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ABSTRACT:

Posidonia oceanica is a seagrass species that grows in Mediterranean regions and it is typically distributed in
meadows at depths ranging from the water surface to thirty-five meters. Its importance lies in its capability
to constitute a valuable ecosystem where a great variety of fauna and flora can settle and to indicate the
environmental quality of the littoral.

This plant is periodically studied by the CEI·MAR·UGR divers and, in some cases, they can locate
these meadows at first sigh from the shore or the water surface. However, in days when the seabed visibility
is poor, this localization task can be quite challenging since the divers do not have any reference point that
can guide them to the correct place.

The goal of this thesis is to provide divers with a maritime guidance device that facilitates the localization
process. This will be implemented in an already-existing remote-controlled bait boat provided by our client,
from which we will extract its original circuitry and replace it with a brand-new design, more modern and
adapted to our project’s requirements, while taking advantage of some of its included features.

This design will allow the user to remotely indicate the GPS coordinates of the desired location to the
boat through a mobile application via GPRS so it can navigate autonomously to said location, acting as a
buoy that indicates the divers the correct immersion place. This circuit will be implemented in a multi-board
PCB and controlled by an ESP32 MCU programmed in C++ using the Arduino framework.
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RESUMEN:

La Posidonia oceánica es una planta marítima que crece en el Mediterráneo y normalmente se distribuye en
praderas cuya profundad varía desde la superficie hasta los treinta y cinco metros. Su importancia reside en
su capacidad para consituir un valioso ecosistema donde puede instalarse una gran variedad de fauna y flora
y en su capacidad para indicar el estado medioambiental litoral.

Esta planta es periódicamente estudiada por los submarinistas del Aula del Mar CEI·MAR·UGR y, en
ocasiones, estas praderas pueden localizarse facilmente desde la costa o desde la superficie. Sin embargo, en
los días en los que visibilidad del fondo marino no es buena, esta tarea de localización puede ser compleja ya
que los buceadores no cuentan con ningún punto de referencia que les pueda guiar hasta el lugar correcto.

El objetivo de este Trabajo de Fin de Grado es proporcionar a los submarinistas un dispositivo de guiado
marítimo que facilite el proceso de localización. Este será implementado en un barco cebador teledirigido ya
existente que nos ha sido proporcionado por nuestro cliente, del cual extraeremos su electrónica original y
la reemplazaremos por un nuevo diseño, más moderno y adaptado a las necesidades de nuestro proyecto, a
la vez que aprovechamos algunos de los elementos ya incluidos en él.

Este diseño le permitirá al usuario indicar las coordenadas GPS de la localización deseada remotamente
a través de una aplicación móvil por GPRS para que pueda navegar autónomamente a dicha localización,
actuando como una boya que indica el lugar correcto de inmersión. Este circuito será implementado en una
PCB multi-board y será controlado mediante el MCU ESP32, programado en C++ usando el framework de
Arduino.
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Chapter 1

Introduction

The following Bachelor’s Thesis was written as a the culmination of a four year degree in Industrial Electronics
and as a continuation of previous thesis done by other students of the same degree. The goal of this project is
to provide the CEI·MAR UGR divers with a device that can guide them to underwater Posidonia meadows.

This thesis originated and was developed in Granasat, a multidisciplinary group from the University of
Granada (UGR) originally focused on aerospace electronics, made up entirely for students and under the
supervision of the professor Dr. Andrés María Roldán Aranda.

Figure 1.1 – Granasat logo

The Granasat project started in 2013, when several students who were interested in the aerospace field 
decided to participate in the BEXUS/REXUS programme, which allows students from universities and higher 
education colleges across Europe to carry out scientific and technological experiments on research rockets 
and balloons.

Since then, Granasat’s scope has widen, collaborating and involving in wide ranging projects with students
and professionals from different areas of science and engineering. This is the case of this project, which
originated as a request from the CEI·MAR UGR program.

1.1 Motivation

Since offering a fully functional and validated product in a year’s time lapse is not realistic due to the
learning process that this project requires for an inexperienced student and the encountered obstacles, our
main motivation is to make as much progress as possible while minimizing the errors, providing a reliable
and tested starting point for following advances.

From a personal perspective, this project is an opportunity to apply and test all the theoretical knowledge
I have acquired through my degree, specially in the circuit design, firmware development and mechanical
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fields, and what is more important, to keep learning and improve my engineering and problem-solving skills.

1.2 Project objectives

The task of developing an autonomous navigation ship is complex and can be overwhelming when
considered as a whole. For that reason, when developing a large project it is important to divide it into
smaller tasks, which must be specific and realistic so we can evaluate our progress and avoid losing track.
Some of these tasks are completely independent from the others, however others rely on data that has to
be previously obtained so it is important to take into consideration the realization order.

From a technical standpoint, the project goals in order are:

• Boat’s detailed analysis: the scale boat that we are using is a remote controlled bait boat called
Pondskater Orca. Most of its circuitry has been removed so it can be replaced by ours but some of
its elements such as the motors and the LEDs will be used for our application. In the previous thesis
this elements were not carefully analyzed so their technical specifications were estimated or directly
supposed. It is essential to dispose of a precise characterization of every component when it comes
to the circuit design since the overestimation or underestimation of some of their parameters could
permanently damage the component or the full circuit.

• DC motor modelling: a mathematical model of the motor will be obtained , which is essential achieve
a precise and efficient control. It will allow us to estimate the motor’s response to different inputs, to
estimate the values of different parameters without the necessity to experimentally measure them and
moreover, it will provide us with a better understanding of the motor operation.

• Schematic revision: since the parameters of the boat’s components may be mistaken it is possible that
those mistakes have been translated into the circuit design. In addition, due to the time constraints
of the previous thesis it is possible that there are some unnoticed design errors that could compromise
the correct operation of the device.

• Firmware development: This process must be done throughout the project, preferably in different parts
so they can be used to test the different schematics and, once every separate part is complete, joint
them all in a single program.

• Establishing communication between the boat and the mobile app: it is one of the most crucial parts
of the firmware and the project, it will be achieved through a GSM/GPRS module. It will also require
the creation of a mobile app and a server acts as a broker between the module and the app.

• Schematic testing: once the schematics have been corrected, they must be tested within our possibilities
to ensure their proper operation. Since we do not dispose of the finished circuit at this stage only certain
portions can be tested and has to be done separately. In the cases that require testing but it cannot
be done in practice a circuit simulation software will be used.

• PCB revision: due to the corrections and modifications of our circuit it will be mandatory to redesign
the PCB. Moreover, it will be revised to detect possible design errors and potentially find a more
optimal organization of the components.

• PCB manufacturing and testing: the PCB board will be manufactured and delivered to our laboratory.
However, all the components must be manually welded and it must be tested to ensure that it works
properly from an electrical standpoint.
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1.3 Chapter Description

Following the objectives listed above , the project was developed after planning the next structure:

• Chapter 2: Project planning.
In this chapter, the specific tasks that are required to accomplish our objectives and the time that will
be dedicated to them will be described through a Gantt diagram.

• Chapter 3: Boat analysis.
In this chapter we will analyze the boat which will be used as our first prototype and its different
electrical and mechanical elements. The main purpose is to check if these elements are in good
conditions and obtain their technical specifications, either by their documentation or by
experimentation.

• Chapter 4: System requirements and constraints.
Following the technical characterization of the bait boat previous study, this chapter will identify our
product’s requirements. These will be split in functional, performance and design requirements and
will serve as a guide during the design process.

• Chapter 5: System description and design.
In this chapter the design of the product will be described thoroughly. The main parts will be
electronics, PCB and firmware. For each of these sections, we will explain the design process and
describe the testing and verification results when possible.
It is important to keep in mind that during this chapter, we will primarily focus on the design process
and the reasoning behind our decisions, while leaving the most specific details and final results for the
Appendix.

• Chapter 6: Conclusions, future work and lessons learned.
In the last chapter, we will reflect on the project and draw conclusions. Moreover, future lines of work
and improvements that need to be done in further theses will be summarized.
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Chapter 2

Project planning

Before fully immersing in the project, it is mandatory to define the specif set of tasks that must be
accomplished before the deadline and the amount of time that it will be dedicated to them. This can be
visually represented with a Gantt diagram.

TODAY

WEEKS: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

100% completeBoat analysis
Previous thesis reading

Boat’s characterization

LEDs characterization

Battery characterization

Servo motor characterization

DC motor characterization

100% completeSystem design
Schematics verification

Schematics redesign

PCB verification

PCB redesign

100% completeFirmware development

100% completePCB assembly

100% completePCB testing

0% completeNavigation testing

100% completeDocumentation
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Chapter 3

Boat analysis

3.1 The boat

This prototype is based in an already existing scale boat, the Pondskater Orca, shown in figure 3.1. This
was originally designed as a remote controlled bait boat, but for our prototype all the original circuitry will
be removed and replaced by ours, more modern and with additional functionalities. Even though the original
boat’s design could act as an useful guidance device in some occasions it is not the most optimal solution
since it has to be manually controlled by the user until it reaches the desired location, which is difficult to
determine since it did not feature GPS tracker. Its main characteristics are listed in table 3.1.

Name Pondskater Orca
Type Bait boat

Dimensions 55 x 27 x 28 cm3

Weight 3.4 kg (without the battery)
Material ABS and reinforced nylon
Battery Lead acid 6 V 7Ah

Table 3.1 – Pondskater Orca specifications

Figure 3.1 – Pondskater Orca

This boat contains certain components that will be used in our design: a DC motor, a servo motor, a 6 V
lead acid battery and various LEDs. The exact model of some of these components is unknown and cannot
be found neither in the Ponskater Orca documentation nor online so in order to obtain their exact technical
specifications they will be experimentally tested.
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3.2 The LEDs

This boat contains eight LEDs: one of them is a high power LED and the rest are 5 mm LEDs. The
high power one is white and placed in the bow, it will be useful to light up the boat’s path and to make the
it visible from other vessels and from the shore at night. Since this LED is a high power one, it cannot be
tested with the diode mode of the multimeter. For that reason, this LED will be tested by placing a low
value resistor in series with the LED an applying a sufficiently high voltage for the diode to conduct. The
test circuit is shown in figure 3.2.

Figure 3.2 – High power LED test circuit

When the source voltage is higher than 2.5 V the LED turns on, verifying that it works (figure 3.3).
With this circuit, by varying the source voltage we can obtain the forward current vs forward voltage curve
of the LED, displayed in figure 3.4.

(a) LED off (b) LED on
Figure 3.3 – Bow’s high power LED

Figure 3.4 – Forward current vs forward voltage curve of the high power LED
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We observe that the diode starts conducting at 2.5 V indeed and as the voltage is increased so does
the current. The last detail that must be checked is the brightness, we must ensure that we obtain the
maximum brightness with the lowest current possible. In order to achieve that, the source voltage will be
increased gradually and the light brightness will be observed, the brightness will increase up to a certain
point where the changes in luminosity as the voltage increases will be barely noticeable. The current at
which this happens is the current that will be used to design this LED circuit. This happens at 35 mA,
which will be taken into consideration during the circuit design process (section 5.2.6).

Regarding the 5 mm LEDs, there are seven and they will be useful to alert our boat’s presence to other
vessels. They are distributed as it follows:

• A blue and a red LED on the port side.

• A green LED on the starboard.

• An orange and a red LED on the port side of the stern and an orange and a green LED in the starboard
of the stern. This differs from the previous thesis, that stated that those orange LEDs were white.

All these LEDs are regular 5 mm LEDs so they can be tested with the diode function of the multimeter.
The results are:

• The blue LED on the port side works fine, with its anode is connected to a black cable and the cathode
connected to a red cable, the red LED does not work.

• The green LED on the starboard does not work.

• All the LEDs on the stern work fine: the orange LEDs are connected in parallel with their cathodes
connected to a red cable and their anodes connected to a black cable, the green LED has its cathode
connected to a brown cable and its anode connected to a white cable and the red LED has its cathode
connected to a white cable and its anode connected to a black cable.

The broken LEDs will be removed and replaced by new high intensity LEDs, so they are visible from a longer
distance.

3.3 The battery

The boat contains a 6 V and 7 Ah lead acid battery that will supply all the circuitry. The exact model is
the MS7-6 from MHB, which is a Valve-Regulated Lead Acid (VRLA) battery. Lead acid batteries are one of
the most widely used rechargeable batteries due to their affordable price, their capability to provide currents
up to hundreds of amperes and their good charge retention qualities. One of the downsides of this battery
type is that they have a relatively low energy density compared to others [12], however, in our application
this will not be a problem since the boat is has plenty of space inside.
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Figure 3.5 – Boat’s battery

In general terms, this battery is formed by a positive lead dioxide electrode, a lead negative one and a
sulfuric acid electrolyte diluted in water. When it is discharges, the electrodes convert into Lead(II) sulfate
and the electrolyte converts into water. When it charges, the reaction is the same but reversed [20]. This has
a problem: the conversion of water into sulfuric acid during the charge generates vapour that can escape the
battery cell, this is solved with the VRLA type batteries. This type incorporates a mechanism that coverts
the vapour into water and since they are sealed, it is not necessary to refill them with water.

The technical specifications of our battery are listed in table 3.2.
Name MS7-6

Datasheet
Type VRLA battery

Nominal voltage 6 V
Capacity 7 Ah

Dimensions 15.1 x 9.8 x 3.5 cm3

Weight 1.17 kg
Charge voltage Cycle use: 7.2 to 7.5 V

Float use: 6.75 to 6.9 V
Self discharge 2% of capacity decrease per month

Table 3.2 – MS7-6 battery specifications

Even though the nominal voltage is indicated to be 6 V, it must be taken into consideration that its
operating range actually goes from 6.4 to 7.5 V. Its battery should never be lower than 6.4 V as it could
cause irreversible damages.

The battery was replaced last year so we could assume that it works, nevertheless, it has been tested by
measuring the voltage between the terminals with a multimeter and by charging it with the VOLTCRAFT
ALC 8500 EXPERT charging station. The voltage of the battery was 6.4 V and it reaches 7.5 V when it is
being charged as it is specified its the datasheet so we can conclude that the battery is in good conditions.

3.4 The servo motor

It is a type of motor that implements a feedback loop which allows it to rotate with high precision. It
is typically used to achieve a rotation at a specific speed or angle and stay in that position. Their feedback
loop is implemented through an encoder, which measures the position and the rotational speed and a servo
drive that reads the encoder’s measurements and makes control adjustments [33].
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This boat contains two servo motors, one of them is placed on the top part of the boat and it opens and
closes the compartment where the bait is stored, the other one is inside the boat and controls the rudder.
The first one will not be used for this prototype since this boat will only be used for guidance purposes but
the second one is essential for our application as it controls the boat’s direction. Moreover, it is important
to mention that these two motors only have a 180º rotation range.

The characteristics of the motor that are required for our project are:

• The supply voltage.

• The control pin voltage.

• The current consumption both outside and under the water, as well as the stall current.

• The maximum angles that the rudder can reach.

• The relationship between the angles that will be specified when programming the motor using the
servo.h library and the angle that the rudder actually reaches.

At a first sight, we can observe that the manufacturer and the model are indicated in a sticker, the
manufacturer is EOGB and the model is T600A. Nevertheless, after an exhaustive online search it has been
impossible to find any datasheets nor documentation for this model. For this reason, all those characteristics
will have to be obtained experimentally.

In relation to the supply voltage, the most simple method would be to supply the motor at arbitrary
voltages, vary them and get its operating range. However, this could be dangerous because we could choose
a higher voltage than its absolute maximum and provoke permanent damages to the motor. The safest way
to proceed is to find similar servo motors models and check their specifications, which can serve as a good
reference for the voltage range that we could use to test the motor. After searching for motors with similar
dimensions to ours we have come across the MG996R model, which has the exact same dimensions than ours
and a very similar appearance. A comparison of these two motors is displayed in figure 3.6 and the most
relevant specifications of the MG996R are listed in table 3.3.

(a) Boat’s servo motor (b) MG996R
Figure 3.6 – Servo motors comparison

Name MG996R
Datasheet

Type Servo motor
Supply voltage range 4.8 to 7.2 V

Running current at 6 V 500 to 900 mA
Stall current at 6 V 2.5 A

Dimensions 40.7 x 19.7 x 42.9 mm3

Table 3.3 – MG996R specifications
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In the MG996R datasheet [2] it is specified that it can operate in a 4.8 to 7.2 V supply voltage range but
there is no available information regarding the control voltage logic level. Typically, the same voltage level is
used for the power supply and the control pin but this would be harder to achieve since the microcontroller
that will be used can only provide up to 3.3 V (this will be explained in detail in 5.2.1). For this reason it
is required to check if the motor can work correctly controlling it with 3.3 V, we can try this experimentally
because applying a lower voltage than the operating range could possibly slow down its operation but not
damage it.

Knowing this, we have tested the motor at 6 V (the battery’s nominal voltage) with a NodeMCU-32 
board and a simple Arduino code (appendix C.14).

The MG996R datasheet also mentions that the running current ranges from 500 to 900 mA and the stall
current is 2.5 A at 6 V. Assuming that this data corresponds to our motor’s operation (which could not be
the case) it could serve as an useful reference if the motor worked outside the water, however, when it is
introduced in the water, the mechanical drag load increases and so does the current, then that data would
not be valid. Therefore, it is mandatory to measure the current consumption of our motor in underwater
conditions.

To measure the current the N6705A DC power analyzer will be used, which allows us to supply up to
600 W and has the capability of an oscilloscope and data logger [4]. The test will consist in moving the motor
from 0 to 180º (its full motion range) gradually and then back to 0º abruptly in different conditions:

• Without external mechanical drag load: this refers to the boat outside the water. The results are
shown in figure 3.7.

Figure 3.7 – Servo motor current without external mechanical drag load

We can appreciate that the current pulses’ amplitude when it moves from 0º to 180º are higher than
when it returns to 0º. The reason for this is that the Electromotive Force (EMF) is proportional to
the rotational speed, therefore, the higher the motor’s speed is, the larger the EMF will become and
the smaller the voltage will be across the motor’s armature resistance resulting in a lower current.
Although the current’s pulses are lower as the speed increases, the pulse rate becomes higher since
it requires more power to overcome the load torque. The average current when the motor is moving
slowly is 76 mA and it is 220 mA when the motor moves as fast as possible. The maximum peak
current is 0.6 A.

• With the expected mechanical drag load: this refers to the typical operating conditions of the boat,
meaning that the rudder is underwater without movement restriction. The results are displayed in
figure 3.8.
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In view of the obtained results, we can conclude that the effect of the water’s friction will not have
remarkable effects the servo motor’s consumption, only a 1% decrease in the average current when it
is moving gradually and a 4.7% increase when it is moving fast.

• With the maximum mechanic drag load: this refers to the case when the rudder is immobilized, this
current is referred as the stall current. This simulates a situation where the rudder has been blocked
by an object or an obstacle. The results are shown in figure 3.9.

Figure 3.9 – Servo motor current consumption with the rudder blocked

In this case, there is no rotational speed so the current will considerably increase and it will be almost
constant since the load torque is too large. The average current is 0.7 A.

In conclusion, the peak running currents are in the same range as the MG669R model but we have
determined the average currents, which are much lower than the peaks, and moreover, the stall current,
which is significantly lower than the MG669R’s. The technical specifications of our boat’s servo are listed in
table 3.4.
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Name EOGB T600A
Type Servo motor

Supply voltage 6 V
Peak running Outside water: 600 mA
current at 6 V Underwater: 600 mA

Maximum average Outside water: 210 mA
running current Underwater: 220 mA

Stall current at 6 V Average: 650 mA
Peak: 700 mA

Dimensions 40.7 x 19.7 x 42.9 mm3

Table 3.4 – Boat’s servo motor specifications

Regarding the rudder’s angles range, we have tested it by measuring its angles when the servo motor is
set to 0º and when it is set to 180º. When the motor is set to 0º the rudder angle is is 43.15º and when it
is set to 180º is -51.34º as it can be observed in figure 3.10.

(a) Rudder when the servo motor is set to 0º (b) Rudder when the servo motor is set to 180º
Figure 3.10 – Rudder’s angle range

The maximum angle’s range is not symmetrical, then we have to limit the range to ± 43.15º so the boat
does not turn to one side more than the other when manoeuvring. We have experimentally found the servo
motor angle for the rudder to be at -43.15º and for it to be at 0º and the results are presented in table 3.5.

Servo.h library angle Rudder’s angle

0º 43.15º
180º -51.34º
70º 0º
145º -43.15º

Table 3.5 – Relationship between the servo and the rudder angle
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3.5 The DC motor

It is a rotating electrical machine capable of transforming electrical energy in the form of a DC current
into mechanical energy. They are widely used because of how easy it is to control their speed, just by varying
the current, and to control their direction of rotation, just by inverting the direction of the current flow.
Generally, all DC motors are composed of the following parts, which can be observed in figure 3.11:

• Stator: fixed part of the motor, usually formed by magnets or by windings of copper wire over an iron
core.

• Rotor: rotating mobile part of the motor, also composed of windings and a core.

• Air gap: separates stator from rotor, allowing this last one to move.

• Brushes: they act as an electric contact between the stator and the rotor.

• Commutators: they switch the direction of the magnetic field in order to keep a constant torque
direction.

Figure 3.11 – Parts of a brushed DC motor [50]

The boat contains one DC motor which is used to propel the boat. It transfers the rotational speed to the
propeller through a drive shaft and this shaft is connected to the motor through a metallic ring (see figure
3.12). In order to analyze it properly it will be dismantled from its mount (figure 3.13). Looking carefully
we can observe that it has two 100 nF capacitors welded between the terminals (figure 3.14), they are used
to soften the start and the stopping by absorbing current when the motor starts and giving up current when
it stops (this will be discussed in more detail in section 5.2.12). Moreover, connected to each terminal, there
are two coils whose value will be obtained in section 3.5.1. Their purpose is to filter out the high frequency
noise at the motor input.

Figure 3.12 – Our DC motor inside the boat, it is connected to the drive shaft through a metallic ring
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Figure 3.13 – Our DC motor outside the boat

(a) Front view (b) Rear view
Figure 3.14 – DC motor from different angles

The DC motor’s dimensions can be seen in figure 3.15, they were extracted from the K_3SFN series
model, which has the same standardized dimensions as our motor.

Figure 3.15 – DC motor dimensions [30]

This motor does not have any labels or marks that can help identify its exact model and there is no
information about it in the boat’s documentation either. Therefore, it was necessary to obtain most of its
characteristics through experimentation or assumption. The technical specifications of this motor that are
required for our project are:

• The supply voltage.

• The current consumption both outside and under the water with different mechanical loads.

• The lineal model.

Firstly, the supply voltage of the motor has been supposed to be around 6 V, which is the nominal tension
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of the battery that supplies the whole boat’s circuitry and it is also a typical nominal value for DC motors of
these dimensions. The motor has been tested with this voltage and has proven to work fine for long period
of times without signs of overheating, which is a good sign.

Regarding the current consumption, it will be measured with the N6705A DC power analyzer. This is
a complex parameter because it will depend on the motor’s mechanical drag load, the larger this load is,
the higher the current will become in order to overcome the load’s torque. For our application, we can
distinguish three different situations of interest:

• Without external mechanical drag load: this refers to the boat out of the water. Technically, in this
case there’s actually a light load, the one from the transmission shaft that goes from the motor to the
propeller, although by properly greasing it, the resistance that it offers is negligible. In this case the
average current of the motor is 1.883 A as it is shown in figure 3.16.

Figure 3.16 – DC motor current without load

• With the expected mechanical drag load: this refers to the typical operating conditions of the boat,
meaning that it is in the water without movement restriction and carrying the weight of the battery.
In order to measure the current in this conditions, the boat was placed in a sufficiently large pool so
it can move freely and the motor was connected to the power analyzer by two five meters long cables.
These measurements have been taken in a large enough pool so the boat can move freely.

When trying to obtain these measurements a problem was encountered: when the boat was placed in
the water the motor did not work properly, its speed was too low and could not move through the
water. Since the motor had been tested and proven to work well then the problem had to be the
drive shaft, specifically in its lubrication. Drive shafts require some type of lubricant (typically grease)
to reduce the mechanical drag load and to protect them from water. Our boat’s shaft was already
lubricated, however, this boat has not been used nor lubricated in years and it is possible that its
grease had hardened or deteriorated due to dust accumulation, increasing the shaft’s mechanical drag
load. This may not be a problem outside the water but in underwater conditions the total mechanical
drag load is too high for the motor to overcome the load’s torque.

To fix this, the transmission shaft and the propeller had to be removed and l ubricated. This required to 
remove the servomotor and the rudder first because they were blocking the propeller’s p osition. Once 
the shaft was removed it revealed a considerable lack of grease (figure 3.17) so i t had to be regreased. 
After researching different types of greases and consulting multiple modeling forums and professionals 
the best option for this case is white lithium greases as it is durable, water-resistant and prevents 
rusting and corrosion.
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Figure 3.17 – Boat’s propeller and drive shaft

After regreasing the motor its performance increased drastically being able to move fast through the
water. Now, the average current of the motor is 9.6 A, its curve can be observed in figure 3.18.

Figure 3.18 – Dc motor current with the expected load

• With the maximum mechanical drag load: this refers to the case when the boat is in the water, adding
the weight of the battery but totally restricting its movement. In this case, the load torque that the
motor has to overcome is too large, for this reason the rotational speed will decrease and the current
will greatly increase. We have tested the motor in this condition limiting the current from the power
supply to 11 A and the motor reaches that current so it is probable that the motor would consume even
higher currents if we allowed it. We have stopped at that current because that would be 66 W already
and we are unaware of the maximum power that the motor can handle, allowing higher currents could
be dangerous.

We must avoid this situation because, when supplying the motor from the battery, it could consume
hundreds of watts which would most likely damage the motor due to extreme heating and discharge
our battery too quickly.

We have observed that there is a great difference in the DC motors current depending on the mechanical
drag load. This difference can be seen in figure 3.19, in which we turned on the motor outside the water and
then we introduced it in a pool. These current values differ from the previous thesis that stated that the
maximum current was 5 A and did not make any distinctions between these different situations.
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Figure 3.19 – DC motor current difference between mechanical drag loads

Moreover, while testing the DC motor in the pool, the boat’s speed in ideal conditions with the motor
working at full speed was measured. It covered an 8 m distance in 12.92 s, resulting in a 0.62 m/s speed.
This result will be used to estimate the time the boat will take to cover a distance in the navigation algorithm
development.

3.5.1 Modeling of the DC motor

Obtaining the mathematical model of the mechanical elements of our system is an essential requirement
in order to achieve a precise and efficient control system. It will allow us to estimate the motor’s response
to different inputs, to estimate the values of different parameters without the necessity to experimentally
measure them and moreover, it will provide us with a better understanding of the motor operation from a
electromechanical standpoint.

The first step is to determine which type of DC motor we are working with because depending on that
the modeling process will differ. As the specifications of our motor are not available we have to determine
its type by observing it thoroughly. Through the small holes of the motor housing we can distinguish some
of the parts of the motor: in figure 3.20 we can see the commutator, in figure 3.21 we can observe some of
the windings, in figure 3.22 we can see the brushes and in figure 3.23 we can see fixed magnets in the stator,
which are only found in the permanent magnets DC motors.

Actually, there are different types of permanent magnet motors, they can be brushless or not, in this case
it has brushes. What characterizes these kinds of motors is that the magnetic field is continuous and created
by those fixed magnets placed in the stator. The windings are only placed in the rotor and connected to the
commutators, which are connected to the brushes, and the current will flow from the power source to the
armature through the them [24].

Figure 3.20 – Commutator
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Figure 3.21 – Winding

Figure 3.22 – Brushes

Figure 3.23 – Permanent magnets

Now that the DC motor type is known we can start the modeling process. The model of a DC motor
is composed of an electrical part 3.5.2 and a mechanical part 3.5.16. The electrical part represents the
inductance, resistance and the EMF where as the mechanical part represents the motor torque, the viscous
friction, the rotor’s inertial moment and rotational speed. Normally all these values are listed in the datasheet
but in this case they will be obtained experimentally. One important consideration is that if we are going to
use this model to estimate the motor’s behaviour when the boat is on the water, then all these values must
be obtained in those conditions since they change brusquely from one conditions to another.

Mechanical equation:L · δω(t)
δt

+B · ω(t) + τf = τm(t) (3.5.1)

Electrical equation:L · δi(t)
δt

+R · i(t) + Ea(t) = v(t) (3.5.2)

Carlos Albacete Fuentes



3.5. The DC motor 19

3

Figure 3.24 – DC motor’s model circuit [9]

The required parameters are:

• Armature resistance (R): the armature of a DC motor is a part of the rotor which consists in an iron
core that contains the copper windings that carry the current. To measure its resistance a multimeter
is placed between the terminals of the motor. However, it has to be taken into consideration that,
depending on the rotor’s position, we are measuring the contact of a specific winding with the brushes,
which may cause differences in the measured resistance due to the presence of different amounts of
cinder. The bigger the amounts of cinder, the higher the resistance will be.

To carry out this measurement correctly, a measurement must be obtained for each position of the
rotor and then calculate the average value. In this case sixteen different measurements have been taken
(table 3.6) and their average value is 0.51 Ω.

• Armature inductance (L): just as it was done with the armature resistance, different measurements
have to be obtained for the different positions of the rotor and then calculate the average value. To
measure the inductance we have used the precision LCR meter Keysight E4980A/AL.

When measuring small inductances, the manual recommends to use the Ls-Q function [22].
Furthermore, we have to select a measuring frequency and current: the frequency will be 20 Hz, the
lowest possible and the most similar to the one that the motor will work at, and the current will be
10 mA, the current’s value does not matter because we are using 0.5 mm2 cables that are thick
enough to not heat up nor affect the measuring.

After obtaining 16 measures, the average value of the inductance is 185.41 µH. It has to be taken
into consideration that the motor has a 100 nF capacitor welded to each terminal. These have been
included in the measure due to the difficulty to remove them and to weld them again.

As it was mentioned before, there is a 64,17 µH coil in series with each terminal, which reduces the
high frequency noise at the input of the motor. These coils will not be included in the motor model,
instead they will be added in series with the motor model schematic.
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Rotor’s position Resistance [Ω] Inductance [µH]
1 0.4 191.2
2 0.5 187.68
3 0.5 190.6
4 0.4 172.76
5 0.3 189.4
6 0.6 173.79
7 0.5 183.34
8 0.6 186.17
9 0.5 176.68
10 0.5 192.55
11 0.6 188.52
12 0.6 192.82
13 0.6 187.72
14 0.5 175.37
15 0.5 189.11
16 0.6 189.33

Average 0.51 185.41
Table 3.6 – Armature’s resistances and inductances

• Counter-electromotive force (CEMF) constant (Ka): This constant, also known as back-EMF constant,
relates the induced CEMF to the rotational speed of the motor. It is typically expressed in [ V

rad·s ] and
its formula is:

Ka = Ea

ω
(3.5.3)

Where:
Ka is the CEMF constant
Ea is the CEMF
ω is the rotational speed

When a current is supplied to the windings of the motor, which are placed in a magnetic field, a torque
force is induced on the windings due to Lorentz law. When these start rotating they are cutting the
flux of the magnetic field which induces a CEMF in the opposite direction of the applied voltage. The
CEMF of a DC motor can be obtained with the following expression [8]:

Ea = V − IR (3.5.4)

Where:
R is the armature resistance that was previously obtained
V is the voltage at which the motor is supplied (6 V)
I is the current that circulates through the motor

When calculating the counter-electromotive force, the current that will be used is the one that was
obtained when the boat was tested with the expected mechanical drag load: 9,6 A. Then, the CEMF
will be:

Ea = 6 V − 9.6 A · 0.51 Ω = 1.104 V (3.5.5)

The next step is to obtain the rotation speed of the motor. To achieve this, the boat will be placed in
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water and its current will be limited to 9.6 A by the power supply to simulate the typical conditions in
which it will operate. This speed will be measured using the DT-2234B laser light digital tachometer,
which is ideal since it allows us to obtain reliable measures (with a precision of ±0.05%) without the
necessity of having direct contact [41]. Moreover, its compact dimensions allow us to introduce it inside
the boat, whose access is quite restricted, to measure from a closer distance.

Its operation is simple, a small piece of white tape is placed on the part that rotates and when it is
lit by the tachometer, the tape will reflect the light, which will be sensed back by the tachometer,
allowing it to estimate the amount of revolutions per minute. The easiest part and more reliable part
to place the tape would be on one of the screws, however, if the boat is in the water that part will be
submerged so we will not have access to it. The second best option is to place the tape on the drive
shaft, this is more difficult because the shaft is quite thin and it is not as accessible as the screws, but
we managed to do it (figure 3.25). The measured rotational speed was 1831 rpm = 191.74 rad/s.

Figure 3.25 – Drive shaft with the tachometer tape

Having the CEMF and the rotational speed, the CEMF constant can be obtain as:

Ka = Ea

ω
= 5.76 · 10−3 V

rad · s
(3.5.6)

• Torque constant (Kt): as it was explained before, when a current is applied to the windings that are
placed in a magnetic field, a torque force will be induced on the windings. The torque constant (Kt)
relates the torque force and the current applied to the motor. The electrical power developed in the
motor (Pm) can be calculated as:

Pmotor electrical = Ea · I (3.5.7)

The mechanical power in the motor can be calculated as:

Pmotor mechanical = τ · ω (3.5.8)

If electrical losses are neglected then we can equal the mechanical and the electrical motor power:

Ea · I = τ · ω ; Ea

ω
= τ

I
;Ka = Kt (3.5.9)

This means that the torque constant in [ Nm
A ] is equal to the CEMF constant in [ V

rad·s ]. This
correspondence is only true if the constants are expressed in the SI system. Therefore, the torque
constant is:

Kt = Ka = 5.76 · 10−3Nm

A
(3.5.10)
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With the torque constant we can also calculate the motor’s torque with the following equation:

τ = Ka · I = 55.27 · 10−3N ·m (3.5.11)

• Mechanical time constant (tm): when a constant voltage is applied to the motor, the initial rotational
speed will be zero and then the current will be at its maximum, resulting in a high torque and
acceleration. As the motor starts to turn faster, the CEMF will increase and the current will decrease,
which reduces the torque and acceleration rate. The relationship between the rotational speed and the
torque can be observed in (figure 3.26), where n is the rotational speed and M the torque.

Figure 3.26 – Rotational speed (n) vs torque (M) graph [27]

The mechanical time constant represents the reaction time of the motor speed when a constant voltage
is applied. Since the mathematical model of a DC motor presents a direct relationship between the
armature tension and the rotational speed [19], we can measure the mechanical time constant of the
motor by applying a voltage step to the motor’s terminals and obtaining the time that the motor takes
to reach 63.2% of the applied voltage, which is how this constant is defined. Applying a 6 V step
voltage, the time that the motor takes to reach 3.79 V (63.2% of 6 V) will be 9 ms approximately as
it is displayed in figure 3.27.

Figure 3.27 – Transitory response of the motor to a 6 V step voltage

• Moment of inertia (J): it is a property of a solid that indicates the rotational capacity of the section
with respect to an axis [1], relating the applied torque to the angular acceleration:

τ = Jα (3.5.12)

Where α refers to the angular acceleration.
In a DC motor,it can be calculated through a parametric method based on the already obtained values
[19], resulting in the following equation:

J = tmKaKm

R
= 5.855 · 10−7Kg ·m2 (3.5.13)
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• Friction torque (τf ): Friction is a tangential reaction force that is present during the relative motion of
surfaces in contact [49]. Friction torque appears due to the sliding of the commutator and the brushes,
the drive shaft’s friction and the mechanical drag load. As it was mentioned during the torque constant
calculation, the torque can be expressed as:

τ = Kt · I (3.5.14)

The friction torque is obtained with this same equation but, instead of using the stabilized current, we
will use the current at which the motor starts rotating when the voltage is gradually increased from
0 V. This current is the minimum that it requires to overcome the static friction torque. In this case,
the motor starts rotating at 1.5 A. Therefore, the friction torque will be:

τf = Kt · Istatic friction = 8.64 · 10−3N ·m (3.5.15)

• Coulomb friction constant (B): Coulomb friction is always present and it is dependant on the direction
of motion, opposing to it, the normal force and the properties of the contact surface [48]. It will be
calculated in stable conditions from the motor’s mechanical model equation, which is:

L · δω(t)
δt

+B · ω(t) + τf = τm(t) (3.5.16)

This is a linear 1st–order ODE with constant coefficients, however, if we consider stable conditions then
the rotational speed will be constant so its derivative will be zero, resulting in the following expression:

B · ω + τf = τm;B = τm − τf

ω
(3.5.17)

Using the previously obtained rotational speed, the Coulomb friction constant is:

B = 2.43 · 10−4N ·m · s (3.5.18)

All the parameters are listed in table 3.7.
Parameter Value

Armature resistance (R) 0.51 Ω
Armature inductance (L) 185.41 µH

Counter-electromotive constant (Ka) 5.76 · 10−3 V
rad·s

Torque constant (Ka) 5.76 · 10−3 Nm
A

Mechanical time constant (tm) 9 ms
Moment of inertia (J) 5.855 · 10−7Kg ·m2

Friction torque (τf ) 8.64 · 10−3N ·m
Coulomb friction constant (B) 2.43 · 10−4N ·m · s

Table 3.7 – DC motor model parameters

With these parameters, we can now substitute them in equations 3.5.16 and 3.5.2, obtain the required
transfer functions and study our system’s response.
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Chapter 4

System requirements and constraints

Once that we have are familiarized with the technical features of our boat, we must identify our device’s
requirements. Some of these requirements will be given by our client and some of them will be defined by
ourselves; based on our knowledge in the electronics field and considering the operation conditions of our
device.

4.1 Functional requirements

These refers to the features must be included in our device:

• Propulsion and maneuverability system: this will be achieved through the DC motor and the servo
motor that is connected to rudder. Both of these are already included in the boat, nevertheless, in
order for the propulsion system to operate forward and backwards, an H bridge must be added.

• Battery current and voltage monitoring: when working with lead acid batteries, it essential to measure
the voltage because if the battery is discharged below certain voltage, called "end voltage", it will lose
its ability to be recharged. Moreover, by measuring both current and voltage we can estimate the state
of charge and detect current peaks caused by a DC motor malfunction that could be dangerous for the
circuit.

• Battery charger: the charging process of a lead acid battery is complex and has different parts, which
requires a specific charger. By integrating this charger into our board it will not be necessary to remove
the battery from the boat in order to charge it with an external charger.

• Reverse battery and charger polarity protection: occasionally batteries and chargers are placed with
their polarity reversed due to human error, which could damage partially or totally the circuit they
are connected to. To avoid these risks, a protection circuit that disconnects the battery or the charger
when it is incorrectly placed must be added.

• Power switch button: this allows the user to turn on or off the boat’s circuitry by pressing one button
without manually connecting or disconnecting the battery, which is a tedious process.

• Orientation system: in order to calculate the route to the desired location and make corrections in the
trajectory, it is necessary to know the boat’s position and its orientation. These will be provided by a
GPS tracker and a IMU.

• Wireless communication: this will allow the user to control the boat from distances ranging from
hundreds to a few thousands of meters and to receive messages or warning from the boat. In order to
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establish this communication a GSM module will be included in the boat and an mobile app will be
provided to the user.

• Navigation lights: this boat must fulfill the visibility specifications described in the Convention on the
International Regulations for Preventing Collisions at Sea (COLREGs). According to rule 23, section
C part II: “a power-driven vessel of less than 7 meters in length whose maximum speed does not exceed
7 knots may in lieu of the lights prescribed in paragraph (a) of this Rule exhibit an all-round white
light and shall, if practicable, also exhibit sidelights”. An all-round light is a white navigation light
that indicates the position and can be seen over an arc of 360º and the sidelights area green light on
the starboard side and a red light on the port side [11].

4.2 Performance requirements

These requirements refer to the device’s operation and will translate into firmware and schematics design
considerations:

• Battery duration and consumption: since the boat is supplied from a lead acid battery and it has no
access to any other power sources, it is mandatory to minimize the power consumption so the battery
duration is enough to reach the desired position and to stay there during the immersion.

• Waterproofing: this is an indispensable attribute since our device will be used to sail on water, which
can cause short circuits and permanently damage the electrical components. Moreover, it causes
corrosion, leading to malfunctioning and lifespan shortening.

• External conditions flexibility: when operating outdoors, specially at sea, meteorological conditions
must be taken into consideration. External conditions such as wind or waves can alter the boat’s
trajectory, complicate its advance or even capsize it. For these reasons, it is important to include a
feedback loop that allows trajectory and position correction and a IMU that detects if the boat has
been capsized.

• Easiness: the operation of the boat must be simple and easy to use, as well as the app’s human machine
interface.

4.3 Design requirements

These requirements will be mainly related to the circuit and PCB design:

• Microcontroller: it is essential to control, coordinate and interface with all the components and modules
of our circuit.

• Debugging: since this will not be the final version of the product but a prototype, we must include
some debugging elements that facilitate the testing process.

• Voltage regulators: given the amount of features that our boat will have, a big variety of components
and modules will be required. Each component has a different operating voltage range and it may
differ from the battery voltage, so voltage regulators will be used.

• Size and shape: the PCB size and shape must adapt to the inside of the boat, including its internal
components such as the battery, the cables and the servomotor. Moreover, it must be fixed and stable
so it does not move nor collide with other components when the boat moves brusquely.

• Corrosion-resistant: as we mentioned before, corrosion can have devastating effects on the circuit’s
performance. Every PCB is vulnerable to corrosion, but in this case our device will operate in humid
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environments, thus the corrosion possibility is even higher. For this reason, we will use tented vias,
which reduces their exposure to air.

• Optimized component positioning: this is an essential requirement in every PCB, but in this case we
must be careful because the user must be able to manipulate and see different parts of the circuit
without extracting it from the boat nor being blocked by other internal elements. Moreover, we must
ensure that the parts of the circuit that are connected to other internal components of the boat are as
close as possible to them and that the cables are not bent.

• Test points: we will be included some pads that enables us to easily check the voltage at some of the
most crucial parts of the circuit.

• LEDs: just like the test points, some LEDs must be added to indicate if certain parts of the circuit
are correctly supplied. Moreover, some of them will be used to make visual indications related to the
program upload and flow.

• Power dissipation: as we have checked in Chapter 3, the DC motor has a high power consumption in
the order of 60 W. It is important to take this into consideration when designing the circuit, choosing
components and sizing the PCB tracks and vias, if not, the board will overheat and eventually it could
burn.

• Board information and logo: as in the majority of Granasat’s projects, the PCB will be manufactured
by JLCPCB, whose minimum order is five boards. In each of this board, will mount different parts of
the circuit so we can test them separately. Therefore, it is useful to leave a white box where we can
write titles to differentiate them. Adding the logo is not a priority but it will be include as long as
there is enough space.

4.4 Firmware requirements

They are strongly related to the MCU model features, but in general terms, they are:

• Program size: in MCUs, firmware is stored in one of the internal memories, typically in an EPROM or
a flash memory. The size of these memories usually ranges from a KB to a few MB, which sometimes
can be limiting. Therefore, it is important to pay attention to the maximum program size of our board
and try to optimize it as much as possible so there is room for new modifications and additions.

• Debugging: the debugging elements that were included will translate to additional firmware features
that will allow us to visualize and modify the program state and visualize sensor’s data.

• Computational load: it refers to the amount of operations that the MCU performs. If it is overloaded
its response will be slower and its power consumption will increase, thus, it must be reduced to the
extend possible.

4.5 Constraints

Whenever a real project is carried out, not every idea nor requirement can always be accomplish due to
constrains of all kinds. These are the initial constraints that we have considered, however, it is likely that
other constraints can appear along the process:

• Deadline: this is the most obvious constraint and, just like in the job market, the project deadline is
not determined by ourselves. As we mentioned in section 1.2, when organizing the project we must
divide it in smaller tasks and consider which are the most important ones and discard the less critical
ones if time is running low.
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• Price: when designing a product, the price must be one of the most important considerations. When
choosing components and the different design options we have to find a balance between price and
functionalities and, when it is possible, use the already-available components in our lab.

• Components availability: due to the global chip shortage that is present since 2020, a noticeable
percentage of the components production has been stopped for months and, in some cases, indefinitely.
This will complicate the component selection and force us to search for different options.

• Components mounting type: our laboratory’s equipment, although varied and powerful, does not
provide the means to solder components whose packaging is too small or it is less common, such as
BGA or PGA. This restricts a significantly large percentage of components.
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Chapter 5

System description and design

5.2 Electronics design

As it was mentioned in Chapter 1, this thesis is the continuation of a previous one. In that previous thesis,
the author provided an electronic design with its associated PCB supposedly ready to manufacture and to be
programmed. Nevertheless, that design was developed under serious time constraints, which could have led
to mistakes or inconsistencies. Moreover, it would not be prudent to manufacture the circuit without having
previously analyzed it and verifying it. For this reason, in this section we will go through each part of the
circuit, study them, make corrections, suggest possible design alternatives and, in some cases, completely
redesign them.

When working with circuits that are too large to be displayed and analyzed as a whole, the design process
is split into different sections, which will be the case in this project. In this section, each part of the circuit
will be analyzed and redesigned.

5.2.1 Microcontroller

First of all, we need some kind of data processing system that controls the circuit’s operation. In
embedded systems, this is typically achieved through a Microcontroller Unit (MCU), which contains internal
memories and peripheral interfaces, as opposed to microprocessors, whose memories and peripheral interfaces
are implemented with external chips.

There is a wide variety of MCUs, nevertheless, we have focused on the most relevant low-cost ones among
the teaching community to simplify the learning process since we are already familiarized with them: the
ATmega328p, present in some Arduino boards, the ESP8266EX present in WeMos WiFi boards and the
ESP32-WROOM-32D, which is the successor to the ESP8266 and has additional and improved features. Of
all of them, the ESP32-WROOM-32D was chosen last year as it presents more and superior characteristics,
listed in table 5.1. However, we have noticed that this board is being discontinued and not recommended
for new design so we will use the manufacturer’s recommended replacement, the ESP32-WROOM-32E-N4.
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Name ESP32-WROOM-32D-N4 ESP32-WROOM-32E-N4
Datasheet Datasheet

CPU Xtensa dual-core 32-bit LX6 Xtensa dual-core 32-bit LX6
SRAM 520 KB 520 KB
ROM 448 KB 448 KB
Flash 4 MB 4 MB
GPIOs 38 38

ADC pins 18 (12 bits) 18 (12 bits)
DAC pins 2 (8 bits) 2 (8 bits)

Clock frequency 80 to 240 Hz 80 to 240 Hz
Wi-Fi Yes Yes

Bluetooth Yes Yes
Interfaces UART, I2C, I2S, SPI UART, I2C, I2S, SPI

Supply voltage 3 to 3.6 V 3 to 3.6 V
Supply current Typical: 20 to 68 mA Typical: 20 to 68 mA

Maximum: 500 mA Maximum: 500 mA
Dimensions 18 × 25.5 × 3.1 mm3 18 × 25.5 × 3.1 mm3

Price 3.77 € (DigiKey) 2.82 € (Mouser)
Choice 7 X

Table 5.1 – ESP32 trade-off table

Even though the ESP32-WROOM-32D is not recommended for new designs it will be used for this
prototype since it was already available in our laboratory, but it will be replaced in the newer versions. Both
models have almost the same characteristics and their footprint and GPIO distribution is the same.

In particular, the ESP32-WROOM-32UE will be used since it contains an on-board antenna for Wi-Fi and
Bluetooth, which are not required in this prototype but they could be useful if we wanted to add additional
features.

This board has 38 GPIOs, of which six of them are not recommended to use since they are connected
to the internal flash memory where the programs are uploaded, these are GPIOs 6 to 11. However, their
behaviour has been analyzed and they showed that their voltage toggles from high to low during the program
upload but, after that, the user can program them as regular outputs (figure 5.1). Since they are not as
reliable as the other pins, they will only be used if the rest are busy and mainly for the LEDs.

Figure 5.1 – GPIO6’s behaviour during the upload and after it with a blink test [25]

This was not taken into consideration in the previous thesis and these pins were connected as if they
were normal ones. For this reason, all the pin assignations will be completely rearranged.

The only external components that are recommended for the ESP32 are two capacitors: a 100 nF one
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for decoupling and a 10 µF one to avoid power rail collapses when the board is operating in transmission 
mode. The circuit can be consulted in sheet 3 of Appendix D.

The total cost of this circuit is calculated in table 5.2:
Component Price per unit [€]
ESP32-WROOM-32D x1 3.77 (DigiKey)
10 µF 0603 capacitor x1 0.20 (Mouser)
100 nF 0603 capacitor x1 0.09 (Mouser)

Total cost [€] 4.06
Table 5.2 – ESP32 circuit cost

5.2.2 GPS tracker

This device is required to provide the boat’s coordinates in real-time, essential to calculate and make
corrections in the boat’s trajectory. The most commonly used GPS module is the GY-NEO6MV2 module
due to its low price and small size. There are smaller modules, such as the Quectel L86 GPS module, but its
price is much higher and it offers the same functionality. For that reason, we will choose the GY-NEO6MV2
module, which was the one chosen in the previous thesis.

Name GY-NEO6MV2 module Quectel L86 GPS module
IC’s datasheet Datasheet

Supply voltage 3.3 to 6 V 3 to 4.3 V
Current Typical: 51.85 mA Typical: 26 mA

Maximum: 74.75 mA Maximum: 26 mA
Interface UART UART
Sensitivity 162 dBm 165 dBm
Dimensions 36 x 26 x 4 mm3 18.4 x 18.4 x 6.45 mm3

but it does not with an integrated
include an antenna ceramic antenna

Price 2.26 € (AliExpress) 7.49 € (AliExpress)
Choice X 7

Table 5.3 – GPS modules trade-off table

After studying the previous thesis, we have noticed that some of the GY-NEO6MV2 module’s
characteristics were mistaken for the NEO-6Q/M’s. Due to this confusion, the supply voltage and current
consumption specified were wrong. To clarify things, GY-NEO6MV2 module is the one that will be
implemented in our circuit and it includes external elements such as a 3.3 V voltage regulator, an
EEPROM, a red SMD LED that toggles when it locks on to GPS satellites, a 3 V Li-ion button battery
and an antenna connector, whereas the NEO-6Q/M is the GPS receiver that is contained in the
GY-NEO6MV2 module.

When it comes to the currents, in the NEO-6Q/M datasheet it is specified that the average current for
complete data acquisition is 47 mA and the maximum supply current is 67 mA. To that, it must be added
the current consumed by the 24AA32A EEPROM and the charging current of the Li-ion battery.

Regarding the charging current of the Li-ion battery, the diode is fully unknown and it is connected to
a 100 Ω resistor (not the same as the schematic). Knowing that the voltage of the battery is 3 V and it is
connected to 3.3 V through a diode, it can be assumed that the forward voltage of the diode will not be
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higher than 0.2 V, then the charging current is approximately:

Ibat = 3.3 V − 0.2 V − 3 V
100 Ω = 1 mA (5.2.1)

Lastly, in the 24AA32A EEPROM datasheet it is specified that the typical current during writing is
0.1 mA and the maximum is 3 mA. A summary of the current consumption of the GY-NEO6MV2 module
can be observed in table 5.4:

GY-NEO6MV2 module’s component Current consumption
NEO-6Q/M Average: 47 mA

Maximum: 67 mA
Li-ion battery charger 1 mA
24AA32A EEPROM Typical: 0.1 mA

Maximum: 3 mA

Total Consumption Typical: 48.1 mA
Maximum: 71 mA

Table 5.4 – Current consumption of the GY-NEO6MV2 module

Observing the module, it has been determined that it uses a XC6222B331MR-G 300mA high speed
LDO voltage regulator. There are different models of this regulator depending on the use of the CE pin,
nevertheless, in all of them the required dropout voltage can be calculated as:

V dropout = Iout · (V out + 1 V ) (5.2.2)

In the worst-case scenario, when the supply current is maximum, the voltage dropout is:

V dropout = 74.75 mA · (3.3 V + 1 V ) = 0.305 V (5.2.3)

Thus, a 3.6 to 6 V input voltage range is required for the GY-NEO6MV2 to work properly in the case 
where the current consumption is maximum and, since this regulator is a LDO regulator, its input current 
will be almost the same as the output one. This was not taken into consideration in the previous thesis, so 
this module was supplied at 3.3 V, which should be enough for it to work under normal conditions. However, 
by supplying this module from the 4 V voltage regulator that was already included in the previous thesis’ 
circuit (see section 5.2.13), its performance will be more reliable. The modified circuit is displayed in sheet 
4 of Appendix D.

Regarding the antenna, the one that came with the module will be used, which is a ceramic patch antenna.
These types of antennas are often used in GPS systems due to their high gain, reduced size and low price
[46]. Its exact characteristics are unknown because the provided antenna’s model is not specified. However,
observing the NEO-6Q/M datasheet, we can obtain the antenna recommendations (table 5.5), which should
be fitting for the antenna that comes with the module.

Type It can be passive or active
Gain 15 to 50 dB

Maximum noise figure 1.5 dB
Table 5.5 – NEO-6Q/M’s antenna specifications
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5.2.3 Wireless communication

In order to establish wireless communication between the user and the boat, a SIM800L GSM/GPRS
module was selected in the previous theses, whose technical specifications are listed in table 5.6.

Name SIM800L GSM/GPRS Module
Datasheet

Features Quad-band GSP, GPRS, SMS,
phone calls, antenna, SIM socket

Voltage supply range 3.4 to 4.4 V
Current consumption Sleep mode : 0.7 mA

Maximum peak current : 2 A
Dimensions 25 x 25 x 8 mm3

Interface UART
Price 1.93 € (AliExpress)
Table 5.6 – SIM800L module specifications

The reasons for using this module are its low price, small size, the great amount of information and
documentation available since it is one of the most widely used modules and, the most important factor, it
was already available in our laboratory. Its main downside in our project is that a 4 V regulator is required
because it cannot be supplied at 3.3 V. Moreover, it is obvious that this module is quite outdated since it
only supports 2G networks. This could cause some serious problems in the future as 2G/3G networks are
slowly being shut down in some countries and will eventually disappear [23]. For that reason it is a good idea
to consider newer options that are 4G compatible. In the trade-off table 5.7 two alternatives are explored:

Name SIM7600E LTE CAT1 Module SIM7070 Module
Description Description

Features LTE-FDD, LTE-TDD, HSPA+, NB-IoT, GPRS, antenna,
WCDMA, EDGE, GPRS, GSM, SIM socket

2 antennas, SIM socket
Voltage supply range 4 to 8 V 3.2 to 4.2 V
Current consumption Typical: 4.6 to 650 mA Sleep: 0.4 mA

Maximum peak current: 2 A Idle: 5.6mA
Maximum peak current: 2 A

Dimensions 40 x 40 x 8 mm3 35 x 28.4 x 8 mm3

Interface UART, USB2.0 UART, USB, I2C, SPI
Price 1.64 € (AliExpress) 4,19 € (AliExpress)
Choice X 7

Table 5.7 – SIM800L alternatives

The SIM7600E LTE CAT1 Module has some inconveniences such as its higher size or the necessity of
a 4 V regulator, but it allows 2G/3G/4G connectivity and it is more affordable. For these reasons, it is
suggested for the following prototypes in case 2G networks are not available.

Regarding the SIM800L module schematic design, the proposed circuit in the previous thesis is shown
in figures 5.2 and 5.3. This device was supplied from the 4 V regulator and used three bidirectional level
shifters, which allow to adapt a voltage level to another one and vice versa, in this case to adapt the TX,
RX and RST signals from the ESP32’s voltage (3.3 V) to the SIM800L supply voltage (4 V) and vice versa.
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https://es.aliexpress.com/item/1005004500235563.html?pdp_npi=2%40dis%21EUR%21%E2%82%AC%201.64%21%E2%82%AC%201.64%21%21%21%21%21%40211b5db216829689535524886ebfc8%2112000029380395928%21btf&_t=pvid%3A78c23563-02d4-46ab-aefa-d957a57e5ce0&afTraceInfo=1005004500235563__pc__pcBridgePPC__xxxxxx__1682968953&spm=a2g0o.ppclist.product.mainProduct&gatewayAdapt=glo2esp
https://es.aliexpress.com/item/1005001940202389.html?pdp_npi=2%40dis%21EUR%21%E2%82%AC%205.11%21%E2%82%AC%204.08%21%21%21%21%21%40211b446516829704789711475edd9f%2112000018170831129%21btf&_t=pvid%3A41a3c223-6647-4986-a8a8-e376576c92b3&afTraceInfo=1005001940202389__pc__pcBridgePPC__xxxxxx__1682970479&spm=a2g0o.ppclist.product.mainProduct&gatewayAdapt=glo2esp
https://es.aliexpress.com/item/1005004500235563.html?pdp_npi=2%40dis%21EUR%21%E2%82%AC%201.64%21%E2%82%AC%201.64%21%21%21%21%21%40211b5db216829689535524886ebfc8%2112000029380395928%21btf&_t=pvid%3A78c23563-02d4-46ab-aefa-d957a57e5ce0&afTraceInfo=1005004500235563__pc__pcBridgePPC__xxxxxx__1682968953&spm=a2g0o.ppclist.product.mainProduct&gatewayAdapt=glo2esp
https://es.aliexpress.com/item/1005001940202389.html?pdp_npi=2%40dis%21EUR%21%E2%82%AC%205.11%21%E2%82%AC%204.08%21%21%21%21%21%40211b446516829704789711475edd9f%2112000018170831129%21btf&_t=pvid%3A41a3c223-6647-4986-a8a8-e376576c92b3&afTraceInfo=1005001940202389__pc__pcBridgePPC__xxxxxx__1682970479&spm=a2g0o.ppclist.product.mainProduct&gatewayAdapt=glo2esp
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Figure 5.2 – SIM800L connections

Figure 5.3 – SIM800L level shifters

This design is correct but it can be optimized by removing the level shifters as the SIM800L logic level
ranges from 3 to 5 V [21]. Since the source for this information is not an official datasheet, it has been
experimentally tested and we can confirm that it works fine. The money that will be saved with this
modification is displayed in table 5.8.

Component Price per unit [€]
2N7002 x3 0.34 € (Mouser)
10 kΩ 0603 resistor x6 0,09 € (Mouser)

Total saved money [€] 1.56
Table 5.8 – SIM800L circuit saved money

The typical power consumption, which is required for the power budget, is not specified in the
datasheet as it depends on the module’s operation and features that are being used. Because of that, it has
been experimentally measured with the N6705A DC power analyzer while emulating the typical operation
of the module in this project, obtaining the results shown in figure 5.4. In view of this experimental
measurement, we can estimate the average current as the consumption when it is operating in the HTTP
services, approximately 125 mA and the maximum peak current as 2 A approximately.

Figure 5.4 – SIM800L current consumption
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https://www.mouser.es/ProductDetail/onsemi-Fairchild/2N7002?qs=0dwsXDNhqlz66WJJhrTFjQ%3D%3D
https://www.mouser.es/ProductDetail/YAGEO/RC0603JR-0710KL?qs=ksOUTF%2FWcd8D6T22BJkQ7g%3D%3D
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5.2.4 Inertial Measurement Unit (IMU)

It will be required to estimate the boat’s orientation, mainly working as a digital compass. This, combined
with the GPS coordinates, will allow us to develop an algorithm that guides the boat to a desired location.
Moreover, an IMU will also provide the angular velocity and the acceleration, and in some cases, some
additional data such as the temperature or the altitude. This could be useful to detect if the boat has
capsized or has got stuck in an obstacle.

In the previous thesis, the Adafruit 10-DOF IMU module was chosen because it was already available in
our laboratory, but not only that, it is small, easy to interface as all their sensors can communicate through
I2C and easy to program since there is a great amount of information about this module and Adafruit
provides official libraries that abstract the programmer from the low-level operation of each sensor. This
module is composed of three different sensors:

• L3GD20H: it is a MEMS gyroscope that provides angular velocity in three axes. This velocity will be
given in degrees per second (dps) and, by default, its full scale is ±245 dps, although it can be changed
to ±500 or ±2000 dps.

• LSM303: it is a MEMS 3-axis magnetometer and accelerometer. The acceleration will be provided
in g (9.81 m/s2) and, by default, its full scale will be ±2g, although it can be increased up to ±16g.
Regarding the magnetometer, the magnetic field will be provided in Gauss and, by default, its full
scale will be ±1.3, but can be increased up to ±8.1 g.

• BMP180: it is a digital barometric pressure and temperature piezo-resistive sensor. It provides the
barometric pressure within a 300 to 1100 hPa range in 1 Pa steps and provides temperature within a
-40 to 85 ºC range in 0.1ºC steps.

The technical specifications of this module are listed in table 5.9. Despite of the positive features of
this module, it has some major inconveniences: It is quite expensive ($29.95), includes functionalities that
are not required for our application and the most important one, its production is discontinued. For this
prototype, this module will be still used because it is available in our laboratory but other options should
be considered to replace it in newer prototypes. Two of this alternatives are compared in table 5.10.

Name Adafruit 10-DOF module
Datasheets

Features Three interrupt pins, two "ready" pins,
magnetometer, accelerometer, gyroscope,
thermometer, barometric pressure sensor

Voltage supply range 3 to 5 V
Current consumption Typical: 6.21 mA

Maximum: 7.21 mA
Dimensions 38 x 23 x 3 mm3

Interface I2C
Price $29.95 (Adafruit)

Table 5.9 – Adafruit 10-DOF technical specifications. Note: the current has been estimated by adding the current
consumption of each sensor.
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https://learn.adafruit.com/adafruit-10-dof-imu-breakout-lsm303-l3gd20-bmp180/design-files
https://www.adafruit.com/product/1604
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Name BNO085 BMM150
Datasheet Datasheet

Features Magnetometer, accelerometer, Magnetometer
gyroscope, thermometer,

32-bit ARM® Cortex™-M0+
microcontroller

Voltage supply range 3 to 5 V 1.62 to 3.3 V
Current consumption Maximum current: 7.5 mA Low power preset: 170 µA

Regular preset: 0.5 mA
Enhanced preset: 0.8 mA

Dimensions 3.8 x 5.2 x 1.1 mm3 1.56 × 1.56 × 0.6 mm3

Interface I2C/UART/SPI/UART-RVC SPI/I2C
Price 15.96 € (DigiKey) 1,96 € (Mouser)
Choice X 7

Table 5.10 – Adafruit 10-DOF module alternatives

The BMM150 was proposed because the main purpose of the IMU was to estimate the yaw position of
the boat. This device is a three-axis magnetic field sensor so it would not provide the rest of the unnecessary
measurements, saving money, power and space in the PCB. If this option was chosen, we could detect if the
boat had got stuck in an obstacle or has been removed from the water with a current monitor. As it was
mentioned in 3.5, the motor’s current will greatly increase when the boat’s movement is blocked and will
decrease as the mechanical drag load does. Then, by detecting a current higher than 10 A we can assume
that the boat is stuck and detecting a current lower than 5 A we can safely assume that the boat is out of
the water. The problem is that we could not confidently detect if the boat had capsized. For this situation
we need a 9-Axis IMU such as the BNO055.

The BNO085 has been proposed because it contains a magnetometer, accelerometer, gyroscope,
thermometer and a 32-bit ARM® Cortex™-M0+ Microcontroller all in the same package. This is optimal
since the included MCU contains by default a fusion algorithm that operates with the sensors’ data and
provides the absolute orientation, which facilitates the firmware development and releases the ESP32 from
that computational load. Moreover, the fact that all three sensors and MCU are included in the same
compact package increases the available space on the PCB. The main downside of this device is its price,
which is significantly higher than the BMM150 sensor, but if it is compared with the Adafruit 10-DOF
module it is cheaper. For these reasons, the BNO085 has been selected for next prototypes.

The BNO085 circuit that we propose is displayed in figure 5.5. It communicates with the MCU via I2C
and its total cost can be observed in table 5.11, which is still much lower than the Adafruit 10-DOF module.

Figure 5.5 – BNO085 circuit
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https://www.ceva-dsp.com/wp-content/uploads/2019/10/BNO080_085-Datasheet.pdf
https://www.mouser.es/datasheet/2/783/BST_BMM150_DS001-1509615.pdf
https://www.digikey.es/es/products/detail/ceva-technologies-inc/BNO085/9445940
https://www.mouser.es/ProductDetail/Bosch-Sensortec/BMM150?qs=d72FGnIDsgTOmKpCEe6mYw%3D%3D


5

36 Chapter 5. System description and design

Component Price per unit [€]
BNO085 x1 15.96 (DigiKey)
10 kΩ 0603 resistor x1 0.09 (Mouser)
0.1 µF x1 0.09 (Mouser)
22 pF x2 0.09 (Mouser)
32.768kHz Crystal x1 0.69 (Mouser)

Total cost [€] 17.01
Table 5.11 – BNO085 circuit cost

Regarding the previous year circuit that we are using for this prototype, based on the Adafruit 10-DOF. 
It is correct, however, the interrupt pins have been removed since they are not strictly necessary and we are 
short on ESP32 pins. The modified circuit is shown in sheet 6 of Appendix D.

5.2.5 Servo motor

As we mentioned in section 3.4, one of the servo motors is connected to the boat’s rudder and will be
used to control the direction. This motor has only three ports: one for the power supply, one for ground
and one for the control voltage pulses. In the previous thesis, the servo motor was not tested experimentally
so it was assumed that its supply voltage had to be 5 V obligatorily, so a 5 V XL1509 voltage regulator
was implemented (the voltage regulators will be explained in detail in section 5.2.13). However, that is not
correct, so this regulator will be removed from our design and the servo will be supplied at 6 V.

Moreover, a 3.3 V to 5 V bidirectional level shifter like the ones in figure 5 .3 was u sed t o c ontrol the 
motor, but since we experimentally checked that the motor works correctly at a 3.3 V logic level, the level 
shifter will be removed. The money that will be saved with this modifications is displayed in table 5.12 and 
the servo motor circuit can be consulted in sheet 7 of Appendix D.

Component Price per unit [€]
2N7002 x1 0.34 (Mouser)
10 kΩ 0603 resistor x2 0.09 (Mouser)
XL1509 module x1 1.32 (AliExpress)

Total saved money [€] 1.84
Table 5.12 – Servo motor circuit saved money

5.2.6 LEDs and buttons

In last year thesis’ design, most of the LEDs were supplied from the 5 V voltage regulator. Nevertheless,
this regulator has been removed since it is not necessary for the motor. Thus, all the resistor values in series
with the LEDs will be recalculated.

5.2.6.1 5mm LEDs

As it was mentioned in the functional requirements (section 4.1), we need an all-round white light, a
green light on the starboard side and a red light on the port side. This boat already contains 5mm LEDs
that can be used as sidelights, but none of its LEDs can serve as an all-round light since they cannot provide
a 360º visibility to other ships. For this reason, a hole should be made on the top part of the boat that
allows the insertion of a 5 mm white LED. These LEDs were supplied from the 5 V regulator so the circuit
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https://www.digikey.es/es/products/detail/ceva-technologies-inc/BNO085/9445940
https://www.mouser.es/ProductDetail/YAGEO/RC0603JR-0710KL?qs=ksOUTF%2FWcd8D6T22BJkQ7g%3D%3D
https://www.mouser.es/ProductDetail/KEMET/C0603C104K4RAC7867?qs=l5k%252BbMnNDkktGT%252BFnawJwA%3D%3D
https://www.mouser.es/ProductDetail/KEMET/C0603C220J1HACTU?qs=W0yvOO0ixfF6hDt%252BXfnhnA%3D%3D
https://www.mouser.es/ProductDetail/TXC-Corporation/9HT10-32.768KBZC-T?qs=%252B4z%252Bl1oDOjQnRulMJsrJgQ%3D%3D
https://www.mouser.es/ProductDetail/onsemi-Fairchild/2N7002?qs=0dwsXDNhqlz66WJJhrTFjQ%3D%3D
https://www.mouser.es/ProductDetail/YAGEO/RC0603JR-0710KL?qs=ksOUTF%2FWcd8D6T22BJkQ7g%3D%3D
https://campaign.aliexpress.com/wow/gcp/tesla-pc-new/index?UTABTest=aliabtest377151_530968&src=google&src=google&albch=shopping&acnt=439-079-4345&slnk=&plac=&mtctp=&albbt=Google_7_shopping&albagn=888888&isSmbAutoCall=false&needSmbHouyi=false&albcp=18928172568&albag=&trgt=&crea=es1005005317036199&netw=x&device=c&albpg=&albpd=es1005005317036199&gclid=CjwKCAjw1YCkBhAOEiwA5aN4ARFIJVuldZy8c56mPewh-u8MwzDXlVqHH2CaQcEirRPwxD05H9icPBoCTaYQAvD_BwE&gclsrc=aw.ds&aff_fcid=45e6bece10f64ca2becb5fe041882a5a-1686123553958-00995-UneMJZVf&aff_fsk=UneMJZVf&aff_platform=aaf&sk=UneMJZVf&aff_trace_key=45e6bece10f64ca2becb5fe041882a5a-1686123553958-00995-UneMJZVf&terminal_id=50a2fdb33b044fcba6063bc7d8ecfa36&wh_weex=true&wx_navbar_hidden=true&wx_navbar_transparent=true&ignoreNavigationBar=true&wx_statusbar_hidden=true&bt_src=ppc_direct_lp&scenario=pcBridgePPC&productId=1005005317036199&OLP=1085100208_f_group2&o_s_id=1085100208
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will be completely redesigned.

One problem that could be noticed in last thesis’ design is the fact that all the LED’s in series resistors
had the same arbitrary value. It is important to notice that depending on the color and the model, LEDs
have a different forward voltage and luminosity index curve, thus, if the resistors are the same, the intensity
of their brightness will probably differ between them and will not be the highest possible.

To avoid this, the forward current vs relative luminosity graph must be consulted in the LEDs’ datasheet. 
Nevertheless, the exact LED models that are used in the boat are unknown. We have tried using other 5 
mm LEDs’ datasheets as reference but after looking at different models, we have concluded that the required 
current for the same relative intensity as well as the forward voltage widely varies between different models 
[29]. For this reason, the forward voltage of each LED will be experimentally measured and different resistors 
will be tested until achieving an uniform brightness.

In section 3.2 it was noticed that the green and red lights were broken so they have been replaced by new
high intensity LEDs whose model is unknown since they were already in the laboratory. It is important to
use high intensity lights since their purpose is to notify the presence of this boat to other vessels from the
longest distance possible.

When calculating the LED resistors, our goal is to get the highest brightness using the smallest current
possible. To achieve this experimentally, the forward voltage will be measured and then, the current on
the LED will be increased until the maximum brightness is reached, this is the current that will be used to
calculate the resistor value. Table 5.13 shows the results for each color:
LED Forward Minimum current [mA] Resistor [Ω] to achieve Closer available Actual
color voltage [V] for the highest the highest brightness resistor [Ω] in current [mA]

brightness our laboratory
Red 2.04 12.70 311.81 300 13.20
Green 2.60 3.60 944.44 820 4.14
White 2.84 6.80 464.70 470 6.72

Table 5.13 – Optimal LED’s resistors calculation

Figure 5.6 shows the experimental test with the new resistors’ values, achieving their highest brightness
possible and uniformity:

Figure 5.6 – Experimental test of the 5mm LEDs’ brightness 

The modified circuit is available in sheet 4 of Appendix D.

Scale boat guidance through mobile application
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Component Price per unit [€]
300 Ω 0603 resistor x1 0.14 (Mouser)
820 Ω 0603 resistor x1 0.09 (Mouser)
470 Ω 0603 resistor x1 0.10 (Mouser)
2.54 mm female 2 pin header x3 0.39 (Pololu)

Total saved money [€] 1.50
Table 5.14 – 5mm LEDs circuit cost

5.2.6.2 SMD LEDs

Apart from the navigation LEDs of the boat’s case, the circuit will contain smaller SMD LEDs that will
serve different functions: some of them will indicate whether some of the parts of the circuit are correctly
supplied or not and some others will be used to make visual indications related to the program upload and
flow.

Blue LEDs will be included in the most crucial power supply ports of the circuit, which are: "+Vin 6V", 
"+4V", "3V3" and the "ON/OFF" port (see Appendix D.)

Model Price Dimensions
VLMx1300 0.42 € (Mouser) 1.55 x 0.85 x 0.45 mm3

Datasheet

Color Current for a 0.5 Forward voltage for a 0.5
luminous intensity [mA] luminous intensity [V]

Red 10 1.8
Orange 10 1.95

Blue/Green 10 3.25
Table 5.15 – VLMx1300 specifications and brightness characteristics

In view of table 5.15, we can redesign the circuit to optimize it:

• The forward voltage of the blue LED almost matches the 3.3 V power source, if we adjust the 3.3 V
voltage regulator (see section 5.2.13) to obtain 3.25 V, then we can remove the in series resistor and
the LED will not be over-driven. This saves two resistors, however, these resistor’s pads will be left in
the PCB in case the regulator could not be adjusted to perfectly match the LEDs’ forward voltage.

• Concerning the 4 V power source, the resistor that must be placed in series with a blue LED to achieve
10 mA can be calculated as:

Rblue LED = 4 V − 3.25 V
10 mA = 75 Ω (5.2.4)

• As for the 6 V power source, the resistor that must be placed in series with a blue LED to achieve
10 mA can be calculated as:

Rblue LED = 6 V − 3.25 V
10 mA = 275 Ω (5.2.5)

In relation to the LEDs used to make visual indications related to the program, the circuit that was
proposed last year is displayed in figure 5.7.
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https://www.mouser.es/ProductDetail/Vishay-Beyschlag/MCT06030C2000FP500?qs=lyWXIdtoNj%2FFn1u1OShSHA%3D%3D
https://www.mouser.es/ProductDetail/YAGEO/RT0603FRE07820RL?qs=UOUeRUa%252B8WlzpgxxPdeQew%3D%3D
https://www.mouser.es/ProductDetail/YAGEO/RT0603DRE07470RL?qs=4CyHz7GXqShE1asikYIzXg%3D%3D
https://www.pololu.com/product/1012
https://www.mouser.es/ProductDetail/Vishay-Semiconductors/VLMTG1400-GS08?qs=gt1LBUVyoHlZ6yHd8iEIzQ%3D%3D
https://www.vishay.com/docs/82437/vlmo1300.pdf
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Figure 5.7 – Previous thesis’ design of the program indication LEDs

In this circuit it was intended that when the “2LED” port was pulled-up, the bottom LED would turn
on and the upper one would be off, if the “2LED” port was pulled-down, the bottom LED would be off and
the upper one would be on and if the “2LED” pin was set to an intermediate value both LEDs would be off.
In order to achieve an intermediate voltage value between 0 and 3.3 V with the ESP32, we must connect the
"2LED" port to either GPIO25 or 26 because they are the only ones that feature DACs. However, since we
are short on pins we cannot afford to use one of those just for the indication LEDs, for this reason they will
be connected to GPIO6.

The advantage of connecting it to this GPIO is that, since it is connected to the internal flash memory
where the programs are stored, it will make both LEDs automatically toggle while the program is being
uploaded. We can deduce this from figure 5.1. Once the program has being uploaded, we have full control of
that GPIO so we can toggle these LEDs to make other indications about the program state. The only downfall
is that this pin does not have DAC so both LEDs cannot be turned off at the same time. Nevertheless, this
is not a big problem because the consumption of a LED is very small, around 10 mA.

The last thesis’ design (figure 5.7) has some problems, such as using resistor values that are too large and 
using a resistor in the middle part (R15) that it not necessary. This circuit can be optimized by removing 
resistor R15 and removing R13 and R21 because the forward voltage of the blue/green LEDs matches the 
ESP32’s high state voltage. Moreover, instead of using two blue LEDs, we will use blue and green. The 
modified design is shown in sheet 8 of Appendix D.

With all these modifications we will save 5 resistors, in table 5.16 the saved money will be calculated.
Component Price per unit [€]
1 kΩ 0603 resistor x3 0.09 (Mouser)
470 Ω 0603 resistor x2 0.09 (Mouser)

Total saved money [€] 0.45
Table 5.16 – SMD LEDs modifications saved money

The total cost of the circuit is calculated in table 5.17:
Component Price per unit [€]
75 Ω 0603 resistor x1 0.09 (Mouser)
275 Ω 0603 resistor x1 0.09 (Mouser)
VLMx1300 LED x6 0.42 (Mouser)

Total cost [€] 2.70
Table 5.17 – SMDLEDs circuit cost
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https://www.mouser.es/ProductDetail/YAGEO/RC0603JR-0710KL?qs=ksOUTF%2FWcd8D6T22BJkQ7g%3D%3D
https://www.mouser.es/ProductDetail/Panasonic/ERJ-3EKF4700V?qs=sGAEpiMZZMvdGkrng054t8AJgcdMkx7xz2Li%252BBAfqdo%3D
https://www.mouser.es/ProductDetail/YAGEO/RT0603FRE0775RL?qs=%2Ff7pOCXLR5eIyk19lP%252BeVA%3D%3D
https://www.mouser.es/ProductDetail/Panasonic/ERJ-3EKF4700V?qs=sGAEpiMZZMvdGkrng054t8AJgcdMkx7xz2Li%252BBAfqdo%3D
https://www.mouser.es/ProductDetail/Vishay-Semiconductors/VLMTG1400-GS08?qs=gt1LBUVyoHlZ6yHd8iEIzQ%3D%3D
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5.2.6.3 High power LED

It is placed in the bow and its characteristic curve was obtained in section 3.2, from it we know that we
must design the circuit so the forward current is 35 mA and the forward voltage is 4.5 V. This LED was not
used in the previous thesis so we have to design its circuit from scratch. Since we are supplying it from the
6 V source, the resistor value can be calculated as:

Rhigh power LED = 6 V − 4.5 V
35 mA = 42.9 Ω (5.2.6)

The closer value that is available in our laboratory is 50 Ω. In order to control this LED, a N-Channel 
MOSFET will be used. The model will be the 2N7002 since it is available in our laboratory and fulfills 
our requirements (table 5.18). This transistor’s gate will be connected to GPIO9, which is connected to the 
ESP32’s internal flash memory, so the LED will blink while the program is being uploaded, however, that is 
not a major problem. This circuit is shown in sheet 8 of Appendix D.

Name 2N7002
Datasheet

Type N-Channel MOSFET
Maximum continuous drain current 115 mA
Maximum RDS(on) at V SG = 5 V 7.5 Ω

VGS(th) 1 to 2.5 V
Package SOT-23-3
Price 0.60 € (Mouser)

Table 5.18 – 2N7002 specifications

Component Price per unit [€]
2N7002 x1 0.34 (Mouser)
50 Ω 0603 resistor x1 0.36 (Mouser)
2.54 mm female 2 pin header x1 0.39 (Pololu)

Total cost [€] 1.09
Table 5.19 – High power LED circuit cost

5.2.6.4 General purpose buttons

We will include two additional buttons that can be useful for the debugging. Their functionality is not
defined yet, instead it will will be defined depending on our necessities when testing different parts. In order
to save GPIOs, they were designed so they can be detected by one pin (figure 5.8).
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https://www.mouser.es/datasheet/2/268/supertex_2n7002-1181252.pdf
https://www.mouser.es/ProductDetail/Microchip-Technology/2N7002-G?qs=D%2FHwGy7fPj%2F0m3YgJ%252BOEvg%3D%3D&gclid=CjwKCAjw-IWkBhBTEiwA2exyO1jlXv2T0pP1d2bjWZQDL0yTot1s67XSTdYKpdY2ueYv7qkLKw_ybhoCK8QQAvD_BwE
https://www.mouser.es/ProductDetail/onsemi-Fairchild/2N7002?qs=0dwsXDNhqlz66WJJhrTFjQ%3D%3D
https://www.mouser.es/ProductDetail/YAGEO/RT0603BRE0750RL?qs=NgbZBzc1CyHZBhg8PRsKPw%3D%3D
https://www.pololu.com/product/1012
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Figure 5.8 – Previous thesis’ double button circuit

In this circuit, when none of the buttons are pressed, the "BUTTONS" port’s voltage will be 0 V because
of the R20 pull-down resistor. If the SW2 button is pressed, the "BUTTONS" port’s voltage will be 3.3 V
and when button SW1 is pressed, the voltage at the "BUTTONS" port can be calculated as the following
voltage divider:

V buttons port = 3.3 V ·R20
R14 +R20 = 1.65 V (5.2.7)

Notice that if both buttons are pressed at the same time, the voltage at the "BUTTONS" port will be
3.3 V. In addition, just as the rest of the buttons of this project, a 100 nF capacitor has been placed in
parallel with the pull-down resistor to avoid the bouncing effect. This design is completely fine and cannot
be optimized so it will not be modified. Its cost is estimated in table 5.20.

Component Price per unit [€]
10 kΩ 0603 resistor x2 0.09 (Mouser)
100 nF 0603 capacitor x1 0.09 (Mouser)
Push button x2 0.19 (Mouser)

Total cost [€] 0.65
Table 5.20 – Buttons circuit cost

5.2.7 Screen

The purpose of the screen is to display information during the debugging and configuration process of
the boat. While the boat is being debugged this module is not essential as the board contains an USB port
that allows it to display information in a computer. However, by integrating a display on the board it makes
this process more comfortable and flexible since it would not require cables nor a computer to have access
to the information. Moreover, it will be used as a menu where the user can configure different operation
options.

In the previous thesis, three different screen models were compared: the Nokia 5110 LCD, 16×2 character
LCD and the OLED SSD1306. In table 5.21 the specifications of these modules will be shown and some new
options will be added:
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Name Nokia 16x2 OLED OLED ILI9341
5110 LCD character LCD SSD1306 SSD1331 Datasheet
Datasheet Datasheet Datasheet Datasheet

Supply 2.7 to 3.3 V 3.1 to 3.5 V 1.8 to 6 V 2.4 to 3.5 V 2.5 to 3.3 V
voltage range
Maximum 80 mA 2.5 mA 150 µA 500 µA 80 mA
current

Resolution 84 x 84 128 x 10 128 x 64 96 x 64 240 x 160
1.5” 2.6” 0.96” 0.95 ” 2.8”

Colors Monochrome Monochrome Yellow and blue 65k colors 262k colors
Touch screen No No No No Yes
Interface SPI I2C I2C SPI 8-bit/SPI

Dimensions 43.25 x 43.25 80 x 36 x 13.5 27 x 24.7 x 1.85 30.7 x 27.3 x 11.3 56 x 35 x 1.41
mm2 mm3 mm3 mm3 mm3

Price 1.89 € 0.81 € 1.85 € 6.56 € $ 29.95
(AliExpress) (AliExpress) (AliExpress) (AliExpress) (Adafruit)

Choice 7 7 X 7 7

Table 5.21 – Screen modules trade-off table

The main factors when choosing the most appropriate module are the size, it must be as small as possible
to fit into the PCB; the interface, ideally it should be I2C because it uses less pins; the price, it should be
low; and the resolution, which should be as high as possible. The module that has the most appropriate and
balanced qualities for our project is the OLED SSD1306.

This module is composed of the SSD1306 OLED/PLED driver chip, a four pin connector, a voltage
regulator and some external circuitry required by the IC. There are numerous manufacturers that produce
this module, for this reason, the circuitry, the components and the operation ranges can vary between them.
It is not necessary to delve into the external circuitry connected to the IC, however it is important to look
into the regulator to know the exact operating range of our device.

(a) Front view (b) Rear view
Figure 5.9 – SSD1306 module [47]

Our module uses a XC6206P332 adjustable regulator whose input operating voltage range is 1.8 to 6V.
This regulator is configured to obtain a 3.3 V output voltage, required for the SSD1302 IC, whose input
voltage ranges from 1.65 to 3.3 V. As for the panel, its operating voltage ranges from 7 to 15 V but another
power supply is not needed since the IC contains a voltage regulator that boosts its input voltage to the
7.5 V required for the panel.

Regarding the MCU interface, the SSD1306 IC provides “8-bit 6800/8080-series parallel, 3/4 wire Serial
Peripheral and I2C interfaces” [44] but the module is designed to only allow the I2C interface. By default,
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https://cdn-shop.adafruit.com/datasheets/ILI9341.pdf
https://cdn-learn.adafruit.com/downloads/pdf/nokia-5110-3310-monochrome-lcd.pdf
https://www.sparkfun.com/datasheets/LCD/ADM1602K-NSW-FBS-3.3v.pdf
https://cdn-shop.adafruit.com/datasheets/SSD1306.pdf
https://cdn-shop.adafruit.com/datasheets/SSD1331_1.2.pdf
https://campaign.aliexpress.com/wow/gcp/tesla-pc-new/index?UTABTest=aliabtest377151_530968&src=google&src=google&albch=shopping&acnt=439-079-4345&slnk=&plac=&mtctp=&albbt=Google_7_shopping&albagn=888888&isSmbAutoCall=false&needSmbHouyi=false&albcp=18928172568&albag=&trgt=&crea=es1005004505861520&netw=x&device=c&albpg=&albpd=es1005004505861520&gclid=CjwKCAjwvpCkBhB4EiwAujULMsa7MSRqQFWLfjklh14LUnmGOeRfLnqj0Yl6nLsrPSUIJXmoi_-UKxoCfCkQAvD_BwE&gclsrc=aw.ds&aff_fcid=7cba47a4eb9b4efca8ea56d69e70f6e4-1686419964770-00705-UneMJZVf&aff_fsk=UneMJZVf&aff_platform=aaf&sk=UneMJZVf&aff_trace_key=7cba47a4eb9b4efca8ea56d69e70f6e4-1686419964770-00705-UneMJZVf&terminal_id=50a2fdb33b044fcba6063bc7d8ecfa36&wh_weex=true&wx_navbar_hidden=true&wx_navbar_transparent=true&ignoreNavigationBar=true&wx_statusbar_hidden=true&bt_src=ppc_direct_lp&scenario=pcBridgePPC&productId=1005004505861520&OLP=1085100208_f_group2&o_s_id=1085100208
https://es.aliexpress.com/item/1005002119022072.html?pdp_npi=2%40dis%21EUR%210%2C81%E2%82%AC%210%2C52%E2%82%AC%21%21%21%21%21%40211b446116864200493933158ecd6f%2112000018799843888%21btf&_t=pvid%3A2a6291e2-f25e-4b0a-a341-8488746c3c70&afTraceInfo=1005002119022072__pc__pcBridgePPC__xxxxxx__1686420049&spm=a2g0o.ppclist.product.mainProduct&gatewayAdapt=glo2esp
https://es.aliexpress.com/item/1005003655577587.html?pdp_npi=2%40dis%21EUR%212%2C64%E2%82%AC%211%2C85%E2%82%AC%21%21%21%21%21%40211b446116864202978626082ecd6f%2112000026672883111%21btf&_t=pvid%3Acbb31211-7fa3-4478-b218-0b321f68eedc&afTraceInfo=1005003655577587__pc__pcBridgePPC__xxxxxx__1686420298&spm=a2g0o.ppclist.product.mainProduct&gatewayAdapt=glo2esp
https://campaign.aliexpress.com/wow/gcp/tesla-pc-new/index?UTABTest=aliabtest377151_530968&src=google&src=google&albch=shopping&acnt=439-079-4345&slnk=&plac=&mtctp=&albbt=Google_7_shopping&albagn=888888&isSmbAutoCall=false&needSmbHouyi=false&albcp=18928172568&albag=&trgt=&crea=es32790785282&netw=x&device=c&albpg=&albpd=es32790785282&gclid=CjwKCAjwvpCkBhB4EiwAujULMl_DvtbirWHYRbQcdJJJY5M7BtrnxmZyJCRopCjQmgYGlScoHGj_SBoCXNcQAvD_BwE&gclsrc=aw.ds&aff_fcid=e10bc874f25a49d487192a86064236d3-1686420852711-07719-UneMJZVf&aff_fsk=UneMJZVf&aff_platform=aaf&sk=UneMJZVf&aff_trace_key=e10bc874f25a49d487192a86064236d3-1686420852711-07719-UneMJZVf&terminal_id=50a2fdb33b044fcba6063bc7d8ecfa36&wh_weex=true&wx_navbar_hidden=true&wx_navbar_transparent=true&ignoreNavigationBar=true&wx_statusbar_hidden=true&bt_src=ppc_direct_lp&scenario=pcBridgePPC&productId=32790785282&OLP=1085100208_f_group2&o_s_id=1085100208
https://www.adafruit.com/product/1770
https://www.mouser.es/datasheet/2/760/TOSL_S_A0007229533_1-2575067.pdf
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the I2C address of this module is fixed to 0x3C but it can be changed to 0x3D with a solder jumper, however
this will not be needed since it does not coincide with the addresses of the other I2C devices of the board.

This may be confusing since in figure 5.9 (b) it can be read that the selectable addresses are 0x78 and
0x7A. The reason is that there are different types of I2C addresses, there are 7 bits addresses that do not
include the Write/Read bit and 8 bits addresses that do include it. Both addresses are the same but 0x78 is
interpreted as a 8 bits address that contains the Write/Read bit and 0x3C is interpreted as a 7 bits address
that does not include the Write/Read bit [3]. To see it clearer 0x78 and 0x3C will be represented in binary:

0x78: 0111 1000

0x3C: 0011 1100

The bit sequence “011110” is the fixed part of the slave address, the next less significant bit is the
selectable part of the slave address (in this case 0) and, in the case of 0x78, the less significant bit is a Write
bit. In the Adafruit SSD1306 library, which is the one that will be used to program the board, the address
is interpreted as 0x3C.

Regarding the circuit design, it is correct so nothing will be modified (see sheet 9 of Appendix D).

5.2.8 Rotary encoder

A rotary encoder is a position and rotational speed sensor that generates electrical pulses according to the
rotational displacement of their shaft. They are typically classified as absolute, if they have the capability
to provide the absolute position of the shaft, or incremental, if they only provide the amount of rotational
displacement of the shaft and the rotational direction [32].

This component will allow the user to navigate through the aforementioned screen menu when debugging
or when configuring the operation options of our device. In order to achieve this, an incremental encoder
type is valid. Concerning the model selection, we will use the PEC11R-4020F-S0024 because it is available
in our laboratory. It is an incremental encoder with a 20 mm shaft and a resolution of 24 pulses per 360º
rotation. Moreover, the shaft can be pressed acting as a button.

The operating principle of an incremental encoder is the following: It has three terminals, one of them
in the middle connected to ground (terminal C) and two pulled up to 3.3 V in this case (terminals A and
B). As the shaft is rotated, it short-circuits terminals A and C and then B and C (or in the opposite order
depending on the rotational direction), resulting in pulsed voltages with a 90º phase difference in terminals
A and B. The rotational direction can be determined from the relative position of these two phases [42]. To
achieve a better understanding of how this device works, it has been tested and measured and its operation
can be observed in figure 5.10.

Figure 5.10 – Rotary encoder operation
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The suggested design in the previous thesis is shown in figure 5.11 and it is correct, nonetheless, we
can make some small changes that will make it cheaper. To correctly operate, the encoder requires pull-up
resistors that drive the A and B rotary outputs and the rotary button to a logical high value. This can be
done by using external 10 kΩ resistors as it is suggested in the encoder’s datasheet, but in this case, we can
take advantage of the internal 45 kΩ pull-up and pull-down resistors of the ESP32, saving three resistors.
The value of the resistors is not important as long as they keep the current low, which they do:

IRpullup = 3.3V
45 kΩ = 73.33 µA (5.2.8)

Figure 5.11 – Previous thesis’ rotary encoder design

Every GPIO of the ESP32 except 34 to 39 contains both internal pull-up and pull-down resistors, in 
this case GPIOs 2, 27 and 5 have been connected to ports "Rotary A", "Rotary B" and "Rotary button" 
respectively. The final design is displayed in sheet 8 of Appendix D.

Component Price per unit [€]
10 kΩ 0603 resistor x3 0.09 € (Mouser)

Total saved money [€] 0.27
Table 5.22 – Rotary encoder circuit saved money

Component Price per unit [€]
PEC11R-4020F-S0024 x1 1.94 (Mouser)
100 nF 0603 capacitor x1 0.09 (Mouser)

Total cost [€] 2.03
Table 5.23 – Rotary encoder circuit cost

5.2.9 Real Time Clock (RTC)

It is an electronic device capable of keeping track of time through an oscillator and it is typically included
to provide a precise date and time estimation that can be used by the MCU. It is not an essential part of
our device, however, it allow us to implement additional features that would be useful:

• It could be used to set a schedule to automatically turn on and off the high power LED in the prow.
This way, we will lower the power consumption because it will only be used when it is necessary.
Moreover, we could adapt this schedule to the corresponding sunshine hours of each season.

• Once the trajectory calculation is finished and its trajectory length is determined, we could estimate
the arrival time of the boat to the desired location and notify the user via the app.

• We could keep track of the time since different events such as the last charging of the battery, the last
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firmware update, the last time the device was used and we could establish revision warnings at regular
intervals. Notice that in order to keep this dates even after turning the device off it will be required to
store them in the EEPROM.

Using an external RTC device is not strictly necessary since our microcontroller already contains two
internal oscillators: One of them has a 150 kHz frequency and the lowest power consumption (10 µA), but
it is less reliable as its stability is strongly affected by temperature fluctuations. The other one has a 8
MHz frequency (that can be divided by 256 obtaining 31.25 kHz) and it is much more stable, but its power
consumption is higher (15 µA) [14]. Since our boat will work in variable temperature conditions, the 8 MHz
oscillator would be chosen.

To achieve RTC functionality without an external module, the time and date that the sketch was compiled
and uploaded is stored and a library such as TimeLib.h keeps track of time. However, this is not the best
option for various reasons:

• Continuously keeping track of time supposes a higher computational complexity for the MCU, whose
resources are already limited by the rest of the firmware. By using this module, the MCU will be
released from these time tasks.

• We cannot turn off the ESP32 because it would lose track of time, instead we must put it into deep
sleep mode, which still uses the RTC timer and the RC memory. However, this would prevent us for
removing the battery or turning the device off completely.

When choosing the RTC, we encountered that the two most used and well documented modules for this
kind of projects are the DS1302 and the DS3231. They will be compared in table 5.24.

Name DS1302 Module DS3231 Module
IC’s datasheet IC’s datasheet

Main features Year leap compensation Interrupt pin, output clock pin,
year leap compensation

Supply voltage 2 to 5.5 V 2.3 to 5.5 V
Primary source Typical: 0.425 mA Typical: 200 µA
supply current Maximum: 1.28 mA Maximum: 300 µA
Backup battery Typical: 200 nA Typical: 70 µA
supply current Maximum: 300 nA Maximum: 150 µA
Dimensions 31.2 x 15.5 mm2 37 x 22 mm2

Interface 3-Wire I2C
Price 0.31 € (AliExpress) 1.52 € (AliExpress)
Choice X 7

Table 5.24 – RTC tradeoff table

Both modules are very similar but DS3231 is more precise and has more functionalities. Nonetheless, the
DS1302 was chosen because it was already available in our laboratory.

DS1302 is a RTC module capable of providing the time down to seconds and date with year-leap
compensation. It contains an external 32.768 kHz crystal oscillator, which does not need any other
components to operate and a battery holder for a Lithium button battery that allows it to keep track of
time even when the ESP32 is off.

Regarding the circuit design of this module, it had a serious problem that would have made it unusable:
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https://github.com/PaulStoffregen/Time
https://www.analog.com/media/en/technical-documentation/data-sheets/DS1302.pdf
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https://campaign.aliexpress.com/wow/gcp/tesla-pc-new/index?UTABTest=aliabtest377151_530968&src=google&src=google&albch=shopping&acnt=439-079-4345&slnk=&plac=&mtctp=&albbt=Google_7_shopping&albagn=888888&isSmbAutoCall=false&needSmbHouyi=false&albcp=18928172568&albag=&trgt=&crea=es1005003600771320&netw=x&device=c&albpg=&albpd=es1005003600771320&gclid=CjwKCAjwsvujBhAXEiwA_UXnADWuFYCa0YjjV-i0PwLnprjbkUwMedIDI7GAvEhOjVqfP52EUfE4iRoC5G0QAvD_BwE&gclsrc=aw.ds&aff_fcid=553c6b67e7f842b39d29203934ff8b06-1686048785212-01533-UneMJZVf&aff_fsk=UneMJZVf&aff_platform=aaf&sk=UneMJZVf&aff_trace_key=553c6b67e7f842b39d29203934ff8b06-1686048785212-01533-UneMJZVf&terminal_id=50a2fdb33b044fcba6063bc7d8ecfa36&wh_weex=true&wx_navbar_hidden=true&wx_navbar_transparent=true&ignoreNavigationBar=true&wx_statusbar_hidden=true&bt_src=ppc_direct_lp&scenario=pcBridgePPC&productId=1005003600771320&OLP=1085100208_f_group2&o_s_id=1085100208
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it was connected to GPIOs 6, 7 and 8, which are not recommended to use since they are connected to the
integrated SPI flash. When tested this way, the operation was incorrect.

The tests displayed in 5.2.1 showed that they work fine as outputs but did not mention anything about
their operation as input. This leads us to believe that they cannot operate correctly as inputs, which causes
problems when using bidirectional communication. This should be studied with a digital analyzer to obtain
a precise explanation of why this happens, but due to time constraints we will simply connect the RTC’s
pins to other GPIOs (CLK to 33, DAT to 12 and RST to 32).

5.2.10 Power supply

As we mentioned in Chapter 3 the boat’s circuitry will be supplied by the 6 V lead acid battery. This
could be achieved by simply connecting the battery directly to the different modules but this would not
fulfill the functional and design requirements that were specified in 4.1 and 4.3. For this reason, the battery
charger, the power switch button, the reverse polarity protection, an indication LED and the power monitor
will be added to the circuit.

The first step is to revise the last thesis’ circuit, which is in turn subdivided in two parts: the power
switch button circuit and the rest, which are displayed in figures 5.12 and 5.13. In order to ease the analysis,
each functionality will be revised separately. Note that all the components’ and port’s names in this section
will refer to these figures:

Figure 5.12 – Previous thesis’ power supply circuit

Figure 5.13 – Previous thesis’ power switch circuit
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5.2.10.1 Current and voltage monitor

A power sensor is required to track the current consumption and to estimate the state of charge of the
battery, which prevents it from over discharges. In the previous thesis, the INA219 module was directly
suggested to accomplish this task, however, we will research more alternatives that could be more optimal
for our project. But, before that, we should estimate the current and voltage range that will be measured.

According to its datasheet, the battery voltage can range from 6 to 7.5 V when it is being charged and,
regarding the current, we can estimate it by adding the consumption of each component, which will range
from 9.93 to 13.14 A (table 5.25). Keeping this in mind, we can start comparing different current sensing
options (table 5.26).

Component Supply Typical Maximum Typical Maximum
voltage [V] current [mA] current [mA] power [mW] power [mW]

ESP32 3.3 68 240 224.4 792
CH340C 3.3 12 30 39.6 99
DS1302 3.3 0.43 1.28 1.42 4.22
INA219 3.3 1 1 3.3 3.3

Adafruit 10-DOF 3.3 6.21 7.21 20.5 23.79
SSD1306 3.3 0.150 0.150 0.495 0.495
SIM800L 4 125 2000 500 8000

GY-NEO6MV2 4 48.1 71 192.4 284
SMD LEDs x3 3.3 to 7.5 30 30 133 148
5mm LEDs x3 6 to 7.5 24 24 144 180

High power LED 6 to 7.5 36 36 216 270
DC motor 6 to 7.5 9500 10000 60000 75000
Servo motor 6 to 7.5 75 700 450 562.5

Total 3.3 to 7.5 9925 13140 61925 85367.3
Table 5.25 – Global circuit’s power consumption
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Name INA219 Module ACS712 Module MAX471 Module TMCS1100A2
IC’s datasheet IC’s datasheet IC’s datasheet Datasheet

Type Current shunt and Hall effect Internal resistor Hall effect
power sensor current sensor power sensor current sensor

Supply voltage 3 to 5.5 V 4.5 to 5.5 V 3 to 36 V 3 to 5.5 V
Supply current Typical: 1 mA Typical: 7.5 mA Typical: 50 µA Typical: 6 mA

Maximum: 1 mA Maximum: 12 mA Maximum: 113 µA Maximum: 6 mA
Current sense ±3.2 A (can be ±3 A (can be

increased adding ±10 A increased adding ±14.5 A
shunt resistors) shunt resistors)

Voltage sense 0 to 26 V None 5 · V supply None
Dimensions 26 x 22 x 6 mm3 32 x 13 x 14 mm3 20 x 19 x 8 mm3 5 x 4 x 2 mm3

Interface I2C Analog signal Analog signal Analog signal
Price 1.06 € (AliExpress) 1.79 € (AliExpress) 1.59 € (AliExpress) 4.04 € (Mouser)
Choice X 7 7 7

Table 5.26 – Current/power monitors trade-off table

From these options, the best ones are the INA219 and the MAX741 since they are able to sense current and
voltage simultaneously. However, INA129 is still a better option because it does not require any additional
pins as the I2C pins had to be used anyway by other modules and the MAX741 production was discontinued.

The INA219 module is a measures current through a 0.1 Ω shunt power resistor with a ±320 mV shunt
voltage, which results in a maximum current of:

Imax = 320 mV
0.1 Ω = 3.2 A (5.2.9)

Then, if we want to increase the maximum current we must use a smaller shunt resistance but, since it
is difficult to find power resistors smaller than 0.1 Ω, we will place resistors in parallel. When calculating
the resistor value we will consider the typical current consumption as the maximum value includes peak
currents, assumes that the battery is charged to its peak and it is very unlikely to happen. Then, the shunt
resistor value we need to place to measure ±9.92 A can be calculated as:

Rshunt total ≤
320 mV
9.92 A ≤ 0.0322 Ω (5.2.10)

This value can be achieved by placing four 0.1 Ω resistors in parallel, so we would obtain a 0.025 Ω shunt
resistance. Then, the maximum current that can be measured is:

Imax = 320 mV
0.025 Ω = 12.8 A (5.2.11)

Moreover, we must ensure that these resistors can handle such current. Through each of these resistors
it would circulate a fourth of the current, 2.48 A, so the power that each of them had to dissipate would be:

P shunt = Rshunt · I2 = 0.1 · 2.482 = 0.61 W (5.2.12)
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In that case, we will use the the HoGT2512-2W-100mR resistor which can dissipate up to 2 W and has the 
same package as the resistor included in the INA219 module. The modified design can be observed in sheet 13 
of Appendix D.

Component Price per unit [€]
INA219 Module x1 1.06 (AliExpress)
HoGT2512-2W-100mR x3 0.06 (LCSC)

Total cost [€] 1.24
Table 5.27 – Power monitor circuit cost

5.2.10.2 Power switch

This circuit will allow the user to turn the boat’s electronics on and off by pressing a button, instead
of manually connecting and disconnecting the battery, which is tedious and does not measure up to the
industry standard. This circuit achieves this by placing a P-Channel MOSFET transistor (Q8) in series with
the battery, behaving as a switch. The behaviour of this transistor is determined by the voltage between
its source and gate terminals (V SG8), but in this case the source is connected to the battery (which can
be considered as a fixed voltage) so the transistor’s behaviour will be controlled by the gate’s voltage (the
"power switch" port). For the Q8 transistor, the SI4431CDY-T1-GE3, whose technical specifications are
listed in table 5.29, was proposed.

The two main conditions when choosing this transistor are: having a sufficiently low V SG(th) to ensure
that we can surpass it and enter in saturation mode and being able to operate at the maximum current
consumption of its following circuit. If we used the original design, the second condition would not be
fulfilled because the DC motor, which has proven to consume around 9.5 A, was supplied by the "+Vin 6V"
port of figure 5.12 and the maximum continuous current of Q8 is just 9 A in the best case scenario. This
will be fixed by connecting the DC motor directly to the battery (this will be discussed in more detail in
section 5.2.12).

By adding the components that are supplied from the "+Vin 6V" port (including the "+3V3" and the
"+4V" ports) we can approximate the current that transistor Q8 must handle, the results are shown in table
5.28 (they are the results of table 5.25 minus the DC motor). From them, we can confirm that transistor
Q8 is appropriate since it allows a higher current than that.

"+Vin 6 V" port typical current [mA] "+Vin 6 V" port maximum current [mA]
425 3140

Table 5.28 – "+Vin 6V" port’s current consumption

Name SI4431CDY-T1-GE3
Datasheet

Type P-Channel MOSFET
Maximum continuous -5.6 A (TA = 70ºC)

drain current -9 A (TC = 25ºC)
Maximum RDS(on) 0.049 Ω (V SG = 4.5 V)

V SG(th) 1 to 2.5 V
Package SOIC-8
Price 0.71 € (Mouser)

Table 5.29 – SI4431CDY-T1-GE3 specifications

In view of the SI4431CDY-T1-GE3 datasheet, we know that Q8 will conduct whenever V SG8 > VSG(th)
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(2.5 V maximum). Then, if VS8 is the battery voltage (6 V), Q8 will definitely conduct when the "power
switch" port’s voltage is lower than 3.5 V. This port’s voltage will be controlled by the ON/OFF button and
the MCU, its operation is as follows:

• If the button is not pressed and the circuit is off, the "ON/OFF button detector" port’s voltage will be
0 V because of the pull-down resistor R40 so the Q10 N-Channel transistor will not conduct, driving
the "power switch" port’s voltage to Vbat through R38. If this is the case Q8 will not conduct, so the
battery would be disconnected from the circuit.

• If the button is pressed, the "ON/OFF button detector" port’s voltage will be 3.3 V if Vbat is 6.6 V
because of the voltage divider implemented with R37 and R40:

V ON/OFF button detector = V bat ·R40
R37 +R40 (5.2.13)

If that is the case, Q10 will conduct so the "power switch" port voltage will be 0 V. This will result in
Q8 conducting, which connects the battery to the circuit and turns on the MCU.

• Once the MCU is on, it will drive the "ON/OFF" port to 3.3 V almost instantly, thus Q11 conducts,
keeping the "power switch" port at 0 V so the battery does not disconnect from the circuit. At this
point, the power switch button can be released.

• If we want to turn off the circuit, we can program the MCU so when it detects that the ON/OFF
button has been pressed while it was on, it drives the "ON/OFF" port to 0 V. This way Q11 would
stop conducting and the voltage at the "power switch" port would be Vbat so the battery would be
disconnected from the circuit.

Regarding the circuit design, it is correct for the most part, however there are a few details that could
cause problems:

• When the MCU is off, the "ON/OFF" port’s voltage would be floating. If this is the case the MOSFET
static charge could built at the gate to source parasitic capacitance and turn on the transistor and the
circuit randomly. This can be easily fixed by placing a pull-down resistor, 10 kΩ resistors are typically
used when working with MOSFETs.

• The voltage divider composed of R37 and R40 would drive the "ON/OFF button detector" port’s
voltage to an acceptable level when the battery is not charging. Nonetheless, even though the boat
is not though to operate while the battery is being charged, if the button was accidentally pressed in
this situation, the ESP32 could be damaged because Vbat could reach 7.5 V and the "ON/OFF button
detector" port’s voltage would be 3.75 V (equation 5.2.13). This voltage exceeds the maximum supply
voltage of the ESP32, which could lead to damage.

This can be fixed by using a lower value for R40, as long as the minimum voltage of the battery (which
will be 6 V) surpasses the ESP32 input logic level voltage, which is 2.5 V approximately. If we R40 is
replaced by 8 kΩ, the "ON/OFF button detector" port’s voltage will be 3.3 V when Vbat is 7.5 V and
2.6 V when Vbat is 6 V.

The modified power switch circuit can be seen in sheet 12 of Appendix D.
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Component Price per unit [€]
10 kΩ 0603 resistor x2 0.09 (Mouser)
8 kΩ 0603 resistor x2 0.40 (Mouser)
100 kΩ 0603 resistor x1 0.09 (Mouser)
100 nF 0603 capacitor x1 0.09 (Mouser)
2N7002 x2 0.34 (Mouser)
SI4431CDY-TE1-GE3 x1 0.71 (Mouser)
Push button x1 0.19 (Mouser)

Total cost [€] 2.83
Table 5.30 – Power switch circuit cost

The biggest problem of this circuit the ESP32 GPIOs choice. At first sight they look correct but when
this circuit was tested with a simplified version of the circuit (figure 5.14) based on the NodeMCU-32s (an
ESP32-based module), it did not work. The reason is that the "ON/OFF button detector" port has to be
connected to a GPIO that is configured by default as an input after reset, if not, the "ON/OFF button
detector" port’s voltage when the button is pressed does not correspond to the voltage divider calculation.
GPIO36 was the the pin that was originally assigned, but even though it is an only input pin, it is not set
as input after reset. For this reason, it will be replaced by GPIO23, which is fulfills the condition and has
proven to work fine experimentally.

Figure 5.14 – Power switch simplified test circuit

5.2.10.3 Reverse polarity protection

An important feature that should be added to our circuit is a reverse battery polarity protection.
Occasionally, batteries are placed with their polarity reversed due to human error which could damage
partially or totally the circuit they are connected to. To avoid these risks, a protection circuit that
disconnects the battery when it is incorrectly placed must be added. There are multiple options:

• Protection using a diode: this method consists in placing a diode in series with the battery. When the
battery is placed correctly, the diode will conduct and the circuit will work. If the battery is placed
with reverse polarity, the diode will not conduct so the circuit will not be damaged.
This option is easy to implement as it is composed of just one diode. In this case, it is essential that
the diode has a very low reverse current and that it can handle at least the 3.14 A calculated in table
5.28. Furthermore, as efficiency is an important concern in this application, a diode with a low forward
voltage should be chosen to minimize the dissipated power.

• Protection using a N-Channel MOSFET: this option uses a N-Channel transistor to disconnect the
battery, which usually dissipates less power than a diode. Nevertheless, the disadvantages of this
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circuit are that it is more complex and more expensive, as it requires more components. The circuit is
as follows [10]:

Figure 5.15 – Reverse polarity protection using a MOSFET

When the battery is placed correctly, the Zener diode will be reverse biased, fixing the transistor’s
V GS to the Zener diode’s reverse voltage. By choosing this voltage so it is higher than the transistor’s
V GS(th), the transistor will conduct so the battery be connected.
If the battery is placed incorrectly, the Zener diode will be forward biased, fixing the transistor’s V GS
to the the Zener diode’s forward voltage. By choosing this voltage so it is lower than the transistor’s
V GS(th), the transistor will not conduct so the battery will be disconnected, preventing damage.
The resistor is used to limit the current that will flow through the Zener diode, so its value should be
high.

In the previous thesis, the first option was implemented with the D9 diode of figure 5.12. This design is
correct and will be kept but it will be slightly modified. In the previous design, a PDS1040CTL diode was
used. This has been replaced by the SSL56F diode, which has very similar characteristics (table 5.31), since
the other one was not available in our distributor’s site.

Name SSL56F
Datasheet

Type Schottky diodes barrier
Forward voltage 0.5 V

Maximum rectified current 5 A
Package SMAF
Price $ 0.07 (LCSC)

Table 5.31 – SSL56F specifications

5.2.10.4 Battery charger

The charging process of a lead acid battery is complex and has different parts, which requires a specific
charger. Typically, an external charger is used, but in this case, we will integrate the charger into the board
so it will not be necessary to remove the battery from the boat in order to charge it.

The performance and life of a lead acid battery significantly depends on its charging procedure, therefore
it is important to ensure that the charging method is the most appropriate one and that it is precisely
executed. The charging method typically differs depending on the service type of our battery: float or cyclic.

• The float service is used to maintain the battery charged when it is not being used. To achieve this, it
must be constantly charged to counteract the self discharge process. For the most part, our boat will
work outdoors without access to the electrical grid so this mode will not be used.

• The cyclic service is typically used in portable equipment, such as ours. In this case, the battery is
periodically charged and then discharged until reaching the end voltage (around 5.8 V for our battery)
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[7]. If the battery is discharged below this point it will lose its ability to receive charge. In this mode,
several methods could be used but our battery’s datasheet suggests the curve in figure 5.16 which
corresponds to a constant current constant voltage charge.

Figure 5.16 – Battery charge curve [17]

This is be the method that will be implemented and, as its name suggest, it is composed of two stages:

• Constant charge current: the current limited to approximately 0.1 CA (0.7 A for our battery) is applied
to the battery making the voltage increase gradually until it reaches the set voltage limit, in this case
about 2.45 V per cell (7.35 V for the whole battery).

• Constant voltage: at this point, the set voltage has been reached which leads the battery to a saturation
state that gradually limits the charge current. Once the current reaches the lowest point of the graph
(figure 5.16) we can conclude that the battery is fully charged.

From these two stages, it is obvious that we need a device capable of monitoring and limiting current
and voltage. Usually, this is accomplished with an that abstracts the designer from the charge method’s
characteristics. However, in last year thesis this option was dismissed since some of these circuits were too
small to manufacture in our laboratory and the rest were out of stock. For these reasons, the left half of the
circuit in figure 5.12 was proposed.

This circuits detects and monitors a power source in the charger connector through a voltage divider
(R25 and R28). This external source could range from 7.5 to 12 V, so this voltage divider has be able to
adapt 12 V to 3.3 V maximum. This can be achieved with R25= 27 kΩ and R28= 10 kΩ, proven as:

V sense = 12 V · 10kΩ
27 kΩ + 10 kΩ = 3.24 V (5.2.14)

If this source is detected, the charging process will begin. The voltage and current that is supplied to
the battery is controlled through a pass transistor (Q7), in turn, controlled through transistor Q9 and the
"Charger" DAC pin of the MCU. For the pass transistor, the SI4431CDY-T1-GE3 (table 5.29) will be used
too since it has a low VSG(th) and can handle the maximum charge current (around 0.7 A).

The battery’s charge voltage and current will be monitored by the aforementioned INA219 and according
to that, the "Charger" pin voltage will adjust the pass transistor to achieve the desired charge curve. This
circuit was simulated in LTSpice® in the previous thesis and seemed to work fine, so it will not be modified.
Depending on its actual performance in this prototype some changes could be made.

Regarding the diodes, D14 works as a reverse polarity protection for the external power source and D8
allows power to the the "+Vin 6V" port when the battery is connected. However, this last one will only be
used for the debugging process, so we can try the circuit without connecting it to the battery.

The full circuit can be consulted in sheet 11 of Appendix D.
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5.2.11 USB interface

When using a MCU, it is required some kind of port and circuit that allows it to interface with the
computer easily. This interface is required to write the firmware and to visualize data in the computer’s
serial terminal. This is typically achieved through an USB port. Specifically, we will use a mini type B
connector since it is an industry standard, commonly found in the ESP32 modules, easy to solder and
available in our laboratory.

In order to connect the communicate the MCU with the computer, the ESP32 UART needs to send and
receive asynchronous serial data through that USB port. Some MCUs include built-in USB peripherals that
support this type of communication through the implementation of USB CDC (for example, the ESP32-S2)
[15], nevertheless this is not the case in our ESP32, which requires an external IC to translate the USB
data to UART, and vice versa. The main advantages of using an external USB to UART bridge are that no
firmware is required to implement a serial class, which complicates and slows down the firmware development
process and also the MCU consumes less computational resources since the USB protocol is handled by the
bridge chip [36].

When designing this circuit, a reverse engineering process was carried out from the NodeMCU-32s
board, which uses the CH340C as an USB-to-UART bridge. This IC is available in our laboratory and its
specifications are listed in table 5.32.

Name CH340C
Datasheet

Type USB-to-UART/RS232/RS485 bridge
Supply voltage 3.3 to 3.8 V if the V3 pin is connected

to the VCC pin, if not 4.5 to 5.3 V
Absolute maximum voltage -0.3 to 6 V

Current Typical: 12 mA
Maximum: 30 mA

Package SOP-16
Price 0.45 € (Utmel)

Table 5.32 – CH340C specifications

The only external component that this IC requires according to the datasheet is a 0.1 µF power decoupling
capacitor in the VCC pin to suppress high frequency noise. Nevertheless, it is typical to include an ESD
protection in the USB to UART circuits; this chip is especially sensitive to power surges, which can be
produced by the electrostatic discharges that are common when plugging and unplugging the USB. When
an ESD takes place, a voltage ranging from tens to thousands of volts can be generated [35] and, in this
case, just 6 V is enough to permanently damage the CH340C. The USBLC6-2 was chosen last year as it was
available in our laboratory stock, its characteristics are listed in table 5.33. The previous thesis design is
displayed in figure 5.17.
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Figure 5.17 – Previous thesis’ USB to UART circuit

Name USBLC6-2
Datasheet

Type ESD protection
Clamping voltage 12 to 17 V

Number of lines protected 2 data-line and VBUS
Maximum leakage current 150 nA

Package SOT23-6L
Price 0.56 € (Mouser)

Table 5.33 – USBLC6-2 specifications

However, after carefully examining its characteristics it was noticed that its Clamping voltage is too
high. The ESD suppressor must be chosen so that its Clamping voltage is lower than maximum voltage of
the device it is protecting [35], therefore a new ESD suppressor must be chosen. In table 5.34 the different
options’ details are listed.

Name PESD3V3X4UHCYL BZA408B ESDS304
Datasheet Datasheet Datasheet

Clamping voltage 4.5 V -5 to 5 V 3 to 6 V
Lines protected 4 4 4

Maximum leakage current 100 nA 100 nA 50 nA
Package DFN1308-6 SOT457 5-Pin SOT23
Price 0.38 € (Mouser) 0.46 € (Mouser) 0.52 € (Mouser)
Choice 7 7 X

Table 5.34 – USBLC6-2 alternatives trade-off

Technically, the PESD3V3X4UHCYL would be the best option since it is the cheapest one, has the
lowest and a small leakage current. However, its package is too small to be manufactured in our laboratory
so it has to be discarded. The BZA408B would be a good option as it allows a 5 V Clamping voltage,
nevertheless it also allows a negative voltage which could destroy the CH340C. Finally, the ESDS304 was
chosen because, even though its maximum Clamping voltage is the same as the absolute maximum voltage
of the CH340, it still protects that component. It also has a very low leakage current and its package can
be easily manufactured in our laboratory.

Moreover, in the previous thesis design a ferrite bead and a 100 nF capacitor were added to the USB
"VBUS" pin reduce its noise.

The total cost of this circuit is estimated in table 5.35:
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Component Price per unit [€]
10033526-N3212LF x1 0.67 (Mouser)
40 mΩ Ferrite Bead 0805 x2 0.42 (LCSC)
100 nF 0603 capacitor x2 0.09 (Mouser)
CH340C x1 0.45 (Utmel)
ESDS304 x1 0.52 (Mouser)

Total cost [€] 2.66
Table 5.35 – USB to UART circuit cost

5.2.11.1 Boot mode selection

A bootloader is a small piece of software that allows uploading of sketches onto the microcontroller [5].
Depending on the state of GPIO0, the ESP32 will enter different bootloader modes. If GPIO0 is pulled
high, the program is executed normally and if is pulled high, it enters in programming mode. Moreover,
the board can be reset by pulling low the EN pin. This can be automatically selected connecting the DTR
and RTS pins of the USB to UART converter and implementing the following circuit commonly found in
different ESP32 modules:

(a) Auto-reset circuit (b) Truth table
Figure 5.18 – ESP32 Devkitc V4 bootloader circuit

The only modification that was made to this circuit is to replace the obsolete BJT transistors with
MOSFETs, which do not require gate resistors. Apart from that, two buttons will be included to access the
different modes manually:

Figure 5.19 – Bootloader modes buttons

This design can be optimized by removing the pull-up resistors since those pins are pull-up high after reset
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through internal resistors. Moreover, in the ESP32 documentation it is recommended to place a capacitor
ranging from 0.1 to 1 µF in the EN pin, if that is the case, no capacitors are required in the IO0 pin. The
total cost of this circuit is estimated in table 5.36:

Component Price per unit [€]
2N7002 x2 0.34 (Mouser)
100 nF 0603 capacitor x1 0.09 (Mouser)

Total cost [€] 0.77
Table 5.36 – Boot mode selection circuit cost

5.2.11.2 USB-powered debugging

A new addition is that, in order to facilitate the testing and debugging of the ESP32 code, the 5 V
VBUS pin of the device’s USB connector will be connected through a diode to the "Vin+" pin of the XL1509
regulator module (explained in section 5.2.13) that provides 3.3 V.

This allows the user to test the ESP32 and the 3.3 V supplied modules connected to it without the
necessity to connect the circuit to the battery or another external 6V source, by simply connecting the it to
a PC. This is translated into less usage of the battery, so it will deteriorate slower, and much more flexibility
for the user.

When the battery is connected, the voltage of the "Vin+" pin of the regulator will be set to 6 V. In this
case the cathode’s voltage of the diode will be higher than the anode’s so it will not conduct, then, the board
will be supplied from the battery. If the battery is disconnected, the diode will conduct so the voltage of the
"Vin+" pin of the regulator will be VBUS voltage (5 V) minus the forward voltage of the diode, supplying
the 3.3 V components of the board from the PC.

We are using a 10033526-N3212LF female USB 2.0 connector which can supply a 0.5 A current, enough
to supply the regulator. Then, it must be ensured that the diode can handle 0.5 A and have a low forward
voltage as the minimum input voltage of the regulator is 4.5 V. The VS-30BQ015-M3/9AT diode fulfills
these specifications (table 5.37).

Name VS-30BQ015-M3/9AT
Datasheet

Type Diode
Maximum average forward current 3 A

Maximum leakage current 50 mA
Package DO-214AB-2
Price 0.58 € (Mouser)

Table 5.37 – VS-30BQ015-M3/9AT specifications

Even though we have removed the pull-up resistors, their pads will remain in the PCB in case unexpected
errors appeared in this design.

5.2.12 DC motor

As it was mentioned in Chapter 3, the boat contains a DC motor to propel it through the water. The
boat’s speed can be controlled by limiting the current that flows through this motor, typically achieved
through PWM, and the direction of rotation can be reversed by inverting the polarity of its voltage, allowing
the boat to move forward and backward. These capabilities can be achieved with an H-bridge.
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An H-bridge is a circuit that can switch the polarity of the voltage applied to a load, in this case a DC
motor. Its operation principle is simple: the circuit is composed of four switches (figure 5.20), when S1 and
S4 are closed and the others are open, the current flows from the positive to the negative terminal of the
motor and when S2 and S3 are closed and the rest are open, the current flows in the opposite direction,
switching the direction of rotation. If all the switches are open, no current will flow but if all of them are
closed, both branches will be short-circuited and the circuit could be damaged.

Figure 5.20 – H-bridge circuit [16]

In the previous thesis’ design, the L298N Dual H-Bridge module was chosen, however, after testing the
boat in the water and measuring the motor’s current, this module has to be discarded. The reason is that
this module’s maximum current is 4 A and the motor consumes around 9.5 A. There are other H-bridge
modules options, such as the BTS7960 module, that handles currents up to 43 A. However, they are based
on out-dated ICs that are not available anymore so they are not a good option.

For that reason, we will design our own H-bridge circuit. Even though the basic operation of this circuit
is simple, there are many factors that have to be taken into consideration when designing it. The first one
is the switches, we need a device that can be controlled by the MCU and that can handle large currents.
These conditions are fulfilled by MOSFETs.

Regarding the exact MOSFET model, it will be chosen through a reverse engineering process on the boat’s
original H-bridge circuit, displayed in figure 5.21. This circuit used six N-Channel IRL3803 MOSFETs: two
of them in parallel for S1 and for S4 and one for S3 and S4 (referred to figure 5.20). The reason for using 2
transistors in parallel is to dissipate less power and heat through each transistor when the motor is operating
forward, which is the most usual operation mode. The IRL3803 technical specifications are listed in table
5.38.

Figure 5.21 – Boat’s original H-bridge circuit
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Name IRL3803STRLPBF
Datasheet

Type N-Channel MOSFET
Surface mount application 2 W

power dissipation
Maximum RDS(on) 0.009 Ω

VGS(th) 1 V
Package TO-252-3
Price 2.35 € (Mouser)

Table 5.38 – IRL3803 specifications

For the average current motor (9.5 A), the IRL3803’s power dissipation can be calculated as:

P dissipated = RDS(on) · I2 = 0.009 · 9.52 = 0.81 W (5.2.15)

The power that will be dissipated is lower than the surface mount application power dissipation, thus, this
transistor is suitable for our project. Nevertheless, using N-Channel MOSFETs has one notable downside:
it requires a high side driver circuit to control the transistors above the load. The reason is that if we set
the gates of the high side transistors to 6 V, they will enter saturation mode, setting their source gate to 6
V. When this happens, their VGS will become 0 V and they will stop conducting, becoming useless.

This could easily be fixed by using P-Channel MOSFETs for the high side, nevertheless, that is not
possible in our project because we are operating at high currents. P-Channel MOSFETs have larger RDS(on)
than the N-channel ones and can dissipate less power so the. If we take a look at the IRFR5305, which is a
P-Channel power MOSFET, its maximum surface mount application power dissipation is 2 W and have a
RDS(on) of 0.065 Ω. Then, the power dissipation would be:

P dissipated = RDS(on) · I2 = 0.065 · 9.52 = 5.87 W (5.2.16)

The dissipated power in a P-channel MOSFETs is much larger than the N-channel’s and cannot be
dissipated by its package, which would burn the device. Therefore, a high side driver circuit is necessary.

Most high side drivers use a bootstrap circuit to control the transistor’s operating point. These circuits
use a capacitor that is charged to a certain voltage level while the high side transistor is off and then sets
that transistor’s VGS to the capacitor voltage, turning it on until the capacitor discharges. For that reason,
these drivers require PWM since they cannot keep the transistor on for a long time.

There are high and low side drivers ICs that would fulfill our requirements such as the L6389ED
(specifications in table 5.39). However, since we have to prioritize the usage of the available components of
our laboratory, we will design a basic high side driver based on the operation of a bootstrap capacitor with
the available components. This circuit is displayed in figure 5.22.
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Name L6389ED
Datasheet

Type High and low-side driver
Supply voltage -0.3 to 17 V

Maximum voltage rail 600 V
Logic inputs 3.3 V, 5 V and 15 V

Maximum switching frequency 400 kHz
Package SO-8 tube
Price 1.53 € (Mouser)

Table 5.39 – L6389ED specifications

Figure 5.22 – Our H-bridge circuit

To explain its operation only one side will be analyzed. Firstly, the "PWMF" pin (forward PWM signal)
is set to 3.3 V, thus transistor Q12 is on, which sets its drain voltage to 0 V. This results in having 0 V on
the Q3 and Q4 gates so they will not conduct, that is to say, the motor will be stopped. Also, capacitor C13
will be charged to the battery’s voltage through diode D17.

When the "PWMF" pin is set to 0 V, then Q12 will be off and we will have the capacitor voltage (equal
to the battery’s) between the gate and the source of Q3 and Q4, turning them on. If these transistors
are on, they will have the battery’s voltage in their source, thus, the gate voltage of Q14 and Q15 will be
approximately 11 V and current will circulate through the motor.

One of the downsides of this bootstrap circuit is not being able to use a duty cycle of 100%. This is due
to the bootstrap capacitor, which will discharge when the motor is on, eventually turning off the high side
MOSFET. The capacitor will discharge through R4 and R29 and through the leakage current of the diode.
Nevertheless, this should not be a problem since we can still use a high duty cycle in the order of 90%, which
would be enough to drive the motor at a high rotational speed.

We can check that all these transistors are in saturation mode by measuring the voltage across the motor
terminals, which should be almost equal to the battery’s since RDS(on) is very close to 0 Ω.

The purpose of resistor R4 is to avoid a short circuit between Q12 drain and the cathode of D17 when
the "PWMF" pin is set to 3.3 V. Its value is chosen so a small current circulates through it, if we want a
current of 0.5 mA, then R4 can be calculated as shown in equation 5.2.17, where V in is the battery’s voltage
and VF is the diode’s forward voltage.
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R4 = V in − VF

I
= 6 V − 1 V

0.5 mA = 10 kΩ (5.2.17)

R29 and R30 are gate resistors, they mitigate the ringing effect of the MOSFETs and limit their parasitic
gate current to a desired value. In this case, 1 kΩ resistors will be used, which limit the current to:

I = VG − VS

R
= 6 V + 5 V − 0 V

1 kΩ = 11 mA (5.2.18)

R10 accomplish the same function as R29 and R30, it limits the parasitic gate current that can be
supplied by the ESP32. The maximum current that can be supplied from an ESP32 pin is 20 mA, then,
using a 200 Ω gate resistor the current will be limited to:

I = VG − VS

R
= 3.3 V − 0 V

200 Ω = 16.5 mA (5.2.19)

Regarding the capacitor’s value, it is recommended to use one whose charge is much greater than the the
charge required by the high side transistor’s gate (in this case the IRL3803). The reason for this is to keep
the voltage source drop due to charge sharing small [6].

Qcap >> Qg (5.2.20)

In equation 5.2.20, Qcap refers to the bootstrap capacitor’s charge whereas Qg refers to the high side
transistor’s total gate charge, which is 140 nC for the IRL3803. If the capacitor’s charge is chosen to be 80
times greater than the gate charge, the following equation will be used to obtain the capacitor’s value, where
Ccap is the capacitance of the bootstrap capacitor and Vcap is the voltage that the capacitor will be charged
to, approximately 5 V.

Qcap = 80 ·Qg ;Ccap · V cap = 80 ·Qg ;Ccap = 80 ·Qg

V cap
;Ccap = 80 · 140 nC

5 V ;Ccap = 2.24 µF (5.2.21)

Regarding the component selection, diodes 1N4148W were already available in our lab and suit our circuit
due to their high switching frequency and Si1032R were chosen due to their fast switching speed and their
low voltage operation. Their technical specifications are displayed in tables 5.40 and 5.41.

Name 1N4148W-7-F
Datasheet

Type Small signal diode
Forward voltage 1 V

Maximum forward continuous current 0.3 A
Reverse recovery time 4 ns

Package SOD-123
Price 0.15 € (Mouser)

Table 5.40 – 1N4148W technical specifications
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Name Si1032R
Datasheet

Type N-Channel MOSFET
Maximum continuous drain current 200 mA

Maximum RDS(on) 10 Ω
VGS(th) 0.7 V

Switching time 35 ns
Package SC-75-3
Price 0.39 € (Mouser)

Table 5.41 – Si1032R technical specifications

To summarize, the motor will rotate forward when "PWMF" is set to 0 V and "PWMB" (backwards
PWM signal) is set to 3.3 V, it will rotate backward when "PWMF" is set to 3.3 V and "PWMB" is set to
0 V and will be off when both input pins are set 3.3 V. Just as it was mentioned previously, all the bridge’s
transistors must not be on at the same time to avoid short-circuiting both branches of the H-bridge, this
would happen if both input pins were set to 0 V at the same time.

Moreover, if we analyze the boat’s original H-bridge design (figure 5.21), we notice the presence of four
diodes in parallel with the transistors and a few capacitors. These are necessary due to transient behavior
of the motor when it starts and stops working. As we explained in section 3.5.1, the voltage equation of the
motor is:

Ea = V − IR (5.2.22)

When the motor is not moving, the EMF, which is proportional to the rotational speed of the motor,
will be 0 V. Then, when the motor is started, its current will increase to:

I = V

R
= 6 V

0.51 Ω = 11.76 A (5.2.23)

Once the motor starts moving, an EMF will appear, which regulates the speed and the current so their
values are lower and constant. Sometimes, the starting current of the motor can be too high, leading to
damages to the motor. For this reason, there are different types of starting methods that limit the current.
In this case, as it was mentioned before, the method that has been used is placing capacitors between the
terminals of the motor. They absorb current when charging, which slows the step response of the current
and softens its peak, so the equation 5.2.23 is not valid since this was not taken into consideration.

When the motor is suddenly disconnected, the inductance of the motor will oppose the sudden change of
current by generating an opposite sign EMF. This will make the current “slowly” decrease and eventually
become negative until the motor stops moving, which ceases the EMF and the current. This negative current
could damage the IRL3803 transistors, which is the reason the 1N5822 diodes are placed. These will provide
the current a path to the battery, slightly charging it. This concept is called regenerative braking and it is
one of the reasons why the motor is connected directly to the battery.

To obtain the exact transient behavior of the motor, it will be experimentally tested. Using the N6705A
power analyzer, 6 V will be supplied to the motor and its starting current will be measured (figure 5.23).
The time it takes for the current to stabilize is 58 ms approximately.
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Figure 5.23 – DC motor starting current

Furthermore, the stopping current will be measured (figure 5.24), obtaining that it takes to reach 27 ms
to reach 0 A. The minimum pulse width of the PWM input signal can be approximated by adding the
motor’s starting and the stopping time, resulting in 85 ms.

Figure 5.24 – DC motor stopping current

With this information we can now simulate the circuit in LTSpice®, obtaining the following results, where
MT+ and MT- are the positive and negative terminals of the motor:

Figure 5.25 – H-bridge simulation of normal operation
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For this simulation, firstly, the motor will rotate forward (the current sign is negative because of the sign
convention of the circuit but it actually flows from MT+ to MT-), its operation has been tested for two
different duty cycles and then the motor is turned off for three seconds. After that, the motor will rotate
backwards with two different duty cycles and then it is turned off. The operation of the motor is correct as
it reaches the desired current of 9.5 A (for the simulation, the motor has been modeled as a 0.63 Ω resistor
to have the same current that was obtained in the tests) and the voltage across its terminals V(MT+,MT-)
reaches 6 V.

This was the ideal case, when the PWM signals are perfectly programmed, which could not always be the
case during the firmware development process. For that reason, it is important to check what would happen
if both inputs are set to 0 V at the same time and the branches of the bridge are both short-circuited:

Figure 5.26 – H-bridge simulation of an incorrect operation

When both PWM inputs are 0 V both branches are short-circuited causing the current to increase
greatly, specifically to 285 A. According to the data sheet, if this happens for a very small period of time,
the transistor will resist this since its maximum pulsed drain current is 470 A. Nevertheless, if this current
persists for a longer period of time, the transistor will burn as the maximum continuous drain current is
140 A.

To avoid damaging the circuit during the development and testing of the firmware, a resistor will be
placed between the battery output and the drains of the high side transistors. This way, if there is an error,
the short circuit current of the branches will be limited by the resistor to a certain value. This resistor
will be removed once the firmware has been proved to work correctly. In addition, it has to be taken into
consideration that, when doing the testing, the bridge load will not be the motor, instead a resistor will be
used so the current that flows through the bridge is lower enough for the aforementioned resistor to dissipate
the power.

If a 470 Ω resistor is placed between the battery and the drains of the high side transistors, then the
short circuit current will be limited to:

I load = V bat

Rtest
= 6 V

470 Ω = 12.60 mA (5.2.24)

If another 470 Ω resistor is used as the H-bridge’s load, then the load current during the correct operation
of the bridge will be:
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I load = V bat

Rtest +Rload
= 6 V

470 Ω + 470 Ω = 6.38 mA (5.2.25)

These currents are small enough to avoid using power resistors and allow the validation of the circuit and
the firmware with an oscilloscope.

As it was mentioned before, the motor will be off when both PWM signals are 3.3 V. To avoid undesired
states, the pins that will be used to control the motor have to be carefully selected so their they are internally
pulled-up after reset. After analyzing the IO_MUX table of the ESP32 datasheet, GPIOs 14 and 15 have
been selected as they fulfill this condition.

The total cost of the H-bridge with the high side drivers is calculated in table 5.42.
Component Price per unit [€]
10 kΩ 0402 resistor x2 0.12 (Mouser)
1 kΩ 0402 resistor x 4 0.14 (Mouser)
200 Ω 0603 resistor x 2 0.14 (Mouser)
Si1032R x 2 0.39 (Mouser)
1N4148W-7-F x 2 0.15 (Mouser)
IRL3803STRLPBF x 6 2.35 (Mouser)
1N5822 x 4 0.41 (Mouser)
22 nF 0603 capacitor x 4 0.11 (Mouser)
1 µF 0603 capacitor x 2 0.09 (Mouser)
2.2 µF 0603 capacitor x 2 0.11 (Mouser)

Total cost [€] 18.74
Table 5.42 – H-bridge circuit cost

5.2.13 Voltage regulators

In order to adapt the battery’s voltage to the operating voltage of the different modules we will implement
voltage regulators. These circuits provide a constant output voltage regardless of the load conditions or the
input voltage (within a certain range).

The supply voltages that are required are: 3.3 V for the ESP32, the CH340C, the DS1302, the INA219,
the Adafruit 10-DOF and the SSD1306 screen and 4 V for the SIM800L and the GY-NEO6MV2. The rest
of the circuit is supplied at 6 V. This differs from the previous thesis’ considerations, where a 5 V voltage
regulator was introduced to supply the servo motor and the navigation LEDs. This regulator will be removed
because we have previously checked experimentally that the servo motor can be supplied at 6 V.

Regarding the regulators’ choice, we must consider the different types of regulators and see which one
fulfills our project’s requirements best:

• Linear regulators: they are implemented with a voltage-controlled current source, an output voltage
monitor and a control circuit. The latter regulates the current source to achieve a stable voltage at
the output regardless of the load variations. The output current limit of this devices will be defined by
the current source [43]. Depending on their dropout voltage they can be classified as: Standard linear
regulators (1.5 to 2.2 V), Quasi-Low-Dropout Regulator (LDO) (1.5 V maximum) and LDO (0.8 V
maximum).
The advantages of this type are their insignificant output voltage ripple, their low cost and fast response
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time to load changes [31] while the disadvantages are a larger package size, which often requires some
kind of heatsink, and a low efficiency.

• Switching regulators: they use a high frequency switching element to transform the incoming power
supply into a pulsed voltage, which is then smoothed using capacitors, inductors, and other elements
[40]. In general terms, this type can be classified based on whether the output voltage is higher or
lower than the input: Boost (step-up), Buck (step-down), Buck/Boost (step-down/up).
The advantages of this type are their high efficiency, smaller size, low heat generation and lower dropout
voltage while the disadvantages are their higher price, intricate design, higher voltage ripple and noise
caused by EMI.

Moreover, it is required to estimate the output current required for each regulator. This will be achieved
by adding the consumption of each component (tables 5.43 and 5.44).

3.3 V Component Typical current [mA] Maximum current [mA]
ESP32 68 500
CH340C 12 30
DS1302 0.425 1.28
INA219 1 1

Adafruit 10-DOF 6.21 7.21
SSD1306 0.150 0.150

Total 87.76 539.64
Table 5.43 – 3.3 V supplied components’ power consumption

4 V Component Typical current [mA] Maximum current [mA]
SIM800L 125 2000

GY-NEO6MV2 51.85 74.75

Total 176.85 2074.75
Table 5.44 – 4 V supplied components’ power consumption

In projects such as ours, where the circuit is supplied from a battery, the most determining factor when
choosing the voltage regulator is the efficiency. For this reason, the switching regulators were selected in
last year thesis, specifically a Buck regulator. It was decided to use regulator modules to simplify the design
process and some of the most common ones of this type are the XL1509 and LM2596.

Name XL1509 Module LM2596 Module
IC’s datasheet IC’s datasheet

Type Switching Buck Regulator Switching Buck Regulator
Input voltage 4.5 to 40 V 4.5 to 36 V
Output voltage 1.23 to 30 V 1.27 to 37 V
Output current 2 A (max) 3 A (max)
Dropout voltage 1.5 V 1.3 A

Efficiency 74% 73%
(adjustable version) (adjustable version)

Dimensions 22.5 x 16.5 x 4 mm3 43 x 21 x 14 mm3

Price 0.67 € (AliExpress) 2.99 € (Amazon)
Choice X 7

Table 5.45 – Voltage regulators models trade off
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Both models have very similar technical characteristics, however, XL1509 module was chosen due to its
lower price and smaller size and it was already available in our laboratory.

Besides this, one more observation was made: the maximum peak current of the 4 V components is
2.075 A but the maximum output current of the XL1509 is 2 A. This should not be a problem because the
difference is very small and it is likely that the XL1509 can reach slightly higher values than 2 A (especially
if it is a peak current). However, the SIM800L module is very sensitive regarding its supply current so we
will include another 4 V regulator just in case the XL1509 does not provide enough current.

This other regulator will be a linear one, which will allow us to compare the different type regulators’
performance experimentally and maybe make changes in newer prototypes. The regulator that will be used
is the LM317 because it is available in our laboratory, whose specifications are listed in table 5.46.

Name LM317
Datasheet

Type Linear Regulator
Input voltage 4.25 to 40 V
Output voltage 1.25 to 37 V
Output current 2.2 A
Dropout voltage 0.8 V

Package TO-220-3
Price 0.68 € (Mouser)

Table 5.46 – LM317 specifications

The manufacturer’s suggested circuits will be implemented, adapting the resistors’ values according to
equation 5.2.26 to achieve an 4 V output. Moreover, a 0.1 µF input bypass capacitor was added to improve
its stability and a 1 µF output capacitor to improve the transient response.

Figure 5.27 – LM317 suggested circuit [45]

V out LM317 = 1.25 · (1 + R2
R1) = 1.25 · (1 + 2.2 kΩ

1 kΩ ) = 4 V (5.2.26)

The final regulators circuit can be consulted in sheet 16 of Appendix D.
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Component Price per unit [€]
XL1509 module x2 0.67 (AliExpress)
LM317 x1 0.68 (Mouser)
1 kΩ 0603 resistor x 1 0.14 (Mouser)
2.2 kΩ 0603 resistor x 1 0.09 (Mouser)
1 µF 0603 capacitor x 1 0.09 (Mouser)
0.1 µF 0603 capacitor x1 0.09 (Mouser)

Total cost [€] 2.43
Table 5.47 – Regulators circuits costs

Now that the voltage regulator have been selected, it is necessary to estimate their input current, which
in the case of switching regulators does not coincide with the output one.

In the case of the XL1509 module, to estimate the input current, the efficiency equation will be employed,
where η refers to the efficiency.

η = P in

P out
; I in · V in = η · Iout · V out ; I in = η · Iout · V out

V in
(5.2.27)

In the case of the 3.3 V and 4 V adjusted XL1509 modules, the output typical and maximum currents were
calculated in tables 5.43 and 5.44. Then, using equation 5.2.28, the typical and maximum input currents
of each regulator will be obtained and represented in table 5.48.The input voltage from the battery will be
approximated to 6.5 and the efficiency will be 74% as shown in table 5.45.

Iin [mA] Vin [V] Iout [mA] Vout [V]
32.97 (typical) 6.5 87.76 (typical) 3.3

202.74 (maximum) 6.5 539.64 (maximum) 3.3
80.53 (typical) 6.5 176.85 (typical) 4

944.81 (maximum) 6.5 2074.75 (maximum) 4
Table 5.48 – XL1509 input currents estimation

For the LM317, the input current will be almost the same as the output one since it is a linear regulator.

5.2.14 Battery duration

In view of the current consumption estimated throughout this chapter, we can now calculate an
approximation of the battery duration. This can be calculated as:

time = Cbat

Ibat
(5.2.28)

The current consumption of the whole circuit can be calculated by adding the input current of the
regulators and the rest of components. This is obtained in table 5.49:
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3.3 V Component Typical current [mA] Maximum current [mA]
3.3 V regulator 32.97 202.74
4 V regulator 80.53 944.81
DC motor 9500 10000
Servo motor 75 220

LEDs 59 59

Total 9747.5 11426.55
Table 5.49 – Current consumption of the full circuit

When calculating the battery duration, the typical current will be used as it is more representative of
the normal performance of the boat and the maximum current includes peak currents, which only happen
for a very short time.

time = Cbat

Ibat
= 7 Ah

9.75 A = 0.72 h (5.2.29)

The approximated duration of the battery in this conditions is 43 minutes, which is quite short for our
purpose. However, the most influential component in the battery consumption is the DC motor, whose
average current can be reduced with the H-bridge. By reducing its current to a half (4.75 A), the battery
duration can be extended to 1 hour and 24 minutes:

time = Cbat

Ibat
= 7 Ah

5 A = 1.4 h (5.2.30)

5.3 PCB design

In the previous thesis, a full PCB design was proposed. However, due to the amount of changes that have
been made in the schematics, the PCB will be redesigned, just keeping the old one’s shape. This will be a
multi-board project composed of two different boards that fit together and can be attached to the battery’s
support through straps.

5.3.1 Shape and arrangement inside the boat

As the original boat’s circuitry has been removed, there is enough free space to place one or various PCBs
inside the boat, nevertheless, they must fulfill certain conditions:

• The circuit must be easily accessible to the user, especially the parts that contains components such
as the rotary encoder or the buttons that are meant to be manipulated.

• It must allow an easy access and removal of the battery in case it breaks and has to be replaced.

• It has to be stable and fixed to the boat’s structure so it does not move nor suffer damages by hitting
the walls. This is especially important because the boat will constantly swing and is at risk of capsizing.

• It must have rounded corners to avoid cuts and hurts to the user while manipulating it.

The boat included a battery support, which will be used to keep the battery fixed in its place. This
support is attached to the boat’s structure with screws and the battery is attached to it with velcro straps.
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This straps can be easily unfastened, allowing the user to remove the battery. Nevertheless, in order to have
access to the straw, the PCB cannot be on top of the battery, which limits the available space notably.

Figure 5.28 – Boat’s battery support

Given these conditions, it was decided in the previous thesis that our board would be attached to the
boat’s battery support through the same screws that hold it to the boat’s structure. This option is the
most reliable and simple since it takes advantage of the original boat’s structure, which has proven to work.
However, using this support requires a vertically placed PCB with some kind of horizontal base that allows
it to be attached to the battery support, as shown in figure 5.29. This would result in a very particular
L-shape PCB.

Figure 5.29 – Battery support with the battery inside the boat

This will be achieved by joining two boards: an a mount one that provides fixation and only contains
the battery’s and the charger’s headers, and a main one that contains the whole circuitry. These boards will
be joined by tabs that fit in the other board’s holes. Moreover, pads will be added on the tabs and around
the holes to connect both boards electrically and to provide an stronger fixation (figure 5.31). In addition,
in case that fixation was too weak, we have included two slots that allows a permanent and highly reliable
joint through a metallic piece (figure 5.30). This last part will only be included if it is strictly necessary.
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Figure 5.30 – Metallic joint piece

Figure 5.31 – Pad tabs

Both the mount and the main board shapes are displayed in figures 5.32 and 5.33 and its dimensions can
be consulted in figures

Figure 5.32 – Mount board shape
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Figure 5.33 – Main board shape

5.3.2 Components’ placement

When designing the PCB, it is important to take into consideration the position and orientation of the
board as well as the boat’s components that will be connected to it. These considerations are:

• All the headers that allow connection between the board and the boat’s components must be placed
in the side of the board that is facing the battery. The reason is that this side is the only one that can
be accessed by the user, who would have to disconnect and connect the components in case the board
was removed. Moreover, this side is closer to the servo motor, DC motor and battery connectors.

• The screw connectors must be placed so that they can be tighten or untighten without removing the
battery nor the board from the inside of the boat. This leaves us two options: placing them on the
mount board or placing them on the higher half of the main board, which would not be covered by the
battery.

Finally, the battery and charger headers were placed on the mount board because they are closer to
the battery terminals, and the DC motor header was placed on the main board, on the DC motor side
to avoid undesirable curving of the cables.

• The GPS must have access to a clear and full view of the sky and must be placed parallel to the
geographical horizon [46], this will allow it to receive signals from as many satellites as possible.

The ideal placement would be on top of the boat since the antenna would not be blocked by any
material, however, this is not possible due to the small length of the antenna cable and the possibility
of contact with water, that would damage it. For these reasons, it will be placed on the mount board
facing upwards to have access to the sky. The fact that the antenna is covered by the boat’s shell is
not a problem as it is made of ABS plastic, which can be penetrated by the GPS signals [18].

It is convenient to mention that patch antennas such as these, are not soldered into the PCB, instead,
they must be attached to it with some kind of adhesive such as silicone or double-sided tape. Moreover,
it should not be placed on top of any power plane as this could interfere its performance.

• The ESP32 contains an on-board Wi-Fi and Bluetooth antenna that will not be used in this project.
Nevertheless, it must me operational in case that new functionalities are added. According to the
ESP32 hardware design guidelines, the antenna should be outside the board, keeping the 15 mm area
around it clean.

• The OLED screen must be visible from the boat’s opening when the board is inside. Thus, the screen
will be on top of the main board, facing the boat’s opening, and connected through a curved header.
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• The rotary encoder, buttons and USB connector must be easily manageable by the user when the
board is inside the boat. For that reason, these components will be places on the top part of the PCB,
as close as possible to the boat’s opening.

The position of the rest of the components is irrelevant so their location will be determined by the tracks, 
aiming for the most direct connections. The PCB 3D model can be consulted in Appendix F.

5.3.3 Routing

The first decision that must be taken when starting the routing place is how many layers the board will
have. Since this PCB is relatively large for the amount of components it has, a 2-layer board is the best
option as there is enough free space for traces and using more layers would raise the fabrication price and
time.

Then, all the components will be connected by traces. The main factor when working with traces is the
width, which determines their maximum current. For most of the circuit the current will be rather low,
however, the parts that are connected to the DC motor: the H-bridge and the battery, can reach average
currents around 9.5 A at most, which is a considerably high current. In table 5.50, the maximum current is
calculated for different widths using the typical copper thickness (0.035 mm):

Width [mm] Maximum current [A]
0.2 0.5
0.5 2
1.5 4
2 5
4 10

Table 5.50 – Maximum current for different trace widths [28]

The minimum trace width of our PCB will be 0.75 mm, this is enough to handle the maximum current
peak of the low power section of the board (2 A consumed by the SIM800L). The high power traces will be
4 mm, whose maximum current is 10 A, almost the same as the DC motor current, which would lead to
overheating. Nevertheless, this would only be a problem if our DC motor operated at its maximum power,
but with the H-bridge we can reduce the average current consumption to a half part, avoiding overheating.

The vias are another important factor to consider. They are holes that communicate different layers, and
their dimensions must be calculated too. These calculations will be carried out in the Saturn freeware and
depend on the via height, which is 1.6 mm in this case (an standardized value), the hole diameter and the
plating thickness, which depends on the manufacturer. In Granasat, PCBs are manufactured by JLCPCB,
that uses a via plating thickness of 18 µm. The results for a 20ºC maximum temperature raise are:

Hole diameter [mm] Maximum current [A]
0.7 2.8
2 5.1
6.4 10.1

Table 5.51 – Maximum current for different via diameters

For the high power traces, using a 6.4 mm diameter over complicates the routing due to the lack of space.
However, if two 2 mm vias are used in the same trace they will handle the same current and more space will
be saved. For the rest of the circuit, 0.7 mm vias will be used as they can handle currents higher than 2 A.

In addition, when designing a PCB there are certain design rules established by the manufacturer. In our
case, JLCPCB rules can be be found in its official website and those will be the ones that we will implement.
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The unfulfillment of these rules could lead to errors in the PCB fabrication so it is important to carry out a
design rule check to avoid problems.

5.3.4 Additional details

The following details are not crucial but they improve the overall appearance of the PCB, making it look
more professional.

• Granasat’s logo: it can be introduced in the PCB as a BMP image. From a marketing point of view,
it is essential as it allows the users to identify the manufacturer.

Figure 5.34 – Granasat logo in the PCB

• Prototype information: since this is not a finished product, it is recommended to indicate info such as
the prototype version, the date and the author to differentiate it from further versions.

• Blank rectangle: it is usually added to prototypes to write names or notes that identify the different
boards. This is especially useful during the assembly and validation stage.

• Order number: when ordering boards from JLCPCB, the order number is always added to differentiate
them from other customers’ boards unless an extra charge is paid. We can indicate the order number
location by adding "JLCJLCJLCJLC" in the silk layer so it does not interfere with other texts of the
PCBs.

Figure 5.35 – PCB info, blank rectangle and order number indication
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5.3.5 Assembly and validation

The minimum amount of boards that can be ordered from JLCPCB are five. This is convenient because
it is common to make some mistakes in the assembly process, some of them leading to permanent damage.
Normally, to place the components a stencil is used to apply solder paste to the PCB and then heated
following a certain thermal curve. Nevertheless, ordering a stencil is much more expensive and not very
practical, since this is just a prototype. For that reason, all the components will be placed manually using
a soldering iron, which draws out the process and makes it more susceptible to mistakes and short-circuits.

To minimize damage risks when assembling and testing this circuit for the first time, the process will be
divided in the different parts. Firstly, the ESP32, the USB to UART and the 3.3 V regulator circuits will
be assembled because it is the most simplified version of the circuit that can be tested. Once that part has
proven to work, the power switch circuit can be added with a 6 V power supply and then, all the different
modules can be added one by one until the whole circuit works.

When testing the ESP32 programming at the beginning, an unknown error appeared. After searching
for information and re-soldering various components we noticed that the error was caused by the LEDs
connected to GPIO6. Apparently, the drawn current was higher than the expected 10 mA, which caused
problems to the internal ESP32 flash, where the programs are stored. To fix this, 47 Ω resistors were added
in series with the LEDs, which limit the current to:

I = 3.3 V − V forward

47 Ω = 3.3 V − 3.25 V
47 Ω = 1.06 mA (5.3.1)

The brightness is lower but it is enough for the user to see and for the ESP32 to be programmed correctly.

One problem that was noticed after the board was manufactured is that the Adafruit 10-DOF footprint
that was used had the order of the pins reversed. Luckily, this could be resolved by turning around the
module.

Figure 5.36 – Adafruit 10-DOF module placement, it does not match the footprint

Moreover, the charger circuit operation was not as expected. It will require changes for the following
prototypes but it is not a deal-breaker as the battery can be removed and charged with an external charger.
This will be explained in more detail in section 5.4.8.

In addition, when testing the SIM800L module when supplying it with the XL1509 module, its operation
was not correct. This happens because this voltage regulator cannot supply enough current to reach the
required current peaks, for this reason it will be discarded for further prototypes. Nevertheless, with the
LM317 the operation was correct so it will be kept on the board.
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Apart from that, the rest of the circuit worked as expected. Only minor changes have been made, mostly
replacing some resistor and capacitor values with similar values because the exact ones were not available in
our laboratory.

Figure 5.37 – Assembled PCB front view

Figure 5.38 – Assembled PCB rear view

5.4 Firmware design

Once the PCB is complete, we can test and program the full circuit. Regarding the previous thesis’
firmware, the development made is almost negligible, thus we will implement a design from scratch. For each
part of the circuit, a firmware sketch will be developed to distribute and facilitate the verification process
and then, all the different sketches will be grouped into a global sketch with full functionality.

The firmware will be developed in the Arduino framework due to its compatibility with the ESP32, our
familiarization with it and the C++ language acquired in our degree and the amount of available libraries
that facilitates the programming of the different modules.
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5.4.1 Power switch

This part of the code is the one that has to be executed first because without it the board could not be
turned on unless it was connected to a PC though an USB. This program is simple, it just has to set the
"ON/OFF" pin to 3.3 V as soon as the program starts and keep it that way until the ON/OFF button is
pressed. When this happens, an interruption will stop the program execution and set the "ON/OFF" pin
to 0 V, turning the board off. This interruption activates when a rising edge is detected in the "ON/OFF
button detector" pin.

It is necessary to add a small delay (200 ms approximately) to the first push of the button i s not detected 
and the boat does not turn off as soon as it is turned on. Moreover, it is worth mentioning that every GPIO of 
the ESP32 supports external interruptions. This code is available and commented in detail in Appendix C.1.

5.4.2 Rotary encoder

A generic rotary encoder code will be developed so it can be modified and implemented according to our
needs. Firstly, the rotary GPIOs must be configured as input pull-ups since we have removed the external
pull-up resistors.

Then, this code constantly checks the state of the encoder and compares it with the previous state
through a loop. It detects that the encoder is moving when the previous state of one of the pins is different
that the current one, when this happens, it compares the state of one of the pins with the other, if the state
of the B pin is different than the A pin’s then the direction is clockwise and the other way around. This can
be seen more clearly in figure 5.10.

Regarding the rotary button, it works as a normal button, so we can detect if it is pressed by checking 
if the "Rotary Button" pin is at 0 V. The full code is available and commented in detail in Appendix C.2.

5.4.3 INA219

To facilitate the programming of this module, the Adafruit INA219 library will be used, which, in turn,
requires the Arduino’s Wire.h library to communicate through I2C. This code creates an instance of the
INA219 object, without specifying its I2C address because we are using the default one (0x40). Then, the
I2C communication will be initialized and, if this step is successful, we can use the sensor reading functions.
The variables that can be read with this functions are:

• The bus voltage: defined as the voltage between the "INA219-" port and ground.

• The shunt voltage: defined as the voltage between the "INA219-" and "INA219+" ports.

• The current across the default 0.1 Ω shunt resistor, in our case it has to be multiplied by four as we
are using four 0.1 Ω resistors in parallel.

The battery voltage can be obtained as the bus voltage minus the shunt voltage, The full basic 

INA219 code, commented in detail, can be consulted in Appendix C.3.

5.4.4 SSD1306 OLED

The Adafruit SSD1306 and the Adafruit GFX library are provided by the manufacturer to facilitate the
programming of the screen. They provide a set of graphic functions for multiple screen models and abstract
the user from the I2C set of commands.
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These libraries require to create an instance of the OLED display indicating the screen dimensions and 
initialize the screen, in this case with the screen’s default I2C address 0x3C. To print a simple string, the 
text size, the color and the starting pixel must be indicated. The full code is commented and available in 
Appendix C.4.

5.4.5 GY-NEO6MV2

In order to test the operation of the GPS module, a code that obtains the latitude and longitude
coordinates and displays them on the OLED screen will be implemented. When the module starts
receiving signals from satellites, it send GPS data to the ESP32 through the UART1 port. This data is
NMEA-formatted, so a library is required to decode it and obtain the coordinates in decimal degrees. For
this purpose, the TinyGPSPlus library by Mikal Hart has been chosen as it is simple and effective.

In this code we have to create the screen and the TinyGPSPlus instances and initialize them. Then, the 
raw NMEA data will be read from UART1 and decoded using one of the GPS library’s methods. If new 
data is received, which is indicated through a flag, then we will check i f this data i s valid using one o f the 
library’s methods and display it in the OLED screen with a six decimal digits precision. The full code is 
available and commented in detail in Appendix C.5.

When testing this code, it is important to mention that it may take some time (from a few seconds to
minutes) to work since the GPS module has to get a satellite lock.

5.4.6 Wireless communication

Establishing a remote connection between the SIM800L and a mobile app is one of the most crucial
requirements for our project. There are different options to achieve this, however, using a direct
communication between two devices is not recommended since it is likely that the boat’s IP changes while
it navigates, so we would not be able to send data to the boat while it moves.

For this reason, a server will be created. It will act as a broker that handles the messages that are sent
by the user and the board. The user will introduce the desired coordinates and the side of the square that
the boat will describe around that location in a mobile app, these values will be sent to the server and stored
in a database, which can be read by the module. The module will send messages to the user the other way
around. This way only the server’s address is required to communicate.

Then, we need to develop three parts to achieve communication: the SIM800L module, the mobile app
and the server. All of these parts are related and the server will contain the database, that contains two
tables: one for the desired coordinates and the square side, sent by the app and read by the boat, and other
for the current coordinates of the boat and warnings, sent from the boat and read by the app. Each part
will be explain in more detail below.

5.4.6.1 Server files and databases

To create the server where the database will be allocated, we will use 000WebHost, which is a free hosting
platform that allows a website and a MySQL database. As it was mentioned, two different tables will be
created in the database, the reason is to simplify the server program.

Figure 5.39 – Database table to store the desired location and the square side (desired_location)
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Figure 5.40 – Database table to store the current location and the warnings (tbl_gps)

The website will be developed through various PHP files and each of them accomplishes a different task:

• config.php: defines the database parameters, sets the default timezone and connects to the database.

• add_current_loc.php: obtains the current GPS coordinates of the boat and the warnings through the
$_GET method, inserts them into the figure 5.40 table and shows them in the website.

• current_loc_map.php: extracts the current GPS coordinates from their table, displays them on the
website and opens the an inline frame that shows those coordinates in Google Maps.

• display_warnings.php: extracts the warning and the time it was sent from the figure 5.40 table and
displays them in the website. This website will be accessed by the app.

• add_desired_loc.php: allows the app to send the desired GPS coordinates and the square side through
the $_GET method. Those values are inserted into the figure 5.39 table.

• display_desired_loc.php: extracts the desired GPS coordinates and the square side from their table
and displays them on the website in three lines.

Since it has been mentioned a few times, we will introduce the $_GET method: it is super global variable 
which is used to collect form data after submitting an HTML form with method="get" [51]. Then, in order 
to send data from the SIM800L and the app to the databases we just need to fill the corresponding HTML 
form. All the PHP codes are available and commented in detail in Appendix C.10.

5.4.6.2 SIM800L

Regarding the ESP32 and SIM800L interface, this module is controlled through GSM AT commands.
However, the list of these commands is very extensive, not always very intuitive and requires additional
functions that read the serial data. For that reason we will use the TinyGsm library by Volodymyr
Shymanskyy to simplify some processes, such as the initialization and the GPRS connection verification. In
this code, we will explore the processes of sending data to the server and reading data from it through
GPRS.

Firstly, the initialization process will begin: the UART2 port communication is started, the module is
restarted and establishes the GPRS connection. Once this is completed, the loop execution will begin, which
consists in a verification of the connection and an HTTP reading and sending test every ten seconds.

This test begins by initializing the HTTP service and sending the test coordinates through the 
add_current_loc.php url. Then, it will read the desired location coordinates from the 
display_desired_loc.php url by using the AT+HTTPREAD command. This command reads everything 
that is displayed in a certain url, so it requires a complex function that, knowing the website format, 
extracts the desired data and stores it in variables. This is achieved through the sendHTTPREAD() 
function, which detects the number of digits of the coordinates and extracts the desired location and the 
square side to store it in variables. If the reading is not successful, the program will warn the user and not 
display the reading. After this, the HTTP service and GPRS connection are shut. All this code is available 
explained in detail in Appendix C.12.

Scale boat guidance through mobile application

https://www.google.com/maps
https://github.com/vshymanskyy/TinyGSM/tree/master


5

80 Chapter 5. System description and design

5.4.6.3 Mobile app

Since creating an app can be a challenging task and not much time is available, the MIT App Inventor
website will be used. This allows the development of mobile apps online in an intuitive way and, even though
it is aimed for learning purposes, it is powerful enough for our application. This tool is a block-structured
language mixed with a graphical interface that emulates a phone screen where the characteristics of the
different graphical elements can be edited.

Figure 5.41 – App’s interface

Our app’s interface is composed of a title box, three text boxes, three buttons and the Granasat’s logo.
In the text boxes, the latitude and longitude coordinates will be introduced taking into consideration that
the latitude ranges from -90 to 90º and longitude from -180 to 180º and the square side has to be between
1 to 9 m. if these conditions are not fulfilled the app will display a warning to the user.

The "Send location" button stores the introduced coordinates and square side in their corresponding
database table. These text boxes only allow to introduce numbers and they must be all filled or else the
values will not be sent and a warning will be displayed.

The "show current location" button opens the aforementioned "current_loc_map.php", which opens an
inline frame that shows the boat’s position in Google Maps.
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Figure 5.42 – App showing the current GPS location

The "Show warnings" button opens the aforementioned "display_warning.php" website, where the latest
warning and its date will be shown. This is not the most efficient way to display warnings as it requires the
user to constantly check and update the website, however, due to time constraints this is the method that
will be used for this prototype, which must be improved in further versions.

Figure 5.43 – App showing the most recent warning
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Finally, the Granasat’s logo is placed at the bottom of the screen and works as a button that opens the
Granasat website when pressed.

Figure 5.44 – App showing the Granasat’s website 

The block code is available in Appendix C.11.

5.4.7 DS1302

To facilitate the programming of this module, the Michael Miller’s RTC library will be used. This library
works for multiple RTC modules, but in our case we must include the RtcDS1302.h and the ThreeWire.h
files. This last one allows the MCU to interface with the DS1302 through the three wire synchronous serial
protocol.

Firstly, it is required to create an instance of the ThreeWire method and construct a RTCDS1302 object
using the ThreeWire instance. Once this is done, we will create a RtcDateTime instance from the compilation
date and time using the standard predefined macros "__DATE__" and "__TIME__" and we will check
the validity of the time and date and the correct operation of the module by using some of the library’s
methods. Then, another RtcDateTime instance will be created to store the current time and date, this
instance will be updated with the compilation time in case the RTC time was older than the compilation
time.

Now, the DS1302 is configured a nd r eady t o b e u sed. I n o rder t o t est i t, t he t ime a nd d ate w ill be 
displayed through the serial port every five seconds. The full DS1302 test code is displayed and commented 
in detail in Appendix C.6.

In the final code, depending on the month and the hour the front LED will be turned off or on to light
up its path. It will be turned on when it gets dark, this can be approximated by looking the average sunset
and sunrise hours of Spain each month. The light will be turned on from 9h to 18h from October to March
and from 8h to 20h in the rest of the year.
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5.4.8 Battery charger

Since the lead acid battery is delicate and could be easily damaged by an improper charge process, the
charger circuit will be tested without the battery first. We need to ensure that we can regulate the voltage
that is supplied to the battery correctly with the pass transistor, to facilitate this task we will use the rotary
encoder, that will allow us to control the voltage at the "Charger" pin.

The "Charger" pin corresponds to GPIO26, which features an 8-bit DAC. This means that we can specify
the analog voltage within a digital range of 0 to 255. Its resolution can be calculated as shown in equation
5.4.1, where n is the DAC’s number of bits:

Resolution = V full-scale

2n − 1 = 3.3 V
28 − 1 = 12.94 mV (5.4.1)

Moreover, we need to obtain the measures of the external power source that will be used as a charger.
This will be accomplished through a voltage divider connected to the "Vsense" pin, that corresponds to
GPIO36. This pin features a 12-bit ADC, so it will translate an analog voltage between 0 to 3.3 V to a
digital value between 0 to 4095. Knowing this, the charger voltage can be obtained as:

V charger = V sense ADC · V full-scale · (R25 +R28)
(2n − 1) ·R28

(5.4.2)

The voltage that is supplied to the battery will be monitored with the INA219 and displayed in the 
SSD1306 screen. This code, commented in detail, is shown in Appendix C.8.

5.4.9 State of charge estimation

An important feature of the boat is the capability to estimate the battery’s charge so it can return back
when it is close to the discharge and turn itself off before the end voltage is reached. One of the simplest
methods to make this estimation is the integration of the instantaneous current, resulting in:

q(t) =
∫ t

0
i(t)dt+ q0 (5.4.3)

This equation must be to the Arduino language, which is not designed to carry out complex operations
such as integrals. However, we can approximate it by dividing the function in rectangular sections, calculating
the area of each of them and adding them all, this is known as the Riemann Sum. The resulting equations,
where T is the sampling rate and k is the iteration number, is as follows:

q(kT ) =
n∑

k=1
i(kT ) · T + q0 (5.4.4)

Nevertheless, one of the problems of this method is the estimation of the initial charge q0. In order to fix
this problem, the only solution is to introduce the battery fully charged in the first boat’s usage so we can
assume that q0 is 7Ah. After that, the current state of charge can be calculated and if the boat is turned
off, we can store the last value in the Flash memory and use it as q0 in the next usage.

The problem in our current prototype is that the charger does not work, so when we removed the battery
to charge it we would lose track of its state of charge. To temporarily solve this, the board should only be
turned on when the battery is charged to its maximum capacity so we can always assume that q0 is 7Ah.
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Once the charger circuit is corrected this will no longer be a problem.

The battery current will be measured with the INA219 and the sampling will rate will be fixed to 1  ms, 
which has proven to be enough to have a precise estimation. The full state of charge code is available and 
commented in Appendix C.13.

In the final code, if the battery capacity reaches 40% (2800 mAh) the boat will return to the location
where it was released, if it reaches 25% (1750 mAh) it will send a warning to the user indicating that the
boat will be turned off soon and if it reaches 20% (1400 mAh) the board will finally turn itself off to avoid
damages.

5.4.10 Adafruit 10-DOF

As it was mentioned in section 5.2.4, this module is composed of 3 different ICs, however, only one of
them is necessary for our project: the LSM303, which contains a three-axis magnetometer and accelerometer,
enough to provide us with the pitch, roll and heading of the boat. To facilitate its programming, we will
use the libraries that are suggested by the manufacturer, these are: Adafruit Unified Sensor, which works
as a driver for multiple Adafruit sensors, LSM303DLHC, that contains the algorithms to transform the raw
data into useful information that can be interpreted by the user and Adafruit10DOF, which contains helper
functions that complement the other two libraries.

Firstly, an instance of each library will be created and an unique ID has to be assigned to each sensor,
then the I2C communication is established between the sensors. Through the accelerometer, we will obtain
the roll (rotation about the x-axis of the module) and the pitch (rotation about the z-axis of the module)
and through the magnetometer, we will obtain the boat’s heading around the y-axis of the module. It has
been tested experimentally that this heading value, that ranges from 0 to 360º, minus 90º is equivalent to
the compass’ angle. This, combined with the roll, is what enough to detect possible capsizes and the boat’s
orientation. It is important to mention that the board has been positioned so the boat’s box points at the
same direction as the compass.

The roll angle ranges from -90 to 90º, and by rotating the board we have determined that the boat could 
definitely be considered capsized if this angle was smaller than 15º. If this is the case, a warning should be 
send the user’s mobile app through the SIM800L. The Adafruit 10-DOF code is displayed in Appendix C.9.

5.4.11 Servo motor code

As we mentioned in section 3.4, the Arduino’s Servo library will be used to program the servo motor.
This library allows us to control its position by specifying the angle in a 0 to 180º range, however, this
angle does not correspond to our rudder so the angle correspondence had to be determined experimentally,
obtaining the results in table 3.5.

This means that when the servo angle is set to 0º in the code, the boat will move to starboard, when it 
is 145º, the boat will move to port and if it is 70º it will move straightforward. In the code in Appendix 
C.14.

5.4.12 DC motor code

Firstly, a very simple code will be developed to test if the H-bridge circuit works correctly. In this code,
both of the PWM inputs will be set to 3.3 V for 100 ms and then one of them will be set to 0 V for 100 ms
repeatedly to simulate its typical operation with a 0.5 duty cycle. Using a resistor instead of the motor and
measuring across its terminals, the following voltage is obtained:
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Figure 5.45 – H-bridge test with a resistor instead of the DC motor

It can be observed that the voltage switches from 0 to 6 V approximately, this means that the operation
is correct. If one of the transistors did not enter saturation mode, the voltage across the terminals would
not reach 6 V and the transistors would not be able to dissipate the power if the real motor was used.

Now that the H-bridge has been tested, a more sophisticated code can be developed. It will consist of a
function where the direction of rotation and the duty cycle can be specified. Since the H-bridge’s bootstrap
capacitor discharges whenever the motor is on, the on pulse width will always be the the lowest possible
(85 ms) and the off pulse width will adjust to the duty cycle.

This code is available in Appendix C.15.

5.4.13 Navigation algorithm

Once all the sensors are operational and the human-machine interface is established, the boat has access
to all the data required to autonomously navigate. Following our client’s indications, the navigation process
must be as follows:

1. The user sends through the app the desired coordinates that the boat has to reach and the side of the
square that the boat will describe around that location. This square will indicate the divers the area
of interest. The user must be able to change these values at any time.

2. Once the boat receives the data, it starts moving to the desired location and as soon as it is reached,
the boat will notify the user through the app and trace a square shape around it. If a new location is
received, the boat will immediately recalculate the trajectory.

3. If the boat capsizes, the boat must stop moving and show a warning in the app so a diver can pick it
up.

4. If the battery is below a certain point, the user will be notified and the boat will return to the location
from where it was released.

From a high level standpoint, navigation algorithms are usually composed of different processes or states,
whose execution is determined by the system inputs: either data provided by the sensors and the user or
data calculated during the program execution. This high level control can be described and implemented
through a Finite State Machine (FSM).
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This first approximation of the boat’s navigation algorithm consists in a thirteen states FSM. Each state
will be explained in detail:

• State 1: it is the initial navigation state. In this state the boat does not move and waits for a new
desired location defined by the user. If the new desired location is different from the previous desired
location (which is 0º, 0º at the beginning of the program), it will switch to state 2.

• State 2: this state checks if the boat is already in the desired location by comparing it with the GPS
coordinates. If the boat is in the desired location, it will calculate the time the boat requires to move
from the center of the square to the center of one of the square sides and switch to state 3. If the boat
is not in the desired location, it will switch to state 9.
To calculate the time to cover the aforementioned distance, it will use half the square side provided
by the user and the speed value obtained in the DC motor testing (section 3.5). Since we are going to
use a 50% duty cycle, that speed will be divided by two, resulting in 0.31 m/s.

time = distance

speed
(5.4.5)

• State 3: the boat will move forward until the calculated time is reached. Then, the compass orientation
that the boat has to reach to turn in a 90º angle will be calculated by subtracting 90º to the current
orientation of the boat and it will switch to state 4. If the boat deviates from the desired location more
than 10 m, it will switch to state 9 to correct its location, this will be done in all states from 3 to 8.

• State 4: the boat will rotate by turning the DC motor on with a low duty cycle and fully turning
the rudder to one side. If the previously calculated orientation is reached, it will calculate the time to
reach one of the corners of the square and will switch to state 5.

• State 5: the boat will move forward until the calculated time is reached. Then, the compass orientation
that the boat has to reach to turn in a 90º angle will be calculated and it will switch to state 6.

• State 6: the boat will rotate by turning the DC motor on with a low duty cycle and fully turning
the rudder to one side. If the previously calculated orientation is reached, it will calculate the time to
reach the next corner of the square using the square side value and then switch to state 7.

• State 7: the boat will move forward until the previously calculated time is reached. Then, the compass
orientation that the boat has to reach to turn in a 90º angle will be calculated and it will switch to
state 8.

• State 8: the boat will rotate by turning the DC motor on with a low duty cycle and fully turning
the rudder to one side. If the previously calculated orientation is reached, it will calculate the time to
reach the next corner of the square using the square side value and then switch back to state 7. This
way, the boat will describe a square until a certain event, such as: a new specified location, major
deviations in the location or a low battery.

• State 9: this state is executed when the boat is not in the desired position and it will calculate the
compass orientation that the boat has to reach to be able to access the desired location in a straight
line and the time it will need to reach it.
For this calculation, we will treat the GPS coordinates as points in a Cartesian plane, where latitude is
the x-axis and longitude is the y-axis. We will calculate the distance between the boat and the desired
location in both axis by subtracting the boat’s current latitude and longitude to the desired latitude
and longitude respectively. With these values, treating the boat’s location as the Cartesian plane’s
origin, the angle between the x-axis and the desired location can be calculated as:

α = acrtg ( longitudedesired − longitudeboat

latitudedesired − latitudeboat
) = acrtg ( longitudedistance

latitudedistance
) (5.4.6)
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To implement the arctan function, the C++ Math.h library must be included.
Then, that angle must be adapted to be equivalent to a compass angle. This will depend on the
quadrant where the desired location is. The relationship between the latitude and longitude distances’
signs and the quadrants is displayed in the following table:

Latitude distance sign Longitude distance sign Quadrant
Positive Positive First
Negative Positive Second
Negative Negative Third
Positive Negative Fourth

Table 5.52 – Relationship between the latitude and longitude distances’ signs and the quadrants

The required compensation to make the required angle equivalent to a compass angle can be observed
in table 5.53.

Quadrant Angle compensation
First 90º -α
Second 270º-α
Third 270º-α
Fourth 90º -α

Table 5.53 – Compensation to adapt the required angle to the compass angles

This compensation allows to compare the calculated angle with the compass angle.
To calculate the time, that the boat will take to reach the desired location in a straight line. Firstly,
the distance can be calculated as:

distance =
√
longitudedistance

2 + latitudedistance
2 (5.4.7)

Once we know the distance that the boat has to cover and the boat’s speed on the water with a 50%
duty cycle, we can calculate the time that the DC motor has to be on to reach that position as in
equation 5.4.5. After that, it will switch to state 10.

• State 10: the boat will rotate by turning the DC motor on with a low duty cycle and fully turning the
rudder to one side. If the previously calculated orientation is reached, it will switch to state 11.

• State 11: the boat will move forward until the time to reach the desired location passes. At this point,
the boat will be in the desired location or close to it, so it will switch to state 2.

• State 12: this state will be executed if the boat’s roll angle is lower than 15º, which means that the boat
has capsized. In this state, the boat warns the user about the situation and does not move, awaiting
for the boat to be righted. If that is the case, it will switch to state 2 to repeat the navigation process
from the beginning.

• State 13: this state will be executed if the current consumption is to high (superior to 11 A), this can
happen if the boat is stuck in an obstacle. In this case, a warning will be sent and the DC motor will
be stopped to reduced the consumption. In this case, a diver should pick up the boat and restart it.

• The most recent desired location sent by the user will be constantly compared to the previous desired
location. If they differ, the FSM will switch to state 2.

This algorithm may not always be precise since it relies on the DC motor test’s speed, that was obtained
under ideal conditions (without waves nor wind). This could be improved by obtaining the speed from the
GPS tracker the moment the boat starts to move and use it to calculate the time to cover the distance.
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Nevertheless, this was not implemented because it was not realized until the algorithm was finished and it
was too late to change it.

To improve the algorithm’s reliability, the boat’s location is constantly checked and the trajectory is 
recalculated if the boat deviates too much from the desired location. Despite the inconveniences, this 
algorithm is a first practical approximation that fulfills all the cl ient’s requirements and serves as  a starting 
point for future corrections and improvements. The algorithm will be compacted in a function called 
"navigation" which can be accessed in Appendix C.16.

Due to time constraints, this algorithm has not been put into practice yet. This task will be accomplished
in further theses.

5.4.14 Full firmware

After developing the basic codes for each component, all of them will be combined into a single one with
full functionality. Some of parts such as the rotary encoder or the buttons will not be included as they were
mainly included for debugging purposes.

Firstly, all of the components will be initialized in the setup function. Then, the following processes will
be carried out in the loop:

• Current check: the INA219 sensor measures the battery’s current and, in case it surpasses 11 A, the
navigation state machine will switch to state 13.

• Time check: the DS1302 RTC checks the time and date and, if it is night-time, turns on the front
LED.

• State of charge estimation: estimates the battery percentage and acts consequently as mentioned in
section 5.4.9.

• GPS read: the GY-NEO6MV2 raw NMEA data is read and converted into GPS values each second.

• App communication: checks if a GPRS connection is established, if that is the case, reads the values
introduced in the app and sends the most recent current location to the app.

• Navigation algorithm: depending on the data acquired on the previous tasks, the navigation state will
change from the initial one and execute the rest as explained in section 5.4.13.

The full code is explained through comments in more detail in Appendix C.16.
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Chapter 6

Conclusions, future work and lessons
learned

6.1 Conclusions

Throughout the development of the project, we have carried out most of the parts of the design process
of a commercial electronic product: requirements, objectives and constraints definitions, reverse
engineering process on an already-existing product, review and correction of a previous prototype,
development, fabrication and verification of a PCB and development of the first firmware version.

There are still some tasks that could not be carried out, mainly due time constraints and lack of means,
such as a complete maneuverability test and an operation test of the finished boat prototype. Other tasks
were actually carried out, but their operation was not correct such as the battery charger circuit and in
other cases, its operation has not been fully tested and needs further improvements, such as the navigation
algorithm.

However, despite the difficulties and the tasks that were not completed, the author is highly satisfied with
this project due to the great progress achieved compared to the previous thesis and the accomplishment of
the most crucial and complex tasks: a correct characterization of the original boat’s elements, the modelling
of the DC motor, the previous schematics correction, the development of a functional high power H-bridge,
the the fabrication and verification of a functional multi-board PCB, the development of a mobile app that
can communicate remotely with the boat through a database and the development of a first firmware version.

As it was stated in Chapter 1, our motivation was not to finish the whole project as it would be unrealistic,
but to make as much progress as we could while minimizing the design errors, providing a reliable starting
point for future advances. In view of the results, we can firmly state that this objective was achieved.

Moreover, during the development of this project, the author has refined his set of engineering skills
that were acquired in the degree, specially the circuit design, C++ coding, laboratory instrumentation
manipulation and has acquired new ones, such as PCB development, mobile apps development, PHP and
SQL coding.

In summary, even though the author is highly satisfied with the work results presented, it is obvious that
this product requires further progress and improvement in order to consider its commercialization. In this
thesis, all the required elements to continue the project have been presented in a detailed and rigorous way,
appropriately cited when needed. Nevertheless, in case of lack of understanding, the referenced bibliography
may be a good point to start.
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6.2 Future work

As we mentioned in Chapter 1, this project was conceived as a long-term work that would not be
completely finished during this year. While many important milestones were reached during this year, there
are still other tasks that may required enough work to carry out a following thesis. These tasks are:

• Electronics:

– To design, implement and verify a new charger circuit.
– To remove the 4 V adjusted XL1509, leaving just the LM317.
– To replace the SIM800L by the SIM7600E LTE CAT1 Module.
– To replace the Adafruit 10-DOF by the BNO055.

• Software:

– To perfect the navigation algorithm from the navigation and maneuverability tests. This algorithm
can be improved by:

∗ To develop a more efficient way of turning the boat an specif angle that does not require the
boat to be almost stopped.

∗ To calculate the time that the DC motor has to be turn on to cover a certain distance using
the boat’s speed provided by GPS module.

∗ To develop an obstacle recognition system that detects when the boat’s position does not
change regardless of the efforts and recalculates an alternative path.

– To implement the complete state of charge code taking into consideration the state of charge
estimations obtained during the battery charging. This way the boat could be started without
having the battery fully charged at the beginning.

– To optimize the remote communication system, especially the reading of the desired location and
square side, which is not always effective.

– To optimize the app’s warning display method and so the warnings automatically appear at the
screen the moment they are received.

• Testing and qualification:

– To carry out a maneuverability tests to achieve a better understanding of the boat’s direction
system.

– To test the full system operation in a controlled aquatic environment and verify that the first
version of the navigation algorithm works correctly.

– To measure the real battery duration during typical operation.

6.3 Lessons learned

One of the biggest difficulties of this project was the lack of experience, knowledge and understanding
of many of its aspects. Some of the tasks that were carried out had to be learnt along the way, overcoming
countless obstacles and correcting mistakes until being satisfied with the obtained results.

A list of all the lessons and abilities that were acquired would be infinite, however, a summary of the
most determining ones is presented here:

• Familiarization with vessels’ legal regulations, which can be decisive when defining the system
requirements. For that reason, they should be checked during the very first design phase.
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• Familiarization the industry standards and its implementation. Some details are not always completely
necessary but should be included to increase the product’s appeal and accessibility.

• Precise estimations of the time required for each tasks are very challenging to make. When making these
estimations, unexpected difficulties should be anticipated and tasks may be rearranged accordingly.

• During the realization of the project, new requirements and ideas can appear and we must be flexible
enough to evaluate their addition when possible.

• Debugging elements must be always included in a prototype. This can complicate the design process
but will save valuable time and effort during the testing and verification phase.

• Familiarization with the experimental modeling process of a real system and the difficulty and strictness
required to obtain some of the measurements.

• Better understanding of the components selection criteria and practical experience comparing a width
variety of them. Moreover, it must always be ensured that the selected component is recommended
for new designs.

• Increased experience with basic laboratory instrumentation such as the oscilloscope and familiarization
with more specific equipment such as the tachometer.

• PCB design and the conditions and details that must be ensured depending on its application.
Moreover, familiarization with the Altium Designer® 19 software, the most complete and
professionally used software of this kind.

• It is very easy to make small mistakes during the PCB fabrication and verification process, which can
cause irreversible damage to the board or cause operation failures that are very challenging to detect.

• Introduction to PHP and SQL, as well as familiarization with web hosting providers, such as
000webhost.

• Algorithms implementation through FSMs, which are commonly used in the MCUs’ firmware field.
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Appendix A

Project budget

This appendix will analyse the investment made in terms of costs of material and manufacturing that was
required to produce the boat’s circuitry without including the manpower. It should provide an estimation
of the product’s price for commercialization purposes.

Due the product’s nature, the estimation has been divided in:

• Components cost: a big variety of components and modules are required for our circuit, which represent
the larger part of the overall costs. The cost of each sub-circuit has been estimated during this thesis,
including providers and attempting to make the most affordable choices. The total cost of all the
components that are required for the circuit is calculated in table A.1:

Components

Circuit Cost [€]
ESP32 4.06
GY-NEO6MV2 2.26
SIM800L 1.93
Adafruit 10-DOF 29.95
Navigation LEDs 1.03
SMD LEDs 2.70
Buttons 0.65
SSD130 1.85
Rotary encoder 2.03
DS1302 0.31
Power supply circuits 9.05
H-bridge 18.74
Voltage regulators 2.43
Total components cost [€] 76.99

Table A.1 – Total cost of the circuit’s components

• PCB manufacturing: as we mentioned in Chapter 1, the PCB fabrication will be carried out by
JLCPCB. Since this is just a prototype, no stencil will be ordered to solder the components because it
is more expensive. The manufacturing price of each of the project’s board is estimated in table A.2:
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PCB manufacturing

Board Cost [€]
Main board 9.09
Mount board 8.62
Total PCB cost [€] 17.71

Table A.2 – PCB manufacturing cost

In total, adding the costs of tables A.1 and A.2, the total expenses for the materials and the manufacturing
of the project’s circuit ascends to 94.70 €.
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Appendix B

Electronics BOM

In this appendix, all the components that are required for the manufacturing of this product are listed.
Component Designator Quantity
INA219 module MOD1 1
Adafruit 10-DOF MOD2 1
SIM800L module MOD3 1
GY-NEO6MV2 module MOD4 1
DS1302 module MOD5 1
SSD1306 OLED MOD6 1
ESP32-WROOM-32D U1 1
CH340C U2 1
10033526-N3212LF J1 1
10mm 2 pin screw connector J2, J3, J4 3
ESDS304 D1 1
VLMx1300 LED D2, D3, D10, D12, D13 D15 6
VS-30BQ015-M3/9AT D11 1
SSL56F D8, D9, D14 3
2.54 mm female 2 pin header D power, D white, D green, D red 4
1N4148W-7-F D16, D17 2
1N5822 D18, D19, D20, D21 4
SMD push button SW1, SW2 , boot, reset, ON/OFF 5
PEC11R-4020F-S0024 SW3 1
2N7002 Q1, Q2, Q9, Q10, Q11, Q16 6
IRL3803STRLPBF Q3, Q4, Q5, Q13, Q14, Q15 6
SI1032R-T1-GE3 Q6, Q12 2
SI4131CDY-T1-GE3 Q7, Q8 2
SI1032R-T1-GE3 Q6, Q12 2

Table B.1 – Electronics BOM
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Component Designator Quantity
Ferrite Bead 40 mΩ, 60 Ω @ 100 MHz FB1 1
100 nF 0603 capacitor C2, C3, C4, C6, C8, C9, C10, C12 8
10 µF 0603 capacitor C1 1
1 µF 0603 capacitor C11, C17 2
2.2 µF 0603 capacitor C13, C14 2
22 nF 0603 capacitor C15, C16 2
2.54 mm female 3 pin header Servo1 1
10 kΩ 0603 resistor R14, R15, R20, R28, R37 5
470 Ω 0603 resistor R16, R39 2
300 Ω 0603 resistor R17 1
820 Ω 0603 resistor R18 1
50 Ω 0603 resistor R15 1
27 kΩ 0603 resistor R25 1
100 kΩ 0603 resistor R26 1
275 Ω 0603 resistor R27 1
200 Ω 0603 resistor R10, R11 2
75 Ω 0603 resistor R32 1
470 Ω 0805 resistor Rtest 1
1 kΩ 0603 resistor R33 1
2.2 kΩ 0603 resistor R34 1
1 kΩ 0402 resistor R9, R12, R29 ,R30 4
10 kΩ 0402 resistor R3, R4 2

Table B.2 – Electronics BOM
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Appendix C

Firmware

C.1 Power switch code
1 # include <Arduino .h>

3 // GPIO that detects if the push button is pressed or not:
# define BUTTON_DETECTOR_INPUT_PUSH_BUTTON 23

5 // GPIO that sets the board state (on/off):
# define ONOFF_BAT_OUTPUT 13

7
// Interrupt rutine , it turns off the board :

9 void turn_off (void){
digitalWrite ( ONOFF_BAT_OUTPUT ,LOW);

11 }

13 void setup () {
// Pin modes configuration :

15 pinMode ( ONOFF_BAT_OUTPUT , OUTPUT );
pinMode ( BUTTON_DETECTOR_INPUT_PUSH_BUTTON , INPUT );

17
// The ON/OFF pin must be set to HIGH as soon as the program starts :

19 digitalWrite ( ONOFF_BAT_OUTPUT , HIGH );
// Delay so the interrupt doesn 't detect the first push of the button :

21 delay (200) ;

23 // The interruption will be executed when a rising egde is detected on the
BUTTON_DETECTOR_INPUT_PUSH_BUTTON pin:

25 attachInterrupt ( BUTTON_DETECTOR_INPUT_PUSH_BUTTON , turn_off , RISING );
}

27
void loop () {}

Listado C.1 – Power switch code

C.2 Rotary encoder code
# include <Arduino .h>

2
// GPIO connected to the A pin of the rotary encoder :

4 # define ROTARY_A_INPUT_PIN 2
// GPIO connected to the B pin of the rotary encoder :

6 # define ROTARY_B_INPUT_PIN 27
// GPIO connected to the button pin of the rotary encoder :

8 # define ROTARY_BUTTON_INPUT_PIN 5
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10 // Current logic state of the A pin:
bool rotary_A_input_current_state ;

12 // State of the A pin in the previous iteration of the the void loop () function :
bool rotary_A_input_last_state ;

14 // Logic state of the button pin:
bool rotary_button_input_state ;

16 /* Counter that is increased or decreased depending on the roation direction
whenever a pulse is generated :*/

int rotary_pulses_counter =0;
18 // Auxiliar variable for the timer :

unsigned long time_aux =0;
20

void setup () {
22 // Configures the input pins of the rotary as internal pull -ups:

pinMode ( ROTARY_A_INPUT_PIN , INPUT_PULLUP );
24 pinMode ( ROTARY_B_INPUT_PIN , INPUT_PULLUP );

pinMode ( ROTARY_BUTTON_INPUT_PIN , INPUT_PULLUP );
26

Serial . begin (9600) ; // Serial initialization
28 time_aux = millis (); // Timer initialization

// Reads the initial state of the input A:
30 rotary_A_input_last_state = digitalRead ( ROTARY_A_INPUT_PIN );

}
32

void loop () {
34 // Shows the button state every second :

if( millis () -time_aux >=1000) {
36 // Reads the button state :

rotary_button_input_state = digitalRead ( ROTARY_BUTTON_INPUT_PIN );
38 Serial . print (" Rotary button state : ");

// If the state is low the button is pressed :
40 if (! rotary_button_input_state ){

Serial . println (" Pressed ");
42 }else{

// If the state is high the button is not pressed :
44 Serial . println ("Not pressed ");

}
46 time_aux = millis (); // Updates the timer variable

}
48

// Reads the current state of the A pin:
50 rotary_A_input_current_state = digitalRead ( ROTARY_A_INPUT_PIN );

// If the current state is different than the previous , a pulse has occurred :
52 if( rotary_A_input_current_state != rotary_A_input_last_state ){

// If the state of the B pin is different than the A pin 's then the
54 // direction was clockwise :

if( digitalRead ( ROTARY_B_INPUT_PIN ) != rotary_A_input_current_state ) {
56 // The counter increases every time there is a clockwise pulse :

rotary_pulses_counter ++;
58 } else {

/* If the states of the A and B pins are the same , the rotation was
60 counter - clockwise :*/

// The counter decreases every time there is a counter - clockwise pulse :
62 rotary_pulses_counter --;

}
64 // Displays the counter :

Serial . print (" Pulse count : ");
66 Serial . println ( rotary_pulses_counter );

}
68 // Stores the current A pin state in the previous state variable for the next

// iteration of the loop:
70 rotary_A_input_last_state = rotary_A_input_current_state ;

}

Listado C.2 – Generic code for a basic operation of the rotary encoder
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C.3 INA219 measurements reading code
1 # include <Arduino .h>

# include <Wire.h>
3 # include <Adafruit_INA219 .h>

5 Adafruit_INA219 ina219 ; // Declaration of the INA219 object

7 // INA219 variables :
float shuntvoltage ; // Shunt voltage

9 float busvoltage ; // Bus voltage
float current_mA ; // Current

11 float power_mW ; // Power

13 void setup () {
Serial . begin (9600) ; // Initializes the serial communication

15 if (! ina219 . begin ()) // Checks if the INA219 sensor is detected :
{

17 /* If it 's not detected , print the following message and stop the
execution of the program :*/

19 Serial . println (" INA219 was not found ");
while (1);

21 }
// If it 's detected display this message :

23 Serial . println (" INA219 initialization was correct ");
}

25
void loop () {

27
// Measurements reading :

29 shuntvoltage = ina219 . getShuntVoltage_mV ();
busvoltage = ina219 . getBusVoltage_V ();

31 current_mA = ( ina219 . getCurrent_mA ())*4;

33 // Prints every variable :
Serial . print ("Bus Voltage :");

35 Serial . print ( busvoltage );
Serial . println (" V");

37 Serial . print (" Shunt Voltage :");
Serial . print ( shuntvoltage );

39 Serial . println (" mV");
Serial . print (" Current :");

41 Serial . print ( current_mA );
Serial . println (" mA");

43
delay (500) ; // Waits 500 ms

45 }

Listado C.3 – Code to read measurements from the INA219

C.4 SSD1306 code
1 # include <Arduino .h>

# include <Wire.h>
3 # include <Adafruit_GFX .h>

# include <Adafruit_SSD1306 .h>
5

// Oled display size:
7 # define SCREEN_WIDTH 128 // OLED display width , in pixels

# define SCREEN_HEIGHT 64 // OLED display height , in pixels
9

// Create an OLED display object connected to I2C:
11 Adafruit_SSD1306 oled( SCREEN_WIDTH , SCREEN_HEIGHT , &Wire , -1);

13 void setup (){
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Serial . begin (9600) ; // Serial initialization :
15 // Initialize OLED display with I2C address 0x3C:

if (! oled. begin ( SSD1306_SWITCHCAPVCC , 0x3C)) {
17 // If the initialization is not correct stops the program :

Serial . println (" Failed to start SSD1306 OLED");
19 while (1);

}
21 delay (200) ;

oled. clearDisplay (); // Clears display
23 }

25 void loop () {
oled. clearDisplay (); // Clears display

27 oled. setTextSize (1); // Sets the text size
oled. setTextColor ( WHITE ); // Sets the text color

29 oled. setCursor (22 ,6); // Sets the cursor in a certain pixel
oled. print ("This is a test"); // Text to print

31 oled. display (); // Displays the text
}

Listado C.4 – Basic code for the SSD1306 display

C.5 GY-NEO6MV2 test code
1 # include <Arduino .h>

# include <Wire.h>
3 # include <Adafruit_GFX .h>

# include <Adafruit_SSD1306 .h>
5 # include <TinyGPSPlus .h>

# include <HardwareSerial .h>
7

// Power switch definitions :
9 // GPIO that detects if the push button is pressed or not:

# define BUTTON_DETECTOR_INPUT_PUSH_BUTTON 23
11 // GPIO that sets the board state (on/off):

# define ONOFF_BAT_OUTPUT 13
13

// Oled display sizes :
15 # define SCREEN_WIDTH 128 // OLED display width in pixels

# define SCREEN_HEIGHT 64 // OLED display height in pixels
17

// ESP32 'S UART1 GPIOs :
19 # define ESP32_RX1_PIN 18

# define ESP32_TX1_PIN 19
21

// Creation of an OLED display object connected to I2C:
23 Adafruit_SSD1306 oled( SCREEN_WIDTH , SCREEN_HEIGHT , &Wire , -1);

HardwareSerial neogps (1); // Creates a HardwareSerial instance for UART1
25 TinyGPSPlus gps; // Creates a TinyGPSPlus instance

27 // Flag to indicate if a new gps data was read:
bool new_gps_data_flag = false ;

29
// Power switch interrupt rutine , it turns off the board :

31 void turn_off (void){
digitalWrite ( ONOFF_BAT_OUTPUT ,LOW);

33 }

35 // Function that prints the GPS latitude and longitude :
void print_gps_data (){

37 oled. clearDisplay ();
oled. setTextColor ( SSD1306_WHITE );

39 oled. setTextSize (1);

41 // If the gps location is valid , prints the latitude and longitude :
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if(gps. location . isValid ()){
43 oled. setCursor (2, 5);

oled. print ("Lat: ");
45 oled. print (gps. location .lat () ,6);

47 oled. setCursor (2, 20);
oled. print ("Lng: ");

49 oled. print (gps. location .lng () ,6);
oled. display ();

51 }
// If the GPS location is not valid , warn it:

53 else{
oled. setCursor (2, 5);

55 oled. setTextSize (1);
oled. print (" Invalid location ");

57 oled. display ();
}

59 }

61 void setup () {
// Power switch circuit :

63 pinMode ( ONOFF_BAT_OUTPUT , OUTPUT );
pinMode ( BUTTON_DETECTOR_INPUT_PUSH_BUTTON , INPUT );

65 // The ON/OFF pin must be set to HIGH as soon as the program starts :
digitalWrite ( ONOFF_BAT_OUTPUT , HIGH );

67 // Delay so the interrupt doesn 't detect the first push of the button :
delay (200) ;

69 // The interruption will be executed when a rising egde is detected on the
// BUTTON_DETECTOR_INPUT_PUSH_BUTTON pin:

71 attachInterrupt ( BUTTON_DETECTOR_INPUT_PUSH_BUTTON , turn_off , RISING );
// Begins UART1 communication for the GY - NEO6MV2 :

73 neogps . begin (9600 , SERIAL_8N1 , ESP32_RX1_PIN , ESP32_TX1_PIN );
// Initialize OLED display with I2C address 0x3C:

75 if (! oled. begin ( SSD1306_SWITCHCAPVCC , 0x3C)) {
// If it 's not detected , print the following message and stop the execution

77 // of the program :
Serial . println (F(" Failed to start SSD1306 OLED"));

79 while (1);
}

81 // Clears the OLED screen :
oled. clearDisplay ();

83 oled. display ();
delay (1000) ; //1 second delay

85 }

87 void loop () {
// During one second , if the UART1 is available it will read the GPS data:

89 for ( unsigned long gps_timer_aux = millis (); millis () -gps_timer_aux < 1000;) {
while ( neogps . available ()){

91 // Reads and decodes the raw NMEA data to GPS coordinates :
if(gps. encode ( neogps .read ())){

93 new_gps_data_flag = true; // Updates de gps flag
}

95 }
}

97 // If a new GPS data has been received , calls the print_gps_data function :
if( new_gps_data_flag ){

99 new_gps_data_flag = false ; // Updates gps flag
print_gps_data ();

101 }
// If no data has been received , prints a warning :

103 else{
oled. clearDisplay ();

105 oled. setTextColor ( SSD1306_WHITE );
oled. setCursor (2, 5);

107 oled. setTextSize (1);

105 Scale boat guidance through mobile application



oled. print (" Warning : no GPS data");
109 oled. display ();

}
111 }

Listado C.5 – Code to test the GY-NEO6MV2

C.6 DS1302 code
1

# include <Arduino .h>
3 # include <ThreeWire .h>

# include <RtcDS1302 .h>
5

# define DS1302_DAT 12 // GPIO connected to the data pin of the DS1302
7 # define DS1302_CLK 33 // GPIO connected to the clock pin of the DS1302

# define DS1302_RST 32 // GPIO connected to the data reset of the DS1302
9

// Defines an instance of the three wire method :
11 ThreeWire myWire ( DS1302_DAT , DS1302_CLK , DS1302_RST );

13 // Constructs a RTCDS1302 object using the ThreeWire instance :
RtcDS1302 <ThreeWire > Rtc( myWire );

15
// Variables to store the date and time

17 uint8_t current_hour , current_minute , current_second , month , day ,
day_of_the_week ;

// Variable that stores the year:
19 uint16_t year;

// Auxiliar variable for the timer :
21 unsigned long time_aux ;

23 void setup ()
{

25 Serial . begin (9600) ; // Serial initialization

27 // Displays the date and time of compilation :
Serial . print (" Compilation date and time: ");

29 Serial . print ( __DATE__ );
Serial . print (" ");

31 Serial . println ( __TIME__ );

33 Rtc. Begin (); // RTC library initialization
// Creates a RtcDateTime instance from the compilation date and time:

35 RtcDateTime compiled = RtcDateTime (__DATE__ , __TIME__ );
Serial . println (); // Prints an empty line

37
// Checks if the date and time values of the RTC are valid :

39 if (! Rtc. IsDateTimeValid ()){
/* If not , prints a warning and sets the RTC time to the time and date

41 of compilation :*/
Serial . println ("RTC lost confidence in the DateTime !");

43 Rtc. SetDateTime ( compiled );
}

45
if (Rtc. GetIsWriteProtected ()) // Checks if the RTC was write protected

47 {
// If it was , prints a warning en disables the write protection :

49 Serial . println ("RTC was write protected , enabling writing now");
Rtc. SetIsWriteProtected ( false );

51 }

53 if (! Rtc. GetIsRunning ()) // Checks if the clock is running on the RTC
{

55 // If it wasn 't, prints a warning a starts running it:
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Serial . println ("RTC was not actively running , starting now");
57 Rtc. SetIsRunning (true);

}
59

// Creates a RTCDateTime instance and stores the the RTC 's date and time:
61 RtcDateTime now = Rtc. GetDateTime ();

63 if (now < compiled ) // Cheks if the RTC time is older than the compiled time
{

65 /* If that 's the case , prints a warning a sets the RTC time to the time
and date of compilation :*/

67 Serial . println ("RTC is older than compile time!");
Rtc. SetDateTime ( compiled );

69 }

71 // Checks if the RTC time is newer than the compiled time:
else if (now > compiled )

73 {
// If that 's the case , prints a notice :

75 Serial . println ("RTC is newer than compile time.");
}

77
// Checks if the RTC time is the same as the compiled time:

79 else if (now == compiled )
{

81 /* If that 's the case , prints a notice (it is unlikely but it 's not a
problem ):*/

83 Serial . println ("RTC is the same as compile time!");
}

85
time_aux = millis (); // Timer initialization

87
}

89
void loop ()

91 {
// Every 5 seconds do:

93 if( millis () -time_aux >=5000) {

95 // Updates the time and date of the now instance :
RtcDateTime now = Rtc. GetDateTime ();

97
/* Stores the date and time in their corresponding date and time

99 variables :*/
month =now. Month ();

101 day=now.Day ();
year=now.Year ();

103 current_hour =now.Hour ();
current_minute =now. Minute ();

105 current_second =now. Second ();
day_of_the_week =now. DayOfWeek ();

107
Serial . println (); // Prints an empty line

109
// Prints the month with 2 digits :

111 if(month <10){
Serial . print ("0");

113 Serial . print ( month );
}else{

115 Serial . print ( month );
}

117 Serial . print ("/");

119 // Prints the day with 2 digits :
if(day <10){

121 Serial . print ("0");

107 Scale boat guidance through mobile application



Serial . print (day);
123 }else{

Serial . print (day);
125 }

Serial . print ("/");
127

// Prints the year:
129 Serial . print (year);

Serial . print (" ");
131

// Prints the hour with 2 digits :
133 if( current_hour <10){

Serial . print ("0");
135 Serial . print ( current_hour );

}else{
137 Serial . print ( current_hour );

}
139 Serial . print (":");

141 // Prints the minute with 2 digits :
if( current_minute <10){

143 Serial . print ("0");
Serial . print ( current_minute );

145 }else{
Serial . print ( current_minute );

147 }
Serial . print (":");

149
// Prints the second with 2 digits :

151 if( current_second <10){
Serial . print ("0");

153 Serial . print ( current_second );
}else{

155 Serial . print ( current_second );
}

157
time_aux = millis (); // Updates the auxiliar timer variable

159 }
}

Listado C.6 – Code for a basic operation of the DS1302

C.7 "BUTTONS" pin code
1 # include <Arduino .h>

3 # define BUTTONS_INPUT_PIN 39 // GPIO connected to the " BUTTONS " pin

5 int buttons_input_pin_value ; // " Analog " value of the buttons pin
unsigned int time_aux ; // Auxiliar variable for the timer

7
void setup () {

9 Serial . begin (9600) ; // Serial initialization
// Configures the BUTTON_INPUT_PIN as an input :

11 pinMode ( BUTTONS_INPUT_PIN , INPUT );

13 }

15 void loop () {
// Every 500 ms it prints the buttons_input_pin_value lecture and indicates

17 // which button was pressed :
if( millis () -time_aux >=500) {

19 // Analog reads the initial voltage at the BUTTON_INPUT_PIN :
buttons_input_pin_value = analogRead ( BUTTONS_INPUT_PIN );

21 Serial . print (" Button analog read: ");
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Serial . print ( buttons_input_pin_value );
23 //A lecture higher than 3900 means that the voltage is higher than 3.14 V:

if( buttons_input_pin_value >3900) {
25 Serial . println (" Button 2 pressed ");

}
27 // If the lecture is between 1600 and 2300 means that the voltage is between

// 1.28 V and 1.85 V:
29 else if( buttons_input_pin_value >=1600 && buttons_input_pin_value <=2300) {

Serial . println (" Button 1 pressed ");
31 }

//A lecture lower than 100 means that the voltage is almost 0 V
33 else if( buttons_input_pin_value <=100) {

Serial . println (" No buttons pressed ");
35 }

time_aux = millis (); // Updates the timer variable
37 }

}

Listado C.7 – Code to read the state of the "BUTTONS" pin

C.8 Charger circuit test code
# include <Arduino .h>

2 # include <Wire.h>
# include <Adafruit_GFX .h>

4 # include <Adafruit_SSD1306 .h>
# include <Adafruit_INA219 .h>

6
// Rotary encoder definitions :

8 // GPIO connected to the A pin of the rotary encoder
# define ROTARY_A_INPUT_PIN 2

10 // GPIO connected to the B pin of the rotary encoder
# define ROTARY_B_INPUT_PIN 27

12 // GPIO connected to the button pin of the rotary encoder
# define ROTARY_BUTTON_INPUT_PIN 5

14
// Charger definitions :

16 # define CHARGER_OUTPUT_PIN 26 // GPIO connected to the charger port
# define CHARGER_VOLTAGE_SENSOR_PIN 36 // GPIO connected to the Vsense port

18
// Oled display size:

20 # define SCREEN_WIDTH 128 // OLED display width , in pixels
# define SCREEN_HEIGHT 64 // OLED display height , in pixels

22
Adafruit_INA219 ina219 ; // Declaration of the INA219 object

24
// Creates an OLED display object connected to I2C:

26 Adafruit_SSD1306 oled( SCREEN_WIDTH , SCREEN_HEIGHT , &Wire , -1);

28 bool rotary_A_input_current_state ; // Current state of the A pin (high or low)
// State of the A pin in the previous iteration of the the void loop () function :

30 bool rotary_A_input_last_state ;
/* Counter that is increased or decreased depending on the roation direction

whenever apulse is generated :*/
32 int rotary_pulses_counter =0;

unsigned long charger_timer_aux =0; // Auxiliar variable for the timer
34 float charger_vsense_voltage ; // Voltage of the charger

36 void setup () {
// Configures the input pins of the rotary as internal pull -ups:

38 pinMode ( ROTARY_A_INPUT_PIN , INPUT_PULLUP );
pinMode ( ROTARY_B_INPUT_PIN , INPUT_PULLUP );

40 pinMode ( ROTARY_BUTTON_INPUT_PIN , INPUT_PULLUP );
// Configures the chager circuit pins:

42 pinMode ( CHARGER_VOLTAGE_SENSOR_PIN , INPUT );
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pinMode ( CHARGER_OUTPUT_PIN , OUTPUT );
44

Serial . begin (9600) ; // Serial initialization
46

// Initialize OLED display with I2C address 0x3C:
48 if (! oled. begin ( SSD1306_SWITCHCAPVCC , 0x3C)) {

// If it 's not detected , print the following message and stop the execution
50 // of the program :

Serial . println (F(" Failed to start SSD1306 OLED"));
52 while (1);

}
54

if (! ina219 . begin ()) // Checks if the INA219 sensor is detected :
56 {

// If it 's not detected , print the following message and stop the execution
58 // of the program :

Serial . println (" Failed to find INA219 chip");
60 while (1);

}
62 oled. clearDisplay (); // Clears display

charger_timer_aux = millis (); // Timer initialization
64 // Reads the initial state of the input A:

rotary_A_input_last_state = digitalRead ( ROTARY_A_INPUT_PIN );
66 }

68 void loop () {
// Obtains the charger voltage in [V]

70 charger_vsense_voltage =(( analogRead ( CHARGER_VOLTAGE_SENSOR_PIN )) *3.3/4095)
*37300/10000;

// Voltage that is supplied to the battery
72 float battery_voltage = ina219 . getBusVoltage_V ();

// Reads the current state of the A pin:
74 rotary_A_input_current_state = digitalRead ( ROTARY_A_INPUT_PIN );

// If the current state is different than the previous , a pulse has occurred :
76 if ( rotary_A_input_current_state != rotary_A_input_last_state ){

// If the state of the B pin is different than the A pin 's then the
78 // direction was clockwise :

if ( digitalRead ( ROTARY_B_INPUT_PIN ) != rotary_A_input_current_state ) {
80 // The rotary pulses counter will be limited between 0 to 255:

if( rotary_pulses_counter <255) {
82 // The counter increases every time there is a clockwise pulse :

rotary_pulses_counter ++;
84 }

} else
86 {

// If the states of the A and B pins are the same , the rotation was
88 // counter - clockwise :

if( rotary_pulses_counter >0){
90 // The counter decreases every time there is a counter - clockwise pulse :

rotary_pulses_counter --;
92 }

}
94 // The number of pulses of the rotary corresponds to the analog voltage at

// the charger pin:
96 dacWrite ( CHARGER_OUTPUT_PIN , rotary_pulses_counter );

}
98 if( millis () -charger_timer_aux >=200) {

// Displays the pulses counter , the charger voltage and the battery voltage :
100 oled. clearDisplay ();

oled. setTextSize (1);
102 oled. setTextColor ( WHITE );

oled. setCursor (22 ,6);
104 oled. print ( rotary_pulses_counter );

oled. setCursor (22 ,26);
106 oled. print ( charger_vsense_voltage );

oled. setCursor (22 ,48);
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108 oled. print ( battery_voltage );
oled. display ();

110 charger_timer_aux = millis (); // Updates the timer
}

112 // Stores the current A pin state in the previous state variable for the next
// iteration of the loop:

114 rotary_A_input_last_state = rotary_A_input_current_state ;
}

Listado C.8 – Code to test the charger circuit

C.9 Adafruit 10-DOF test code
1 # include <Arduino .h>

# include <Adafruit_Sensor .h>
3 # include <Adafruit_LSM303 .h>

# include <Adafruit_10DOF .h>
5

// Assign a unique ID to the sensors :
7 Adafruit_10DOF imu_sensor = Adafruit_10DOF ();

Adafruit_LSM303_Accel_Unified acelerometer = Adafruit_LSM303_Accel_Unified (30301) ;
9 Adafruit_LSM303_Mag_Unified magnetometer = Adafruit_LSM303_Mag_Unified (30302) ;

11 // Structures to provide a single sensor event in a common format :
sensors_event_t acelerometer_event ;

13 sensors_event_t magnetometer_event ;
sensors_vec_t orientation ;

15
// Variable to store the ship 's compass :

17 int ship_compass ;
// Variable to store the ship 's roll:

19 int ship_roll ;

21 // Function to initialize the magnetometer and accelerometer :
void IMU_initialization ()

23 {
// Initializes the accelerometer :

25 if (! acelerometer . begin ())
{

27 // If it is not detected , shows a warning and stops the program :
Serial . println (F(" LSM303 acceleromter not detected "));

29 while (1);
}

31 // Initializes the magnetometer :
if (! magnetometer . begin ())

33 {
// If it is not detected , shows a warning and stops the program :

35 Serial . println (" LSM303 magnetometer not detected ");
while (1);

37 }
}

39
void setup () {

41 Serial . begin (9600) ; // Initializes the serial port
Serial . println (" Adafruit 10- DOF Test");

43 Serial . println ("");
IMU_initialization (); // Initializes the sensors

45 }

47 void loop () {
// Gets a new accelerometer event :

49 acelerometer . getEvent (& accelerometer_event );
// Gets the roll and the pitch :

51 if( imu_sensor . accelGetOrientation (& acelerometer_event , & orientation ))
{
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53 // If the operation is correct , prints the roll:
Serial . print ("Roll: ");

55 ship_roll = orientation .roll;
Serial . print ( orientation .roll);

57 // If the roll is less than 16 shows a capsize warning :
if(ship_roll <=15) {

59 Serial . print (" CAPSIZE WARNING ");
}

61 Serial . print ("\t");
}

63 // Gets a new magnetometer event :
magnetometer . getEvent (& magnetometer_event );

65 // Gets the boat 's heading :
if ( imu_sensor . magGetOrientation ( SENSOR_AXIS_Y , & magnetometer_event , &

orientation ))
67 {

// Subtracts 90 to the heading so it is equal to the compass ' angle :
69 ship_compass = orientation .heading -90;

// Adjusts the compass value so it ranges from 0 to 360 :
71 if ( ship_compass < 0) {

ship_compass = 360 + ship_compass ;
73 }

// Displays the ship 's compass :
75 Serial . print ("Ship 's compass : ");

Serial . println ( ship_compass );
77 }

delay (500) ;//A new measurement is obtained every 500 ms
79 }

Listado C.9 – Code to test the Adafruit 10-DOF

C.10 Server codes
1 <?php

3 // Defines the database 's host , username , password and name:
define ('DB_HOST ', 'localhost ');

5 define ('DB_USERNAME ', 'YourUser ');
define ('DB_PASSWORD ', 'YourName ');

7 define ('DB_NAME ', 'YourName ');

9 // Sets the default timezone used by all date/time functions :
date_default_timezone_set ('Europe / Madrid ');

11
// Connects to the database :

13 $db = new mysqli (DB_HOST , DB_USERNAME , DB_PASSWORD , DB_NAME );

15 // Displays error if it failed to connect :
if ($db -> connect_errno ) {

17 echo " Connection to database is failed : ".$db -> connect_error ;
exit ();

19 }

Listado C.10 – config.php

1 <?php

3 // Includes the configuration file:
require 'config .php ';

5
// Obtains the current latitude and longitude through the GET method :

7 $lat = $_GET['lat '];
$lng = $_GET['lng '];

9 $warnings = $_GET['warnings '];

11 // Displays those values :
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echo $lat;
13 echo "<br >";

echo $lng;
15 echo "<br >";

echo $warnings ;
17 echo "<br >";

19 // Inserts the values into the tbl_gps table :
$sql = " INSERT INTO tbl_gps (lat ,lng ,warnings , created_date )

21 VALUES ('".$lat." ','".$lng." ','". $warnings ." ','".date("Y-m-d H:i:s")." ')";

23 // Checks if there was an error in the query :
if($db -> query ($sql) === FALSE )

25 { echo " Error : " . $sql . "<br >" . $db -> error ; }

Listado C.11 – add_current_loc.php

1 <?php

3 // Includes the configuration file:
require 'config .php ';

5
// Extracts the current coordinates from the tbl_gps :

7 $query = " SELECT `lat `,`lng ` FROM `tbl_gps ` WHERE id =( SELECT max(id) FROM `
tbl_gps `)";

$res = mysqli_query ($db , $query ); // Performs the query
9 // Fetches one row of data from the result set and returns it as an array :

$row = mysqli_fetch_array ($res);
11

// Displays the values :
13 $lati =$row [0];

$long =$row [1];
15 echo $lati ;

echo "<br >";
17 echo $long ;

19 // Detects if there was an error :
if( mysqli_query ($db , $query )){}

21 else{
echo " ERROR : Could not able to execute ". $query ." ". mysqli_error ($db);

23 }

25 // Displays the google maps site with our desired coordinates :
?>

27
<iframe width ="100%" height ="500" src=" https :// maps. google .com/maps?q=<? php echo

$lati ; ?>,<?php echo $long ; ?>& output = embed " ></iframe >
29

<?php

Listado C.12 – current_loc_map.php

<?php
2

// Includes the configuration file:
4 require 'config .php ';

6 // Takes the last warning and its date from the tbl_gps table :
$query = " SELECT `warnings `,` created_date ` FROM `tbl_gps `

8 WHERE id =( SELECT max(id) FROM `tbl_gps `)";
$res = mysqli_query ($db , $query ); // Performs the query

10 $row = mysqli_fetch_array ($res); // Fetches one row of data from the result set
and returns it as an array

// Displays the query result :
12 echo $row [0];

echo "<br >";
14 echo $row [1];
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16 // Detects if there was a query error :
if( mysqli_query ($db , $query )){}

18 else{
echo " ERROR : Could not able to execute ". $query ." ". mysqli_error ($db);

20 }

Listado C.13 – add_desired_loc.php

<?php
2

// Includes the configuration file :
4 require 'config .php ';

6 // Check if the GET request of the desired_lat variable is not null:
if( isset ($_GET ['desired_lat '])) {

8 // Copies the GET requests into the POST array :
$_POST ['desired_lat ']= $_GET['desired_lat '];

10 $_POST ['desired_lng ']= $_GET['desired_lng '];
$_POST ['square_side ']= $_GET['square_side '];

12 }

14 // These are in case setting headers , forcing it to always expire :
header ('Cache - Control : no -cache , must - revalidate ');

16 // Logs the POST string into the error log:
error_log ( print_r ($_POST ,TRUE));

18
// Checks if the tag post is there and if it 's been a proper form post:

20 if( isset ( $_POST ['desired_lat ']) && isset ( $_POST ['desired_lng ']) && isset ( $_POST
['square_side ']) ){

// Checks if the SQL key is correct :
22 // if( $_POST ['key ']== $SQLKEY ){

// Inserts the desired coordinates into the desired_location table :
24 $query =" INSERT INTO desired_location ( desired_lat , desired_lng , square_side ,

created_date ) VALUES ('". $_POST ['desired_lat ']." ','". $_POST ['desired_lng ']." ','
". $_POST ['square_side ']." ','".date("Y-m-d H:i:s")." ')";

// Checks if the magic quotes are enabled and remove them if that 's the case:
26 if( get_magic_quotes_gpc ()){

$query = stripslashes ( $query );
28 }

// Checks if there was a connection error :
30 if($db -> connect_error ){

// Reports a connection error :
32 header ("HTTP /1.0 400 Bad Request ");

echo " ERROR Database Connection Failed : " . $db -> connect_error ,
E_USER_ERROR ;

34 }
else{

36 // Performs the query :
$result =$db -> query ( $query );

38 if( $result === false ){
// If there was a error , notifies it:

40 header ("HTTP /1.0 400 Bad Request ");
echo " Wrong SQL: " . $query . " Error : " . $db ->error , E_USER_ERROR ;

42 }
// If the connection was correct , notifies it:

44 else{
echo "OK";

46 }
$db -> close (); // Closes the database connection

48 }
}

50 // Notifies that the tag post were not correct :
else{

52 header ("HTTP /1.0 400 Bad Request ");
echo "Bad Request2 ";

54 }
?>
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Listado C.14 – add_desired_loc.php

1 <?php

3 // Includes the configuration file:
require 'config .php ';

5
// Takes the last desired coordinates and the square side from the

desired_location table :
7 $query = " SELECT `desired_lat `,` desired_lng `,` square_side ` FROM `

desired_location `
WHERE id =( SELECT max(id) FROM `desired_location `)";

9 $res = mysqli_query ($db , $query ); // Performs the query
$row = mysqli_fetch_array ($res); // Fetches one row of data from the result set

and returns it as an array
11 // Displays the query result :

echo $row [0];
13 echo "<br >";

echo $row [1];
15 echo "<br >";

echo $row [2];
17

// Detects if there was a query error :
19 if( mysqli_query ($db , $query )){}

else{
21 echo " ERROR : Could not able to execute ". $query ." ". mysqli_error ($db);

}

Listado C.15 – display_desired_loc.php

C.11 App code

First, the app will be initialized to make visible or invisible the different arrangements that form the
interface (figure C.1).

Figure C.1 – App initialization block

If the "send location button" is pressed, a HTML form is created from the data introduced in the desired
latitude, longitude and square side text boxes. If any of the boxes are empty or the values are not within the
correct range, errors will be displayed and the data will not be sent. If every text box is correct, the data
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will be sent to the server using the POST method. This can be observed in figure C.2, however one of the
conditions is too large to fit the page. This condition is met if the latitude is larger than 90 or smaller than
-90, if the longitude is larger than 180 or smaller than -180 or if the square side is larger than 9 or smaller
than 1.

Figure C.2 – App "send button" block

If the "show location" button is pressed, the map arrangement will be visible and the rest invisible (figure
C.3). Once this arrangement is visible, if the user presses the "back" button, the interface will return to the
initial state (figure C.4).

Figure C.3 – App "show location" block
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Figure C.4 – App "back" block

If the "Granasat" logo is pressed, the app will display the Granasat website (figure C.5). Once the web
is shown, if the user presses the "back" button, the interface will return to the initial state (figure C.6).

Figure C.5 – App’s Granasat logo block
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Figure C.6 – App "back" block

If the "Show warnings button" is pressed, the app will display our server’s warning website (figure C.7).
Once the web is shown, if the user presses the "back" button, the interface will return to the initial state
(figure C.8).

Figure C.7 – App "Show warning button" block
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Figure C.8 – App "back" block

C.12 ESP32 SIM800L and app communication code
# include <Arduino .h>

2 # include <HardwareSerial .h>

4 # define TINY_GSM_MODEM_SIM800 // Definition of the module we are using , it must
be defined before including the library

# include <TinyGsmClient .h>
6

// GPIO that detects if the push button is pressed or not:
8 # define BUTTON_DETECTOR_INPUT_PUSH_BUTTON 23

// GPIO that sets the board state (on/off):
10 # define ONOFF_BAT_OUTPUT 13

12 // ESP32 'S UART2 GPIOs :
# define ESP32_RX2_PIN 16

14 # define ESP32_TX2_PIN 17

16 // Define your SIM card code if necessary so it can be unlocked :
# define GSM_PIN ""

18
// Creates a HardwareSerial instance for the UART 2:

20 HardwareSerial SerialAT (2);
// Creates a TinyGsm instance with the name of the UART 2 serial :

22 TinyGsm modem ( SerialAT );

24 unsigned long time_aux ; // Auxiliar variable for the timer
// Desired latitude established by the user in decimal degrees :

26 float desired_lat_float ;
// Desired longitude established by the user in decimal degrees :

28 float desired_lng_float ;

30 // Declaration of the GPRS credentials :
const char apn [] = " airtelwap .es"; // Vodafone 's APN

32 const char gprsUser [] = ""; // Only declare it if necessary
const char gprsPass [] = ""; // Only declare it if necessary

34
// Function that return the position of certain character in a char

36 // array :
int search_char_position (char response [], char searched_character ){

38
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int length = strlen ( response ); // Obtains the number of characters of the array
40 for(int i=0; i< length ; i++) { // For each position of the array checks if the

character is equal to the one searched
if( response [i] == searched_character ) {

42 return i; // If the character is contained in the array it returns its
position

}
44 }

return -1; // If the character isn 't contained in the array it returns -1
46 }

48 // Interrupt rutine , it turns off the board :
void turn_off (void){

50 digitalWrite ( ONOFF_BAT_OUTPUT ,LOW);
}

52
// Function that sends the specified AT command with a timeout and // checks if

the response is correct :
54 bool sendAT (const char* ATcommand , const char* expected_answer , unsigned int

timeout ){

56 uint8_t i=0; // Auxiliar variable for the do while loop
// Flag variable to indicate if the command was answered :

58 bool answerFlag =0;
// Char array that stores the answer to the command :

60 char answer [100];
// Auxiliar timer variable that stores the time before the do while

62 // loop started :
unsigned long previous ;

64
// Initializes the answer array to null characters :

66 memset (answer , '\0 ', 100);
// Cleans the input buffer :

68 while ( SerialAT . available () > 0) SerialAT .read ();
delay (100) ;

70
// Checks if the AT command 's first character is not null has

72 // content and sends it:
if ( ATcommand [0] != '\0 '){

74 SerialAT . println ( ATcommand ); // Send the AT command
}

76
previous = millis (); // Stores the time at which the do loop started

78
// Reads serial data if the serial is available until an answer is

80 // received or the timeout is reached :
do{

82 // Checks if there is data in the UART input buffer , if there is
// it reads it and compare it with the expected answer :

84 if( SerialAT . available () != 0){
// Each character is stored in each of the array 's position :

86 answer [i] = SerialAT .read ();
// The position in the array is increased each iteration of

88 // the loop:
i++;

90 // If the desired answer is received it is indicated
// through the answer flag

92 if( strstr (answer , expected_answer ) != NULL){
answerFlag = 1;

94 }
}

96 }
// Checks if the expected answer is received or if the timeout has

98 // been reached :
while (( answerFlag == 0) && (( millis () - previous ) < timeout ));

100
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Serial . println ( answer ); // Prints the answer
102 return answerFlag ; // Returns the answer flag

}
104

// Specific function to send the HTTPREAD comment and extract the data:
106 void sendHHTPREAD (const char* ATcommand , unsigned int timeout ){

108 uint8_t i=0; // Auxiliar variable for the do while loop
// Char array that stores the response to the command :

110 char response [100];
// Part of the response array that will be used to check the

112 // response to the command :
char response_check [12];

114 char lat_read [11]; // Desired latitude lecture
char lng_read [12]; // Desired longitude lecture

116 char square_side_read [2]; // Desired square side lecture
float desired_lat_float ; // Desired latitude lecture in float type

118 float desired_lng_float ; // Desired longitude lecture in float type
// Desired square side in float type:

120 float desired_square_side_float ;
// Auxiliar timer variable that stores the time before the do while

122 // loop started :
unsigned long previous ;

124 // Position of a specific character within an char array :
int position ;

126

128 // Initializes the char arrays to null characters
memset (response , '\0 ', 100);

130 memset ( response_check ,'\0 ' ,12);
memset (lat_read ,'\0 ' ,11);

132 memset (lng_read ,'\0 ' ,12);
memset ( square_side_read ,'\0 ' ,2);

134
// Cleans the input buffer :

136 while ( SerialAT . available () > 0) SerialAT .read ();
delay (100) ;

138
// Checks if the AT command 's first character is not null has

140 // content and sends it:
if ( ATcommand [0] != '\0 '){

142 SerialAT . println ( ATcommand ); // Sends the AT command
}

144
previous = millis (); // Stores the time at which the do loop started

146
// Reads serial data if the serial is available until the timeout

148 // is reached :
do{

150 // Checks if there is data in the UART input buffer , if there
// is it reads it and compare it

152 if( SerialAT . available () != 0){
// Each character is stored in each of the array 's position :

154 response [i] = SerialAT .read ();
// The position in the array is increased each iteration of

156 // the loop
i++;

158 }
}

160 // Checks if the timeout has been reached :
while ((( millis () - previous ) < timeout ));

162
// Stores 11 characters from the 8th position of the response into

164 // the response_check array
memcpy ( response_check ,& response [8] ,11);

166 // Checks if the response is + HTTPACTION , if that is the case it is
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// reading the previous command 's response and the coordenates '
168 // lecure will be incorrect

if( strcmp ( response_check , "+ HTTPACTION ") == 0){
170 Serial . println (" UNABLE TO READ THE DESIRED LOCATION ");

}
172 // If the response is not + HTTPACTION then the lecture will is

// correct :
174 else{

Serial . println ( response ); // Prints the whole response
176 // In the whole response , the actual values of latitude and

// longitude start from position 17 of the array (this will depend
178 // on the php code):

if( response [17]== '-'){ // Checks if the latitude is negative
180 if( response [19]== '.'){

// If it 's a number between 0 and -9.999999 store the next 9 // positions
from position 17 in the lat_read variable

182 memcpy (lat_read , & response [17] , 9) ;}
if( response [20]== '.'){

184 // If it 's a number between -10.000000 and -90.000000 store the
// next 10 positions from the position 17 in the lat_read

186 // variable
memcpy (lat_read , & response [17] , 10) ;}

188 }else{ // If the latitude is positive :
if( response [18]== '.'){

190 // if the number is between 0 and 9.999999 store the next 8
// positions from the position 17 in the lat_read variable

192 memcpy (lat_read , & response [17] , 8 );}
if( response [19]== '.'){

194 // if the number is between 10.000000 and 90.000000 store the
// next 9 positions from the position 17 in the lat_read // variable

196 memcpy (lat_read , & response [17] , 9 );
}

198 }
// The longitude value will follow the '>' character (this will

200 // depend on the php code):
position = search_char_position (response ,'>');

202 // Searches the position of the '>' character within the response
// array :

204 // Checks if the longitude is negative :
if( response [ position +1]== '-'){

206 if( response [ position +3]== '.'){
// If it 's a number between 0 and -9.999999 store the next 9

208 // positions from character '>' in the lat_read variable
memcpy (lng_read , & response [ position +1] , 9 );

210 // Reads the square side:
memcpy ( square_side_read ,& response [ position +14] ,1) ;}

212 if( response [ position +4]== '.'){
// If it 's a number between -10.000000 and -99.999999 store the

214 // next 10 positions from character '>' in the lat_read variable
memcpy (lng_read , & response [ position +1] , 10 );

216 // Reads the square side:
memcpy ( square_side_read ,& response [ position +15] ,1) ;}

218 if( response [ position +5]== '.'){
// If it 's a number between -100.000000 and -180.000000 store the

220 // next 11 positions from character '>' in the lat_read variable
memcpy (lng_read , & response [ position +1] , 11 );

222 // Reads the square side:
memcpy ( square_side_read ,& response [ position +16] ,1) ;}

224 }else{
// If the longitude is positive :

226 if( response [ position +2]== '.'){
// If it 's a number between 0 and 9.999999 store the next 8

228 // positions from character '>' in the lat_read variable
memcpy (lng_read , & response [ position +1] , 8 );

230 // Reads the square side:
memcpy ( square_side_read ,& response [ position +13] ,1) ;}
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232 else if( response [ position +3]== '.'){
// If it 's a number between 10.000000 and 99.999999 store the

234 // next 10 positions from character '>' in the lat_read variable
memcpy (lng_read , & response [ position +1] , 9 );

236 // Reads the square side:
memcpy ( square_side_read ,& response [ position +14] ,1) ;}

238 else if( response [ position +4]== '.'){
// If it 's a number between 100.000000 and 180.000000 store the

240 // next 11 positions from character '>' in the lat_read variable
memcpy (lng_read , & response [ position +1] , 10 );

242 // Reads the square side:
memcpy ( square_side_read ,& response [ position +15] ,1) ;}

244 }

246 // Convertion of the desired latitude from char array to float :
float desired_lat_float =std :: stof( lat_read );

248 // Convertion of the desired longitude from char array to float :
float desired_lng_float =std :: stof( lng_read );

250 // Convertion of the desired square side from char array to float :
float desired_square_side_float =std :: stof( square_side_read );

252 Serial . print (" Desired latitude float :");
// Prints the desired latitude with 6 decimals digits :

254 Serial . println ( desired_lat_float ,6);
// Prints the desired latitude with 6 decimals digits :

256 Serial . print (" Desired longitude float :");
Serial . println ( desired_lng_float ,6);

258 // Prints the desired square side:
Serial . print (" Desired square side float :");

260 Serial . println ( desired_square_side_float );
}

262 }

264 // Funtion to communicate between the SIM800L and the mobile app:
void communicationAppSIM ()

266 {
// Declaration of a latitude coordinate in degrees :

268 String latitude = " -55.989737 ";
// Declaration of a longitude coordinate in degrees :

270 String longitude = " -77.233243 ";
String warning = "Test warning ";

272
// Declaration of the url in which data will be sent to the database

274 String urlSend ;
// The complete url will be obtained by adding different parameters :

276 urlSend = "http :// shipgpsserver .000 webhostapp .com/ add_current_loc .php?lat=";
// This url is associtated with the server and the implemented php // code

urlSend += latitude ;
278 urlSend += "&lng=";

urlSend += longitude ;
280 urlSend += "& warnings =";

urlSend += warning ;
282 // The url obtained will be // url =" http :// shipgpsserver .000 webhostapp .com/

add_current_loc .php?
// lat= latitude &lng= longitude & warnings =Test warning "

284
// Declaration of the url that contains the information that will

286 // be read by the SIM800L :
String urlRead ;

288
// This url is associtated with the server and the implemented php

290 // code: urlRead =" http :// shipgpsserver .000 webhostapp .com/ display_desired_loc
.php ";

292 sendAT ("AT+ HTTPINIT ", "OK", 2000) ; // Initiates the HTTP service
// Specifies the beared profile identifier :

294 sendAT ("AT+ HTTPPARA =\"CID\" ,1", "OK", 1000) ;

123 Scale boat guidance through mobile application



296 // Specifies the server 's url that contains the information to be
// read: "AT+ HTTPPARA =" URL " ,"" http :// shipgpsserver .000 webhostapp .com/

display_desired_loc .php ""\r");
298 SerialAT . print ("AT+ HTTPPARA =\"URL\" ,\"");

SerialAT . print ( urlRead );
300 sendAT ("\"", "OK", 1000) ;

302 // Sets the GET HTTP method , if the response is 200 it means OK:
sendAT ("AT+ HTTPACTION =0", "0 ,200", 1000) ;

304 delay (1000) ;
// It is important to leave some time between both commands in

306 // order to obtain a proper lecture from the HTTPREAD command
// Reads the content of website with a 10 second timeout :

308 sendHHTPREAD ("AT+ HTTPREAD " ,10000);

310 // Specifies the beared profile identifier :
sendAT ("AT+ HTTPPARA =\"CID\" ,1", "OK", 1000) ;

312
// Specifies the server 's url with the coordinates that will be // sent: "AT+

HTTPPARA =" URL "," http :// shipgpsserver .000 webhostapp .com/ add_current_loc .php?lat=
latitude &lng= longitude "\r");

314 SerialAT . print ("AT+ HTTPPARA =\"URL\" ,\"");
SerialAT . print ( urlSend );

316 sendAT ("\"", "OK", 1000) ;

318 // Sets the GET HTTP method , if the response is 200 it means OK:
sendAT ("AT+ HTTPACTION =0", "0 ,200", 2000) ;

320 sendAT ("AT+ HTTPTERM ", "OK", 1000) ; // Terminates the HTTP service
}

322
// Setup function for the SIM800L module :

324 void setupGSM ()
{

326 Serial . println (" Setup GSM ...");

328 // Initializes the SIM800L serial :
SerialAT . begin (115200 , SERIAL_8N1 , ESP32_RX2_PIN , ESP32_TX2_PIN );

330 delay (3000) ;

332 // Prints the module information :
Serial . println ( modem . getModemInfo ());

334 delay (3000) ;

336 // Initializes the modem by restarting it , it may take a while :
if (! modem . restart ())

338 {
// If the modem initalization fails prints a warning and software

340 // resets the board :
Serial . println (" Restarting GSM\ nModem failed ");

342 delay (10000) ;
ESP. restart ();

344 return ;
}

346 // Displays if the initialization was correct :
Serial . println (" Modem restart OK");

348
// If your SIM card has a code , use modem . simUnlock ( GSM_PIN ) to

350 // unlock it:
/* if( modem . simUnlock ( GSM_PIN ))

352 {
Serial . println (" Failed to unlock SIM ");

354 delay (10000) ;
ESP. restart ();

356 return ;
}
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358 Serial . println (" Sim unlock OK ");*/

360 // Establishes GPRS connection :
if (! modem . gprsConnect (apn , gprsUser , gprsPass ))

362 {
// If the GPRS connection fails prints a warning and software

364 // resets the board :
Serial . println ("GPRS connection \ nFailed ");

366 delay (10000) ;
ESP. restart ();

368 return ;
}

370 // Displays if the GPRS connection was correct :
Serial . println ("GPRS connect OK");

372 }

374 // Function that checks if the SIM800L GPRS disconnects and tries to // reconnect
it:

void verifyGPRSConnection ()
376 {

if ( modem . isGprsConnected ()) // Checks if the GPRS connection is OK
378 {

Serial . println ("GPRS connected ");}
380 else // If it is disconnected :

{
382 Serial . println ("GPRS disconnected ");

Serial . println (" Reconnecting ...");
384

//Re - establishes GPRS connection :
386 if (! modem . gprsConnect (apn , gprsUser , gprsPass ))

{
388 Serial . println ("GPRS connection failed "); // If the GPRS connection fails

delay (5000) ;
390 }

else
392 {

// If the GPRS connection is re - established :
394 Serial . println ("GPRS connection re - established ");

}
396 }

}
398

void setup ()
400 {

Serial . begin (9600) ; // Initializates the usb serial
402 pinMode ( ONOFF_BAT_OUTPUT , OUTPUT );

pinMode ( BUTTON_DETECTOR_INPUT_PUSH_BUTTON , INPUT );
404

// The ON/OFF pin must be set to HIGH as soon as the program starts :
406 digitalWrite ( ONOFF_BAT_OUTPUT , HIGH );

delay (200) ;
408 // The interruption will be executed when a rising egde is detected

// on the BUTTON_DETECTOR_INPUT_PUSH_BUTTON pin:
410 attachInterrupt ( BUTTON_DETECTOR_INPUT_PUSH_BUTTON , turn_off , RISING );

time_aux = millis (); // Initializates the auxiliar time variable
412 setupGSM (); // Initializates the modem and establishes connection

}
414

void loop ()
416 {

// Every 10 seconds verifies the GPRS connection ,
418 // reads the server data and transmit data to the server

if( millis () -time_aux >=20000) {
420 verifyGPRSConnection ();

communicationAppSIM ();
422 time_aux = millis ();
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}
424 }

Listado C.16 – ESP32 code to test the communication between the SIM800L and the mobile app

C.13 State of charge estimation code
# include <Arduino .h>

2 # include <Wire.h>
# include <Adafruit_INA219 .h>

4
// GPIO that detects if the push button is pressed or not:

6 # define BUTTON_DETECTOR_INPUT_PUSH_BUTTON 23
// GPIO that sets the board state (on/off):

8 # define ONOFF_BAT_OUTPUT 13
// Sampling time for the state of charge estimation in ms:

10 # define SAMPLING_TIME_MS 1
// Sampling time for the state of charge estimation in hours :

12 # define SAMPLING_TIME_H 277.78E -9

14 float initial_charge =7000; // Initial battery charge in mAh
float current_battery_charge ; // Battery charge at the current time

16 // Auxiliary variable for the charge estimation 's timer :
unsigned long charge_timer_aux ;

18 unsigned long print_timer_aux ; // Auxiliary variable for the print timer
float battery_current_mA = 0; // Battery 's current in mA

20
// Interrupt rutine , it turns off the board :

22 void turn_off (void){
digitalWrite ( ONOFF_BAT_OUTPUT ,LOW);

24 }

26 Adafruit_INA219 ina219 ; // Declaration of the INA219 object

28 void setup () {
// Power switch circuit initialization :

30 pinMode ( ONOFF_BAT_OUTPUT , OUTPUT );
pinMode ( BUTTON_DETECTOR_INPUT_PUSH_BUTTON , INPUT );

32 digitalWrite ( ONOFF_BAT_OUTPUT , HIGH );
delay (200) ;

34 attachInterrupt ( BUTTON_DETECTOR_INPUT_PUSH_BUTTON , turn_off , RISING );

36 Serial . begin (9600) ; // Initializes the serial communication
if (! ina219 . begin ()) // Checks if the INA219 sensor is detected :

38 {
// If it 's not detected , print the following message and stop the

40 // execution of the program :
Serial . println (" Failed to find INA219 chip");

42 while (1);
}

44 charge_timer_aux = millis (); // Timer initialization
}

46
void loop () {

48 // For every sample period :
if( millis () -charge_timer_aux >= SAMPLING_TIME_MS ){

50 // Implements the state of charge equation :
battery_current_mA = -( ina219 . getCurrent_mA ())*4;

52 current_battery_charge = battery_current_mA * SAMPLING_TIME_MS + initial_charge ;
charge_timer_aux = millis (); // Updates the timer variable

54 }

56 // Displays the battery 's current and charge every 500 ms:
if( millis () -print_timer_aux >=500) {

58 Serial . print (" Current : ");
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Serial . print ( battery_current_mA );
60 Serial . println (" mA");

Serial . print (" Battery charge : ");
62 Serial . print ( current_battery_charge );

Serial . println (" mAh");
64 print_timer_aux = millis (); // Updates the timer variable

}
66 }

Listado C.17 – Code to estimate the battery’s state of charge

C.14 Servo motor test code
# include <Arduino .h>

2 # include <ESP32_Servo .h>

4 # define SERVO_GPIO 25 // Servo GPIO of the ESP32

6 Servo servomotor ; // Creates a servo object

8 int servo_position = 0;// Stores the servo position

10 void setup () {
servomotor . attach ( SERVO_GPIO ); // Attaches the servo to the GPIO

12 }

14 void loop () {
// Goes from 180 to 0 degrees in 1 degree steps :

16 for( servo_position = 180; servo_position >= 0; servo_position -= 1) {
servomotor . write ( servo_position ); // Sets the servo motor angle

18 delay (15); // Waits 15 ms for the servo to reach the position
}

20 }

Listado C.18 – Servo motor test code

C.15 DC motor code
# include <Arduino .h>

2 # include <Wire.h>
# include <Adafruit_GFX .h>

4 # include <Adafruit_SSD1306 .h>

6 // Power switch definitions :
// GPIO that detects if the push button is pressed or not:

8 # define BUTTON_DETECTOR_INPUT_PUSH_BUTTON 23
// GPIO that sets the board state (on/off):

10 # define ONOFF_BAT_OUTPUT 13

12 // Oled display size:
# define SCREEN_WIDTH 128 // OLED display width , in pixels

14 # define SCREEN_HEIGHT 64 // OLED display height , in pixels

16 // Pin that controls the forward movement of the DC motor (PWMF pin in the
// ESP32 diagram ):

18 # define DC_MOTOR_FORWARD_PIN 15
// Pin that controls the backward movement of the DC motor (PWMB pin in the

20 // ESP32 diagram ):
# define DC_MOTOR_BACKWARD_PIN 14

22
// Creates an OLED display object connected to I2C:

24 Adafruit_SSD1306 oled( SCREEN_WIDTH , SCREEN_HEIGHT , &Wire , -1);

26 // DC motor 's state machine states :
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typedef enum{
28 INITIAL_PWM_STATE ,

OFF_TIME_PWM_STATE ,
30 ON_TIME_PWM_STATE

} DC_MOTOR_PWM_STATES ;
32

// Directions of the DC motor :
34 typedef enum{

BACKWARD =0,
36 FORWARD =1

} DC_MOTOR_DIRECTION ;
38

// DC motor states declaration :
40 DC_MOTOR_PWM_STATES dc_motor_pwm_state ;

42 // Function to configure the DC motor operation :
bool dc_motor_set (int duty_cycle , int DC_MOTOR_DIRECTION )

44 {
// PWM input that will be off or on:

46 int on_pwm_input ;
int off_pwm_input ;

48
// Timer for the on and off operation of the motor :

50 unsigned long dc_motor_on_timer ;
unsigned long dc_motor_off_timer ;

52
// Time in ms that the motor will be on:

54 int on_time_PWM =85;
// Time in ms that the motor will be off:

56 int off_time_PWM ;

58 // If the duty cycle is out of this range , warn it:
if( duty_cycle >100 || duty_cycle <0){

60 oled. clearDisplay ();
oled. setTextSize (1);

62 oled. setTextColor ( WHITE );
oled. setCursor (22 ,6);

64 oled. print (" Invalid duty cycle ");
oled. setCursor (22 ,20);

66 oled. display ();
return false ;

68 }

70 // If the motor direction is forward , associates the on input to the forward
pin and the off input to the backward pin:

if( DC_MOTOR_DIRECTION ){
72 int on_pwm_input = DC_MOTOR_FORWARD_PIN ;

int off_pwm_input = DC_MOTOR_BACKWARD_PIN ;
74 }else{// If the motor direction is forward , the opposite is true:

int on_pwm_input = DC_MOTOR_BACKWARD_PIN ;
76 int off_pwm_input = DC_MOTOR_FORWARD_PIN ;

}
78

// Initially sets both inputs to high:
80 digitalWrite ( off_pwm_input , HIGH );

digitalWrite ( on_pwm_input , HIGH );
82

// Calculates the off time depending on the duty cycle :
84 if( duty_cycle <100) {

off_time_PWM = on_time_PWM *(100/ duty_cycle -1);
86 }

// If the duty cycle is 100% , it will be set to 99%:
88 else if( duty_cycle ==100) {

duty_cycle =99;
90 off_time_PWM = on_time_PWM *(100/ duty_cycle -1);

}
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92
// Switches between the DC motor operation states :

94 switch ( dc_motor_pwm_state ){
case INITIAL_PWM_STATE :

96 // Initializes the off timer and switches :
dc_motor_off_timer = millis ();

98 dc_motor_pwm_state = OFF_TIME_PWM_STATE ;

100 case OFF_TIME_PWM_STATE :
// Sets the on input to high and when the off timer ends switches to

102 // the next state :
digitalWrite ( on_pwm_input , HIGH );

104 if( millis () -dc_motor_off_timer >= off_time_PWM ){
dc_motor_on_timer = millis ();

106 dc_motor_pwm_state = ON_TIME_PWM_STATE ;
}

108 // Sets the on input to low and when the on timer ends switches back to
// the initial state :

110 case ON_TIME_PWM_STATE :
digitalWrite ( on_pwm_input ,LOW);

112 if( millis () -dc_motor_on_timer >= on_time_PWM ){
dc_motor_pwm_state = INITIAL_PWM_STATE ;

114 }
}

116 return true;
}

118
void setup ()

120 {
// Power switch circuit ;

122 pinMode ( ONOFF_BAT_OUTPUT , OUTPUT );
pinMode ( BUTTON_DETECTOR_INPUT_PUSH_BUTTON , INPUT );

124 //H- bridge circuit :
pinMode ( DC_MOTOR_FORWARD_PIN , OUTPUT );

126 pinMode ( DC_MOTOR_BACKWARD_PIN , OUTPUT );
// The ON/OFF pin must be set to HIGH as soon as the program starts :

128 digitalWrite ( ONOFF_BAT_OUTPUT , HIGH );
// The PWM inputs must be set to 3.3 V at the beginning :

130 digitalWrite ( DC_MOTOR_FORWARD_PIN , HIGH );
digitalWrite ( DC_MOTOR_BACKWARD_PIN , HIGH );

132
// Sets the inital state of the H- bridge state machine :

134 dc_motor_pwm_state = INITIAL_PWM_STATE ;

136 // Initialize OLED display with I2C address 0x3C:
if (! oled. begin ( SSD1306_SWITCHCAPVCC , 0x3C)) {

138 // If the initialization is not correct stops the program :
Serial . println (" Failed to start SSD1306 OLED");

140 while (1);
}

142 delay (200) ;
oled. clearDisplay (); // Clears display

144 }

146 void loop ()
{

148 //H- bridge test with a 50% duty cycle and forward direction :
dc_motor_set (50 , FORWARD );

150 }

Listado C.19 – Code to control the DC motor through the H-bridge

C.16 Full code
# include <Arduino .h>
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2 # include <Wire.h>
# include <Adafruit_INA219 .h>

4 # include <Adafruit_GFX .h>
# include <Adafruit_SSD1306 .h>

6 # include <Button .h>
# include <TinyGPSPlus .h>

8 # include <HardwareSerial .h>
# include <ESP32_Servo .h>

10 # include <Adafruit_Sensor .h>
# include <Adafruit_LSM303 .h>

12 # include <Adafruit_10DOF .h>
# include <ThreeWire .h>

14 # include <RtcDS1302 .h>
# include <math.h>

16
// Definition of the module we are using , it must be defined before

18 // including the library :
# define TINY_GSM_MODEM_SIM800

20 # include <TinyGsmClient .h>

22 // SIM800L definitions :
# define ESP32_RX2_PIN 16 // RX GPIO of the ESP32 's UART 2

24 # define ESP32_TX2_PIN 17 // TX GPIO of the ESP32 's UART 2
// Define your SIM card code if necessary so it can be unlocked :

26 # define GSM_PIN ""

28 //GY - NEO6MV2 definitions :
// RX GPIO of the ESP32 's UART 1 ( requires reassignment of pins):

30 # define ESP32_RX1_PIN 18
// TX GPIO of the ESP32 's UART 1 ( requires reassignment of pins):

32 # define ESP32_TX1_PIN 19

34 // Power switch definitions :
// GPIO that detects if the push button is pressed or not:

36 # define BUTTON_DETECTOR_INPUT_PUSH_BUTTON 23
// GPIO that sets the board state (on/off):

38 # define ONOFF_BAT_OUTPUT 13
// Rotary definitions :

40 // GPIO connected to the A pin of the rotary encoder :
# define ROTARY_A_INPUT_PIN 2

42 // GPIO connected to the B pin of the rotary encoder :
# define ROTARY_B_INPUT_PIN 27

44 // GPIO connected to the button pin of the rotary encoder :
# define ROTARY_BUTTON_INPUT_PIN 5

46
// DC Motor definitions :

48 // GPIO that controls the forward movement of the DC motor (PWMF pin in
// the ESP32 diagram ):

50 # define DC_MOTOR_FORWARD_PIN 15
// GPIO that controls the backward movement of the DC motor (PWMB pin // in the

ESP32 diagram ):
52 # define DC_MOTOR_BACKWARD_PIN 14

54 // Program upload LEDs definitions :
// GPIO that controls the 2 LEDs that notifies the program upload

56 # define UPLOAD_LEDS_OUTPUT_PIN 6

58 // Servo GPIO of the ESP32 :
# define SERVO_GPIO 25

60
// Front LED definition :

62 # define FRONT_LED 9

64 // DS1302 definitions :
# define DS1302_DAT 12 // GPIO connected to the data pin

66 # define DS1302_CLK 33 // GPIO connected to the clock pin
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# define DS1302_RST 32 // GPIO connected to the data reset
68

// Oled display sizes :
70 # define SCREEN_WIDTH 128 // OLED display width in pixels

# define SCREEN_HEIGHT 64 // OLED display height in pixels
72

// State of battery definitions :
74 // Sampling time for the state of charge estimation in ms:

# define SAMPLING_TIME_MS 1
76 // Sampling time for the state of charge estimation in hours :

# define SAMPLING_TIME_H 277.78E -9
78

// DS1302 variables :
80 // Defines an instance of the three wire method :

ThreeWire myWire ( DS1302_DAT , DS1302_CLK , DS1302_RST );
82 // Constructs a RTCDS1302 object using the ThreeWire instance :

RtcDS1302 <ThreeWire > Rtc( myWire );
84

// Variables to store the date and time:
86 uint8_t current_hour , current_minute , month ;

unsigned long rtc_timer ; // Timer variable for the RTC
88

// SIM800L variables :
90 // Declaration of the GPRS credentials :

const char apn [] = " airtelwap .es"; // Vodafone 's APN
92 const char gprsUser [] = ""; // Only declare it if necessary

const char gprsPass [] = ""; // Only declare it if necessary
94 unsigned long sim800_time_aux ;

float desired_lat_float ; // Desired latitude lecture in float type
96 float desired_lng_float ; // Desired longitude lecture in float type

float desired_square_side_float ; // Desired square side in float type
98 // Desired latitude on the previous lecture :

float previous_desired_lat =0;
100 // Desired longitude on the previous lecture :

float previous_desired_lng =0;
102 // Side of thee square around the desired location [m]:

int square_side =0;
104 String warning = " ";

106 // Creates a HardwareSerial instance for the UART 2 :
HardwareSerial SerialAT (2);

108 // Creates a TinyGsm instance with the name of the UART 1 serial :
TinyGsm modem ( SerialAT );

110
//GY - NEO6MV2 variables :

112 HardwareSerial neogps (1);
TinyGPSPlus gps; // Creates a TinyGPSPlus instance

114 // Flag to indicate if a new gps data was read:
bool new_gps_data_flag = false ;

116 double latitude_gps =0, longitude_gps =0;
double initial_latitude_gps =0, initial_longitude_gps =0;

118
Adafruit_INA219 ina219 ; // Declaration of the INA219 object

120
// INA219 variables :

122 float busvoltage = 0;
float current_mA = 0;

124 unsigned long ina_timer ;

126 // IMU variables :
// Assign a unique ID to the sensors :

128 Adafruit_10DOF imu_sensor = Adafruit_10DOF ();
Adafruit_LSM303_Accel_Unified accelerometer = Adafruit_LSM303_Accel_Unified (30301)

;
130 Adafruit_LSM303_Mag_Unified magnetometer = Adafruit_LSM303_Mag_Unified (30302) ;
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132 // Structures to provide a single sensor event in a common format :
sensors_event_t accelerometer_event ;

134 sensors_event_t magnetometer_event ;
sensors_vec_t orientation ;

136
// Variable to store the ship 's compass :

138 int ship_compass ;
// Variable to store the ship 's roll:

140 int ship_roll ;

142 // Creation of an OLED display object connected to I2C:
Adafruit_SSD1306 oled( SCREEN_WIDTH , SCREEN_HEIGHT , &Wire , -1);

144
// Servo motor variables :

146 Servo servomotor ; // Creates a servo object
int servo_position = 70; // Stores the servo position

148
// DC motor 's state machine states :

150 typedef enum{
INITIAL_PWM_STATE ,

152 OFF_TIME_PWM_STATE ,
ON_TIME_PWM_STATE

154 } DC_MOTOR_PWM_STATES ;

156 // Directions of the DC motor :
typedef enum{

158 BACKWARD =0,
FORWARD =1

160 } DC_MOTOR_DIRECTION ;

162 // DC motor states declaration :
DC_MOTOR_PWM_STATES dc_motor_pwm_state ;

164
// Navigation machine state :

166 typedef enum{
NAVIGATION_STATE_1 ,

168 NAVIGATION_STATE_2 ,
NAVIGATION_STATE_3 ,

170 NAVIGATION_STATE_4 ,
NAVIGATION_STATE_5 ,

172 NAVIGATION_STATE_6 ,
NAVIGATION_STATE_7 ,

174 NAVIGATION_STATE_8 ,
NAVIGATION_STATE_9 ,

176 NAVIGATION_STATE_10 ,
NAVIGATION_STATE_11 ,

178 NAVIGATION_STATE_12 ,
NAVIGATION_STATE_13

180 } NAVIGATION_STATES ;

182 // Navigation states declaration :
NAVIGATION_STATES navigation_state ;

184
// Navigation variables

186 // Time that the boat takes to cover
// the distance of the square side:

188 unsigned long square_side_time , half_square_side_time , distance_time ;
unsigned long square_side_timer_aux , half_square_side_timer_aux ;

190 unsigned long distance_timer_aux ;
const int boat_speed =0.31; // Boat speed with a 0.5 duty cycle [m/s]

192 float desired_orientation , longitude_distance , latitude_distance ;
double desired_angle ;

194 float distance ;

196 // State of charge variables :
float initial_charge =7000; // Initial battery charge in mAh
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198 float current_battery_charge ; // Current battery charge in mAh
float battery_current_mA = 0; // Battery 's current in mA

200 // Auxiliary variable for the charge estimation 's timer :
unsigned long charge_timer_aux ;

202
// Power switch interrupt rutine , it turns off the board

204 void turn_off (void){
digitalWrite ( ONOFF_BAT_OUTPUT ,LOW);

206 }

208 // Functions (they are all developed after the loop):
//H- bridge functions :

210 bool dc_motor_set (int duty_cycle , int DC_MOTOR_DIRECTION );
// State of charge functions :

212 void state_of_charge_estimation ();
// DS1302 functions :

214 void DS1302_initialization ();
void DS1302_time_check ();

216 // GPS functions :
void communicate_gps ();

218 void get_gps_data ();
// IMU functions :

220 void IMU_initialization ();
void get_boat_orientation ();

222 // SIM800L functions :
void setupGSM ();

224 void verifyGPRSConnection ();
bool sendAT (const char* ATcommand , const char* expected_answer , unsigned int

timeout );
226 void sendHHTPREAD (const char* ATcommand , unsigned int timeout );

int communicationAppSIM (void);
228 int search_char_position (char response [], char searched_character );

// Navigation functions :
230 void navigation (void);

232 void setup (){
Serial . begin (9600) ;

234
// Power switch circuit :

236 pinMode ( ONOFF_BAT_OUTPUT , OUTPUT );
pinMode ( BUTTON_DETECTOR_INPUT_PUSH_BUTTON , INPUT );

238 // The ON/OFF pin must be set to HIGH as soon as the program starts :
digitalWrite ( ONOFF_BAT_OUTPUT , HIGH );

240 // Necessary delay so the interrupt doesn 't detect the first push of // the
button :

delay (200) ;
242 // The interruption will be executed when a rising egde is detected // on the

BUTTON_DETECTOR_INPUT_PUSH_BUTTON pin:
attachInterrupt ( BUTTON_DETECTOR_INPUT_PUSH_BUTTON , turn_off , RISING );

244
// Rotary circuit :

246 // Configures the input pins of the rotary as internal pull -ups:
pinMode ( ROTARY_A_INPUT_PIN , INPUT_PULLUP );

248 pinMode ( ROTARY_B_INPUT_PIN , INPUT_PULLUP );
pinMode ( ROTARY_BUTTON_INPUT_PIN , INPUT_PULLUP );

250
// INA219 circuit :

252 if (! ina219 . begin ()){ // Checks if the INA219 sensor is detected :
// If it 's not detected , print the following message and stop the

254 // execution of the program :
Serial . println (" Failed to find INA219 ");

256 while (1) ;}
Serial . println (" INA219 initialized ");

258
// IMU circuit :

260 IMU_initialization ();
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262 // OLED circuit :
// Initialize OLED display with I2C address 0x3C:

264 if (! oled. begin ( SSD1306_SWITCHCAPVCC , 0x3C)){
Serial . println (F(" Failed to start SSD1306 OLED"));

266 while (1);
}

268
delay (200) ; // Waits two seconds for initializing

270 oled. clearDisplay (); // Clear display

272 // Servo motor circuit :
pinMode ( SERVO_GPIO , OUTPUT );

274 servomotor . attach ( SERVO_GPIO ); // Attaches the servo to its GPIO

276 // DC Motor circuit :
pinMode ( DC_MOTOR_FORWARD_PIN , OUTPUT );

278 pinMode ( DC_MOTOR_BACKWARD_PIN , OUTPUT );
digitalWrite ( DC_MOTOR_FORWARD_PIN , HIGH );

280 digitalWrite ( DC_MOTOR_BACKWARD_PIN , HIGH );
// Sets the inital state of the H- bridge state machine :

282 dc_motor_pwm_state = INITIAL_PWM_STATE ;

284 // Front LED:
pinMode (FRONT_LED , OUTPUT );

286 digitalWrite (FRONT_LED ,LOW);

288 // DS1302 initialization :
DS1302_initialization ();

290
// SIM800L initialization :

292 setupGSM ();

294 // GPS initialization :
// Begins UART1 communication for the GY - NEO6MV2 :

296 neogps . begin (9600 , SERIAL_8N1 , ESP32_RX1_PIN , ESP32_TX1_PIN );

298 // Timer variables initialization :
ina_timer = millis ();

300 sim800_time_aux = millis ();
}

302
void loop () {

304 // Obtains the battery current and voltage :
busvoltage = ina219 . getBusVoltage_V ();

306 // The current is multiplied by 4 because we are using 4 parallel
// resistors :

308 current_mA = 4*( ina219 . getCurrent_mA ());

310 // If the current is too high , goes to the navigation state 13:
if( current_mA >11000) {

312 navigation_state = NAVIGATION_STATE_13 ;
}

314
// Checks the time and turns on the front LED if necessary :

316 DS1302_time_check ();

318 // Estimates the state of charge :
state_of_charge_estimation ();

320
// Reads raw data from the GPS:

322 communicate_gps ();

324 if( millis () -sim800_time_aux >=10000) {
verifyGPRSConnection ();

326 communicationAppSIM ();
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sim800_time_aux = millis ();
328 }

330 // Executes the navigation algorithm :
navigation ();

332 }

334 // ------------------FUNCTIONS -----------------
// Function to configure the DC motor operation :

336 bool dc_motor_set (int duty_cycle , int DC_MOTOR_DIRECTION )
{

338 // PWM input that will be off or on:
int on_pwm_input ;

340 int off_pwm_input ;

342 // Timer for the on and off operation of the motor :
unsigned long dc_motor_on_timer ;

344 unsigned long dc_motor_off_timer ;

346 // Time in ms that the motor will be on:
int on_time_PWM =85;

348 // Time in ms that the motor will be off:
int off_time_PWM ;

350
// If the duty cycle is out of this range , warn it:

352 if( duty_cycle >100 || duty_cycle <0){
oled. clearDisplay ();

354 oled. setTextSize (1);
oled. setTextColor ( WHITE );

356 oled. setCursor (22 ,6);
oled. print (" Invalid duty cycle ");

358 oled. setCursor (22 ,20);
oled. display ();

360 return false ;
}

362
// If the motor direction is forward , associates the on input to the

364 // forward pin and the off input to the backward pin:
if( DC_MOTOR_DIRECTION ){

366 int on_pwm_input = DC_MOTOR_FORWARD_PIN ;
int off_pwm_input = DC_MOTOR_BACKWARD_PIN ;

368 }else{// If the motor direction is forward , the opposite is true:
int on_pwm_input = DC_MOTOR_BACKWARD_PIN ;

370 int off_pwm_input = DC_MOTOR_FORWARD_PIN ;
}

372
// Initially sets both inputs to high:

374 digitalWrite ( off_pwm_input , HIGH );
digitalWrite ( on_pwm_input , HIGH );

376
// Calculates the off time depending on the duty cycle :

378 if( duty_cycle <100) {
off_time_PWM = on_time_PWM *(100/ duty_cycle -1);

380 }
// If the duty cycle is 100% , it will be set to 99%:

382 else if( duty_cycle ==100) {
duty_cycle =99;

384 off_time_PWM = on_time_PWM *(100/ duty_cycle -1);
}

386
// Switches between the DC motor operation states :

388 switch ( dc_motor_pwm_state ){
case INITIAL_PWM_STATE :

390 // Initializes the off timer and switches :
dc_motor_off_timer = millis ();

392 dc_motor_pwm_state = OFF_TIME_PWM_STATE ;
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394 case OFF_TIME_PWM_STATE :
// Sets the on input to high and when the off timer ends switches

396 // to the next state :
digitalWrite ( on_pwm_input , HIGH );

398 if( millis () -dc_motor_off_timer >= off_time_PWM ){
dc_motor_on_timer = millis ();

400 dc_motor_pwm_state = ON_TIME_PWM_STATE ;
}

402 // Sets the on input to low and when the on timer ends switches
// back to the initial state :

404 case ON_TIME_PWM_STATE :
digitalWrite ( on_pwm_input ,LOW);

406 if( millis () -dc_motor_on_timer >= on_time_PWM ){
dc_motor_pwm_state = INITIAL_PWM_STATE ;

408 }
}

410 return true;
}

412 // Function to estimate the battery state of charge :
void state_of_charge_estimation (){

414 // For every sample period :
if( millis () -charge_timer_aux >= SAMPLING_TIME_MS ){

416 // Implements the state of charge equation :
battery_current_mA = -( ina219 . getCurrent_mA ())*4;

418 current_battery_charge = battery_current_mA * SAMPLING_TIME_MS + initial_charge ;
charge_timer_aux = millis (); // Updates the timer variable

420 }

422 // If the battery capacity reaches 40% , notify the user and returns
// to the initial position :

424 if( current_battery_charge <=2800) {
warning ="Low battery , returning ";

426 desired_lat_float = initial_latitude_gps ;
desired_lng_float = initial_longitude_gps ;

428 }

430 // If the battery capacity reaches 25% , notify the user:
if( current_battery_charge <=1750) {

432 warning ="Boat will turn off soon";
}

434
// If the battery capacity reaches 20% , turns the board off:

436 if( current_battery_charge <=1400) {
digitalWrite ( ONOFF_BAT_OUTPUT ,LOW);

438 }
}

440 // Function to initializate the DS1302 RTC:
void DS1302_initialization (){

442 Rtc. Begin (); // RTC library initialization
// Creates a RtcDateTime instance from the compilation date and

444 // time:
RtcDateTime compiled = RtcDateTime (__DATE__ , __TIME__ );

446 Serial . println (); // Prints an empty line

448 // Checks if the date and time values of the RTC are valid :
if (! Rtc. IsDateTimeValid ()){

450 // If they are not valid , prints a warning and sets the RTC
// time to the time and date of compilation :

452 Serial . println ("RTC lost confidence in the DateTime !");
Rtc. SetDateTime ( compiled );

454 }
// Checks if the RTC was write protected :

456 if (Rtc. GetIsWriteProtected ()){
// If it was , prints a warning en disables the write protection :

458 Serial . println ("RTC was write protected , enabling writing now");
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Rtc. SetIsWriteProtected ( false );
460 }

// Checks if the clock is running on the RTC:
462 if (! Rtc. GetIsRunning ()){

// If it wasn 't, prints a warning a starts running it:
464 Serial . println ("RTC was not actively running , starting now");

Rtc. SetIsRunning (true);
466 }

// Creates a RTCDateTime instance and stores the the RTC 's date
468 // and time:

RtcDateTime now = Rtc. GetDateTime ();
470

// Cheks if the RTC time is older than the compiled time:
472 if (now < compiled ){

// If that 's the case , prints a warning a sets the RTC time to
474 // the time and date of compilation :

Serial . println ("RTC is older than compile time! ( Updating DateTime )");
476 Rtc. SetDateTime ( compiled );

}
478 // Checks if the RTC time is newer than the compiled time:

else if (now > compiled ){
480 // If that 's the case , prints a notice :

Serial . println ("RTC is newer than compile time. (this is expected )");
482 }

// Checks if the RTC time is the same as the compiled time:
484 else if (now == compiled )

{
486 // If that 's the case , prints a notice (it is unlikely but

//it 's not a problem ):
488 Serial . println ("RTC is the same as compile time! (not expected but all

is fine)");
}

490 rtc_timer = millis ();
}

492 // Function to control the front LED:
void DS1302_time_check (){

494 if( millis () -rtc_timer >=60000) {
// Updates the time and date of the now instance :

496 RtcDateTime now = Rtc. GetDateTime ();
// Stores the date and time in their corresponding date and time

498 // variables :
month =now. Month ();

500 current_hour =now.Hour ();
current_minute =now. Minute ();

502 rtc_timer = millis ();
}

504
if(month >=10 || month <=3){

506 if( current_hour >=18 || current_hour <=9){
digitalWrite (FRONT_LED , HIGH );

508 }else{
digitalWrite (FRONT_LED ,LOW);

510 }
}

512 else if( current_hour >=20 || current_hour <=8){
digitalWrite (FRONT_LED , HIGH );

514 }else{
digitalWrite (FRONT_LED ,LOW);

516 }
}

518 // Function to read raw data from the GPS module :
void communicate_gps (){

520 // During one second , if the UART1 is available it will read the GPS
// data:

522 for( unsigned long gps_timer_aux = millis (); millis () -gps_timer_aux <1000;) {
while ( neogps . available ()){
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524 // Reads and decodes the raw NMEA data to GPS coordinates :
if(gps. encode ( neogps .read ())){

526 new_gps_data_flag = true; // Updates de gps flag
}

528 }
}

530 // If a new GPS data has been received , calls the print_gps_data
// function :

532 if( new_gps_data_flag ){
new_gps_data_flag = false ; // Updates gps flag

534 get_gps_data ();
}

536 // If no data has been received , prints a warning :
else{

538 oled. clearDisplay ();
oled. setTextColor ( SSD1306_WHITE );

540 oled. setCursor (2, 5);
oled. setTextSize (1);

542 oled. print (" Warning : no GPS data");
oled. display ();

544 }
}

546 // Function that gets the GPS latitude and longitude :
void get_gps_data (){

548 // If the gps location is valid , prints the latitude and longitude :
if(gps. location . isValid ()){

550
if( latitude_gps ==0 && longitude_gps ==0){

552 initial_latitude_gps =gps. location .lat ();
initial_longitude_gps =gps. location .lng ();

554 latitude_gps = initial_latitude_gps ;
longitude_gps = initial_longitude_gps ;

556 }else{
latitude_gps =gps. location .lat ();

558 longitude_gps =gps. location .lng ();
}

560 }
// If the GPS location is not valid , warn it:

562 else{
oled. setCursor (2, 5);

564 oled. setTextSize (1);
oled. print (" Invalid location ");

566 oled. display ();
}

568 }
// Function to initialize the magnetometer and accelerometer :

570 void IMU_initialization ()
{

572 // Initializes the accelerometer :
if (! accelerometer . begin ())

574 {
// If it is not detected , shows a warning and stops the program :

576 Serial . println (F(" LSM303 acceleromter not detected "));
while (1);

578 }
// Initializes the magnetometer :

580 if (! magnetometer . begin ())
{

582 // If it is not detected , shows a warning and stops the program :
Serial . println (" LSM303 magnetometer not detected ");

584 while (1);
}

586 }
// Function to get the boat 's orientation through the IMU:

588 void get_boat_orientation (){
// Gets a new accelerometer event :
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590 accelerometer . getEvent (& accelerometer_event );
// Gets the roll and the pitch :

592 if( imu_sensor . accelGetOrientation (& accelerometer_event , & orientation ))
{

594 // If the operation is correct , gets the roll:
ship_roll = orientation .roll;

596 // If the roll is less than 16 :
if(ship_roll <=15) {

598 navigation_state = NAVIGATION_STATE_12 ;
}

600
}

602 // Gets a new magnetometer event :
magnetometer . getEvent (& magnetometer_event );

604 // Gets the boat 's heading :
if ( imu_sensor . magGetOrientation ( SENSOR_AXIS_Y , & magnetometer_event , &

orientation )){
606 // Subtracts 90 to the heading so it is equal to the compass ' angle :

ship_compass = orientation .heading -90;
608 // Adjusts the compass value so it ranges from 0 to 360 :

if ( ship_compass <0){
610 ship_compass = 360 + ship_compass ;

}
612 }

}
614 // Setup function for the SIM800L module :

void setupGSM (){
616 Serial . println (" Setup GSM ...");

618 // Initializes the SIM800L serial :
SerialAT . begin (115200 , SERIAL_8N1 , ESP32_RX2_PIN , ESP32_TX2_PIN );

620 delay (3000) ;

622 // Prints the module information :
Serial . println ( modem . getModemInfo ());

624 delay (3000) ;

626 // Initializes the modem by restarting it , it may take a while :
if (! modem . restart ()){

628 // If the modem initalization fails prints a warning and software
// resets the board :

630 Serial . println (" Restarting GSM\ nModem failed ");
oled. clearDisplay ();

632 oled. setTextSize (1);
oled. setTextColor ( WHITE );

634 oled. setCursor (22 ,6);
oled. print (" Modem failed , restart ");

636 oled. display ();
delay (10000) ;

638 ESP. restart ();
return ;

640 }
// Displays if the initialization was correct :

642 Serial . println (" Modem restart OK");
oled. clearDisplay ();

644 oled. setTextSize (1);
oled. setTextColor ( WHITE );

646 oled. setCursor (22 ,6);
oled. print (" Restart OK");

648 oled. display ();

650 // If your SIM card has a code , use modem . simUnlock ( GSM_PIN ) to
// unlock it:

652 /* if( modem . simUnlock ( GSM_PIN )){
Serial . println (" Failed to unlock SIM ");

654 delay (10000) ;
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ESP. restart ();
656 return ;

}
658 Serial . println (" Sim unlock OK ");*/

660 // Establishes GPRS connection :
if (! modem . gprsConnect (apn , gprsUser , gprsPass )){

662 // If the GPRS connection fails prints a warning and software
// resets the board :

664 Serial . println ("GPRS connection \ nFailed ");
oled. clearDisplay ();

666 oled. setTextSize (1);
oled. setTextColor ( WHITE );

668 oled. setCursor (22 ,6);
oled. print ("GPRS failed ");

670 oled. display ();
delay (10000) ;

672 ESP. restart ();
return ;

674 }
// Displays if the GPRS connection was correct :

676 Serial . println ("GPRS connect OK");
oled. clearDisplay ();

678 oled. setTextSize (1);
oled. setTextColor ( WHITE );

680 oled. setCursor (22 ,6);
oled. print ("GPRS OK");

682 oled. display ();
}

684 // Function that checks if the SIM800L GPRS disconnects and tries to // reconnect
it:

void verifyGPRSConnection (){
686 // Checks if the GPRS connection is OK:

if ( modem . isGprsConnected ()){
688 Serial . println ("GPRS connected ");}

else{ // If it is disconnected :
690 Serial . println ("GPRS disconnected ");

Serial . println (" Reconnecting ...");
692 //Re - establishes GPRS connection :

if (! modem . gprsConnect (apn , gprsUser , gprsPass )){
694 // If the GPRS connection fails :

Serial . println ("GPRS connection failed ");
696 }

else{
698 // If the GPRS connection is re - established :

Serial . println ("GPRS connection re - established ");
700 }

}
702 }

// Function that sends the specified AT command with a timeout and // checks if
the response is correct :

704 bool sendAT (const char* ATcommand , const char* expected_answer , unsigned int
timeout ){

706 uint8_t i=0; // Auxiliar variable for the do while loop
// Flag variable to indicate if the command was answered :

708 bool answerFlag =0;
// Char array that stores the answer to the command :

710 char answer [100];
// Auxiliar timer variable that stores the time before the do while

712 // loop started :
unsigned long previous ;

714
// Initializes the answer array to null characters :

716 memset (answer , '\0 ', 100);
// Cleans the input buffer :
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718 while ( SerialAT . available () > 0) SerialAT .read ();
delay (100) ;

720
// Checks if the AT command 's first character is not null has

722 // content and sends it:
if ( ATcommand [0] != '\0 '){

724 SerialAT . println ( ATcommand ); // Send the AT command
}

726
previous = millis (); // Stores the time at which the do loop started

728
// Reads serial data if the serial is available until an answer is

730 // received or the timeout is reached :
do{

732 // Checks if there is data in the UART input buffer , if there is
// it reads it and compare it with the expected answer :

734 if( SerialAT . available () != 0){
// Each character is stored in each of the array 's position :

736 answer [i] = SerialAT .read ();
// The position in the array is increased each iteration of

738 // the loop:
i++;

740 // If the desired answer is received it is indicated
// through the answer flag

742 if( strstr (answer , expected_answer ) != NULL){
answerFlag = 1;

744 }
}

746 }
// Checks if the expected answer is received or if the timeout has

748 // been reached :
while (( answerFlag == 0) && (( millis () - previous ) < timeout ));

750
Serial . println ( answer ); // Prints the answer

752 return answerFlag ; // Returns the answer flag
}

754 // Specific function to send the HTTPREAD comment and extract the data:
void sendHHTPREAD (const char* ATcommand , unsigned int timeout ){

756
uint8_t i=0; // Auxiliar variable for the do while loop

758 char response [100]; // Char array that stores the response to the
command

char response_check [12]; // Part of the response array that will be used to
check the response to the command

760 char lat_read [11]; // Desired latitude lecture
char lng_read [12]; // Desired longitude lecture

762 char square_side_read [2]; // Desired square side lecture
unsigned long previous ; // Auxiliar timer variable that stores the time

before the do while loop started
764 int position ; // Position of a specific character within an char

array
previous_desired_lat = desired_lat_float ; // Stores the last desired latitude

lecture
766 previous_desired_lng = desired_lng_float ; // Stores the last desired longitude

lecture

768 // Initializes the char arrays to null characters
memset (response , '\0 ', 100);

770 memset ( response_check ,'\0 ' ,12);
memset (lat_read ,'\0 ' ,11);

772 memset (lng_read ,'\0 ' ,12);
memset ( square_side_read ,'\0 ' ,2);

774
while ( SerialAT . available () > 0) SerialAT .read (); // Cleans the input buffer

776 delay (100) ;
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778 // Checks if the AT command 's first character is not null has content and
sends it:

if ( ATcommand [0] != '\0 '){
780 SerialAT . println ( ATcommand ); // Sends the AT command

}
782

previous = millis (); // Stores the time at which the do loop started
784

// Reads serial data if the serial is available until the timeout is reached :
786 do{

// Checks if there is data in the UART input buffer , if there is it reads
it and compare it:

788 if( SerialAT . available () != 0){
response [i] = SerialAT .read (); // Each character is stored in each of

the array 's position
790 i++; // The position in the array is increased each iteration of the

loop
}

792 } while ((( millis () - previous ) < timeout )); // Checks if the timeout has been
reached

794 memcpy ( response_check ,& response [8] ,11); // Stores 11 characters from the 8th
position of the response into the response_check array

if( strcmp ( response_check , "+ HTTPACTION ") == 0){ // Checks if the response is +
HTTPACTION , if that is the case it is reading the previous command 's response
and the coordenates ' lecure will be incorrect

796 Serial . println (" UNABLE TO READ THE DESIRED LOCATION ");
return ;

798 }
else{ // If the response is not + HTTPACTION then the lecture will is correct :

800 Serial . println ( response ); // Prints the whole response
// In the whole response , the actual values of latitude and longitude start

from position 17 of the array (this will depend on the php code):
802 if( response [17]== '-'){ // Checks if the latitude is negative

if( response [19]== '.'){ // If it 's a number between 0 and -9.999999 store
the next 9 positions from position 17 in the lat_read variable

804 memcpy (lat_read , & response [17] , 9) ;}
if( response [20]== '.'){ // If it 's a number between -10.000000 and

-90.000000 store the next 10 positions from the position 17 in the lat_read
variable

806 memcpy (lat_read , & response [17] , 10) ;}
}else{ // If the latitude is positive :

808 if( response [18]== '.'){ // if the number is between 0 and 9.999999 store the
next 8 positions from the position 17 in the lat_read variable

memcpy (lat_read , & response [17] , 8 );}
810 if( response [19]== '.'){ // if the number is between 10.000000 and 90.000000

store the next 9 positions from the position 17 in the lat_read variable
memcpy (lat_read , & response [17] , 9 );

812 }
}

814 // The longitude value will follow the '>' character (this will depend on the
php code):

position = search_char_position (response ,'>'); // Searches the position of the
'>' character within the response array

816 if( response [ position +1]== '-'){ // Checks if the longitude is negative
if( response [ position +3]== '.'){ // If it 's a number between 0 and -9.999999

store the next 9 positions from character '>' in the lat_read variable
818 memcpy (lng_read , & response [ position +1] , 9 );

memcpy ( square_side_read ,& response [ position +14] ,1) ;}
820 if( response [ position +4]== '.'){ // If it 's a number between -10.000000 and

-99.999999 store the next 10 positions from character '>' in the lat_read
variable

memcpy (lng_read , & response [ position +1] , 10 );
822 memcpy ( square_side_read ,& response [ position +15] ,1) ;}

if( response [ position +5]== '.'){ // If it 's a number between -100.000000 and
-180.000000 store the next 11 positions from character '>' in the lat_read
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variable
824 memcpy (lng_read , & response [ position +1] , 11 );

memcpy ( square_side_read ,& response [ position +16] ,1) ;}
826 }else{ // If the longitude is poitive :

if( response [ position +2]== '.'){ // If it 's a number between 0 and 9.999999
store the next 8 positions from character '>' in the lat_read variable

828 memcpy (lng_read , & response [ position +1] , 8 );
memcpy ( square_side_read ,& response [ position +13] ,1) ;}

830 else if( response [ position +3]== '.'){ // If it 's a number between 10.000000
and 99.999999 store the next 10 positions from character '>' in the lat_read
variable

memcpy (lng_read , & response [ position +1] , 9 );
832 memcpy ( square_side_read ,& response [ position +14] ,1) ;}

else if( response [ position +4]== '.'){ // If it 's a number between 100.000000
and 180.000000 store the next 11 positions from character '>' in the lat_read
variable

834 memcpy (lng_read , & response [ position +1] , 10 );
memcpy ( square_side_read ,& response [ position +15] ,1) ;}

836 }

838 float desired_lat_float = std :: stof( lat_read ); // Convertion of the desired
latitude from char array to float

float desired_lng_float = std :: stof( lng_read ); // Convertion of the desired
longitude from char array to float

840 float desired_square_side_float =std :: stof( square_side_read ); // Convertion of
the desired square side from char array to float

Serial . print (" Desired latitude float :");
842 Serial . println ( desired_lat_float ,6); // Prints the desired latitude with 6

decimals digits
Serial . print (" Desired longitude float :");

844 Serial . println ( desired_lng_float ,6); // Prints the desired latitude with 6
decimals digits

Serial . print (" Desired square side float :");
846 Serial . println ( desired_square_side_float ); // Prints the desired square side

}
848 }

// Funtion to communicate between the SIM800L and the mobile app:
850 int communicationAppSIM ()

{
852 String latitude = String ( latitude_gps ,6); // Declaration of a latitude

coordinate in degrees
String longitude = String ( longitude_gps ,6); // Declaration of a longitude

coordinate in degrees
854

String urlSend ; // Declaration of the url in which data will be sent to the
database

856 // The complete url will be obtained by adding different parameters :
urlSend = "http :// shipgpsserver .000 webhostapp .com/ add_current_loc .php?lat=";

// This url is associtated with the server and the implemented php code
858 urlSend += latitude ;

urlSend += "&lng=";
860 urlSend += longitude ;

urlSend += "& warnings =";
862 urlSend += warning ;

// The url obtained will be url =" http :// shipgpsserver .000 webhostapp .com/
add_current_loc .php?lat= latitude &lng= longitude & warnings =Test warning "

864
String urlRead ; // Declaration of the url that contains the information that

will be read by the SIM800L
866 urlRead ="http :// shipgpsserver .000 webhostapp .com/ display_desired_loc .php"; //

This url is associtated with the server and the implemented php code

868 sendAT ("AT+ HTTPINIT ", "OK", 2000) ; // Initiates the HTTP service
sendAT ("AT+ HTTPPARA =\"CID\" ,1", "OK", 1000) ; // Specifies the beared profile

identifier
870
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// Specifies the server 's url that contains the information to be read: "AT+
HTTPPARA =" URL " ,"" http :// shipgpsserver .000 webhostapp .com/ display_desired_loc .php
""\r");

872 SerialAT . print ("AT+ HTTPPARA =\"URL\" ,\"");
SerialAT . print ( urlRead );

874 sendAT ("\"", "OK", 1000) ;

876 sendAT ("AT+ HTTPACTION =0","0 ,200", 1000) ; // Sets the GET HTTP method , if the
response is 200 it means OK

878 delay (1000) ; // It is important to leave some time between both commands in
order to obtain a proper lecture from the HTTPREAD command

sendHHTPREAD ("AT+ HTTPREAD " ,10000); // Reads the content of website with a 10
second timeout

880
sendAT ("AT+ HTTPPARA =\"CID\" ,1","OK", 1000) ; // Specifies the beared profile

identifier
882

// Specifies the server 's url with the coordinates that will be sent: "AT+
HTTPPARA =" URL "," http :// shipgpsserver .000 webhostapp .com/ add_current_loc .php?lat=
latitude &lng= longitude "\r");

884 SerialAT . print ("AT+ HTTPPARA =\"URL\" ,\"");
SerialAT . print ( urlSend );

886 sendAT ("\"","OK" ,1000);

888 sendAT ("AT+ HTTPACTION =0","0 ,200" ,2000); // Sets the GET HTTP method , if the
response is 200 it means OK

sendAT ("AT+ HTTPTERM ","OK" ,1000); // Terminates the HTTP service
890

return 1;
892 }

// Function that return the position of certain character in a char array :
894 int search_char_position (char response [], char searched_character ){

896 int length = strlen ( response ); // Obtains the number of characters of the array
for(int i=0; i< length ; i++) { // For each position of the array checks if the

character is equal to the one searched
898 if( response [i] == searched_character ) {

return i; // If the character is contained in the array it returns its
position

900 }
}

902 return -1; // If the character isn 't contained in the array it returns -1
}

904 // Navigation algorithm :
void navigation (void){

906 // The state 2 is executed if a new desired location is read:
if( desired_lat_float != previous_desired_lat || desired_lng_float !=

previous_desired_lng ){
908 navigation_state = NAVIGATION_STATE_2 ;

}
910

// Defines the maximum position error , which corresponds to 2 m approx .
912 const float maximum_position_error =0.00002;

// Defines the maximum position error when describing a square around the
position , which corresponds to 10 m approx .

914 const float maximum_square_error =0.00009;

916 switch ( navigation_state ){
case NAVIGATION_STATE_1 :

918 // Sets the rudder in the middle position :
servo_position =70;

920 servomotor . write ( servo_position );
// The boat does not move:

922 dc_motor_set (0, FORWARD );
// If a new desired location is read , switches to state 2:
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924 if( desired_lat_float != previous_desired_lat || desired_lng_float !=
previous_desired_lng ){

navigation_state = NAVIGATION_STATE_2 ;
926 }

928 case NAVIGATION_STATE_2 :
// Checks if the boat is not the desired position with a 2 m error range :

930 if(abs( latitude_gps - desired_lat_float )>maximum_position_error || abs(
longitude_gps - desired_lng_float )>maximum_position_error ){

// If it is not around the desired position , switches to state 6:
932 navigation_state = NAVIGATION_STATE_6 ;

}else{
934 // Calculates the time it takes to cover half of the square side around

the position :
half_square_side_time = square_side /2/ boat_speed ;

936 // Switches to state 3:
navigation_state = NAVIGATION_STATE_3 ;

938 // Initalizates the timer :
half_square_side_timer_aux = millis ();

940 }

942 // The boat moves from the desired position to the center of one of the
square sides :

case NAVIGATION_STATE_3 :
944 // Sets the rudder in the middle position :

servo_position =70;
946 servomotor . write ( servo_position );

// Turns the DC motor on with a 50% duty cycle :
948 dc_motor_set (50 , FORWARD );

// If the time finishes , starts turning the boat:
950 if( millis () -half_square_side_timer_aux >= half_square_side_time ){

// Switches to state 4:
952 navigation_state = NAVIGATION_STATE_4 ;

// Turns the DC motor on with a 10% duty cycle :
954 dc_motor_set (10 , FORWARD );

// Turns the rudder to one of the sides :
956 servo_position =0;

servomotor . write ( servo_position );
958 // Subtracts 90 to the compass to turn the boat 90 :

desired_orientation = ship_compass -90;
960 // Adjusts the orientation value so it ranges from 0 to 360 :

if( desired_orientation <0){
962 desired_orientation =360+ desired_orientation ;

}
964 }

// If it is too far from the desired position , switches to state 9:
966 if(abs( latitude_gps - desired_lat_float )>maximum_square_error || abs(

longitude_gps - desired_lng_float )>maximum_square_error ){
navigation_state = NAVIGATION_STATE_9 ;

968 }

970 // Turns 90 and starts moving straight :
case NAVIGATION_STATE_4 :

972 servo_position =0;
servomotor . write ( servo_position );

974 dc_motor_set (10 , FORWARD );
// If the desired orientation is reached within a 2 degrees error :

976 if(abs( desired_orientation - ship_compass ) <=2){
// Makes the boat move straight :

978 servo_position =70;
servomotor . write ( servo_position );

980 dc_motor_set (50 , FORWARD );
half_square_side_time = square_side /2/ boat_speed ;

982 navigation_state = NAVIGATION_STATE_5 ;
half_square_side_timer_aux = millis ();

984 }
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// If it is too far from the desired position , switches to state 9:
986 if(abs( latitude_gps - desired_lat_float )>maximum_square_error || abs(

longitude_gps - desired_lng_float )>maximum_square_error ){
navigation_state = NAVIGATION_STATE_9 ;

988 }

990 // The boat goes from the half of the square side to one of the square
corners :

case NAVIGATION_STATE_5 :
992 servo_position =70;

servomotor . write ( servo_position );
994 dc_motor_set (50 , FORWARD );

// If the time to cover half of the square side ends , starts turning the
boat:

996 if( millis () -half_square_side_timer_aux >= half_square_side_time ){
navigation_state = NAVIGATION_STATE_6 ;

998 dc_motor_set (10 , FORWARD );
servo_position =0;

1000 servomotor . write ( servo_position );
// Subtracts 90 to the compass to turn the boat 90 :

1002 desired_orientation = ship_compass -90;
// Adjusts the orientation value so it ranges from 0 to 360 :

1004 if( desired_orientation <0){
desired_orientation =360+ desired_orientation ;

1006 }
}

1008 // If it is too far from the desired position , switches to state 9:
if(abs( latitude_gps - desired_lat_float )>maximum_square_error || abs(

longitude_gps - desired_lng_float )>maximum_square_error ){
1010 navigation_state = NAVIGATION_STATE_9 ;

}
1012

// Turns 90 and starts moving straight :
1014 case NAVIGATION_STATE_6 :

servo_position =0;
1016 servomotor . write ( servo_position );

dc_motor_set (10 , FORWARD );
1018 // If the desired orientation is reached within a 2 degrees error :

if(abs( desired_orientation - ship_compass ) <2){
1020 servo_position =70;

servomotor . write ( servo_position );
1022 dc_motor_set (50 , FORWARD );

// Calculates the time to cover the square side:
1024 square_side_time = square_side / boat_speed ;

navigation_state = NAVIGATION_STATE_7 ;
1026 square_side_timer_aux = millis ();

}
1028 // If it is too far from the desired position , switches to state 9:

if(abs( latitude_gps - desired_lat_float )>maximum_square_error || abs(
longitude_gps - desired_lng_float )>maximum_square_error ){

1030 navigation_state = NAVIGATION_STATE_9 ;
}

1032
// The boat moves from one corner to the next one of the square :

1034 case NAVIGATION_STATE_7 :
servo_position =70;

1036 servomotor . write ( servo_position );
dc_motor_set (50 , FORWARD );

1038 // If the time to cover the square side ends , starts turning the boat:
if( millis () -square_side_timer_aux >= square_side_time ){

1040 navigation_state = NAVIGATION_STATE_8 ;
dc_motor_set (10 , FORWARD );

1042 servo_position =0;
servomotor . write ( servo_position );

1044 // Subtracts 90 to the compass to turn the boat 90 :
desired_orientation = ship_compass -90;
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1046 // Adjusts the orientation value so it ranges from 0 to 360 :
if( desired_orientation <0){

1048 desired_orientation =360+ desired_orientation ;
}

1050 }
// If it is too far from the desired position , switches to state 9:

1052 if(abs( latitude_gps - desired_lat_float )>maximum_square_error || abs(
longitude_gps - desired_lng_float )>maximum_square_error ){

navigation_state = NAVIGATION_STATE_9 ;
1054 }

1056 // Turns 90 , starts moving straight and goes back to state 7 unless it
deviates too much from the desired location

// or a new desired location is specified :
1058 case NAVIGATION_STATE_8 :

servo_position =0;
1060 servomotor . write ( servo_position );

dc_motor_set (10 , FORWARD );
1062 // If the desired orientation is reached within a 2 degrees error :

if(abs( desired_orientation - ship_compass ) <2){
1064 servo_position =70;

servomotor . write ( servo_position );
1066 dc_motor_set (50 , FORWARD );

// Calculates the time to cover the square side:
1068 square_side_time = square_side / boat_speed ;

navigation_state = NAVIGATION_STATE_7 ;
1070 square_side_timer_aux = millis ();

}
1072 // If it is too far from the desired position , switches to state 9:

if(abs( latitude_gps - desired_lat_float )>maximum_square_error || abs(
longitude_gps - desired_lng_float )>maximum_square_error ){

1074 navigation_state = NAVIGATION_STATE_9 ;
}

1076
// If the boat is not around the desired location , calculates the angle and

distance to it:
1078 case NAVIGATION_STATE_9 :

// Calculates the distance in the x and y axis:
1080 latitude_distance = desired_lat_float - latitude_gps ;

longitude_distance = desired_lng_float - longitude_gps ;
1082 // Desired boat 's angle calculation in sexagesimal degrees :

desired_angle =atan (( double ) longitude_distance / latitude_distance ) *180/
M_PI;

1084 // If the desired location is in the first quadrant :
if( latitude_distance >0 && longitude_distance >0){

1086 desired_orientation =90 - desired_angle ;
}

1088 // If the desired location is in the second quadrant :
else if( latitude_distance <0 && longitude_distance >0){

1090 desired_orientation =270 - desired_angle ;
}

1092 // If the desired location is in the third quadrant :
else if( latitude_distance <0 && longitude_distance <0){

1094 desired_orientation =270 - desired_angle ;
}

1096 // If the desired location is in the fourth quadrant :
else if( latitude_distance >0 && longitude_distance <0){

1098 desired_orientation =90 - desired_angle ;
}

1100 // Calculates the distance in a straight line to the desired location :
distance =sqrt( latitude_distance * latitude_distance + longitude_distance *

longitude_distance );
1102 servo_position =0;

servomotor . write ( servo_position );
1104 dc_motor_set (10 , FORWARD );

navigation_state = NAVIGATION_STATE_10 ;
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1106
// The boat is turned until it reaches the necessary orientation :

1108 case NAVIGATION_STATE_10 :
servo_position =0;

1110 servomotor . write ( servo_position );
dc_motor_set (10 , FORWARD );

1112 // If the desired orientation is reached within a 2 degrees error :
if(abs( desired_orientation - ship_compass ) <2){

1114 servo_position =70;
servomotor . write ( servo_position );

1116 dc_motor_set (50 , FORWARD );
// Calculates the time it takes to reach the place :

1118 distance_time = distance / boat_speed ;
navigation_state = NAVIGATION_STATE_11 ;

1120 distance_timer_aux = millis ();
}

1122
// Moves the boat to the desired location and goes back to state 2:

1124 case NAVIGATION_STATE_11 :
servo_position =70;

1126 servomotor . write ( servo_position );
dc_motor_set (50 , FORWARD );

1128 if( millis () -distance_timer_aux >= distance_time ){
navigation_state = NAVIGATION_STATE_2 ;

1130 }

1132 // State where the boat has capsized :
case NAVIGATION_STATE_12 :

1134 servo_position =70;
servomotor . write ( servo_position );

1136 dc_motor_set (0, FORWARD );
warning ="Boat capsized ";

1138 if(ship_roll >15){
navigation_state = NAVIGATION_STATE_2 ;

1140 }

1142 // State where the boat is stopped due to an overcurrent :
case NAVIGATION_STATE_13 :

1144 dc_motor_set (0, FORWARD );
warning =" Current is too high";

1146 }
}

Listado C.20 – First complete version of the boat’s firmware
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Appendix D

Electronics schematics
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PCB drawings
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PCB 3D model
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