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Abstract

This thesis presents the physical and technical premise for implementing and designing an
underwater vehicle capable of moving vertically using the unit’s own buoyancy force, and
how this principle benefit in energy efficiency. The goal is to create a prototype unit that
makes experimental testing and documentation of this principle possible.

An electrical linear actuator with a piston was used to manipulate the unit’s volume. Depth
control was achieved using a PID controller combined with a pressure sensor, and the con-
trol parameters tuned by implementing simulations of the unit’s dynamical behavior. By
combining two power saving methods, it was estimated (using simulations) to reduce the
power consumption to 12.6% of maximum power consumption. A 3D model of the unit
was made to determine the vertical stability, mass properties, and to create drawings of a
prototype.

A functional prototype was successfully implemented, and two physical experiments were
carried out. The physical experiments were not sufficient to determine the unit’s energy
efficiency using buoyancy as a principle of vertical movement underwater. But the work
here suggest there is a promising potential for the unit being energy efficient.
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Sammendrag

Denne oppgaven presenterer de fysiske og tekniske forutsetningene for implementasjon
og design av et undervannsfartøy i stand til vertical bevegelse ved bruk av enhetens egen
oppdriftskraft, og hvordan dette prinsippet drar nytte av energieffektivitet. Målet er åskape
en prototype enhet som gjør eksperimentell testing og dokumentasjon av dette prinsippet
mulig.

En elektrisk lineær aktuator med et stempel ble brukt til åmanipulere enhetens volum.
Dybdekontroll ble oppnådd ved hjelp av en PID-regulator kombinert med en trykksensor,
og kontrollparameterene innstilt ved åimplementere simuleringer av enhetens dynamiske
oppførsel. Ved åkombinere to strømsparingsmetoder ble det estimert (ved bruk av simu-
leringer) til åredusere strømforbruket til 12,6% av maksimalt strømforbruk. En 3D-modell
av enheten ble laget for åbestemme vertikal stabilitet, massegenskaper og ålage tegninger
av en prototype.

En funksjonell prototype ble vellykket implementert, og to fysiske forsøk ble utført. De fy-
siske forsøkene var ikke tilstrekkelig til åbestemme enhetens energieffektivitet ved åbruke
oppdrift som et prinsipp for vertikal bevegelse under vann. Men arbeidet her tyder påat
det er et lovende potensial for at enheten skal være energieffektiv.

i



ii



Acknowledgement

I would first like to thank my project supervisor, Jo Arve Alfredsen of the Department of
Engineering Cybernetics at NTNU, for providing an intriguing project, and theoretical and
practical guidance.

I would also like to thank Terje Haugen and Daniel Bogen at the mechanical workshop
for their hard work and insight toward building the unit. I appreciate the time and effort
put in by Stefano Brevik Bertelli to arrange and participate in an ideal testing location at
SINTEF Marintek Facilities.

Author

Stian Børseth

iii



iv



Table of Contents

Abstract i

Sammendrag i

Acknowledgement iii

Table of Contents vii

List of Tables ix

List of Figures xii

Symbols xiii

Abbreviations xv

1 Introduction 1
1.1 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Project Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3.1 Ocean Sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3.2 Buoyancy Control Mechanisms . . . . . . . . . . . . . . . . . . 3

1.4 Scope and goal of project . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 System Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.6 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.6.1 Profiling Point Measurement . . . . . . . . . . . . . . . . . . . . 6
1.6.2 Local Current Measurement . . . . . . . . . . . . . . . . . . . . 6

2 Theory 9
2.1 Fluid Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.1 Vertical Forces: Buoyancy and Gravity . . . . . . . . . . . . . . 9
2.1.2 Drag . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

v



2.1.3 Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.1.4 Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Mathematical Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.1 Vertical Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.2 Volume Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.3 Payload . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 PID Controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3.1 Proportional . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3.2 Integral . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3.3 Derivative . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4 Actuator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4.1 Electrical Motors . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4.2 Actuator Force . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.5 Digital Filter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5.1 Exponential Filter . . . . . . . . . . . . . . . . . . . . . . . . . 16

3 Method 17
3.1 Design Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.2 Construction of Prototype . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.2.1 Calculating Dimensions . . . . . . . . . . . . . . . . . . . . . . 17
3.2.2 Solidworks Parts . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.2.3 Mass estimate/Stability . . . . . . . . . . . . . . . . . . . . . . . 20

3.3 Linear Actuator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.3.1 Rotation to Linear Movement . . . . . . . . . . . . . . . . . . . 21

3.4 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.4.1 Piston Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.4.2 Vehicle Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.5 PID tuning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.6 Power Estimate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.6.1 Piston Position Threshold . . . . . . . . . . . . . . . . . . . . . 25
3.6.2 Pressure Sensor Resolution . . . . . . . . . . . . . . . . . . . . . 26
3.6.3 Combined . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.7 Hardware Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.7.1 Overview System . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.7.2 Microcontroller . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.7.3 Power Supply and Voltage Regulator . . . . . . . . . . . . . . . 28
3.7.4 Voltage Divider . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.7.5 Pressure Sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.7.6 Stepper Motor . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.7.7 Data Storage . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.7.8 PCB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.8 Firmware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.8.1 Flow Chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.8.2 PID Controller . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.8.3 Filter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.9 Measurement Instruments . . . . . . . . . . . . . . . . . . . . . . . . . . 34

vi



3.9.1 CTD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.9.2 Mulitmeter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4 Results 35
4.1 Prototype Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.1.1 Outer Lid Position . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.1.2 Linear Actuator Force . . . . . . . . . . . . . . . . . . . . . . . 37

4.2 Hardware Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3 Physical Experiment #1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.3.1 Setup/Plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.3.2 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . 39
4.3.3 Density Profile . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.4 Physical Experiment #2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.4.1 Setup/Plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.4.2 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . 42

4.5 Battery Consumption . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

5 Discussion 49
5.1 Prototype Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5.1.1 Mass/Volume Properties . . . . . . . . . . . . . . . . . . . . . . 49
5.1.2 Linear Actuator . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5.2 Hardware Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.3 Physical Experiment #1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.3.1 Location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
5.3.2 Result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.3.3 Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.4 Physical Experiment #2 . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.4.1 Location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.4.2 Result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5.5 Battery Consumption . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.5.1 Battery Measurement Offset . . . . . . . . . . . . . . . . . . . . 52
5.5.2 Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.5.3 Result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

6 Conclution 55
6.1 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

Bibliography 58

Appendix 59

vii



viii



List of Tables

2.1 Density examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.1 PID tuning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.1 Prototype Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.2 Position of outer lid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.3 Approximated density . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.4 Battery Voltage before and after the two physical experiments . . . . . . 47

ix



x



List of Figures

1.1 Profiling Point Measurement . . . . . . . . . . . . . . . . . . . . . . . . 7

2.1 Example of a vertically unstable and a stable object . . . . . . . . . . . . 11
2.2 Illustration of the piston placement definition . . . . . . . . . . . . . . . 13
2.3 Block diagram of a typical PID controller in parallel form . . . . . . . . . 14

3.1 Visual Design Concept of BV . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 Mass center simulation on Solidworks . . . . . . . . . . . . . . . . . . . 20
3.3 Linear Actuator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.4 System overview in Simulink . . . . . . . . . . . . . . . . . . . . . . . . 22
3.5 Implementation of piston dynamics in Simulink . . . . . . . . . . . . . . 23
3.6 Implementation of Vehicle dynamics in Simulink . . . . . . . . . . . . . 23
3.7 BV Simulated Depth and Piston Position with 0.3 mm Threshold on Piston

Position . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.8 BV Simulated Depth and Piston Position with 14-bits ADC . . . . . . . . 26
3.9 BV Simulated Depth and Piston Position with combined energy efficiency

methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.10 Setup of Hardware components . . . . . . . . . . . . . . . . . . . . . . . 29
3.11 Voltage Divider . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.12 PD60-3-1161 Torque vs. velocity . . . . . . . . . . . . . . . . . . . . . . 31
3.13 Flow Chart of the implemented code . . . . . . . . . . . . . . . . . . . . 33

4.1 BV being assembled during physical experiment #1 . . . . . . . . . . . . 35
4.2 PCB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3 Experimental results of Physical Experiment #1 . . . . . . . . . . . . . . 40
4.4 Density profile of Physical Experiment #1 . . . . . . . . . . . . . . . . . 41
4.5 BV in physical experiment #2 . . . . . . . . . . . . . . . . . . . . . . . 42
4.6 Physical Experiment #2 results, segment 1 . . . . . . . . . . . . . . . . . 43
4.7 Physical Experiment #2 results, segment 2 . . . . . . . . . . . . . . . . . 44
4.8 Physical Experiment #2 results, updated piston velocity on simulation . . 46
4.9 Battery voltage during Physical Experiment #1 . . . . . . . . . . . . . . 47

xi



4.10 Battery voltage during both segments in Physical Experiment #2 . . . . . 48

xii



Symbols

Symbol Name Unit
F Force N
ρ Density kg

m3

V Volume m3

m Mass kg
A Area m2

P Power W (Js−1)
U Voltage V
x Position m
v Velocity m

s
a Acceleration m

s2

T Temperature ◦C
S Salinity psu
ω Angular Velocity rad

s
τ Torque Nm
n Gear ratio
p Pitch m
d Depth m

xiii



xiv



Abbreviations

BV Buoyancy Vehicle
CTD Conductivity Temperature Depth
PID Proportional Integral Derivative
ADC Analog to Digital Converter
PCB Printed Circuit Board

xv



xvi



Chapter 1
Introduction

1.1 Outline
The thesis is structured in six chapters: Indroduction, Theory, Method, Results, Discussion
and Conclution.

Introduction

The introduction aims to get an overview of what this thesis is about, and what problem it
is trying answer. Background and some applications are also included here.

Theory

Theory chapter presents the mathematical equations and theoretical background used in
this thesis.

Method

Method tries to not only explain, but also show what methods, design choice and imple-
mentations used to get the results.

Results

This is were the findings of physical experiments and prototype properties is presented.

Discussion

Argumentation of the results, trying to explain the findings.

Conclution

Summary about the goal and scope of the project. Future work also included.

1



Chapter 1. Introduction

1.2 Project Description
This project is meant to clarify the physical and technical premise for creating a unit whose
purpose is to move vertically underwater. The movement is created by manipulating the
unit’s own buoyancy force, by a controllable volume change. Based on this principle, a
control system will be developed, which is able to control and keep the unit stable at an
arbitrary position in the given range of depth (0 - 50 meter). Slow movement (< 0.2m/s)
is assumed sufficient, but there should be emphasis on low energy consumption and long
operating time. The goal is to develop a prototype, which enables the possibility to study
and document the properties and performance of the unit through physical experiments.
One application of this system can be associated with surveillance of water quality in
aquaculture facilities, through an automatic profiling measuring probe, i.e. the unit is
combined with a payload of the necessary water quality sensors. The project consists of
the following points:

• Study of relevant literature

• Deriving of mathematical models that describes the unit’s dynamic

• Simulation of the unit’s behavior under various operating conditions, and develop a
control strategy for stabilizing the unit at arbitrary depths

• Plan and realize a prototype, including mechanical design, mechanism for electro-
magnetic volume change, and embedded computer and sensors for controlling the
unit

• Plan and execute physical experiments, and document the prototypes properties and
performance

• Discussion and conclusion

2



1.3 Background

1.3 Background

Using buoyancy for energy efficiency can be observed naturally in biology on fishes with a
swim bladder. Species such as Salmon utilizes their swim bladder by inhaling or exhaling
air[Saunders, 1965]. If the air intake is correctly adjusted, the Salmon will then change its
density to match the surrounding water, and thus will require little or no energy to remain
at a given depth. Mimicking this feature could provide useful on technical solutions in
oceanography, for energy efficiency.

1.3.1 Ocean Sensing

The study of ocean sensing provides with several difficulties. Unlike long range commu-
nication in air, electromagnetic waves are absorbed in a large fraction in water. Sensing
from remote technologies, such as satellites and airplanes, will only receive data from the
surface layer of the ocean, and can be limited to what they are able to measure[Devi et al.,
2015]. In situ measurements will increase the dataset for analyzing ocean dynamics. Be-
cause of the vast size of the ocean, collecting meaningful data in situ requires a large fleet
of sensors that is automated with long operational time for cost efficiency.

One notable implementation is Argo, a large scale ocean profiling network, currently
containing a global array of 3800 free-drifting floats that measures temperature and salinity
of the upper 2000 m of the ocean.[Roemmich et al., 2009]

1.3.2 Buoyancy Control Mechanisms

Using buoyancy for vertical movement is not an unused concept in oceanography. There
are many examples of working and theoretical devices/instruments using buoyancy for
depth control. Some examples of different mechanisms to achieve this will be explored
here, and try to look at some of their advantages and limitations.

Compressed Gas

An automatic buoyancy control device was patented already in 1946 (US 2968053 A)[Richard
et al., 1961], a gas operated device that is able to quickly descend an underwater acoustic
device to a pre-set operating depth and maintain in a stable state there with minimum os-
cillation. Using gas in a pressurized container provides a compact potential energy source,
useful for larger volume changes when lifting heavy objects.

Mass Removal

Another patent (US 5379267 A) from 1995 describes controlling a buoyancy system by
jettisoning either a heavy liquid or light liquid[Sparks et al., 1995]. These sort of buoyancy
control mechanisms where a payload is expended is efficient for single deployment use at
a predefined depth. Releasing materials and liquids into the ocean could provide with
unwanted environmental hazards.

3



Chapter 1. Introduction

Oil

The autonomous Lagrangian circulation explorer (ALACE) [Davis et al., 1992] is a sub-
surface float, designed to cycle vertically from a pre-defined depth and back up to surface,
where data is relayed to satellites. It uses a hydraulic pump to move oil from internal
reservoir to external bladder, changing its own volume. It concluded, by predicting the
measured battery-voltage decay, it was able to carry out 50+ cycles to 1-km depth over a
4+ year lifetime. This demonstrates an ideal method for energy efficiency with the ability
to reach high pressure depths by using a battery driven hydraulic oil pump. This method
is also used in the Argo sensing floats.

Phase Transition

A rather peculiar buoyancy control mechanism can be observed naturally on sperm whales,
where the sperm whales can change its buoyancy by melting and coagulate the sperm
oil in its head[Clarke, 1978]. The buoyancy change happen because the phase transi-
tion1 of materials can result in a volume change. Experimental tests utilizing this mecha-
nism was documented using the phase transition of paraffin wax[Yamamoto and Shibuya,
2016]. SOLO-TREC (Sounding Oceanographic Lagrangrian Observer Thermal RECharg-
ing)[Scripps] is a similar subsurface float to ALACE, however it utilized phase transition
to charge a battery pack to increase its operating time.

Linear Actuator

The Mini-Autonomous Underwater Explorer (M-AUE) [Jaffe et al., 2017] is a compact
device, designed to mimic the vertical swimming behaviors of plankton using buoyancy
control. It uses a battery-powered electric motor connected to a small piston, to achieve
small incremental changes in the vehicle volume. It demonstrated the ability to provide
adequate depth control in the upper 50 m of the water column. Using an electrical motor to
move a piston as a buoyancy control method is a simplistic and easy implemented solution
with much precision and accuracy on the volume of the vehicle.

1Phase Transition is the transition between solid, liquid and gaseous state of a material

4



1.4 Scope and goal of project

1.4 Scope and goal of project
In what way can using buoyancy as a principle of vertical movement underwater benefit in
energy efficiency, and what is the technical and physical premise for creating a unit using
this principle.

The goal of this project is to create a prototype that makes experimental testing and
documentation of this principle possible, and document the prototypes properties and per-
formance.

1.5 System Requirements
The unit that will be developed is referred to as Buoyancy Vehicle (BV), which include all
physical parts implemented. The requirements of the BV is the following points:

• Robust physical design, capable of withstanding underwater pressures up to 50 m
depth.

• Capability of controlling its vertical position underwater at arbitrary depths by using
controllable incremental volume changes.

• Autonomous during operation.

• Be energy efficient for long operation times.

• Function both as stand-alone and have an option to attach an addtional buoyancy
negative payload to it.

5



Chapter 1. Introduction

1.6 Applications

1.6.1 Profiling Point Measurement
The BV can be used to continuously profiling vertically in a single horizontal location, see
figure 1.1. This can be achieved by connecting the BV to an anchored line leading from the
surface to bottom of the wanted location. Attaching a payload, such as a CTD probe, to the
BV, it can continuously measure the water profile over a long time without manual/human
interaction. This principle can also be extended with either an acoustic transmitter or a
GPS transmitter, for respectively short and long range communication, and thus updating
the measured result more frequently during operation.

1.6.2 Local Current Measurement
In sea-based aquaculture, ocean currents around the sea cages have a large impact of the
growth and survival of the fishes. This is because stronger currents provide more oxygen
to be absorbed by the fishes. Measurements of currents have traditionally been taken
outside the sea cage to get an estimate of the water quality inside the sea cage. Having
an option to insert a device inside the cage, which is gentle to the surrounding fishes,
vertically stationary at various depths, and free floating with the currents in a horizontal
direction, can be useful for achieving a better approximation of the speed and movement
of the currents inside the sea cage. One example of measuring the currents could be by
implementing the BV with an underwater acoustic positioning system, and monitor its
horizontal movements at the various depths.

6



1.6 Applications

Figure 1.1: Example of an application for the BV being used as a profiling point measurement. The
BV can move underwater vertically while remaining horizontally attached to an anchored line.
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Chapter 2
Theory

2.1 Fluid Mechanics
This section will focus on the fundamental theory in Fluid Mechanics that is necessary
to understand in the process of designing a BV. The theory of Fluid Mechanics is needed
primarily for creating a simulated dynamic model, and calculating the properties (mass,
volume etc.) of the BV. The theory in this section is based on the book ”Fluid Mechanics
Fundamentals and Applications”[Çengel and Cimbala, 2010].

2.1.1 Vertical Forces: Buoyancy and Gravity
When an object is partially or fully submerged in a fluid, an upward force is exerted by
the fluid onto the object, called the buoyancy force. This force is caused by an increase
of pressure with depth in a fluid, resulting in a different gage pressures on surfaces of an
object. The buoyant force acting on the object is equal to the mass of the displaced fluid
by the object, e.g.

~FB(t) = ρf~gV (t) (2.1)

where ρf is the density of the fluid and V is the volume of the object that is submerged
in the fluid. The volume is also varying with time in this application. A gravitational force

~FG = m~g (2.2)

where m is the mass of the object, works in the opposite direction of the buoyancy
force, making those forces the main contributions on the vertical forces of a stationary and
undisturbed object. When an object has the properties of:

~FG = ~FB(t) => m = ρfV (t) (2.3)

it is considered neutrally buoyant, meaning the object will neither sink or float in the
fluid. If the volume of the object is changed (while maintaining the same mass) from a
neutrally buoyant state, will result in the object being able to sink or float in the fluid.
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Chapter 2. Theory

2.1.2 Drag
Drag can be seen as a resistance an object meets when its travelling through a fluid. The
drag can be expressed as a force that works in the opposite direction to the velocity of the
object. The total drag force is dependent on the density of the fluid, the velocity of the
flow over the object, shape and size of the object, and a set variables that is practically set
to a drag coefficient:

~FD(t) =
1

2
CDρf~v(t)2A (2.4)

A is the frontal area of the object in the direction of the flow. CD is the drag coefficient,
and can to a sufficient degree be approximated based on shape and size of the object.

2.1.3 Density
As seen in the vertical force equations, the fluid density is a crucial factor for the acting
forces. Density is defined as mass per unit volume, or ρ = m

V [kg/m3]. Sea water density
will vary primarily based on the temperature (T ) and salinity (S). Varying pressure is also
a factor to the sea water density, but this is negligible for minor depths (0 to 50 m). Sea
water density can be estimated using the equation of state for sea water density[Millero
and Poisson, 1981]. In short, increased temperature in water results in decreased water
density, and increased salinity results in increased water density.

Two examples of a density profile is shown in table 4.3. In weak current waters, the
density will constantly increase with the depth, as the heavier density water will sink and
leave a low density layer on top of the water. This can cause issues if the densities of the
top layer of water is smaller than the BV’s minimum density, it can get ”stuck” and unable
to move up to the surface. This have the opposite effect for increased depth, as the BV
might not be able to dive deeper than certian depths if the water density is larger than the
maximum density of the BV.
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Table 2.1: Two examples of density profiles. The density usually increases with depth, which can
cause the BV becoming unable to reach the surface or make it unable to dive deeper than certain
depths.

Whenever the BV is stationary vertically in a fluid, means density is equal of the vehi-
cle and its surrounding fluid. This can be exploited by for instance measuring the temper-
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ature of the water, to find an estimate of the salinity.

2.1.4 Stability
Looking at the vertical stability of an object immersed in a fluid, the two main acting
forces, gravitational and buoyancy, will have their center of gravity and center of buoyancy
at relative positions depending on the properties of the object. The center of gravity is
determined by the density displacement of the object, in other words, the average center of
the mass. The center of buoyancy is determined by the geometric shape of the object, e.g.
the average volume center. To achieve vertical stability, the center of gravity should be
below the center of buoyancy, thus generating a restoring force that will keep the object in
its initial position, figure 2.1 shows an example of an unstable- and stable object. This does
not take into account the possibility of rotating from drag forces when moving. But in this
project it is assumed slow movement speeds, so this influence can be assumed negligible
on the vertical stability.

Figure 2.1: If the mass center is above the volume center, then it will result in an vertically unstable
system underwater. If the mass center is below the volume center will result in a vertically stable
system underwater.

2.2 Mathematical Modelling

2.2.1 Vertical Motion
In this paper the references is based on depth, meaning moving from 3 m depth to 10
m depth requires a net positive velocity. Inserting this convention makes it possible to

11



Chapter 2. Theory

express the vector based forces as scalar forces. Consequentially, the gravitational force
will always work in a positive direction and the buoyancy force in a negative direction.
FD(t) is defined to have a positive value when there is a positive velocity, and negative
with a negative velocity. To determine the vertical motion of an object submerged in a
fluid, Newton’s 2nd law is used:

Fsum(t) = ma(t) = FG − FB(t)− FD(t) + FE(t) (2.5)

Here is FE(t) defined as environmental forces, such as ocean currents or waves gener-
ating a lift or fall in the vertical direction. These forces will not be measured on site, and
therefore be considered as a random noise. By solving the equation for a(t), the velocity
and position can be found by integrating:

a(t) = v̇(t) = ẍ(t) =
FG − FB(t)− FD(t) + FE(t)

m
(2.6)

x(t) =

∫∫
mg − ρfgV (t)− 1

2CDρfv(t)2A+ FE(t)

m
dt dt (2.7)

2.2.2 Volume Model
The BV’s volume can be manipulated by moving a smaller piston, which has the ability to
insert or remove water from it. Total volume over time of the BV can be expressed as:

V (t) = Vmax − xpiston(t)Apiston (2.8)

where xpiston is the linear displacement of the piston head, and Vmax is defined as
the total volume of the BV when xpiston = 0, and Vmin is the minimum volume of the
BV when the piston is at its maximum value, xpiston = hpistonMax . Defining the piston
movement in this direction ensures positive relation between the depth and the piston-
position, e.g. positive increase in piston-position results in a positive increase in depth.
Figure 2.2 displays the piston with this definition.

The minimum amount of the piston volume (Vpiston) can be found from the total buoy-
ancy mass, and the wanted maximum and minimum densities of the BV. The maximum
and minimum densities is defined as:

ρmax =
m

Vmin
, ρmin =

m

Vmax
(2.9)

The interval between ρmax and ρmin is equivalent to the range the BV must be able to
change its density, and can be written as:

ρmax − ρmin =
m

Vmin
− m

Vmax
=
m(Vmax − Vmin)

VmaxVmin
(2.10)

Because Vpiston = Vmax − Vmin and m
VmaxVmin

= ρmaxρmin

m , equation 2.10 can be
rewritten to:

Vpiston = m
ρmax − ρmin
ρmaxρmin

(2.11)

If it is assumed the BV is to operate only in sea water, the density ”extremes” is approx-
imately ρmin = 1016 kg

m3 ; T = 25◦C, S = 20 and ρmax = 1028 kg
m3 ; T = 4◦C, S = 35.

Vpiston can be approximated using these values.
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2.2 Mathematical Modelling

Figure 2.2: The piston position is defined to xpiston = 0 when the total volume of the BV is at its
maximum, and the maximum possible piston position xpiston = hpistonMax when the total volume
of the BV is at its minimum

2.2.3 Payload
To compensate for additional vertical forces from a payload attached to the BV, the total
volume of the BV needs to adjust/increase. This achieved by extending the height of
an outer lid from the position the BV is considered neutrally buoyant. The additional
buoyancy force from the outer lid requires to be equal to the gravity and buoyancy force
of the payload to compensate;

ρfgVadd = mloadg − ρgVload (2.12)

This can be solved for additional height of the outer lid;

hadd =
1

πr2
vehicle

(
mload

ρf
− Vload) (2.13)

Many sub-surface instruments have their weight in fresh water documented, which makes
the volume of the payload unnecessary in the equation:

hadd =
mloadfw

ρfπr2
vehicle

(2.14)

Using mloadfw
creates a small error if used in for instance sea water, depending on the

volume of the payload.
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2.3 PID Controller
A PID controller works as a type of controller in a feedback control system. The PID
controller continually takes in the difference between a controllable objects current state
value and a desired reference state value. The input difference is known as the error,
and the purpose of the PID controller is to minimize this error. Here a state is defined
to some sort property belonging to the object that can change over time, for instance, its
temperature, position, or volume. The PID controller’s output is connected to a variable in
the system that is able to alternate the state value of the object.

The computed output value is based on the sum of three components; Proportional,
Integral and Derivative, which can be tuned to minimize the error of the system. A typical
block diagram of a PID controller can be seen in figure 2.3, and an example of a feedback
control system can be seen in figure 3.4.

Figure 2.3: Block diagram of a PID controller in parallel form, where the calculated output is a sum
of three factors; Proportional, Integral and Derivative gain

2.3.1 Proportional
The proportional component multiplies the error with a constant gain, which adds a pro-
portional value to the output. Too large gain can result in unstable systems, and too small
gain can result in slow response time. When tuning, the proportional gain should usually
be found to a satisfactory value before proceeding to the other parameters.

2.3.2 Integral
The integral part represents the sum of errors over time. It is meant to remove errors
that propagates over time, e.g. it can remove errors when the system is in a steady state.
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Because its primary task is to remove the offset in a steady system, it can be advantageous
to not include the gain until the error is at a small threshold.

2.3.3 Derivative

The Derivative term considers the rate of change of the input error, and adjusts the output
to minimize or remove oscillations on the system. Too large gain here can cause instability
on the system when there is much random noise in the error signal, while too small gain
might not remove oscillations.

2.4 Actuator

An actuator is a mechanical device for moving or controlling something. This section will
focus on electrical DC motors, or stepper motors more specifically, which can be used
as an actuator. This section’s theory is based on the book ”Modeling and Simulation for
Automatic Control”[Egeland and Gravdahl, 2003].

2.4.1 Electrical Motors

Rotating electrical motors consists of a stationary part called the stator and a rotating part
called the rotor. In hybrid stepper motors the stator is build up by several stator poles
able to create a magnetic field from coils wrapped around it. The rotor is permanently
magnetized and will be rotated by alternating the magnetic field of the stator poles.

A shaft connected to the rotor will rotate with the angular velocity ωmot[ rads ] and a
motor torque τmot[Nm]. Torque is a measurement of rotational force, where the maximum
torque for most stepper motors will depend on the rotation speed, often given in a Torque-
Speed curve.

Many applications requires more torque than the motor can deliver. A reduction gear
increase the torque at the cost of decreasing the velocity. The gear has a gear ratio n, and
the resulting output torque and velocity with a motor attached as input on the reduction
gear, is given by:

ωout = nωmot (2.15)

τout =
1

n
τmot (2.16)

2.4.2 Actuator Force

The force a rotating motor is able to push in a linear direction, as described in section
3.3.1, can be estimated by using the output motor torque (τout), motor efficiency (e) and
the pitch of the threaded bolt (pbolt[m])[Nanotec]:

FA =
2πτoute

pbolt
(2.17)
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Efficiency of an electric motor is the mechanical output power divided by the eletrical
input power on the motor (Pmot = V I[W ]), making it a number between 0-1:

e =
τoutωout
Pmot

(2.18)

Equation 2.17 and 2.18 can be put together, and alternatively get:

FA =
2πτ2

outωout
pboltPmot

(2.19)

It is important to notice that doubling pbolt doesn’t necessarily halve FA, as the motor
efficiency might change with it. In general, increased loads on the motor increases the mo-
tor efficiency. Estimation will therefore rely much on experimental results, and theoretical
calculations of the required actuator force should have a large surplus.

The actuator force must be larger than the gauge pressure on the piston area at maxi-
mum depth (dmax) plus additional friction forces (FF ) to always push the piston head:

FA > Fgauge + FF (2.20)

2πτ2
outωout

pboltPmot
> Apistondmaxρmaxg + FF (2.21)

2.5 Digital Filter
Digital Filters can be a useful improvement for smoothing out noisy signals, without need-
ing additional physical components1.

2.5.1 Exponential Filter
An exponential filter is a recursive filter, meaning it uses the last smoothed value (yn−1)
and the current measurement (xn) to calculate a new smoothed value (yn):

yn = wxn + (1− w)yn−1 (2.22)

The weighting parameterw controls the amount of smoothing on the filter, with a value
between 0-1. A weight of for instance 0.1 gives high smoothing, but responds slower to
measurement changes , while a weight of 0.9 have lower smoothing on the signal, but
responds quicker to measurement changes. This filter is easily implemented and does not
require much computing power, ideal for real time microcontrollers.

1Physical filters, like RC filter, is often helpful or needed to have in addition to the digital filter
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3.1 Design Concept
The general principles and concepts chosen for constructing the BV is briefly listed here.

Volume Change Mechanism

Volume change will be achieved by an electrical linear actuator changing the volume of a
smaller piston, which has the ability to insert or remove ambient water from it. A battery
pack is used to power the linear actuator and other electrical components.

Shape and Material

The outer layer of the BV will be constructed in a cylinder shape, which is optimal for
withstanding high pressures. Rigid PVC is chosen as the constuction material.

Control Strategy

A pressure sensor is used to read current depth of the BV. A microcontroller uses a PID
controller to determine the required volume of the piston to move the BV to a defined
set-point. The PID controller will be tuned through simulations of the system.

3.2 Construction of Prototype

3.2.1 Calculating Dimensions
Matlab was used to calculate the required weight that would give the appropriate density
of the BV, by adjusting the radius and height of the cylinder shape. The radius is primarily
limited by the size of the stepper motor and the battery pack, and the height requires at least
two times the height of the piston in addition to the height of the motor and wall thickness.
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Required piston volume is dependent as a percentage of the total volume and weight of
the BV, which was estimated using equation 2.11. The piston radius was minimized to
decrease gage pressure under operation.

There were too many unknown variables to determine the exact final weight of the BV.
An estimate of the heaviest and most significant components were made in Matlab, and
further increased estimate by adding components in Solidworks. To exactly fit the required
total density of the BV, the outer lids placement was used to adjust the volume of the BV.

3.2.2 Solidworks Parts
A 3D model was implemented in Solidworks of the complete BV, for the purpose of vi-
sualizing sizes, creating drawings with dimensions for construction, and verifying mass
and volume properties. The design revolved primarily around obtaining the required vol-
ume and mass, but secondly the BV was built with the ease of reassembly for prototype
adjustments.

The BV was constructed in these separable parts, figure 3.1 shows a cross section of
the assembeled parts in SolidWorks:

• Vehicle House is designed to hold the necessary components while withstanding the
water pressure on the outside. It can be considered the mainframe of the construc-
tion, and defines all other parts dimensions. At the bottom of the vehicle there is an
opening to let water into a smaller cylinder shape, known as the piston. The water
is blocked by a piston head, which is connected to a linear actuator. This enables
the piston head to move up and down, filling or removing water from the piston, or
in other words, changing the volume of the vehicle. The top half on the outside is
threaded to connect the Outer Lid.

• The Outer Lid is screwed onto the outside of the Vehicle House and seals the water
out with an O-ring packing. It is constructed to be placed at various heights. This
enables the BV to adjust its volume to compensate for additional payloads that can
be attached to the BV, such as water quality sensors or CTDs. The O-ring packing
also ensures the outer lid does not rotate easily when put on the vehicle house, but
thus will require a special tool to rotate it. A small valve is also placed on top of the
outer lid, to let air pressure out that is built up when mounting the outer lid on the
vehicle house. The valve needs to close before it is put into water.

• Inner Lid functions primarily as a mount for the stepper motor. The stepper motor
is attached on the bottom of the Inner Lid with four actuator screw holders. A
microcontroller is also attached on the top of the Inner Lid. Three small holes were
made to get wires inside the Vehicle house connected to the microcontroller.

• A custom made Battery Pack was constructed to fit the batteries in a convenient
and space-efficient way around the piston. Alternating positive and negative battery
contacts were mounted to create a serial connection of the batteries.

Drawings of the separable parts were created and delivered to the mechanical work-
shop, ”Kybernetisk Verksted”, where the prototype was made, see Appendix A for Solid-
Works drawings.
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Figure 3.1: Cross section of BV’s different parts in Solidworks. Vehicle House is the mainframe of
the construction, and contains the piston on the bottom. The Outer Lid seals the water and can be
placed at various positions to adjust the volume of the BV. Inner lid functions primarily as a mount
for the stepper motor. The battery Pack is custom made to fit 16 C-type batteries around the piston.
The gap in the battery pack is to allocate space for the pressure sensor.
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3.2.3 Mass estimate/Stability
After the materials or masses of the individual components were defined, the mass proper-
ties was found in Solidworks, using the ”Mass Properties” function. As seen in figure 3.2,
the center of mass in the vertical axis is located 142.21 mm from the bottom of the vehi-
cle, which is 45.4 % of the total height of the BV. Considering the cylinder shape of the
BV, the vertical volume center will be slightly above half of the total height. This means
the construction will have a mass center below the volume center, and in theory should
maintain vertical stability.

Figure 3.2: ”Mass Properties” function in Solidworks to determine the mass center. It indicates the
mass center is placed at 45.4 % of the total height of the BV in a vertical position.
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3.3 Linear Actuator

3.3 Linear Actuator

A Linear Actuator is used to create movement in a straight line, and in this application
used to move the piston position.

3.3.1 Rotation to Linear Movement

The piston is driven by a stepper motor, which is mechanically configured into a linear
actuator, see figure 3.3. This translation is achieved by connecting a lead screw to the
rotating shaft of the stepper motor. The lead screw can be screwed into a holster that is
threaded inside. On the outside of the holster there are three ingraved tracks running in a
straight line parallel to the lead screw. These tracks match inside a fixed housing cap on
the top of the piston house, disabling rotation on the holster. At the end of the holster a
piston head is placed, which fits inside the piston house.

Figure 3.3: Converting rotation from the shaft of a stepper motor into linear movement on the
Piston Head. The Lead Screw is able to rotate in a Holster. The Holster is mechanically locked from
rotating by the Housing Cap, and will therefore move in a linear direction when the Lead Screw is
rotating.
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3.4 Simulations

The mathematical models of the system was implemented and simulated using Matlab
and Simulink. The purpose of creating a model and simulating the system is primarily to
determine the PID control parameters and determine if the system is controllable.

The systems dynamic is divided into two blocks, piston dynamics and vehicle dynam-
ics. The simulation is implemented as a feedback loop, where the measured output value
is subtracted from a reference value, to form a resulting error. This error is taken into the
PID controller, who determines the optimal piston position. Figure 3.4 shows an overview
of the system implemented in Simulink.

Figure 3.4: Overview of system in Simulink, implemented as a feedback loop. ”Step” block deter-
mines the reference depth the BV is supposed to move to. ”Pressure to depth estimate” block is a
calculation between the current measured pressure to an estimated depth. The systems dynamics is
divided into two blocks, piston dynamics and vehicle dynamics.

3.4.1 Piston Dynamics

The piston dynamics block is aimed to emulate how a linear stepper motor moves a piston
head, and thus changing the volume of the vehicle. Figure 3.5 is a block diagram of the
implemented piston dynamics in Simulink. Its input is the ideal piston position, which
relates to a reference search algorithm in the stepper motor. The velocity is implemented
to simulate how the search algorithm on the stepper motor is implemented. This algorithm
searches a reference point with maximum velocity in the correct direction, until it hits a
set threshold distance from the reference point, where the velocity is set to a quarter of
the maximum velocity in the same direction until the reference point is found [Trinamic,
2014].

By integrating the velocity, the new position is found. This position is limited by the
height of the piston house and is quantized because of the step size in the motor. The
stepper motor has 51,200 steps per full rotation, with a pitch of 1 mm on the lead screw
adds up to a resolution of 51,200,000 steps per meter, or 3,072,000 steps in the applicable
area.
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Figure 3.5: Implementation of piston dynamics in Simulink. The piston velocity is defined from a
reference seach algorithm, and the piston position found by integrating the velocity.

3.4.2 Vehicle Dynamics

Vehicle Dynamics block is an implementation of the vertical motion and pressure sens-
ing of the BV, figure 3.6 shows the implemented block diagram in Simulink. The water
density is calculated by interpolating previously measured temperature and salinity data at
given depth, then using equation of state for sea water density[Millero and Poisson, 1981]
to simulate a density profile. A surface-check function block ensures that only the volume
that is submerged in water creates buoyancy.1 Equation 2.7 is implemented from the given
volume, density and velocity to give the new depth of the BV. A sub block simulates a
pressure sensor, and returns a pressure at the given depth. The pressure sensor is quan-
tized based on the ADC resolution and contains a small white-noise disturbance to imitate
random noise when measuring.

Figure 3.6: Implementation of Vehicle dynamics in Simulink. The vertical motion of the BV is
simulated by implementing equation 2.7. ”Pressure sensor” block detects the pressure at given depth
to simulate a pressure sensor.

3.5 PID tuning
After implementing the simulations in Simulink, the PID controller parameters was tuned
by adjusting the Proportional, Integral and Derivative terms, and then observe the sim-
ulated response of the BV. The simulated setup contained of releasing the BV from the

1Buoyancy from air density is assumed negligible
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water surface with the piston position at minimum (minimum vehicle density), then regu-
late its position to become stationary at a depth of 5 m. After 300 s, the BV is set to move
and become stationary at 2 m depth. The graphs in table 3.1 shows the vertical position of
the BV as the solid blue line, and the reference depth as the dotted red line.

The process of tuning the PID controller consisted by first finding a stable proportional
gain (Kp), while the integral and derivative gains (Ki and Kd) where set to 0. The integral
gain was then implemented with a threshold of 2 m, i.e. if the BV is within 2 meters of the
reference value the integral term will start to work. Then finally a derivate gain was found
and added to remove stationary oscillations.
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Table 3.1: PID tuning of the BV in simulations, accomplished in three steps; Top left figure is
the response of the BV when tuning using only proportional gain, top right figure is tuning with
both proportional and integral gain, and bottom figure when tuning with proportional, integral and
derivative gain.
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3.6 Power Estimate

3.6 Power Estimate

The power used during operation can be estimated by looking at the duration the stepper
motor is activated, which is the largest factor for the power consumption. As long as
the stepper motor enters a low power mode when it’s inactive, methods can be used to
minimize the piston movement to increase the BVs energy efficiency.

Some methods to minimize the piston movement will be gone through here. The meth-
ods efficiency will be compared as a percentage of maximum power consumption, which
is continuously moving the piston the entire simulation. Simulations will be performed
with the same setup as in section 3.5, which uses 44.3% of maximum power consumption
without any additional implemented methods.

3.6.1 Piston Position Threshold

To avoid small incremental movements, a threshold on the piston position is implemented,
i.e. if the absolute value between the piston position and the new piston position is less than
a set threshold, it doesn’t move the piston position at all. The result of using this method
is implemented in figure 3.7, where the threshold it set to 0.3 mm. Using this method
reduced the power estimate to 29.5% of maximum power consumption, but decreases the
stability on the setpoint slightly.
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Figure 3.7: BV Simulated Depth and Piston Position with 0.3 mm Threshold on Piston Position
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3.6.2 Pressure Sensor Resolution
The pressure sensor used in this project have a resolution of approximately 8.4 cm/step
with a 10-bit ADC. By using a 14-bit ADC instead, the power estimate goes to 31.2 %
of maximum power consumption, while achieving increased stability on the setpoints, see
figure 3.8.
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Figure 3.8: BV Simulated Depth and Piston Position with 14-bits ADC

3.6.3 Combined
By combining these two methods, the power estimate goes to only 12.6 % of maximum
power consumption while still remaining stable around the setpoint, see figure 3.9.
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Figure 3.9: BV Simulated Depth and Piston Position with combined energy efficiency methods
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3.7 Hardware Design
This section attempts to show what electrical components where used, how they were
implemented, and what purpose they serve.

3.7.1 Overview System
Figure 3.10 illustrates the overall hardware setup used in this project. It accomplishes the
following functions:

• Providing a regulated and monitored power supply

• Accurate rotational movement with high torque

• Readings of ambient pressure

• Microcontroller capable of running control algorithm

• Data storage

3.7.2 Microcontroller
An Arduino Nano is used as a microcontroller. Arduino is an open source developer for
general purpose microcontrollers, often suited as a platform for prototyping. The Arduino
Nano is composed by Atmels ATmega328 microcontroller, which contains 12 digital- and
8 analog I/O pins. It also supports necessary communication protocols, such as UART,
SPI and I2C. The Arduino Nano can be programmed directly through a USB cable, and
programs written in the Arduino IDE. This provides a solution that is easily implemented
with other hardware components, suited for prototyping projects.

3.7.3 Power Supply and Voltage Regulator
The BV have its electrical power supplied by a custom built battery pack. The battery
pack consist of 16 series coupled C type alkaline batteries (ENERGIZER EN93), 1.5 V
each, adding up to 24 V fully charged. As the power is consumed, the battery pack will
discharge voltage, where it will drop out (become empty) at about 12.8V. A MC7812CT
voltage regulator was implemented to enable a steady voltage supply at 12 V to the stepper
motor. A pull-down capacitor was placed after the voltage regulator to avoid voltage spikes
that can potentially damage the motor and microcontroller. The microcontroller uses its
integrated voltage regulator to pull the 12 V down to 5 V.

3.7.4 Voltage Divider
This block is used to read the raw battery voltage, before regulating it down to 12 V. This
enables the microcontroller to sample the battery voltage over time, giving an indication of
the power consumption of the total system, and safely return the BV to surface before the
battery becomes empty. But reading analog voltage on the microcontroller requires voltage
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Figure 3.10: Overview of the hardware components used to control the BV, and their communication
protocols.

between 0-5 V. To solve this, two series coupled resistors is connected in parallel to the
battery voltage line. Figure 3.11 shows this setup, where R1 = 10MΩ and R2 = 1MΩ.
The connected analog pin will now read 1

11 ( R2
R1+R2 ) of the original battery voltage, e.g.

24-12.8 V on the battery will translate to 2.18-1.16 V on the analog pin. The resolution on
the battery voltage with this setup is 0.0536 V.

3.7.5 Pressure Sensor

The chosen pressure sensor is from the HoneyWells PX3 Series Heavy Duty Pressure
Transducers. It uses a piezoresistive element to measure the ambient pressure, which is
generated to an analog signal. The absolute pressure ranges from 101.3 kPa (1 atm) to
790.8 kPa, or approximately from 0 to 68.6 meters depth in sea water. Calibration is set
to sealed gauge, e.g. minimum output on the analog signal translate to 1 atm absolute
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Figure 3.11: The Voltage Divider makes the Analog Pin read a fraction of the raw battery voltage.
This makes it possible to read the raw battery voltage on the ADC.

pressure.
The 10-bits ADC on the microcontroller is used to read the pressure value. As the

pressure sensor has a ratiometric output from 0.5 V to 4.5 V, the resolution per depth on
the ADC is approximately 8.4 cm/step.

3.7.6 Stepper Motor
Trinamic Motion Control GmbHs PANdrive PD60-3-1161 was chosen as the stepper mo-
tor for the system. It is an integrated high-torque stepper motor with a motion controller
and driver attached. Some of its integrated features includes:

• Absolute sens0step encoder with 1024 points per rotation, translating to 51,200 steps
per full revolution on the motor shaft, useful for ensuring accurate position and less
requirement for calibration

• coolStep sensorless load dependent current control, able to adjust the current con-
sumption based on the required load. It can also be programmed to a standby current
of 0A after 10 ms of inactivity

• Communication interfaces includes USB, RS232, RS485, and general purpose I/Os

• 10-30V DC input power supply / nom. 24V DC

The characteristic speed-torque curve of the stepper motor is given in figure 3.12. Average
rotation speed was estimated by timing 50 full revolutions, e.g. move the linear actuator 5
cm.
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Figure 3.12: Torque vs. velocity characteristics at 24V / 2.8A of PD60-3-1161 stepper motor. Figure
taken from datasheet ”PD-1161 Hardware Manual”[Trinamic, 2013]

3.7.7 Data Storage
A standard SD-card module is used to read and write data to a non-volatile SD memory
card. The module communicates with the microcontroller through SPI interface. This
provides easily accessible data that is stored after the power turns off. The stored data is
used to analyze experimental results, and is not used to read from during operation.

3.7.8 PCB
A PCB (printed circuit board) is essentially a customized board that contains lines and
pads, connecting the electrical components and modules together. Its function is primarily
to reduce or remove the need for wires between components. There are several software
tools for designing PCBs, but EAGLE from Autodesk was chosen in this project. The
components soldered on the PCB were the Arduino Microcontroller, SD-module, Voltage
Regulator, and Voltage Divider. Additional pins were also added to connect the microcon-
troller with the motor, battery pack, and the pressure sensor.
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3.8 Firmware
The firmware running on the Arduino Nano microcontroller was implemented through
Arduino’s integrated development environment (IDE). This platform conveniently have a
large selection of open source libraries. It uses C as the programming language.

3.8.1 Flow Chart
Figure 3.13 shows the flow chart of the logic behind the implemented firmware. In ”Set
run parameters”, the reference depths and run timers are set. ”Wait for assembly” stops the
program and waits for a set timer, so the Outer Lid can be assembled before the program
continuous.

Whenever a set sample time has passed, the program reads and updates the analog
values of the pressure sensor and battery voltage. Then the PID controller computes a
new ideal-piston position. The new piston position is sent to the motor driver, which
changes the position. Piston position, battery voltage, depth, setPoint, and the time since
startup is then stored to a SD card. This process continuous until the battery is low, or the
set runtime is over. If this happens the BV is set to float to surface, setting its potential
volume to maximum.

3.8.2 PID Controller
Implementing the PID controller was achieved using the ”Arduino PID library” [Beaure-
gard].

3.8.3 Filter
Digital filters were added to the analog pressure and battery voltage signals. Both signals
were implemented with an exponential filter. For the pressure signal, the smoothing can
be set to a high value, as the maximum velocity of the BV is relatively low, and rapid
movement changes should not naturally occur. This helps the derivative part of the PID
regulator to work more efficiently, or with an increased impact.

As for the battery voltage signal, there is interest in reading a slow decaying battery
voltage charge. Therefore the smoothing can be set to a high value here as well. The
battery signal was also filtered with a moving average, post experimental results in Matlab.

The filters were implemented onto the microcontroller using the open library ”Filter.h”
from ”MegunoLINK”[Meguno-LINK].
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3.8 Firmware

Figure 3.13: Flow Chart of the implemented firmware. After initialization, every Sample Time, the
program reads two analog signals and then uses the PID controller to determine the piston position.
It continuoues this process until the battery is low, or runtime is over.
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3.9 Measurement Instruments

3.9.1 CTD
Sontek’s Castaway-CTD was used to get a measurement of the density profile. The salinity
accuracy of the instrument is 0.1 PSU and temperature accuracy is 0.05◦C.

3.9.2 Mulitmeter
A Amprobe AM-510-EUR is a multimeter used to measure battery voltages before and
after the physical experiments.
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Chapter 4
Results

4.1 Prototype Properties

Table 4.1 sums up the implemented properties of the BV. Figure 4.1 shows the BV being
assembled, where the outer lid is to the left.

Figure 4.1: BV being assembled during physical experiment #1
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Physical
Property Value Unit
m 6.101 kg
Vmin 5.930 dm3

Vmax 6.005 dm3

Vpiston 0.075 dm3

ρmin 1016.0 kg/m3

ρmax 1028.9 kg/m3

rvehicle 6.50 cm
rlid 7.30 cm

Actuator/Piston
Property Value Unit
Pmot 12.0 W
ωout 15.32 rad/s
vpiston 2.44 mm/s
pbolt 1.0 mm
FA 1022.3 N
dmax 80 m
rpiston 20.0 mm
hpiston 60.0 mm

Table 4.1: Final physical properties of the BV with outer lid position at 7.37 cm from the bottom of
the BV.

4.1.1 Outer Lid Position
After construction was completed and all parts implemented, the BV was weighted to
6.101 kg. This is 0.818 kg more than the minimum required mass. The outer lid was
moved to 7.37 cm from the bottom of the BV, to compensate and create neutral buoyancy
on the BV. Additional placements of the outer lids position to compensate for different
densities is given in table 4.2, where ”haddbot” is the distance from the bottom of the BV
to the bottom of the outer lid, and ”rotations” is the amount of full rotations (from the top)
the outer lid needs to reach the position.

ρmin[ kgm3 ] ρmax[ kgm3 ] haddbot [cm] Rotations
994.0 1006.4 8.37 11 + 20◦

996.0 1008.4 8.27 11 + 72◦

1000.0 1012.5 8.09 11 + 186◦

1004.0 1016.6 7.91 11 + 296◦

1008.0 1020.7 7.72 12 + 45◦

1012.0 1024.8 7.54 12 + 153◦

1016.0 1028.9 7.37 12 + 260◦

1020.0 1033.0 7.19 13 + 7◦

Table 4.2: Position of outer lid to compancate for various densities. haddbot is the distance between
the bottom of the BV to the bottom of the outer lid. Rotations is the amount of full rotations for the
outer lid to reach the given position.

Payload

The maximum weight in fresh water (mloadfw
) of an attached payload to the BV is found

from equation 2.14 to 0.857 kg. The maximum additional position on the outer lid is set
to hadd = 0.0633m.
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4.1.2 Linear Actuator Force
Using the speed-torque curve in figure 3.12, the output torque was estimated to 2.0Nm
at the observed rotation speed (ωout = 15.32rad/s). The figure uses a maximum power
input of 67.2W , while the BV has a 12.0W input power to the motor. By assuming the
power efficiency remains the same when changing the input power, the output torque will
be 0.357Nm. The linear actuator force on the piston was then estimated using equation
2.19 to be 1022.3N .

Equation 2.21 was used to estimate the maximum depth to be 80.7m. The maximum
depth only considers the gage pressure on the piston, and not if the remaining construction
of BV can withstand the gauge pressures it experiences. Simulation efforts or experimental
data was not conducted to investigate this.
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4.2 Hardware Design
The implemented PCB can be seen figure 4.2. The serial and IO busses from the stepper
motor are connected respectively on the right and bottom pins in figure 4.2. The top three
wires on the left pins (red, green and black) is the wires connecting the pressure sensor to
the circuit. The remaining two wires on the left side (blue and red) connects the battery
pack. The used microcontroller, Arduino Nano, can be seen in the middle of the figure,
and a SD card module is soldered on the back side of the PCB.

Figure 4.2: Photo of implemented PCB. Right and bottom pins are connected to the stepper motor.
Top three wires on the left pins are connected to the pressure sensor, and the two last wires on the
left side is connected to the battery pack.
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4.3 Physical Experiment #1

4.3.1 Setup/Plan
The first physical experiment were executed from a dock on Børsa into Trondheimsfjoren.
The maximum depth from the dock is approximately 12 m. Before starting the experiment,
a CTD measurement was taken to find the density profile in the applicable area, and adjust
the outer lid accordingly. The BV is then fasten with a fishing line to ensure the BV
doesn’t drift away horizontally, and as safety-feature to pull the BV out of the water if an
error occurs.

Initially, the BV is to start floating on the surface, with maximum possible volume on
the BV. Then it will start moving and regulating toward the first setpoint, at 10 m depth.
After 5 minutes, the BV changes and moves to the second setpoint, at 2 m depth. It will
cycle between 10 m and 2 m with 5 minutes intervals one more time.

4.3.2 Experimental Results
The experimental results can be seen in figure 4.3. The solid blue line in the graph ”Depth”
represent the measured depth by the pressure sensor, the dotted red line represents the set
point, and the simulated response in the black dash-dot line.

”Piston Position” graph shows the pistons position during the experiment, where the
position is defined as described in section 2.2.2.

Much wind and strong currents near the dock caused an inferior situation for conduct-
ing experimental tests. Currents moved the BV under the dock, and there was danger of
the fishing line becoming tangled into a mooring. The fishing line was pulled on several
times to ensure the BV wasn’t stuck, which affected the dynamic behavior of the BV.

4.3.3 Density Profile
A density profile was conducted before the experiment started, and can be seen in figure
4.4.

The density of the ambient fluid was approximated when the BV remained vertically
stationary (6m depth between t=700-900s and 3m depth between t=400-600s) by calculat-
ing the density of the BV. Table 4.3 shows the calculated density of the BV at the given
depths, compared with the measured densities form the CTD.

Depth [m] Approximated [ kgm3 ] Measured [ kgm3 ] Difference [ kgm3 ]
6 1022.69 1022.20 0.49
3 1018.34 1017.82 0.52

Table 4.3: ”Approximated” is the calculated density of the BV at the given depth. ”Measured” is
the measured density at given depth using a CTD probe one hour before the experiment.
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Figure 4.3: Experimental results of Physical Experiment #1. Top graph shows the logged depth of
the BV in the solid blue line, setpoint in dottet red line, and the simulated response in dash-dot black
line. Bottom graph shows the piston position. Both time axis are started simultaneously.
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Figure 4.4: Density profile at the location of Physical Experiment #1, using a CTD probe one hour
before the experiment
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4.4 Physical Experiment #2

4.4.1 Setup/Plan
The second physical experiment was conducted inside, in a test pool at the facilities of
SINTEF Marintek. The pool was 5 m deep, containing fresh water. A window at the
bottom of the pool enabled to get a closer look of the vertical movements of the BV, see
figure 4.5.

The BV is set to perform a similar program to physical experiment #1, however the
first setpoint is at 4 m depth and the second setpoint is set to 1 m. This program was tested
in two different segments, segment 1 with a decreased integration threshold of 1.5 m on
the PID controller, and segment 2 with a regular integration threshold of 2.0 m. The total
volume was also adjusted during segment 2, based on observation on segment 1.

Figure 4.5: BV at physical experiment #2, in a test pool inside SINTEF Marintek facilities.

4.4.2 Experimental Results
Segment 1 of the experimental result can be seen in figure 4.6 and segment 2 is in figure
4.7.
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Figure 4.6: Physical Experiment #2 results, segment 1. Top graph shows the logged depth of the
BV in the solid blue line, setpoint in dottet red line, and the simulated response in dash-dot black
line. Bottom graph shows the piston position. Both time axis are started simultaneously.
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Figure 4.7: Physical Experiment #2 results, segment 2. Top graph shows the logged depth of the
BV in the solid blue line, setpoint in dottet red line, and the simulated response in dash-dot black
line. Bottom graph shows the piston position. Both time axis are started simultaneously.
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As seen in the figures, the BV remained in standing oscillations around both setpoints,
and did not behave as expected from the simulations. In segment 2, there was an attempt
to manually dampen the oscillations during t=700-800s, by pulling the fish line. But the
BV fell back into its standing oscillations as it was previously doing.

It was unclear during the experiment what caused this, but post analysis of the piston
position from the experiment showed the piston velocity was set to its default speed, at
0.59mms (24.2 % of the intended value), for an unknown reason. By using this value on
the piston velocity on the simulations, one get a closer approximation to the physical
experiment, see figure 4.8.
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Figure 4.8: Physical Experiment #2 results, updated piston velocity on simulation
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4.5 Battery Consumption
The raw battery voltage during physical experiment #1 can be seen in figure 4.9, and
physical experiment #2 in figure 4.10. Because of the large amount of disturbance on the
signal, a moving average filter was implemented post experiment in Matlab. A control
check of the battery voltage was taken before and after each physical experiment with
a precise and accurate multimeter with the total time the BV was powered during the
experiments, given in table 4.4.

Experiment # Ustart [V] Uend [V] Duration [s]
1 24.20 23.58 4500
2 23.63 23.30 3780

Table 4.4: Battery Voltage before and after the two physical experiments

If the battery voltage is assumed to discharge linearly, using these measurements will
give a total operation time of 22.6 hours from experiment #1, and 35.6 hours from experi-
ment #2.
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Figure 4.9: Battery voltage during Physical Experiment #1. Blue line is the raw battery voltage, and
red line is a moving average filter.
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Figure 4.10: Battery voltage during both segments in Physical Experiment #2. Blue line is the raw
battery voltage, and red line is a moving average filter.
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5.1 Prototype Properties

5.1.1 Mass/Volume Properties

As mentioned in the results, the mass was underestimated from the physical prototype.
There are several reasons this happened, and much of it boils down to the timeline of the
construction. Initially, it was planned to construct the entire linear actuator first to get
an exact measurement of its weight, and then adjust the volume of the BV before it was
constructed. But because of a delay on the delivery of the stepper motor and shortage
of time, it was necessary to start the construction of the BV prematurely with mostly
calculated estimates on the mass.

A mass offset was anticipated, where the outer lid could solve this. On the one hand,
the mass offset resulted in a decreased maximum attached payload-mass, while on the
other it enables attaching floating payloads to the BV as well.

There were no physical experiments testing an attached payload, and additional dy-
namics associated with this were not implemented in the simulations. The attached pay-
load therefore still stands as a theoretical option that requires physical experiments to
verify it as ”plausible”.

5.1.2 Linear Actuator

The linear actuator was satisfying for this project. The motor driver was easily imple-
mented, with convenient built in functions.

Actuator Force

Linear force delivered to the piston was theoretically adequate, but was not tested through
physical experiments. As there was several assumptions with the linear force, like motor
efficiency remains the same when changing input power, and torque out on the rotating
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motor shaft remains the same as the torque on the lead screw, there is most likely a dif-
ference between the theoretical calculation and the physical value. But in this project the
accuracy is not as important, as the actuator force is only required to be larger than a certain
value. Therefore, it is possible to estimate a value significantly larger than the minimum
requirement to operate normally in the applicable area.

Limitations

One of the limitations of the implemented linear actuator was lacking a method for ini-
tializing its position after power was cut during operation. If the power was cut, and the
piston position was not in a 0 position, the piston would try to move beyond the hous-
ing cap, which could possibly damage or destroy the BV. This problem could be solved in
software, by continually storing its current position under operation. When initializing, the
last stored value would be set to the current piston position. An electromechanical solution
detecting if the piston tries to move out its physical limits could also be implemented as a
redundant method of avoiding damages.

Another limitation to consider is the price of the stepper motor. Though convenient
for a prototype, the stepper motor was by far the most expensive part of the electronics.
Most of the cost in the stepper motor comes from its integrated motor driver, with its
implemented software. Implementing a separate stepper motor with a cheaper motor driver
could be a consideration.

5.2 Hardware Design

The hardware design was designed as an easily implementation for a prototype purpose.
This gave room for little human error. One example of this is there was no short circuit
protection for the microcontroller and motor driver circuit. Unfortiunatly an accident oc-
curred during the project where the battery voltage short circuit through the implemented
PCB, destroying both the microcontroller and the motor driver circuit. Both was replaced.
Using a DC power connector on the wires from the batteries would reduce the risk of ac-
cidentally short circuiting, compared with using pins. Putting physical covers, separating
battery wires from the rest of electrical parts could also be a solution. But this require
more time to implement, which might be better used elsewhere.

5.3 Physical Experiment #1

5.3.1 Location

Although the location was not suited as a test environment (especially on the test day), it
was providing a realistic test with larger density variation caused by the ongoing spring
flow. In hindsight, the experiment should have been executed by attaching the BV to
an anchored guide line, preventing horizontal movement. Releasing the BV from a free
drifting boat is also an alternative possibility.
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5.3.2 Result

During the experiment there was much uncertainties where the BV was located, both hor-
izontally and vertically, or if it was tangled and stuck to a mooring. Expectations were
small for achieving meaningful results, and not losing the BV was considered a success at
one point. Even though, the BV did behave very similar to the simulations, considering
the unideal conditions. It did not properly regulate to its setpoints. This is most likely
caused by the tuning of the PID controller. First, the integral threshold were probably set
too small (2 m threshold was used). Second, the gain on the integral could be slightly in-
creased. This is seen in figure 4.3, t=400-600 s, the position moves towards the reference
point, but very slowly. In the simulations the integral gain seems satisfactory, which could
indicate the BV was influenced externally.

The presented simulations in figure 4.3 were done after the physical experiment with
the density profile taken at the experiment. Therefore, it was not expected the BV would
not stabilize on the setpoints.

Piston Position

The results were performed with the default piston speed of 0.59 mm/s (as intended) and
tuned with a different set of PID controller parameters (Kp=0.006,Ki=0.00015,Kd=0.05).
Increased piston speed (2.44 mm/s) was implemented after the experiment, which sig-
nificantly improved the robustness of the PID controller in the simulations, in regard to
varying density profiles and setpoints at arbitrary depths. This was intended to test in
physical experiment #2.

5.3.3 Density

The density approximation was surprisingly close to the measured density, considering
these uncertainties:

• CTD profile was taken approximately 1 hour before the physical experiment. There
is a good reason to assume that the CTD profile was changed because of much winds
and currents.

• Difference between calculated and actual used volume of the BV. A simple ruler
was used for placement of the outer lid, which provides <1 mm accuracy. The
volume from various screw ”bumps” and outside tape was not accounted for in vol-
ume calculations. A proper measurement/calibration of the exact volume could be
conducted to get increased accuracy.

• Horizontal drifting of the BV, CTD measurement was not necessarily at the same
horizontal location.
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5.4 Physical Experiment #2

5.4.1 Location
Much more suited location for experimental testing, but does not have a large density
variation, an unrealistic condition for most instances in oceans/sea waters.

5.4.2 Result
The results in physical experiment #2 does unfortunately not provide with much useful
information of the expected properties of the BV, because of the error with the piston
speed. What caused this error is still unknown, as the system was tested ”on land” both
before and after the experiment, showing no signs of the same error occurring.

Simulations

Seeing the simulations have a similar response when updating the piston velocity is a
promising sign for the validity of the simulations. A ”bouncing” dynamic was needed to
implement in vehicle dynamics simulation, as the BV collided with the bottom floor of the
pool several times, causing a more complex and more difficult system to simulate. Hitting
different bottom materials will also alternate the dynamic behavior, and is best to make
efforts to avoid bottom collision at all.

5.5 Battery Consumption

5.5.1 Battery Measurement Offset
First off, the battery voltage over time in figures 4.9 and 4.10 have clearly an offset from
the measured battery voltage before and after the experiment. There are a couple reasons
this might occur. One is the resistor tolerance, given at±5% for each resistor. In the worst-
case scenario, the battery voltage could be up to 12.05 ( 10.5MΩ+0.95MΩ

0.95MΩ ) times the analog
signal, while the analog signal was multiplied with 11.0 to estimate the battery voltage.
But this is not substantial enough to cover the entire offset alone.

Another cause could be the analog reference level on the ADC. When reading from the
ADC, it is assumed to get an integer between 0-1023 that represent 0.0-5.0 V. But often
the reference voltage is not 5.0 V exactly. Say, for instance, if the reference voltage was at
5.2 V, and the ADC got an analog signal of 2.5 V. When read, this voltage would be rep-
resented as the integer 492 ( 2.5∗1023

5.2 ). Assuming 5.0 V reference level, this integer would
be translated in the microcontroller to 2.4 V ( 492∗5.0

1023 ), approximately 4% difference. Ar-
duino does have a built-in solution to this problem, using the analog reference pin (AREF)
to connect an accurate reference voltage.

5.5.2 Noise
A large issue with the measured signal is the noise. Though a digital filter was imple-
mented, this was clearly not sufficient. A physical low-pass RC filter is an easy imple-
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mented solution that should have been implemented to reduce the noise of the signal.

5.5.3 Result
One of the intended use of measuring battery voltage during operation was to get indica-
tions of power consumption from attempting various low-power modes and algorithms.
But it is not possible to interpret much about the battery decay form figures 4.9 and 4.10,
because of large variations and noise.

The total operation time of the batteries is far too small a sample size to conclude
anything with. Considering the physical experiment #2 was more or less continuously
with the stepper motor activated, an approximation of 35.6 hour operational time is a
positive sign for future improvements. It is reasonable to believe that, by using power
saving algorithms and using low-power microcontrollers, the power consumption could
be reduced to at least 20% of what the experiment used, increasing the operational time by
minimum five times.
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Conclution

A functional prototype, using buoyancy as a principle for vertical underwater movement,
was successfully constructed, and two physical experiments were carried out with the
unit. The system requirements was implemented with theoretically sufficiency, but is yet
verified through additional physical experiments.

There is not enough experimental data on the unit to exacly determine the energy ef-
ficiency of using buoyancy as a principle of vertical movement underwater. But study of
similar prototypes and theoretical power optimization solutions suggest there is a promis-
ing potential for the unit being energy efficient.

Among the physical difficulties includes constructing the correct vehicle density to
reamin neutrally buoyant. One example of this was obtaining an accurate estimate of the
implemented mass. This was partly caused by a lack of time, and sequencing the imple-
mentation of the different parts could have been structured better. Designing the maximum
volume change large enough to cover a wide range of water densities also proved challeng-
ing. On top of this was designing a robust physical structure capable of withstanding high
pressures underwater.

Some of the technical difficulties was creating a stable and accurate reading of the bat-
tery voltage. Other difficulties includes unexpected firmware failures, creating and tuning
a control system, and implementing an accurate simulation of the dynamic behaviors.

6.1 Future Work
The implementation of the electrical design, specifically the electronics implemented on
the PCB, functioned well as a prototype design, but with much potential for improvement.
An integrated electric circuit with wireless communication would simplify performing
experimental tests.

More physical experiments to document energy efficiency and physical properties re-
mains. Designing a mechanism to ensure the prototype remains stationary in horizontal
directions can be beneficial.
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Appendix A - Solidworks Drawings

Vehicle House Drawing
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Actuator Holder and Inner Ring Drawing

Outer lid and Inner Lid drawing
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Appendix B - Matlab Simulation Code

1 c l e a r a l l
2 c l c
3

4 %%R e f e r e n c e p a r a m e t e r s
5 D r e f 1 = 5 ; % R e f e r e n c e d e p t h 1
6 D r e f 2 = 2 ; % R e f e r e n c e d e p t h 2
7 t c h a n g e = 300 ; % Time f o r r e f e r e n c e change
8 t r u n = 600 ; %T o t a l s i m u l a t e d run t ime
9

10 %S t a r t i n g p a r a m e t e r s
11 h0 = 0e−3; %S t a r t i n g p o s i t i o n o f p i s t o n (0−0.06)
12 x0 = 0 . 4 ; % S t a r t i n g d e p t h
13

14 %%CTD p r o f i l e s
15 sampleData = l o a d ( ’ CTD data / CC1437011 20170609 081403 ’ ) ;
16 s a l i n i t y P r o f i l e = sampleData . S a l i n i t y ;
17 t e m p P r o f i l e = sampleData . Tempera tu r e ;
18 d e p t h P r o f i l e = sampleData . Depth ;
19

20 %F r e s h w a t e r example
21 % s a l i n i t y P r o f i l e = [0 0 ] ;
22 % t e m p P r o f i l e = [17 1 6 ] ;
23 % d e p t h P r o f i l e = [0 2 0 ] ;
24

25 g = 9 . 8 1 ;
26 rho min = 1016 ;% Min BV D e n s i t y
27

28 %%V e h i c l e p a r a m e t e r s :
29 Cd = 0 . 9 ; % Drag c o e f f i c i e n t
30

31 %T h i c k n e s s pvc
32 t p v c = 0 . 0 0 8 ;
33 t p v c p i s t o n = 0 . 0 0 5 ;
34 t p v c l i d = 0 . 0 0 8 ;
35

36 h c y l = 0 . 0 6 ; %Moveable h e i g h t o f p i s t o n
37 h s t = 0 . 0 1 ; %He igh t p i s t o n b l o c k
38 h b a s e = 0 . 3 0 5 ; %He ig h t v e h i c l e
39 h l i d = 0 . 3 0 ; %He i gh t o u t e r l i d
40

41 r v e = 0 . 0 6 5 ; %Radius V e h i c l e
42 r p i s t o n = 0 . 0 2 ; % C y l i n d e r r a d i u s
43 r l i d = r v e + t p v c l i d ;
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44

45 F p i s t o n m a x = 1 0 2 2 . 3 ; %Maxium l i n e a r a c t u a t i o n f o r c e
46

47 %%C a l c u l a t i o n s
48 %Volume / Area :
49 A v e h i c l e = p i ∗ r l i d ˆ 2 ; % P r o j e c t e d a rea , v e r t i c a l

d i r e c i t o n
50 A pis = p i ∗ r p i s t o n ˆ 2 ; % P i s t o n a r e a
51

52 V l i d = ( h l i d ∗ p i ∗ r l i d ˆ 2 ) + ( ( p i ∗0 . 0 0 5∗ ( r l i d + 0 . 0 0 5 ) ˆ 2 )−( p i
∗0 .005∗ r l i d ˆ 2 ) ) ;

53 V bot = ( ( h b a s e + t p v c l i d −h l i d ) ∗ p i ∗ r v e ˆ 2 )−( p i
∗ 0 . 0 1 ∗ ( 0 . 0 1 5 ˆ 2 ) ) ;

54 V base = V l i d + V bot ;
55 d e l t a V = p i ∗ h c y l ∗ r p i s t o n ˆ 2 ; % P i s t o n volume
56

57 %Mass / d e n s i t y :
58 m = 6 . 1 0 1 ; %Measured
59

60 V max = m/ rho min ;
61 h a d d i t i o n a l = ( V max−V base ) / ( p i ∗ r v e ˆ 2 ) ;
62 h add = h a d d i t i o n a l + 0 . 0 1 3 ;
63 r o t a t i o n s = (0.15− h add ) / 0 . 0 0 6 ;
64 h ve = h b a s e + h a d d i t i o n a l ;
65 V min = V max−d e l t a V ;
66

67 rho max = m/ V min ;
68 r h o i n t e r v a l = rho max − rho min ;
69

70 %%A c t u a t i o n p a r a m e t e r s :
71

72

73 v p i s t o n m a x = 2 . 4 4 e−3; %Movement Speed of P i s t o n [m/ s ]
74 d e a d b a n d s p e e d = 0 . 3 e−3; % Minimum a c t u a t i o n movement [m]
75

76 depth max = ( F p i s t o n m a x / A p i s ) / ( rho max ∗9 . 8 1 ) ; %Maximum
d e p t h from gauge p r e s s u r e on p i s t o n

77 d e p t h t e r r a i n = 1 0 0 . 0 ; %[m]
78

79 p i t c h b o l t = 1e−3; % Space between b o l t t h r e a d s
80 d e l t a p o s p i s t o n m i n = ( 1 / ( 5 1 2 0 0∗ p i t c h b o l t ) ) ; % L i n e a r

movement p e r s t e p
81

82 %%P r e s s u r e s e n s o r p a r a m e t e r s
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83 d e l t a r e s p r e s s u r e s e n s o r = 6 . 8 9 / ( 2 ˆ 1 0 ) ; %R e s o l u t i o n o f
a n a l o g p r e s s u r e s e n s o r ( p r e s s u r e r a n g e ( b a r ) / ( 2 ˆ ADC−b i t s )
)

84

85 %%C o n t r o l p a r a m e t e r s
86 O f f s e t = 0 ; %Helps o v e r s h o t i n g r e f e r a n c e
87 sampleTime = 0 . 5 ;
88 %I d e a l PID ( wi th v p i s t o n m a x = 2 . 4 4 e−3 and o f f s e t 0 ) :
89 Kp = 0 . 0 2 ;
90 Ki = 0 . 0 0 1 ;
91 Kd = 0 . 0 6 ;
92 % Kp = 0 . 0 0 6 ;
93 % Ki = 0 . 0 0 0 1 5 ;
94 % Kd = 0 . 0 5 ;
95

96 N = 1 ;
97

98 %S i m u l a t i o n
99 t s p a n = [0 t r u n ] ; % Time span f o r s i m u l a t i o n

100 o p t i o n s = s i m s e t ( ’ MaxStep ’ , 0 . 5 , ’ MinStep ’ ,1 e−11 , ’ AbsTol ’ ,
1e−11 , ’ Re lTo l ’ , 1e−11) ;

101 s e t p a r a m ( ’ buoyancy1 ’ , ’ A l g e b r a i c L o o p S o l v e r ’ , ’ L i n e S e a r c h ’ ) ;
102 sim ( ’ buoyancy1 . mdl ’ , t s p a n , o p t i o n s ) ;
103

104 %%P l o t t i n g
105 c l o s e a l l ;
106 %V e h i c l e d e p t h + r e f
107 f i g 1 = f i g u r e ( 1 ) ;
108 ho ld on ;
109 p l o t ( Depth . Time , Depth . Data ) ;
110 p l o t ( [ 0 t c h a n g e ] , [ D r e f 1 D r e f 1 ] , ’ : ’ ) ;
111 p l o t ( [ t c h a n g e t r u n ] , [ D r e f 2 D r e f 2 ] , ’ : ’ ) ;
112 t i t l e ( ’ Depth ’ ) ;
113 x l a b e l ( ’ Time [ s ] ’ ) ;
114 y l a b e l ( ’ Depth [m] ’ ) ;
115 s e t ( gca , ’ YDir ’ , ’ r e v e r s e ’ ) ;
116 ho ld o f f ;
117 f i g 1 . P o s i t i o n = [20 520 1000 6 0 0 ] ;
118

119 %P i s t o n P o s i t i o n
120 f i g 2 = f i g u r e ( 2 ) ;
121 ho ld on ;
122 p l o t ( p o s p i s t o n . Time , p o s p i s t o n . Data ) ;
123 x l a b e l ( ’ Time [ s ] ’ ) ;
124 y l a b e l ( ’ P o s i t i o n [mm] ’ ) ;
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125 t i t l e ( ’ P i s t o n p o s i t i o n ’ ) ;
126 f i g 2 . P o s i t i o n = [20 50 700 5 0 0 ] ;
127 ho ld o f f ;
128

129 %P i s t o n V e l o c i t y
130 f i g 3 = f i g u r e ( 3 ) ;
131 ho ld on ;
132 p l o t ( v p i s t o n . Time , v p i s t o n . Data ) ;
133 p l o t ( [ 0 t r u n ] , [ d e a d b a n d s p e e d ∗10ˆ3 d e a d b a n d s p e e d ∗1 0 ˆ 3 ] , ’ :

’ ) ;
134 p l o t ( [ 0 t r u n ] , [− d e a d b a n d s p e e d ∗10ˆ3 −d e a d b a n d s p e e d ∗1 0 ˆ 3 ] ,

’ : ’ ) ;
135 t i t l e ( ’ P i s t o n V e l o c i t y ’ ) ;
136 x l a b e l ( ’ Time [ s ] ’ ) ;
137 y l a b e l ( ’ V e l o c i t y [mm/ s ] ’ ) ;
138 f i g 3 . P o s i t i o n = [800 620 700 5 0 0 ] ;
139 ho ld o f f ;
140

141 p o w e r e s t t h r e s h o l d = [ ] ;
142 f o r i = 1 : l e n g t h ( v p i s t o n . Data )
143 i f abs ( v p i s t o n . Data ( i ) )>d e a d b a n d s p e e d
144 p o w e r e s t t h r e s h o l d ( i ) = v p i s t o n m a x ;
145 e l s e
146 p o w e r e s t t h r e s h o l d ( i ) = 0 ;
147 end
148 end
149

150 p o w e r e s t = t r a p z ( v p i s t o n . Time , abs ( v p i s t o n . Data ) ) ;
151 p o w e r e s t t = t r a p z ( v p i s t o n . Time , p o w e r e s t t h r e s h o l d ) ;
152 p o w e r e s t t h r e s h o l d p e r c e n t = 100∗ p o w e r e s t t / ( t r u n ∗

v p i s t o n m a x ) ; %P e r c e n t power use o f maximum p o s s i b l e ,
when assuming e q u a l power f o r d i f f e r e n t v e l o c i t y

153 p o w e r e s t p e r c e n t = p o w e r e s t / ( 1 0∗ t r u n ∗ v p i s t o n m a x ) ; %
P e r c e n t power use o f maximum p o s s i b l e

154

155 %D e n s i t y
156 d e n s i t y = [ ] ;
157

158 f o r i = 1 :800
159 d e n s i t y ( i ) = C a l c u l a t e d e n s i t y ( s a l i n i t y P r o f i l e ,

t e m p P r o f i l e , d e p t h P r o f i l e , i / 1 0 ) ;
160 end
161 f i g 8 = f i g u r e ( 8 ) ;
162 p l o t ( d e n s i t y , 0 . 1 : 0 . 1 : 8 0 ) ;
163 t i t l e ( ’ D e n s i t y ’ ) ;
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164 x l a b e l ( ’ D e n s i t y [ kg / m3] ’ ) ;
165 y l a b e l ( ’ Depth [m] ’ ) ;
166 s e t ( gca , ’ YDir ’ , ’ Reve r se ’ )
167 f i g 8 . P o s i t i o n = [800 50 700 5 0 0 ] ;
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Appendix C - Microcontroller Code

1 # i n c l u d e <SPI . h>
2 # i n c l u d e <SD . h>
3 # i n c l u d e <PID v1 . h>
4 # i n c l u d e <F i l t e r . h>
5

6 F i l e myFi le ;
7

8 /∗DESCRIPTION∗ /
9 /∗

10 ∗ Thi s program i s used t o r e g u l a t e and c o n t r o l t h e BV
between two r e f e r e n c e d e p t h s .

11 ∗ I t w i l l a l t e r n a t e between t h e two r e f d e p t h e v e r y
s e t P o i n t T i m e u n t i l runTime i s reached , o r b a t t e r y i s
low

12 ∗
13 ∗ /
14

15 /∗TIMERS∗ /
16 u n s i g n e d long t l a s t 1 , t l a s t 3 , t c h a n g e 1 , t c h a n g e 3 , t now

;
17 u n s i g n e d long sampleTime = 500 ; / / Sample t ime of PID i n ms
18 u n s i g n e d long s t a r t T i m e ; / / How much t ime b e f o r e t h e program

s t a r t s ( ms )
19 u n s i g n e d long runTime , runTime2 ; / / How long t h e program i s

r u n n i n g ( ms )
20 u n s i g n e d long s e t P o i n t T i m e ; / / Time between a l t e r n a t i n g t h e

s e t P o i n t ( ms )
21

22 /∗BATTERY∗ /
23 u n s i g n e d i n t b a t t e r y L o w = 0 ; / / 1 i f b a t t e r y i s c o n s i d e r e d

low v o l t a g e ( a l m o s t empty b a t t e r y )
24 do ub l e b a t t e r y V o l t a g e ;
25 i n t b a t t e r y S t r i k e = 0 ;
26

27 /∗ PID C o n t r o l l e r ∗ /
28 do ub l e r e f d e p t h 1 = 4 . 0 ; / / r e f e r e n c e d e p t h 1 (m)
29 do ub l e r e f d e p t h 2 = 1 . 0 ; / / r e f e r e n c e d e p t h 2 (m)
30 do ub l e depth , i d e a l P o s i t i o n P i s t o n , s e t P o i n t ;
31 do ub l e Kp= 0 . 0 2 , Ki = 0 . 0 0 1 , Kd = 0 . 0 6 , O f f s e t = 0 . 0 ,

t h r e s h o l d k i = 1 . 5 ;
32 PID myPID(& depth , &i d e a l P o s i t i o n P i s t o n , &s e t P o i n t , O f f s e t ,

Kp , Ki , Kd , DIRECT ) ;
33
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34 /∗MISC∗ /
35 c o n s t f l o a t p i = 3 . 1 4 1 5 9 ;
36 c o n s t f l o a t g = 9 . 8 1 ;
37 c o n s t f l o a t m = 6 . 1 0 1 ; / / Mass [ kg ]
38 do ub l e d e n s i t y = 996 ;
39 c o n s t f l o a t V min = 0 . 0 0 5 1 2 4 4 ; / / Volume min ( p o s i t i o n P i s t o n

= 0) [m3]
40 c o n s t f l o a t r p i s t o n = 0 . 0 2 ; / / Rad ius p i s t o n [m]
41 c o n s t i n t a n a l o g P r e s s u r e P i n = A4 ;
42 c o n s t i n t a n a l o g B a t t e r y V o l t a g e P i n = A7 ;
43 do ub l e r a i l ; / / R a i l v a l u e on p r e s s u r e s e n s o r , f o r

e r r o r h a n d l i n g ,
44 / / r a i l <2.5 => EEPROM C o r r u p t o r Low

Supply v o l t a g e
45 / / r a i l >97.5 => Se ns o r Br id ge Open , S ens o r

Br id ge S h o r t o r Loss o f ground
c o n n e c t i o n

46 do ub l e p i s t o n P o s i t i o n = 0 ;
47 /∗ FILTERS ∗ /
48 E x p o n e n t i a l F i l t e r <double> ADCFi l te r ( 7 , 0 . 3 ) ; / / F i l t e r

f o r p r e s s u r e s e n s o r
49 E x p o n e n t i a l F i l t e r <double> B a t t e r y F i l t e r ( 5 , 18) ; / / F i l t e r f o r

b a t t e r y v o l t a g e
50

51

52

53 vo id s e t u p ( ) {
54 /∗SERIAL INIT ∗ /
55 S e r i a l . b e g i n ( 9 6 0 0 ) ;
56 / / pinMode ( 1 3 , OUTPUT) ;
57 / / d i g i t a l W r i t e ( 1 3 , LOW) ;
58

59 /∗
60 w h i l e ( ! S e r i a l ) {
61 ; / / w a i t f o r s e r i a l p o r t t o c o n n e c t . Needed f o r n a t i v e

USB p o r t on ly
62 }
63 ∗ /
64 /∗RUN TIMERS INIT ∗ /
65 s t a r t T i m e = 1 0 . 0 ∗ ( 6 0 . 0 ∗ 1 0 0 0 . 0 ) ;
66 runTime = 3 0 . 0 ∗ ( 6 0 . 0 ∗ 1 0 0 0 . 0 ) ;
67 s e t P o i n t T i m e = 5 . 0 ∗ ( 6 0 . 0 ∗ 1 0 0 0 . 0 ) ;
68

69 /∗ INIT ∗ /
70 S D i n i t ( ) ;
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71 P I D i n i t ( ) ;
72 MOTORinit ( ) ;
73

74 /∗Wait t ime f o r as sembly ∗ /
75 w h i l e ( m i l l i s ( )<s t a r t T i m e ) {
76 b a t t e r y V o l t a g e = r e a d B a t t e r y V o l t a g e ( ) ;
77 d e l a y ( 1 0 0 0 ) ;
78 }
79

80 t now = m i l l i s ( ) ;
81 t l a s t 1 = m i l l i s ( ) ;
82 t l a s t 3 = m i l l i s ( ) ;
83 / / e n a b l e I n t e r r u p t ( 5 1 2 0 0 ) ;
84 }
85

86 vo id loop ( ) {
87 w h i l e ( t now<runTime && ! b a t t e r y L o w ) {
88 /∗UPDATE TIMERS∗ /
89 u p d a t e t i m e ( ) ;
90 u p d a t e s e t P o i n t ( ) ;
91 i f ( t c h a n g e 1 >= sampleTime ) {
92 p i s t o n P o s i t i o n = g e t P i s t o n P o s i t i o n ( ) ;
93

94 d e p t h = readDep th ( ) ;
95 d e l a y ( 2 0 ) ;
96

97 b a t t e r y V o l t a g e = r e a d B a t t e r y V o l t a g e ( ) ; / / Reads
b a t t e r y v o l t a g e ( nom 24−12.8 V)

98

99 computePID ( ) ; / / changes i d e a l P o s i t i o n P i s t o n
100

101 s e t P i s t o n P o s i t i o n ( ) ; / / s e t s a c t u a t o r t o
i d e a l P o s i t i o n P i s t o n

102

103 / / b a t t e r y C h e c k ( ) ;
104 SDwri te ( ) ;
105 t l a s t 1 = t now ;
106 }
107 }
108 / / S e r i a l . p r i n t l n ( ” End of w h i l e ” ) ;
109 d e l a y ( 5 0 ) ;
110 SendCmd ( 1 , 4 , 0 , 0 , 0 ) ; / / S e t t o f l o a t t o s u r f a c e
111 d e l a y ( s e t P o i n t T i m e ) ;
112 }
113

68



Appendix

114 /∗TIMER UPDATES∗ /
115

116 vo id u p d a t e t i m e ( vo id ) {
117 t now = m i l l i s ( ) ;
118 t c h a n g e 1 = ( t now − t l a s t 1 ) ;
119 t c h a n g e 3 = ( t now − t l a s t 3 ) ;
120 }
121 vo id u p d a t e s e t P o i n t ( vo id ) {
122 i f ( t c h a n g e 3 >= s e t P o i n t T i m e ) {
123 i f ( s e t P o i n t == r e f d e p t h 1 ) {
124 s e t P o i n t = r e f d e p t h 2 ;
125 } e l s e {
126 s e t P o i n t = r e f d e p t h 1 ;
127 }
128 t l a s t 3 = t now ;
129 }
130 }
131

132

133 /∗BATTERY∗ /
134 do ub l e r e a d B a t t e r y V o l t a g e ( vo id ) {
135 i n t b a t t V o l t a g e R e a d = ana logRead (

a n a l o g B a t t e r y V o l t a g e P i n ) ;
136 do ub l e b a t t V o l t a g e = b a t t V o l t a g e R e a d ∗ ( 5 . 0 / 1 0 2 3 . 0 ) ∗ 1 1 . 0 ;

/ / Value from v o l t a g e d i v i d e r
137 B a t t e r y F i l t e r . F i l t e r ( b a t t V o l t a g e ) ;
138 r e t u r n B a t t e r y F i l t e r . C u r r e n t ( ) ;
139 }
140 vo id b a t t e r y C h e c k ( vo id ) {
141 i f ( b a t t e r y V o l t a g e <14.0) { / / Minimum r e q u i r e m e n t f o r

v o l t a g e r e g u l a t o r
142 b a t t e r y S t r i k e ++;
143 i f ( b a t t e r y S t r i k e > 5) { / / Make s u r e c o n s i s t e n t

r e a d i n g s unde r minimum v a l u e
144 b a t t e r y L o w = 1 ;
145 }
146 } e l s e {
147 b a t t e r y S t r i k e = 0 ;
148 }
149 }
150

151 /∗PRESSURE SENSOR∗ /
152 / / Reads p r e s s u r e s e n s o r from ADC, c o n v e r t s s i g n a l t o d e p t h .

Va lues based on Honeywell PX3AN1BH100PSAAX d a t a s h e e t .
153 do ub l e r eadDep th ( vo id ) {
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154 l ong p r e s s u r e V a l u e = ana logRead ( a n a l o g P r e s s u r e P i n ) ;
155 r a i l = 100∗ p r e s s u r e V a l u e / 1 0 2 4 . 0 ;
156 do ub l e me te r = ( ( ( p r e s s u r e V a l u e −102.4) / 1 1 8 . 8 1 5 1 2 6 6 )

∗1 0 0 0 0 0 . 0 ) / ( g∗ d e n s i t y ) + 0 . 5 0 9 ;
157 / / 102 .4 = 10% of 1024 , eg l o w e s t o u t p u t v a l u e
158 / / 118 .8151266 = ramp number f o r ˜1 bar−>˜7 b a r from

102.4−>921.6
159 / / Bar i s t h e n c o n v e r t e d t o m d e p t h
160 / / +0 .509 [m] = s l i g h t o f f s e t t u n i n g , based on o b s e r v a t i o n
161

162 ADCFi l te r . F i l t e r ( me te r ) ;
163 r e t u r n ADCFi l te r . C u r r e n t ( ) ;
164 }
165

166 /∗SD S t o r a g e ∗ /
167 vo id S D i n i t ( vo id ) {
168 i f ( ! SD . b e g i n ( 1 0 ) ) {
169 S e r i a l . p r i n t l n ( ”SD i n i t f a i l e d ” ) ;
170 }
171 e l s e {
172 S e r i a l . p r i n t l n ( ”SD i n i t s u c c e s s ” ) ;
173 }
174 }
175 / / W r i t e s t o SD c a r d ( depth , d e n s i t y , t ime ,
176 vo id SDwri te ( vo id ) {
177 myFi le = SD . open ( ” t e s t 7 . t x t ” , FILE WRITE ) ;
178 i f ( myFi le ) {
179 myFi le . p r i n t ( m i l l i s ( ) ) ;
180 myFi le . p r i n t ( ” ” ) ;
181 myFi le . p r i n t ( depth , 5 ) ;
182 myFi le . p r i n t ( ” ” ) ;
183 myFi le . p r i n t ( s e t P o i n t ) ;
184 myFi le . p r i n t ( ” ” ) ;
185 myFi le . p r i n t ( i d e a l P o s i t i o n P i s t o n , 5 ) ;
186 myFi le . p r i n t ( ” ” ) ;
187 myFi le . p r i n t ( p i s t o n P o s i t i o n , 5 ) ;
188 myFi le . p r i n t ( ” ” ) ;
189 myFi le . p r i n t ( b a t t e r y V o l t a g e ) ;
190 myFi le . p r i n t l n ( ” ” ) ;
191 myFi le . c l o s e ( ) ;
192 / / S e r i a l . p r i n t l n ( ” W r i t t e n t o SD . ” ) ;
193 } e l s e {
194 / / i f t h e f i l e didn ’ t open , p r i n t an e r r o r :
195 / / S e r i a l . p r i n t l n ( ” e r r o r open ing t e s t . t x t ” ) ;
196 }
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197 }
198

199

200 /∗ PID C o n t r o l l e r ∗ /
201 vo id P I D i n i t ( ) {
202 s e t P o i n t = r e f d e p t h 1 ;
203 myPID . S e t C o n t r o l l e r D i r e c t i o n ( 0 ) ;
204 myPID . S e t O u t p u t L i m i t s ( 0 , 0 . 0 5 5 ) ;
205 myPID . SetSampleTime ( sampleTime ) ;
206 myPID . SetMode (AUTOMATIC) ;
207 d e l a y ( 1 0 0 ) ;
208 }
209 vo id computePID ( ) {
210 do ub l e t h r e s h o l d = abs ( s e t P o i n t−d e p t h ) ; / / a b s o l u t e

d i s t a n c e away from s e t p o i n t
211 i f ( t h r e s h o l d <= t h r e s h o l d k i ) / / Use Ki p a r a m e t e r when

c l o s e t o s e t p o i n t .
212 {
213 myPID . S e t T u n i n g s ( Kp , Ki , Kd ) ;
214 }
215 e l s e
216 {
217 myPID . S e t T u n i n g s ( Kp , 0 , Kd ) ;
218 }
219 myPID . Compute ( ) ;
220 }
221

222 /∗STEPPER MOTOR∗ /
223 vo id MOTORinit ( ) {
224 SendCmd ( 1 , 5 , 6 , 0 , 6 6 ) ; / / s e t max c u r r e n t on PD−1161
225 d e l a y ( 1 0 0 ) ;
226 SendCmd ( 1 , 5 , 7 , 0 , 0 ) ; / / s e t S tandby c u r r e n t ( Value = 0−255

[∗4 / 2 5 5 A] )
227 d e l a y ( 1 0 0 ) ;
228 SendCmd ( 1 , 5 , 2 1 4 , 0 , 5 ) ; / / s e t Power down d e l a y t o s t a n d b y

c u r r e n t ( Value = 1−65535 [∗10 msec ] )
229 d e l a y ( 1 0 0 ) ;
230 SendCmd ( 1 , 5 , 1 5 4 , 0 , 1 ) ; / / s e t P u l s e D i v i s o r ( changes

r o t a t i o n speed ) CAREFUL CHANGING, MUST NOT EXCEED
PHYSICAL VALUES

231 d e l a y ( 1 0 0 ) ;
232 }
233 / / s e t s p o s i t i o n o f p i s t o n t o i d e a l P o s i t i o n P i s t o n i n m

( ˜0 −0 .055 )
234 / / 1 mm l i n e a r movement = 51200 (256∗200) MVP
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235 / / e s t i m a t e d MVP r a n g e : −2816000.0 (51200∗−55) ( 5 . 5 cm ) t o 0
( 0 . 0 cm )

236 vo id s e t P i s t o n P o s i t i o n ( vo id ) {
237 l ong v a l u e = −( i d e a l P o s i t i o n P i s t o n ∗51200000 .0 ) ;
238 SendCmd ( 1 , 4 , 0 , 0 , v a l u e ) ; / /MVP command , move t o a b s o l u t e

v a l u e
239 }
240

241 do ub l e g e t P i s t o n P o s i t i o n ( vo id ) {
242 u n s i g n e d c h a r ∗ RxAddress , R x S t a t u s ;
243 l ong RxValue ;
244 SendCmd ( 1 , 6 , 1 , 0 , 0 ) ;
245

246 i f ( G e t R e s u l t ( RxAddress , RxSta tus ,& RxValue ) ) {
247 do ub l e v a l u e = −(RxValue / 5 1 2 0 0 0 0 0 . 0 ) ;
248 / / S e r i a l . p r i n t l n ( v a l u e ) ;
249 r e t u r n v a l u e ;
250 }
251 e l s e {
252 r e t u r n 1 ; / / I m p o s s i b l e f o r p i s t o n t o be a t 1 m, used

f o r e r r o r h a n d l i n g i n s t e a d
253 }
254 }
255 do ub l e g e t E n c o d e r P o s i t i o n ( vo id ) {
256 u n s i g n e d c h a r ∗ RxAddress , R x S t a t u s ;
257 l ong ∗ RxValue ;
258 SendCmd ( 1 , 6 , 2 0 9 , 0 , 0 ) ;
259 i f ( G e t R e s u l t ( RxAddress , RxSta tus , RxValue ) ) {
260 do ub l e v a l u e = (∗ RxValue / 5 1 2 0 0 0 0 0 . 0 ) + 0 . 0 6 ;
261 / / S e r i a l . p r i n t l n ( v a l u e ) ;
262 r e t u r n v a l u e ;
263 }
264 e l s e {
265 r e t u r n 1 ; / / I m p o s s i b l e f o r p i s t o n t o be a t 1 m, used

f o r e r r o r h a n d l i n g i n s t e a d
266 }
267 }
268

269 / / Send a command t o s t e p p e r motor (PD−1161) , s e e PD−1161
f i r m w a r e manual f o r more i n s t u c t i o n s

270 vo id SendCmd ( u n s i g n e d c h a r Address , u n s i g n e d c h a r Command ,
u n s i g n e d c h a r Type , u n s i g n e d c h a r Motor , l ong Value )

271 {
272 u n s i g n e d c h a r TxBuf fe r [ 9 ] ;
273 u n s i g n e d c h a r i ;
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274

275 TxBuf fe r [ 0 ] = Address ;
276 TxBuf fe r [ 1 ] = Command ;
277 TxBuf fe r [ 2 ] = Type ;
278 TxBuf fe r [ 3 ] = Motor ;
279 TxBuf fe r [ 4 ] = Value >> 2 4 ;
280 TxBuf fe r [ 5 ] = Value >> 1 6 ;
281 TxBuf fe r [ 6 ] = Value >> 8 ;
282 TxBuf fe r [ 7 ] = Value & 0 x f f ;
283 TxBuf fe r [ 8 ] = 0 ;
284 f o r ( i =0 ; i <8; i ++)
285 TxBuf fe r [8 ]+= TxBuf fe r [ i ] ;
286

287 S e r i a l . w r i t e ( TxBuffer , s i z e o f ( TxBuf fe r ) ) ;
288 }
289 / / Rec i eve message from PD−1161 , r e t u r n 1 i f checksum i s

okay , 0 o t h e r w i s e
290 / / The f o l l w i n g v a l u e s a r e r e t u r n e d :
291 / / ∗Address : Host a d d r e s s
292 / / ∗ S t a t u s : S t a t u s o f t h e module (100 means okay )
293 / / ∗Value : Value r e a d back by t h e command
294

295 i n t G e t R e s u l t ( u n s i g n e d c h a r ∗RxAddress , u n s i g n e d c h a r ∗
RxSta tus , l ong ∗RxValue )

296 {
297 u n s i g n e d c h a r RxBuffe r [ 9 ] , Checksum ;
298 / /DWORD E r r o r s , BytesRead ;
299 / / COMSTAT ComStat ;
300 i n t i = 0 ;
301 i n t check = 0 ;
302 / / F i r s t , g e t 9 b y t e s from t h e module and s t o r e them i n

RxBuffe r [ 0 . . 8 ]
303 / / ( t h i s i s MCU s p e c i f i c )
304 /∗
305 w h i l e ( i <9){
306 i f ( S e r i a l . a v a i l a b l e ( ) >0){
307 RxBuffe r [ i ] = ( c h a r ) S e r i a l . r e a d ( ) ;
308 i ++;
309 }
310 }
311 ∗ /
312 w h i l e ( ! check ) {
313 i f ( S e r i a l . a v a i l a b l e ( ) >0){
314 S e r i a l . r e a d B y t e s ( RxBuffer , 9 ) ;
315 i ++;
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316 }
317 }
318 / / Check t h e checksum
319 Checksum =0;
320 f o r ( i =0 ; i <8; i ++)
321 Checksum+= RxBuffe r [ i ] ;
322 i f ( Checksum != RxBuffe r [ 8 ] ) r e t u r n 0 ;
323

324 / / Decode t h e da tag ram
325 ∗RxAddress= RxBuffe r [ 0 ] ;
326 ∗R x S t a t u s = RxBuffe r [ 2 ] ;
327 ∗RxValue =( RxBuffe r [ 4 ] << 24) | ( RxBuffe r [ 5 ] << 16) | (

RxBuffe r [ 6 ] << 8) | RxBuffe r [ 7 ] ;
328

329 r e t u r n 1 ;
330 }
331 vo id e n a b l e I n t e r r u p t ( l ong p o s t i o n ) {
332 SendCmd ( 1 , 3 7 , 3 , 0 , p o s t i o n ) ; / / S e t i n t e r r u p t v e c t o r (VECT)
333 d e l a y ( 1 0 ) ;
334 SendCmd ( 1 , 2 5 , 3 , 0 , 0 ) ; / / Enab le i n t e r r u p t
335 d e l a y ( 1 0 ) ;
336 }
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