0.000857
0.000842
0.000833
0.000822
0.000813
0.000802
0.000798
0.000789
0.000782
0.000779
0.005086

0.017157
0.017734
0.018847
0.019383
0.019908
0.020421
0.020926
0.021422
0.021909
0.022387
0.022860
0.023814
0.024744
0.025654
0.026540
0.027413
0.028270
0.029112
0.029945
0.030768
0.031581
0.032383
0.033181
0.033970
0.034752
0.035532
0.040617
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38.00
43.00
44.00
45.00
46.00
47.00
48.00
49.00
50.00
51.00
52.00
53.00
54.00
55.00
56.00
57.00
58.00
68.00
78.00
88.00
98.00
108.00
118.00
128.00
138.00
148.00
158.00

Table A.1 continued from previous page

7.90
6.51
6.27
6.01
5.76
2.55
5.24
5.02
4.80
4.53
4.30
4.07
3.84
3.63
3.40
3.20
2.98
0.93
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

3.00

1.61

1.37

1.11

0.86

0.65

0.34

0.11
-0.11
-0.38
-0.61
-0.84
-1.07
-1.28
-1.51
-1.71
-1.93
-3.98
-4.91
-4.91
-4.91
-4.91
-4.91
-4.91
-4.91
-4.91
-4.91

5.990

3.210

2.730

2.210

1.710

1.290

0.670

0.230
-0.210
-0.750
-1.210
-1.670
-2.130
-2.550
-3.010
-3.410
-3.850
-7.950
-9.810
-9.810
-9.810
-9.810
-9.810
-9.810
-9.810
-9.810
-9.810

1.455232
1.475669
1.477843
1.479689
1.481182
1.482336
1.483206
1.483658
1.483813
1.483671
1.483166
1.482349
1.481222
1.479784
1.478060
1.476022
1.473710
1.447349
1.391337
1.318947
1.242345
1.160698
1.072856
0.977149
0.870988
0.749947
0.605161

0.005400
0.006367
0.000796
0.000835
0.000873
0.000895
0.001298
0.001964
0.000738
0.000189
0.000418
0.000489
0.000529
0.000564
0.000573
0.000598
0.000601
0.003316
0.005710
0.007379
0.007809
0.008323
0.008954
0.009756
0.010822
0.012339
0.014759

0.046018
0.052384
0.053181
0.054016
0.054889
0.055784
0.057082
0.059046
0.059784
0.059973
0.060390
0.060879
0.061408
0.061972
0.062545
0.063143
0.063743
0.067059
0.072769
0.080148
0.087957
0.096279
0.105234
0.114990
0.125812
0.138150
0.152909
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Appendix B

ESP8266 code

MCU receives message from MQTT topic

Only the code for a single spot is shown here since the others are copies replacing, for
example, topic_subl for topic_sub2. The code and indentation are simplified to save

space.

void callback(char* topic, bytex payload, unsigned int length) {

String msg = toString(payload, length); // Translate the message to String

if (topic = topic_subl) {
if (msg == arriving k) {
if (statel == true && bikeinplacel == false) {
Serial.println(">> Arriving in [k1].\n");
bikeinplacel = true;
}
else if (statel == false && bikeinplacel == false) {
locker(1);
statel = true;
Serial.println(">> Arriving in [k1].\n");

bikeinplacel = true;
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}
else {

Serial.println(">> Spot [k1] already occupied.\n");

}
else if (msg == departuring k) {
if (statel == false && bikeinplacel == true) {
locker(1);
statel = true;
bikeinplacel = false;
Serial.println(">> Departuring from [k1].\n");
}
else if (statel == true && bikeinplacel == true) {
Serial.println(">> Spot [kl] already openned.\n");
+
else {

Serial.println(">> Spot [k1l] already empty.\n");

}
else {
Serial.print(">> ID: [");
Serial.print(msg) ;
Serial.println("] ");
String ID_kl1 = msg;
String topic_publish = "IPB/SmartParking/" + msg;

client.publish((char*) topic_publish.c_str(), (char*) msg.c_str());
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Functions locker() and verify_ spots()

Functions to respectively feed the solenoid’s winding for a time and verify the spots
availability. The variable timetotap is an int defined in milliseconds and consists of
the time demanded for the locker’s proper mechanical operation. The redundant code is

simplified to save space.

void locker(int k) {
switch (k) {
case 1:
analogWrite(D1, duty);
delay(timetotap) ;
break;

case 2:

case 3:

default:
Serial.println("Unknown error in switch case (locker function).");

break;

void verify_spots() {
if (pushbutton = true) {
if (digitalRead(D5) == HIGH) {
bikeinplacel = true;
statel = false;

Serial.println("There is a parked bike in spot [k1]");
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if (digitalRead(D6) == HIGH) {

}
if (digitalRead(D7)

HIGH) {

b
b
else {
if (digitalRead(D5) == LOW) {
bikeinplacel = true;
statel = false;
Serial.println("There is no parked bike in spot [k1]");
b
if (digitalRead(D6) == LOW) {
}
if (digitalRead(D7) == LOW) {
}
b
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