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Resumo

As cidades que aplicam os dados recolhidos por sensores e dispostivos eletrónicos na sua gestão
de recursos e serviços são conhecidas por cidades inteligentes (smart-cities). A introdução deste
conceito remonta aos anos 70 do século XX (“A Cluster Analysis of Los Angeles”), mas encontra-
se hoje mais atual do que nunca. Barcelona e Amesterdão são exemplos de cidades que começam a
recolher dados de forma a gerir os seus recursos e operações de forma eficiente, como a iluminação
pública ou estacionamento inteligente.

Relacionado com a ideia de cidade inteligente, a sustentabilidade urbana é também foco de
diversas cimeiras e encontros internacionais. A utilização de fontes de energia renováveis ou de
meios de transporte “zero emissões” são implementações práticas deste conceito.

Deste modo, a Pavnext desenvolveu e patenteou a nível internacional um sistema de energy
harvesting para aplicação em pavimentos rodoviários. Este sistema permite, em primeiro lugar,
reduzir a velocidade de circulação de veículos sem depender da ação dos condutores e sem indu-
zir impacto nos veículos, funcionando pela extração de energia cinética de veículos de forma não
agressiva para os condutores e demais ocupantes. A energia captada é depois convertida em ener-
gia elétrica, com uma elevada eficiência de conversão, através da mesma tecnologia. Esta energia
pode depois ser utilizada para diversas aplicações, quer no local, quer em diferentes pontos de con-
sumo (sustentabilidade). Para além disto, foi desenvolvido um sistema que permite monitorizar
múltiplos dados de tráfego e energia, os quais poderão ser utilizados para otimização de recursos
energéticos e para melhorar os níveis de gestão da cidade, segundo a ideia de smart city.

O trabalho desenvolvido consiste num sistema de monitorização e informação que permite
registar e comunicar os dados adquiridos pelos vários sensores implementados nos módulos da
Pavnext. A componente local-master comunica com os vários módulos aplicados no pavimento,
que funcionam como slaves, criando assim uma estrutura master-slave, escalável para algumas
dezenas de módulos. Múltiplos local-master reportam a informação a um master que a reencami-
nha para uma gateway LoRa. Os dados recebidos no master são enviados para uma base de dados,
sendo devidamente processados e apresentados numa aplicação web.

A arquitetura sugerida e implementada foi testada e avaliada nos protótipos da Pavnext, tendo
sido obtidos os resultados pretendidos – fazer chegar a informação recolhida aquando da ativação
dos módulos à aplicação de apresentação de dados.
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Abstract

Cities that apply data collected by sensors and electronic devices in their management of resources
and services are known as smart-cities. The introduction of this concept goes back to the 70th
decade of the last century (“A Cluster Analysis of Los Angeles”), but it is part of our lives now
more than ever. Barcelona and Amsterdam are examples of cities that started gathering data to
manage resources and operations in an efficient way, like streetlights or smart parking.

Related with the idea of smart-city, urban sustainability is the theme of several summits and
international meetings. Renewable energy sources or zero-emission transport are practical imple-
mentations of this concept.

Considering this, Pavnext developed and patented internationally an energy harvesting system
for road pavements. This system allows the reduction of vehicles’ speed without the driver’s
action while avoiding damage to the vehicle, by extracting its kinetic energy in a non-aggressive
way. The energy gathered is converted, with a high efficiency rate, in electric energy, which can be
used in many applications, either locally or not (sustainability). Furthermore, a traffic and energy
data monitoring system was developed, which can be used to optimize energy resources and to
improve the city’s management, following the idea of smart-city.

The work developed consists of a monitoring and information system, responsible for stor-
ing and communicating the data acquired by the sensors implemented in Pavnext’s modules. The
local-master component communicates with the modules in the pavement who act as slaves, es-
tablishing a master-slave structure that is scalable for numerous elements. Multiple local-master
report the information to a master. The data received by the master is forwarded to a LoRa gate-
way. The gateway sends the data to a database, which is later processed and displayed in a web
application.

The architecture suggested and implemented was tested and evaluated in Pavnext’s prototypes
and the intended results were obtained – getting the information collected when activating the
modules to the data presentation application.
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Chapter 1

Introduction

Pavnext’s prototypes are capable of generating electrical energy from vehicle’s mechanical actua-

tion of the hydraulic system. However, it lacks an architecture capable of getting the data from the

ground to a graphical interface. This thesis will describe how that system was implemented, from

the hardware to the software behind its operation.

1.1 Motivation

The smart city concept has became a prominent idea when planning a city’s future and its man-

agement of resources and services. Road safety has been improving with the introducing of traffic

safety measures in zones around schools, hospitals and residential areas. These measures are

accomplished with the implementation of speed reduction techniques, such as speed bumps.

The Internet of Things can help this technologies reach another level, by providing useful

data to the city’s administration and citizens. By combining different structures a network of

information can be formed, maximizing the city’s efficiency and organization. It can be applied in

situations such as traffic control and energy monitoring.

1.2 Objectives

As referenced earlier, Pavnext’s solution lacks an infrastructure that gathers the information about

a passing vehicle – its speed and energy generated – and presents it to its administrator. This

project aims to fulfil that gap, increasing the product’s value to potential stakeholders, such as

cities interested in the smart city concept.

1.3 Conception

The hardware that was used in the system was selected after comparing the solutions available on

the market. Circuit boards were projected, printed and soldered in order to assemble the subsys-

tems into a compact and reliable design.

1



2 Introduction

Once the scope of the project was determined, tests started being performed, evaluating the

prototype’s mechanical behaviour and its generation of energy. Then, as each subsystem was

developed, it was integrated into the system and its functionalities properly assessed.

1.4 Thesis outline

The thesis is structured as follows:

1. Chapter 2 presents the relevant state of the art, focusing on Road Pavement Energy Har-

vesting technologies, traffic monitoring systems in smart-cities, IoT solutions, data process-

ing/storage and databases, servers and hosting;

2. Chapter 3 presents a description of the work developed, detailing its software and hardware

implementation;

3. Chapter 4 presents the results of the tests performed;

4. Chapter 5 concludes this report.



Chapter 2

State of the art

In this chapter, several Pavement Energy Harvesting technologies based on solar power or vehi-

cles’ mechanical energy will be introduced. Then, traffic monitoring systems in smart cities will be

addressed given the importance of road safety in urban areas and the increasing traffic congestion.

The project’s specifications require an acquisition system capable of estimating the energy gen-

erated by vehicles, so data/signal acquisition and local/global processing and storage technologies

are addressed.

Lastly, IoT and database solutions are compared, drawing conclusions about their advantages

and disadvantages.

2.1 Road Pavement Energy Harvesting

Sustainability is the idea behind many technological solutions developed in the last decades. En-

ergy harvesting is one of the implementations of this concept, which can be described as the con-

version of ambient energy present in the environment into electrical energy, typically generating

power in the range of micro to milli-watts [11].

Based on works from Dawson et al. [5], Duarte and Ferreira [1] and Wang et al. [12], Wenjuan

Sun et al. [7] summarized energy harvesting technologies for sustainable pavements.

The main sources of energy associated with Pavement Energy Harvesting are the continuous

exposition of road pavements to solar radiation and vehicles loads [1], as depicted in figure 2.1.

2.1.1 Solar energy harvesting on road pavements

The demonstration of the photovoltaic effect by Edmond Becquerel in 1839 was followed by

Charles Fritts invention of the first photovoltaic cell in 1883, with an efficiency of 1%. The fol-

lowing decades were rich in technological development and less than a century later, in 1958, it

started being used to power space exploration equipment, specifically by the Earth-orbiting satel-

lite Vanguard 1 [13].

3



4 State of the art

Solar energy

Road pavement 
energy harvesting

Vehicle mechanical
energy

Solar radiation
(road surface)

Thermal
gradients

Vibration or surface
displacement

TEG ASCPhotovoltaic
cells

MEMS 
harvesting

Hydraulic / pneumatic
harvesting

Electromechanical 
harvesting

Electromagnetic 
generation

Piezoelectric 
generation

Figure 2.1: Road Pavement Energy Harvesting technologies (adapted from [1])

Solar energy harvesting is often associated with the photovoltaic effect and solar cells, but

other methods can be implemented, as shown in the left side of diagram 2.1. Figure 2.2 ex-

tracted from [7] depicts the most prevalent methods to harvest solar energy, based on patent

US7317405B2 [2] and works from Dawson et al. [5], Efthymiou et. al [3], Poon [4] and Gar-

cía and Partl [6].

porous rubber layers [53]. Northmore and Tighe studied the
performance of a pavement with a transparent surface
with an embedded solar cell through a �nite element
model of various structure designs. �ey believed that
a solar pavement can be designed to withstand the tra�c
load [54]. Qin et al. established a small-scale pilot project
on the use of pavement solar energy with an automatic
data-acquisition system and evaluated the e�ectiveness of
pavement solar systems in energy conversion [55]. De-
spite the aforementioned exploratory studies, photo-
electric roads are still not ready for practical applications
yet due to high installation costs and concerns about
potential short service life.

Pavement solar collectors with the embedding pipe
system collect heat due to solar radiations with the pipe
system in the asphalt pavement structure and store as electric
energy, depicted in Figure 6(c). �e design uses similar pipe
systems as in the design of geothermal energy harvesting,
with the harvested thermal energy generated from solar
radiations rather than from a geothermal source. �e �rst
pavement solar collector with embedded pipe systems was
implemented by Sedgwick and Patrick with a grid of plastic

pipes 20mm underneath the asphalt surface in a tennis
court, demonstrating a relatively constant temperature [60].
Wu et al. proposed the use of black asphalt pavements as
solar collectors for direct cooling and heating in snow re-
moval in the winter [61]. Major problems are to maintain
temperature in the pipe system and to eliminate pipe
clogging over time. �ere are many factors a�ecting the heat
collecting e�ect, including the latitude of pavement, the
albedo of the surface layer, the diameter, distance, and burial
depth of pips, and the emissivity and thermal conductivity of
the surface layer [62]. Pavements at a low latitude are usually
exposed to greater solar radiations; therefore, the bene�t of
solar pavements increases with a decrease of latitude [63].
On the contrary, albedo has a great in�uence on the per-
formance of the solar energy harvester, as the temperature of
pavement surface increases with albedo [64]. In addition, to
maximize the energy harvesting e�ciency, the pipe diameter
and burial depth need to be carefully selected, with the �uid
velocity setting in an optimal range [59]. It is worth men-
tioning that solar energy projects along roadways raise some
new concerns, such as safety concerns due to the re�ection
and glint e�ects [65].

Pavement

Solar
panel

(a)

Concrete layerSolar panel

High strength
transparent

layer 

(b)

Pavement

Water pump
Pumping fluid/gas through

pipes embedded in the
pavement

Solar heating element
Insulated reservoir
increases fluid/gas

temperature as required

Providing hot fluid/gas for
heating/fluid turbine to

generate electricity 
Outputting hot fluid/gas flow 

Insulated
reservoir 

(c)

Figure 6: Solar energy harvesting technologies for pavements: (a) solar panel (based on [56]), (b) photovoltaic pavement (based on [57, 58]),
and (c) heat extraction with the piping system (�uid/gas) in pavements (based on [10, 59]).
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Figure 2.2: Solar energy harvesting technologies for pavements: (a) solar panel (based on [2]), (b)
photovoltaic pavement (based on [3, 4]), and (c) heat extraction with the piping system (fluid/gas)
in pavements (based on [5, 6]) (extracted from [7])



2.1 Road Pavement Energy Harvesting 5

2.1.1.1 Photovoltaic technology

The installation of solar panels along roadways to power up road signs, such as traffic lights or

speed limits signals is common nowadays. An example is depicted in figures 2.2 (a) and 2.3 from

Soltráfego1.

Figure 2.3: Solar-energy-powered traffic sign from Soltráfego (extracted from Soltráfego1)

A different approach was followed by SolaRoad that developed a photovoltaic pavement sur-

face (2.2 (b)) and implemented it in a bicycle path in 2014. Later, in 2019, it was tested in road

pavements, as seen in figure 2.4 from SolaRoad2. Despite the technological advance imposed by

this invention, the real-world implementation faced some criticism because of the damage it suf-

fered in the following years and was removed in November 2020 [14]. A similar approach was

followed by Solar Roadways [15].

Figure 2.4: SolaRoad’s photovoltaic pavement surface in Haarlemmermeer (NL), 2019 (extracted
from SolaRoad2)

Due to its functional specification, photovoltaic technology is limited by atmospheric and

illumination conditions. Despite this, it is considered to have the greatest peak productivity among

all other technologies [7, 16].

2.1.1.2 Thermal gradients

Duarte and Ferreira [1] and Wenjuan Sun et al. [7] studied technologies to harvest solar energy

using the thermal gradients registered in pavements, such as asphalt solar collectors (ASC) and

thermoelectric generators (TEGs).

1 Soltráfego’s website
2 SolaRoad’s website

http://www.soltrafego.pt
https://en.solaroad.nl
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Asphalt solar collectors technology

In order to harvest the thermal energy generated by the absorption of solar radiation by road

pavements, a heat extraction method using the piping system has been studied (Bobes-Jesus et

al. [17]), as depicted in figure 2.2 (c) from [7].

New applications for ASCs other than merely generating electricity have been proposed. Nasir

et al. 2020 [18] and Chiarelli et al. [19] studied the effect of ASC in urban heat island (UHI), a

phenomena that occurs when “a metropolitan area is a lot warmer than the rural areas surrounding

it” (National Geographic: Urban heat island3), up to 8 °C difference (Nasir et al. 2015 [20]). The

study concluded that “the ambient air temperature within the urban canyon was reduced by up

to 4.67 °C and the surface was reduced up to 27% as a result of the addition of the urban road

pavement solar collector” [18].

De-icing techniques have also been developed using thermal energy harvested from pavements

and applied in Switzerland (SERSO system) and the Netherlands (RES, 2007) [1].

Thermoelectric technology

Temperature differences between two points of a conductive material cause the electromotive

force behind the Seebeck effect [21], which can be used by TEGs to produce electrical energy.

Guo and Lu [22] identified two methods to harvest energy from pavements using thermoelectric

technologies: a) pipe systems and b) thermoelectric modules in the pavement.

Hasebe et al. [23] obtained an output of 5 W with ∇T = 40.5°C using a TEG and a water

piping system incorporated into the pavement.

Rohani et al. [24] tested a thermoelectric energy harvesting system both theoretical and exper-

imentally with a prototype. The system is composed of a TEG and thermally conductive rods for

heat transfer. Different generators, circuits and rod designs where investigated, obtaining 42 mW

with ∇T = 47.8°C using the best device configuration.

Multiple studies have been conducted and other system implemented. However, the potential

damage to the infrastructure and the low conversion rate of this technology make it not market-

ready as of now [1, 22].

2.1.2 Vehicles’ mechanical energy harvesting on road pavements

Road pavements are subject to mechanical forces caused by moving vehicles, inducing vibration

or surface displacement. Different technologies can be applied to harvest the energy generated

during this process: piezoelectric and electromagnetic.

3 National Geographic: Urban heat island

https://www.nationalgeographic.org/encyclopedia/urban-heat-island/
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2.1.2.1 Piezoelectric technology

The mechanical stress applied to certain materials is responsible for the generation of an electric

charge, a phenomena known as the piezoelectric effect [25].

Duarte et al. [1] and Correia and Ferreira [26] performed a literature review on the development

of piezoelectric technologies that can be applied to energy harvesting on pavements.

Zhao et al. [27] developed a solution that generated 1.2 mW at 20 Hz with a conversion ef-

ficiency lower than 15% for one vehicle passage. Wang et al. [28] obtained 50.41 mW during

experiments of their design.

Different patents have been registered in this domain, which are described in table 2.1.

Table 2.1: Patents’ description

Patent no. Title Authors Year

WO2009098676A1 [29] Energy harvesting

Haim Abramovich,
Eugeny Harash,
Charles Milgrom

and Uri Amit

2009

CA2715129C [30]
Energy harvesting from

roads and airport runways

Haim Abramovich,
Eugeny Harash,

Charles Milgrom,
Uri Amit

and Lucy Edery Azulay

2011

WO2015157377A1 [31]
Piezoelectric energy harvesting

systems and methods
Ira L. Campbell 2015

CN112468019A [32]
Road surface impact energy harvesting

device and calculation method
Xiaoguang Yua 2021

2.1.2.2 Electromagnetic technology

Another approach to generate electrical energy from vehicles are electromagnetic generators based

on Faraday’s law. This law states that an electric current is induced if an electric conductor is

moved in relation to a magnetic field. The harvesting system can be based on hydraulic, pneumatic,

electromechanical or microelectromechanical (MEM) systems.

2.1.2.3 Pavement Energy Harvesting technologies comparison

Table 2.2 – based on [12] – compares the different energy harvesting technologies, identifying

their advantages and disadvantages.

2.1.3 Energy monitoring systems

The Pavement Energy Harvesting technologies discussed usually include a monitoring system

capable of estimating the energy produced. Al-Turjman et al. [33] divided energy monitoring

technologies in two categories:
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Table 2.2: Pavement Energy Harvesting technologies comparison

Technology Advantage Disadvantage
Photovoltaic High energy output High cost; fragility to traffic loading

Thermal gradients
(ASC | TEG)

Wide applicability (e.g. de-icing)
UHI mitigation

Low efficiency
High cost per unit

Piezoelectric Mature technology (research and patents) High cost for high energy output
Electromagnetic Small size; does not require voltage to operate Low voltage output

• Direct sensing: electric current and voltage are measured directly;

• Indirect sensing: the emitted energy is measured using interference engines, such as mag-

netic or acoustic sensors:

– Magnetic sensors: detect changes in the magnetic field around the input power cable

of the appliance and reports the amount of energy used;

– Acoustic sensors: analyse the noise pattern of an appliance to determine its usage

status. For example, a drop on the sound level can be perceived as the termination of

the appliance.

Gopal et al. [34] proposed a IoT based solar power monitoring system using the direct sensing

paradigm. The acquisition system was composed of voltage and current sensors connected to an

Arduino Uno that was attached to a ESP8266 that provided data to a mobile application.

2.2 Traffic monitoring systems in smart cities

In the scope of the smart city concept, traffic management technologies have been developed in

the last decades. Timed traffic lights have progressively been replaced by automatic algorithms

to reduce the impact of transport on the urban environment, such as pollution caused by vehicles

waiting unnecessarily for permission to cross [35]. Reducing traffic congestion and bumper-to-

bumper situations leads to less consumption of fuel [36].

Traffic management is accomplished recurring to traffic monitoring systems capable of count-

ing the number of cars, their frequency, direction, etc. Intrusive and non-intrusive sensing methods

were identified by Omar et al. [37]. The former is composed of sensors installed on the asphalt,

such as pneumatic road tubes or weigh-in-motion sensors. Non-intrusive technologies can be

cameras and the associated image processing system, radar (laser or microwave), etc.

Omar et al. [37] proposed a traffic congestion monitoring and control system to be imple-

mented in an intersection using a camera and a microcontroller.

Considering the limitations of fixed cameras’ field of view, resulting in blind spots that can

not be covered, Frías et al. [38] proposed a cooperative system using Unmanned Aerial Vehicles

(UAVs). The algorithm calculates and sends to each vehicle its 2D real-world position, maximiz-

ing the driver’s information about its surroundings.
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Latif el al. [39] proposed an intelligent traffic monitoring and guidance system by using graph

theory, formal methods and IoT.

Traffic Flow Monitoring Systems (TFMSs) have been used in situations such as vehicle loca-

tion and theft prevention and to anticipate traffic congestion. TFMSs are part of the Intelligent

Transportation System (ITS) concept, which aims to improve smart cities movement, security and

road’s throughput [40]. ITSs can implemented using the traffic signal control system, automatic

number plate recognition, speed cameras, closed-circuit television (CCTV) systems, vehicle-to-

everything (V2X) communication and Roadside Units (RSUs) [41].

The RSU processes and analyses data from cameras and radars in order to help optimize

traffic flow and improve passenger and pedestrian safety [40]. Zheng et al. [42] studied the RSU

placement problem for the TFMS, namely the minimum number of RSUs to place in order to

maintain efficiency.

Urban mobility has been a decisive point when choosing where to live. City residents are

tired of wasting time commuting on endless traffic jams. In February 2020, during her re-election

campaign, Mayor Anne Hidalgo emphasized the importance of making Paris a 15 minute city.

Introduced by Carlos Moreno, in this concept residents are able to meet most of their needs within

a short walk or bicycle ride from their homes [43]. Moreno proposed four guiding principles:

ecology, proximity, solidarity and participation [44].

2.3 IoT solutions

The Internet of things (IoT) as a concept does not have a standard definition, but it can be described

as the network that links things – electronic devices, components, etc. – that carry sensors/actua-

tors and that are connected to the Internet.

Since IoT has not been standardized as of now, there is not a definite structure to implement

it. Sethi and Sarangi’s [8] research concluded that two different architectures can describe its

behaviour, as depicted in figure 2.5 from [8].2 Journal of Electrical and Computer Engineering

Application 
layer

Network
layer

Perception
layer

Business layer

Application layer

Processing layer

Transport layer

Perception layer

A B

Figure 1: Architecture of IoT (A: three layers) (B: five layers).

rates of distortion and are unreliable. In this scenario reliably
communicating data without too many retransmissions is an
important problem and thus communication technologies
are integral to the study of IoT devices.

Now, after processing the received data, some action
needs to be taken on the basis of the derived inferences. The
nature of actions can be diverse. We can directly modify the
physical world through actuators. Or we may do something
virtually. For example, we can send some information to other
smart things.

The process of effecting a change in the physical world
is often dependent on its state at that point of time. This
is called context awareness. Each action is taken keeping in
consideration the context because an application can behave
differently in different contexts. For example, a person may
not like messages from his office to interrupt him when he is
on vacation.

Sensors, actuators, compute servers, and the commu-
nication network form the core infrastructure of an IoT
framework. However, there are many software aspects that
need to be considered. First, we need a middleware that can
be used to connect and manage all of these heterogeneous
components. We need a lot of standardization to connect
many different devices.We shall discussmethods to exchange
information and prevailing standards in Section 7.

The Internet ofThings finds various applications in health
care, fitness, education, entertainment, social life, energy
conservation, environment monitoring, home automation,
and transport systems. We shall focus on these application
areas in Section 9. We shall find that, in all these application
areas, IoT technologies have significantly been able to reduce
human effort and improve the quality of life.

2. Architecture of IoT

There is no single consensus on architecture for IoT, which
is agreed universally. Different architectures have been pro-
posed by different researchers.

2.1. Three- and Five-Layer Architectures. The most basic
architecture is a three-layer architecture [3–5] as shown in

Figure 1. It was introduced in the early stages of research in
this area. It has three layers, namely, the perception, network,
and application layers.

(i) The perception layer is the physical layer, which has
sensors for sensing and gathering information about
the environment. It senses some physical parameters
or identifies other smart objects in the environment.

(ii) The network layer is responsible for connecting to
other smart things, network devices, and servers. Its
features are also used for transmitting and processing
sensor data.

(iii) The application layer is responsible for delivering
application specific services to the user. It defines
various applications in which the Internet of Things
can be deployed, for example, smart homes, smart
cities, and smart health.

The three-layer architecture defines the main idea of the
Internet of Things, but it is not sufficient for research on
IoT because research often focuses on finer aspects of the
Internet of Things. That is why, we have many more layered
architectures proposed in the literature. One is the five-
layer architecture, which additionally includes the processing
and business layers [3–6]. The five layers are perception,
transport, processing, application, and business layers (see
Figure 1). The role of the perception and application layers
is the same as the architecture with three layers. We outline
the function of the remaining three layers.

(i) The transport layer transfers the sensor data from
the perception layer to the processing layer and vice
versa through networks such as wireless, 3G, LAN,
Bluetooth, RFID, and NFC.

(ii) The processing layer is also known as the middleware
layer. It stores, analyzes, and processes huge amounts
of data that comes from the transport layer. It can
manage and provide a diverse set of services to the
lower layers. It employs many technologies such as
databases, cloud computing, and big data processing
modules.

Figure 2.5: Architecture of IoT (A: three layers) (B: five layers) (extracted from [8])
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The three-layer architecture consists of the following layers:

1. The perception layer is composed of sensors and gathers information about the environment;

2. The network layer connects the nodes and is responsible for the transmission of data;

3. The application layer delivers the data to the end user.

Sethi and Sarangi considered that the three-layer architecture lacked precision as technology

evolved, so they proposed a new five-layer model, as seen in figure 2.5 b):

1. The transport layer acts as the bridge between the perception and processing layers, and

can be implemented on top of protocols such as 3/4/5G or short (e.g., Bluetooth, Wi-Fi and

ZigBee) to long (e.g., LoRaWan, Sigfox and NB-IoT) range wireless protocols;

2. The processing layer is responsible for storing, analysing and filtering the data from the

sensors, resorting to databases or the cloud;

3. The business layer supervises the lower levels and assures user’s security and privacy.

Mocnej et al. [9] proposed an unified protocol stack with five layers – physical, data link,

network, transport and application – that synthesizes the most prevalent technologies used in the

IoT, as depicted in figure 2.6 from [9].
26 Internet of Things Unified Protocol Stack

Fig. 1 Protocol stack of IoT network technologies.

• Topology – characterizes the layout structure of a net-
work.

• Standardisation – describes whether the technology
is open or proprietary.

• Governing body – identifies who manages the tech-
nology.

The characteristics were chosen according to their infor-
mation potential when selecting a suitable technology for a
specific use case. The diversity of IoT solutions demands
for different communication distances (Range), the volume
of transferred data (Data rate), as well as energy capabili-
ties of devices (Battery life). Moreover, the communication
among devices can be single-hop or multi-hop (Topology)
and we also have to consider whether the utilization of a
technology must be licensed or not (Frequency band). Be-
sides, the usefulness of a technology also depends on its
author(s) (Governing body) and who can contribute to new
improvements (Standardisation).

As the communication network technologies have been
described by many researchers in great detail, we shall not
repeat the published work. Instead, we present the follow-
ing subsections with the aim to provide a general overview
of the IoT technologies and include the references to other
papers where more information can be found.

3.1. Short range networks

Short range networks use wireless technologies that
communicate over ranges of a few centimetres up to hun-
dreds of metres. These include close range contact-
less data transfer technologies, wireless personal area net-
works (WPANs) as well as, wireless local area networks
(WLANs).

• RFID – Radio Frequency IDentification forms a crit-
ical component of the IoT concept when it was first
introduced in 1999 by Kevin Ashton [1]. The falling
price of passive RFID tags has enabled the rapid pro-
liferation of this technology into all kinds of tracking
and monitoring applications, securing its place in IoT
again [35–37].

• NFC – based on the technology used for RFID, Near
Field Communication [14,38,39] has found its usage

in the IoT paradigm as well. NFC operates in three
modes – card emulation, reader/writer, and P2P, of-
fering the information about the objects “by touch”.

• BLE – Bluetooth Low Energy [15,40,41], also called
Bluetooth Smart, has been designed for ultra-low-
power applications, which makes it ideal for connect-
ing devices within a small range. In addition, due
to the popularity of BLE, the most salient challenges
(for instance, communication over IPv6 [11]) are be-
ing addressed constantly in order to improve the tech-
nology even more.

• Ant – Ant is a proprietary protocol designed for long-
term monitoring applications [16]. It specifies the
physical, data link, and network layers. The appli-
cation layer is provided by Ant+ [42], the extension
that standardises communication between different
devices.

• EnOcean – EnOcean is an energy harvesting tech-
nology for home and building automation, but also
adapted to other domains. EnOcean devices can be
battery-free and therefore the protocol must be sim-
ple and lightweight [17, 43].

• Z-Wave – intended primarily for the smart home ap-
plication domain, Z-Wave is a protocol used for home
monitoring and control [18, 44, 45]. Many manufac-
turers have decided to implement Z-Wave into their
products because of its features and wide support.

• Insteon – Insteon is a home automation technology
based on dual-mesh topology, which is a combination
of wireless radio frequency and existing electrical
wiring [19, 46]. Although the protocol is completely
proprietary, it has found its use in many homes.

• ZigBee – ZigBee [20,47,48] is a standard-based net-
work protocol built on IEEE 802.15.14 physical and
data link layer, and is often incorrectly used as a
generic reference to IEEE 802.15.4 radios. Based on
the different networking system requirements, Zig-
bee Alliance offers three specifications – ZigBee
PRO, ZigBee RF4CE, and ZigBee IP, all designed

ISSN 1335-8243 (print) c© 2019 FEI TUKE ISSN 1338-3957 (online), www.aei.tuke.sk

Figure 2.6: Protocol stack of IoT network technologies (extracted from [9])

Table 2.3 compares different wireless communication protocols, following the studies from

Mocnej et al. [9], Al-Sarawi et al [45] and Lauridsen et al. [46]. The comparison criteria was:

• Frequency band – interval in the frequency domain;

• Range – communication distance covered by the technology;

• Data rate – maximum number of bits transferred per unit of time;

As seen in figure 2.6 and table 2.3, the IoT suffers from platform fragmentation, caused by

the different technologies that can be used in the things network. The lack of standardization

hinders the implementation of stable and secure ecosystems and makes difficult the interoperabil-

ity of systems, but allows the user to select the most suitable and fitting solution to the desired

application.
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Table 2.3: IoT wireless communication protocols

Technology Frequency Band Range Data rate
Bluetooth [9] 2.4 GHz 10 – 100 m 1 Mbps

Wi-Fi [47]
2.4 GHz (IEEE 802.11)

6 GHz (IEEE 802.11ax-2021)
10 m – 1 km

1 Mbit/s (IEEE 802.11)
9608 Mbit/s (IEEE 802.11ax-2021)

ZigBee [9] 2.4 GHz 10 – 100 m 250 kbps
LoRaWan [9] 868 MHz (Europe) 10 km+ 27 kbps

Sigfox [45] 868 MHz (Europe) 10 – 50 km
100 bps (Uplink)

600 bps (Downlink)

2.4 Data processing and storage

The data gathered by information systems, such as the IoT, can be processed recurring to two

distinct paradigms: edge and cloud computing. The difference between them is determined by the

location where workloads are run.

Edge computing
The edge topology moves the computation, storage and networking closer to the source of data,

decentralizing the system’s workload. This concept was introduced as a solution to the network

bandwidth overload and latency created by the increase of IoT devices.

Cloud computing
Cloud services are provided by a centralized system consisting of data centres available on the

Internet. It can be used to store, process, compute and analyse massive amounts of data, without

expensive hardware at the location where it is obtained.

Comparison
The edge topology architecture is inherently more private and secure, due to its distributed ap-

proach. In terms of scalability, the variety of devices in an edge configuration makes flexibility

challenging to achieve.

Fog computing
There are systems that require features from both edge and cloud computing. To answer this, the

fog paradigm was introduced. It compensates the lack of processing capacity of edge devices and

reduces bandwidth problems associated with the cloud.

2.5 Databases, server and hosting

Databases can be hosted using two approaches: locally or by third party services responsible

for hosting and maintaining the database. For this purpose, a survey was conducted of some of

the most used solutions on the market, including IoT specific frameworks. Table 2.4 shows the
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comparison between different hosting services that could be used to support the database. These

comparison includes:

• The software used to implement the database (DBMS - database management system);

• The free-plan server capacity (either storage or write/read capacity);

• Pros and cons of the solution.

Table 2.4: Comparison between different hosting services

Hosting Service DBMS Capacity (free plan) Pros Cons

Heroku PostgresSQL
512MB

10k rows

Polyglot platform
(Java, Node.js,
Scala, Clojure,

Python, PHP, Go, etc.)

Has a limited
free tier

Amazon RDS

PostgreSQL,
mariaDB,
MySQL,

Amazon Aura,
Oracle and

Microsoft SQL Server

20GB
12 months

Supports multiple
languages

Has a limited
free use time

MongoDB
Atlas

NoSQL 512MB
Fast Deployment

Strong Community

Less flexibility
in queries

Paywalls in
query functions

Google Cloud
Firestore

NoSQL
1GB storage
(50k reads

and 20k writes)

Strong Community
Large capacity for free

Limited
querying capabilities

Redis Labs NoSQL 30 MB

Ranked the 4th
NoSQL database in
user satisfaction and

market presence (reliable)

Limited free
plan capacity

FEUP’s
Database Server

PostgresSQL
or MariaDB

–
No limit

Free (for students)
No server

downtime guarantees

2.6 Conclusion

This chapter started by introducing different Pavement Energy Harvesting technologies. Based

on the classification presented, Pavnext’s system can be placed in the category of electromagnetic

generation – a hydraulic system with mechanical actuation – one of the technologies with the

biggest development in the past years.

Then, the increasing interest in the smart city concept in modern urban areas was covered, with

focus on traffic monitoring systems that help improving safety and reduce traffic congestion. Other

than that, the amount of data that can be useful to cities’ administrations is also an emergent topic

in today’s age of information, creating a huge opportunity to projects that know how to conciliate

innovation and efficiency, attracting investment.
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IoT applications have seen an increase usage for the past years. Cisco’s Annual Internet Report

(2018–2023)4 estimates that by the end of 2021, 10.6 billions of IoT connections will be registered.

Home applications represent the vast majority of use cases – home automation, home security and

video surveillance. Figure 2.7 from 4 depicts the expected growth of IoT connections by 2023.

White paper
Cisco public

C.	 M2M applications across many industries accelerate IoT growth
Internet of Things (IoT) have become a prevalent system in which people, processes, data, and things connect to the 
Internet and each other. Globally, M2M connections will grow 2.4-fold, from 6.1 billion in 2018 to 14.7 billion by 2023 
(Figure 4). There will be 1.8 M2M connections for each member of the global population by 2023. 

Figure 4.	 Global M2M connection growth
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Source: Cisco Annual Internet Report, 2018–2023

Connected home applications, such as home automation, home security and video surveillance, connected white 
goods, and tracking applications, will represent 48 percent, or nearly half, of the total M2M connections by 2023, 
showing the pervasiveness of M2M in our lives (Figure 5). Connected car applications such as fleet management, in-
vehicle entertainment systems, emergency calling, Internet, vehicle diagnostics and navigation etc. will be the fastest-
growing category, at a 30 percent CAGR. Connected cities applications will have the second-fastest growth, at 26 
percent CAGR.

Figure 5.	 Global M2M connection growth by industries
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While traditionally the traffic from M2M connections has been less than that from the end user devices such as 
smartphones, TV sets and PCs, we estimate that the amount of traffic is growing faster than the number of connections 
because of the increase of deployment of video applications on M2M connections and the increased use of applications, 
such as telemedicine and smart car navigation systems, which require greater bandwidth and lower latency.

© 2020 Cisco and/or its affiliates. All rights reserved.

Figure 2.7: Global M2M connection growth by industries (extracted from 4)

4 Cisco’s Annual Internet Report (2018–2023)

https://www.cisco.com/c/en/us/solutions/collateral/executive-perspectives/annual-internet-report/white-paper-c11-741490.html
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Chapter 3

Development of the monitoring and
communication system

3.1 Introduction

Now that Pavnext’s solution has been contextualised in the scope of smart cities, the project’s

specifications and implementation will be described. Pavnext’s system can be applied in urban

environments or on motorways1:

• Before crosswalks, roundabouts or traffic light signs: helps reducing vehicle’s speed and

produces energy that can be used in road illumination;

• Near schools and hospitals: the system can reduce vehicles’ speed in roads close to schools

or hospitals, which usually have a reinforced need of moving at low speeds;

• Residential areas with high flow of pedestrians and cyclists;

• Before tolls and on motorways.

The system is deployed in the pavement as shown in figure 3.1.

The structure represented in figure 3.1 is composed of several modules similar to the one that

is depicted in figure 3.2 from Pavnext’s website1.

The harvesting system implemented is based on a hydraulic system with mechanical actuation.

The prototype’s mechanical system is depicted in figure 3.3 from [10]. The most recent prototype,

where the tests were conducted, has 1.20×0.35× 0.35 m dimensions.

3.2 Requirements and specification

The monitoring and communication system depicted in figure 3.4 is composed of the following

subsystems:

1 Pavnext’s website

15

https://www.pavnext.com/applications/
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Figure 3.1: Pavnext’s system

Figure 3.2: Pavnext’s prototype alpha (extracted from Pavnext’s website1)

Figure 3.3: Pavnext’s prototype mechanical system (extracted from [10])

• Each module has a slave microcontroller responsible for acquiring the data described in

section 3.2.1;

• Multiple slaves report the data to a local-master responsible for a set of modules;

• The local-masters send the information to a master;

• The master communicates wirelessly via LoRa with a gateway.



3.2 Requirements and specification 17

Local-Master #2

Slave#5

Local-Master #1

Slave#4
Slave#6

Slave#2Slave#1
Slave#3

Slave#5
Slave#4
Slave#6

Slave#2Slave#1
Slave#3

Master Gateway

Figure 3.4: System’s architecture

3.2.1 Data to be monitored

The main purpose of the product is to reduce the speed of the vehicles and generate energy. How-

ever, given the fact that this project is within the scope of the smart cities concept, it is important

to generate valuable data for its administration and citizens.

This project will take advantage of the infrastructure already implemented on the pavement

and collect valuable data that can be divided into two categories: functional and environmental.

3.2.1.1 Functional

In the age of information that we live in nowadays, data is key. Being able to maximize the amount

of knowledge gathered by the product is important to end up with a diversified solution. Taking

this into consideration, the objective is to measure the following parameters:

• Average power and total energy generated by a vehicle;

• Vehicles’ speed;

• Maximum acceleration in three-axis, to verify the stability of the modules.
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3.2.1.2 Environmental

Temperature and relative humidity sensors were included in order to evaluate the conditions in-

side the modules. This can help preventing malfunctions in the microcontrollers and the rest of

electronic equipment, due to system failures or bad weather conditions.

3.2.2 Communication protocols

In order to avoid congestion and collisions in the network, the slaves – local-master and the local-

master– master subsystems communicate via a specific protocol. At the same time, by fragment-

ing the communication modes, network failures will not impact the rest of the implementation.

Only serial protocols were considered, because the number of wires is lower when implementing

the physical layer, as depicted in figure 3.5.
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Figure 3.5: Parallel and Serial Communication

Further comparison between the two types of communication:

• Sharing a single communication link makes the serial option slower and more prone to

interference between transmissions if the bit spacing is not properly configured;

• Increased possibility of crosstalk between parallel’s multiple channels;

• Serial’s sequential transmission is more suited for high frequency and long distance appli-

cations (due to noise and interference);

• A single communication link is simpler to assemble and maintain (less cables);

Table 3.1 presents various embedded systems’ serial communication protocols and characteris-

tics that suit different applications. Most of the serial protocols applied nowadays are implemented

using a differential pair – two wires are used, carrying the same signal but with opposite polarity –

the receiver decrypts it by doing the difference between the two lines. This method is more robust
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than a single wire because interference modifies both signals in a similar way, but the difference

between them remains the same [48].

Table 3.1: Communication protocols

Protocol Type Transfer Mode Number of Devices Max Distance (m) Max Data Rate (bps) Number of Signal Lines

RS-485 Asynchronous
Serial

Half-Duplex 32 1200 10M 2

I2C Synchronous
Serial

Half-Duplex 128 (7-bit address) 5 3.4M
2

+ Common GND

SPI Synchronous
Serial

Full-Duplex No physical limit 3 60M
3 Common

+ 1 slave select per node

CAN FD Asynchronous
Serial

Half-Duplex
128 (7-bit address)
∼110 physical limit

5000 1M 2

The decision to use two different communication modes for the subsystems resulted from the

fact that sharing a communication channel would mean that a problem in the line would be hard

to detect and compromise the whole installation.

The maximum distance of I2C and SPI does not satisfy the needs of the application (maximum

distance between the furthest local-master and the master of 20 m), so only RS-485 and CAN FD

were considered and the choices are described in table 3.2.

Table 3.2: Subsystem’s communication protocols

Subsystem Protocol
slave – local-master RS-485

local-master – master CAN FD

The system’s communication configuration can be visualized in figure 3.6.
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...

...

...

Local Master #2Local Master #1

Figure 3.6: System’s communication configuration

3.3 Conception and design

3.3.1 Slave system

The slave system is responsible for acquiring the data generated by a vehicle passage and trans-

mitting it to its local-master.
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3.3.1.1 Sampling period

The bottleneck of the system is the estimation of the energy generated. It is important to acquire

data as fast as possible to obtain an estimation that resembles the generated values. It was deter-

mined that a period of 1 ms is the minimum to ensure a realistic estimation of the energy generated.

The accelerometer is also sampled at this frequency. The temperature and relative humidity are

read every ten vehicle detections.

3.3.1.2 Hardware

The slave system requirements are the following:

• Four Analog-to-Digital converter channels capable of satisfying the imposed sampling pe-

riod;

• The selected communication protocol for the slave-local-master system was RS-485, so an

USART interface is required;

• I2C to communicate with different sensors (accelerometer and temperature and relative hu-

midity);

• Initial snippets determined that at least 16 KB of program memory and 1 KB of RAM were

necessary to run the fully fledged algorithms.

Table 3.3 lists microcontrollers that fit the criteria mentioned above and are on the same price

range. Only 8-bit architecture MCUs were considered, due to their lower price and characteristics

that fit the desired application.

Table 3.3: Slave microcontroller options a

Microcontroller ADC Flash Memory RAM Pins
ATmega324 8-Channel 10-Bit 32 Kbyte 2 Kbyte 44
ATmega328 8-Channel 10-Bit 32 Kbyte 2 Kbyte 32

a The list of microcontrollers available on the market was obtained using
Mouser Electronics’ catalogue.

The specifications of both solutions are identical and its price is the deciding factor. The

ATmega328 microcontroller was selected due its lower price and more familiarity (e.g., Arduino

UNO Rev3).

RS-485 communication
The communication between the slaves – local-master subsystems could be achieved using the

USART interfaces provided by each system’s microcontroller, but a multiplexing technique would

need to be implemented. Having this in consideration, RS-485 transceiver was added, convert-

ing the USART signal to a differential one, enabling data transmission over long distances and

allowing multiple devices to be connected to the bus.



3.3 Conception and design 21

Table 3.4 compares RS-485 transceivers. The MAX485 was selected because it is considered

the go-to transceiver in different applications, such as USART to RS-485 converters, making it the

better documented and tested option.

Table 3.4: RS-485 transceivers

Transceiver Supply Voltage
SP485E

MaxLinear
4.75 to 5.25 V

ISL81487
Renesas

4.5 to 5.5 V

SN75ALS1
Texas Instruments

4.75 to 5.25 V

MAX485
Maxim Integrated

4.75 to 5.25 V

Sensors
An analysis of the sensors needed was performed. Table 3.5 lists temperature and relative humidity

sensors and their specifications.

Table 3.5: Temperature Sensors

Sensor Temperature Range Humidity Range Operating Voltage Communication
DHT11
Aosong

0 to 50 °C
± 2 °C accuracy

20 to 80 %
±5 % accuracy

3 to 5 V 1 Data Pin

DHT22
Aosong

−40 to 80 °C
± 0.5 °C accuracy

20 to 80 %
2 to 5 % accuracy

3 to 5 V 1 Data Pin

AM2320
Aosong

−40 to 80 °C
± 0.5 °C accuracy

0 to 99.9 %
± 3 % accuracy

3.3 to 5 V I2C

AHT20
Aosong

−40 to 85 °C
± 1 °C accuracy

0 to 100 %
± 3 % accuracy

3.3 to 5 V I2C

Si7021
Silicon Labs

−10 to 85 °C
± 0.4 °C accuracy

0 to 80 %
± 3 % accuracy

3.3 to 5 V I2C

HTS221
STMicroelectronics

−40 to 120 °C
± 0.5 °C accuracy

0 to 100 %
± 3.5 % accuracy

3.3 to 5 V I2C

SHTC3
Sensirion

−40 to 125 °C
± 0.2 °C accuracy

0 to 100 %
± 2 % accuracy

3.3 to 5 V I2C

After consulting table 3.5, the SHTC3 is the best option, due to its better range/accuracy and

lower price compared to the HTS221, which was used because it was available in the laboratory,

ready to be tested and implemented. Adafruit’s breakout board, which includes the HTS221 and a

power regulator is depicted in figure 3.7 from Adafruit’s product overview2.

Accelerometers measure both static (e.g. gravity) and dynamic (e.g. sudden starts/stops) ac-

celeration. The main objective of the accelerometer added to the prototype is to detect passing

2https://www.adafruit.com/product/4535

https://www.adafruit.com/product/4535
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Figure 3.7: Adafruit’s HTS221 breakout board

vehicles. In order to do so, the algorithm makes use of interrupt functions included by accelerom-

eter manufacturers, activated when the acceleration on an axis exceeds a certain level [49]. So, this

interrupt capability is a requirement to take into consideration when choosing the accelerometer.

Other options, such as gyroscopes, which measure angular velocity, and magnetometers mea-

suring magnetic fields can be used to help determine the stability of the installation (this method

would need to be tested due to the magnetic properties of the modules). Inertial measurement units

(IMUs) combine accelerometers, gyroscopes and magnetometers, providing two to nine degrees

of freedom. Sensor fusion algorithms can make use of the raw data provided by IMUs to esti-

mate orientation and position over time. Although interesting, this methods were not considered

because of their high computational demands.

Table 3.6 lists accelerometers by price and details their specifications.

Table 3.6: Accelerometers

Sensor Measurement Range Interrupts Sampling Rate (max) Operating Voltage Communication
LIS3DHST

Microelectronics
(3-axis accelerometer)

± 2 / ± 4 / ± 8 / ± 16 g 2 5.3 kHz 1.71 to 3.3 V
I2C
SPI

ADXL337
Analog Devices

(3-axis accelerometer)
± 3 g None

1.6 kHz (X and Y axis)
550 Hz (Z axis)

1.8 to 3.6 V
3 Analog Outputs
(one for each axis)

MMA8452Q
NXP Semiconductors
(3-axis accelerometer)

± 2 / ± 4 / ± 8 g 1 800 Hz 1.95 to 3.6 V I2C

LSM6DSO
STMicroelectronics

(3-axis accelerometer
and gyroscope)

± 2 / ± 4 / ± 8 / ± 16 g
± 125 / ± 250 / ± 500
± 1000 / ± 2000 dps b

2 6.6 kHz 1.71 to 3.6 V
I2C
SPI

H3LIS331DL
STMicroelectronics

(3-axis accelerometer)
± 100 / ± 200 / ± 400 g 2 1 kHz 2.16 to 3.6 V

I2C
SPI

LIS331HH
STMicroelectronics

(3-axis accelerometer)
± 6 / ± 12 / ± 24 g 2 1 kHz 2.16 to 3.6 V

I2C
SPI

KX132Kionix
(3-axis accelerometer

± 2 / ± 4 / ± 8 / ± 16 g 2 25.6 kHz 1.7 to 3.6 V
I2C
SPI

ADXL345Analog Devices
(3-axis accelerometer)

± 2 / ± 4 / ± 8 / ± 16 g 2 3.2 kHz 2 to 3.6 V
I2C
SPI

a The price of the sensors was obtained from Sparkfun’s shop.
b dgs = degree per second.

Looking at table 3.6, most of the accelerometers listed meet the requirements – 1 kHz sampling

rate and one interrupt. Adafruit’s ADXL345 breakout board with a voltage regulator and logic-

level shifting was selected and is depicted in figure 3.8 from Adafruit’s product overview3.

3 https://www.adafruit.com/product/1231

https://www.sparkfun.com/categories/163?sort_by=price_asc&filter_price_floor=&filter_price_ceil=
https://www.adafruit.com/product/1231
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Figure 3.8: Adafruit’s ADXL345 breakout board

Figure 3.9 depicts the slave board that was designed by me in the Altium Designer software

and used in the tests conducted.

Figure 3.9: Slave’s PCB

3.3.1.3 Software

The operating principle of the slave system can be described using the activity diagram depicted

in figure 3.10.

When powered-up, the slave calls initialization routines for the USART and to verify the

different sensors integrity by pinging them and checking the answer. If they are compromised, the

slave notifies the local-master of malfunctions and powers off, waiting to be repaired.

If the initialization succeeds, the slave is put in a state waiting for a triggering event – a

vehicle causes the z-axis acceleration of the module to reach a certain threshold. If the local-

master signalled previously the slave that it can communicate, it starts acquiring the data related

with the accelerometer and the generation of energy, namely the voltage and current produced by

the generator.

When the slave stops collecting the data, it notifies the local-master that a vehicle was detected.

Then, if the local-master answered with permission for a packet transmission, the slave sends it

and waits for a new vehicle detection.

The data acquisition is described more detailed in the diagram depicted in figure 3.11.
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Figure 3.10: Slave UML activity diagram

Pavnext developed a board that outputs the values of voltage and the output voltage propor-

tional to the AC current measured by a current sensor (Allegro ACS723) from each generator.

Equation 3.1 presents the relation between the measured current and the output voltage.

I = 6.1597 ·V −15.495 (3.1)

The algorithm developed uses the four ADC channels to the read the voltage outputs of the

board and estimates the energy generated.

Every millisecond after the accelerometer’s interrupt, the ADC channels and the acceleration

of the 3-axis are read. The acceleration values are compared with the previous readings to deter-

mine if they are new maximums. This parameter is important to detect damages to the installation

caused by the vehicle.

The estimation of the energy generated is determined by calculating the instantaneous power
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Figure 3.11: Detailed Slave UML activity diagram
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(equation 3.2) and multiplying it by the interval between readings (around 1 ms) (equation 3.3).

P = V I (3.2)

E = P ·∆t (3.3)

The vehicle’s speed is estimated by dividing the average distance between axles (also known

as wheelbase) – 2.73 m – by the time elapsed between the two triggering events (equation 3.4).

speed =
2.73m

∆t
(3.4)

Data packet

The packet that is sent to the local-master consists of ten data bytes and four control bytes, as

depicted in figure 3.12.

Slave ID Dest ID Accel X P1 E1 P2 E2 CRC MSB CRC LSBAccel Y Accel Z SpeedTemp Hum

Header 
2 bytes

CRC 
2 bytes

Payload 
10 bytes

Figure 3.12: Data packet

The first two bytes identify the sender and the receiver, allowing the local-master to determine

if the packet it has received is addressed to itself and from the correct slave.

The following ten bytes are the packet’s payload, containing the data acquired. In order to fit

the different values in a byte’s 0 to 255 range, the following strategy was followed:

• The temperature sensor can measure in the range of −40 °C to 120 °C, so an offset of 100 is

added;

• The relative humidity value is multiplied by 2 to increase accuracy;

• Tests using the accelerometer showed that the maximum value returned is around 40 ms−2,

so it is multiplied by 5 to increase accuracy;

• The vehicles’ speed is calculated in m/s. 25 m/s – a relative high speed for the project’s use

cases – corresponds to 90 km/h, so the calculated speed can be multiplied by 100 to increase

accuracy;

• The average power is multiplied by 5 to increase accuracy (during tests it was around 25 W,

so even if its value doubles, it still fits in a byte without overflow);

• The estimation of the energy generated is around single digit values, so it can be multiplied

by 100 to increase accuracy.
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The integrity of the message is guaranteed by the CRC-16 present in the last two bytes.

The source code was documented using Doxygen and can be visited in the thesis’ website

documentation section4.

3.3.2 Local-master system

The local-master acts as a bridge between the slaves and the master. It is responsible for six

slaves, managing the flow of communication to avoid collisions and loss of information.

3.3.2.1 Hardware

The local-master system needs are the following:

• USART interface (RS-485 communication with the slaves);

• CAN controller (communication with the master).

Losing a slave due to malfunctions is not critical to the operation of the system, because there

are at least five others that are acquiring data. However, that is not the case for the local-master,

because without it the slaves can not communicate with the master. So, considering the fact that

the local-master is important to the project’s reliability, a development board was used instead of

a microcontroller. A development board is equipped with all the necessary components, such as

LEDs and IO pins, and was tested before being released to the public. But the main concern is the

power system, which is included in development boards, sometimes with more than one regulator,

helpful when working with devices that support different voltage levels.

The STM32G4 Nucleo-32 board – NUCLEO-G431KB – was used, because there were a few

immediately available in the laboratory. The board is depicted in figure 3.13 from NUCLEO-

G431KB’s product overview5 and its specifications are detailed in table 3.7.

Figure 3.13: NUCLEO-G431KB (extracted from NUCLEO-G431KB’s product overview5)

CAN communication
The CAN node is constituted by a controller and a transceiver. The transceiver is the interface

between the controller and the CAN bus, converting the single-ended logic used by the controller

to the differential signal transmitted over the bus, as depicted in figure 3.14. Most of the MCUs

4 https://web.fe.up.pt/ up201603192/thesis/doxygen
5 https://www.st.com/en/evaluation-tools/nucleo-g431kb.html

https://web.fe.up.pt/~up201603192/thesis/doxygen
https://www.st.com/en/evaluation-tools/nucleo-g431kb.html
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Table 3.7: NUCLEO-G431KB specifications

Microcontroller Crystal oscillator Flash Memory RAM Communication interfaces

STM32G431KB
(up to 170 MHz)

24 MHz
(External)

128 Kbyte 32 Kbyte

CAN FD
I2C

USART
SPI

and development boards – as is the case for the NUCLEO-G431KB – only include the controller,

so a transceiver needs to be added to the design.

Table 3.8 compares CAN FD transceivers. Their specifications are very similar, but the

MCP2561 was selected because it was better documented and more widely used.

Table 3.8: CAN FD transceivers

Transceiver Supply Voltage
ATA6560
Microchip

4.5 to 5.5 V

NCV7344
ON Semiconductor

4.75 to 5.25 V

MCP2561/2FD
Microchip

4.5 to 5.5 V

Microcontroller

RXD

TXD

CAN
Controller CAN Transceiver

CANH CANL

Figure 3.14: CAN communication

In case the communication between the local-master and the master is compromised, the

algorithm stores the packets sent by the slaves. The storage capacity was doubled by adding

Microchip’s 23K256 – 32 Kbytes SPI Serial SRAM.

Considering that each local-master is responsible for six slaves and that a slave sends a data

packet with a size of 14 bytes, each vehicle results in:

6 slaves×14 bytes = 84 bytes (3.5)

With the extra RAM provided, the local-master has around 64 Kbytes available to store pack-

ets. It can store information about 761 vehicles passing:

64 Kbytes
84 Kbytes per vehicle

= 761.90 ≈ 761 vehicles (3.6)
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Depending on the frequency of the vehicles, the local-master storage capacity can vary from

25 minutes in heavy traffic situations to more than a week if vehicles rarely activate the technology.

Table 3.9 shows for how long the local-master can store packets without losing information.

Table 3.9: Estimation of the local-master memory capacity

Assuming a vehicle every 5 minutes: 63:29:31

Assuming a vehicle every minute: 12:41:54

Assuming a vehicle every half-minute: 6:20:57

Assuming a vehicle every 10 seconds: 2:06:59

Assuming a vehicle every 5 seconds: 0:25:24

Figure 3.15 depicts the local-master board that was designed by me in the Altium Designer

software and used in the tests conducted.

Figure 3.15: Local-master’s PCB

3.3.2.2 Software

The algorithm implemented in the local-master can be described by the diagram in figure 3.16.

The local-master starts by initializing the communication interfaces (CAN FD and USART).

If problems are detected, the local-master tries to notify the master and powers off.

If the initialization occurs without detecting errors, the local-master waits for the master to

give it permission to communicate. When the authorisation is granted, the local-master signals

the slaves that they can communicate as well.

Then, when the slaves start reporting vehicles activity, the local-master performs a loop re-

questing the data packets. If the CRC present in the packet is the same as the one calculated by

the local-master, the packet is stored. After all the slaves send their packets, the local-master

forwards them to the master.

The source code was documented using Doxygen4.
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Figure 3.16: Local-master UML activity diagram

Slaves–local-master communication

The communication between the slaves and the local-master is described in figure 3.17.

1. The local-master tells the slaves that it is accepting communication.

2. Slave #1 is waiting for a car. When it arrives, the local-master is notified.
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accepting communication. 

Figure 3.17: Slaves – local-master communication

3. When the local-master is notified of a car arrival in slave #1, a notification is sent back

telling the slave that a data packet related to the car passage is expected.

4. When the data collection is finalized, a data packet is sent.

5. The local-master checks the packet’s ID and CRC. If they are correct, stores the data.

6. Notify the next slave that the local-master is accepting communication.

7. Repeat steps 1-5 for the next five slaves.

3.3.3 Master system

The master is responsible for supervising the system, receiving – via CAN – the packets sent by

the local-masters and sending them via LoRa to the gateway.

3.3.3.1 Hardware

The master system requirements are the following:

• CAN FD controller (communication with the local-master);

• LoRa communication.

LoRa transceiver

Development boards with LoRa interface are not widely available on the market and their

cost is not competitive enough to justify the investment in this application. Considering this,
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LoRa transceivers were the option chosen to implement the requirement. Table 3.10 lists LoRa

transceivers by price and details their specifications.

Table 3.10: LoRa transceiver

Transceiver Modulation Frequency Sensivity Maximum Transmit Power Range
HopeRF

RFM95/96/97/98
(G)FSK, (G)MSK,

LoRa and OOK
433 / 470 /

868 / 915 MHz
-148 dBm +20 dBm No data

Microchip
RN2483

(G)FSK and LoRa 434 / 868 MHz -146 dBm +14 dBm
15 km (suburban)

5 km (urban)
Semtech

SX1261/2
(G)FSK, (G)MSK

and LoRa
434 / 490 /

868 / 915 MHz
-148 dBm +22 dBm + 20 km

Semtech
SX1280

(G)FSK, FLRC
and LoRa

2.4 GHz -132 dBm +12.5 dBm No data

Semtech
SX1272

(G)FSK, (G)MSK,
lora and OOK

868 / 915 MHz -130 dBm +20 dBm 16 km

a The list of LoRa transceivers available on the market was obtained using Mouser Electronics’ catalogue.

All transceivers listed fulfil the requirements, although some have better features, such as

a wider range of frequencies that can be used or a longer range. Ultimately, RF Solutions’

LAMBDA62 with an integrated Semtech SX1262 was used, because there were some modules

available to be used in the laboratory. The chip is depicted in figure 3.18.

Figure 3.18: RF Solutions’ LAMBDA62

The requirements of the master are not substantially different from local-master’s. The LoRa

module needs SPI to be programmed, configured and controlled, but since the local-master’s

development board has SPI interfaces, the same board was selected (with the addition of the same

SRAM chip).

Figure 3.19 depicts the master board that was designed by me in the Altium Designer software

and used in the tests conducted.

3.3.3.2 Software

The algorithm followed by the master is similar to the one implemented by the local-master and

can be described by the diagram in figure 3.20.

The communication interfaces (CAN FD and LoRa) are initialized and the local-master is

notified that it can communicate if the initialization is successful.

When all the slaves finish sending packets, the local-master signals the master that it has

packets ready to be sent. The master answers, granting permission for the packets to be sent. If
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Figure 3.19: Master’s PCB
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Figure 3.20: Master UML activity diagram

the calculated CRC matches the packet’s, the packet is stored. When every packet is received, the

stored ones are sent to the gateway.
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The source code was documented using Doxygen4.

3.3.4 Gateway

The gateway is a passive component of the system. Its purpose is to receive the data sent by the

master via LoRa. The information contained in the packets is processed and decrypted, reverting

the slave’s strategy of fitting the data into a byte.

3.3.4.1 Hardware

The gateway system needs are the following:

• LoRa communication;

• Wi-Fi connection (upload the data to the database).

Initially, development boards with both LoRa and Wi-Fi interfaces were considered, but were

discarded due to their expensive cost. Then, the addition of a Wi-Fi module to the local-master

board was contemplated. Table 3.11 lists Wi-Fi modules and their specifications.

Table 3.11: Wi-Fi modules

Module Release year Microcontroller Clock Frequency
ESP8266 2014 Xtensa single-core 32-bit L106 80 MHz

ESP32 2016 Xtensa single/dual-core 32-bit LX6 160/240 MHz
ESP32-S2 2019 Xtensa single-core 32-bit LX7 240 MHz
ESP32-S3 2020 Xtensa dual-core 32-bit LX7 240 MHz

The ESP8266, although outdated when compared to the other options, fulfilled the require-

ments. However, this alternative implementation was not used, because there are boards that

incorporate the Wi-Fi in their design, such as Espressif’s development kits listed in table 3.12.

Table 3.12: Wi-Fi development kits

Kit Microcontroller Clock Frequency Flash Memory RAM Additional Interfaces

ESP32-S2-DevKitM-1R ESP32-S2-MINI-1-N4 80 MHz 4 MByte 320 KByte
I2C
SPI

ESP32-S2-Saola-1R ESP32-S2-WROVER 160/240 MHz 4 MByte 320 KByte
I2C
SPI

ESP32-C3-DevKitM-1 ESP32-C3-MINI-1 240 MHz 4 MByte 400 KByte
I2C
SPI

Bluetooth LE

The specifications of the kits are very similar, although the ESP32-C3-DevKitM-1 has slightly

better ones and the addition of a Bluetooth interface. The selected board was the ESP32-S2-Saola-

1R, because the SP32-C3-DevKitM-1 was out of stock. The board is depicted in figure 3.21 from

ESP32-S2-Saola-1R’s Mouser Electronics’ product overview6.

6 https://pt.mouser.com/ProductDetail/Espressif-Systems/ESP32-S2-Saola-1R

https://pt.mouser.com/ProductDetail/Espressif-Systems/ESP32-S2-Saola-1R?qs=GBLSl2AkirsMIxW%2FKjKKRw%3D%3D
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Figure 3.21: ESP32-S2-Saola-1R (extracted from ESP32-S2-Saola-1R’s Mouser Electronics’
product overview6)

The LoRa communication was obtained based on the same approach used in the master, RF

Solutions’ LAMBDA62 transceiver.

3.3.4.2 Software

The algorithm implemented in the gateway can be described by the diagram in figure 3.22.

Initialize LoRa  
and Wi-Fi interfaces

false

true

Powers off Initialization OK

Waiting for data packet 
from the gateway

Message received by the LoRa transceiver

CRC correct

true

false

Build JSON from data packet 
HTTP post /measurements

Figure 3.22: Gateway UML activity diagram
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The gateway initializes its communication interfaces, then is put in a passive situation, waiting

for packets from the master. Once the packets arrive, its CRC is evaluated and if it matches the

calculated one, the data is processed, converted to JSON – the format expected by the REST APIs

– and a HTTP post request is made, in order to upload the data to the database.

The source code was documented using Doxygen4.

3.4 Data storage

The data storage subsystem connects the hardware and web application. Information flows in

different directions in this bridge:

• The gateway sends measurements settings via HTTP to the database;

• The data presentation application exchanges information with the database by sending HTTP

requests to the REST APIs. These APIs query data from the database using the Node.js

server. This architecture is commonly called the PERN Stack.

3.4.1 Database

Table 2.4 compared different database hosting services. Initially, Amazon Relational Database

Service (RDS) was considered the best option, because it could be easily integrated in later de-

velopment stages, such as the back-end server service (AWS Elastic Beanstalk). This option was

tested and validated, but its usage was stopped once the free plan limits were reached. The database

is now being hosted in Heroku, a cloud platform.

The database subsystem can be divided into classes, as represented in the diagram in fig-

ure 3.23. Each class has its own attributes and operations and the relationships between them

establish the structure of the system. In this case, this can be described as:

• The user owns one or more installations;

• Each installation produces data every time a vehicle activates the system.

3.4.2 Back-end server

Communication between the gateway and the web application is achieved by a back-end server

developed using Node.js as the run-time environment and using the Express.js framework to han-

dle HTTP requests, allowing the REST APIs to exchange information with the database in an

architecture based on the PERN (PostgreSQL + Express + Node + React) stack.

The back-end server has been tested and validated using AWS Elastic Beanstalk has the host-

ing service. Once the free limit was reached, the application was transferred to the Google App

Engine.
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Measurements

<FK> installation_id: integer

<PK> measurement_id: serial

+ timestamp: date

+ temperature: float

+ relative_humidity: float

+ xAxis: float

+ yAxis: float

+ zAxis: float

+ speed: float

+ power_G1: float

+ energy_G1: float

+ power_G2: float

+ energy_G2: float

User

<PK> username: String

+ email: String

- password: String

Pavnext Installation

<FK> owner_id: integer

<PK> installation_id: serial

+ location: string

Owns1 *
Generates

1 *

Figure 3.23: Database UML class diagram

3.5 Data presentation application

The web application was written in HTML, with JavaScript and PHP scripts that fetch the data

from the database using the REST APIs. The charts were obtained using the Highcharts charting

library.

The data presentation application is hosted in FEUP’s personal webpage services and can be

visited on the thesis’ website7. A preview is depicted in figure 3.24.
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Figure 3.24: Data presentation application

7 https://web.fe.up.pt/ up201603192/thesis/app/app.html

https://web.fe.up.pt/~up201603192/thesis/app/app.html
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Slave#1 Local-Master Master

Notify Master 
of malfunction

Signal the local-master
permission to communicate

setup()

Notify LM 
of malfunction

setup()

Signal the slaves
permission to communicate

setup()

Gateway <Backend Server> 
REST API Database Web application

Notify LM of vehicle detection

Vehicle detected 
Acquire data

Ask for data packet

alt

[malfunction detected]

[else]

alt
[malfunction detected]

[else]

Send data packet

Notify Master that data packets 
 are ready to be sent

Ask for data packet

Send data packet

Send data packet

setup()

HTTP response

POST measurements

Process JSON received

query response

SQL INSERT query

GET measurements

HTTP response

SQL SELECT query

query response

Repeat the process for other  
slaves and vehicles

Figure 3.25: System’s UML sequence diagram

3.6 Conclusion

The sequence diagram in figure 3.25 depicts the overall structure of the system, from the slaves

to the web application. It represents a simplified version, with only one slave to make it readable,

but the sequence can be expanded for multiple slaves and local-masters configurations.

3.6.1 Integration procedures

To access the information in the database, to assist in the development of the APIs and to check

if the gateway was correctly inserting data into the database, a PostgreSQL management tool,

PgAdmin 4, was used. This software includes a graphical user interface that simplifies the data

visualization of a PostgreSQL server, as depicted in figure 3.26.
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Figure 3.26: PgAdmin Graphical Interface

The data presentation application received information from the database through the PERN

stack. Accordingly, the HTTP protocol allowed the connection between the web application and

the PERN stack. In order to test this connection, the open source software Swagger was used,

where the APIs and respective functionalities were listed, validating the implementation before

integrating it into the web application. Its interface is depicted in figure 3.27.
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José Neto Thesis API
[ Base URL: localhost:5431/ ]

Documentation automatically generated by the swagger.autogen module.

José Neto

Schemes

HTTP

Measurements Endpoints to upload, read or delete measurement data

POSTPOST  /measurements /multiple

GETGET  /measurements

Returns all measurements.

Parameters Cancel

No parameters

Execute Clear

Responses Response content type application/json

Request URL

http://localhost:5431/measurements

Server response

Code Details

200
Undocumented Response body

Response headers

 access-control-allow-origin: * 
 content-length: 8686 
 content-type: application/json; charset=utf-8 
 date: Sat,26 Jun 2021 23:33:00 GMT 
 etag: W/"21ee-w55QYLndDip3REV6hoqcGHtOzDs" 
 x-powered-by: Express 

Responses

CodeDescription

GETGET  /measurements /{sensor}

GETGET  /measurements /today

GETGET  /measurements /{id}

DELETEDELETE  /measurements /{id}

 1.0.1 

Curl

curl -X 'GET' \
  'http://localhost:5431/measurements' \
  -H 'accept: application/json'

[
  {
    "measurement_id": 1,
    "installation_id": 1,
    "tstamp": "2021-06-23T22:50:51.573Z",
    "temperature": 22,
    "humidity": 76,
    "speed": 12,
    "xaxis": 8,
    "yaxis": 8,
    "zaxis": 8,
    "power_g1": 4,
    "energy_g1": 2,
    "power_g2": 4,
    "energy_g2": 5
  },
  {
    "measurement_id": 2,
    "installation_id": 1,
    "tstamp": "2021-06-24T00:26:28.378Z",
    "temperature": 25,
    "humidity": 85,
    "speed": 10,
    "xaxis": 8,
    "yaxis": 8,
    "zaxis": 8,
    "power_g1": 5,
    "energy_g1": 2,

Download

Figure 3.27: Swagger Graphical Interface



Chapter 4

Tests and results

4.1 Energy generated tests

Initially, the behaviour of the z-axis acceleration of the prototype was studied using one person

jumping as actuator. The waveform is depicted in figure 4.1.

Figure 4.1: z-axis acceleration waveform

In order to validate the estimation of the energy generated different tests were performed. A

MATLAB script that read a text file with the measurements sent from the slave’s via RS-485 was

developed.

The first trials focused on testing the slave’s ADC by supplying a know waveform from a

signal generator. The next step was to evaluate its performance on the prototypes.

The actuation of the generators inside the prototype creates a voltage wave as shown in fig-

ure 4.2. The voltage signal was acquired using one slave ADC channel.

As seen in figure 4.2, the voltage decreases over time until it becomes zero. The estimation

of energy produced by a generator is considered to be over when six successive readings below

41
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Figure 4.2: Generator voltage waveform

a threshold level (0.2 V) are detected. The reading is finished when the waves of both generators

have this behaviour. The process is repeated for the vehicle’s second axle.

The system will be deployed in cities, so the vast majority of vehicles has two axles, meaning

that a passing vehicle causes two triggering events. Figure 4.3 was obtained using the MATLAB

script and depicts a test performed in the laboratory using a prototype and one person jumping as

actuator instead of a vehicle.

The interval between the triggering events was about 2.7 seconds, but the interval was cut in

order to showcase the readings clearly.
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Figure 4.3: Power section tests

4.2 Overall system tests

After validating the data acquisition subsystem, the performance of the entire project was evalu-

ated. Figure 4.4 depicts the prototypes used in the tests.

Figure 4.4: Prototypes used in the tests performed

Initially, the system was tested with six slaves and one local-master. All of the slaves were

capable of acquiring the data and the other subsystems were able to make it reach the web appli-

cation successfully. This experiment proved that the system is ready to be implemented outside

of the laboratory and the next step is to use vehicles as actuators to test the implementation in a
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non-controlled environment.

A similar experiment was conducted, this time with two local-masters, each with three slaves.

The results were meaningful as well, as the system was capable of getting the data to the web

application.



Chapter 5

Conclusion and future work

This dissertation focused on the development of a monitoring and data communication system for

application in Pavement Energy Harvesting. For the past decades, this type of technologies have

been the focus of scientific research and development all around the world.

The tests conducted validated the proposed structure, from the data acquisition by the slaves,

their management by the local-masterand the master to its presentation in the web application.

The work developed covered a wide range of concepts and knowledge related with electrical

engineering. That was the condition that convinced me to accept the project and I’m satisfied with

end result.

5.1 Future work

Some of the sensors used were not the first option due to the global chip shortage and limited

stock, but their performance didn’t compromise the results. However, other options should be

considered to increase the product’s value.

The estimation and calculation of the vehicles’ speed can be improved. One possibility is to

connect the slave’s interrupts to the local-master. By knowing the distance between consecutive

slaves, the local-master can better estimate the velocity of the vehicles.

The data sent by the slaves could be validated by the local-master before being forwarded to

the master. That way, malfunctions could be prevented and noticed if a lot of variance between

slave readings was detected.

The stability of the prototypes can be better estimated by using IMUs and sensor fusion algo-

rithms that fully describe an object behaviour in space.

As successful as the experiments performed were, the system needs to be tested using vehicles

as actuators to fully understand its applicability in Pavnext’s installations.

However, I’m confident that no significant changes to the proposed architecture will be needed,

as the vehicles actuation only affects the behaviour of the mechanical aspect of the prototypes and

not the software side that was the focus of this dissertation.
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