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ABSTRACT

This document collects the undergraduate thesis project of the Degree in Industrial Elec-
tronics and Automation Engineering, which is based on the design of a Structural Health
Measurement system for a bridge.

With the improvement of new technologies, engineers around the world have been trying to
create the most efficient ways to improve the performance of all their creations. In this case,
the control of structure’s health is a very interesting way of maintaining the good shape of all
the civil structures that are used every day and checking their integrity as well as redefining
the limits to which they can be held. Specially with everyday use structures, we have had the
opportunity to realise that many of the high cost works that have been carried on could have
been easily prevented by periodically checking their main parts and their reaction to normal
wear and tear.

The aim of this project is to design a Structural Health Monitoring system for the permanent
control of the tension in the cables of the Assut de 1’Or cable-stayed bridge situated on the
Turia river gardens in the city of Valéncia (Spain). This system is based on the "energy
harvesting" as far as power supply is concerned, and with the purpose of eliminating all costly
wired connections , all the data from the different parts of the system will be available for
wireless retrieval.
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RESUMEN

Este documento recopila el procedimiento para la realizacion del Trabajo de Final del Grado
en Ingenieria Electronica Industrial y Automatica, que se basa en el diseno de un sistema de
Medicion de la Salud Estructural de un puente.

Con la mejora de las nuevas tecnologias, los ingenieros de todo el mundo investigan formas
més eficientes de mejorar el comportamiento y la resistencia de todas sus construcciones. En
este caso, el control de la salud de estructuras es una forma muy interesante de mantener en
buena forma todas las construcciones usadas cada dia y tanto comprobar su integridad como
redefinir los limites hasta los que pueden ser llevadas. Especialmente en estructuras de uso
diario, hemos tenido la oportunidad de comprobar que la mayoria de las costosas reparaciones
que han tenido que ser llevadas a cabo podrian haber sido facilmente evitadas con un anélisis
periopdico de sus partes principales y de su reacion al desgaste normal.

El objetivo de este proyecto es el de diseniar un sistema de Medicion de la Salud Estructural
para controlar permanentemente la tension de los cables del puente atirantado "Assut de I’Or",
situado en el antiguo cauce del rio Turia, en la ciudad de Valéncia (Espana). Este sistema esta
basado en el concepto del "energy harvesting" en lo que a alimentaciéon eléctrica concierne,
y con el proposito de eliminar toda costosa comunicaciéon cableada en mente, todos los datos
recogidos por el conjunto de sensores del puente podran ser recuperados de forma inalambrica.
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RESUM

Aquest document recopila el procediment per a la realitzacié del Treball de Final del Grau
en Enginyeria Electronica Industrial i Automatica, que es basa en el disseny d’un sistema de
Mesurament de la Salut Estructural d'un pont.

Amb la millora de les noves tecnologies, els enginyers de tot el mon investiguen formes més
eficients de millorar el comportament i la resisténcia de totes les seues construccions. En aquest
cas, el control de la salut d’estructures és una forma molt interessant de mantindre en bona
forma totes les construccions usades cada dia i tant comprovar la seua integritat com redefinir
els limits fins als quals poden ser portades. Especialment en estructures d’as diari, hem tingut
I'oportunitat de comprovar que la majoria de les costoses reparacions que han hagut de ser
dutes a terme podrien haver sigut facilment evitades amb una analisi periodic de les seues
parts principals i del seu regambal al desgast normal.

L’objectiu d’aquest projecte és el de dissenyar un sistema de Mesurament de la Salut Es-
tructural per a controlar permanentment la tensi6é dels cables del pont atirantat "Assut de
I’Or", situat en Pantic llit del riu Turia, a la ciutat de Valéncia (Espanya). Aquest sistema esta
basat en el concepte del "energy harvesting" en el que a alimentaci6 eléctrica concerneix, i amb
el proposit d’eliminar tota costosa comunicaci6 cablejada en ment, totes les dades recollides pel
conjunt de sensors del pont estaran disponibles per a ser recuperats de manera sense fil.
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1 Introduction

1.1 Objectives

The objective of this undergraduate thesis is to design a reliable, grid-independent and easy
to implement system that will permanently measure the tension in the stay-cables of the Assut
de I’Or bridge for the evaluation of its current state and its response to normal use.

This system is aimed to ensure the safety of the structure and its surroundings as well as the
users while maintaining the least invasive approach for this purpose. Also, taking into account
its usefulness in the academic field for the creation of structural models with real data, the
system will be designed to collect data in case of interest.

In order to measure the fulfillment of these objectives, we established the following key
points:

e To evaluate the most interesting magnitude and location to measure in a cable-stayed
bridge. Before the design of the system, the magnitude and location that will be used

for the measurement of the structural health of the bridge will be determined. This is a
very important key point, as the implementation of the system could be simpler or more
complicated depending on these parameters.

e To design a signal conditioning system that allows for the correct reading of the magni-
tude. As the changes in the measurements of the sensor will likely be significantly small,

a good conditioning stage will be needed. From amplifiers to filters, different elements
will be applied to ensure the correct operation of the system.

e To design a power supply that will make the system independent from the electrical grid.
Due to the the fact that the bridge is already constructed, an independent power supply
system will be needed. This will ensure a continuous operation as well as minimizing the
aesthetic and structural impact on the bridge. An energy-harvesting based system will
be implemented with a solar panel and a battery.

e To design a wireless communication system for complete independence from wired con-
nections. The implementation of a wireless communications pController will ensure the
comfortable and reliability of the system while also ensuring the complete independence
from wired communications to minimize, as in the case of the power supply, the impact
on the structure in which the system is to be installed.

e To implement all the stages of the SHM system in a printed circuit board (PCB). This
will allow for an easier and more space-efficient installation in the bridge. Moreover, the
design of this PCB will ensure that the system is small enough for utilizing in different
conditions should it need to be modified for its implementation in other structures.







2 Preliminary concepts

2.1 Structural Health Monitoring

Structural Health Monitoring (SHM) is usually defined as the implementation of damage
identification methods in aerospace, mechanical and civil structures [2].

These methods, specially known in civil structure surveillance, consists on the implemen-

%atlon of devices that deliver information about the state of the structure. The devices used
or this purpose vary from rudimentary instruments like steel rulers or plastic crack measur-

ing devices to more complex electronic systems like strain gauges, accelerometers or vibration
SEnsors.

These methods, although commonly used for safety ensuring measures and quality control
tests, can also provide a great data set for model developing, which can later be used by
companies and universities so as to improve the designs and construction methods of said
structures and their response to natural disasters like earthquakes [3].

2.1.1 History and examples

Interpreting literally the definition of SHM, the observation of the evolution of structures
(especially civil ones, such as buildings, bridges, tunnels, etc.) has been present for centuries.

There have always been rudimentary checks of machinery, such as tapping on the chassis or
wheels of a train to detect failures.

It has not been until the last decades when, thanks to the evolution of new technologies,
the miniaturization of electronic sensing and processing devices and the new techniques of
mathematical and statistical calculation when we have put into practice all the tools in the
control of the health of our structures and this has gone from being qualitative to completely
quantitative [2].

11
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Figure 1: Diagram of an SHM system on a bridge [4]

In fact, although it may vary through different kinds of structures, in the case at hand
(cable-stayed bridges), the first sensor-based systems were implemented around the decade of
the 1990s, although their main appearance wasn’t until the 2000s [5].

Since the change of decade, many SHM systems have been implemented around the world,
specially in cable-stayed bridges in Asia (China, Japan and Korea), Europe and North America.

Many examples come to light when we talk about SHM, especially related to the present
case:

e Shandong Binzhou Yellow River Bridge, China

e Riigen Bridge, Germany

e Adige Bridge, Italy

e ANZAC Bridge, Australia

A Anemometers Structural Health

@ 3D Accelerometers Monitori ng
¥ Temperature Sensors

e Dynamic Strain Gauges

- Static Strain Gauges

& Global Positioning Systems

¥ Tiltmeters

= Buffer Sensors

© Bearing Sensors

@ Electro-Magnetic Sensors

v, Barometers, Rainfall Gauges & Hygrometers

# Corrosion Cells
Digital Video Cameras

= DWIMS: Dynamic Weigh-in-motion stations

Figure 2: Example of sensors used in bridge SHM |[6]
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2.1. STRUCTURAL HEALTH MONITORING

2.1.2 Benefits

Many benefits can be related to the usage of these SHM systems, but the most important
ones are, of course, safety and economics.

The periodical control of daily-use structures ensure the safety of the users and the integrity
of said structures, and allows for anticipation for possible damages or failures. This is specially
important on cable-stayed bridges due to the short life-span of the cables, which suffer hard am-
bient conditions which can cause rapid deterioration. In fact, cables in 56 bridges in China have
had to be replaced up until 2010 [5], which demonstrates the importance of taking advantage
of such systems to ensure planning and anticipation.

Finally, SHM systems allow for the creation of accurate models that faithfully reflect the
response of mechanical systems to real-life scenarios. The monitoring of structures plays an
especially important role in the study of materials, behaviors, forces, etc. The generation of
these data sets is really interesting both at the academic level for engineering faculties and
research teams and at the professional level for future structural designs.

2.1.3 Application in this project

According to [2] and previously stated by [7], the design of an SHM system consists of 4
step process:

1. Operational evaluation
2. Data acquisition, normalisation and cleaning

3. Feature extraction and information condensation

4. Statistical model development

In the present case, due to the nature of this project, the two parts we are most interested
in studying are the first two: Operational evaluation and Data acquisition, normalisation and
cleaning.

For a deeper understanding of the content of these parts, the authors of both papers break
these points down as follows:

e Operational evaluation

— Life/safety and/or economic justification of the project
— Definition of damage for this specific structure or system
— Conditions (operational and environmental)

— Limitations on acquiring data

13
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e Data acquisition, normalization and cleansing

— Acquisition

Methods of measurement
Location of sensors
Hardware used

Storage and/or transmission

*

* Kk KX

— Normalization
x Distinction between environmental variations and damage driven variations
x Collection of data for statistical quantification

— Cleansing

x Filtering of signals
* Outlier exclusion

The application of these points will be explained in detail in the following pages.

14



2.2. ENERGY HARVESTING

2.2 Energy harvesting

Energy harvesting is known as the process of using the surrounding ambient energy into
electrical power [8]. This technique is commonly used for wireless systems, and it is very
important in the field of Internet of Things (IoT)

We could interpret this as a small-scale renewable energy generation, as we are taking
advantage of the energy present in the surroundings of the system, but using it for only powering
a small-scale system.

Energy Generated [} Power
Energy Dissipated [ Management
Controls
Thermoalectric .\I\
Photovoltaic —p — —L= \
Q T
Piezoelectric -
I I :‘-:Q
Conversion Energy Electronic
Harvesters .
Circuit(s) Storage Load

Figure 3: Diagram of Energy Harvesting systems [9]

This technique also looks into the replacement of batteries, which have a limited life-span
and can be costly regarding to maintenance, while keeping the system independent from the
power grid. However, in some cases where the energy source fluctuates or simply disappears for
a period of time (like solar energy), small rechargeable batteries can be implemented to ensure
the correct operation of the system.

As we will see in the following pages and in the development of this project, the most
commonly used environmental energy source in this type of system is solar, but the use of
other much less common sources has been studied, which we will explain in the following
section.

2.2.1 History and examples

Taking into account the complete definition of Energy Harvesting, we could state that this
practice has existed for millennia. Many civilizations used ambient energy to facilitate everyday
tasks like, for example, the water mill for grinding wheat grains to obtain flour.

However, we would have to look further on time to observe the first application of Energy
Harvesting as we know it nowadays (i.e., the generation of electrical current). Two of the most
important events were the discovering of the thermoelectric effect in 1826 and the photovoltaic
effect in 1839, although it wasn’t until the 1900s that the latter evolved into what we currently
know as solar energy with the association of this phenomenon with the quantum theory of light
and solid-state physics. [10]

15
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(a) Diagram of a thermoelectric generator (b) Diagram of a photovoltaic generator

Figure 4: Two of the predecessors of Energy Harvesting

Some examples of the current Energy Harvesting systems are the following [10]:

e Electromagnetic (RF)

e Thermal

e Solar

2.2.2 Benefits

The usage of this procedures can be beneficial for numerous reasons. Energy Harvesting
systems allow for independently powered devices, which facilitates their usage in places where
the grid is not available or doesn’t comply with the minimum standards for the correct operation
of these devices.

Moreover, in some applications the connection to the grid can introduce undesired noises and
variations in the results of the operations, which makes Energy Harvesting specially interesting
for a better isolation from unwanted signals.

This independence from the grid makes many interesting systems possible [10]:

Wireless Sensor Networks (WSN)

Solar calculators

Self-winding watches

Biomedical implants

16



2.2. ENERGY HARVESTING

2.2.3 Application in this project

In this project we will focus on the solar energy harvesting techniques due to the simplicity
of photovoltaic systems and the abundance of this type of ambient energy in the structure’s
environment.

For this system, a photovoltaic cell will be used.

Photovoltaic Cells

A photovoltaic cell is essentially an electronic device composed by semiconductor materials
(normally silicon, although some new materials are currently being researched, like perovskite
mineral) that is capable of generating an electric current with light incidence thanks to the
photovoltaic effect. This means that, with the incidence of the sun’s rays on the surface of the
device, the photons are able to excite a flow of electrons that produces the electric current.

5y .

3.3v

Figure 5: Diagram of a solar cell based EH system [11]

In our case, both the power independence and noise isolation benefits will be taken into
account: on the one hand, taking electric power into each and every sensor that will be need
to be placed in the bridge can be extremely costly and inefficient; on the other hand, as the
bridge is almost entirely made of steel, it will act as an antenna attracting all the noise, so the
isolation from the grid will improve noise reduction.

17
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MPPT Control

Maximum Power Point Tracking (MPPT), is a technique used in power electronics that
consists on the modification of the electrical working point of a solar panel to ensure that the
maximum power is drawn from the photovoltaic system [12].

The MPPT technique is based on the current-voltage graph (I-V), where we can see that
the voltage is maintained at an almost-constant value up until a certain current value, where
the voltage decreases until it reaches OV. We can see here in figure 6 how this principle can be
observed in a curve:

|
IV Curve
Isc Pmax

PV Curve

Vmp Voc

Figure 6: I-V and P curve of a solar panel [13]

As we can see from the curve, by changing the voltage or current of operation of the panels,
we can draw a higher power from them, allowing us to fully take advantage of the photovoltaic
system.

This method requires the measurement of certain parameters, but usually both voltage and
intensity are measured to be digitally processed. With a pController, we can manage the data
coming from the sensors and change the DC-DC converter’s parameters so as to bring the
system as close to the Maximum Power Point as possible.

18



2.2. ENERGY HARVESTING

The MPPT systems currently present in our day to day lives are based on four different
methods and algorithms [14]:

e Perturb and observe method — The Perturb and Observe method (P&O) is the most
widely used method for MPPT, and it consists on the measurement of both voltage and
current and its later processing. This method works by changing the output voltage of
the PV panel and measuring the resulting I-V values. The system will define the working
point when it reaches a maximum point while it’s navigating through the different current-
voltage combinations.

e Incremental conductance method — This method consists on _the mathematical
principle that relates the MP point with the slope of the -V curve. The algorithm will

perform the following relationships [15]:

— If the slope is positive, the maximum power point is located at a higher-voltage
position. The system will rise the voltage.

— If the slope is negative, the MPP is located at a lower-voltage position. The
system will decrease the voltage.

— If the slope is zero, it means that the system has reached the MPP. The system
will stay in this point until otherwise indicated.

e Current measurement method — This method is based on the P&O method. How-
ever, by assuming constant the voltage of the battery that the system is powering, only

the current measurement is needed, which simplifies the installation, although this al-
gorithm has to be thoroughly tested before final implementation because of the voltage
assumption. It was introduced by Salas et Al. in [16].

e Fuzzy logic controller method — This is one of the most mathematically-complicated
methods to implement at first. Nevertheless, it offers a great efficiency. This method has
been studied in papers like [17].

Comparing the four methods above, we found that the P&O algorithm is the one that is
easier to implement.

Although this system uses more resources because it needs to measure the voltage as well
as the current of the PV panel, the operations that the nController needs to perform are easier.
The processing unit will only need to multiply both measurements and compare them to the
previous one to asses the next steps.

This method, as well as the rest of the ones discussed above, need constant evaluation of
the conditions of the circuit, which could take a good amount of the energy produced. For
this reason, although the most common approach is to code the algorithm in a pController
that manages the switch of a conventional DC-DC converter, we considered that the use of an
Integrated Circuit would be more energy-efficient, as well as less space-consuming.

The aforementioned plays in our favor, as most of the commercially available Integrated
Circuits that use some kind of MPPT control rely on the P&O algorithm. Moreover, these ICs

usually include other interesting functionalities like battery managing or a regulated voltage
SOurce.
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Although the election of the IC will be explained in the following sections (specifically in
section 4.4), it is interesting to face the design of this system knowing that the IC used for
power management is the STMicroelectronics SPV1050, which relies on an already embedded
MPPT control system.

We can see in the following diagram (figure 7) how this algorithm works:

Measure V(k-1) and I(k-1)

I
P(k)=1(k)x Vv (k)
AP =P(k)-Pk-1)

l

No V(k)>V(k-1)

Yes

8k+1)=6(k)-D

S(k+1)=8(k)+D Slk+1)=6(k)+D

Figure 7: I-V and P curve of a solar panel [13]

Although this will be automatically performed by the Integrated Circuit, it can easily im-
plemented by measuring both the voltage and current at the terminals of the photovoltaic panel
with a regular pController or similar.
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3 Needs Assessment

As previously explained, the system that we are designing will be installed on the stay-cables
of the Assut de I’Or bridge, in Valencia (Spain), which we can see in the following image (figure
8):

Figure 8: View of the bridge in the Arts and Sciences City [18§|

The bridge was designed by Spanish architect and structural engineer Santiago Calatrava
in the year 2000 and its construction lasted until 2008.

The structure is a cable-stayed bridge with a deck of 160m of span and a variable width of
35 to 39 m, the latter being around the mast. The mast reaches a height of 125m and it holds
the deck by means of a 29 stay-cable system arranged in the form of a harp and 4 retaining
cables in the back. The weight of this entire structure (taking into account the deck, the mast
and the base/pier) is estimated to be around 5600 tons.

The Structural Health Monitoring system that will be designed for this bridge will have
to adapt to a pre-existing structure that was not designed to hold this kind of system, which
means that some of the dimensions and characteristics of the bridge will have to be looked into
and taken into account for the following steps. In the following points, these characteristics
will be explained in depth for a better understanding of the choices made in the design of the
system.

Furthermore, the system will need to comply with some specifications that will be pre-

sented later. Some of these requirements include the independence from the electrical grid, the
continuous operation of the system, etc.
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CHAPTER 3. NEEDS ASSESSMENT

3.1 Summary of the structure’s specifications

In this section, the crucial dimensions and architecture of the structure will be stated, so as
to allow for a better understanding of the measurements to be performed.

3.1.1 Dimensions

As we can see in the diagram below, the bridge has a mast that reaches 118m of height.
The mast is connected to the 160m span deck with a group of stay-cables that will be described
along the next lines.

On the back of the mast, four 110m restraint cables connect the upper part to the counter-
weights placed on the south abutment.

For the scope of this project, the measures specified here are, for the most part, of an
informative nature.

+118 m.
+110m.
r f
|
""""""""" RETENIDA RETENIDA
ESTRIBO 7/ ESTRIBO
NORTE —— e SUR ki,
1,_.‘;’.'; ................. i % : % _ ) :7m‘ ¢
J foi]
20 m. ALZADO  ALZADO PILONO ALZADO POR
160 m. - BFm. RETENIDA

— _— -—

Figure 9: Dimension diagram of the Assut de [’Or bridge [19]

3.1.2 Distribution of cables

In this bridge we should differentiate between two groups of cables: the stay-cables and the
restraint cables.

Although they are made of the same material and with a similar function, the construction
techniques are slightly different, which makes some of the features of the system not applicable
to the entire bridge.

Firstly, we have 29 stay-cables that vary on length but are placed at the same angle respect
to the horizontal reference and are equidistantly spaced at bm apart [19]. These cables are
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3.1. SUMMARY OF THE STRUCTURE’S SPECIFICATIONS

anchored to the deck and the mast of the bridge through the BBR HiAm Cona anchorage
system.

On the other hand, the retaining cables are attached to the top of the mast at a height
of 110m and fall (perpendicularly on the side view and slightly outwards in the front view)
towards the south abutment. These cables, together with the weight of the mast, are the ones
that compensate for the tension from the stay-cables and, thus, from the weight of the deck.

3.1.3 Architecture of the cables

This is the part that concerns us the most, as the complications of the project come from
the differences of design and construction of the cables.

On the one hand, we have the 29 stay-cables, made from several 0.6" stranded steel
cables. The cables vary in thickness, due to their differences in weight-bearing tensions, and
are distributed as follows [19]:

e Cables 1 to 6 — 31 units e Cable 22 — 49 units
e Cables 7 to 20 — 61 units e Cable 23 — 43 units
e Cable 21 — 55 units e Cables 24 to 29 — 31 units

N

CABLE 3100.6" CABLE 3100.6" CABLE 6100.6"

Con Vaina Unica Con doble Vaina Con Vaina Unica
< Cables del 24 - 29 Cables del 1 -6 Cables del 7 - 23

Figure 10: Diagram of the different construction and sheathing type of the cables

In future pages we will go into more detail on the specifics of the calculations that the
diameter differences entail.

On the other hand, however, we do have four retaining cables that have the same specifica-
tions. They are all formed by 85 units of 0.6" stranded steel cables [19]. The complication in
this part of the bridge is that the retaining cables, as well as the stay cables, are covered by a
HDPE sheath. However, the latter is easily accessible, as the cover is not structurally needed,
while for the former, the space between the steel cable and the cover was filled with cement
grout, making it specially difficult for the installation.
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CHAPTER 3. NEEDS ASSESSMENT

3.1.4 Placement of the system

As a conclusion to these paragraphs in which we have explained the specifications of the
structure, in this section we will explain the location of the system in the bridge.

Due to the facility of installation in the stay-cables, this will be the final destination of the
system. The sensors will be placed in the lowest part of the cable, due to its accessibility for
the installation and future servicing. The cover of the anchorage will provide a strong enough
covering for the sensor that will keep it out of reach from the pedestrians.

ANCLAJE
TIRANTE

1

SECCION LONGITUDINAL (8-8) Lc
i

(a) Diagram of the anchorage of the cables (b) Dampers of the anchorage installed on site

Figure 11: Details of the sensor location [19]

However, due to the installation of concrete grout fillings on the retaining cables, we will
not be able to place any sensor on these, as all the elements on these cables are crucial for the
resistance against wind-rain vibrations [19].
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3.2. STUDY OF NEEDS AND FACTORS TO BE CONSIDERED (LIMITATIONS AND
CONDITIONING FACTORS)

3.2 Study of needs and factors to be considered (limita-
tions and conditioning factors)

3.2.1 Precision

For this project precision is a crucial factor, as the changes in the strain of the cables might
result on very small changes in the sensor readings. However, this is a regular application of
the measuring devices we are going to use, which means that precision should not be a problem
while designing this system.

For easier and more efficient readings, the best options will be selected for the sensing device,
the amplification section and the processing unit.

3.2.2 Noise rejection ratio

The requirement of a good noise rejection ratio is a standard on electric and electronics
engineering projects. However, in this project, the nature of the structure and its geographical
placement will play a complicated role on the fulfillment of this specification.

The bridge is almost completely made of steel, which means that, thanks to its large mast
and the high quantity of stay cables, it may act as an antenna and collect all electromagnetic
noise. This is specially concerning due to the fact that this bridge is located in a highly
populated area, which aggravates the presence of noise inducing signals that can hinder the
correct measurement of the data.

3.2.3 Independence from the grid

This system will not be connected to the grid for the following reasons:

e Noise rejection — Continuing on the noise rejection topic, the independence from the
electrical grid will allow for better treatment of these unwanted signals. This is because
the grid can induce a 50Hz noise in the circuit, but also because the cables that will have
to be installed can also act as antenna for these signals.

e Cost of installation — The installation of power cables to all the locations of the bridge
might be costly, as the distances traveled by these cables are very long and we need to
ensure power stability along the whole system.

e Energy savings — The energy savings of making an independent, energy harvesting-
based powering system are a key point in the realization of this project. Although the
energy consumption of this system will not be high, it constitutes a reason for considering
an independent source of power.

e Difficulty of installation — The main reason for the design of an grid-independent
system is the fact that this bridge is already constructed and it is not prepared to hold
a Structural Health Monitoring system. This means that for the installation of power
cables, we would need to either alter the aesthetics of the design by adding cables on the
outside, or dismantling the majority of the covers of the bridge in order to make a hidden
installation while potentially altering some of is structural properties.
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CHAPTER 3. NEEDS ASSESSMENT

3.2.4 Continuous operation

The independence from the grid and specially the power system chosen could lead to possible
instability of the power source. This system, however, needs to constantly be connected for the
measurements of the bridge.

This means that we will have to implement an energy storage system to this project to store
surplus energy for the parts of the day without enough solar power.

3.2.5 Resistance to weather harshness

As this system will have to endure possible weather harshness for many years, the system
will have to be protected by a cover.

We can use the cover of the anchorage dampers for storing the components. However, a

case can be designed in further updates of the project, in which the PCB and the battery can
be stored.
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4 Alternative solutions and justifica-
tion of the adopted solution

In these following paragraphs, we will explain the different solutions we have considered for
the design of this system. Further in this chapter, having explained all the different options,
the justification for the solution chosen will be provided.

4.1 Measurement magnitude

In a Structural Health Monitoring system, all the magnitudes that can be measured are
interesting. As we previously stated in the explanation of the SHM technique, the sensor sys-
tems installed in these structures, apart from ensuring safety of the users and the surroundings,
provide a better understanding of their response to normal use and weather inclemency, thus
allowing for the creation of mathematical models.

The magnitudes that we found interesting to measure in this bridge were the following:

e Vibrations — The measurement of vibrations in the structure, specially in the deck,
mast and foundations, allow for an effective way of detecting cracks or even points of
possible future failure [20]. The vibration in the cables can also be used to measure their
tension [21], although this is a complicated procedure.

e Strain — The strain of several structural parts can be measured so as to know the failure
points of the bridge. However, the best use for strain measurements is to know the load
of the bridge and its distribution along the deck of the bridge.

e Tension — The measurement of tension of the cables can also be an interesting mag-
nitude for the SHM system, as the cables are one of the most important elements in a
cable-stayed bridge, as they are susceptible to corrosion, fatigue and vibrations [5].

For this project, due to its facility of measurement and its importance for future calculus,
we will use the tension of the cables.
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4.2 Sensor location

For this project, some locations were considered, like the main beams of the deck or the
sides of the mast for measuring the strain of the materials. However, as we chose the tension of
the cables as our main magnitude to measure, the options for placing the sensor are reduced.

As the sensor has to be attached to the cable, we can place it in almost every part. However,
in terms of accessibility, the lowest part of the cable is the best one. This part holds the
damper and anchorage of the cables to the deck, which makes for a very accessible placement
for installation and future maintenance.

We can see in the following image (figure 12) where the sensor will be placed:

Figure 12: Sketch of the placement of the sensor in the anchorage

4.3 Type of sensor

There are many ways in which we can measure the tension of the cables. As we previously
explained, we can use the vibrations of the cable to estimate the tension. We can also use strain
gauges for this measurement. These are the different types of sensors that were considered for
this purpose:

e Accelerometer — An accelerometer is a sensor that can measure the acceleration (the
change in velocity) of a body [22]. In our case, this sensor could be used for measuring
the frequency at which the cables oscillate with the wind or other natural forces and, as
previously explained, estimate the tension.

e Vibrating Wire Strain Gauge — A Vibrating Wire Strain Gauge (VWSG) is a gauge
that has a cable on the inside. This cable needs to be excited with an electric pulse, and
the response of this cable is to be measured. This is almost the same operation as the
accelerometer, but in a small scale. This sensor can be welded to steel cables, as we can
see in figure 13, but it also can be used in other steel or concrete pieces.

e Film Strain Gauge — A film Strain Gauge is one of the most well-known sensors in
this kind of applications. It consists of a thin conducting cable folded in a zig-zag pattern
inside of an insulating protecting film. This is an interesting sensor due to the simplicity
of its operation and installation and the little space they occupy.
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4.3. TYPE OF SENSOR

The accelerometer option, although innovative, is a complicated solution to implement, as a
powerful processing unit is needed in order to determine the frequency of vibration and calculate
the tension.

On the other side, the VWSG was a good option in terms of implementation. Unfortunately,
the size of this sensor, which we can see in the image below, is too big for the implementation
in this application.

Figure 13: A Vibrating Wire Strain Gauge installed on a steel rod

Finally, we chose a film Strain Gauge for this application. We considered it is a great
sensor due to its simplicity and the convenience of its signal conditioning. Also, its reduced size
makes the installation on these cables possible, as we saw on a previous diagram that the space
between the steel and the protective cover is reduced. We will now explain what a strain gauge,
how its application to this project needs to be done, and how it is going to help us measure the
tension of the cables.
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4.3.1 Strain Gauge and its application
Definition and operation

A Strain Gauge (SG) is a sensor formed by a thin conducting foil inside an insulating film.
This sensor detects the mechanical strain of the point of the material it is attached to and
translates it to a change in its resistance [23]. In the following image, figure 14, we can see all
the parts herein mentioned.

Strain Gauge

— Electrical Wires
Gauge Backing Strain Direction (Leads)
—

=

-
J

Solder Pads

Resistive Foil

Figure 14: Diagram of a film strain gauge [24]

The Strain gauge is based on the physical principle that defines the electrical resistance of
a conductor according to its cross section, length and conductivity. This relationship is defined
as follows:

o-L
- = 4.1
R=" (11)
Where:

e R — resistance of the conductor (in ohms, 2)

e 0 — resistivity of the material (in ohms/meter, 2/m)

L — length of the conductor (in meters, m)

e A — area of the section of the conductor (in meters squared, m?)
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4.3. TYPE OF SENSOR

With this expression, we can better understand that, when the material to be measured,
and thus, the sensor, is put under stress, the elongation of the conductive material in the
strain gauge and its consequent reduction in cross-sectional area, will produce an increase in
the sensor’s resistance.

This change in its internal resistance will be reflected in a change of output voltage on the
Wheatstone Bridge that it will be connected to [23].

For this element, various models were considered. Amongst them, a Strain Gauge by the
company HBM (model 1-VY41-3/350). However, as we can see in the following image (figure
15), the disposition and inclination of the measuring grids was complicated to install in the
bridge.

Figure 15: Diagram of the HBM Full-Bridge Strain Gauges

Finally, the model chosen for this project was the OMEGA SGT-3G/350-FB41, which
we can see hereunder in figure 16. This strain gauge has a nominal resistance of 350 ).

Figure 16: Diagram of the OMEGA SGT-3G/350-FB41 Strain Gauge
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Below, we will explain two concepts behind the implementation of these gauges in the
project.

Wheatstone bridge

In this paragraph, we will briefly explain what a Wheatstone bridge is and how it is necessary
for the application of our sensor, the strain gauge.

Wheatstone bridges are one of the most elemental and useful tools in the industry. Typically,
a Wheatstone bridge consists of four strain gauges, although a half-bridge can be created using
only two strain gauges [25|, and they usually come represented as figure 17 shows.

a) b) c)
Ry R4 Rq R4
o
) Uo
Ui Uo °
)
Ro R3
Ro R3
o Uj o

Figure 17: Wheatstone bridge representations: a) rectangular, b) rhomboidal, ¢) square [25]

An advantage of this kind of bridge is that it delivers a linear response. Moreover, the
readings are compensated against temperature-induced strain variations, which means that,
even though our system will be placed outdoors, the temperature changes will not affect the
tension read-outs of the sensor [25]. This result is usually obtained by performing the "dummy
gauge" technique, which we will explain hereunder.

Dummy gauge technique

The dummy gauge technique is an extensively used procedure in the measurement of strain
in order to compensate for the temperature-induced strain variations. It consists of an extra
strain gauge placed in a material with a similar thermal behavior as the one we are measuring.
In other cases, however, this strain gauge can be placed perpendicular to the measured strain,
which prevents the measurement of this magnitude while allowing for the thermal expansion or
contraction forces to be perceived, as we can see represented in the following image, figure 18.
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eE

Dummy Gauge Active Gauge
(Rg, inactive) (Rg+ AR)

Figure 18: Dummy gauge in perpendicular configuration for temperature compensation [26]

This technique, applied in a Wheatstone bridge, allows for an balanced variation of the re-
sistance of the strain gauges, which thanks to the counterbalance generated by the two branches
of the bridge, cancels the voltage variation out and allows for a reading without thermal errors.

In addition, [23] recommended their use, as they indicate in the following paragraph:

Ezxperience from taking measurements shows that dummy gauges should be used in the
bridge circuit if measurements are made at varying temperatures and if circumstances per-
mit it. There are two reasons for this recommendation:

1. The thermal expansion coefficient of the measurement object material can vary by a
relatively large amount and may deviate from values upon which the manufacture of
the temperature compensated strain gauges are based.

2. With larger temperature variations during the measurement the spread in the tem-
perature responses of the strain gauges within a production lot is substantially
smaller than the temperature dependent changes in resistance that still occur in spite
of the matching that has been undertaken.

(Stephen Keil, 2017 [23])

4.4 Power managing

For the managing of the power circuit some options were considered: a digitally controlled
DC-DC converter was the main solution to be implemented, as it is one of the most common
circuits for this kind of applications.

This solution, however, was a more complex application. It added calculation time and it
would not have been as electrically efficient as we desired for this project. Moreover, the space
occupied by a custom system would have been considerably larger than an Integrated Circuit
option.

For these reasons, we decided that the best option for this project was to implement an
Integrated Circuit that could handle the conversion of the energy from the panel and the
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storage in a battery. In this category of components, different models were considered, which
we can see in the following table:

Comparison between Power IC models

Specifications SPV1050 SPV1040 TPS612994
Input voltage range 150mV - 18V 0.3V - 5.5V 0.5V - 5.5V
Input current range 30pA min - 120mA
Output voltage range 2.2V - 5.3V 2V - 5.2V 1.8V - 5.5V
Output current range up to 70mA 1.8A (inductor) | 0 - 200mA

. Undervoltage Overcurrent

FIOIEEHon Srsiems Overvoltage Overtemperature Thermal
Conversion modes Bui?]gléos ¢ Boost Boost
Regulated sources 3.3V 1.8V NONE NONE
Other characteristics | MPPT integrated | MPPT Integrated -

Table 4.1: Comparison between three Power IC models

Finally, the model chosen was the SPV1050 for its specifications and, specially, for both
having an MPPT controlled converter and for having a regulated 3.3V source that will be used
for the ESP32 pController. Moreover, as this Integrated Circuit is designed to be a battery
charger, it has some protection systems that will help to maintain it in good charge condition.

In the following images, we can see the chip (image 19a) and its internal structure (image
19b):

BATT

____________ N STORE

LDO2_EN

IN_LV
LDO2

LDO1_EN

LDO1

UvP

I'- IE
: 3
Control Logic

EOC

MPPT

BATT_CHG

BATT_CONN

(a) Tamge of the IC (b) Block diagram of the IC
Figure 19: STMicroelectronics SPV1050 Integrated Circuit (from datasheet)

We also extracted a section of the characteristics table from the datahseet, which we can
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see in the following image:

Load/battery operating range
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Figure 20: Specifications table from SPV1050’s datasheet
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5 Detailed description of the solution
adopted

In this chapter we will discuss in depth the explanations of each part, the calculations, the
results, etc. The explanation will be divided in various sections according to the stages of the
system (sensing, conditioning, processing, etc.) which will allow for a better understanding of
the design.

5.1 Measurement magnitude

As we previously stated, the magnitude we will be measuring will be the tension of the
cables.

The way we will be doing this is by measuring the changes of resistance in the sensor and
comparing them to the values of the bridge without any load. Firstly, nonetheless, we need to
know what is the value of the tension of the cables without any load.

In the technical documentation of the bridge, published in the report [19], little to no
information about the tension of the bridge in the construction is provided. In spite of this, as
we saw earlier in this report, many other physical characteristics of the bridge are available.

The tension of the cables, however, is a parameter that, should it had to be calculated,
would be completely outside the scope of this project, which is focused on electronic design.
For this reason, in order to design the system, some assumptions have been carried out (all
of them backed by the professors at the department of Civil Engineering of the Polytechnic
University of Valéncia (UPV).

The approximations are the following:

e The maximum tension that the cable system can support is around 300 MPa. This is
the maximum mechanical tension that the anchorage system previously mentioned can
support [19], and it will be taken into account due to the fact that structural cable steel
can endure tensile forces around 1770 MPa or more [27].

e We will consider that the cables of this bridge were prestressed to a 20% of this maximum
tension, which is a good safety margin to design the system with.

e This tensile strength is about 60 MPa, which leaves us a margin to measure the increase of
this magnitude once traffic flows over the bridge and also to measure a possible decrease
in the tension, which would indicate a possible failure of the anchorage system or of the
cable.
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In case the calculations of the length and section of the cables are necessary to obtain the
force acting in them, we approximated them by using image 9 in AutoCAD. We can see their
value in the following table:

Cable measurements
Num Length | Number of | Section
(in m) | 0.6" cables | (cm?)
1 29 31 232
2 40 31 232
3 48 31 232
4 60 31 232
5 72 31 232
6 81 31 232
7 91 61 456
8 100 61 456
9 109 61 456
10 115 61 456
11 123 61 456
12 130 61 456
13 140 61 456
14 157 61 456
15 154 61 456
16 162 61 456
17 169 61 456
18 178 61 456
19 185 61 456
20 192 61 456
21 200 %) 411
22 208 49 366
23 214 43 321
24 219 31 232
25 227 31 232
26 233 31 232
27 241 31 232
28 246 31 232
29 250 31 232

Table 5.1: Dimensions of the cables for further calculations

These data, although not useful for the safety application of the system, it can be interesting
for further academic applications (e.g.: mathematical models of the structure).

As we previously stated, the system will be based on a sensor that will measure the tension
force on the stay-cables of the bridge. The device in charge of this task will be a strain gauge,
the operation, specifications and implementation of which will be explained in the following
paragraphs.
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5.2 Signal conditioning

In this first section of the system, the necessary signal conditioning stages will be imple-
mented in order to feed the micro-controller with a suitable voltage range for its Analog to
Digital Converter (ADC).

All of the following calculations have been carried out taking into account that the power
supply of the system allows for a maximum of 3.3V (stemming from the photovoltaic battery-
charging IC that will be hereafter explained). This means that the Instrumentation Amplifier, as
well as the Operational Amplifiers (Op Amp), will need to have an offset voltage to compensate
the asymmetry of this power supply.

The section includes:

e An Instrumentation Amplifier (Inst Amp) that will convert the differential signal
from the strain gauge to a single-ended one, as well as provide a voltage gain and an
offset.

e A Low Pass Filter (LPF) that will eliminate the unwanted frequencies from the system
as well as provide a voltage gain.

e A Subtractor that will eliminate the offset added in the Inst Amp stage so as to bring
the signal back to a OV to 3.3V range signal.

5.2.1 Instrumentation Bridge: adaptation of signal voltage range

In order to continue with the calculations of the component values that will be used to
condition the signal, we need to know what is the range of voltages we need to expect at the
strain gauge output. In this way, we can calculate how much gain the following stages (Inst
Amp and LPF) will need to have. For this purpose, the calculations explained below have been
performed (all taking into account the topology indicated in figure 21 hereafter):

3.3V

R R+ AR

Figure 21: Instrumentation bridge used in the project
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Firstly, having in mind the range of tension forces we assumed previously (60 MPa for the
prestressing and 300 MPa of absolute maximum tensile strain) we calculated the elongation of
the cable for two cases:

e 0 MPa, which will be the value of a unstressed cable (decrease of 60 MPa, in our case)

e 300 MPa, which will be the maximum stress the cable system will endure before its
complete failure.

The following equation (Hooke’s law) was used to calculate the elongation of the cable:
€= — (5.1)
where:

e = — Elongation of the material (in meters per meter (m/m), but usually expressed in
micrometers per meter (pm/m))

e s — Strain of the material (in Pascals (Pa))

e E — Young’s modulus (assumed 200 GPa for this material)

The maximum stressing of the cable (a variation of +240 MPa) is:

240 10°

el

For the de-stressing of the cable (a variation of -60 MPa) we obtained:
In the same way, for the de-stressing of the cable (a variation of -60 MPa) we obtained:

60 - 106
€2 =

= 500107 = —300um/m (5.3)

For the first value, however, we proceeded with a +1300 pm/m to compensate for the
approximations that were previously carried in the strain limitations of the bridge.

Knowing these values, we can now calculate the variation in the resistance of the strain
gauges. For this, we used the following equation:

AR=R, k¢ (5.4)
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where:

AR — Variation of the Strain Gauge’s resistance

R, — Nominal resistance of the SG (350 2 in this case)

k — SG factor (assumed 2 for almost all SGs in the market)

€ — Elongation of the material under the SG.

For the elongation values previously obtained, we calculated the following variations in
resistance:

AR1 =350 -2 - 1300 = +0.91¢ (5.5)

AR2 =350-2-(—300) = —0.21Q (5.6)

Finally, once we have these data, we can calculate the variation of differential voltage of the
SG. Knowing that the SGs are arranged in a full-bridge configuration but only two of them are
reactive to the axial strain of the cables, we can use the following equation:

AR

AV =V, —————
P 9. R,+ AR

(5.7)

were:

e AV — Variation of the differential voltage

Vaup Supply voltage (3.3 V in our case)

e AR — Variation of the SG’s resistance

R, — Nominal resistance of the SG (350 €2 in this case)

Substituting our resistance variation values previously calculated, we obtain the following
voltage deviations:

0.91

AV1=33 — " —42 .

V1=33 55000 smV (58)
—0.21

AV2=33. — " — 99 .

V2=383. e = —990.304V (5.9)
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CHAPTER 5. DETAILED DESCRIPTION OF THE SOLUTION ADOPTED

As we can see on the values calculated, the measurements of the sensor will not be sym-
metrical, that is why we will perform the next calculations to obtain the value of the gain of
the system:

First, we calculate the complete variation of the voltage:

AV =AV1 - AV2=4.28-10"% - (=990.30 - 107%) = 5.27mV (5.10)

We need the range of this signal to be between 0V and 3.3V, so we calculate the gain
according to those parameters:

A‘/;)ut
Gain = 5.11
ain AV (5.11)
where:
e AV, — Range of the signal voltage after the conditioning stage.
e AV;, — Range of the signal voltage before the conditioning stage.
In our case, for a [0 — 3.3]V signal, we will obtain the following value for the gain:
Gain = LU 625.63V/V (5.12)
C5.27-1073 0 T '

In our case, we found that the most accurate division of the gain between the two stages
using E24 normalized resistors and E12 normalized capacitors is the following:

e Inst Amp : 8.66 V/V
o LPF: 7225 V/V

In the following sections, the distribution of this gain will be further analyzed.

5.2.2 Instrumentation amplifier

For this first stage of the signal conditioning of the sensor, we chose the INA333, by Texas
Instruments.

Gain of the stage

As stated in the datasheet, the resistor that will determine the gain of the system will be
calculated as follows:

100 - 103
R,= —— 5.13
9 Gain —1 ( )
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5.2. SIGNAL CONDITIONING

By substituting the gain value for the one we need to reach, we obtain the following resistor
value:

100103

R =" """
9 866—1

= 13.06 - 10* (5.14)

The most appropriate E24 normalized value that we found is 13k(2
With this normalized value, we will obtain a gain:

100 - 103

Gaing_Norm = 1+ m

= 8.69V/V (5.15)

Reference voltage

Firstly, we have to take into account that the signal received by the Inst Amp has a range
between -990.31V and 4.28mV and the ADC of our pController reads values between 0V and

3.3V, which means that the negative part of the input voltage will have to fit into the [0—3.3]V
range.

With this end in mind, we will need to add a reference voltage to the Inst Amp that will
rise the -990.311V to be OV. This can be calculated as follows:

Vier = =AVpin - Gain (5.16)

where:

e V..t — Reference voltage to be applied to the Inst Amp
e AV, Lowest voltage of the range (or most negative).

e Gain — Gain of the entire conditioning system

Vyer = —(—990.3 - 107°) - 625.63 = 619.55mV (5.17)

This, however, is not the only reference voltage that will have to be accounted for. As we
explained previously, this system will be powered by a low voltage source (3.3V), which means
that the operational amplifiers will have a non-symmetrical power source. In order to solve this,

a 1.5V reference will be provided for these stages in order to simulate a symmetrical rail-to-rail
power source.

The problem that arises from this is that the signal will be cut-off if it arrives to one of the
limits (OV or 3.3V), which means that we will have to rethink the reference voltage. We will
do this, instead of rising the voltage of the signal to match the [0 — 3.3]V range, by lowering
the signal so that the range can oscillate symmetrically along the reference azis (0V).
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CHAPTER 5. DETAILED DESCRIPTION OF THE SOLUTION ADOPTED

As we can see, as the Op Amps have a 1.5V reference, our former reference axis, which was
situated at 0V, is now located at the 1.5V mark. This will be implemented from the beginning
in the Inst Amp by combining both reference voltages, so our final reference voltage will be:

Vies o = 1.5 — Vyoy = 1.5 — 619.55 - 10~% = 0.88V (5.18)

This will be implemented by using voltage dividers, as we can see in the following schematics
from the Eagle PCB-designing software (figures 22a and 22b):

RVRE: 1.5V Buffered Reference 0.88V Buffered Reference

4C10

&
c1 [
-OPA237NA_250

+
OPA237NA_250

. _i+jH@Eﬂ . ]
S -IN ouT > 5 -IN ouT >
Y+ Y- o = W+ V- B
GND GND
AN BUFF]  #ND
(a) 1.5V Reference (b) 0.88V Reference

Figure 22: Schematic diagrams of the references in Fagle

We can also see in the following image (figure 23) how the Instrumental Amplifier has
been implemented in Fagle. The tags connected to the pins of the Integrated Circuit are
representations of connections between other parts of the PCB (e.g.: V+ and V- are the
connections of the Strain Gauge, and V_Inst, the output of the amplifier.

Jnstrumentation Amplifier

4C3
R10 ANAZ33AIDRGR
13K
1 3 3.3V/I3.77?
[V : RG1 RG2
|—§ VIN- vt ;
VIN+  VOUT V_INST
[V [ =H8 rRer 2
n
LL
0.88v
GND C5’|

Figure 23: Schematic diagram of the Instrumentation Amplifier in Fagle
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5.2. SIGNAL CONDITIONING

5.2.3 Low-pass filter

For this section, the Texas Instruments Filter Design Tool. This software allows for a
precise calculation of the components of the filter while maintaining as accurately as possible
the specifications of the system. In our case, the filter was obtained by tuning the following
parameters:

Gain — 67.00 V/V

Cut-off frequency — 30Hz
Order — 4th order

e Response — Butterworth

Topology — Sallen-Key
e Component normalization

— Resistors: E24 (5%)
— Capacitors: E12 (10%)

We obtained a two-stage filter with a gain of 8.5 V/V each one, which comes to an overall
gain of 72.25 V/V. We can see the topology of the filter in the image below, figure 24:

16kohm

1.5kohm 1uF

R4_S1 R3_S2 R4_S2
¢ A'A% . A%
2.4kohm 18kohm 2.4kohm 18kohm

20kohm

1.2kohm 1uF
+
\Vsignal

R3_S1

Vout

Figure 24: Schematic diagram of the LPF designed in the Texas Instruments suite
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CHAPTER 5. DETAILED DESCRIPTION OF THE SOLUTION ADOPTED

In the following Bode Diagrams, we can see the response in magnitude (figure 25a) and
phase (figure 25b) response to a spectrum of frequencies including the [10 — 100] H z decade and
the 30Hz cutoff frequency:

100 0

Q Show all

50 5 r/\

=]
=]

Magnitude Response (dB)
IS

Phase Response (Degree)
o .
8

-50 -300

-100 -400
10 100 10 100

Frequency (Hz) Frequency (Hz)

(a) Magnitude diagram of the LPF (b) Phase diagram of the LPF
Figure 25: Bode Diagrams of the system

In the next image (figure 26), the implementation in Fagle is shown. As well as in the
Instrumental Amplifier, the connections between the different parts of the circuit have been
represented with tags (e.g.: V_Inst is the input of the filter, and OUT _B is the conditioned
output).

: Pouble Op Amp (OPA2376, Texas Inst.)

|

|

|

| . |

| 14 |

| JPAES?BAQDRQl 3.3v/3.22 !

| o b |

|  ‘NA  OUTB [— !

| SH T INB | |

! V. +INB !

I I

| |

| |

! GND !

| |

A i 0 VAL Ry i e W VG L. A Gl e S g 0 i FI 0 Ol ) B J
r—-r-r—-——~"~"~>""~>""~>"~"~"~"~" " " —"T"T"~" =" T~ T—" T ——=—°—7 - r—-r—-r——"">"~"~"~>""~>"~"~"~"~"~"*>"7>”"”"7” ="~ "~ "~~~ T T T~ ~
| 1st Stage 5 | 1 2nd Stage - 1
| . | | o s |
| Lo Yy - |
\ T |
| | | |
| | | - 15 Blﬁ |
| b [ouTA i ——T 19N B |
\ [ 4.5k A8k l [
| ! | 155 |
| | | g |
| 1 ! |
I | I Au |
| | | |
| | | I
: 1.5V AN_A 1.5V . 1.5V | IN_B | :
| | | I

R4 Ri8 R13 R17

: ] L (] 1
\L 2.4k 4 J\ \L 2.4k 4 J\

Figure 26: Schematic diagram of the LPF in FEagle
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5.2. SIGNAL CONDITIONING

5.2.4 Subtraction of the 1.5V reference

Once we have conditioned the signal to fulfill the voltage range requirement, we have to
subtract the 1.5V offset, as the resulting signal from the Inst Amp and the LPF exits this stage
with this voltage as a reference point.

In order to do this, a subtraction circuit has been designed. For this purpose, we used an
Op Amp configured to have a unit gain (so as to not modify the voltage range of the resulting
signal. To this Op Amp’s non-inverting input, the conditioned signal will be connected, leaving

the 1.5V reference from the voltage divider to the inverting input. We can see in figure 27 how
this circuit is constructed:

Rt

MMy
I —
'\ @
Wi -
\D)

l|iﬂ;
R
ATATA"

[z ——

W2

|

g

Figure 27: Schematic diagram of the subtractor circuit

This circuit’s transfer function looks as follows:

Ry Ry Ry
Vo=(1+2L) (L) - n-L.v 5.19
( Rl) (RQ+Rf) ? ! (5:19)

In our case, given that we need unit gain, we will assume that Ry = Ry = Ry, which means
that the transfer function will simply look as follows:

V, =V, - Vi (5.20)
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This stage of the conditioning section has been implemented as figure 28 shows:

Offset subtractor

OUT SUB/3.2? +C39
KPA237NA_250

N SUB»—— N ouT é DUT_SUB/3.77

W -
Wy 3
GND
Subtractor resistors Operational Amplifier (OPA237, Texas Inst.)

Figure 28: Schematic diagram of the offset subtractor in Fagle
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5.3 Processing of the signal

For the processing of the signal, an ESP32 pController will be used. This controller will be
added to the system’s Printed Circuit Board (PCB) and will analyze the signal exiting from
the conditioning stage.

The main points of the implementation of this controller are the programming method
(USB-UART) and the utilization of the systems available in the controller (the Analog to
Digital Converter (ADC) in our case). These two sections will be explained hereunder.

5.3.1 Programming the pController

For programming the ESP32, an USB-UART converter has been implemented. This cir-
cuitry will allow us to install the small programs that will manage the communications of the
board and, of course, the processing of the signal. For the correct operation of this circuit, a
USB isolator has also been implemented.

We can see in the images below (figure 29 and 30) how this stage of the circuit has been
implemented in Eagle:

{

]
g
]

Figure 29: Schematic diagram of the USB isolator in Eagle
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I

Ie

.

-
s
|
-

IHIH

Figure 30: Schematic diagram of the UART interface in Fagle

5.3.2 Analog to Digital Converter

The signal extracted from the sensor and conditioned in the previous stages of the circuit
will enter the ESP32 pController via one of the ADC pins, in which the analog signal will be
converted into digital values that can be processed.

This ADC has the following characteristics:

e Signal Range — 0V to 3.3V
e Resolution (bits) — 12 bits
e Digital Range — 0 to 4096 (2!?)

5.4 Power Source

In this section, we will address one of the main points of this project, which is the power
source of the system.

As we previously stated in the background knowledge chapter (chapter 2), this project will
be based on the Energy Harvesting concept, which essentially means that our power source
will take advantage of the ambient energy so as to provide electrical energy to the circuits. In
our case, this will consist of a photovoltaic panel (subsubsection 2.2.3), which will harness the
solar energy present in the location of the bridge; a DC-DC converter, which will transform the
energy harvested to a usable source; and a battery, which will ensure the correct operation of
the system when no solar energy is available (e.g.: at night or with cloudy skies).

As the choice of the components of this stage have been previously explained by using table
4.1, we will focus on the calculations of the passive components of the DC-DC converter.
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5.4. POWER SOURCE

5.4.1 DC-DC Converter

For this power source, the SPV1050 Integrated Circuit (IC) was utilized. This is a low-
voltage, low-power integrated DC-DC converter with an option for MPPT control and a charg-
ing port for batteries.

The regular application of this IC in buck-boost mode looks as indicated by figure 31:

1 BATT
prosmemememe e > | store
E %
MY\ <+ -
— 32 _‘ EOC %
IN_HV - gE e +
| : = :
| °°
Input source L BV SroRE
CONTROL —
l— LOGIC oo o > 1 -
Csrore Battery
— 1 13V LDO1 10 1oan1 _— —
MPP STORE o>
MPP_SET | Lo> l
MPPT 13V = LDOZE
% wiP Rer | _T010AD2
| T
LDOI_EN b N -
| | BATT_CON
LDO2 EN s 1
| BATT CHG
CONF =
Cin I s
T T PGND | GND
4

AMO03399

Figure 31: Regular buck-boost application of the SPV1050

The calculations performed will be thoroughly explained along the next paragraphs.
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CHAPTER 5. DETAILED DESCRIPTION OF THE SOLUTION ADOPTED

Battery management

Firstly, we will calculate the part of the IC dedicated to controlling the battery charge. This
part consists of 3 resistors and one capacitor, as we can see in the following image (figure 32):

--------- 1 BATT
___________ pass o |
TRANSISTGR\ STORE
R4%
uvP
+
_< R5
_| EOC
CONTROL -
LOGIC izav Re §
Csrore| Battery
| BATT_CON —— i —
”%b BATT_CHG
""""""" GND |
~

AM03397

Figure 32: Close-up view of the components in the battery management section

First, we need to set a value for the total output resistance (Rour(ror), which is the series

combination of the three resistors in the image (R4, R5 and Rg). For this total resistance, a value
of 12.8 M) was selected. This is the value that, once applied to normalized resistors, comes
close to an accurate distribution of resistors. This value also fulfills the datasheet’s requirement
that Rour(ror) has to be selected between 10 MQ2 and 20 M€} in order to minimize its leakage.

For calculating Rg we use the following equation:

v
Rg = (VBG ) - Rour(ror) (5.21)
EOC
where:
e Rg — Lower resistor, connected to EOC and GND

Ve — Internal Bandgap voltage (1.23V, typical value)

Veoc — Maximum voltage in the battery before cutoff (4.2V in our case)

® Rour(ror) — Total output resistance, chosen previously.
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5.4. POWER SOURCE

By substituting our values in this equation, we obtain the following value:

1.23
Re = (E) -12.8-10° = 3.749 - 10°Q = 3.75MQ (5.22)

The E24 normalized value will be Rg = 3.9 M.

Next, we calculate the value of Ry by using the following equation:

”
Rs = (VBG ) - Rour(rory — Rs (5.23)
vvp

where:

Rs — Middle resistor, connected to FOC and UVP

Ve — Internal Bandgap voltage (1.23V, typical value)

Vyve — Minimum voltage in the battery before cutoff (2.75V in our case)

¢ Rour(ror) — Total output resistance, chosen previously

Re — Rg value, calculated previously (3.9 MQ)

By substituting our values in this equation, we obtain the following value:

1.23
Rs = (ﬁ) -12.8-10° - 3.9-10° = 1.825 - 10° = 1.83MQ (5.24)

The E24 normalized value will be Rs = 1.8 MS2

Finally, we calculate Ry by subtracting the Rs and Rg from the Rour(tor) value:
Ry = Rovrrory — Re — R5 = 7.1-10° = 7.1MQ (5.25)

We will take the E24 normalized value R4 = 6.8 M.

Finally, for the capacitor connected to the STORE output, we chose Cgrorg = 47pF |,
which is a typical application value according to the datasheet
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CHAPTER 5. DETAILED DESCRIPTION OF THE SOLUTION ADOPTED

MPPT Setting

Finally, we calculate the components connected to the part of the IC dedicated to manage
the input from the PV panel and the MPPT algorithm. Just like the previous section, this part
of the circuit consists of 3 resistors, but here we add 2 capacitors instead of one, as we can see
on the following image (figure 33):

R, ‘
R, MPP
MPP_SET |
MPPT
Source R, MPP_REF |
Cin
— — Crgr — (I
PGND GND

AMO03400

Figure 33: Close-up view of the components in the MPPT setting section

Firstly, according to the datasheet, we need to select the values of the resistor following the
next requirement

Vocrax)

RIN(TOT) = Rl + RQ + Rg > ( ) . MPPTRAT[O (526)

LEAKAGE

where:

¢ Rin(roT) — Total input resistance
e R;, R, R3 — Resistors of the circuit
e Voc — Maximum open circuit voltage of the PV panel (5.5V in our case)

e I1eaxage — Maximum acceptable leakage current, assumed 0.1 pA as specified in the
datasheet

e MPPTRgraTi0o — MPPT ratio, calculated as Vyp/Voc, where Vyp is the voltage at
maximum power of the PV panel
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5.4. POWER SOURCE

For the next sections, we chose the value for Ri,out) as follows:

Vocra 5.5
Rinror)yyiy = OCMAY) M PPTrario =

-0.691 = 38 - 10 = 38 M) 5.27
InEakacE 0.1-10-6 (5.27)

In order to calculate the values of all the resistors, we start by calculating Ry:

(5.28)

y
Ry = Rincron - KM)}

Vocrax)

where:

R; — Upper resistor, connected between IN HV and MPP

Rin(ror) — Total input resistance, previously set to 38 M2

e Vupp(max) — Voltage at maximum power of the PV panel (3.8V in our case)

Voc — Maximum open circuit voltage of the PV panel (5.5V in our case)
By substituting our data, we obtain the following value:

Ry =38-10°. K%)} = 24.87-10° = 24.87TM () (5.29)
The closest E24 normalized resistor value is Ry = 24 M.

Next, for Ry, we proceed as follows:

VimpPP(MAX)

R2 = RIN(TOT) . ( ) * (1 — MPPTRAT]()) (530)

Vocrax)

where:

R, — Middle resistor, connected between MPP and MPP_SET

Rin¢ror) — Total input resistance, previously set to 38 M

e Vumppmax) — Voltage at maximum power of the PV panel (3.8V in our case)

Voc — Maximum open circuit voltage of the PV panel (5.5V in our case)

e MPPTRgrATi0o — MPPT ratio, calculated previously as Vyp/Voc
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Substituting our data, we obtain the following value:

3.8
Ry =38-10°- (%) (1 =0.691) = 4.06 - 10° = 4.06 M (5.31)

We selected a normalized E24 value Ry = 3.9 M.

Finally, we obtained the Rj resistor as follows:

VPP AX)

R3 = Rin(ror) - ( ) - MPPTrario (5.32)

Vocvrax)

where:

e R3 — Lower resistor, connected between MPP_SET and GND

¢ Rin¢ror) — Total input resistance, previously set to 38 M2
e Vuppmax) — Voltage at maximum power of the PV panel (3.8V in our case)
e Voc — Maximum open circuit voltage of the PV panel (5.5V in our case)

e MPPTRgrATi0o = MPPT ratio, calculated previously as Vyp/Voc

This, applied to our data, results in the following value:

3.8
Ry = 38-10° - (ﬁ) -0.691 = 9.07 - 10° = 9.07MQ (5.33)

The closest E24 normalized value for this resistor will be Rg =10 M.

Now that we have the three values, we can check if they fulfill the first requirement, explained
in equation (5.26):

R[N = Rl + RQ + Rg =37.9MQ ~ 38MQ(R[N(M[N)) (534)

The resistor values follow the requirement.
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Selection of the rest of components

For the capacitor Cy,, we chose a 4.7TnF value, as indicated in the datasheet:

Also, the MPPT accuracy can be strongly affected by an improper selection of the input
capacitor. The input capacitance Ciny = 4.7TuF generally covers the most typical use cases.

(STMictroelectronics, SPV1050 Datasheet)

For the capacitor Crgr, we chose a 10nF value, also indicated by the datasheet:

When MPPT function is required, connect this pin to a 10nF capacitor: at every sampling
period (16 s) this capacitor stores the reference voltage (% of the open circuit voltage of

the source) VMPP _REF.

(STMictroelectronics, SPV1050 Datasheet)

Finally, for the input inductor, the one connected between the positive terminal of the PV
panel and the IN LV pin, we chose a value of 22pH, as indicated in the application diagram.

Figure 34: Schematic diagram of the SPV1050 assembly in Fagle
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We can see the components placed in the PCB render below (figure 35):

Figure 35: Render of the Power circuit in Fusion360
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5.5 PCB

Once we placed all the components in the board in Eagle, we linked all the 3d models and
these are the results of the renders:

Structural Health Monitoring System A l
9>y Structural Health Monitoring System
Made with love
Requirements: (and patience,
~ PV Panel a lot of patience)
= Max Voc: 5.5V by
- Op. Voltage: 3.6V | _
Alvaro Morells Campos

ANNNEENERRAENE ~

Made with love
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by
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nel
- Max Voc: 5.5V
- Op. Voltage: 3.6V | _
Alvaro Morells Campos

L]
Pt

- Battery
~ Approx. 350mAh
= Nom. Voltag
- Min and Max: 2.

- Battery
~ Approx. 350mAh
- Non. Voltage: 3.7V
- Min and Max: 2.75V-4.2V
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(a) View of the PCB and soldering pads (b) Components placed on the board
Figure 36: Fusion 360 Renders of the PCB
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Figure 37: Side view render of the PCB in Fusion360
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6 Conclusions

6.1 Note from the author

The project here developed is a system envisioned for a real application in the bridge.
However, the physical development of the project is to be realized.

We would also like to mention the different problems we encountered. For example, in
the previous work of investigating the bridge construction, we found many articles about the
general aspects of cable-stayed bridges. Moreover, we found a construction report from the
subcontracted company that took care of the assembly of the bridge in which we found some
information around the dimensions and construction. However, this was not enough for the
initial data of our system, as we needed to know the exact value of the prestressing of the cables
to set a "zero point" for the system. Some assumptions and approximations had to be carried
out, which means that should it be constructed, further information around these values would
be required.

On the other hand, for the design of the circuit, specially the power circuit, we encountered
several problems in choosing the approach for design and assembly. A tailored DC-DC converter
was intended as a first approach, but due to complications in the compatibility between the
different parts of the system, an Integrated Circuit was finally chosen, which improved the
reliability of the circuit while reducing its complexity.

Having stated that, we have to say that we are content with the final result of the system.

6.2 Future work

As previously stated, the design of this project has been carried out as a concept for future
real implementation. However, for this to be feasible, some further work has to be done:

Regarding to the testing of the PCB, a prototype would be necessary to verify the correct
operation of the circuit.

Finally, in terms of programming, we considered the software implementation of of the
ESP32 pnController to be out of the scope of this project. However, it is an interesting part
that will be carried out in the future. For real implementation, this part is necessary in order
to ensure correct measurements and transmission of data.
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6.3 Sustainable Development Goals

To conclude this report, we found interesting to mention the Sustainable Development Goals
proportioned by the United Nations Organization that this project fulfills. These goals are the
following;:

e Goal 9 (Industry, innovation and infrastructure) as this project is intended to better
the technology used in the industry and improve the design and construction of future
infrastructures.

e Goal 11 (Sustainable cities and communities) as this project looks towards the safety

of day-to-day used infrastructures while maintaining a sustainable energy use for this
purpose
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1 Diagrams of the electronics system

1.1 Schematics of the power circuit
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CHAPTER 1. DIAGRAMS OF THE ELECTRONICS SYSTEM

1.2 Schematics of the conditioning circuit
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1.3 Schematics of the processing circuit (ESP32)
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2 PCB layout diagrams

2.1 Front Silkscreen
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2.2 Front Layer
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2.3 Back Layer
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1 Introduction

This document is part of the design of a Structural Monitoring System based on the concept
of Energy Harvesting. It is intended to be installed in the stay-cables of the Assut de I’Or bridge
in Valencia, Spain. The device is intended for safety measures as well as for the implementation
of a mathematical model of the bridge for future study.

1.1 Scope of the document

The aim of this document is to establish the technical standards this project needs to fulfill
so as to be correctly replicated and implemented. It consists on the minimum requirements to
be followed in order to correctly develop the system described in the Technical Report and the
Plans.

1.2 Intended audience

This document is intended to be read by the engineers or technicians responsible for manu-
facturing and implementing the device should it be physically developed. This document should
be taken into account together with the rest of sections of the thesis (Technical Report, Plans

and Budget).
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2 General requirements and consid-
erations

In this chapter, the general requirements will be assessed so as to inform of the specifications
and techniques that should be followed in the implementation of this system.

2.1 Materials

In this section, the specifications and regulations that the materials used have to follow will
be presented.

2.1.1 Strain Gauge

In this project, an OMEGA SGT-3G/350-FB/1 strain gauge has been used. However, due
to the standarization of this kind of components, other gauges can be implemented.

For a whole compatibility with the system, the strain gauge used needs to follow the following
requirements:

Nominal resistance of 3502

e Four measuring grids (2 at 90°respect to the other twoo)

e Epoxy installation or spot weldable

Temperature compensation for steel

Following these specifications, there should be no problem with the usage of other gauges.
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CHAPTER 2. GENERAL REQUIREMENTS AND CONSIDERATIONS

2.1.2 PCB
e The PCB designed in this project is formed by two copper layers of 35pum and a core layer
of 150pm.

e The silkscreen must be painted in a high contrast color depending on the color of the
PCB. In this case, white is the most appropriate color.

e The design and manufacturing of the PCBs has to follow norm IPC 6012E, which specifies
the quality and performance specifications of rigid printed boards [28].

e The design and manufacturing of the PCBs has to follow norm IPC 2152, which defines
the standards for current carrying capacity of printed circuit boards [29].

e The design and manufacturing of the PCBs has to follow norm IPC 2220, which sets the
standards for general PCB design [30].

2.1.3 Electronic components

All the components used in the assembly of this project have been thoroughly calculated
and their values should not be modified unless specified by the engineer in charge of the design.

All electronic components have to be provided with a RoHS [31] certificate of compliance.
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3 Fabrication

In this section, we will specify the minimum requirements for the fabrication and assembly
of the system

3.1 PCB Assembly

For the assembly of the PCB, a certified technician or assembling company will be needed.
The former should provide an IPC-A-610E compliance document.

A lead-free solder paste must be used for the assembly of the Surface Mount Device (SMD)
components so as to comply with the RoHS|31| directive.

For the through-hole components, a lead-free wire should be used so as to comply with the
previously mentioned normative.

Finally, for the soldering of the components, an acceptable temperature profile should be
used. It should look as the following one in figure 38:

10 s max.

Temp. Peak temperature: 260°C
. ”le—»] . More than 255°C 30 s max.
Temperature rising rate: 3°C/s max.
Temperature decreasing rate:
More than 217°C 6°C/s max.
_ 60to150s

< >

200°C

150°C

Preheating: 60 to 120 s

>

Temperature measurement point:
resin surface temperature

[4_ Time: 8 min max. to peak ———— Time

25°C

Figure 38: Temperature profile for reflux soldering of PCBs [1]
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4 Testing

In this chapter of the document, we will explain general recommendations for the testing
of the different components of the system. For a correct implementation, refer to this section
before assembling all the parts and check their operation.

4.1 Necessary equipment
For the testing of the equipment, a computer will be needed so as to implement the code in
the pController and to check the data sent by the ESP32 Wi-Fi functionality.

Also a multimeter will be needed so as to measure the different electric values of the com-
ponents that will be installed.

4.2 Electrical components

In this section, we will indicate the procedure for testing the components of the system.

4.2.1 DBattery

The testing of the battery should be done according to the datasheet provided. The battery
voltage should be tested with a multimeter so as to check that the minimum value is reached.
On the contrary, there could be a failure on the battery.

A charge test should also be performed, so as to check if the battery can remain charged
for the specified time and if it can hold as much energy as indicated in the specifications.

4.2.2 PV Panel

For testing the PV panel, the open circuit voltage should be measured with a multimeter.
The value specified in the datasheet should appear in the multimeter display.

Check the connections between the terminals of the panel in case there is not a normal
reading of the voltage.
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CHAPTER 4. TESTING

4.3 Strain (Gauge

Check that the nominal resistance is approximately 350 Qin all grids. The response to a
force will be difficult to measure, as these strain gauges are prepared to support extremely high
strains.

4.4 PCB

A visual inspection of the PCB can be performed. Once the components of the board are
installed, a test of the functions can be performed so as to check the correct operation of the
system. Specially the response from the Power IC, the SVP1050, and its response to the first
connection to the PV panel and battery (check that it charges the battery correctly).
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1 Price of the project development

In this section, we will calculate the prices of the labor, the materials and the equipment
utilized in this project.

For the first part, we calculated an approximation of the hours spent in the design of this
project, while for the second part, we used the prices specified in each provider’s website, all of
them without Value Added Tax (VAT, or IVA in Spain).

1.1 Designer’s fees

According to what has been investigated through different web pages in the Internet, the
average salary of an engineer in Spain in 2023 is approximately 15.38 [32].

With this value in mind, we can now calculate the hours spent in this project and how this
reflects on the economical cost of the project.

1.1.1 Hour breakdown

In the following table (table 1.1), we can see an approximation of how the hours have been
divided:

Electronics design 190 2922.2
Calculations 80
Eagle Schematics 20
PCB Layout 60
Mechanical design 20 307.6
3D Design (PCB) 20
Documentation 150 2307
Thesis 120
Plans 20
Budget 10
TOTAL 360 5536.8€

95



CHAPTER 1. PRICE OF THE PROJECT DEVELOPMENT

Table 1.1: Breakdown of the hours spent in this project and its economical correspondence

We can see that the total labor cost of the project for approximately 360h is 5536.8€

1.2 Budget of materials

In this section, we will include a breakdown of all the prices of the components used in this

project according to the provider’s web page. We will also include the price of manufacture of
a PCB.

1.2.1 Electronics components

In this section, the price of each component is specified and calculated for the total units
needed for the project. It is important to have in mind that these prices are for the units
specified, meaning that the provider might apply a discount for bigger units.

We will see this in the final section of this document, where we will calculate the price for
the total number of devices manufactured (30).

Electronic components

# Type Reference Qty. | Provider Unit Price | Subtotal

(no VAT) | (no VAT)
1 | Capacitor C0805C104K5RACT411 7 MOUSER 0.09 € 0.63 €
2 | Capacitor CO0805C125K9RACTU 2 MOUSER 0.52 € 1.04 €
3 | Capacitor C0805C476M9PACTU 1 MOUSER 0.68 € 0.68 €
4 | Capacitor CO0805C824K4RACAUTO 1 MOUSER 0.27 € 0.27 €
5 | Capacitor C0805X105K8RACAUTO | 1 MOUSER 0.57 € 0.57 €
6 | Capacitor C0805X475J4ARACAUTO 3 MOUSER 0.58 € 1.74 €
7 | Resistor CRO0805-JW-102ELF 1 MOUSER 0.07 € 0.07 €
8 | Resistor CR0805-JW-103ELF 1 MOUSER 0.07 € 0.07 €
9 | Resistor CRO0805-JW-122ELF 4 MOUSER 0.07 € 0.28 €
10 | Resistor CRO0805-JW-133ELF 1 MOUSER 0.07 € 0.07 €
11 | Resistor CRO0805-JW-152ELF 1 MOUSER 0.07 € 0.07 €
12 | Resistor CRO0805-JW-163ELF 1 MOUSER 0.07 € 0.07 €
13 | Resistor CRO0805-JW-183ELF 1 MOUSER 0.08 € 0.08 €
14 | Resistor CRO805-JW-185ELF 1 MOUSER 0.07 € 0.07 €
15 | Resistor CRO0805-JW-203ELF 5 MOUSER 0.07 € 0.35 €
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1.2. BUDGET OF MATERIALS

16 | Resistor CR0805-JW-240ELF 4 MOUSER 0.07 € 0.28 €
17 | Resistor CR0805-JW-242ELF 2 MOUSER 0.07 € 0.14 €
18 | Resistor CRO0805-JW-302ELF 1 MOUSER 0.07 € 0.07 €
19 | Resistor CR0805-JW-331ELF 1 MOUSER 0.07 € 0.07 €
20 | Resistor CR0805-JW-332ELF 1 MOUSER 0.07 € 0.07 €
21 | Resistor CR0805-JW-362ELF 1 MOUSER 0.07 € 0.07 €
22 | Resistor CRO0805-JW-395ELF 2 MOUSER 0.07 € 0.14 €
23 | Resistor CR0805-JW-685ELF 1 MOUSER 0.07 € 0.07 €
24 | Resistor CR0805-JW-915ELF 1 MOUSER 0.07 € 0.07 €
25 | Resistor MCHVRO05JTHW2405 1 | FARNELL 0.16 € 0.16 €
26 | Inductor SRN6028C-220M 1 MOUSER 0.38 € 0.38 €
27 | Op Amp OPA2376AQDRQ1 1 MOUSER 2.25 € 2.25 €
28 | Op Amp OPA237NA /250 1 MOUSER 1.60 € 1.60 €
29 | Inst Amp INA333AIDRGT 1 MOUSER 4.92 € 4.92 €
30 | Power IC SPV1050TTR 1 MOUSER 3.20 € 3.20 €
31 | USB Isolator | ADUM4160BRIZ 1 MOUSER 10.38 € 10.38 €
32 USE to CP2102N-A02-GQFN24 1 MOUSER 3.28 € 3.28 €
UART
33 | Optocoupler | TCMT1100 1 MOUSER 0.45 € 0.45 €
2 Pin
34 . 1725656 1 MOUSER 1.45 € 1.45 €
Terminal
4 Pin
35 _ 282837-4 1 MOUSER 0.85 € 0.85 €
Terminal
Battery
36 53261-0371 1 MOUSER 0.51 € 0.51 €
Connector
ESP32 ESP32-S3-
o pController | WROOM-1-N16RS8 1| MOUSER 321 € 321 €
38 UsB 1-1734035-1 1 MOUSER 1.21 € 1.21 €
Conector
39 | PV Panel MPT3.6-75 1 MOUSER 5.50 € 5.50 €
40 | Battery YOBLP422339PACK 1 | FARNELL 19.53 € 19.53 €
50 | Strain Gauge | SGT-3G/350-FB41 1 OMEGA 30.91€ 30.91€
TOTAL
(no VAT) 96.83 €
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1.2.2 PCB Manufacturing

A professional PCB manufacturer was chosen. In this case, it will be Aisler.

The price for a board can be calculated as follows:
Price = 12 + 0.042 - Area(cm?) (1.1)

In our case, the price for each PCB is 18.72€ (15.47€without VAT)

As an addition to the board, we can order a stencil for better distribution of the soldering
paste, the price of which can be calculated as follows:

Price =5+ 0.095 - Area(cm?) (1.2)
In our case, the price for the stencil is 20.2€ (16.69€without VAT). This product, however,

can be used almost indefinitely, as it’s only used for application of the soldering paste.

For the assembly of the PCBs, we have counted on a work of 1.5h, which results in a total
of 23.07€. Added to the rest of the costs of fabrication, we obtain the total shown in the

following table:

PCB Board | 18.72 €
Stencil 20.20 €
Assembly 23.07 €

Table 1.3: Total cost of the fabrication and assembly of the PCB

We obtain a final value for a PCB of 52.23€ without VAT.

1.3 Amortization of tools and programs

In this section, we calculated the amortization of the equipment and software used in this
project.

The amortization ratio is calculated as follows:

Price
Amortization, ;g = ——————— 1.3
"o T Service li fe (13)
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We can %se this ratio to calculate the amortization of each of the elements used for the
0

realization

the project, as we can see in the following table:

Item Price Service life | Amortization Ratio (€/h) | Hours | Total
MacBook Pro 2,500.00 € 60000 0.042 360 | 15.00 €
iPad 2018 400.00 € 44000 0.009 300 | 2.73 €
Fusion360/Eagle | 382.00 € 8760 0.044 110 | 4.80 €
Mathcad 665.80 € 8760 0.076 60 | 4.56 €
Photoshop 600.00 € 8760 0.068 5| 0.34 €
TOTAL 27.43€

Table 1.4: Amortization of the equipment and software

We can see that the total amortization of the equipment and software used comes to about

27.43€.
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2 Conclusion (Total Price)

The total gross cost of the project (including the labor, the material cost and the amorti-
zation) has been calculated in the following table:

Item Cost
PCB Components 96.83 €
PCB Manufacturing 55.23 €
Labor 5,536.80 €
Amortizations 27.43 €
GROSS TOTAL 5,716.29 €

Table 2.1: Total gross cost of the project

In order to calculate the net cost of the project, we added the 21% of VAT stipulated for
Spain and an gain percentage of 8%, which is a good gain value. We can see this in the following

table:

Parts Cost
Gross total | 5,716.29 €
VAT (21%) | 1,200.42 €
Gains (8%) | 457.30 €
TOTAL 7,374.01 €

Table 2.2: Net total cost of the project

The cost of the project comes to a net total of 7,374.01 €.
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3 Price per unit of production

In this section of the budget we will calculate the price per unit of production. It is estimated
to manufacture a total of 30 units of this product, one per cable of the bridge with one to spare
in case there is a failure.

3.1 Budget of materials

As we previously stated in this document, the price for a bulk order makes the unit price
considerably lower. In our case, with a bill of materials 30 times the initial calculations, we
obtain a total of 2551.16 € without VAT, which results in 85.04€/u.

In addition, as we explained for the manufacturing of the PCBs, the stencil will only be
charged once, as it can be reused indefinitely. The total cost for the material part has been
explained in the following table:

Material costs for 30 units
Materials Unit price | Quantity | Subtotal

Components 85.04 € 30 2551.2 €
PCB Fabrication 15.47 € 30 464.10 €
PCB Assembly 23.07 € 30 692.10 €
Stencil 16.69 € 1 16.69 €
TOTAL | 3724.09 €

UNIT | 124.14€/u.

The total for the 30 units production is 3724.09€.

3.2 Price per unit

Accounting for a 30 unit production (one for each cable of the bridge plus one to spare), we
calculated the gross total as follows:
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[tem Cost per unit
Assembly 124.14 €
Labor 185.56 €
Amortization 091 €
GROSS TOTAL | 310.61 €/u.

Table 3.2: Gross total per unit of a 30 unit production

Finally, we added a 21% of VAT and 8% of industrial gain. We also accounted for 8% more
for fabrication installations costs (electricity and others):

Part Cost
Gross total | 310.61 €
VAT 65.23 €
Gain 24.85 €
Installations | 24.85 €
TOTAL 425.54 €

Table 3.3: Total cost per unit of a 30 unit production

The final Retail Price is 425.54€.
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