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ABSTRACT

Underwater gliders are able to travel autonomously with the aid of separate pitch
and roll control mechanisms. Nevertheless, it is significant to consider the hull load and
mass of the glider to improve the gliding efficiency in the water. Therefore, in this
study, a single pitch and buoyancy as well as roll control mechanism for an underwater
glider are discussed. This mechanism controlled the pitch and roll of the glider without
using the conventional buoyancy engine and rotational mass. It consisted of four sets
of water bladders located in the front, rear, left and right of the glider and two high-
flow rate water pumps that shifted water from these water bladders. By shifting water
between the left and right water bladders, the roll moment was induced. Similarly, the
pitch was achieved by shifting water between the front and rear water bladders. The
system dynamics and the glider parameters were derived and simulated as well as
validated experimentally. Four different pump rates (2.5, 5, 7.5 and 10 LPM) were
simulated with pitch and roll rates increasing with increasing pump rate. Furthermore,
during the field test, the glider was able to maneuver in a sawtooth pattern with a
maximum pitch angle of 46.3°, a pitch rate of 2.70E-01 rad/s, and a maximum roll angle
of 42.3°. The results demonstrated better performance compared to the existing control
mechanism of the UTP glider, with pitch and roll angle variations of 2.8% and 29.1%,
respectively. Thus, the new roll and pitch control mechanisms can replace the dedicated

mechanisms for pitch and roll motions.
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ABSTRAK

Peluncur bawah laut dapat melakukan perjalanan secara autonomi dengan bantuan
mekanisme kawalan pitch and gulungan yang berasingan. Namun begitu, adalah
penting untuk mempertimbangkan beban badan kapal peluncur dan jisim peluncur
untuk meningkatkan kecekapan meluncur di dalam air. Oleh itu, dalam kajian ini, pitch
dan daya apung tunggal, serta mekanisme kawalan gulungan untuk peluncur bawah air
dibincangkan. Mekanisme ini mengawal pitch dan gulungan peluncur tanpa
menggunakan enjin daya apung konvensional dan jisim bergerak. la terdiri dari empat
set kantung air yang terletak di hadapan, belakang, kiri dan kanan peluncur, dan dua
pam air dengan kadar aliran tinggi yang mengalihkan air daripada kantung air ini.
Dengan mengalihkan air di antara kantung air kiri dan kanan, momen penggulung
dihasilkan. Begitu juga, pitch dicapai dengan mengalihkan air antara kantung air
hadapan dan belakang. Dinamika sistem dan parameter peluncur diperoleh dan
disimulasikan, serta disahkan secara eksperimen. Empat kadar pam yang berbeza (2.5,
5, 7.5 dan 10 LPM) disimulasikan dengan kadar pitch dan gulungan yang meningkat
dengan peningkatan kadar pam. Selanjutnya, semasa ujian lapangan, peluncur dapat
bergerak dalam corak bergerigi dengan sudut pitch maksimum 46.3°, kadar pitch 2.70E-
01 rad/s, dan sudut gulungan maksimum 42.3°. Hasil kajian menunjukkan prestasi yang
lebih baik berbanding dengan mekanisme kawalan sedia ada peluncur UTP, dengan
variasi sudut pitch dan gulungan masing-masing adalah 2.8% dan 29.1%. Oleh itu,
mekanisme kawalan gulungan dan pitch yang baharu dapat menggantikan mekanisme

khusus untuk pergerakan pitch dan gulungan.
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CHAPTER 1

INTRODUCTION

1.1  Chapter Overview

This chapter presents new pitch, roll and buoyancy control mechanisms for an
underwater glider. Six sub-sections describe the background of existing pitch, roll and
buoyancy control mechanisms, new mechanism and key factors that inspired this

research.

The remainder sub-sections in this chapter are organized as follows: in Section 1.2,
the underwater gliders are reviewed, in particular their pitch, roll and buoyancy control
mechanisms. This is followed by the key factors and motivations for conducting this
study. Subsequently, the gap between the current and desired conditions is explained in
the problem statement. The objectives of the research are presented in Section 1.4, while
the scope of this study is explained in sub-section 1.5. Finally, Section 1.6 presents the

overview of this thesis.

1.2 Research Background and Motivation

An AUV is an underwater robot equipped with an advanced control system that allows
it to travel independently using a GPS navigation system to a predetermined depth [1],
[2]. Oceanographers often use these gliders to collect physicochemical data on the
subseafloor such as salinity, temperature and oxygen level [3], as there are limitations
for human divers to dive into the ultra-deepwater. Furthermore, it is also used to monitor

sea currents, underwater pipeline constructions, and marine resources as well as for



military missions [4]. Data recorded from sensors on the glider are stored in internal

memory and transmitted to the base station via satellite connections.

The first concept for a fleet of floats was presented in 1989 by Henry Stommel, who
inspired the development of the Slocum glider. Slocum, Spray and Sea Glider are well-
known legacy gliders [6], which in turn inspired the development of other glider models
such as ROUGHIE [9], ALBAC [10], Hybrid Underwater Glider (HUG) [11], South
Korea_Underwater Glider [15], Petrel-1l [16], [18], USM Underwater Glider [22],
Grace [23], Starfish [27], Alex [31], UTP glider [32], Miniature Underwater Glider
[34], Disk type Underwater Glider [37], GUPPIE [38] and Underwater Glider Mk. 11l

[47], each with design and configuration differences.

Gliders as watercraft are mostly designed in the form of torpedoes or ellipsoids for
better hydrodynamics. A conventional glider design has wings, a rudder fin, cylindrical
hull, buoyancy engine, movable masses, rotational mechanisms, batteries or power

pack, and communication devices.

Fundamentally, the conventional glider model has cylindrical hull surface, fixed
wings, and rudder/tail fin as shown in Figure 1.1 [35]. The hull is built to accommodate

control mechanisms such as buoyancy engine and pitch, and roll control mechanisms.

Tail fin

Figure 1.1: Overview of the underwater glider [44]



Gliders move in underwater by controlling the amount of pitch, roll and buoyancy.
Initially, the glider is in neutrally buoyant mode. A signal is received by the navigation
module which activates the internal configuration of the glider. Figure 1.2 shows a
conventional buoyancy engine consisting of a piston driven by a DC motor to control
the fluid flow in the ballast tank and a sliding mass to shift the center of gravity. The
pitch is achieved by shifting the center of gravity of the glider and shifting the movable
mass linearly with the amount of buoyancy controlled by the ballast tank. The piston in
the ballast tank is used to control the amount of fluid. The glider pitches downwards
when the gravity force is greater than the buoyancy force, which is a negative buoyancy
state, with a positive buoyancy state being when the buoyancy force is greater than the
force due to gravity.

Ballast tank Linear moving

Figure 1.2: Conventional pitch and buoyancy control mechanism [32]

During the descent motion, the battery mass is displaced linearly towards the nose
of the underwater glider and the piston is retracted to allow fluids to enter the ballast
tank. After the predetermined depth is reached, the ascent begins by shifting the battery
mass towards the tail of the glider and the piston is extended to expel fluid from the

tank. This sequence is repeated until the end of the mission.

The glider induces roll motion by shifting the center of gravity from left to right or
vice versa [9], [45]. Therefore, the underwater gliders use a movable mass to shift the

CG along the swaying axis.



As shown in Figure 1.3, the hull is equipped with a rotational mass and the roll is

achieved by rotating the rotational mass in a clockwise or counter-clockwise direction.

Rotational
Mass

Figure 1.3: Rotational roll control mechanism [47]

Control signals are executed by a processing module to control the maneuvering of
the underwater glider, while pitch and roll performances are tracked by a gyroscope
module. The processing module is integrated with the navigation system and
communication devices of the glider. A data logger is used to record data over time and

a hard drive is used to store information.

The material used to construct the glider is another consideration for sustaining the
performance of the glider. For example, fiberglass and carbon fiber materials have
better seakeeping abilities and stability. The glider’s structural shape, wings, rudder,
and related dimensions play a key role in enhancing the maneuverability of the glider.
The consideration of structural geometry, such as overall size, weight and hull diameter,
is significant for glider modeling to accommodate control mechanisms [47], [51].
Therefore, the hull size and load of the glider are subjective to the volume and mass of
the control mechanisms. It also affects the performance of underwater glider [51]. For
example, by reducing the size of the hull, a minimum displacement of the center of
gravity can be achieved by pitch and roll [34], [47]. Lightweight glider such as ‘Grace’

can produce lower resistance in the water and thus improve gliding efficiency.



As shown in Figure 1.4, the UTP glider built with a conventional buoyancy engine
consists of a ballast tank and movable masses. The total mass of the glider with full
ballast is 42.1 kg. The trajectory of the sawtooth is achieved by controlling the pitch
angle to 45° and the amount of buoyancy on the glider. For the pitch control, the CG is
altered by 0.38 kg, 20 cm linear actuator with NEMA 17 servo motor which displaces
2.3 kg of movable mass for 18 cm. The Tmax ballast tank integrated with 12V DC
motor is used to control the gliding depth of the glider. Thus, the glider is negatively
buoyant when the ballast tank is filled with water and changes to a positive buoyant
state when water is expelled from the ballast tank. Both the linear actuator and ballast
tank are attached to the internal frame, adding 8.58 kg to the hull mass. The roll is
induced by shifting the water mass via the Prolux water pump in between the left and
right rolling tanks. The glider can accomplish an optimum roll angle of 30° [32], [54].

Linear Actuotor Ballast Tank

Internal Frame

Rolling Tank

Figure 1.4: An overview of the existing buoyancy engine and roll control mechanism
on UTP glider [32]

Previously, the use of a water pump with rolling tank for roll control was proposed
for the UTP glider. In this study, the use of a water pump with water bladders was not
only for roll control but also proposed for pitch and buoyancy control as well.



1.3 Problem Statement

To improve the efficiency of the underwater glider, an in-depth analysis of the hull load
and mass of the glider as well as the competency of its control mechanisms is significant
[51]. Similarly, gliders with minimum load can produce better pitch and roll
performance [32], [34]. Thus, the performance of the UTP glider can be improved by

allowing a reduction in the internal hull mass of the glider.

By referring to [32], [54]; the existing design of the UTP glider was developed
without considering the effect of body mass and the use of various control mechanisms
that increase the hull load and affect the performance of the glider in the water. The
pitch control module is employed with a conventional coupled control mechanism to
alter the pitch and buoyancy amount. As discussed earlier, a linear actuator is used to
control the pitch and buoyancy amount by a ballast tank with a 12V DC motor, where
the buoyancy engine with a coupled control mechanism complicates the control of the
glider motion. As a roll control module, a water pump with a low volume of rolling
tanks is integrated on the hull surface. To reduce the need for a conventional buoyancy
engine, the use of a single control mechanism for pitch and buoyancy as well as roll
control is proposed in this study. This will ultimately reduce the internal hull mass and

high potential to improve the pitch and roll performance of the UTP glider.

1.4  Research Objectives

In this study, a single mechanism was developed for the pitch, roll and buoyancy control
modules to regulate the amount of buoyancy, pitch and roll of the glider. The control
modules were tested to evaluate the pitch and roll performance of the glider. The
objectives are as follows:
I To develop a single mechanism that controls pitch and buoyancy as well
as roll control.
ii. To determine the correlation between the pitch and roll response of the

glider with the control mechanisms.



iii. To derive the relevant mathematical equations based on a single

mechanism for the pitching and rolling motions.

1.5  Research Scope

The scope of this study is to further develop a single mechanism for pitch and depth as
well as roll control of the underwater glider. The goal is to eliminate the use of a

dedicated mechanism for pitch and roll control as well as separate buoyancy engine.

This study focuses on the development of pitch, roll and buoyancy control
mechanisms that use water as trim mass. Both pitch and roll control modules are
equipped with an individual water pump to displace water from the water bladders
which are located at the front, rear, left, and right of the glider. The pitch is achieved
by shifting water between the front and rear water bladders. The amount of water in the
water bladders directly influences the center of gravity and buoyancy amount of the
underwater glider, causing the glider motion in the water. The roll is induced by shifting

water from the left and right water bladders through the water pump system.

A simulation model is used to evaluate the pitch and roll performance at various
pump flow rates. The developed control mechanisms are physically tested to determine
the pitch and roll motion of the UTP glider. Thus, the data obtained from the Simulink

model are validated with the field test results.

This study is limited only to the performance of the proposed pitch and roll control
mechanisms. Noise test and control algorithms are excluded. Data are collected from a

geographic region and then are analyzed.

1.6 Brief Thesis Overview
This thesis consists of five chapters as outlined below.

In chapter 1, an overview of the underwater glider is presented emphasizing on

pitch, roll and buoyancy control mechanisms. The constraints of existing models and
7



the purposes of this research are also discussed. The proposed methods for improving

the control mechanism of the underwater glider are explicitly explained.

The configurations and limitations of the existing underwater gliders, in particular
pitch, roll and buoyancy control mechanisms are elaborated in Chapter 2. The
techniques used to determine the hydrodynamic effects on the motion of the underwater

glider are also included.

Chapter 3 describes a comprehensive methodology and the flow of this research. It
also includes dynamic modeling, working principle, design of pitch and roll control
modules and techniques to determine the pitch and roll motions of the underwater

glider.

In chapter 4, the results of the performance of underwater glider are discussed. The
simulation and experimental validation of the developed control mechanisms are

thoroughly explained.

Chapter 5 concludes this research by describing the goals achieved. In addition, the

recommendations for future underwater glider development are also included.



CHAPTER 2

LITERATURE REVIEW

2.1  Chapter Overview

This chapter reviews the existing gliders, specifically their pitch and roll control
mechanisms. This chapter is divided into six sections. Section 2.2 provides an overview
of the existing underwater gliders. Sections 2.3 describes the internal configuration of
existing underwater gliders, focusing on pitch and roll control mechanisms. Section 2.4
outlines the hydrodynamic characteristics and methods applicable to evaluate the
hydrodynamic parameters, such as CFD and Towing Tank Simulations. Section 2.5
describes the use of Simulink model to evaluate the motion of the glider. Finally,
Section 2.6 summarizes pitch and roll control techniques as well as the limitation of the

existing underwater gliders.

2.2 Overview of the Existing Underwater Gliders

As shown in Figure 2.1, the Slocum glider is torpedo-shaped with a diameter of 0.21
m, length of 1.8 m and weight of 52 kg. Slocum can travel underwater using a buoyancy
mechanism and its wings. It can reach a maximum depth of 200 m and the vehicle
communicates with the base station through an RF modem or Iridium device.
According to Oscar Schofield et al. [3], the glider can travel up to 24 km per day using
alkaline batteries. The battery lasts about 25 to 50 days and needs replacement to

continue traveling. The vertical travel distance is predetermined in the program [35].



Figure 2.1: Slocum glider [3]

Jeff Sherman et al. [7] developed a glider named Spray for long-distance travel to
acquire oceanographic data. As depicted in Figure 2.2, it has an ellipsoid-shaped hull 2
m length, 1.2 m width, and 0.2m diameter and 50 kg weight. The wings and stabilizer

have thicknesses of 4 mm and 3.2 mm, and control vertical motion.

The hull of the glider was divided into three sections and a hydraulic system at the
rear section acted as a ballast engine, which achieved pitch and roll by shifting the
battery mass. The glider wing was equipped with an ORBCOMM communication
system to connect with the vessel control room, while GPS navigation system directed
the glider to the targeted coordinates. The glider's depth level was pre-programmed to
prevent any loss of communication with the glider throughout its ocean mission [7],
[35].

10



- -

Figure 2.2: Overview of Spray glider [10]

Seaglider was developed in 2001 by Erikson et al. [8], and its design complied with
a one-year duration for ocean-basin range exploration. Figure 2.3 depicts a torpedo-
shaped glider with 1.8 m length, 0.3 m hull diameter and 52 kg weight. For better
seakeeping, Seaglider used fiberglass material, and the hull portions were made of ALU
T6. The 1m-long wing generated a hydrodynamic lift force, controlling the forward
velocity of the vehicle [8], [35].

A buoyancy engine with a hydraulic system was used to control the buoyancy
amount, while a gear system was used to displace the center of gravity and control pitch
and roll motion of the Seaglider. There was a fixed rudder with a GPS antenna to

communicate with the base station [8].
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Figure 2.3: Seaglider [8]

The ROUGHIE glider was developed as a portable underwater glider with a length
of 1.2 mand weighed 12.8 kg. As displayed in Figure 2.4, the glider has a torpedo shape
with two hulls made of acrylic and aluminum to adapt to different pressure levels.

‘The ROUGHIE glider controlled its pitch and roll by shifting the battery mass
linearly. Its buoyancy was controlled by a buoyancy engine with a rolling mechanism
integrated with hull surface consisting of 90% of the glider’s internal mass. The roll
was induced by shifting the center of the gravity of the vehicle along the y-axis. The
ROUGHIE was associated with Arduino mega as a central processing unit to compute
all the control signals. It has rear wings to sustain the accent and decent motions and it

can be used for shallow-water gliding, under depths of less than 3 m [9].

Figure 2.4: ROUGHIE glider [9]
12



Table 2.1 lists several types of underwater gliders with distinct shapes, dimensions

and functions for research and commercial purposes as well as described the research

gaps or limitations of each of the glider models.

Table 2.1: Several list of existing underwater gliders

Glider Name/Type

Design Overview

Research Gap/Limitation

Hybrid Underwater
Glider (HUG) [11]

Glider structured with a cylindrical hull with
elliptical-shaped bow and stern as well as
wings, rudder and thruster.

The glider was 1.97 m in length with a hull
diameter of 0.22 m and weight of 50.5 kg.

The glider could control pitching motion by
displacing the internal battery mass linearly and
controlling the amount of fluid in the ballast
tank. It could achieve an average pitch angle of
38.6°.

The use of the conventional
mechanism caused the hull
load/mass to increase which
affected the performance of
the glider. It was designed

without roll control module.

South Korea_
Underwater Glider
[15]

Designed in torpedo shape and equipped with a
thruster propulsion system.

It was 1.3 m in length with a hull diameter of
0.22 m and weight of 60 kg.

Able to control pitch and buoyancy by altering
the 10 kg of movable mass linearly and
operating the hydraulic pump. It achieved a

maximum pitch angle of 35°.

It could only control pitch
and buoyancy.

When conventional
mechanism was utilized,

the hull load/mass increased,
affecting the glider's

performance.
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Table 2.1: Several list of existing underwater gliders (Cont.)

Petrel-11 [16] The glider was torpedo-shaped and employed with hybrid | The use of multiple
- driven mode consisting of propeller thruster. control mechanism
The glider was 2.3 m in length (excluded antenna), affected the mass of the
diameter was 0.22 m and weighed 70 Kkg. glider and complicated
A coupled control mechanism was used for pitch and the motion control of
rotational mass for rolling motions. The optimal pitch the Petrel-11 glider.
angle was 35.5°.

USM Hybrid- The glider was in cylindrical-shaped with controllable The use of multiple

Driven wings, rudder and propeller. control mechanism

Underwater It was 1.65 m in length, 0.17 m in diameter and weighed | consumed more space

Glider [22] 30.95 kg. and affected the size of
The glider was equipped with conventional coupled the glider. Higher error
control mechanism as pitch control module and rate was generated
controllable wings and rudder for roll control. It achieved | between experimental
optimal pitch angle of 46.03° and it produced higher error | and simulation data.
rate when experimental and simulation data were
compared.

Grace [23] Modeled as robotic fish. It has a fish-like shape and the The use of multiple

wings were trapezoidal for better maneuverability.

Its total length was 0.9 m including the tail, width of 0.75
m including wings and weighed 9kg.

Multiple control mechanisms were used to control pitch
and roll motions. The maximum roll angle achieved was
less than 15° and an optimal pitch angle was achieved at
40°.

control mechanisms
complicated the motion
control and has an
impact on the roll
performance of the

glider.
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Table 2.1: Several list of existing underwater gliders (Cont.)

STARFISH [27]-
[29]

Torpedo-shaped with two rudder fins and two
elevator fins.

The glider has length of 2m with a hull diameter
of 0.2 m and weighed 50 kg.

It was implemented with conventional pitch and
buoyancy control mechanisms, with a pitch angle
of 5°. The roll was achieved by rotational mass

with an optimal roll angle of 25°.

The use of conventional
coupled pitch control
mechanism and rotational
mass caused the hull mass
to increase and thus affected
the pitch and roll
performance of the glider.

Disk type
Underwater Glider
[37]

The glider is designed in axisymmetric and
without any appendage such as wings, rudder
and propeller.

It was designed with movable mass and ballast
actuator with the maximum pitch angle of +/-
34°.

Without wings and rudder,
it was difficult to convert
the vertical motion into
horizontal and complicated
the motion control of the
glider. No physical test data
available.

MKk 111 Underwater

The glider developed in torpedo shape with fix

The use of multiple control

Glider [47] wings and rudder. mechanisms complicated
The pitch and buoyancy were controlled by the the gliding motion. Pitch
movable mass and hydraulic oil pump system and roll data were not
accordingly. The rotational battery mass used to | sufficient for comparison.
control the roll motion. The control mechanism
was not tested through experiments or graphics
to obtain pitch and roll data.

Unmanned The glider was designed in a torpedo shape with | The design was limited to

Underwater Glider
[59]

the stern rudder located at the tail.

It was 3.1 min length, 0.2 m in diameter and
weighed 58 kg.

The pitch and buoyancy amount can only be
controlled using conventional coupled control

mechanism.

pitching motion only.
The conventional pitch
control mechanism caused

the glider mass to increase.
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2.3  Pitch, Roll and Buoyancy Control Mechanisms

The physical trajectory of most underwater gliders is in a sawtooth pattern as illustrated
in Figure 2.5. Glider has a buoyancy engine and movable masses as the pitch control

module and wings convert vertical movement to a horizontal plane, enabling the glider

R

to achieve its intended destination [23].

Figure 2.5: Gliding in sawtooth pattern [23]

A pressure sensor is used to detect the predetermined depth level and produce a
signal to alter the gliding motion accordingly. The signal from the sensor is received by
the processing module, which then triggers the pitch controller module.

Underwater gliders can turn either to right or left side by shifting its center of
gravity towards the left and right sides of the wings [7]. As shown in Figure 2.6, the
glider rolls in a circular path while accelerating towards the circle's center, where ‘ml’
and ‘mr’ are the left and right ballast mass, respectively, and the glider mass respective
to the gravitational force is denoted as ‘mg’. According to Newton’s second law, the
centripetal force acting on the glider during the roll motion has the same direction as
the acceleration. Lift force ‘L’ acts as a centripetal force, causing the glider to roll in a

circular pattern [54].

According to Hong You [28], the meta-centric height of the underwater glider needs

to be considered for better roll stability to prevent undesired roll motions due to
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unexpected disturbance in the aquatic environment. Hence, the undesired roll motions
affect the performance of the glider by diverting it from achieving the desired
coordinates [23], [28].

Figure 2.6: Roll motion and acting forces [54]

The Slocum [3], Spray [7], Sea Glider [8], ROUGHIE [9], Hybrid Underwater
Glider (HUG) [11], Petrel 11 [16], [18], USM Underwater Glider [22], Grace [23],
STARFISH [27]-[29], Miniature Underwater Glider [34], Disk type Underwater Glider
[37], Underwater Glider Mk.I11 [47] and Unmanned underwater Glider [59], are among
the underwater gliders that employ with a buoyancy engine and moveable mass to

control the depth, pitch and roll.

The layout of the Slocum glider can be divided into three sections (Figure 2.7): two
wet sections and a science payload bay. The front wet section consists of a single-stroke
buoyancy pump and battery mass, and the rear wet section includes a steering fin,
inflatable bladder, antenna and oxygen sensor. The amount of buoyancy is controlled
by the buoyancy pump and the tail fin rudder alters the forward propulsion. The glider
is negatively buoyant into the water by inflating the rear bladder which allows the tails
to lift. Then, the configuration signals from the scientific bay trigger the battery mass
to move towards the bow, and the descent occurs by retracting the piston allowing the

fluid flow into the ballast tank. When the glider reaches the predetermined depth level,
17



the ascent is achieved with the battery mass being shifted to the tail of the glider and
the piston being extended to release the fluid from the tank. As the gliding depth is
preprogrammed, the accent and decent motions are determined by using a pressure
sensor. Thus, the motion is repeated and causes the glider to move in a sawtooth pattern
[3], [35].

It can travel at a forward speed of 0.2 — 0.3m/s and a gliding angle of 35°. By the
way, the science payload bay is integrated with these electronics devices such as optical
sensors, the main processing module, GPS receiver, attitude sensor, and the battery
pack [3].

Main Computer WET Labs ECO-Puck
Inflatable Bladder Iridium Modem Optical Sensors
Freewave Modem Buoyancy Pump
Oxygen Sensor ARGOS Transmitter
GPS Reciever Sealird CTD

Attitudie Sensor Altiroter

Steering Fin
D Al
Antenna T
(Iridium, GPS,
Freewave & ARGOS) Battery Pack
Wet Sclence Wet
Section Payload Bay Section

Figure 2.7: Internal configuration of Slocum glider [54]

In contrast, the Spray glider has three internal sections (Figure 2.8). Pitch is
achieved by displacing the ‘Pitch Battery Pack’ linearly. There is a rack and pinion
mechanism integrated with DC motors to move the battery pack up to 10 cm. At the
rear section, there is a hydraulic system that consists of hydraulic components to control
the gliding motion for a pitch angle of 16.6° and a vertical speed of -0.08 to 0.09 m/s
[7]. When the battery pack moves forward, the CG of the glider is displaced about 17
mm, which creates a negative pitch angle. Prior to reaching the predetermined depth,
the hydraulic pump activates to make the glider glides upward and prevents the glider
from exceeding the predetermined depth level. The hydraulic pump and valve are used
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to control the flow of hydraulic oil in between the internal and external bladders. The

gliding motion is controlled using a compass, altimeter and pressure gauge.

The internal weight of the Spray glider is carried by a battery mass, which is rotated
360 degrees around the axial column to achieve the roll motion. The glider is integrated
with multiple sensors to sense essential information and store the data in memory [7],
[35].
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Figure 2.8: Internal configuration of Spray glider [7]

The Seaglider is divided into four sections (A-D) as shown in Figure 2.9. The
glider's linear actuator is driven by 16-mm Maxon neodymium magnet motors, which
are combined with a planetary gear system, spur gear and worm drive mechanisms to
displace the CG by shifting the battery pack linearly, resulting in a maximum pitch
angle of 45°, In addition, the gear system is used to rotate the battery pack left or right

to achieve the maximum roll angle of 30° [8].

The variable buoyancy system in Section D consists of a hydraulic system to
displace the oil in between the inner and outer reservoir. The solenoid valve is used to
control the flow of the oil shifted. A boost pump is used to supply high pressure to the
hydraulic piston pump [35], [8].
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According to Erikson et al. [8], check valves can be utilized to increase the pumping
rate up to 50% with a zero increase in power consumption. The gliding speed of

Seaglider is 0.25 m/s and the pitch is measured by an attitude sensor module.

Applied Physics Lab
University of Washington
Proprietary Drawing

Figure 2.9: Internal configuration of Seaglider [8]

The ROUGHIE is suitable for shallow water applications. As depicted in Figure
2.10, the pitch control module of the ROUGHIE glider is equipped with movable mass
and buoyancy-driven mechanisms. The ROUGHIE achieves the desired pitch angle
+20° by moving linearly the battery mass of 2.2 kg about 0.85 m. To control the
buoyancy amount of the glider, a water pump with a normally closed solenoid valve is
used to control the presence of water in the ballast tank. The pressure sensor is used to

calculate the gliding depth level.
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Figure 2.10: Internal configuration of ROUGHIE glider [9]

Furthermore, the ROUGHIE glider is equipped with a switching control system.
Figure 2.11 shows the ROUGHIE’s roll module including an aluminum ring attached
to an internal hull surface, which is driven by a servo motor. The rolling motion of the
vehicle is induced by spinning along the common rail, which carries 90% of the
vehicle's internal mass. This glider is capable of a maximum roll angle of 60°. An

Arduino Mega processor is attached to the rear of the glider [9].

Figure 2.11: ROUGHIE’s roll module [9]

In 2018, Dae-Hyeong Ji et al. [11] introduced the Hybrid Underwater Glider (HUG)
as shown in Figure 2.12. The glider consisted of key components such as altimeter,
attitude controller, buoyancy engine, battery pack, rudder fin, thruster and external

antenna. The pitching motion was controlled by a conventional coupled control
21



mechanism. The CG of the glider was shifted by changing the battery mass linearly,
which caused the glider to pitch negatively, with a buoyancy engine activated to control
the flow of water in the ballast tank via a motor with a belt and pulley mechanism. A
thruster was used to enhance the gliding speed. Wings and a rudder fin stabilized the

gliding motion in high sea currents.

Field tests showed that the HUG glider can achieve an average pitch angle of 38.6°.
Using only buoyancy engine, the velocity of the vehicle was 0.77 m/s. When using only
propeller, the velocity was 0.46 m/s, and the combination of both buoyancy engine and

propeller resulted in 1.2 m/s velocity [11].
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External Antena Thruster
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Buoyancy Engine
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Figure 2.12: Internal configuration of Hybrid Underwater Glider (HUG) [11]

In 2018, Sung-Min Hong et al. [15] developed an underwater glider integrated with
a buoyancy engine and thruster. The glider was equipped with a hydraulic pump and
movable mass to control the pitch motion. The Pitch angle was adjusted by displacing
an internal 10 kg battery mass linearly up to 15 cm to achieve maximum pitch angle of
35°.

As shown in Figure 2.13, the hydraulic buoyancy engine was designed to control
the flow of hydraulic oil and pressure, which changed the buoyancy amount. The motor
and solenoid valve were used to control the flow of hydraulic oil from the oil reservoir
to extend and retract the piston. The pressure accumulator was used to apply a pressure

up to 25 bar when the piston moved forward. By activating the solenoid valve, the
22



piston retracted backward due to vacuum pressure. The optimal gliding velocity of the
glider was 0.62 m/s. However, the thruster was activated in the specific ocean

environment and current conditions [15].

Buoyancy Piston Qil Can Hydraulic Piston

Linear Encoder

Solenoid Valve DC Motor Hydraulic Pump and Valve
Figure 2.13: Buoyancy engine of the South Korea _Underwater Glider [15]

Similar to the conventional underwater gliders, Petrel 1l glider used a ballast pump
to control the fluid flow into the oil reservoir and the buoyancy amount. The roll and
pitch were achieved by rotating and displacing the battery pack for 40 mm to control
the center of gravity of the glider. By referring to the data, the optimal gliding angle
was 35.5°. Pressure sensor was used to determine the depth level. During the hybrid-

driven mode, the propeller was actuated to improve the gliding speed [16], [18].

a
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-l _Propeller

Pressure hull

Fixed wing

Figure 2.14: Petrel 11 HUG [16]
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According to Khalid Isa et al. [22], the interior configuration of the USM glider was
divided into three hull sections. Typically, the pitch module was a conventional coupled
system with an optimal pitch angle of 46.03° by shifting the sliding mass linearly, while
the ballast pump regulated the amount of buoyancy of the glider. However, the pitch
rate has an error of 81.5% between the experimental and simulation data as the

dynamics of the glider were affected by the environmental disturbances.
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Figure 2.15: Internal configuration of the USM Hybrid-Driven underwater glider [22]

The USM underwater glider (Figure 2.16) was designed with controllable wings
and a rudder for roll control. The rotation plane of wings and rudder determined the
vehicle's rolling direction. The center of gravity was shifted along the sway axis by
rotating both wings and rudder. A maximum roll angle error of 24% with a roll rate

error of more than 5 deg/s was reported.
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Figure 2.16: Internal configuration of the USM underwater glider [22]

Zhang et al. [23] developed a hybrid robotic fish underwater glider known as Grace.
It can travel in two different motions with three actuation systems as depicted in Figure
2.17. These actuation systems were the buoyancy adjustment system, center-of-gravity
(CG) control system, and tail control system. The pitch motion was controlled by the
CG control mechanism, which consisted of linear actuator to displace the battery mass.
A water pump in the buoyancy adjustment system was used to pump water in and out
to the water tank. A pressure sensor was used to detect the depth level and send the
appropriate signals to enable a heavy-duty linear actuator, which then operated the

water pump.

The buoyancy of the glider depends on water mass. Descent occurs when water is
pumped into the tank and ascend occurs when water is pumped out from the tank.
Energy was only consumed during these motion transitions. During field testing, Grace
achieved an optimal pitch angle of 40° with a terminal velocity of 0.2 m/s. Grace was
outfitted with two processing units, namely a control PCB and a driver PCB. Each PCB
serves a unique purpose in the motion control system. The pitch angle was computed

using the accelerometer sensor [23], [60].
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Figure 2.17: Internal configuration of Grace glider [23]

Grace used a tail control mechanism to achieve a turning motion. As shown in
Figure 2.18, the glider has a fish-like tail that flapped using a DC servo motor via a
chain transmission, which produced a steering moment. The vehicle has a 1-m turning

radius and a maximum roll angle of less than -15 degrees.

Figure 2.18: Grace tested in lab tank [23]

On the other hand, the STARFISH underwater glider as displayed in Figure 2.19
dived to a predetermined depth level with an optimal pitch angle of less than 20° and
maintained 2 m depth with the pitch angle of 5°. The nose of the glider was equipped
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with two tubes coupled to a buoyancy engine to control the flow of fluid into the
reservoir. The servo motor drove the thruster fins, which produced 10 kg of thrust force
to enable the glider to maneuver. The pitch of the glider was determined via the
microcontroller and IMU device [27]-[29].

Figure 2.19: Internal configuration of the STARFISH [29]

Hong You et al. [28] developed the STARFISH underwater glider with roll control
mechanisms as demonstrated in Figure 2.20. Roll was induced by shifting the CG along
the y-axis with a rotating mass. A servo motor actuated at a maximum speed of 6.16
rad/s to drive two timing belt pulleys and to produce an output torque. The torque was
transferred via coupling pins and rotated the tail tray located in the hull of the glider.
Experimental data showed that the glider can achieve an optimal roll angle of 25°.

oupling Pins

Ball Transfer
Units
e

Figure 2.20: Roll control mechanism of the STARFISH underwater glider [28]
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In 2017, Pengyao Yu et al. [37] developed a disk type underwater glider. As shown
in Figure 2.21, the pitch control mechanism of the glider consisted of movable masses
(Block P1 and Block P2) and a buoyancy adjustment system. The glider moved in a
sawtooth pattern with a pitch angle of +/- 34° and a gliding velocity of 0.285 m/s. Pitch
was induced by shifting the center of gravity by moving the movable masses along with
the circular path located on the upper and lower structures of the underwater glider. To
adjust the buoyancy condition of the underwater glider, the ballast actuator was used to
control the ballast mass which influenced the glider mass.

S rigid body

block p2 buoyancy adjustment system

Figure 2.21: Internal configuration of the disk type underwater glider [37]

Figure 2.22 depicts the design configuration of MKk.I11 underwater glider. Initially,
the glider was in the neutrally buoyant state, which has an equal density with the
seawater. During the pitch, the CG of the glider was displaced by moving the battery
pack linearly. The ascent and descent of the underwater glider were regulated by the
bladder volume. The glider was propelled downwards by triggering the hydraulic pump,
which then transferred oil from the inflatable bladder to the oil reservoir via the solenoid
valve. While the glider ascending, the hydraulic oil from the tank shifted to the
inflatable bladder, thus reducing the density of the bladder. The roll was accomplished
by rotating the battery mass along the longitudinal axis which shifted the center of

gravity from left to right or vice versa [47].
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Figure 2.22: Internal configuration of the Mk.I11 underwater glider [47]

Sang-Ki Jeong et al. [59] developed an unmanned underwater glider with a
conventional coupled pitch control mechanism. As shown in Figure 2.23, the internal
structure of the glider was divided into three sections such as prow section, control
section and aft section. The pitch of the glider was controlled by shifting the battery
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mass linearly and a hydraulic buoyancy engine was used to regulate the flow of
seawater into the prow section to control the buoyancy amount of the glider with the

maximum speed of 1.2 m/s [59].
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Figure 2.23: Internal configuration of the Unmanned Underwater Glider [59]

2.4  Hydrodynamic Model

Hydrodynamic effect cannot be ignored as it is significant in the dynamics of an
underwater glider [64]. The hydrodynamics on the underwater glider are similar to the
aerodynamics of an aircraft [65], [68]. As the relative density of water is higher than
the air, the hydrodynamic forces play a major role in the velocity of the glider and
gliding motion. The hydrodynamic coefficients are a function of the angle of attack,
i.e., the angle between the velocity vector and the body axis along with the bow of the
underwater glider [72]. There are three hydrodynamic coefficients, namely drag
coefficients, lift coefficients and moment coefficients as summarized in Table 2.2 [65].
The hydrodynamic coefficients are influenced by the structure of the wings and rudder.
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Table 2.2: Hydrodynamic Coefficients [65]

Parameters Description
Kpo Drag Coefficient
Kp
K, Lift Coefficient
K,
Kyvo Moment Coefficient
Ky

A few techniques are available to evaluate hydrodynamic coefficients such as
Computational Fluid Dynamics (CFD) simulation, wind tunnel test, towing tank test
and parametric model. CFD simulation is widely used to identify the hydrodynamic
coefficients at various angles of attack. In CFD, the CAD model of an underwater glider
with appropriate boundary values is used to determine the fluid flow and pressure
circulation around the glider body [31], [68]. Yogang Singh et al. [31] compared towing
tank experimental data with CFD simulation data at various towing speeds and angles
of attack, and found that the experimental results were almost identical to the simulation

data.

2.4.1 CFD and Towing Tank Simulation

The UTP glider was simulated using Ansys Fluent software to analyze the fluid
phenomena with the k-¢ SST turbulence model along with Reynolds number in the
range of 1x10° to 1x10°. The grid size ranged from 4x10° - 4.5x10° was fixed to
establish the hydrodynamic parameters [73]. The drag and lift forces were evaluated

with various Fraude numbers (£7).
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The fluid property ‘Fraude numbers (Fr)’ are the function of the top width of the
fluid surface ‘D, distance from plain water surface level ‘h’, ‘g’ is gravity force as
shown by Equation 2.1, where ‘V;’ is fluid’s velocity [78].

Fr = V;/V(gh/Dy) (2.1)
The rotational motion of the vehicle can be simulated by altering the flow of inlet
velocity ‘V;;e:’ t0 achieve the appropriate circumferential velocity in specified radius

‘R’ as expressed in Equation 2.2, where ‘g’ is the angular velocity of the flow [73].

45 = Vintet/R (2.2)

A tow tank test was conducted to evaluate the CFD simulation results. The fluid
domain size (2Linlet x 4Loutlet x 8D side-wall) was defined by referring to the

International Towing Tank Conference (ITTC) specifications as shown in Figure 2.24.

Free Slip wall

No Slip wall .

2Lglider 4Lglider
< il
A

Z‘ 8Dglider

Outlet Flow

Inlet Flow

8Dglider

Free Slip wall

Figure 2.24: Fluid domain simulation around the glider [73]

The hydrodynamic data were acquired while the carriage towed the glider in water
as shown in Figure 2.25. During the test, the drag force ‘D’ was opposite to the

resistance force of the glider in the horizontal plane. The lift force ‘L’ acted opposite to

the gravitational force in the vertical plane.
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By referring to data obtained by Javaid [73], towing tank test produced less than 10%
of drag and lift forces error compared to the CFD simulation. Moreover, the drag force

increases by increasing the Fraude numbers (£7) as shown in Table 2.3.

y
Pitching moment

<] —+=F D
(b) Direction of hydrodynamic force and moment [31]
Figure 2.25: Towing tank test
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Table 2.3: Drag Force against Froude Numbers [73]

Fr CFD Experimental Error
0.33 | 0.577494 0.563013 2.50
0.55 1.393193 1.315216 5.59
0.77 2.617866 2471175 5.60
1.10 4.962295 5.305635 6.91

25 Overview of the Simulink Model

Referring to Zhou [81], the glider’s motions can be simulated through the Simulink
model as shown in Figure 2.26. It is used to determine the glider's roll angle and roll
rate to evaluate the performance of the roll control mechanism. The roll is achieved by
shifting the 1 kg trim mass, which displaces the CG from the left and right along the

‘y’ axis direction.

The integrator and constant gain are applied to simulate the roll performance. The
constant gain is substituted with the corresponding kinematic coefficients which derive
the roll motion of the glider. The model produces output over a specified time.

P Input Ry =0l Velociy
Input Outpit Rty Output Roll Valocity Out
ﬂ —ﬂ I_H i =
Ry Roll Velocity Roll Out
Input
n X !E ‘m
- ) ui 0
Constant PIO Cantrollr Integrater fm o Saturation  mig"ryn Integrator | Integrator! [Mg"Ren/Jx Roll Angle

K 1*V2x

Figure 2.26: Simulink model for the motion of the underwater glider [81]
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2.6 Summary

This section summarizes the existing pitch and roll control mechanisms of the
underwater gliders. In addition, the shape, total size, weight and relevant configurations
of the glider are elaborated.

Gliders move in a saw tooth motion by controlling their pitch angle. The pitch
angle is achieved by shifting the center of gravity of the glider and by moving an
internal mass linearly. When the glider reaches a predetermined depth, the glider
pitches upwards by pumping water out from the ballast tank and shifting the internal
moving mass toward the tail of the glider [59]. Underwater gliders, therefore, use a
buoyancy engine and moveable mass as a coupled mechanism in the pitch control
module. It can make a right or left turning motion or rotational movements along with
sway axis by shifting the center of gravity from left to right or vice versa [7]. Roll
motion is achieved by shifting the movable mass with the glider body rotating
accordingly. CFD simulation and towing tank experiments were previously performed
to determine the hydrodynamic behavior of the underwater glider. The hydrodynamic
data obtained were used for pitch and roll moment analysis. In addition, the Simulink
model was built by referring to the mathematical equation to evaluate the motion of the
glider. However, it was found that there were constraint to the existing glider models

as follows:

e The design of the glider with multiple control mechanisms caused its size
and mass to increase which could affect the performance of the underwater
glider in the water.

e Conventional coupled control mechanism as a buoyancy engine

complicated the gliding motions.
e Glider without a roll control module was restricted to pitching motion only.

e Previous studies on the comparison between simulation and experimental

data to evaluate the performance of the underwater glider are scarce.
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CHAPTER 3

METHODOLOGY

3.1  Chapter Overview

This chapter describes the approach used to conduct this research. The process flow of
this study is presented in Section 3.2. The mathematical equations which represented
the dynamics and the motion of the underwater glider are derived in Section 3.3, and
the underwater glider's pitch and roll responses were determined through the Simulink
model as shown in Section 3.4. Section 3.5 presents the overview and the exterior
design of the UTP underwater glider. Section 3.6 describes the experimental setup and
testing details such as key components, control modules, processing module and control

architecture. Finally, Section 3.7 is a summary of this chapter.

3.2  Flow Chart of Research Methodology

The glider's pitch and roll motions were controlled by the water pump system. Figure
3.1 depicts the process flow of this research, along with the adopted methods to validate

the developed control mechanisms.
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Pitch Roll and Buoyancey Control
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Figure 3.1: Flow chart of research methodology
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3.3 Mathematical Model

A mathematical model was used to model the dynamic characteristics of the glider
based on its structure. Graver et al. derived the dynamic equations of an autonomous
underwater glider based on a nonlinear controller to regulate its motion [57]. Dynamic
equations were applied to describe the nonlinear coupling between the vehicle and the
internal actuators. The pitch and roll control systems were designed by considering the
glider’s six degree of freedom (DOF) equations, mass distribution and moment

equations, dynamics equations and hydrodynamic terms.

It is essential to determine the appropriate coordinate system prior to constructing
these dynamic equations to determine the working principle of the applied force and
moments. There are three coordinate systems, namely the Earth Fixed coordinate
system, Body Fixed coordinate system and Stream coordinate system. The origin for
earth frame (X, Y, Z) is denoted as E, . The body frame ‘0’ is fixed on the geometric
center of the glider, while ‘x’ is in the forward direction of the vehicle, ‘y’ axis points
towards the wings and the direction of the ‘z’ axis is determined by the right-hand rule
and points downwards towards the gravitational force as shown by Figure 3.2. The

stream coordinate systems consist of hydrodynamic forces and torques.

An underwater glider can move independently in water through translational
movement in the forward/backward direction along the x-axis (surge), in the up/down
direction along the z-axis (heave), and along left/right y-axis direction (sway) as well

as the rotational movement of yaw, pitch, and roll motions as shown in Figure 3.2.
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) q (Pitch,8) ¥

Heave (w)

Figure 3.2: References coordinate frame of the underwater glider

3.3.1 Six DOF Equations

These translational and rotational motions were derived through the six DOF equations
by referring to the glider’s body fixed coordinate system. In Equation 3.1, u, v,w and
p,q,r are the respective linear and angular speed components along the x,y,z
axes. X,Y,Z and K,M,N are the external forces and moments on the glider,
respectively [59], [83].

mfit —vr + wq — x6(q* +1%) +yc(pq + ) +25(r + q) =X
mfo —wq +ur —yg (2 +p%) +z;(qr + p) +x5(pq +7) =Y
mpw —uq +vp — z; (0> +q%) +xc(pr + @) +zc(pr +p) =Z

]xxp + (]ZZ - ]yy )qr _]yz(qz - TZ) +]xy(pr - q) _]zx(pq + 7;') + m[yG(W -
uqg+uvp) —zg(v—wp+ur)|=K

]yyq + Uxx - ]ZZ )pr _]zx(rz - pZ) +]yz(pq - 7:') _]xy(qr + p) + m[ZG(u -
vr+wq) —xs(W—uq+vp)]=M
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]zzf' + (]yy - ]xx )pq _]xy(pz - qZ) +]zy(qr - p) _]yz(pr + p) + m[XG(ﬁ -
wp +ur) —ys(t—vr+wq)] =N (3.1)

3.3.2 Mass Distribution Equations

Figure 3.3 illustrates the mass distribution of the glider. In Equation 3.2, m,¢4; 1S the
total glider mass, where m,, is the glider hull mass, m,, is the point mass to the fixed
centre of gravity and buoyancy and m,, is the variable ballast mass with respect to
geometry center (CG). Furthermore, m, is the additional mass after eliminating the
displaced water mass/trim mass m, as shown in Equation 3.3. These mass equations are
significant to define the buoyancy condition of the glider; where if m,, is positive, the

glider is in neutrally buoyant state and vice versa [32], [86].

6] 3

W
(— M

(x)
(2)
Figure 3.3: Internal mass distribution frame
Miotar = Mp + My, + My, (3.2)
Mmy = Meotar — My (3.3)

The glider’s linear displacement can be derived by referring to Newton’s second
law as shown in Equation 3.4; where, M is the sum of glider’s mass including total

glider mass (mgytq; ) @and added mass (M,) matrix [65].
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dMv; d
F=d—:=M%+ wp X My, (3.4)

M = Mo + My (3-5)

3.3.3 Moment Equations

The hydrostatic righting moment defines the influence of the glider’s weight on its pitch
and roll moments. Thus, the glider's Center of Gravity (CG) and Center of Buoyancy
(CB) are not coinciding in the ‘Z' axis, torque is produced and causes the glider to make
the corresponding righting moments [28]. Equation 3.6 shows the torque equation,
referred to Newton’s 27 law of motion (F = ma); where, 7 is torque, J is the moment of

inertia and «,, is the angular acceleration of the underwater glider.
T=]a, (3.6)

The total pitch/roll moments were obtained by summing up the hydrostatic moment,
added mass and drag coefficients as given in Equation 3.7 [81]. A hydrostatic moment
Thyaro 1S generated by the buoyancy force and total weight of the glider [28]. The wings
and fins result in a rolling drag 74,44 and the rolling added mass 4y, is the mass of the
displaced water. The added mass can be obtained from the multiplication of the rolling
added mass coefficient A and the roll angular acceleration, p . In Equation 3.10, A2

is the rolling quadratic drag coefficient and p is the roll angular velocity [28].

27=(Thyaro + Tam + Tarag) (3.7)
Thydro= Mt G Tey COSD —My - g T, SINO — (Meorqr — M) g T, SINQ (3.8)
Tam =KD (39)
Tarag =Kz p| DI (3.10)
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3.3.4 Dynamics Equations of Motion

According to Zhou [81], the geometric relationship between the earth fixed coordinate
(E-frame) and body fixed coordinate (B-frame) can be obtained by the rotational matrix
Rgg. The rotational matrix Rgp can be obtained by multiplying rotation matrices, Ry
(roll), Ry (pitch), and R,, (yaw).

1 0 0
Ry = 0 cos® sin® (3.11)
0 —sin® cos®
[ cosf8 0 —siné
Ry = 0 1 0 (3.12)
L sinf 0 cos 6

cosy siny 0
R, = —-siny cosy 0 (3.13)
0 0 1
Rgp =
cos ycos 0 sinycos 6 —sin 6
—sinycos 8 + cos ysin@sin §  cos ycos 6 + sin@sinfsiny  cos 6sin 9
sinysin @+ cos ycos §sinf  —cosysin @+ sinfsin ycos @ cos Ocos @
(3.14)

The linear displacement and angular velocity of the glider with respect to the Earth
Fixed Coordinate system is denoted as v, = [x,y,2]” and w, = [9, é,y]Tas well as
linear velocity and angular velocity of the glider with respect to the Body Fixed
Coordinate is denoted as v = [vy, v, ,vZ]Tand w = [wy, wy, a)Z]T [32], [86]. The
glider's velocity given in vector form ‘v’ is shown in Equation 3.15. The linear velocity

‘v,” and angular velocity ‘w;’ of the glider with respect to the body frame in vertical

planes are defined as in Equation 3.16-3.17 [32].

The mathematical expression of the motion of the glider with respect to the earth

fixed coordinate system and body fixed coordinate system is shown in Equation 3.18.
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The summation of body fixed coordinate and earth fixed coordinate systems gives

linear velocity as shown in Equation 3.19 as well as Equation 3.20 for angular velocity

of the glider.
V=[v w] (3.15)
vp =[x 0 1] (3.16)
w, =10 @y 0] (3.47)
V. =Rgp" -, (3.18)
X Uy
v|= REBT ) [O ] (3.19)
z vy,
) 1 0 —sin@® 1710
we=10|=1|0 cos® cosBOsin 9] [a)y ] (3.20)
Y 0 —sin® cos6Bcos® 0

According to Zhang et al. [34], the dynamic model and the external forces acting
on the glider can be simplified by modifying it to the motion along the longitudinal
plane. Figure 3.4 illustrates the forces and moments acting on the glider body. The drag
force ‘D’ acting in the opposite direction of the velocity vector ‘V’ and lift force 'L’ is
perpendicular to the velocity vector ‘V’ [32], [68]; where, ‘@’ is the angle of attack and
‘0, is the gliding angle. The pitch angle ‘6” can be obtained by adding both gliding

and attack angles as in Equation 3.22. The sideslip angle 3’ is shown in Equation 3.23.
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Surge (u)

Figure 3.4: References frame for the forces and moments on the glider body [32]

a = tan"* (%) (3.21)
0=0,+a (3.22)
g =sin*(2) (3.23)

During the pitch motion analysis, the momentum principles along the vertical plane
must be taken into account. These applied momentum properties and control forces
acting on point masses in the vertical plane are derived as shown in Equations 3.24-
3.27. Both forces are zero in ‘y’ axes, as there is no action in a particular direction [32],
[72]. Javaid et al. [32] described that the flow rate of fluid to the ballast tank depends

on the control input u, shown in Equation 3.28.

Pp=(Fx 0 FBy) (3.24)
=@ 0 wu) (3.25)
B = s (3.26)
B = u, (3.27)
— (3.28)

44



The simplified motion equations along the longitudinal plane re-written from [65]

are shown in Equations 3.29-3.30. Equations 3.31 and 3.32 represent the glider’s

velocity along ‘x’ axes and ‘y’ axes, respectively

X =v,c080 +v,sinf

Z=-v,5m0 +v,cosHb
0 = w,
1 . .
Ux:E(_mt'vz'wy_ m,g sinf + L sina — D cosa )
t
1
UZ=;(—mt'vx'(Uy_ m,g cos@ — L cosa — D cosa )
t

1 .
wy=E(M— my, * gty Sinb - w,, )

3.3.4.1 Buoyancy Equations

(3.29)
(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

Buoyancy can be derived by the motion equations [91] in polar coordinates as shown

by the nonlinear dynamics Equations 3.35-3.38. ‘V’ represents the total velocity vector

of the glider with respect to gliding angle ‘6,’. The total inertia generated in the y-axis

is *J,,”. Equations 3.39-3.44 reflect the equilibrium condition of underwater glider [72].

. 1 .
V= —;(mog sinf, + D)

ég = LV (—myg cosf, + L)

m
a=wy—09

. 1
(Uy == E(KMO + KMa + qu(,l)y)Vz

6, = tan"l(%)

Le
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(3.36)

(3.37)

(3.38)
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d, = tan~1(2Moy (3.40)
M

@ye =0 (3.41)
— Mog 1/2

Ve = (Fo 1 o) (3.42)

Kpe = (Kpo + KDaez) (3.43)

Ko = (K + Kpa.) (3.44)

3.3.4.2 Kinematics Equation of Motions

In this study, the kinematic equations were derived to determine the pitch and roll
performance of the UTP glider through a Simulink model. The pitch and roll angle is
zero when the glider is in equilibrium condition. Zhou [81] stated that the pitch and roll
motions can be determined by referring to the conservation law of angular momentum
[81].

By referring to the roll characteristics, these roll angle and rate were the key factors
to evaluate the roll performance of the underwater glider. Figure 3.5 shows the acting
forces on the glider during the roll motion, and the roll angle ‘@’ is defined as in
Equation 3.45. Furthermore, the roll rate ‘p’ can be determined by integrating four
terms in Equation 3.47 [81]. The hydrodynamic non-linear terms in the steady state
equation can be linearized as cos @ = 1, sin =0, arc tan( 7z / Tmy) = Timz/Tmy and
Mp11 = Kg1pV? [81]; where, the velocity vector ‘V’ was assumed as 0.55 m/s to solve
the pitch and roll motions of the glider. The trim weight can be determined by
integrating the division of trim weight inertia ‘pt’ and trim mass ‘ m,’ as shown in
Equation 3.48, where ‘pt’ can be determined by integrating the input of the mechanism

‘u’ as shown in Equation 3.49.
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Figure 3.5: Front view of the UTP glider

@ =p (3.45)
JxxD = My g Ty €0SO— (Mygrqy —Me) " g1, Sin@ + D + Mpy, (3.46)
P =1 e g1y — (Megrar =) g 15" @ + Do + Ky1pV?) (3.47)
Tty =De/My (3.48)
Pe=1u (3.49)

The same kinematic equation can be used for pitch rate ‘q’ determination by
referring to the pitch components where the parameters were the same, except for the
added pitch moment inertia (Mp,,) and moment of inertia (/). Table 4.1 show, the
parameters of the UTP underwater glider obtained through the CAD model simulation

and these hydrodynamic coefficients were determined via CFD simulation.
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Table 3.1: Parameters of the UTP Glider

Parameters Description Values
Meotal Total Glider Mass 37.7kg
Joex Moment of Inertia ‘X’ axis 0.7026 kg-m?
Iyy Moment of Inertia ‘y’ axis 4.507 kg-m?
m; Trim Mass 4.8 kg
g Gravity 9.81
7, CG respect to CB -10 mm
Kq Hydrodynamic Coefficient -20 kg.s/rad?
Kqo Hydrodynamic Coefficient -60 kg.s/rad?
Mp;4 Added Roll Moment Inertia -6.05
Mpy, Added Pitch Moment Inertia -18.15

3.3.5 Hydrodynamic Model

Hydrodynamic impact on the underwater glider must be considered to evaluate the
performance of the glider in water. It can be affected by the gliding speed and the
gliding path. The hydrodynamic equations are derived based on Computational Fluid
Dynamics (CFD) simulation to determine the hydrodynamic properties of the
underwater glider used in the dynamic simulation [31], [73]. The drag and lift forces
are modeled as in Equations 3.50 and 3.51, which is the function of the angle of attack
and gliding velocity of the glider [72]. Where hydrodynamic drag coefficients are
denoted as 'Kj,," and ‘'K,'. By the way, 'K, and 'K, are related to the lift forces and

'V’ as the magnitude of the velocity referred to the body frame [72], [65].
L = (KLO + KLCZ) V2 (350)

D= (Kp + Kpa?) V2 (3.51)
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By referring to Zhou [81], the added roll moment inertia (Mp ;) and the added pitch

!

moment inertia (Mp,,) are described in Equations 3.52-3.53. These 'K, and ‘K,,’
are the moment coefficients with the magnitude of the velocity 'V’ as stated in the

equation below.
MDLl = (Kmﬁ + qup)VZ (352)
Mpra = (Kmo + K + Kg2q V2 (3.53)

The hydrodynamic coefficients, fluid force and pressure acting on the glider can be
evaluated through CFD simulation [31]. Therefore, associated hydrodynamic
coefficients for the UTP underwater glider were determined through the CFD

simulation modeling and validated with towing tank tests [73].

34 Simulink Model

Referring to [81], the Simulink model as shown in Figure 3.6 was developed to solve
the dynamic of the UTP glider. The kinematics (Equations 3.45-3.47) were used to
determine both pitch and roll performances (angle and rate of change). The PID control
gain was applied to the Simulink model to determine the appropriate pump flow rate to

achieve the desired pitch and roll rates.

In this study, four different pump rates (2.5LPM, 5LPM, 7.5LPM and 10LPM) were
considered to evaluate the pitch and roll performances of the glider. These pump rates,
in multiples of the base pump rate, were chosen to compare the performance with the

base pump.

The developed pitch and roll control modules use water as trim mass. The total
glider’s mass includes trim mass signified as ‘mg,:4;” which is significant to obtain the
desired pitch and roll angles during the simulation test. The water ratios in the front/rear

and left/right water bladders were pre-set to 1.2:1.2 liters for the neutrally buoyant state
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as the imbalance conditions of the water ratios could affect the equilibrium conditions
of the glider. The ratios were validated through the experimental test to evaluate the

function of the developed Simulink model.

Rate of Change

L
T

-;l Gliding Angle

Pump —»@—» Plls) —— 1/5 —
Rate —

Figure 3.6: Simulink model to simulate the pitch and roll performances for a given

pump flow rate

3.5  Design Overview

The 3D CAD model of the UTP glider was designed through Solidworks software as
shown in Figure 3.7. The prototype was built using fiberglass, which has better
seakeeping capability. It was 1.04 m in length and has an internal hull in an elliptical
shape with a diameter of 0.2 m and weight of 26.7 kg. The total mass after assembly
was 37.7 kg. The glider has NACAO0012 wing profile and a rudder to stabilize the

gliding motion as well as to convert vertical movement to horizontal motion [86].
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Figure 3.7: CAD model of the UTP underwater glider

3.6  Experimental Setup and Application of Control Modules

The assembly of the UTP glider is shown in Figure 3.8. The fabrication and standard
components were used to build the glider with a single actuation system and water
bladders instead of a ballast tank and linear actuator, to control pitch and buoyancy as

well as roll individually.

2 S

g0 ,7_"’
= S e

R —— |

Figure 3.8: Experimental setup of the UTP glider
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The control mechanisms and related electronic components were assembled in the

hull of the glider as shown in Figure 3.9. Three different control modules were

employed, such as pitch control, roll control and a processing module. Each control

module was developed with individual components. Both pitch and roll control

modules were connected to the processing module.

Front Water
Bladders

Internal Frame

Hull Surface

Right Water
Bladders

Solenoid Valve Roll (V3 & V4)

|

o

Solenoid Valve Pitch
(V1 &V2)

Water
Pump_Pitch
(Pump 1)

Rear Water
Bladders

Wings

Left Water
Bladders

Water Pump_Roll
(Pump 2)

Processing Module

Figure 3.9: Overview of the UTP underwater glider

3.6.1 Key Components

Both Pump 1 and 2 (Figure 3.9) were the same model of DQB415-SB liquid pump as

depicted in Figure 3.10. The pump was small in size and mounted on the internal frame.

It was powered by a 12V DC power supply and can transfer fluids up to 2.5 LPM. The

pump rotated alternately between clockwise (CW) or counter-clockwise (CCW) by

changing the motor driver signal accordingly.
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Figure 3.10: Water pump_ DQB415-SB

Table 3.2: Water pump specifications

Specification
Length 90.74+ 1.0 mm
Width 39.3 £ 0.5mm
Weight 100g
Rated Voltage 12vDC
Flow Rate 2.5 LPM
Transfer Medium Water
Environment 5°C - 95°C

In this study, water bladders were used instead of a ballast tank. The water bladder
(Figure 3.11) was PVC type which can accommodate up to 2 L of water. It weighed

669 and flexible to be located on the hull surface.

o

— i — ) —
APPROKIMATE

Figure 3.11: Water Bladder
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FEELBACH K222 solenoid valves weighing 0.21 kg were applied to control the
amount of water in the water bladders. Initially, the solenoid valve was in a normally
closed (NC) state and required 12 VVDC to trigger the internal plunger enabling the flow

of water with maximum pressure of 20 bar.

Figure 3.12: FEELBACH solenoid valve

Figure 3.13 shows the Arduino Mega 2560 with an ATmega 2560 eight-bit
microcontroller with 54 digital input/output pins. It is compact with the dimensions of
102 x 53 mm and powered by a 12V power supply. Arduino is used to communicating

with other electronic devices such as pressure sensor, motor driver, IMU unit and shield

data logger.

':ir
L lGe— = o)
ARDUINO.CC

Figure 3.13: Microcontroller_Arduino Mega 2560
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Figure 3.14 depicts the ‘Honeywell’ (PX2EF1XX030PAAAX) pressure sensor
which can operate with an input voltage of 5 V. It is typically used to sense the pressure

on the body of the submerged vehicle in the pressure range of 0 to 30 psi with an

J

Figure 3.14: Honeywell pressure sensor

accuracy of £0.25 %.

Meanwhile, the MPU6050 IMU shown in Figure 3.15 was used to detect the motion
of the underwater glider with an input voltage of 3.3 V. The IMU was integrated with
3-axis of accelerometer and 3-axis gyroscope on a single chip. Gyroscope was used to
measure the rotational velocity or rate of changes over time along the x, y, z axes, and
the angular position can be calculated by integrating the rate of changes. An
accelerometer was used to measure the gravitational acceleration along the x, y, z axes,

and the corresponding angle can be calculated by applying trigonometric calculations.

Figure 3.15: MPUG050 IMU
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Figure 3.16 exhibits the MD-L298 motor driver which was programmed to
communicate between Arduino control board and water pumps. The driver was
powered by a 12 V power supply and was connected to the Arduino to transmit 12 V
as an input voltage to the actuator. Furthermore, the pump rotation can be alternated by

changing the input signals (INn).

Figure 3.16: Motor driver_ MD-L298

3.6.2 Pitch Control Module

The ascent and descent of the glider were controlled by adjusting the center of gravity
and the buoyancy, respectively. The key components in the pitch control module were
water bladders, solenoid valves (V1 and V2), water pump 1 and related hydraulic
fittings. Each section of the front and rear hull was equipped with two water bladders
and both sides were filled with an equal amount of water when neutrally buoyant.
During the ascent and descent motions, 1.2 L of water was transferred between the front
and rear water bladders. The glider was then negatively buoyant and pitched to
predetermined depth when water was pumped from the rear to the front water bladders
and pitched upward when water was displaced towards the rear water bladders. As
shown in Figure 3.17, a water pump with two solenoid valves was applied to control
the water flow. When pump 1 was enabled, its rotation was alternated between CW or

CCW, according to the pressure differences at various depth levels.
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Similarly, both solenoid valves (V1 and V2) were activated alternatively, and the

triggering signal corresponded to the input signal of pump 1.

Front Water
Bladders Rear Water
Bladders

Figure 3.17: Schematic diagram of the internal configuration for the pitch control

module

The glider trajectory was in sawtooth motion and divided into four depth levels,
namely the upper limit, upper threshold, lower threshold and lower limit (Figure 3.18),
which were detected by a pressure sensor. Changes in gliding motion required about
0.4 m prior to reaching the predetermined maximum depth limit. The pump was
reversed CCW as it reached the lower threshold limit during descending motion, and
then changed to CW when it reached the upper threshold limit during ascending motion.

This sequence was repeated throughout the glider maneuvering in the water.

X Target Point

Start Point
(Xg.Zg)=(0,0)

Upper Limit

Upper Threshold Limit

Lower Threshold Limit

Lower Limit

Figure 3.18: Gliding trajectory with four dept limits
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The depth is calculated using Equation 3.55; where, P denotes pressure in Pascal
(Pa), d is depth in meter (m), g is gravity in m/s?, p is density in kg/m?, and 42 s a

pressure difference between pressure at the water surface and pressure at a given depth.

D

AP x 100/pg (3.59)

3.6.3 Roll Control Module

The roll module controls the left and right rotational motion of the glider. The module
consists of a water pump, two solenoid valves, with each left and right section equipped
with two rolling tanks (water bladders) and related hydraulic fittings. The roll angle of
the glider should remain at 0° when in equilibrium with an equal amount of water on
both sides. Roll is induced by shifting 1.2 L of water from left to right side or vice versa,
which results in the center of gravity of the glider shifting on the ‘y” axis. In this case,
pump 2 was activated to displace the water mass based on the IMU signals. Both
solenoid valves (V3 and V4) were triggered alternatively, corresponding to pump 2

signals to control the flow of water between the water bladders as shown in Figure 3.19.

Right Water

Bladders Left Water

Bladders

Figure 3.19: Schematic diagram of the internal configuration for the roll control

module
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3.6.4 Processing Module

The processing module with associated electronics components enables the glider to
function by interpreting sensor signals and converting them to commands. The module
employed was Arduino Mega 2560 microcontroller as the central processor to control
the attitude of the glider with other subsystems such as MPU 6050 IMU, Honeywell
pressure sensor, motor driver, Omron relay and a shield data logger. The system was

powered by a 12 V,7.2 AH sealed lead acid battery (rechargeable).

3.6.5 Experimental Test with the Control Architecture

A pitch and roll tests were conducted in the UTP swimming pool with a depth of 3 m.
Prior to the test, the edges of the body cover were sealed with silicone glue to prevent
water leakage into the hull space equipped with electronic devices. Initially, the glider
was in a neutrally buoyant state. The mission started when the glider dived into the

water and operated based on the motion control architecture as shown by Figure 3.20.

Power
Supply
Mot N1
Microcontroller otor "
Ardui «—>»| Driver Pump 1
(Arduino) (MD-1.298) >
i 2+ N3 ™ 4 ™2
h h 4 +
Pump 2 Relay 1 Relay 2
A 4 v ¥ l _1 l
Data Pressure MPU 6050
Logger Sensor IMU Valve 2
I ——‘|
h 4 v A 2
Depth Pitch and —] Relay 3 Relay 4
Roll Data l l
4| Valve 3 | | Valve 4 lf

Figure 3.20: Illustration of control architecture operation
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The Arduino microcontroller acts as a central processing unit that communicates
among the subsystems to function accordingly. This device requires 3.3V and 5V as
input voltage (Vin) powered by the microcontroller with respective 0V/-V terminal
connected to the power supply directly. The microcontroller and the motor driver

require 12 V as an input voltage (Vin) and are connected to a 12 V battery.

Honeywell pressure sensor is used to obtain pressure differences at various depth
levels and measure the depths reached by the underwater glider. The predetermined
lower threshold limit is -2.6 m, lower limit (bottom surface of the pool) is -3 m, upper
threshold limit is +2.6 m and upper limit (upper water surface) is +3.0 m. The sensor

calibration data shows that the voltage increases linearly when the depth increases [36].

The Arduino has a key role to determine the glider motion based on the sensor
signals to achieve the predetermined depth level. It transmits digital signals to the motor
driver to activate the water pump. For pitch control, pump 1 rotation was alternated by
changing the IN1 and IN2 signals of the driver. For the roll control, pump 2 rotation
was alternated by changing the IN3 and IN4 signals of the driver as summarized in
Table 3.3. The single-pole relay was used to alternate the connectivity of the input
voltage (Vin) to the solenoid valve, which controlled the amount of water in the water
bladders. The coil/input voltage (Vin) of the relay is dependent on the digital signals
(INn) of the motor driver. When Pump 1 rotated CW, Relay 1 was triggered to activate
Valve 1, and when Pump 1 rotated CCW, Relay 2 was activated to trigger Valve 2.
Similarly, for the roll control, Valve 3 and Valve 4 were activated alternatively
according to Pump 2 rotations which corresponded to the IN3 and IN4 digital signals

of the motor driver.
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Table 3.3: Pump rotations on various digital signals (INn) of the motor driver

Rotation Pump 1 Pump 2
IN1 IN2 IN3 IN4
Stop rotation 0 0 0 0
Clockwise (CW) rotation 0 1 0 1
Counter-clockwise (CCW) 1 0 1 0
rotation
Stop rotation 1 1 1 1

The IMU unit was compatible with the Arduino microcontroller to acquire pitch
and roll data while the glider moved in the water. Communication between the IMU
unit and Arduino is significant to control the motion of the glider. The performance of
the glider was observed during the field test and the data stored in the data logger were

used to make comparisons with the simulation results.

3.7 Summary

This chapter describes the methodology applied to validate the performance of the UTP
underwater glider. The glider was designed to travel in a sawtooth pattern and perform
a roll motion when required. The pitch and roll control modules of the glider were
employed by water pumps, water bladders, valves and related hydraulic fittings to
displace water mass between water bladders. Mathematical equations based on 6 DOF,
mass distribution, moment and dynamics were derived to solve the nonlinear dynamic
model of the underwater glider. The Simulink model was developed to determine the

pitch and roll performances on various pump rates.

The earth and body fixed coordinate systems were used as the reference frame for
the translational and rotational motions of the glider. The processing module with
associated electronics components was programmed to communicate with the pitch and
roll module accordingly. The control architecture was built to identify the function of
each control element and the schematic diagrams can be used during troubleshooting

or for further modification process.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1  Chapter Overview

In this chapter, the results of single control mechanism developed are discussed. Section
4.2 presents the pitch, roll and buoyancy performance of UTP glider during field test.
The simulation and experiment validation of the relationship between the pump rates
and the pitch and roll motions of the glider are elaborated in Sections 4.3 - 4.6. Section

4.7 summarizes the results obtained in this study.

4.2 Motion of Glider During Experimental Test

The UTP glider prototype was tested in a 3 m deep swimming pool to evaluate the
accuracy of the pitch and roll data obtained from the Simulink model. The pitch and
roll performance were tested using a 2.5 LPM pump, where the pitch and roll data were
measured using IMU and stored in a data logger. Meanwhile, the pressure sensor was
used to determine the depth limit. Figures 4.1 and 4.2 show the UTP glider pitching and

rolling achieved by shifting water between the water bladders.

Initially, the UTP glider was in the neutrally buoyant state floating on the water
surface. When the pitch control mechanism was activated, the glider was altered to a
negative buoyant state. Prior to reaching the lower limit, the glider was switched to a
positively buoyant state when it reached the predetermined depth level, resulting in the
water mass being transferred to the rear water bladders allowing the glider to pitch
upwards towards the water surface (upper limit). Figure 4.1(b) shows the response of
the pitch control mechanism developed to the buoyancy control and the corresponding
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gliding trajectory at water level depth of 3 m. The lower threshold limit is essential to
prevent the glider from striking the bottom. Thus, the glider changed into a positively
buoyant state at 2.63-2.65 m, followed by a transition to descent which occurred at 0.11-
0.12 m. The results showed that without using a conventional coupled control
mechanism, the UTP glider was able to travel in a sawtooth pattern and achieve the
required horizontal and vertical distances. Each gliding cycle consumed an average of
37.3 s with an average vertical speed of 0.075 m/s, obtained from the relationship of
expected depth and time. This indicated that the glider was free from leakage, which if
occurs, it can interrupt the gliding trajectory and the pitch motion. The presence of

fluctuations in the gliding path could be due to the water resistance on the glider.

Furthermore, for positive rolling motion as shown in Figure 4.2, the water mass
shifted along with the center of gravity from the left to the right water bladders, and

vice versa.

(@) Pitch control motion
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Figure 4.1: Pitch motion during the experimental test

Figure 4.2: Roll motion during the experimental test
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4.3  Pitch and Roll Angle

The simulation was performed and it was observed that the glider was capable of
reaching a maximum pitch angle of 43.5° and a roll angle of 43.6°. The ascending and
descending motions of the underwater glider were represented by the positive and
negative pitch angles as shown in Figure 4.3. The right and left rolling motions were
represented by positive and negative roll angles as depicted in Figure 4.4. The
simulation results showed the glider with single control mechanism was able to achieve
pitch and roll angle without the use of conventional buoyancy engine. It is significant
in order to validate the performance of the developed pitch and roll control mechanism
preceding to the field testing, which is not considered to the existing UTP glider design
[54]. The distance between the water bladders is considerable in order to improve the
time required to achieve the desired pitch and roll angles. It was reflected when the
maximum roll angle was achieved in 15 s, approximately 16.5 s faster than the highest

pitch angle.

+Ve Pitch Angle (Degree)
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(@)  Positive pitch angle (degree)
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Figure 4.4: Roll angle (degree) against time (second)

To validate the pitch and roll angles from Simulink, a comparison with the
experimental results are displayed in Figures 4.5 and 4.6, respectively. It was observed
that the pitch and roll angles were dependent on the water mass. When the water bladder
capacity was higher, the glider achieved the highest pitch and roll angles as opposed to

lower water bladder capacity.

Experiments were conducted to determine the response between the developed
pitch control mechanism and the desired pitch angle. Referring to Figure 4.5, the
experimental data showed higher difference of 22.3% compared to the Simulink data
obtained in the transient period. This trend was consistent with the experimental data.
The maximum pitch angle was 46.3° 6.04% higher than that of the Simulink model,
whereas the UTP glider with a conventional pitch control mechanism (linear actuator
with a movable mass) achieved a maximum pitch angle of 45° [54]. The results also
showed a difference of 2.8% without using a conventional buoyancy engine which
enabled a reduction in internal hull mass and improved the performance of the glider.

Thus, the center of gravity could be changed by shifting the water mass from the nose
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and tail inside the internal hull of the glider. External disturbances caused the pitch

angle of the glider to fluctuate between 44.9to 46.3° in the steady state condition.

Simulink vs Experimental (Pitch Angle) |——Simulink
] I | ‘ ] f Experimental

45_ ! ! 1 . —

[l
[$3]

Pitch Angle (Degree)
o
o

5k x | | | | | -

0 5 10 15 20 25 30 35 40 45 50
Time (s)

Figure 4.5: Comparison of experimental and simulation results for pitch angle

Roll control is substantial in preventing undesired roll motion which can affect the
gliding trajectory. Referring to the experimental data, the glider achieved a maximum
roll angle of 42.3°, which was 2.9% lower than that of the Simulink model. A
comparison between Simulink and the experimental results demonstrated a roll angle
error of less than 10%. This may be because the glider was not perfectly balanced in

the water, while the simulation assumed perfect balance and symmetry.

Furthermore, the roll was achieved by shifting the water mass only, whereas
several gliders relied on the rotational mass. Both existing and developed roll control
modules of the UTP glider used water as the trim mass. However, the total capacity of
the existing rolling tank was 50%, lower than the reservoir in proposed roll control
module. Moreover, the roll control mechanism relied on the volume and number of
water bladders employed to accommodate the water mass, which resulted in a better
roll angle of 29.1% when compared to the existing modules. In fact, the existing roll

control mechanism can only achieve a maximum roll angle of 30° [54].
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Figure 4.6: Comparison of experimental and simulation results for roll angle

4.4  Relationship Between Pitch Rate and Pump Flow Rate

Pitch rate was evaluated through the Simulink model by manipulating the pump rates.
As previously mentioned, the applied pump rates were 2.5, 5, 7.5 and 10 LPM. All four
pump rates were sampled simultaneously to determine the variation of the pitch rate.
The results indicated that the pitch rate increased gradually with increasing pump rates.
Moreover, the 2.5 LPM pump rate produced lower pitch rate (2.64E-01 rad/s) compared
to the 10 LPM pump rate (1.07 rad/s). Based on Table 4.1, the 10 LPM pump rate
achieved higher pitch rate of 73.3% compared to that of 2.5 LPM pump rate. As shown
in Figure 4.7, although the rise time varied for different pump rates, the analysis showed
that all four pump rates achieved steady state condition in 35 to 45 s. The optimum

pitch angle was achieved in 35 s from the Simulink model.
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Figure 4.7: Pitch rate simulation for pump flow rates of 2.5, 5, 7.5, and 10 LPM

Table 4.1: Pump rate against pitch rate

Time (8 Pump rate (LPM)
2.5 5 7.5 10

5 1.55E-01 | 3.07E-01 | 4.58E-01 | 6.10E-01
10 6.59E-02 | 1.30E-01 | 1.94E-01 | 2.59E-01
15 2.81E-02 | 5.54E-02 | 8.28E-02 | 1.10E-01
20 1.19E-02 | 2.35E-02 | 3.52E-02 | 4.68E-02
25 5.08E-03 | 1.00E-02 | 1.50E-02 | 1.99E-02
30 2.165E-03 | 4.23E-03 | 6.38E-03 | 8.44E-03
35 9.15E-04 | 1.77E-03 | 2.69E-03 | 3.55E-03
40 3.80E-04 | 7.19E-04 | 1.08E-03 | 1.39E-03
45 1.45E-04 | 2.57E-04 | 3.95E-04 | 4.87E-04

In this study, buoyancy and pitch were controlled by the water pump mechanism.

Thus, the buoyancy of the glider was dependent on its pitch motion and proportional to

the mass of the bladder. Figure 4.8 depicts the difference between the experimental and

simulated pitch rates for 2.5 LPM pump flow rate.
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The peaks for the experimental and simulated pitch rates achieved 2.70E-01 rad/s
and 2.67E-01 rad/s, respectively. The experimental data were 1.1% higher than the
Simulink data and it was achieved without using the conventional buoyancy engine.
Comparison between experimental and simulation data is significant to determine the
appropriate pump flow rate prior to physical test. The difference in pitch rate in the
transient state indicated that the glider dynamics were asymmetric in the actual state as

predicted in the Simulink model and it was affected by environmental disturbances.
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Figure 4.8: Comparison of experimental and the simulation results for pitch rate

45  Relationship Between Roll Rate and Pump Flow Rate

Roll rate is important to evaluate the rolling behavior of the underwater glider. The roll
characteristics were evaluated through the roll rate of the vehicle as it rotated along its
longitudinal axis. Similar to the pitch rate, the roll rate was proportional to the pump
rate. Therefore, four pump rates of 2.5, 5, 7.5 and 10 LPM were simulated to determine
the corresponding roll rate (rad/s) as shown in Figure 4.9. It was found that the pump
rate of 10 LPM achieved the maximum roll rate of 6.77E-03rad/s and 2.5 LPM pump
rate resulted in lower roll rate of 74.6%. Based on Table 4.2, the roll rate increased with
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increasing pump rate. The variation in roll rate could be due to the water flow rate and

the time consumed to displace the water mass between the water bladders. Thus, the

roll rate increased while accelerating the water flow rate. An average of 74.7% roll rate

difference was achieved compared to 10 and 2.5 LPM pump rates. The pump rates have

an impact on the rise time, where the rise time fluctuated for different pump rates. The

glider reached steady state within 10-15 s and also achieved optimum roll angle after

15 s during the field test. It exhibited that the roll responses were consistent between

the experimental and simulation results.

Roll Rate (Rad/s)
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Table 4.2: Pump rate against roll rate

Pump rate (LPM)

Time (s)
2.5 5 7.5 10
5 1.93E-04 | 3.74E-04 | 5.54E-04 | 7.32E-04
10 1.46E-05 | 2.81E-05 | 4.08E-05 | 5.16E-05
15 9.40E-07 | 1.86E-06 | 3.04E-06 | 4.43E-06

72

Figure 4.9: Roll rate simulation for pump rates of 2.5, 5, 7.5, and 10 LPM



4.6  Relationship of Pitch and Roll and Pump Flow Rate

Figure 4.10 shows the maximum pitch and roll rate with the applied pump rate. The
pitch and roll responses of the UTP glider to the pump rate signified positive results.
Both the pitch and roll rates were directly proportional to the pump rate, where the pitch
and roll rates increased as the pump rate increased. The performance of the glider could
be improved by increasing the amount of water transferred, which minimized the time

consumed on pitch, roll and buoyancy control.

The proposed control mechanism (water pump system) was comparable to the
existing conventional buoyancy engine (ballast tank and movable masses) of the UTP
glider. Furthermore, the results of pitch and roll angles of the UTP glider with single
control mechanism were more reliable from the experimental and simulation data
compared to the USM Hybrid-Driven Glider [22] which has an error rate of 81.5%.
Steady state durations for roll and pitch were achieved in 15 s and 37 s, respectively,

during the field test, indicating the consistency of the experimental and simulation data.
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Figure 4.10: Maximum pitch and roll rates with the corresponding pump rates

4.7 Summary

In this study, the pitch, roll and buoyancy performance of the UTP glider with the
developed control mechanism were evaluated by comparing the experimental results
with the Simulink model. It was noted that there was less than 10% error for optimum
pitch and roll angles compared to the simulation data. However, the differences in
results between the experiment and Simulink model demonstrated the influence of

dynamic and environmental factors on the performance of the glider.

Both pitch and roll rates could be altered by manipulating the pump rates. The
highest pump rate has greater pitch and roll rates as opposed to the lowest pump rate.
In this study, the differences in pitch and roll rate were 0.81 rad/s and 5.1 E-03 rad/s,
respectively, for the highest (10 LPM) and lowest (2.5 LPM) pump rates.

The pitch and roll data obtained were used to compare with the performance of the
multiple control mechanism of the existing UTP glider. The data showed 2.8% pitch

angle and 29.1% roll angle variation were obtained when compared with the existing
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control mechanism of the UTP glider. It was noted that the use of water pump
mechanism could neglect the use of multiple control mechanisms for pitching and

rolling motions.

On other hand, the use of single control mechanism produced better pitch and roll
performance compared to the legacy gliders by minimizing glider mass. Thus, the
highest pitch and roll angle differences were with the Spray glider [7] and Seaglider [8]
which were 64.1% and 29.1% respectively.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1  Chapter Overview

In this chapter, the conclusion of this study is summarized in Section 5.2. Section 5.3
presents recommendations that could be of high potential for extending this research in
the future.

5.2 Conclusions

In conclusion, a single mechanism to control pitch and buoyancy as well as roll was
developed for UTP glider. The purpose is to reduce the hull mass which significantly
affected the glider performance. The depth, pitch and roll of the glider were controlled
using the water pump system instead of a conventional buoyancy engine with a ballast
tank and movable masses. Instead of using a rotational mass, the roll of the glider was
controlled with water pump to displace the center of gravity by shifting the water mass.
During the pitch, water as a trim mass was displaced along the ‘x’ axis, while for roll,

the water mass was shifted along the ‘y’ axis of the body fixed coordinate system.

In this study, the relationship between the pitch and roll response of the glider with
the control mechanism was determined through Simulink model and experimental test.
Four different pump rates were considered and as a result, the pitch and roll rates
increased by 74-75% as the pump rate increased from 2.5 to 10 LPM. Both pitch and
roll motions are the key factors in evaluating the performance of UTP glider. Therefore,
the buoyancy, pitch and roll performance were tested experimentally, and it was
observed that the glider could maneuver in a sawtooth pattern at predetermined depth
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levels as well as the roll motion was achieved by displacing the water mass. The
experimental results indicated that the glider model with single buoyancy, pitch and roll
control mechanism is a viable alternative to the existing conventional coupled control

methods.

Relevant mathematical equations were derived based on single mechanism for
pitching and rolling motions. Six DOF and dynamics equations were used to derive the
motion of the glider with respect to the acting forces and moments on its body.
Meanwhile, the kinematic equations were derived based on the mass of the developed
control mechanism and the respective moment of inertia of glider; and solved through
the Simulink model in order to determine the pitch and roll performance of the UTP

glider by manipulating the pump rates.

5.3 Recommendations for Future Works

Research and development are often required in improving the efficiency of underwater
gliders. The following could be considered as recommendations for future

improvements:

1. It is possible to improve the efficiency of glider in an uncertain ocean
environment by integrating control algorithms such as Artificial Neural
Networks (ANNS), Fuzzy Logic Controller (FLC), Auto-tune PID
Controller, Homeostatic Controller and U-model Controller to the
underwater glider model.

2. It is significant to improve the Simulink model by considering the
nonlinear effects on the glider in the water.

3. Numerical investigations are required to determine appropriate control
techniques to cope with the influence of wave and ocean currents on
controller performance.

4. Use of model updating technology to regulate the inaccuracy of the data
prediction with the experimental results.

5. The roll motion could be improved by incorporating water bladders into

the glider wings which may eliminate the dedicated hull space.
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APPENDIX A

(b) Linear actuator with movable mass

Figure A.1 : Existing buoyancy engine of the UTP glider
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Figure A.2: Setup pitch control module with water bladder in proposed
design

Figure A.3: Setup roll control module with water bladder in proposed
design
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Figure A.4: UTP glider readiness with proposed control mechanism
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