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ABSTRACT

Unmanned Underwater Vehicles (UUVs) are robotic devices used for various underwater
applications. UUVs have gained popularity in scientific community because of their poten-
tial applications ranging from military and research establishments to marine industries. Most
of these devices are expensive, bulky and developed for deep ocean applications. To extend
the benefits of this technology to small-scale industries and general public, affordable com-
pact AUVs are need of the hour. Here the design and development of an affordable compact
underwater robot is presented. After identifying the design requirements, the robot model is
designed using 3D modeling software SOLIDWORKS” . MATLAB Optimization Toolbox™
is used for the estimation of optimal position of internal components. Shape optimization with
ANSYS FLUENT™™ is carried out for drag coefficient minimization. The designed model has
been analyzed using Finite Element Analysis to ensure its structural integrity in the underwater
environment. Here stress analysis is used to show that the UUV with glass fiber composite body
can withstand the underwater pressure at 100m depth with 1.8 factor of safety. Computational
Fluid Dynamics (CFD) study is used to estimate the drag and lift coefficients, and the maxi-
mum velocity of the robot. The validated design is used to manufacture the UUV body using
glass fiber composite. The developed robot is neutrally buoyant and has a three-part modular
structure. This robot has 4 Degrees of Freedom (DOF) and uses three thrusters for propulsion.
It has a closed-frame watertight enclosure, which houses different essential components such as
battery, depth and temperature sensors, camera, Raspberry pi computer, Pixhawk controller and
thrusters. During operation, the robot is connected to the computer on the ground using tethered
connect for transmission of live underwater footage, sensor data, and control signal. Detailed
cost analysis of the developed robot is also presented. The robot was successfully tested in a
swimming pool, nearby river, and lakes, and the results are discussed.

AUVs have to navigate complex underwater environments autonomously based on its algo-
rithms. Accurate kinematic and dynamic model of an AUV, guidance, control and localization
technique are vital components in navigation, which helps an AUV to follow the defined path.
This thesis presents development of a trajectory tracking controller for the developed AUV.

First, kinematic and dynamic model of the underwater robot are developed. Using detailed

TH-2812_166103029 vil



CAD model of the AUV, inertia and buoyancy parameters are estimated. Hydrodynamic damp-
ing parameters are estimated using simulations carried out with CFD software package ANSYS
Fluent”™. 3D added mass coefficients are estimated numerically using strip theory. The devel-
oped AUV model is validated with experimental results. A 3D guidance system is developed
to follow the generated path by way-point technique using Line-of-Sight (LOS) strategy. An
Inertia navigation system is used to estimate the position and orientation of the AUV to be use
in feedback loop of a closed loop controller. Initially, Close loop PD controller was devel-
oped which resulted in a constant steady state error due to under actuation. Then a classic PID
controller is developed which eliminated the steady state error and successfully simulated for
multi way-point path. PID controller gain has to be tuned for individual path, thus an adaptive
Fuzzy-PID controller is designed to handle variation in the path. This controller is compared
with the PID controller and results are discussed. A robust Neuro-Fuzzy controller is devel-
oped to handle dynamic environmental forces and unknown system behavior. Here a neural
network model of the system is fitted with the experimental data and the fitted model is used
with the PID system to adapt to different working environments. A comparative simulation of
both the controllers under external disturbance force is carried out to showcase the robustness
of the controllers. Objective of this work is to develop an robust non-linear adaptive control
strategy for the navigation of the newly developed AUV on a predefined path. Such affordable
compact systems can bring significant benefit to the small-scale marine industries, can create

new opportunities, and help monitor and preserve underwater ecosystems.
Key Words: Autonomous Underwater Vehicles (AUVs); Inertial Navigation; Kalman Filter;

Dynamic Model; FUZZY-PID Controller; Neuro-FUZZY Controller; Guidance System; Line-

Of-Sight(LOS).
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Chapter 1

INTRODUCTION

1.1 Introduction

Most of the earth’s surface is covered with water in form of oceans, rivers and lakes, many
of which remain unexplored till date. These environments contain some of the most natural
resource rich habitats. These habitats directly or indirectly affect humans. Deployment of
underwater robotic vehicles can help to study these environments to ensure their safety against
environmental pollution and use the available natural resources for human development.

Manned underwater vehicles have humans on board which increase the risk as well as op-
erational cost, so underwater unmanned systems are getting very popular. These systems can
be used in greater depth and extremely harsh conditions. “Autonomous underwater vehicle
(AUV)” and “Remotely operated underwater vehicle (ROV)” are two categories of unmanned
underwater robotic systems. ROVs are controlled from the surface, generally by a wired con-
nection. These can do a variety of tasks, but the wired connection limits its maneuverability as
well as accessibility to remote locations. AUVs navigate autonomously relying on its navigation
algorithm and surrounding information. Once deployed, they collect data and come back to the
surface after completion of the predefined task. As AUVs are not connected to the ground they
have high maneuverability, can travel to remote locations, narrow complex pathways, involve
no human fatigue and operation cost is very less. Underwater wireless communication has its
limitations so AUVs have seen an increase in interest from underwater research community. It
has always been a challenge to make a robotic device to explore these hostile territories. With

advancements in AUV research, materials, manufacturing techniques, sensors, computational
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power and battery technology, autonomous decision making underwater robots have become
more reliable and practical. A reliable, fully autonomous decision making robotic system is the
objective of current AUV research.

The first AUV “SPURV” (The Self Propelled Underwater Research Vehicle) was developed
by Stan Murphy and Bob Francois in 1957 in the Applied Physics Laboratory at the University
of Washington [[1]. “SPURV” operated at 2 to 2.5 m/s up to a depth of 3,600 m [2]]. In 1970s
few AUVs were developed in MIT and also in Soviet Union [1]. These early underwater robots
were bulky, expensive and inefficient. AUVs have come a long way since then. The modern
day AUVs can have six degrees of freedom, can travel faster than 20 m/s, accurately detect
obstacles and map ocean floors. These are getting compact, less expensive, yet sophisticated
and accessible to the general population for exploration, fishing, and entertainment etc.. These
systems have yet to go a long way in terms of autonomy till fully autonomous robotic systems
help us explore and protect these deep and hazardous habitats.

AUVs have a large number of applications in the hazardous underwater environments. Still,
AUVs have to overcome some limitations to have large-scale adoption. Some of the key chal-
lenges are low price, underwater wireless communication, long lasting batteries, use of smart
materials, compact on-board computers with high computational power for better decision mak-

ing, on-board energy generation and its efficient use.

1.2 Applications

AUVs are becoming very popular for underwater exploration in commercial, military and
industrial applications. Over the years a large number of AUVs have been developed for various
application. Table(1.1|lists the potential applications along with AUVs used for these purposes.

With the help of different sensors, these vehicles can collect variety of useful scientific
information like temperature, depth, pH level, chemical composition, turbidity etc. These in-
formation can help in environmental monitoring and scientific study. Cameras can be used
to take pictures of the environment to study underwater ecosystems, different aquatic animals
and underwater ground structure ([3} 14, 12, 13 [17]). With multiple cameras and sonars, 3D

mapping and reconstruction of the sea floor can be done which can be used in site selection
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Table 1.1: Applications of AUVs

Surveillance
Anti-submarine warfare

Mine countermeasures

REMUS-6000 [3];AUV-150 [4]]

Bluefin21, Echo Ranger, Gavia Defence,
SOG Seagliders, Eagle Ray [3]]

Bluefin21, 2016 [6]; [7]]

Military  Inspection of wreckage U-CAT [8]
Payload delivery to ocean floor GIRONA 500 I-AUV ([9])
Search and rescue Bluefin21, 2016 [6]
Air crash investigation GIRONA 500 I-AUV [10. [11]]
Ocean exploration and bathymetric =~ Theseus AUV [12, [13]]; REMUS-6000 [3];
study AUV-150 [4]; AE2000A [14]
Mapping of ocean floor Autosub 6000 [15]; AUV-150 [4]; D. Allan B
[[16]; Bluefin21, 2016 [6]
Scientific Marine biology studies Maya AUV [17]; SoFi [18]
Geological Survey Tri-TON 2 [19]
Archaeological survey MARTA, A-Size [8]
Environmental monitoring Maya AUV [17]; REMUS-6000 [3]], Folaga [20]
Track oil-spill and gas leakage SOTAB [21]
Industry  Repair and maintenance SAUVIM [22], Folaga [20]], SeaCat [23]]
Track and repair underwater cables AE1000 [24]
Underwater structure inspection SeaCat [23]
Underwater video footage collection Maya AUV [17]]
Other Fishing

Entertainment and Tourism

for constructions like tidal energy plant, ports; claim the maritime borders with continental
shelf data ([4, 14, (15, 16]). Allotta et al. [8] presented AUVs “MARTA” and “A-Size” used
for 3D mapping of underwater archaeological cites and a turtle inspired bio-mimetic AUV “U-
CAT” used for ship wreckage penetration and survey. AUVs are being used for inspection of
cracks and damages in underwater structure [23], track and discover ore [19], oil, natural gas
reserves. Underwater vehicles can be used to track oil leakages from oil mines, gas leakage
from under-sea gas pipelines to protect the underwater ecosystem and avoid pollution [21].
Intervention-AUVs with autonomous manipulator systems are being used for various interven-
tion tasks such as self docking, search and retrieve objects [11], payload delivery to ocean
floor, pipeline and cable deployment etc. Such I-AUVs can be used for black-box search and
retrieval during air crash investigations. Various co-operative tasks such as pipeline ([9]]) and
cable deployment, transportation of long and heavy payload to ocean floor can be carried out
by fleet of AUVs and I-AUVs. Some bio-mimetic underwater robot like a snake and fish robots
and other AUVs are being used for inspection and surveillance [4]. Bio-mimetic robots [18]
are being developed with soft flexible materials to create life like motion. Such AUVs can be

used for closed-up observation aquatic life without disturbance. Apart from these scientific and
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commercial applications AUVs are being extensively used for military purpose. Bio-mimetic
as well as other AUVs can be used for surveillance and reconnaissance. Using sonar AUV's
can be used for mine countermeasures without engendering the human life. Other applications
may include anti-submarine warfare, search and rescue and site inspection etc. Generally, these
robotic vehicles are used in oceanographic applications. Underwater robots are also being used
to study underwater environments in rivers and lakes and carry out surveys. In recent years
AUVs have gained much more popularity because of its potential applications in the fields of
scientific research, military and industries. AUVs have been initially developed by military
and research establishments for specific applications. Later multi-purpose as well as applica-
tion specific industrial AUVs have been developed. “REMUS-6000"(Fig. [I.1[(a)) developed by
Kongsberg Maritime [3] is such a multi-purpose industrial AUV. REMUS-6000 weighs 862 kg
with maximum depth range of 6 km and travel velocity upto 2.3 m/s. The AUV houses acous-
tic modem for communication, side-scan sonar for bathymetric data collection and acoustic
underwater positioning and navigation system with IMU(Inertial Measurement Unit) and DVL
(Doppler Velocity Log) sonar for navigation. This AUV can be used for fisheries research, habi-
tat mapping, under ice exploration, marine archaeology, deep sea ecology, seabed investigation,
deep sea mining, mine countermeasures, surveillance and reconnaissance etc. “Bluefin-21”
(Fig. [[.I[b)) developed by General Dynamics Mission Systems [6] is another multi-purpose
industrial AUV rated for 4.5 km depth. This AUV can be used for oceanographic study, mine
countermeasures, anti-submarine warfare and underwater exploration etc. Maintenance and re-
pair of underwater gas and oil pipelines is a major potential industrial application for AUVs. An
AUV (Fig.[1.1[d)) with robotic arm for pipeline inspection is under development by Kawasaki
Subsea (UK) Limited [25]. Table presents some examples of AUVs being used in the field
for various applications encountered during this literature survey. More examples of such AUVs

used for different applications can be found in the AUV database AUVAC [J].
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Table 1.2: AUVS Used in different field applications

(d)
Figure 1.1: (2)*REMUS-6000”([3]) (b)*“Bluefin-21” ([6]) (c)“U-CAT” ([8]) (d) Kawasaki AUV ([23]))

AUV Name Developed In Applications Dimensions Working
Depth

AE1000 [24] Japan Inspection of underwater telecommuni- 2.3m x 2.8m x 0.7m 1000m
cation cables

Maya AUV [17] NIO, Goa, India Oceanography study 1.742m, dia 0.234m 200m

Theseus AUV [12/]13] Canada Under-ice bathymetric surveys 10.7m, dia 127cm 2000m

Autosub 6000 [15] AUVAC, USA Scientific survey and mapping 5.5m x 0.9m x 0.9m 6000m

REMUS-6000 [3] Kongsberg Maritime, Nor-  oceanography  study, Monitoring, 3.96m, dia 71cm 6000m

way surveillance and reconnaissance etc.

AUV-150 [4] CMERI, India oceanography study, mapping, surveil- 4.85m, dia 0.5m 150m
lance and reconnaissance etc.

D. Allan B [16] MBARI, USA Seafloor mapping 5.18m, dia 54cm 6000m

SOTAB [21] Osaka university, Japan Track oil leakage from oil mines 3m, dia 27 cm 200m

AE2000A [14] Japan Under-ice survey 3m x 0.7m x 0.7m 2000m

Tri-TON 2 [19] University of Tokyo, Japan ~ Estimate ore reserves in underwater hy- 1.4m x 0.7m x 1.4m 2000m
drothermal deposits

SeaCat [23] Germany Autonomous inspection of underwater 2.5m x 0.58m x 0.67m  600m
structures

Bluefin21 [6] General Dynamics, USA Search and explore, Oceanography, 5m, dia 53cm 4500m

Mine countermeasures

1.3 Background and Motivation

Autonomous Underwater Vehicles (AUVs) are robotic devices capable of navigating under-
water independently without human intervention using on-board sensors for understanding the
surroundings, propulsion system for navigation and an on-board computer for decision mak-
ing. AUVs can help us explore and study the unexplored underwater environments to ensure
their safety and to use the available natural resources for development of human beings. Such

autonomous underwater robotic systems are need of the hour for exploration and environmen-
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tal safety of the vast and deep oceans and shallow water bodies. AUV technologies have seen
significant development in the last decade. Still in developing countries majority of underwater
robotic systems are being developed by military establishments and marine research institutes.
Few examples of such robotic systems are Maya AUV [17] by NIO, Goa, India, AUV-150 [4] by
CMERI, India, Theseus AUV [12,113]], Autosub 6000 by AUVAC, USA [135], KAIKO Mk-IV by
JAMSTEC [26], MBARI’s Ventana, Tiburon and DocRicketts [27, 28], SUB-fighter 30K ROV
by Sperre AS [29]. These underwater systems are bulky and expensive as they are designed to
operate at higher depth. These vehicles are more than 2 m long and can travel up to 2000 m
depth [30]. Underwater robotic systems can also bring significant benefits to the small-scale
marine industries, educational institutes, disaster management groups, environmental protec-
tion groups and recreation industries etc. But till date underwater robots are not available in the
public domain for adoption for such applications. High cost and size of the available underwater
robots are some of the major challenges against wider adoption. Thus, there is a requirement of
affordable, compact, and shallow water robots. Furthermore affordable compact AUVs are not
available for autonomous monitoring, survey and search etc. Now a days availability of low-
cost high-precision sensors, compact one-board computers such as Raspberry pi, high-density
batteries encouraged the development of low-cost compact AUVs. With development of robust
control algorithms, navigation and localization with MEMS sensors coupled with numerical
techniques and using artificial intelligence affordable compact AUVs can become reality. Such
systems will create new opportunities for small-scale industries and research establishments to-
wards sustainable development of underwater ecosystem. To develop a low-cost compact AUV
with robust controller, a detailed literature review has been carried out which is presented in
the next chapter. Objectives of the work have been selected after the literature review which is

presented in the next section.

1.4 Objective of the Present Work

Objectives of this work is to develop an affordable compact UUV with a robust trajectory
tracking controller. To achieve the main objective different works to be carried out are summa-

rized below:
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* Identify system requirement and design a compact close-frame UUV.

* Develop a fully functional affordable compact UUV, which can be deployed as a ROV as
well as an AUV.

* Develop the AUV with required sensors and hardware, software and communication in-

frastructure to implement the control strategy and navigation algorithm.

* Develop kinematic and dynamic model of the AUV along with system parameter estima-

tion.
* Experimental validation of estimated system parameters.

* Design a simulated environment for simulation of the AUV using the developed kinematic

and dynamic model.
* Develop a 3D way-point guidance system for AUV to follow a predefined path.

* Implement the modified KF coupled with the IMU, GPS and dynamic model for devel-

opment of a robust state estimator and simulate the algorithm for validation.

* Development of PD and PID closed loop controller for autonomous navigation of the

AUV to understand the basics of the contol system design for an AUV.

* Development of adaptive Fuzzy-PID and Neuro-Fuzzy controllers to address variable

environmental forces.

1.5 Organization of the thesis

Content of this thesis is presented in seven chapters in following manner.
Chapter 1 introduces the topic of AUVs, ROVs and presented their various applications. Objec-
tive of the present work and thesis organization is also stated in this chapter.
Chapter 2 presents a detailed literature review highlighting different aspects of AUVs and their
usefulness. Summary of the literature review with potential scope of the work is also presented
in this chapter.

Chapter 3 discusses design process of the compact UUV and design validation with numerical
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simulation. Manufacturing of the system along with sensor integration, software and commu-
nication infrastructure is presented and field test result of the developed system is discussed.
Chapter 4 presents the development of kinematic and dynamic model of the AUV. To com-
plete the mathematical model, system parameter estimation is carried out using CAD modeling,
physical measurements, and CFD simulations. Comparative study of the system model predic-
tion and field test results are also discussed.

Chapter 5 discusses a 3D guidance system, inertial navigation system, development of simula-
tion environment and classic control system such as PD and PID design for the AUV. Multiple
simulation for 2D and 3D way-point trajectories has been carried out and comparison of the two
controllers are also presented.

Adaptive Fuzzy-PID controller design and simulations are presented in the chapter 6. Compar-
ative study of the adaptive and classical controller is also presented. Experimental data has been
used for development of the Neuro-fuzzy model to improve the robustness of the controller.
The general and specific conclusions are presented in Chapter 7. Also the scope of future work

has been discussed in this chapter.
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Chapter 2

LITERATURE REVIEW

2.1 Introduction

A detailed review of the prior literature has been carried out to develop a deep understand-
ing of unmanned underwater vehicles. This will help towards development of an affordable
compact underwater system and its autonomous control in dynamic underwater environments.
This system in hands of individuals and small-scale industries will create new opportunities
and bring the benefit of this technology to the masses. The different aspect of the underwater
robotic systems considered under the study are presented in the following sections. AUV struc-
ture design is presented in section 2. Study on different propulsion techniques are presented
in section 3. kinematics and dynamics modeling of different AUVs are discussed in section
4. Section 5 presents different path planning and control systems used in underwater systems.
Navigation and localization techniques are presented in section 6. Summary of the literature

study is presented in section 7.

2.2 AUV Structure

The body structure of AUV is an important element as it safely houses all the mechanical
and the electronic components in a watertight enclosure. The shape of the AUV also affects the
dynamics of motion because of the fluid-structure interaction with surrounding water. Inspired
from submarines, AUVs are generally torpedo shaped. The first AUV “SPURV” Widditsch [2]]

was torpedo shaped. AUV presented by Jun et al. [31], Shome and Das [4], Ferguson [12],
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Hiller et al. [32], Hyakudome [33]], ‘STARFISH’ by Hong et al. [34], ‘Maya’ by Desa et al.
[17], ‘SPARUS II’ by Carreras et al. [35], ‘FOLAGA’ by Alvarez et al. [20] and ‘MARTA’
by Allotta et al. [36] are some examples of torpedo-shaped AUVs. Depending on different
requirement AUVs have adopted various shapes. Fittery et al. [37] developed an egg-shaped
AUV called ‘Omni-Egg” at MIT. He et al. [38], Yue et al. [39], Ma et al. [40], Li et al. [41]]
and Wan et al. [42] presented spherical AUVs. These AUVs are highly maneuverable and can
easily travel in complex pathways and access remote locations which are otherwise difficult to
access. Apart from these simple structures, nowadays AUVs are being developed in complex
shapes with hydrofoil profiles to increase efficiency and reduce drag. P-SURO AUV Li et al.
[43], AUV presented by Alam et al. [44] are some such AUVs. All these AUVs with different
body shapes use a watertight close-frame structure. AUVs operating at low speed often use
open frame structures as the drag force at flow speed is less. Girona 500 AUV Wirth et al. [45]
and AUV presented by Hung and Na [46] are some open-frame AUVs.

Apart from these artificial structures, AUVs have taken inspiration from the nature and
mimicked aquatic animals. In addition to exploration and other underwater applications these
bio-mimetic AUVs can seamlessly integrate to the marine environment to study and understand
the aquatic life without disturbing them. Fish robots are most popular among the bio-mimetic
AUVs. Yang et al. [47], Parameswaran and Selvin [48], Shriyam et al. [49], Kadiyam and
Mohan [50], Santhakumar and Asokan [51], Chowdhury et al. [52], Chowdhury et al. [S3]],
Chowdhury et al. [54], Ashar et al. [S5], Vo et al. [56], Choi and Lee [S7], Listak et al. [S8]],
Yu et al. [59] and Jung et al. [60] developed fish robots. Figure [2.1] presents the robotic fish
developed by Yang et al. [47].

~ Soft Tail \

Figure 2.1: Robotic Fish “Ichthus” [47]

Figure 2.2: Soft Robotic Fish “Sofi” [18]
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AUVs have also been developed which mimic other aquatic animals such as snake, turtle,
beetle and crab etc. Zhao et al. [61] presented turtle-like robots with four mechanical flippers in-
spired from soft-shell turtles. Allotta et al. [8] presented a turtle-like robot ‘U-CAT’, developed
for shipwreck penetration. Kim and Lee [[62] presented a six-legged underwater robot CALEB
10(D.BeeBot) inspired by beetles which can walk as well as swim. Jun et al. [63] 164] also pre-
sented a six-legged seabed walking robot ‘CR200’ inspired by crabs. Kang et al. [65], Nguyen
et al. [66] presented underwater glider inspired by manta ray. Recently soft Bio-mimetic AUVs
have been used for closeup exploration of aquatic-life without disturbing the natural habitats.
For example Ming et al. [67]] developed a soft snake robot and recently a soft robotic fish (SoFi)
was designed and developed by Katzschmann et al. [18]|(fig. [2.2).

AUVs nowadays are adapting modular design in the body structure. The whole AUV is a
combination of different modules such as propulsion, sensor modules which can be easily and
quickly replaced in case of a failure as well as can be interchanged with different modules ac-
cording to the mission requirements. Such modular AUVs are highly versatile and incur less
maintenance cost. ‘AUV-150" Shome and Das [4]], ‘M AYA’ National Institute Of Oceanogra-
phy(NIO) [68], ‘STARFISH’ Hong et al. [34], ‘Bluefin21’ General Dynamics Mission Systems
(6], ‘'SPARUS II’ Carreras et al. [35], ‘FOLAGA’ Alvarez et al. [20], ‘MARTA’ Allotta et al.
[36] and AUVs presented in Alam et al. [44]] and Hiller et al. [32] are examples of some modular
AUVs.

During motion, AUV experiences drag and lift forces because of the friction between the
body and surrounding water, which affect the dynamics of AUV. Body structure greatly af-
fects these forces. Fluid-structure interaction study of the AUV with the surrounding water is
essential to predict the drag and lift. Minimizing these forces using different numerical and
optimization technique, increases the efficiency of the AUVs. Drag and lift estimation also
help in developing an accurate dynamic model for navigation and control. Alam et al. [44]
used non-dominated sorting genetic algorithm (NAGA), population-based optimization algo-
rithm and in-feasibility driven evolutionary algorithm (IDEA) to optimize the hull structure
of a torpedo-shaped AUV for minimum drag and clash-free component placement. Sun et al.

[69] presented an underwater glider with a blended wing-body structure. The glider structure
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is shape-optimized for maximum gliding range considering the internal space as proportional
function to energy reserve. Elsayed et al. [/0] presented an elliptical submersible pressure hull
designed with multi-objective optimization to minimize buoyancy and maximize buckling load
capacity to reach a depth of 6000m. ANSYS”™ FEM analysis is carried out to verify the de-
sign. Nguyen et al. [66] presented a shape optimized underwater glider inspired by manta ray
using CFD analysis to have least fluid resistance. Mitra et al. [/1] presented experimental and
numerical study on effect of free stream turbulence on hydrodynamic parameters of AUV hull
structure. Here results from the experiments, carried out at three different depths are used to
validate the estimations predicted by a Reynolds stress model. In this study it was observed
that, the presence of free stream turbulence decreases skin friction, drag and lift coefficients.
Such studies can help towards development of more efficient AUV structures. A popular Com-
putational Fluid Dynamics (CFD) software ANSYS FLUENT”¥ is being used for the hydro-
dynamic study of the AUVs. Allotta et al. [72] presented design and development of a low-cost
5-DOF AUV “Tifone”. shape of the AUV is optimized for maximum efficiency with ANSYS
CFX™ finite element modeling. Alam et al. [44], He et al. [38]], Yue et al. [39] and Ma et al.
[40] used ANSYS FLUENT”™ to study the hydrodynamic behavior of their AUVs. Liou [[73],
Listak et al. [58]] and Wu [74] adapted theoretical and experimental method for hydrodynamic
study.

AUVs experience hydrostatic pressure due to water head and hydrodynamic pressure due to
their movement. AUV body can deform or get damaged due to excess pressure, which increases
with depth. Researchers are using ‘Finite Element Method’(FEM) for stress and buckling anal-
ysis of the hull structure which helps in selection of proper material, thickness of the wall as
well as set the operational depth limit of the AUVs. Stevenson et al. [[75] presented mechan-
ical design and development of a deep water AUV “AUTOSUB-1” considering the buckling
failure. Shome and Das [4] and Jun et al. [64]] used FEM for stress estimation of the AUV
bodies. Btachut and Smith [76] presented numerical and experimental study of buckling of a
multi-segment pressure hull subjected to uniform hydrostatic pressure. Rahim et al. [[/'/] pre-
sented the design of a pressure hull for a underwater pole inspection robot. Finite element stress

and buckling analysis was carried out to determine the wall thickness of the structure. Allotta
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et al. [72] used FEM for buckling verification of the central cylindrical structure at 700m wa-
ter depth and experimentally verified upto 300m depth. Li et al. [41] presented stress analysis
of the frame holding the servo motor and water-jet propellers. Complex hydrofoil structures
are difficult to manufacture and costly with traditional materials and techniques. Composite
materials can be used in such cases for ease of manufacturing and strength and other proper-
ties comparable and sometimes better than traditional materials. Kang et al. [65] presented an
underwater glider made of carbon fiber composite with similar strength but 40% less weight
compared to high tensile aluminum. Here stress and buckling analysis is used to show that
the glider can withstand the underwater pressure at 200m depth with 1.8 factor of safety. Next

section presents different propulsion methods used by AUV for navigation.

2.3 Propulsion Techniques

AUVs depend on its propulsion system to travel in the underwater environment. Bio-
mimetic AUVs mimic propulsion technique as well as body structure of aquatic animals. These
AUVs travel in water using undulatory propulsion. In this technique pressure difference is cre-
ated in water by moving some part of their body in a wave-like pattern. Most of these AUV's
use electric motors for this purpose. Yang et al. [47]], Parameswaran and Selvin [48]], Ashar
et al. [55]], Vo et al. [56], Choi and Lee [S7], Yu et al. [S9], Zhao et al. [61] and Jung et al. [60]
used servo and DC motors for moving their body parts for propulsion. Instead of rigid body
parts, soft flexible parts are being used to have more life-like motion in case of these bio-mimetic
AUVs. Katzschmann et al. [[18] presented a Soft Robotic Fish (SoFi) with a hydraulically driven
flexible soft elastomer tail and servo driven hard fins. Smart materials have also been used to
create such wave-like motions for propulsion. Kadiyam et al. [78] uses threee oscillatory fins
for propulsion. Ming et al. [67] have presented a soft snake underwater robot made of piezo-
electric fibre composite, which mimics undulatory propulsion of a sea snake. These vehicles
are energy efficient, quiet and flexible in operation. Such systems are suitable for surveillance
and ecological study as they produce no noise and don’t disturb the aquatic animals nearby.

Bio-mimetic AUVs are incapable of carrying heavy payloads and achieving high speed.

AUVs used for these applications generally use multiple propellers or thrusters for propulsion

TH-2812_166103029 13



along with rudders and fins for directional control. AUVs presented in Shome and Das [4]],
Ferguson [[12]], Jun et al. [31], Hiller et al. [32], Hyakudome [33]], Alam et al. [44], Isa and Rizal
A. [79]], STARFISH Hong et al. [34], Maya National Institute Of Oceanography(NIO) [68]]
and AQUA EXPLORER 1000 Kato et al. [24] use wings and rudder along with propeller for
motion. AUVs presented in He et al. [38]], Li et al. [41] and Yue et al. [39] use servo controlled
water jet propellers whereas AUVs in Ma et al. [40]], Fittery et al. [37] and Wan et al. [42] use
servo controlled hydraulic pump for propulsion. Bluefin21 AUV General Dynamics Mission
Systems [l6] uses a gimbaled, ducted thruster. AUV can follow complex trajectories with fixed
thrusters using different control algorithms. Typhoon AUV Allotta et al. [80], SPARUS Il AUV
Font et al. [81], Girona 500 AUV Wirth et al. [45], P-SURO AUV Li et al. [43], Hovering AUV
General Dynamics Mission Systems [82] and AUV presented in Hung and Na [46] are some
examples of such AUVs with fixed thrusters. Kinematics and dynamics relations of different

AUVs are discussed in the next section.

2.4 Kinematics and Dynamics

Kinematic model of a robot is the mathematical correlation between the inertial, non-inertial
frame and links of a robot which defines the position, velocity and acceleration of different
parts of the robot with respect to some frame of reference. Dynamic model correlates forces
and moments with the position and velocity of the robot. A rigid body AUV is considered as a
single link manipulator and its kinematic model correlates the body-fixed frame and the earth-
fixed frame as shown in (Fig. 2.3). The Body-fixed frame is attached to the geometrical center
of the vehicle with axes in the directions of surge, sway and heave respectively. Earth-fixed or
inertial (X, Y, Z) frame coincides with the North-East-Down directions and fixed to a point on
the water surface.

As presented in table 2.1 coordinates along X, Y, Z axis (x,y,z) and rotational angle about
these axis (¢,0,y) constitute the position and orientation vectors of AUV Center of Gravity
(C.G) in the inertial frame presented as = [n],n1]7; where n; = [x,3,2] T, m2 = [9,0,y]”.

Linear and angular velocity of the AUV C.G in the body fixed frame is denoted as

v =T vIT; where vi = [u,v,w]” and v, = [p,q,r]".
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X (@) (north) Body fixed coordinate
system

Earth fixed
coordinate system

u (surge)
sy p (roll)

Y (©) (east) < q(pitch)

Z (v) (down) v (sway)

1 (vaw)

w (heave)

Figure 2.3: Definition of reference frame and relative motion

Table 2.1: Standard SNAME (1950) notations for Marine vessels

DOF Motion Descriptions Positions and Linear and
Orientations  Angular
Velocities
1 Motions in the X- direction(surge) x u
2 Motions in the Y- direction(sway) vy v
3 Motions in the Z- direction(heave) =z w
4 Rotations about the X-axis(roll) 0 p
5 Rotations about the Y-axis(pitch) 0 q
6 Rotations about the Z-axis(yaw) L r

Parameters in both the frames can be correlated using Euler transformation presented as:

N =J(m2)v @1

where J(12) is the Jacobian matrix. Detailed derivation of the kinematic and dynamic model is
presented in Fossen [83, 184], Antonelli [85]].

Accurate dynamic model is essential for an AUV for its control and navigation. Fossen and
Fjellstad [86] have presented non-linear modeling of a 6 degree of freedom marine vehicles
which can be extended for a rigid body AUV. The interaction between the motion of an AUV

and different related forces and torques can be expressed as:

My+CH)v+Dv)v+gn) == (2.2)

where M = Mg+ M4; Mgrp and My are the constant inertia and added mass matrix of the AUV

respectively, C(v) = Cgrp(V) +Ca(V); Cgrp(Vv) and C4(v) are the Coriolis and Centripetal matrix
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of the rigid body, and the added mass respectively, D(Vv) is the Damping matrix containing drag
and lift terms, g(n) is the vector of restoring forces and moments which includes gravitational
and buoyancy forces, and 7 is the vector of body-fixed forces from the actuators. Hydrodynamic
added mass can be interpreted as virtual mass added to a system because when the body accel-
erates or decelerates it must move some volume of the surrounding fluid as it moves through it.
Added mass matrix M4 depends on the shape of the AUV. My is positive and symmetrical for
submersed bodies.

Different modern tools such as CAD modeling and CFD analysis techniques can be used
to find close estimates of these above-mentioned parameters. Different system identification
techniques have to be employed to accurately measure these system parameters by comparing
the simulated results with the experiments. Weiss and Noel [87]] presented a method to develop
the dynamic model for underwater vehicles in real-time by system identification, which can be
used for position and velocity estimation. This method uses Recursive Least Squares estimator
to minimize the square of the error between the modeled and measured response to find-out
the unknown parameters. Yue et al. [39] presented a dynamic model for the spherical robot
‘SUR-II” along with parameter estimation to determine the hydrodynamic added mass matrix
to damping matrix. Here CFD analysis using ANSYS FLUENT”™ is used for parameter esti-
mation. Shome and Das [4]], Hyakudome [33], Isa and Rizal A. [79], Allotta et al. [80], Shen
et al. [88]], Hosseini et al. [89], Chin et al. [90], Ngatini et al. [91], Wang et al. [92], Sarhadi
et al. [93], Liu et al. [94], Bae et al. [95] presented kinematic and dynamic model of the AUV's
similar to the model discussed above. Silva and Sousa [96] discussed different dynamic models
for simulation and control of underwater vehicles. A simplified approach towards the solution
of a dynamic model is discussed.

Drag and lift forces are exerted on the AUV due to skin friction between the AUV structure
and surrounding fluid. AUV body structure affect these forces. Drag and lift coefficients can
be experimentally determined with full scale or scaled models Mahfouz et al. [97], Julca Avila
et al. [98]]. Though these experiments can produce accurate properties but are often expensive
with complex setup and measurement sensors requirements. Computational approach with CFD

software packages such as Autodesk CFD Cely et al. [99], ANSYS FLUENT”M He et al. [38]],
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Yue et al. [39]], Ma et al. [40], Alam et al. [44], Star-CCM Chin et al. [T00], ANSYS CFX"™
Yang et al. [101]] and FSI solver Luo et al. [102]] have been successfully used to estimate and
study different hydrodynamic properties with good accuracy. Yang et al. [[101] and Cely et al.
[99] have verified the estimated system parameters from computational approach with full scale
and scaled model experiments respectively. The k-¢ turbulent model in ANSYS FLUENT?M
is popularly used to estimate drag and lift coefficient in hydrodynamic simulations with good
accuracy by Yue et al. [39], He et al. [38], Mansoorzadeh and Javanmard [103]], and Menter
et al. [[104].

During the underwater motion AUV has to displace surrounding water from its path by
imparting kinetic energy, which has to be supplied by the actuators. To consider this effect
equivalent mass is added to the system which is called added or virtual mass. For a submersed
body, added-mass is constant and depends on the geometry of the system. The added-mass
coefficients have been determined with WAMIT Chin et al. [100]], Yang et al. [101], Eng et al.
[105], ANSYS AQUA™™ Chen and Yan [106], ANSYS CFX” Moelyadi and Riswandi [107].
Strip theory has also been used to determine the added mass coefficients numerically Severholt
[108]. In this method the system is considered to be a slender body having length considerably
longer than the width and depth. The body is divided into thin sections, for which the 2D added
mass coefficients are estimated and the 3D added mass coefficients are calculated by integrat-
ing the 2D coefficients over the length Lewis [109]. Dong from Lawrence Livermore National
Laboratory (LLNL) Dong [110] and Newman in his book Marine Hydrodynamics Newman
[111]] have presented empirical relations of 2D and 3D added mass coefficients derived from
experimental data for submerged body of different shapes. Other parameters such as inertia,
position of center of buoyancy (C.B) and center of gravity (C.G) can be determined by devel-
oping a detailed CAD model of the system using software package such as SOLIDWORKS™™
MATLAB™™M is a useful software package for simulating the developed kinematic Liu et al. [04]

B™™ can also be

and dynamic models for understanding the behavior of the system. MATLA
used for desired trajectory generation, optimization Bae et al. [93].
For various practical applications such as retrieval of objects and repair work etc., underwa-

ter manipulators are essential. Work-class ROVs with remotely operated underwater manipu-
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lators are being used for underwater intervention and manipulation works. These systems are
very expensive because of the requirement of skilled operators, high-bandwidth communication
link and they have to be deployed form the ships with sophisticated control stations. Apart from
these, operator fatigue is also a major issue. Cheaper autonomous intervention systems can
effectively replace these expensive manipulator systems. Such Intervention AUVs (I-AUVs)
can be easily deployed from less sophisticated surface vehicles and require less human inter-
vention. ‘ODIN’ Choi et al. [112] and ‘OTTER’ Wang et al. [113] are some of the first AUVs
to be equipped with simple 1-DOF robotic arm. Lane et al. [114] presented the ‘AMADEUS’
project for cooperative manipulation using a 7-DOF electro-mechanical arm with-in a water
tank. “UNION” project Rigaud et al. [115] demonstrated a coupled AUV-manipulator system
with a AUV VORTEX and a 7-DOF robotic arm. ALIVE I-AUV described in Evans et al. [[116]]
is one of the early projects to use autonomous manipulator system in the field. The I-AUV was
aimed for docking to sub-sea structure autonomously, using sonar, vision sensors and manipu-
lators. Kadiyam et al. [117] is a comparative study on fixed and vectored thruster configuration
for I-AUV applications.

Dynamic modeling of AUVs with manipulator becomes more complex when the hydrody-
namic effect of the manipulator on the AUV motion is considered. Following are some study
on dynamic model of AUVs coupled with manipulators and other external accessories. Wang
et al. [118]] presented a lightweight multi-link manipulator structure for minimizing the dynamic
coupling between the manipulator and the AUV. Wilson et al. [119] presented a dynamic model
for AUV coupled with a two-link manipulator with its control design and numerical simulation.
Zhao et al. [61] discussed the mathematical models of individual flipper joints of the turtle-like
robot and coupling of the joints for oscillatory cooperative movement for swimming. Shibata
et al. [[120] presented a joint mechanism which is a combination of flexible and rigid parts and
can be deformed by a prismatic actuator driven by hydraulic pressure for underwater manip-
ulation. Santhakumar and Kim [121]] discussed detailed modeling and simulation of dynamic
coupling in an AUV and its manipulator system. Jie and Wang [[122] presented an underwater
robot with two hanging torpedoes and developed a dynamic model for the robot considering the

forces exerted by the torpedoes on the robot. Generally underwater robots rely on tethered com-
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munication. The cable affects the dynamics of these vehicles. Schjolberg and Egeland [123]]
presented dynamic model of a robotic system connected to the ship by a cable.

A flexible AUV such as a robotic fish or snake has a body consisting of multiple links. In
case of such AUVs, kinematic and dynamic modeling becomes more complex. The dynamic
model of such robots correlates different forces along with the forces generated because of the
link movements and the motion of the AUV. Some studies with Mathematical modeling of such
multi-link flexible AUVs are presented here. Yang et al. [47] presented dynamic model for a
3 joint 4 link robotic fish. Ashar et al. [55]] used different link movement patterns for different
motion of the fish robot. Kinematic relations have been developed for these movement patterns,
which are further used in the control system. Vo et al. [56], Choi et al. [124] and Yu et al. [S9]
developed kinematic and dynamic models of their flexible robot for control and navigation.
AUVs have to use different control systems and path planning algorithms for navigation in the

highly dynamic underwater environment which are discussed in the following section.

2.5 Planning and Control

After the development of an accurate dynamic model, one needs to develop a control system
for the AUV to work properly. Control system regulates the actuator output to obtain required
velocity and position. AUV controller has three major operations: planning, control and error
diagnostic. Depending on the mission objective and environmental constrains, path-plan is de-
veloped. Control enables the AUV to follow this path and replanning is done if some constrain
is violated. The highly non-linear behavior of AUV, dynamic underwater environment forces
and uncertainties in system parameters are some major challenges faced during the design of
a control system for an AUV. Multi-link flexible body AUVs and additional manipulators add
more complexity to the problem. AUVs to operate in these highly dynamic environment, con-
troller gains have to be tuned during AUV motion. Thus adaptive or self-tunning controllers
are highly desirable. But still classic control technique such as PID is commonly used in AUV's
because of its ease of implementation. Schjolberg and Egeland [123]] adopted a classical PID
control strategy for control of the underwater robot and presented stability analysis of the sys-

tem by Lyapunov theory. A simple PID controller was used by Jung et al. [60] to control the
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motion of a slide-slipping fish robot on a flow aided path. Fittery et al. [37/] used a simple PD
controller with an on-board gyro sensor for estimation of heading angle of the micro-pumps of
an egg-shaped AUV. Isa and Rizal A. [[79] developed an open loop controller for a propeller-
driven underwater glider. Shome and Das [4] implemented a PID controller for ‘AUV-150’.
Wilson et al. [[119] presented a PID controller having a linearised feedback. Schillai et al. [[1235]]
used a depth PID control along with sonar to evaluate the terrain collision risk associated with
AUVs used in photographic surveys of sea-floor.

Apart from simple controllers, researchers have developed some advanced control strategies
such as non-linear control, adaptive control, sliding mode control and neural network control
to address complex dynamic control problem associated with AUVs. Some of these control
methods adapted for AUVs are discussed by Parhi and Kundu [126] and Yuh [127]]. Hyaku-
dome [33]] used a linear quadratic optimum controller with integral action. Sarhadi et al. [93]
proposed an adaptive PID control with anti-windup compensator for an AUV. Such adaptive
control strategies are better equipped to handle variable system parameters. Xiang et al. [128]
developed a control strategy to move an AUV along a horizontal path in both fully-actuated and
under-actuated configurations. A non-linear controller was used for an under-actuated AUV
which was later adopted for the fully-actuated system.

Fuzzy controllers based on fuzzy logic are most popular control techniques. Fuzzy logic is
a mathematical system which considers analog inputs in form of logical variable which can take
continuous values between O to 1. This method reduces mathematical complexity. Kato et al.
[24] developed a PID and a fuzzy controller for maintaining the altitude of a cable tracking AUV
and also discussed the cable tracking experiment with sensors, sonar and PID control. Hung
and Na [46] used a Hybrid fuzzy PID controller where the incremental fuzzy logic controller is
used in place of the proportional term with integral and derivative terms intact. Yu et al. [S9]
used two-stage control law for posture control of the robotic fish. First one is the fast position
approach, which is a modified proportional control for the fish to swim faster towards the target
and the second one is the accurate posture adjusting using a time-varying feedback stabilization
control for position and directional accuracy. Here fuzzy logic and behavior based control were

used for coordination of multiple fish robots. Vo et al. [S6] developed the dynamic model of
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a fish robot based on Lagrange method. The Sliding Mode Controller (SMC) and the Fuzzy
Sliding Mode Controller (FSMC) were proposed to achieve the straight and turning motion
of the fish robot. Feasibility and the quality of the controllers were verified using numerical
simulations. Li et al. [41] used Fuzzy Sliding Mode Controller for a spherical AUV to control
the direction of the water-jet thruster for navigation. Yu et al. [[129] proposed a non-linear
single input fuzzy controller coupled with a 3D guidance law for path following problem of an
under-actuated AUV. Londhe and Patre [[130] designed an adaptive fuzzy sliding mode control
for trajectory tracking AUV considering the system non-linearity. Yan et al. [131] discussed
an adaptive integral sliding mode control for under-actuated AUVs with unknown dynamics.
A dual closed-loop integral sliding mode control design is used with outer loop for velocity
estimation and inner loop for actual control input to actuators for trajectory tracking. Khodayari
and Balochian [132] presented a self adapting fuzzy PID controller based on the non-linear
model of the AUV and the stability of the controller is presented with different simulations.

Neural network controllers have gained popularity and seen a large scale adoption in re-
cent years because of exponential advancements in computer infrastructure. Artificial neural
networks are computing systems inspired by biological neural network with machine learning
algorithms for data processing. Li and Lee [133]] designed a neural network adaptive controller
for an AUV. Here neural network was used to approximate unknown dynamics in the pitch mo-
tion. Wang et al. [92] proposed a neural network PID controller for an amphibious spherical
robot. The stability of the controller was analysed according to the Lyapunov method. Shojaei
[134] studied a 3D target tracking control for an under-actuated AUV with multilayer neural
network.

As discussed above, the control strategies in general are developed with a objective to make
the AUV follow a predefined path or target taking care of the unknown dynamics, system non-
linearity and unknown disturbances. Shen et al. [88] presented non-linear model predictive
control for trajectory tracking AUV. Here six DOF AUV model was presented in three cou-
pled subsystems and distributed model predictive control was implemented. Santhakumar and
Asokan [51] presented a nonlinear back-stepping controller to overcome modeling errors. Xia

et al. [135] presented a line-of-sight (LOS) based adaptive trajectory tracking controller for an
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under-actuated AUV with consideration of system non-linearity, uncertain ocean currents and
input saturation etc. Here kinematic and dynamic models of AUV are developed with ocean
currents and extended disturbance observers (EDO) are utilized to estimate the ocean currents.
Chowdhury et al. [136]] presented a behaviour-based control to achieve local goals while track-
ing a desired path. Lamraoui and Qidan [137] presented a active disturbance rejection control
strategy for a path following AUV in presence of fast-varying disturbance by waves and ocean
currents. Here the generalized extended state observer (GESO) and Harmonic ESO (HESO)
is used for disturbance estimation. Rout and Subudhi [138]] presented a model predictive con-
troller for an under-actuated system. Sarkar et al. [[139] has developed energy efficient trajectory
tracking Controller for underwater navigation. Yan et al. [140] presented a coordination control
for multiple AUVs for trajectory following problem. In this work a leader AUV with accu-
rate sensors lead the fleet of multiple AUVs. Kimura et al. [21] presented control strategy for
SOTAB-I (SOTAB; Spilled Oil Tracking Autonomous Buoy) Allibert et al. [[141] presented a
vision-based non-linear control technique for pipeline following. Apart from following a path or
target, control strategies can be developed to control depth, increase energy efficiency, achieve
bio-mimetic propulsion, autonomous docking etc. Hong et al. [34] presented a depth controller
design for a positively buoyant torpedo-shaped AUV named as ‘STARFISH’. Here, the effect
of buoyancy on both pitch and heave dynamics of an AUV was studied and a controller scheme
was proposed that specifically compensates for the positive buoyancy. A cascaded dual loop
design with inner sliding mode control and outer proportional control with feed-forward loop
was used for depth or altitude control for the terrain following AUV for collision avoidance.
Yang et al. [47] described a control method according to propulsion algorithm for improving
energy efficiency and obstacle avoidance of the fish robot “Ichthus”. Mahapatra et al. [[142] pre-
sented a non-linear path following control algorithm for diving motion in vertical plane. Zhao
et al. [[61]] presented a central pattern generator (CPG) based control model for propulsion of a
turtle-like robot. The controller generates oscillatory movement of the four mechanical flippers
which results in different swimming gaits. Liu et al. [143]] presented a convolutional neural net-
work control for detection and pose estimation for docking. Kundu and Parhi [144] presented

frog leaping algorithm for 6DOF motion controller for with obstacle avoidance. Kadiyam et al.
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[145]] showed an actuator fault-tolerant back-stepping control for under actuation case. Bak
et al. [[146] presented hovering control with PID based control design with decomposition and

compensation method.

2.6 Navigation and Localization

AUVs navigate underwater autonomously based on predefined strategy. Localization is a
vital component in navigation which helps an AUV to follow the predefined path precisely and
reach the final destination. Non-availability of Global Positioning System (GPS) and high-
frequency radio signals in the underwater environment makes localization and navigation very
challenging for AUVs. Maintaining accuracy in AUV’s position for a long mission is a difficult
task. Accuracy in position deteriorates over time because of variations in AUV motion and
absence of an external reference. Therefore, over time different innovative methods have been
developed to tackle these problems using a combination of numerical technique and real-time

sensor data. As discussed by Stutters et al. [147] AUV navigation can be broadly classified as:

e Inertial navigation: Inertial navigation uses different sensor data to estimate vehicle’s
relative velocity and position. Acceleration, rotational speed and magnetic field intensity
data are obtained from accelerometer, gyroscope and magnetometer sensors respectively.
These three sensors are part of the Inertial Measurement Unit (IMU). Other sensor data
such as relative velocity from Doppler velocity log (DVL) sonar, positioning data from
GPS, depth data from pressure sensor etc. are used to minimize the error in estimated

position.

* Acoustic navigation: Acoustic navigation uses multiple acoustic transponders to estimate

AUV’s position using time of flight concept.

* Geophysical navigation: Geophysical navigation uses unique features in the surround-
ing as reference to estimate AUV’s position and navigate. Different sensors capable of

detecting and identifying these features are used.

AUVs are equipped with different sensors which can provide real-time quantitative data of

the surrounding. All these sensor data have to be processed together using some techniques to
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obtain an optimal estimate of the vehicle position. Some of those techniques are Kalman Filters
(KFs), Particle Filters (PFs), and Simultaneous localization and mapping (SLAM). From these
techniques, KFs and PFs are numerical techniques for sensor fusion. These numerical methods
are prone to drift over time. In SLAM method localization is achieved by identifying areas of
the environment, the robot has already passed through. Stutters et al. [[147] and Paull et al. [[148]]

discussed different navigation and localization methods in detail.

2.6.1 Inertial navigation systems

INS calculates relative position and orientation of a dynamic system relative to a known
starting point, orientation, and velocity using the data from motion sensors (accelerometers),
and rotation sensors (gyroscopes). INS is a compact, inexpensive and self-contained system
which does not require external references. Therefore It can be used for inexpensive small
AUVs. However, INS can accumulate error over time because the estimated relative velocity
and position are the result of mathematical integration of the accelerometer and gyroscopic
sensor data. Errors in the measurement of the sensor data and errors introduced in integration
lead to a significant drift in the estimated position and velocity. Therefore, the estimated position
from INS needs to be compared with the data from other systems such as depth sensor, compass,
DVL sonar, acoustic Doppler current profiler (ADCP) Sonar for short missions and from GPS
on long missions. Depth sensor, compass, GPS costs between 100-1000 USD where as DVLL
and ADCP Sonar cost 20k-200k USD. A low cost INS set-up uses GPS, but the AUV has to
resurface in interval. When operating in greater depth resurfacing is not an option AUV has to
relay on INS with DVL or ADCP Sonar.

P-SURO AUV Li et al. [43] used an INS system along with depth sensor, sonar and vision
system with Kalman filter for navigation. Thompson et al. [[16] used Kearfott inertial naviga-
tion system (INS) with Doppler velocity log, a Paroscientific pressure sensor, and an ultrashort
baseline (USBL) and acoustic modem for communications in their mapping AUV. Shome and
Das [4] used EKF with INS and DVL for navigation of ‘AUV-150". Ashar et al. [S5] used an
INS using a 10-DOF IMU for a fish robot. Tal et al. [149] proposed a navigation system for

small AUV using INS and DVL fusion with partial DVL measurement.
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2.6.2 State estimator

As discussed above Kalman Filters (KFs), Particle Filters (PFs), and Simultaneous localiza-
tion and mapping (SLAM) are some of the popular state estimators used for AUV localization
with available sensor data. KFs and PFs commonly used with INS and acoustic navigation
where as SLAM with geophysical navigation. Kalman Filter (KF) is used to derive the best
estimate of position from different sensors used. The KF estimates the state of a system from
multiple uncertain observations using a predict update cycle. A physical model describing AUV
motion can be highly non-linear where the KF fails. In such non-linear model case, an Extended
Kalman Filter (EKF) can be used. EKF uses a first-order Taylor series to approximate the non-
linear processes. Xiaoping Yun et al. [[150] developed an INS navigation system for small AUV
using low-cost IMU and GPS unit. An Asynchronous Kalman Filter is used to improve position
estimation. Allotta et al. [[151], Choi et al. [152]] Used EKF for AUV localization. Font et al.
[81] developed a navigation system with two parallel EKF, one using the positioning system
GPS and other Ultra Short Base Line (USBL) acoustic modem. Panish and Taylor [/] presented
the development of a high accuracy INS for AUVs developed by Bluefin Robotics using differ-
ent sophisticated laser and fibre optic gyros with sonar. Mu et al. [153] proposed a modified
algorithm combining least square method with EKF. This proposed LS-EKF is compared with
EKF and observed to reduce localization errors. Ngatini et al. [91] presented position estima-
tion of AUV based on the dynamic model using the Ensemble Kalman Filter (EnKF) and the
Fuzzy Kalman Filter (FKF) and shown that EnKF is better in estimating the trajectory of dy-
namic equation of AUV motion. Choi and Lee [S7] proposed an effective movement for the
navigation of the fish-like robot using the heuristic method. Kinsey et al. [154] presented a sys-
tem to estimate position and velocity of an ROV for the navigation using non-linear dynamic
model. Here EKF and non-linear observer (NLO) methods were used for position estimation,
and it is observed that NLO performed better than KF. Shao et al. [[155] used a adaptive EKF
for AUV navigation. Allotta et al. [80} [156] used Unscented Kalman Filter (UKF) for AUV
navigation and presented a comparative study with EKF approach. Jung et al. [60] presented a
navigation strategy for an AUV in a flowing medium. A biomimetic robot moving in uniform

flow using a side-slipping maneuver was used to showcase the stability of the proposed strategy.
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Accurate dynamic model of AUVs are essential for navigation, but error in parameter estima-
tion and some unknown parameters introduce error in navigation. Shariati et al. [[157] proposed
a method to estimate the non-linear dynamic model of the AUV using PF combined with EKF.
Simulated results by the estimated model is compared with the experimental results to validate
the model.

Navigation algorithms can also be target-specific such as tracking oil spill, gas leakage or
underwater communication cables etc. In these cases different visual and chemical makeup
sensors data are incorporated in the navigation algorithm to track these specific targets. Kimura
et al. [21]] described the guidance control simulation for designing the underwater robot SOTAB,
that tracks oil-spill autonomously and gathers oceanographic data. Numerical simulation was
adopted to estimate the maneuverability of this robot. To compute the hydrodynamic derivatives
of the robot, USAF DATCOM Method and CFD were used. Modalavalasa et al. [158] proposed
target tracking by EKF using bearing and elevation measurements. Kato et al. [24] presented
an autonomous underwater robot “AQUA EXPLORER 1000” (AE1000) used for inspection
of underwater telecommunication cables. AEIOOO can find and track buried underwater cables
with a cable tracking sensor, and the underwater footage of the sea-floor is saved on a built-in
Video Cassette Recorder (VCR).

Among the three navigation systems INS is suitable for low-cost small-scale AUVs for
short missions and long missions with GPS where resurfacing is allowed. Acoustic navigation
is costlier with better accuracy. This need transponders to be fitted to support surface vehicles,
GPS buoys or to be placed on seabed. Which are time consuming process and before starting
each operation the transponders has to be referred globally. These limitations can be eliminated
by using acoustic modems. Acoustic modems are suitable for cooperative navigation. When
existing information of the environment is available such as repetitive routine operations geo-
physical navigation can be utilized with low cost optical sensors or high precision costlier sonar

sensors and different SLAM techniques.
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2.7 Summary of Literature Review

A critical review on underwater vehicles has been carried out considering the past literature.
In the literature review, a detailed study of UUVs with applications and different research as-
pects such as structural design and analysis, propulsion, dynamics, control, navigation, localiza-
tion, and path planning are discussed. Most of the underwater systems available are bulky and
expensive. These systems require specialized equipment to deploy, have high maintenance and
operation cost and cannot be operated in narrow terrains such as rivers, frozen ice-covered lakes.
An affordable compact underwater robotic system will be a very useful tool for small-scale ma-
rine industries, entertainment industries, individuals, and environmental groups etc. Neutral
buoyancy, lightweight, modular design, intuitive control, and easy deployment are some of the
key requirements for a compact UUV. A closed-frame structure will be better with low drag
resistance and will help avoid river weeds and other debris in lakes and rivers. Most underwater
submersible vehicles have cylindrical structures because of less drag, less stress concentration,
and the ability to withstand more pressure. However, a hull with circular cross-sections will
have more buoyancy than an elliptical one with the same length and similar diameter and major
axis as it will displace more water. The weight must be increased to make it neutrally buoyant
in a fixed buoyant system. Moreover, most internal components are rectangular in shape, so the
unused portions in a cylindrical structure will lead to high weight and buoyancy. Thus different
shapes can be explored further for compact UUVs.

The use of non-traditional materials and manufacturing techniques can drastically reduce
the cost and manufacturing complexity. Most of the underwater systems are developed with
metal structures. Complex hydrofoil structures are difficult to manufacture and costly with tra-
ditional materials and techniques. Composite materials can be used in such cases for ease of
manufacturing, high strength and other properties comparable and sometimes better than tradi-
tional materials. Kang et al. [65]] presented an underwater glider made of carbon fiber composite
with similar strength but 40% less weight compared to high tensile aluminum. Here stress and
buckling analysis is used to show that the glider can withstand the underwater pressure at 200m
depth with 1.8 factor of safety. Glass fiber composites are used in marine structures and flexible

pressure vessel due to its properties such as corrosion resistance and high resilience. Glass fiber
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composite has not been used for UUVs. But use of this material will reduce manufacturing
cost, vehicle weight and improve strength. AUVs nowadays are adapting modular design in
the body structure [4, 6, |68]. The whole AUV is a combination of different modules such as
propulsion, sensor modules which can be easily and quickly replaced in case of a failure as well
as can be interchanged with different modules according to the mission requirements. Such
modular design are highly versatile and incur less maintenance cost. During motion, AUV ex-
periences drag and lift forces because of the friction between the body and surrounding water,
which affect the dynamics of AUV. Body structure greatly affects these forces. Fluid-structure
interaction study of the AUV with the surrounding water is essential to predict the drag and
lift. Minimizing these forces using different numerical and optimization technique, increases
the efficiency of the AUVs.

Stability, performance, and structural analysis using numerical or experimental techniques
can help develop a robust underwater robotic system. A popular Computational Fluid Dynamics
(CFD) software ANSYS FLUENT?™ is being used for the hydrodynamic study of the AUVs.
Such performance study can help in selection of actuators to be used depending on the system
applications. AUVs experience hydrostatic pressure due to water head and hydrodynamic pres-
sure due to their movement. AUV body can deform or get damaged due to excess pressure,
which increases with depth. Researchers are using ‘Finite Element Method’ (FEM) for stress
and buckling analysis of the hull structure which helps in selection of proper material, thickness
of the wall as well as set the operational depth limit of the AUVs. ANSYS’M static structural
module coupled with Fluent can be used for such analysis.

AUVs depend on its propulsion system to travel in the underwater environment. Bio-
mimetic AUVs mimic propulsion technique as well as body structure of aquatic animals. These
AUVs travel in water using undulatory propulsion. In this technique pressure difference is cre-
ated in water by moving some part of their body in a wave-like pattern. Bio-mimetic AUV’ are
incapable of carrying heavy payloads and achieving high speed. AUVs used for these applica-
tions generally use multiple propellers or thrusters for propulsion along with rudders and fins
for directional control.

Underwater systems can be used as ROVs or AUVs depending on requirements. For the
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UUVs to be used as an AUV required basic sensors, controller and robust control algorithms
are essential. Accurate kinematic and dynamic model of the system are useful for development
of the AUV. Study of Kinematic and dynamic model of different AUVs will help in devel-
oping accurate models for the AUV and also in system parameter estimation. To understand
the interaction of environmental forces acting on the system experimentation with full scale or
scaled models can be performed. Though these experiments can produce accurate properties
but are often expensive with complex setup and measurement sensors requirements. Compu-
tational approach with CFD software packages such as Autodesk CFD, ANSYS FLUENT”#,
STAR CCM™M  ANSYS CFX’M has been successfully used to estimate different hydrodynamic
properties with good accuracy.

During the underwater motion AUV has to displace surrounding water from its path by
imparting kinetic energy, which has to be supplied by the actuators. To consider this effect
equivalent mass is added to the system which is called added or virtual mass. For a submersed
body, added-mass is constant and depends on the geometry of the system. Strip theory has also
been used to determine the added mass coefficients numerically Severholt [108]]. In this method
the system is considered as a slender body having length considerably longer than the width
and depth. The body is divided into thin sections, for which the 2D added mass coefficients are
estimated and the 3D added mass coefficients are calculated by integrating the 2D coefficients
over the length Lewis [109]. Dong from Lawrence Livermore National Laboratory (LLNL)
Dong [110] and Newman in his book Marine Hydrodynamics Newman [111] have presented
empirical relations of 2D and 3D added mass coefficients derived from experimental data for
submerged body of different shapes. In most of the AUVs the added mass has been neglected
but by considering the effect, accuracy of the model can be improved significantly. Other pa-
rameters such as inertia, position of center of buoyancy (C.B) and center of gravity (C.G) can be
determined by developing a detailed CAD model of the system using software package such as
SOLIDWORKS™ . MATLAB™™ is an useful software package for simulating the developed
kinematic [94] and dynamic models for understanding the behavior of the system. MATLAB™M
can also be used for desired trajectory generation, optimization [93].

Localization is a vital component in navigation which helps an AUV to follow the pre-
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defined path precisely and reach the final destination. Non-availability of Global Positioning
System (GPS) and high-frequency radio signals in the underwater environment makes local-
ization and navigation very challenging for AUVs. Maintaining accuracy in AUV’s position
for a long mission is a difficult task. Accuracy in position deteriorates over time because of
variations in AUV motion and absence of an external reference. As discussed by Stutters et al.
[147] from different techniques, INS is best economical localization solution for a small scale
AUV. INS calculates relative position and orientation of a dynamic system relative to a known
starting point, orientation, and velocity using the data from accelerometers, and gyroscopes by
integration. Errors in the measurement of the sensor data and errors introduced in integration
lead to a significant drift in the estimated position and velocity. Therefore, the estimated po-
sition from INS needs to be compared with the data from other sensors using state estimators
such as Kalman Filter (KF). KF is used to derive the best estimate of position from different
sensors used. A physical model describing AUV motion is highly non-linear where the KF
fails. In such non-linear model case, an Extended Kalman Filter (EKF) can be used. For a
small low-cost AUV, INS with mems IMU, depth and GPS sensor with EKF can be used for
localization.

After the development of an accurate dynamic model, one needs to develop a control system
for the AUV to work properly. Control system regulates the actuator output to obtain required
velocity and position. AUV controller has three major operations: planning, control, and error
diagnostic. Depending on the mission objective and environmental constrains, path-plan is de-
veloped. Control enables the AUV to follow this path and re-planning is done if some constrain
is violated. The highly non-linear behavior of AUV, dynamic underwater environment forces
and uncertainties in system parameters are some major challenges faced during the design of a
control system for an AUV. AUVs to operate in these highly dynamic environments, controller
gains must be tuned during AUV motion. For unstructured underwater environment adaptive
or self-tuning controllers are highly desirable. In uncertain environments soft computing tech-
niques such as Fuzzy logic and Neural networks are popular tools to control the system. Thus
adaptive Fuzzy-PID, Neuro-Fuzzy controllers can be developed for AUV navigation. Classical

controllers such as PID is also popular because of its ease of implementation. From a detailed
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literature review it is observed that most of the underwater vehicles use some form of the PID
controller for autonomous trajectory tracking. Hence PID controller is used as the fundamental
controller in the present work.

Fuzzy controllers based on fuzzy logic are most popular control techniques. Fuzzy logic is
a mathematical system which considers analog inputs in form of logical variable which can take
continuous values between 0 to 1. This method reduces mathematical complexity. PID param-
eters are difficult to tune for complex coupled non-linear AUV model. Using fuzzy rules these
parameters can be adjusted to address the system modeling uncertainties making the controller
adaptive.

Neural network controllers have gained popularity and seen a large-scale adoption in re-
cent years because of exponential advancements in computer infrastructure. Artificial neural
networks are computing systems inspired by biological neural network with machine learning
algorithms for data processing. A Neuro-Fuzzy controller can be used to develop an accurate
dynamic model of the system considering the environmental forces and will help adapt to dif-

ferent environments on the go.
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Chapter 3

DESIGN AND DEVELOPMENT OF THE AUV

3.1 Introduction

Compact affordable underwater robotic systems can be a very useful tool in the hands of in-
dividuals and small-scale marine industries. As discussed in the previous chapter neutral buoy-
ancy, modular design, use of composite materials are some of the key elements in development
of an affordable compact underwater system. Numerical validation of the designed structure
for performance, dynamic stability and structural rigidity is essential for developing a reliable
device. Software and hardware architecture along with presence of required sensors are essen-
tial towards ease of operation of the device. This chapter presents the design and development
of an affordable, compact underwater robot, which is organized into the following sections. In
the section 3.2, system requirements and their design solutions are discussed. Design analysis
involving stability, stress and hydrodynamic analysis are also mentioned here. Manufacturing
of the robot structure is presented in section 3.3. Section 3.4, discusses the field test result of

the developed robot. The summary of the work is discussed in section 3.5.

3.2 Mechanical Design

The objective of this chapter is to develop a compact, affordable underwater robot to be
used in static and dynamic underwater environments. The robot should be easy to transport
and deploy without requiring any specialized equipment. It should be able to operate up to a

depth of 100 meters. Non-traditional materials and manufacturing techniques can be employed
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to minimize the cost, improve product life and efficiency. A fixed buoyancy system can be de-
veloped instead of a variable buoyancy to reduce the cost. The robot should be neutral buoyant
for better battery life. The vehicle will be used for exploration and monitoring purposes, so
it should be equipped with the required sensors. The design of the UUV is discussed in the

following sub-section.

3.2.1 UUYV structure

Design requirements of the UUV to fulfill the objectives mentioned above are summarized

in the following sub-section.

Design requirements

The basic challenge is to come up with a compact yet functional design while maintaining
the overall cost low. Also, it should address the practical problems faced while developing a

reliable underwater robot.
* The total weight of the UUV must be less than 15 kg for ease of transportation, which is
also the safe load carrying capacity for an individual.

* The maximum length must be less than 1 m for better maneuverability and ease of trans-

portation.

* The interior volume of the UUV should be watertight and should be more than 6000 cubic
centimeters (cc) to accommodate internal components but not more than 9000 cc to avoid

excess buoyancy.
* Modular structure for ease of accessibility, manufacturing, and assembly.
* UUV must be neutrally buoyant for better efficiency.
* Should able to travel at 1.5 - 2 m/s, ideal velocity for the survey.
* Should have a closed frame structure to avoid external interference such as river-weeds.

UUV will use fixed position, bi-directional thrusters instead of fins and rudders to avoid manu-

facturing complexity and keep the cost low. An underwater robot requires a minimum of three
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thrusters for its motion in 3D space. One of the thrusters will be used for vertical motion and
the other two for motion in horizontal direction. The UUV will be neutrally buoyant; thus,
only one thruster can be used for vertical motion. As buoyancy and gravitational forces cancel
each other out, there will be no unbalancing forces in the vertical direction. The use of a fixed
buoyancy system instead of a variable one reduces the cost. The UUV Centre of Gravity (C.G.)
must coincide vertically with the Centre of Buoyancy (C.B.) to avoid pitch and roll. The C.G

of the structure must be close to the central truster to avoid tilt during vertical motion.

Component Selection

Thrusters are the most important component which will be selected after design analysis.
For design purposes, thrusters are assumed to be 500 grams and with dimensions of 10 cm
diameter and 15 cm length. UUVs can have onboard power, or power can be transmitted using
a separate power cable along with the communication cable. For a small compact ROV low-
cost rechargeable onboard battery is the best option to avoid complexities in transportation and
deployment. The compact size of the ROV restricts the use of power sources such as solar and
fuel cells etc. Two batteries will be used, one as primary and the other as a backup power source.
Commercially available 5000 mAh three-cell lithtum polymer batteries are used as this is readily
available and economical. These batteries will supply 12 volt D.C. power which is ideal for
most of the thrusters. Apart from thrusters and batteries, a few other essential components
were selected for the operation of the UUV, such as Raspberry Pi computer, Pixhawk controller,
sensor housing containing temperature and pressure sensor, camera, and power distribution
module. The UUV can be used as ROV with assisted operation modes such as depth hold
and stability mode with the mentioned components. The UUV can be used for some AUV
applications such as trajectory tracking, obstacle avoidance, with some additional sensors. But

for full autonomy in dynamic environments, control modules need to be upgraded.

Hull geometry

The design of the UUV is carried out using the CAD modeling software SOLIDWORKS™

Initially, the weight and dimensions of the internal components are recorded as given in Table
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3.1} Equivalent CAD models of these components are developed as shown in Fig. [3.2] During
the design of the hull, keeping the vertical thruster at the center, other components are to be
arranged around it to maintain the C.G. of the UUV close to C.G. of the thruster (Fig.[3.2). Using
MATLAB Optimization Toolbox”™ a multi-objective linear search optimization was carried
out with the objective function to minimize the combined C.G (Center of Gravity) position
from the geometric center. Using MATLAB Optimization Toolbox”™ a multi-objective linear
search optimization was carried out with the objective function to minimize the combined C.G
position from the geometric center. The upper and lower bounds are selected to avoid overlap
of the objects. Optimal x-coordinate of the components’ C.G. are presented in the Table. [3.1]
and arrangement is shown in the Fig. [3.2] In this optimal configuration, C.G. is at 0.84 mm

from the center of the central thruster.

Table 3.1: Internal components present in the UUV

Component Name Weight (in kg) Dimensions (in m)

Thruster 0.50 ¢00.100 x 0.150

Battery 0.38 0.145 x 0.050 x 0.026

Camera module 0.20 0.070 x 0.060 x 0.080

Sensor Housing 0.10 0.060 x 0.050 x 0.050

Raspberry Pi 0.16 0.120 x 0.060 x 0.050

Pixhawk 0.15 0.080 x 0.050 x 0.050

Power distribution board 0.13 0.120 x 0.080 x 0.050

Communication Module 0.10 0.080 x 0.050 x 0.050

Table 3.2: Optimized component position Left Thruster
Component name Optimized posi- @ Camera
tion (in m) :23:5-.; Tientf;al Battery Module

Side Thruster -0.12 / Plxhawk =
Battery 0.12 Im
Camera module 0.21 '

Communication

Sensor Housmg -0.28 module Rashberry Pl
Raspberry Pi 0.20 Power D|str|butron
. - board
PIXhaWk' L -0.11 f\ Right Thruster
Power distribution board 0.11
Communication Module -0.23 Figure 3.2: Arrangement of internal components

After fixing the position of the internal components, a side section of the encloser is devel-
oped (Fig. [3.3), considering the dimensions of the internal components. The front section of

the structure is made of two flat surfaces with an inclination of 60° to vertical. Flat transparent
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Figure 3.1: Component position optimization

plates can be used on these flat surfaces to give a good field of view for the cameras to be placed
inside. The use of flat transparent panels instead of a hemispherical structure reduces cost and
manufacturing complexity. A parametric fluid flow study of the 2D section is conducted with
ANSYS FLUENT’M and optimization tool (Fig. to find the optimal shape of the cross-
section having minimum drag coefficient. Simulation setup is presented in the Fig. [3.3] Here
the flow field is developed by subtracting UUV shape from the rectangular domain. The in-
let wall was selected with velocity inlet, outlet wall with pressure outlet and other walls with
symmetry boundary condition. Inlet velocity was defined as 4 m/s with 603916 Pa gauge pres-
sure. The parameters 4 and h3 (Fig.[3.3)) are varied in each step to find the optimal shape with
least drag coefficient. The optimal shape is found with A; and A3 values as 70 mm and 56 mm
respectively with drag coefficient 1.14.

Most underwater submersible vehicles have cylindrical structures because of less drag, less
stress concentration, and the ability to withstand more pressure. However, a hull with circular
cross-sections will have more buoyancy than an elliptical one with the same length and similar
diameter and major axis as it will displace more water. The weight has to be increased to

make it neutrally buoyant in a fixed buoyant system. Moreover, most internal components are
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rectangular in shape, so the unused portions in a cylindrical structure will lead to high weight

and buoyancy. Therefore slightly elliptical cross-section according to the internal component

dimensions is selected (Fig.[3.3). A closed frame structure with the selected cross and optimal

side sections (Fig. [3.6) is developed, enclosing the internal components. Fig. [3.6] shows the

placement of internal components inside the closed frame structure. The C.G. of the system is

maintained to be close to the center point of the central thruster. A closed frame structure will

help reduce the drag and avoid external interference such as river weeds.
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3.2.2 Design Analysis

The UUV structure is designed in SOLIDWORKS”™ | keeping in mind the static stability,
neutral buoyancy, accessibility of internal components, ease of manufacturing, space require-
ment, and size of internal components. The UUV will work in the complex underwater envi-
ronment; thus, static and dynamic stability, hydrodynamic characteristics, and structural rigidity
must be analyzed before manufacturing. ANSYS”™ is a Finite Element Method (FEM), and
ANSYS FLUENT”™ is a Finite Volume Method (FVM) based design and simulation software.
For hydrodynamic and structural analysis, ANSYS FLUENT?Y and ANSYS”¥ static structural

modules have been used, respectively.

Material

The objective here is to develop a neutrally buoyant underwater structure. Thus, the structure
should be lightweight yet strong to withstand underwater pressure. Fiber Reinforced Plastic

(FRP) has a higher strength-to-weight ratio than traditional materials like aluminum. Glass fiber
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composite is a popular choice for marine applications because of its good corrosion resistance
property. FRP also has high-stress resistance capability. Moreover, traditional materials like
aluminum and steel require highly complex and costly manufacturing processes. Thus the use
of FRP will reduce the manufacturing cost to a great extent. FRP is a combination of a matrix
medium and fibers to reinforce them. For glass FRP, sheets woven from fibers made of glass
strands are used. The fiber orientation in the matrix gives directional properties to the FRP. To
have uniform properties, one randomly oriented glass fiber, and two woven glass fiber mats,
each of 3 mm thickness, will be used alternatively. The cured FRP sheet with this arrangement
has 12 mm thickness. Here macro-mechanical GFRP properties obtained by testing of the cured
sheet (Sangu [[159]) are considered for simulation, which are given in the Table In case
of macro-mechanical property, equivalent properties of all layers together are considered for

analysis instead of modeling each layer.

Table 3.3: Glass FRP properties

Density 2100 kg/m?
Shear modulus 10 GPa
Poisson’s Ratio 0.28
Young’s modulus 26.9 GPa

Ultimate Tensile strength 278 MPa

3.2.3 CFD Analysis

3D unsteady simulations have been carried out using FVM solver ANSYS FLUENT’M,
This numerical analysis simulates fluid flow around a structure to find the drag and lift forces
acting on the structure due to skin friction. Here flow of water past the submersed UUV structure

is studied.

Modeling

CFD analysis of a complex 3D model is time-consuming and requires high computational
power. Therefore to get effective results in less time, the UUV model has to be simplified. In the
hydrodynamic analysis, only the fluid-structure interaction at the outer solid and fluid interface

is studied. So, the internal details of the UUV are irrelevant. Therefore a simplified single
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solid model is developed by filling the internal hollow spaces. The new modified model (Fig.)
is imported to ANSYS Workbench’™ from SOLIDWORKS”™ . After generating the model,
a cylindrical encloser is developed surrounding the UUV structure, which is the fluid volume.
The solid interface is considered to be rigid and static. The UUV volume is subtracted from the

cylindrical volume to remain with the final flow field, as shown in Fig. @

Meshing

The hydrodynamic analysis is mostly affected by the mesh quality. Grids with high refine-
ment yield good results but increase computational time. Therefore grid size has to be selected,
making a balance between the computational time and result quality. Thus a grid independent
test is conducted to select meshing with minimum elements without having much deviation in
the results. For one of such tests number of elements are varied from 10,25,953 to 158,84,806
as shown in Table. @(Fig. @ and fine mesh with 14,54,076 tetrahedral elements with 268731
nodes is selected for simulation. Fig. [3.9]highlights the dense mesh at the solid-fluid interface

with inflation layer to capture the field of interest.

Table 3.4: Drag Coefficient (Cy) variation with

number of Mesh element 0;11:

Mesh element no. | Drag Coefficient (Cy) E’ o
1025953 0.2640 e
1183601 0.2691 Foas
1262075 0.2383 0-231500|JEH}D 1100000 1200000 1300000 1400000 1500000 1600000 1700000
1380693 0.2649 Tetrahedral Mesh Elements
1454076 0.2655 Figure 3.8: Grid independent test
1584806 0.2670

Figure 3.9: Meshed flow field
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Simulation setup and boundary conditions

After the meshing, the domain is imported into the Fluent Solver. The flow around the
UUYV is turbulent in nature. It is evident from the Reynolds number (R = uL/v) calculation.
Reynolds number is found to be more than 5x10° with kinematic viscosity(v) of water at 20°C
as 10~%m?/s, characteristic length(L) as 0.56 m, and flow velocity(«) varying from 1 to 4 m/s.
Hence, the standard k-€ turbulent model (He et al. [38]], Yue et al. [39]], Mitra et al. [[/1]], Man-
soorzadeh and Javanmard [103]], Menter et al. [[104]) is used to carry out the simulation. Near
solid fluid interface, standard wall function is used with y™ ~ 50. First layer thickness of Bound-
ary layer grid (y) is calculated (Sharma and Sharma [160]) to be 3.1 x 10~*m. In simulation
setup the encloser boundary is selected with symmetry type, the inflow face is selected with
velocity inlet and outflow face with pressure outlet type. The gauge pressure is selected as the

total pressure at a water depth. Fig.[3.10]shows detailed boundary conditions.

— _-Symmetry Boundary i
7 ' A 16m
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P ; ; . e

S A : ' )
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<" Flow field

Syrhmetrf Boundary

Figure 3.10: Boundary conditions and computational domain

Simulation is carried out at 50 m and 100 m depth with 2 m/s flow velocity and drag co-
efficient obtained as 0.260 and 0.263 respectively. There is a very small increase in the drag
coefficient over depth. Furthermore, the robot will be mostly used in freshwater bodies such as
lakes, rivers and dams. Thus for practical purpose the flow simulations are carried out at 50 m
depth. The simulations are carried out with the water flowing past the static UUV at different
velocities, which is equivalent to the UUV moving in static water. The objective of the simula-

tions is to obtain the drag and lift forces developed on the UUV structure because of the flow

TH-2812_166103029 41



at different velocities. The solution is initialized with an inlet velocity and pressure at 50 m
water depth. Here the velocity mentioned is the horizontal planar velocity along the length of
the UUV. The velocity and pressure contour of a simulation carried out with 4 m/s inlet velocity

and 50 m water depth is shown in Fig.[3.11] and Fig.

Figure 3.11: Pressure contour at 50 m water depth with 4 m/s inlet velocity

Figure 3.12: Velocity contour at 50 m water depth with 4 m/s inlet velocity

Required Thrust

Above mentioned simulations are carried out at different inlet velocities along the horizontal
axis, i.e., along the length of the UUYV, starting from 1 m/s to 4m/s in 0.5 m/s steps. Each
simulation provided average drag and lift forces. Because of the symmetrical structure, the lift
force is negligible and thus is neglected for this analysis. The average drag force obtained for

different inlet velocities are mentioned in the Table
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Figure 3.13: Drag vs Velocity
To determine an empirical relation between the drag force and the flow velocity, a quadratic

curve (Fig.[3.13) is fitted using MATLAB”M and the data in the Table

From Fig. [3.13] the relationship between the drag and the velocity is found to be
D=4.795u*>+1.16 x 10~ u (3.1

Here ‘u’ is the flow velocity in the horizontal plane, and ‘D’ Drag force developed.

The UUV has a symmetrical structure about the middle horizontal plain; therefore the lift
force is negligible. The drag force is acting on the UUV structure because of the friction be-
tween the UUV and the fluid medium. The force generated by the two thrusters placed on the
side of the UUV has to balance the drag force as well as supply the required thrust for the UUV
to move. Using the empirical relation, for the UUV to move at a speed of 2 m/s in static water,
the thrusters have to exert 19.18 N of force. The UUV to move at 2 m/s against a flow of 1.5
m/s, where the relative velocity is 3.5 m/s the thrusters have to exert 58.7 N of force. These
forces will be the sum of the output of two thrusters; thus, an individual thruster should be able
to exert a force of 10 N to 29.4 N for the above scenario. Thus for the UUV to be able to travel
at 3.5 m/s in static water or 2 m/s upstream in a flow of 1.5 m/s, a thruster capable of exerting

30 N of force should be selected for the use.
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Propulsion Systems

Three fixed position bi-directional thrusters are to be used for the propulsion of the UUV.
One central thruster for vertical motion and two side thruster for planar motion in a horizontal
plane. From the above analysis, thruster should be able to exert around 30 N of force. As per
the requirements, commercially available T200 thrusters ([L61] Fig. [3.14) from BlueRobotics
are selected to be used. These thrusters can exert up to 34.8 N of force when running at 12 V
and up to 50 N of force when running at 16 V. Specification of the thrusters are presented in
the Table Moreover, these thrusters are designed for marine robotics applications. Thus it
can be used in various underwater environments such as oceans, lakes, and rivers. The T200
is made of high-strength, UV-resistant polycarbonate injection molded plastic. The core of
the motor is sealed and protected with an epoxy coating, and it uses high-performance plastic
bearings instead of steel bearings that rust in saltwater. It has an integrated ESC (Electronic

Speed Controller) exposed to water, so the heating of ESC will not be an issue.

Table 3.6: Specification of the thruster BlueR-
obotics [[161]]

Max Thrust Forward @12V  34.8 N
Max Thrust Forward @16V 499 N
Max Thrust Reverse @12V~ 2943 N
Max Thrust Reverse @16V~ 40.02 N

Min Thrust 0.1N

Operating Voltage 6-20 volts

Max Power 180 Watts @12V )
Weight in Air 422 ¢ Figure 3.14: T200 thruster BlueRobotics [[161]]
Weight in Water 210 g

3.2.4 Structural Analysis

Submersed UUV experiences stress because of the hydrostatic load due to the water column
and hydrodynamic load because of its movement in underwater. If the UUV structure is not
capable of withstanding these loads, then the structure will fail. Thus stress analysis is essential
to ensure the structural rigidity of the UUV. The UUV is intended to be used for the underwater
survey in the lakes, rivers, and oceans up to a depth of 50 to 100 m. Thus the UUV structure
should maintain its structural rigidity at 100 m depth. As mentioned in the previous section, the

wall thickness of the structure is 12mm.
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Total pressure acting on the UUV is obtained from the flow simulations mentioned above
by substituting the gauss pressure as the hydrostatic pressure at different depths varying from
50 m to 100 m and inlet velocity as 4 m/s. The pressure profile from the simulation is exported
to the ANSYS”M static structural module. FRP is selected as the UUV body material, and
the simulation is carried out to obtain the maximum von Mises stress which is presented in
the Table. Maximum von Mises stress at 100 m depth is found to be 151.35 MPa, which
gives a factor of safety of 1.84 compared to the 278 MPa limiting stress of the material. Thus
theoretically, the UUV can maintain its structural rigidity at the maximum depth of 100 m
though in rivers average depth is around 50 m. The simulation output, i.e., von Mises stress at
100 m, is presented in the Fig. [3.15] The deformation shown in the Table. [3.7]is the maximum
localized elastic deformation. The used glass fiber composite material is linear elastic in nature.
Thus localized deformation can be present under loading conditions, but as the von Mises stress
developed is well below the ultimate stress, failure will not happen. Maximum deformation
at 100 m depth of water is found to be 1.32 mm, which is observed in the middle part. This
deformation is the flexing of the body sell which will come back to its original shape after the
load is removed.

There will be a transparent acrylic flat plate rigidly fixed to the front face of the UUV.
The plate will be subjected to hydrostatic pressure due to water depth and hydrodynamic pres-
sure due to UUV motion from the outside and one atmospheric pressure from inside. Static
structural analysis has been carried out to understand the structural rigidity of the plate. Total
pressure from the flow simulation at 100 m depth at 4m/s flow is subjected to the outer face, one
atmospheric pressure to the inner face, and the side faced are fixed for the simulation. The max-
imum stress developed is 29 MPa 2.6 times less than the limiting stress (75 MPa) of the acrylic.
Thus, the transparent panel won’t fail at 100 m depth. It may be noted that the UUV struc-
ture is divided into three parts. Stress analysis has been carried out for these parts separately.
The Joint holes are fixed and 1081325 Pa pressure is applied on the outer faces. Also, similar
analysis has been carried out considering the assembled structure (Fig[3.21). As shown in the
Figs. maximum von-Mises stress developed for the sections at 100 m depth is

below 151 MPa, which is 1.8 times less than the ultimate stress of the material. Thus the UUV
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structure will be able to withstand the water pressure at 100 m depth.
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Figure 3.15: von Mises stress at 100 m depth

Table 3.7: Estimated stress and deformation at different depth

Depth (m) Max Deforma- Eq von Mises FoS
tion (mm) stress (MPa)
50 0.72 82.60 3.36
60 0.84 96.35 2.88
70 0.96 110.10 2.52
80 1.08 123.85 224
90 1.20 137.60 2.02
100 1.32 151.35 1.84
contour-2
Total Pressure
111555850
1114080.75
1112603 13
1111125.50

1109647 75

1108170.00

110668238

1105214.75

1103737 .00

02259 25

1100781 63
[pascal]

TH-2812_166103029

Table 3.8: Maximum total pressure on
the transparent panel

Depth (m) Total Pressure

(MPa)
50 0.612
100 1.116

Figure 3.16: Total pressure at 100 m depth
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Figure 3.17: von Mises stress at 100 m depth
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Figure 3.18: von Mises stress at 100 m depth of the front part
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Figure 3.19: von Mises stress at 100 m depth of the end part

TH-2812_166103029 47



won Mises [hima2)
1AS2e+0d
133e+08

. 121408

. 1085%+08

- 958307

L HBATAe 07
T2eie+7
Mﬁ 6055 +07
- dEdfe-07

L 1A37e40]

1ArEe+07
1218407
A7 G0k

Figure 3.20: von Mises stress at 100 m depth of the middle part
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Figure 3.21: von Mises stress at 100 m depth of the assembled body

3.2.5 Final Design

A water displacement model (Fig. [3.22) of the UUV is developed to determine the buoyancy
characteristics. The C.B., i.e., the C.G. of the water displacement model, is obtained from this.
This water model is developed by creating an all solid model identical to the designed UUV and

selecting the material as water. C.B. is found to be at (-1.67, 0, 0) cm from the origin along the
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X, Y, Z axis. The center of the central hole in the middle plain is considered as the origin. The
weight of this model gives the buoyant force, which was found to be 12.1 kg. For the UUV to be
neutrally buoyant, the buoyant force and the weight should be equal. Therefore four balancing
blocks are added inside the UUV to balance the buoyant force and help maintain the C.G. of the

UUV to lie on the vertical line passing through the C.B.

=

(an‘u:: Center of Buoyancy

m—-

Figure 3.22: section view of water model

The hull is divided into three parts, as shown in the Fig. [3.23] keeping in mind the ease of
accessibility of internal components and ease of manufacturing and assembly. The front sec-
tion houses the camera module and front balancing block. The mid-section houses the battery,
thrusters, power distribution board, and raspberry pi. The central thruster is to be placed in
the pass-through hole in this section. The sensor housing and communication module are to
be placed in the tail section. Each section is to be assembled with screw joints with silicon
rubber gaskets in between to form a watertight joint. The gaskets rest on the protruding sur-
face from the midsection on both sides, and front and tail sections will be fitted onto it. The
UUYV body surrounds the gasket from three sides, and the other side is exposed to the surround-
ing. When screwed under pressure, it will create a watertight joint. This Modular structure
provides accessibility of internal components for easy repair, up-gradations, and modification.
Modular structure will be versatile for various mission objectives as modules or sections with
different sensor sets can be interchanged for different missions. For example, the UUV can be
used for autonomous operations by interchanging the tail section, which will have a different
communication module and antenna instead of a tether connection and a control module as per

requirement.
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Figure 3.23: Three-part modular structure

As mentioned above the UUV is 55 cm long and 43 cm wide. A detailed CAD model is
presented in the Fig.[3.24] The main objective was to develop a compact underwater system for
shallow water application with an affordable price tag. The use of composite material reduces
the cost involved in manufacturing and leads to a lighter body. A structure with an elliptical
cross-section is designed, instead of a conventional cylindrical body, to reduce the buoyancy.
The design kept in the view for space for the internal components and maintained C.G. close to
the central thruster position. Dimensions of the cross-section were decided based on the dimen-
sions of the central thruster, battery, and camera setup and further optimized for the minimum
drag coefficient. The flat front surfaces are kept at an angle to avoid using a transparent hemi-
spherical structure and reduce the cost. Slanting the surfaces from front to bottom will help in
reducing drag. Thus, the resultant shape is the result of a design process with a major focus
on cost reduction and manufacturing simplicity. The stability study of the proposed design is
presented in the following section.

{—Lan Cable
e, Temp & Press

’ . Balancing block _—
Right Side Thruster HANOIE RO

Sensor

Middle Sectior 0 Housing
Li-Po Bauh Tail Section
: Pixhawk

Power Distribution
Board

Left Side Thruster

i Rubber gasket
Camera— & = g
/ % Central

) Rasp.'bcrry Pi Thruster

Figure 3.24: Detailed UUV CAD model
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3.2.6 Stability Analysis

From the CAD model, it is observed that the UUV displaces 12.1 kg of water. The C.B. is
found to be at (-1.67, 0, 0) cm from the origin along the X, Y, Z axis. Four cast-iron balancing
blocks are added to the model to balance the buoyant force and keep the C.G. in the same
vertical line as the C.B. to avoid any unbalancing torque. After adjusting the balancing block
dimensions and positions, the C.G. of the whole model is at (-1.67, 0, -0.97) cm from the origin
along the X, Y, Z axis, as shown in Fig. A comparison of the position of the C.G. and the
C.B. along with the origin is shown in the Fig. As the C.G. and C.B. are aligned along
the same vertical line, there is no unbalancing torque. During the submerged condition, the
weight and the buoyant force cancel each other, so no unbalance force in the vertical direction.
The position of C.G. 0.97 cm below the C.B. provides better roll-over stability. The origin of
the ROV coincides with the central thruster. Therefore the vertical thrust will act at the origin,
which is 1.67 cm away from the C.G. Thus, low vertical speed will have a low pitch, and high
vertical speed will have high pitch motion, as shown in the Fig.[3.26] For general use with
low vertical speed the pitch motion is negligible. If required with high speed, this pitch motion
can help better maneuverability and the ability to have a more complex motion with only three
thrusters. This is to be noted that this pitch motion is the consequence of the distance between

the C.G. of the UUV and central thruster and cannot be actively controlled.

©
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y A T
! -
.’." -
z / \
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| , 0,
Center of Gravity {-1.67, 0, -0.97) ¢cm (%

Figure 3.25: Origin, C.G. and Centre of buoyancy position
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Figure 3.26: Pitch motion

3.3 UUYV Development

After the design analysis, the UUV is manufactured. GFRP is used for the UUV structure
to reduce the cost and complexity of manufacturing associated with traditional materials. The

UUV body is manufactured in parts using the hand molding technique with simple tools.

3.3.1 UUYV body manufacturing

Manufacturing of the UUV started with the development of a real-size thermocol replica of
the CAD model. For this purpose, a hot wire cutting setup is developed as shown in Fig.
The templates from the cad model are pasted on the thermocol blocks, and using the hot wire
cutting setup and using sandpaper, required shapes are obtained. As the UUV is developed in
parts, the thermocol models are also produced in parts. For ease of manufacturing, the mid-
section is further divided into two parts. These thermocol models are reinforced with glue and

cotton clothes. The detailed manufacturing process is presented in the flow diagram (Fig. [3.28).
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Figure 3.28: Flow diagram of UUV manufacturing process

Using the thermocol models and wooden boxes, Plaster Of Paris (POP) molds have been
prepared for each part. POP molds are left to dry for 24 hours. After the molds are ready, one
layer of grease and two layers of gel-coat are applied to the molds. A layer of gel-coat on top
of glass fiber and matrix would give the structure its water-resistant properties. Then for each
part, two layers of random and one layer of 90" woven glass fiber sheets along with the matrix
are applied. Matrix is a chemical solution of three chemicals epoxy-based vinyl ester resin,
cobalt naphthenate as the initiator, methyl ethyl ketone peroxide as curing agent, mixed with
100:1:5 ratio by volume, respectively. After curing, the matrix solution becomes hard plastic,

and the glass fiber enforces to give it strength. Then the parts are allowed to dry for 24 hours.
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After the parts are dried and ready, the parts are removed from the molds. Then two parts of the

mid-section are joined. Then the three distinct sections are ready for further assembly.

3.3.2 Assembly

The three sections are to be joined with screw joints. First, the surfaces to be joined are
leveled. Holes are drilled by aligning the parts for the passage of the screw. Nuts with washers
are embedded in the body itself to create better joint pressure and a watertight joint. Silicon
rubber gaskets are made for the joints. Then the thrusters are mounted on the midsection. Two
side thrusters are mounted on the planes on the side of the body. For the central thruster, a
pass-through cylindrical hole was created. After mounting the thrusters, passages for the cables
are appropriately sealed. During manufacturing in the locations for holes and passages, cut-outs
were made in the fiber layers. Later drilling was done for cleaner passage without damaging the
fiber layers. To further strengthen the cut-outs, fiber layers are added to the edge of the holes.

On the front section, a transparent acrylic sheet is mounted in front of the camera mount.

Figure 3.29: Assembled UUV

3.3.3 Sensor integration

For UUVs, sensors are essential as they will be used for exploration and survey to collect
underwater footage and scientific information such as temperature, pressure, etc. Initially, only

temperature, pressure sensor, and camera setup (Fig.[3.31)) are used. Pressure data can be used to
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estimate the depth of the UUV from the water surface. The pressure sensor used has a resolution
of 0.2 mbar or a depth resolution of 2mm and can work up to a depth of 300 m underwater. The
temperature sensor used has an accuracy of +0.1°C and can work up to a depth of 975 m. These
sensors had to be exposed to the external water and also connected to the internal components.
A sensor housing is developed using thick acrylic sheets, silicone gel, and marine epoxy have
been used to make it watertight. The sensor housing is mounted to the tail section. The camera

setup is placed in the front section behind the transparent acrylic window.
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Figure 3.30: Sensor housing

Figure 3.31: Camera

3.3.4 Control and communication system

The UUV must be in constant communication with the remote station when operated as
ROV to be controlled by an operator. The communication channel helps to transmit the live
underwater footage, sensor data, and control signals. Inside the UUV, a single-board computer
Raspberry Pi is used to manage all the electronics components. Raspberry Pi is connected to
a computer in the control station by LAN cable after going through a network booster. Open-
Source companion computer platform in the raspberry-pi helps collect the sensor data and live
underwater footage, transmit to the computer at the other end, and interpret and communicate
the received control signal to the Pixhawk controller for thruster operation. Pixhawk controller,
connected to the raspberry pi, is the brain of the UUV and controls the robot motion. Pixhawk
has an open-source software “Ardusub,” which is capable of ROV and AUV operations such as
manual, stability and depth hold control, obstacle avoidance by sonar, and trajectory tracking
with an acoustic positioning system. The thrusters and sensors are connected to the Pixhawk.
In the case of ROV, Pixhawk controls the thrusters as per the signal received from the operator.

Whereas, in the case of AUV, the Pixhawk controls the thrusters depending on the control
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algorithms and sensor input. Single board Raspberry Pi computer and Pixhawk controller is
capable of handling ROV and basic AUV operations such as predefined trajectory tracking but
will fall short for full autonomy in the dynamic environment. A more capable system, such as
“Nvidia Jetson nano,” flow, and other sensor upgradations will be essential for full autonomy.
The computer in the control station uses an open-source software called “Q Ground Control.”
The software displays the sensor data, live footage and also interprets and maps the keypress in

the controller to predefined signals and transmit to the Raspberry Pi.
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Figure 3.32: Internal connection layout
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3.3.5 Power distribution

Two 5500 mAh lithium polymer(Li-Po) battery batteries are used as the power source for
the UUV. A power distribution board (Fig. [3.33) has been developed to manage connections
from the battery to the electronic components. To avoid the inconvenience of disassembly
and assembly of the UUV for recharging of the batteries, a three-way switch and a charging
connection are placed in the sensor housing (Fig. [3.30), which facilitates external balanced
charging of the Li-Po batteries. The charging port is embedded in the sensor housing and sealed.
The switch helps select the connection of the battery to the charging port, power distribution
board, or no connection. The power distribution board passes power to the thrusters and light.
The raspberry pi works on 5 Volts; thus a de-dc step-down buck converter is used to convert the

12 volts from the battery to 5 Volts. The power consumptions of different electronic components
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are presented in the Table. [3.9]
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Figure 3.33: Power distribution setup

Table 3.9: Power rating of electronic components

Component Max Power Average power
Raspberry Pi 12.5 Watts 8 Watts
Pixhawk 2.5 Watts 2 Watts
Communication module 3 Watts 2 Watts

Side thruster 180 Watts 100 Watts
Central thruster 180 Watts 50 Watts

From the Table. [3.9] average power consumption of the UUV is around 262 Watts. With
two 5500 mAh batteries, the UUV can operate from 30 minutes to 1 hour, depending on use.
The UUV is assembled with all the mechanical and electronic components. Cost analysis of the

UUYV is discussed in the following section.

3.3.6 Cost analysis

The objective is to develop an affordable, compact underwater robot, which can be help-
ful for educational institutes, small-scale industries, environmentalists, marine biologists, etc.
Table. [3.10] presents the development cost associated with the UUV with the cost of different
components. Thrusters are one of the significant costs associated with the compact UUV; thus,
a minimum number of thrusters are used. The use of open-source software, non-traditional ma-
terial, and manufacturing techniques help maintain a low cost of the UUV. This is a prototype,
and the cost can be further reduced. 1500 USD, which is just above 1 lakh INR, is an afford-

able price range for an underwater robot. The cost of the system can be further reduced with
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mass manufacturing. “BlueROV2” from BlueRobotics is a popular high-performance compact
ROV with a starting price of around 3000 USD. It has two thrusters for vertical motion and
four thrusters for horizontal movement, thus having superior motion control. BlueROV?2 is
rated for 100 m depth and has an open frame structure. This ROV is suitable for variable pay-
load sensor integration and expansion, depending on the application. Though BlueROV?2 is a
high-performance system with the price on the higher side. “GLADIUS MINI” is one of the
affordable ROV systems costing around 1200 USD. But with logistics and customs, it will be
an expensive option. This is a compact close-frame system rated for 100 m depth. But the sys-
tem is just to be used for video footage collection not suitable for scientific research as custom
payload and expansion capability is not there. Hopefully, the developed UUV with an afford-
able price tag and further sensor integration capability and modular structure for easy repair and
mission versatility may attract small-scale industries, researchers, and communities to use it for

various applications and their benefit.

Table 3.10: Component price

Component Price (USD) Price (INR)
Thrusters 670 50,250
UUV Body 180 13,500
Rapberry Pi 56 4,200
Pixhawk 42 3,150
Camera 56 4,200
Temperature sensor 85 6,375
Pressure sensor 104 7,800
Cable 200 15,000
Miscellaneous 57 4,275
Total 1500 1,12,500

3.3.7 Motion mechanism

The UUV has three fixed position bidirectional thrusters for motion. Among these three
thrusters, two are placed in the side for horizontal motion and one in the middle for vertical
motion. The central thruster is not exactly placed at the C.G. of the UUV and has an offset of
1.67 cm (Fig. [3.25). Thus, a pitch motion can be developed using a single vertical thruster with
a high thrust, as shown in Fig. The absence of thrusters for lateral movement makes the

system under-actuated and four degrees of freedom system considering the pitch motion. As the
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thrusters are fixed with the UUV body, the robot is a single rigid link manipulator. All motion
directions are presented in the Fig. Using the three thrusters, the UUV can travel in
the 3d underwater space with ease. The UUV can rotate about a point using side thrusters in
opposite directions thus, has a very low turning radius which is helpful in narrow terrains. The
UUYV can also be used in curved paths with a large turning radius using side thrusters in the

same direction with varying thrusts.
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Figure 3.34: Motion in the horizontal plane Figure 3.35: Motion in the vertical plane

3.4 Testing

After manufacturing the UUV structure and assembly of the desired components, a few tests

have been carried out to ensure the working of the UUV.

3.4.1 Water leakage and Neutral buoyancy test

The structure needs to be watertight to avoid any water leakage. Special care has been taken
to ensure no water leakage. During manufacturing, all the ports have been adequately sealed. In
the joints, soft silicon rubber with vacuum grease and high joint pressure has been used. Each
part has been checked for no water leakage. After assembly, the model has been placed inside
a water drum for 24 hours to ensure watertight joints.

The structure floats when the model is deployed in water without the balancing blocks
(Fig. [3.36). Then the required weight is found out and added in the form of cast iron bal-
ancing blocks surrounding the C.G. in predefined positions until the UUV is fully submersed
(Fig.[3.37). The balancing blocks are a combination of multiple units of the same cross-section.

Thus, these blocks can be removed during future component up-gradations as per requirement.
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Few of these units can be removed, maintaining the C.G. to make the UUV positively buoyant
as overall weight will decrease. Positively buoyant structure will come back to the surface in
case of power failure thus making recovery easy. The UUV was coming back to a few cms
below the water surface when the thrusters are turned off. The network cable used is not a
neutrally buoyant cable causing this effect. Later the cable is upgraded to a neutral buoyant one
making the whole system neutrally buoyant. Details of the balancing blocks are presented in
table[3.11} After adding the balancing blocks, the net weight of the UUV is found to be 13.6 kg,
1.5 kg more than the designed model. But the weight of the balancing block had to decrease as
the model weight is more than the design weight, and some internal components such as wires
are not considered during design.

Table 3.11: Balancing blocks

Designed Final

Object Weight Dimensions Weight Dimensions

(kg) | (em xcm x cm) | (kg) | (cm X cm X cm)
Front Balancing block ~ 1.123 13 x6 x2 0.950 11 x6x2
Tail Balancing block 0.864 10 x 6 x 2 0.600 TX6x2

Middle Balancing block  2.246 26 X 6 X 2 2.246 26 X 6 x 2

Figure 3.36: Floating UUV

Figure 3.37: Fully submersed UUV

3.4.2 Field test

An initial field test is conducted in the swimming pool. The “Q Ground Control” soft-
ware is used for live temperature, pressure data, and video footage monitoring, as shown in the
Fig. [3.38] which is the screen shot of the topside computer running Q Ground Control. The
Q Ground Control software has recording option to record the live footage transmitted from
the camera inside the UUV. The hand controller is connected to the laptop, and using the con-

troller, UUV can travel forward, backward and make the left and right turn. The UUV travel
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speed could also be changed using the controller. Figure. [3.39|presents the UUV moving in the
underwater space. The footage is recorded by a separate underwater camera placed inside the

swimming pool.

Figure 3.38: Live video and sensor data on ground station
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Figure 3.39: UUV moving in the underwater environment

After multiple successful runs in the swimming pool, the UUV is ready for the field test in
rivers and lakes. To verify the robustness of the UUV, multiple runs are carried out in lakes and
rivers without any failure (shown in Fig.[3.40] [3.41). The Pixhawk in the UUV obtains the ve-
locity data from the integrated IMU, and depth sensor data, using extended Kalman filter (EKF).
3D velocity magnitude vs. time of test runs in lake and river are presented in the Fig. and
[3.43] respectively. During the river test, the flow speed of the water is registered to be 2.6 m/s,
and the UUV is able to move upstream against the flow (Fig. [3.41). Still, it is challenging to
maintain the motion direction with manual operation. The depth achieved during this test is
Sm. It is difficult to control the UUV motion direction in the river during rainy seasons with a
flow speed more than 2 m/s. Control algorithms and flow sensors need to be used for proper
control. UUV can be operated easily in manual mode during other seasons when flow speed is
around 1 m/s at maximum. The velocity data shows that the UUV can achieve around 4 m/s in
still water. Velocity magnitude is less in the flowing river as the UUV has to move against the
flow. Figure.[3.44] presents the depth of the UUV during operation in depth hold mode. Here
the UUV maintains a depth of 1.1 m and comes back to the preset depth after disturbance from
an external force. Figure. [3.45] presents voltage drop with time during a field test in a lake.

Here the battery voltage drops from 11.6 V to 10.8 V, which is 80% to around 20% capacity of
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a single battery during 30 min run. During testing, the UUV operates approximately 45 mins
with a single battery; thus, the system with two 5500 mAh Li-Po batteries can work for around
90 mins. The system is also deployed in a river dam (Fig. and the depth achieved during
this test is around 18m (Fig. [3.47). A temperature profile study was carried out during this test

to find the temperature variation with water depth (Fig. [3.48).

Figure 3.40: Field test in a lake Figure 3.41: Field test in a river
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Figure 3.42: 3D velocity with time from lake test
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Figure 3.45: Battery voltage drop with time

TH-2812_166103029 64



Depth frommwater surface (in m)
w & = = 2 B E 3

o 100 200 300 400 500 600 700 B0OO
Tima (In Sec)

Figure 3.47: Depth with time

Tempin°C

o 2 4 6 8 10 12 14 16
Depth from water surface (in m)

Figure 3.46: Field testin a
dam

Figure 3.48: Temperature variation with depth

3.5 Summary

The design and development of an affordable, compact underwater robotic system is pre-
sented in this chapter. First different system requirements are identified based on the final
application of the UUV. Different internal components are selected and their optimal position
is determined with a linear optimization search for clash-free placement maintaining over all
C.G close to the central thruster. A optimal side section is developed with parametric fluid flow
study with ANSYS FLUENT?M . Then using CAD modeling software SOLIDWORKSM a
compact, closed frame, neutrally buoyant and three-part modular structure has been developed.
The UUV design is numerically analyzed for performance and structural rigidity. First, the
hydrodynamic study is carried out using the CFD software ANSYS FLUENT’M to find out
the drag experienced by the UUV during its motion. According to the simulation results, the
thrusters are selected for the vehicle to achieve 2 m/s speed. The FEM analysis carried out to
find the stress developed at different water depths showed that the UUV structure could with-
stand underwater pressure up to 100 m depth with factor of safety 1.84. Stability analysis has
been carried out to ensure roll-over stability. After validating the UUV design, the structure

was manufactured in parts using GFRP. GFRP gave the UUV its strength and corrosive resis-
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tant properties with lightweight and reduced the manufacturing cost. Three parts of the structure
are manufactured, fitted with different components, and assembled together to make the UUV.
The UUV houses rechargeable Li-Po batteries as the power source, pressure and temperature
sensors, camera setup for live underwater footage, raspberry pi and pixhawk for control, three
thrusters for propulsion, balancing blocks for neutral buoyancy, and other electronic and me-
chanical components. The UUV has been tested for water leakage, neutral buoyancy and static
stability. Successful testing of the UUV in the swimming pool, lake and the river demonstrated
that the UUV could be used for live monitoring and exploration. The UUV could be controlled
from the ground using a laptop and controller where the laptop displaying the live sensor data
and underwater footage is connected to the UUV using a LAN cable. Such an affordable com-
pact UUV can be a useful tool for small-scale industries, environmentalists, and researchers in
their exploration, monitoring, and study of underwater environments, small and big. The UUV
is successfully used as a ROV, but to be used as an AUV, robust control algorithms need to be
incorporated in the pixhawk controller. For this purpose a detailed mathematical model of the

system is required, which is presented in the next chapter.
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Chapter 4

DYNAMIC ANALYSIS OF THE AUV

4.1 Introduction

AUVs work autonomously using on-board sensors for understanding the surroundings, propul-
sion system for navigation and an on-board computer for decision making. For navigation and
motion control of the AUV in an unknown dynamic environment, accurate kinematics and dy-
namics model is essential. System properties need to be evaluated for developing the mathemat-
ical model. These properties can be experimentally determined with full scale or scaled models.
Though these experiments can produce accurate properties but are often expensive with com-
plex setup and sensor requirements. Computational approach with CFED software packages such
as ANSYS FLUENT”¥ have been successfully used to estimate different hydrodynamic prop-
erties with good accuracy. Strip theory has been used to determine the added mass coefficients
numerically. Other parameters such as inertia, C.B and C.G can be determined by developing
a detailed CAD model of the system. MATLAB”™ is used for simulating the developed kine-
matics and dynamics model for understanding the behavior of the system. This chapter presents
mathematical modeling of the developed compact AUV, including the system parameter esti-
mation in five sections. Following the introductory section is the section 4.2 which, presents
the developed AUV and detailed mathematical model of the system. Section 4.3, discusses
the system parameter estimation using CAD modeling and CFD analysis. Developed simula-
tion platform, experimental result and its comparison with the developed model is presented in

section 4.4. Summary of the chapter is presented in section 4.5.
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4.2 AUV and System Model

A compact affordable underwater robot is developed as presented in the previous chapter.
For the system to be used as an AUV a robust controller has be developed and an accurate math-
ematical model of the system is essential for the controller. Detailed mathematical modelling

of the system is discussed in this section.

4.2.1 Kinematics

Kinematics of a system interprets its motion in the global frame. The AUV has a rigid
structure and fixed actuators. AUV kinematic model expresses its velocity measured in the
body-fixed frame relative to the the earth-fixed frame. The Body-fixed frame (B-frame) or the
local frame is the coordinate system with origin at the AUV geometrical center with axes along
the surge, sway and heave direction respectively. Earth-fixed(N-frame) or global (X, Y, Z) frame

with the axes along North-East-Down directions and origin fixed at the water surface.

X () (north)

y,
.'|

Earth fixed E
coordinate system .,
¥ (8) (east] .

Z (y) (down) 4

)/ Body fixed
£ ~%, "y} coordinate system

Figure 4.1: AUV reference frames

As presented in the Table [{.1]position along north, east and down direction x,y, z and rota-
tional angle about these axis ¢, 0,y constitute the position and orientation vectors of the AUV
in global perspective and noted as 1 = [N, n2]7; where 1 = [x,y,2] T, N2 = [0,0,y]”. Linear
and angular velocity of the AUV is expressed in the body fixed frame {b} or the local frame
as the sensors for measurement of these parameters are mounted in the AUV. These parameters
1"

are notated as v = [v] ,vI7; where vi = [u,v,w]T and v, = [p,q,r]".
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Table 4.1: Standard notations for AUV state vector

DOF Motion Descriptions Positions Linear and
and Angular

Orientations Velocities
1 Motions in the X- direction(surge) X u
2 Motions in the Y- direction(sway) y %
3 Motions in the Z- direction(heave) z w
4 Rotations about the X-axis(roll) [0} p
5 Rotations about the Y-axis(pitch) 0 q
6 Rotations about the Z-axis(yaw) L r

Motion parameters in global and local frames are correlated using Euler transformation

presented as (Fossen [84]):

J 0
N=Jv= 1(2) \% 4.1)

0 ~Mm)

where

c(y)e(8) —s(W)c(0) +c(w)s(8)s(0)  s(w)s(0) +c(w)c(9)s(8)
N2) = | 5(y)e(8)  c(w)e(9) +5(0)s(8)s(w)  —c(w)s(0)+5(8)s(w)c(8) (42)
—s(6) c(8)s(9) c(6)c(9)

1 5(0):(8)  c(9):(6)
hM2)=10 (o) —s(0) (4.3)
0 5(0)/c(8) c(0)/c(6)
where s(¢) = sin(0), c(0) = cos(0) and 1(9) = tan(9).

Here for 8 = +7 the ran(0) is infinite and the J>(1) is undefined. This creates a singularity
for the kinematic equation. For the AUV the C.B lies above the C.G and both are vertically
aligned thus a restoring torque is acting during roll and pitch motion. Therefore the pitch angle 6
is not going to be -7 and singularity is avoided. Most of the time the global motion parameters
are know and local parameters can be obtained using the inverse kinematic relations given

below.

v=J"9 (4.4)
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4.2.2 Dynamics

Dynamic model of a system interprets how different forces acting on the system such as
actuation, inertia, and environmental forces affect the system motion. Thus an accurate dynamic
model can estimate the required actuation force for desired AUV motion and is essential for
autonomous control and navigation. The AUV motion in 6 degrees of freedom and different
forces and torques acting on the system can be correlated and expressed in the body-fixed frame

as given by the following equation (Fossen [84], Fossen and Fjellstad [86]):

Myv+C(v)v+D)v+gn) =71 4.5)

Here M = Mgp + M4 in which, Myp is the inertia matrix and My is the added mass matrix of
the AUV, C(v) = Crp(V) +C4(Vv) in which Cgp(v) and C4 (V) are the rigid body and added mass
coriolis and centripetal matrix respectively, D(Vv) is the hydrodynamic damping matrix which
includes drag and lift terms, g(m) is the vector containing the restoring forces such as buoyancy
and gravity, and 7 is the vector of containing forces and moments exerted by the actuators.

The equation of motion can also be written in the global or NED frame as given below.

M*(m)f+C (v +D*(v,n)N+¢"(n) =1* (4.6)
where,
N=JMy < v=J""MN
4.7
fi=Jmy+JMy <= v=J'M)[iH—J(m)J ' (m)n]

M) =JT ()M~ (n)

C*(vm) =J T (M)IC(v) —MJ ' ()J ()T~ (n)

D*(vn) =JTM)Dx)J (M) (4.8)
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Inertia matrix

MRgp is the inertia matrix of the rigid AUV structure (Fossen [84]).

Mpgp

milzy3

_mS(rg)

m
0
0
0
mzg

—mS(rg)

m

I

mxg

—HMXg

myg

Ix
. Iyx

I

4.9)

Here m is the mass of the AUV, [, is the inertia tensor of the system expressed in local-frame,

re = [Xg,Vg:2g)"

is the C.G of the robot measured from the origin in the local-frame and S(a) is

the skew symmetric matrix of vector a. These parameters are constant for the AUV and depend

on the mass distribution.

A submersed body while accelerating or decelerating have to push the surrounding fluid

in-order to move as a result transfer kinetic energy to otherwise stationary fluid. To consider

this effect virtual mass is added to the system which is refereed as hydrodynamic added mass.

My, is the added mass inertia matrix which is expressed as follows (Fossen [184]).

<

=

Here mi; =

N

=

=z

z

u.z ~§ \5 "s[.\] << @S

S

Z

N N &

s

=z

mi

mai

ms3j

may

msi

me

mi2

maa

ms3p

map

msp

me2

mi3

ma3

ms33

ma3

ms3

me3

mi4

Moy

m3q

ma4

msq

Mme4

mis

mas

mss

mys

mss

mes

mie

mae

m3e

m4e

mse

Mme6

(4.10)

—Xji, 1s the added mass force in the X-direction due to motion along the surge

direction and mgg = — Ny, is added moment of inertia due to rotation about yaw. For a submersed
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body beyond a depth of 20 meters moving at low speed added mass coefficients are not function
of the wave excitation frequencies and are positive constants. The coefficients only depend on
the geometry of the submersed body. Added mass matrix is symmetrical, thus 21 unknown
parameters has to be determined. This number will decrease with the presence of plane of
symmetry in the structure. The AUV is symmetrical about the Xy and xz plains. Following

Lewis [[109] for slender body added mass matrix is given as follows.

nmii 0 0 0 0 0
my 0 my 0 my
0 my3 0 m3y5 O
4.11)
my 0 myy 0 mye

0 ms3 0O mss O

SEaE O W FO

me; 0 meys 0 mgg

Coriolis and centripetal matrix

Crp(V) is the coriolis and centripetal matrix of the rigid AUV structure (Fossen [84]).
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03x3 —mS(rg)

Crp(v) =
mS(rg) I
- 0 0 0
0 0 0
0 0 0

—m(ygq+zor)  m(ygp+w) m(zgp —v)

m(xgqg —w)  —m(zgr+xep)  m(zgq+u)

(4.12)
| ) mler—u)  —mlgp+yea)
m(ygq +2gr) —m(xgq —w) —m(xgr+v)
—m(ygpw)  m(Egrdxgp)  —mlygr—u)
—m(zgp —v) —m(zgq +u) m(xgp +ygq)
0 —1y.q—L.p+Lr IL;r+ILyp—1Iq
Lyq+1Lp—Lr 0 —Lr —Lyp+1Iip
—Lyr—Lyp+1L,q Lgr+Ilyg—Ip 0 [
Ca (V) is the coriolis and centripetal matrix due to the added mass effect (Fossen [84]).
- 0 0 0 0 —c3 o -
0 0 0 3 0 a8
i = 0 0 0 —c ¢ 0 @.13)
0 —c3 o 0 —-ds dy

Cc3 0 —C1 d3 0 —dl

—Cc2 (] 0 —-d d 0
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Here
c1 = Xuu+Xov +Xyw+ Xpp + Xgq + Xir

e =Yju+Yyw+Yyw+Yyp+Ysq+Yir
c3=Zyu+Zyw+Zyw+Zyp+24q9+Zir

di = Kuu+ Kyv + Kyw + K;p+ Kyq + Kir
dy = Myu+ Myv+Myw+Mpp +Myq+ M;r
d3 = Nyu+ Nyv+ Nyw + Nyp + Nyg + Nir

And X;;, Y; .... are added mass coefficients.

Hydrodynamic damping matrix

D(v) is the Damping matrix. For AUVs damping effect is due to the drag and lift forces
exerted on the system by the surrounding fluid due to skin friction.

D(v) =D;(v)+D,(v), where D;(Vv) is the linear damping and D, (V) is the non-linear damp-
ing matrix. As the linear and non-linear damping cannot be effectively separated these parame-
ters will be estimated together. Due to existing symmetry in the AUV structure the non-diagonal

terms will be neglected.

-Xu 0O 0 0 0 O

Oy 0 0 0 O
Dy(v) = — A (4.14)

- T )

000 0 0 M, O

0O 0 0 0 0 N

The axial quadratic drag:

X= —(%pCdAf)u]u\ = Xy |u ]| (4.15)
Where X,,,| = % = —%pCdA f» p is the density of the surrounding fluid, Cy is the coefficient

of drag, Ay is the reference area.
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Quadratic damping matrix:

Xu| u| \u| 0 0 0 0 0

0 Yy vl 0 0 0 0

0 0 Ziwl W 0 0 0
Da(v) = — il 4.16)

0 0 0 Kpp| 1P| 0 0

0 0 0 0 My 414l 0

0 0 0 0 0 Nr\r\ |r ’
Gravitational and buoyancy matrix
g(m) is the vector of forces and moments due to gravitational and buoyancy effects.
f b+ f g

gMm) = (4.17)

rbeb+rngg

Where f, = RBN '[0,0,W]T with W = myg is the gravitational force vector in N-frame

and fj, = RBN B [0,0,—B]” with B = pgV is the buoyancy force vector in N-frame

where g is the acceleration due to gravity 9.81 m / s> , p is the fluid density, V is the
I

displaced fluid volume, r, = [x4,yp,2p)" is the position of C.B in the B-frame r, = [xg,yg,zg]T

is the position of C.G in the B-frame

(W — B)sin(0)
—(W — B)cos(0)sin(0)
. —(W — B)cos(8)cos(0) (4.18)
—(ygW — ypB)cos(8)cos() + (zgW — zB)cos(0)sin(0)

(24W — zB)sin(8) + (xgW — x,B)cos(0)cos(9)

—(xgW —x,B)cos(0)sin(¢) — (ygW — ypB)sin(0)

TH-2812_166103029 75



Actuator force and torque matrix

7T is the vector containing force and torque acting on the AUV by the actuators.

T=LU

where L matrix represent the thruster position and orientation.

T
1 000 0 -4

L=11 000 0 b
001014 O

and U is the vector presenting the trust output from the individual thrusters.

U=[TT,T)"

(4.19)

(4.20)

(4.21)

The AUV has three thrusters for propulsion. The central thruster is used for heave motion,

whereas the other two thrusters are used for surge motion. 77 and 7> are the thrust output of the

two side thrusters as indicated in the Fig. d.2)and 73 is the thrust output of the heave thruster.

Fig.[4.3|presents the thruster positions from the origin of the body-frame. Matrix L contains the

distance of the actuators from the origin in local frame as shown in Fig.4.3] Here /; =, = 16.3

cm and /5 = 0.09 cm.

S
. o

| [~ o ] =]
]

A

il

(a) Side thruster (b) Central thruster

Figure 4.2: Thrust output 77, 7> and T3
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Figure 4.3: Thruster position

A detailed 6 DOF dynamic model for the AUV is presented. The model is further simplified

with the following assumptions with justifications.

* The AUV operates at low speed (maximum 2 m/s).

* Because of the low operating speed and symmetrical structure of the AUV the lift forces

are negligible.

* The C.G lies 0.97 cm vertically below the C.B thus, a restoring torque is present which
prevents any significant roll or pitch motion. Single thruster is present around the C.G for

vertical motion. Therefore roll and pitch motions are neglected.

* The AUV is neutrally buoyant, thus the buoyancy force and weight of the system cancel

each other.

* For the submersed body beyond a depth of 20m, moving at low speed will have no wave

interaction.
* The surge and heave motions are independent.
With these assumptions, pitch and roll motions are neglected and surge, heave, and yaw mo-
tions are considered. Therefore the 6 DOF AUV model can be simplified to a 3 DOF model,

considering sway, pitch and roll to be zero state vectors. Because of the decoupling of the DOF,

the hydrodynamic damping matrix is diagonal. The system is neutrally buoyant thus the gravi-
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tational and buoyancy force cancel each other out and the restoring force matrix vanishes. The
3 DOF mathematical model is summarised as follows:

Position and orientation in Global-frame: 1 = [x,y,z, y]”

Linear and angular velocity in Body-frame: v = [u, v, w, 7]’
The kinematic correlation is presented as:
x = ucos(Y) —vsin(y); y=usin(y)+vcos(y); z=w; y=r (4.22)
and the dynamic correlation in body-frame as:
Mv+C(V)V+D;(V)V+D,(V)v="1 (4.23)
m— Xy 0 0 —my, i 0 0 0 —m(xgr+v)+Yv+Yir
0 m—Y; 0 mxg —Y; v 0 0 0 —m(ygr —u) — X;u
+
0 0 m-Zz 0 W 0 0 0 0
—my,  mxg—Y; 0 I —N; I m(xgr+v) —=Yov—Yir  m(ygr—u)+Xu 0 0
Xy 0 0 0 Xu\u\‘”‘ 0 0 0 u T +T»
0 v 0 0 0 Yubl O 0 v 0
0 0 2z, 0 0 0 Zygywl o [[ |w 7
0 0 0 N, 0 0 0 Nr‘r‘\r\ r LT+ LT

424)
The 3 DOF coupled non-linear equation presented here considers different forces acting on the
system and their correlation with the AUV motion. The model can be used to estimate the actu-
ation force required for desired AUV motion. The equation will be complete by substituting the
system parameters introduced. These parameters are measured and estimated in the following

section.

4.3 System Parameter Estimation

System parameters defined in the previous section have to be determined to complete the
dynamic model. The mass, buoyancy, inertia, position of C.G and C.B are determined using a
detailed CAD model and physical measurements. CFD software package ANSYS FLUENTM

is used for hydrodynamic damping parameter estimation, where as the added mass coefficients
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are estimated using numerical technique.

4.3.1 Inertia and Buoyancy

Individual components used in the system are designed in the SOLIDWORKS”¥ software
using the weight and dimension measurements of the components. Components are assembled
and a detailed CAD model (Fig. d.4) is developed. Inertia and position of C.G are determined
from this CAD model and verified by physical measurements. To estimate the buoyancy pa-
rameter, a solid replica of the AUV is developed by filling the internal hollow spaces. Water is
selected as material for this structure. Weight of this water model is the buoyancy and its C.G

is the C.B. The estimated system parameters are mentioned in the Table. 4.2
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= g _, Temp & Press

Balancing block . =

M \ Sensor
» g b Housing =

Middle Sectior 9 v /
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= | | |
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Figure 4.4: Detailed CAD model of the AUV

Table 4.2: Estimated system parameters from CAD model.

Parameter | Value Parameter | Value

m 14.700 kg Xg -0.0167 m
w 144.060 N Ve 0m

B 144.060 N Zg -0.0097 m
L 0.110 kg.m? Xp -0.0167 m
Ly 0.290 kg.m? Vb 0m

I, 0.360 kg.m? % 0m

I 0.163 m Is 0.0009 m
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4.3.2 Added Mass Estimation

The AUV has to impart kinetic energy to accelerate the surrounding fluid from its path in
order to move as AUV and fluid cannot occupy the same space at the same time. This effect is
considered by adding virtual mass to the system and the virtual mass is called “added-mass”.
Here the slender body theory is used to estimate the added mass of the robot. The system is
considered to be a slender body having length considerably longer than the width and depth.
The body is divided into thin sections (Fig. 4.5]) for which the 2D added mass coefficients are
estimated from the literature (Fig. 4.5). Following the formulations from the handbook: Prin-
ciples of Naval Architecture Vol III., (1989) Soc. Naval Arch. and Marine Engineers (Lewis
[109]), the 3D added mass coefficients are estimated by integrating the 2D coefficients over
the length as presented in the eq. 2D and 3D coefficients are mentioned as a;; and m;;
respectively for added mass effect in i-direction due to motion in j-direction. The solid AUV
CAD model is sliced into multiple sections, 10 mm apart in the middle portion and 5 mm apart
in the front and back. The cross-sections are approximate rectangles and ellipses. Empirical
formulas for 2D added mass coefficients for appropriate cross-sections from the literature Dong
[110], Newman [111] are used for calculations as shown in Fig. With the measured di-
mensions of the individual cross-sections from the CAD model, 2D added mass coefficients are
calculated and integrated over the length to find out the 3D coefficients. For longitudinal added
mass coefficient, a parallelepiped formula Dong [110] is used as shown in the Fig. as the
AUV is have approximately rectangular cross-sections for most of its length. The parallelepiped
selected is just enclosing the AUV as shown in the Fig. 4.8] Table. 4.3| presents the calculated
3D added-mass.

Figure 4.5: 3D slender body Figure 4.6: 2D cross section of the slender body
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Table 4.3: 3D added mass

Added mass (in kg)
mi1 11.8000
moy 11.9400
ms33 23.8050
my4 0.6900
mss 0.0007
Mee 0.0004
moe 0.0575

4.3.3 Hydrodynamic Damping

Hydrodynamic damping parameters are obtained by estimating the drag forces experienced
by the AUV because of the skin friction between the AUV structure and the surrounding fluid.
CFD solver ANSYS FLUENTM is used for the purpose and the simulation setup and solution

is discussed in this section.

Computational Domain

Multiple simulations have been carried out for motion along surge, sway, heave, and yaw
directions. Furthermore varying flow velocities have been considered for simulation along each
direction. A simplified AUV model is imported into ANSYS”M design module. Computational
domain has been developed by creating an enclosure surrounding the AUV model. Size of
the domain is kept at least thrice the size of the model to avoid interference from the domain
boundary. Then the AUV structure is subtracted from the domain using the boolean operation
and only the flow field remained. Depending on the flow direction, faces of the domain are
marked as inlet and outlet planes. The domain for the yaw simulation consist of two sections,
outer rectangular section and inner cylindrical section. The two sections are separated by a

sliding interface as shown in Fig. Figure. 4.10, 4.11] and [4.12] show the simulation

setup and flow vector for simulations along different flow directions.
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(b)

)

a

(
Figure 4.9: (a)Simulation setup (b)Flow vector for simulation for surge motion

)

b

(

Figure 4.10: (a)Simulation setup (b)Flow vector for simulation for sway motion

)

(a

Figure 4.11: (a)Simulation setup (b)Flow vector for simulation for heave motion
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(b)

Figure 4.12: (a)Simulation setup (b)Flow vector for simulation for yaw motion

Simulation Setup

The 3D computational domain is discretized with ANSYS FLUENT?M meshing with un-
structured tetrahedral grids (Fig. B.14). Edge and body sizing operation is used to create a
dense mess around the AUV wall boundary for better accuracy. In FEM or FVM, large number
of elements give good results as it can capture the physics better. But more elements increase
computational complexity and takes more time and resources. Thus a grid independent test
is conducted to select meshing with minimum elements without having much deviation in the
results. For one of such tests number of elements are varied from 10,25,953 to 158,84,806 as
shown in Table. d.4] (Fig. #.13)) and fine mesh with 14,54,076 tetrahedral elements with 268731
nodes is selected for simulation.

After meshing boundary conditions are applied to the computational domain. Multiple sim-
ulations are carried out with inlet flow velocity varying from 1 to 4 m/s, 0.25 to 1.5 m/s and 0.5
to 2 m/s for flow along surge, sway, and heave direction, respectively. Depending on the flow
configuration uniform velocity is prescribed at the inlet plane where as pressure outlet boundary
condition is prescribed at the outlet plane. These simulations are conducted with gauge pressure
603916 Pa, which is absolute pressure at 50 m water depth. For the yaw simulation the AUV
body wall is given no-slip boundary condition and considered as moving wall with rotational-

speed varying from 20 to 50 rpm. Side walls are given symmetry boundary condition.
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The flow around the AUV structure is turbulent in nature. k-€ turbulent model is used to
estimate drag and lift coefficient in the hydrodynamic simulations (Yue Yue et al. [39]], He et al.
[38], Mansoorzadeh and Javanmard [103]], and Menter et al. [104]). Near solid fluid interface,
standard wall function is used with y™ ~ 50. For the transient simulations time-step size used
1s 0.001 second with minimum number of time step is considered to be 20,000. But in several

simulations dynamic steady state is achieved well before that.

Table 4.4: Drag Coefficient (C;) variation with

number of Mesh element 0;11:

Mesh element no. | Drag Coefficient (Cy) E’ ax
1025953 0.2640 e
1183601 0.2691 Foas
1262075 0'2383 O-BfDDDDDﬂ 1100000 1200000 1300000 1400000 1500000 1600000 1700000
1380693 0.2649 Tetrahedral Mesh Elements
1454076 0.2655 Figure 4.13: Grid independent test
1584806 0.2670

0250 0750

Figure 4.14: Meshed flow field

Simulation Result

Multiple simulations are carried out with varying inlet velocity conditions for different flow
directions. Simulations are carried out till dynamic steady state is reached for the drag coef-
ficient. For each simulation along surge, sway and heave the time average drag coefficient is
obtained. Negligible lift coefficients are obtained due to the symmetrical structure of the AUV

and thus neglected. Using the drag coefficient values the drag forces are estimated using the

following expression
1

Dy = 5pCaA Fu? (4.26)
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where D, is the drag force experienced due to motion in surge direction, p is the density of the
surrounding fluid, Cy is the coefficient of drag and A is the projected area in Y-Z plane. The
projected area is determined to be 0.029239 m? from the CAD model. Figure shows the
turbulence intensity, velocity, and pressure contour from the simulation carried at 2.5 m/s inlet
velocity along X-axis. From the velocity contour plot the maximum velocity is observed at the
top and bottom edge of the nose where as the least velocity is observed at the stagnation point
and the wake region. In the wake region low pressure and high turbulence intensity is observed.
The C,; value reached dynamic steady state around 6 seconds and the time average value of

0.267 is considered for further calculations.

J 0.2760 —
s
=
S.l_‘ 0.2740
S
aq:,; 0.2720
o
w
a0 0.2700
o
(] 7
0.2680 | " 7
| f WM\MWMWWWWWW&WWWWMW z
0.2660 ‘1‘. L—x
b sRia _ Turbulence intensity (%)
|| L1 ][
g = 4 8 B 14 1_2 Ty % o <5 2 -01-.02.03 .04 .05 .06 .07 .08.09 .10.11 .12 .13 .14 .15 .16 .17 .18
Time (s) i : N N —
(a) (b)

Lx

Total Pressure (N/m?)

603000 603500 604000, 604500,:605000..605500,,606000, 6065007607000

Figure 4.15: (a)Variation of drag coefficient with time (b)Turbulence intensity (%) contour (c)Velocity
magnitude (m/s) contour (d)Total pressure (m/s?) contour for 2.5 m/s flow in the X-direction

Drag coefficient and Drag force obtained for various flow velocities are presented in the

Table. An quadratic curve (Fig. 4.16)) is fitted using MATLAB”M with the results obtained
from simulation and the developed relationship between the drag force experienced and the flow

velocity is presented as:

D, =4.795u* +1.16 x 10~ %4 4.27)
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Here ‘D, is the drag force experienced and ‘i’ is the velocity along the X-axis. Here 1.16x 10~ 1°

is the linear damping and 4.795 is the quadratic damping parameter.

Table 4.5: Variation of drag coefficient and av- 90 ; ; ; ‘ ‘ ‘ ;
erage drag force with flow velocity along X- wol 7
direction
70 -
Flow Drag Avg. drag Zeol
velocity coefficient force (N) § sl
(m/s) Cy )
1.0 0.282 4.115 s
1.5 0.274 9.003 <300
2.0 0.263 15.352 20
2.5 0.267 24.352 10
3.0 0.305 40.058 0 . ‘ ‘ ‘ ‘ ‘
3.5 0.318 56.847 PR dewvees o
4.0 0.357 83.355

Figure 4.16: Avg. drag vs flow velocity in X-axis

Similar simulation with flow along Y-axis and Z-axis are carried out to estimate the rest hydro-
dynamic damping parameters. Figure[#.17|shows the turbulence intensity, velocity, and pressure
contour from the simulation carried at 1.5 m/s inlet velocity along Y-axis. The C; value reached

dynamic steady state around 3 seconds and the time average value of 1.0351 is considered.

TH-2812_166103029 87



Drag Coefficient, Cd
= I - - -
o o = I 1N I
a © - N » o

2

|y
o
R

o

Velocity (m/s)

2 4
Time (s)

(a)

0.20406081.01.2141.61.82.02.224

(c)

[ Turbulence intensity (%)

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

\Total Pressure (N/m?)

(b)

. | -2000 -1800 -1600 -1400 -1200/-1000 -800. -600"'-400 -200

(d)

Figure 4.17: (a)Variation of drag coefficient with time (b)Turbulence intensity (%) contour (c)Velocity
magnitude (m/s) contour (d)Total pressure (m/s%) contour for 1.5 m/s flow in the Y direction

Table 4.6: Variation of drag coefficient and av-
erage drag force with flow velocity along Y-

direction

Flow Drag Avg. drag

velocity coefficient force (N)
(m/s) Ca
0.25 1.38 2.33
0.50 1.22 8.26
0.75 1.13 17.27
1.00 1.09 29.52
1.25 1.06 44.76
1.50 1.03 63.07
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Drag coefficient and drag force obtained for various flow velocities are presented in the Ta-

ble An quadratic curve (Fig. 4.18)) is fitted using MATLAB”M with the results obtained

from simulation and the developed relationship between the drag force and the flow velocity is

presented as follows:

D, = 25.48v* +3.902v (4.28)

Here ‘D)’ is the drag force experienced and ‘v’ is the velocity along the Y-axis.
Figure [4.19] shows the turbulence intensity, velocity, and pressure contour from the simu-
lation carried at 1.25 m/s inlet velocity along Z-axis. From Fig. #.19]it is observed that high

turbulence intensity and low pressure zone are developed on the top side of the AUV.
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Figure 4.19: (a)Variation of drag coefficient with time (b)Turbulence intensity (%) contour (c)Velocity
magnitude (m/s) contour (d)Total pressure (m/s?) contour for 1.25 m/s flow in the Z direction

After quadratic curve fitting of the simulated results the relationship between the drag and

TH-2812_166103029 89



the flow velocity is presented as:

D,, = 125.5w? +6.574w (4.29)

Here ‘D,,’ is the drag force experienced and ‘w’ is the velocity along the Z-axis.

600 T T T

Table 4.7: Variation of drag coefficient and aver- *  Data Points
age drag force with flow velicity along Z direction so0l )

Flow Drag Avg. drag _

velocity coefficient force (N) %400 |

(m’s) Ca ='isoo

0.50 2.72 34.14 B

0.75 2.73 77.09 0

1.00 2.61 131.03

1.25 2.58 202.22 100

1.50 2.59 292.33

1.75 2.60 400.51 % 05 1 15 2

2.00 2.55 512.67 Flow Velocity (mis)

Figure 4.20: Avg. drag vs flow velocity in Z-axis

Moment coefficients obtained in the yaw simulations are used to estimate the torque using

the following expression.

1
M, = EpCmAch(Rr)2 (4.30)

where M, is the drag torque experienced due to angular motion about the heave direction, p is
the density of the surrounding fluid, C,, is the moment coefficient, L. is the characteristic length,
R = L./2, r is the angular velocity, and A, is the projected area in X-Y plain. The projected
area is determined to be 0.1005 m? from the CAD model. Figure presents the turbulence
intensity, velocity, and pressure contour from the simulation carried at 40 rpm rotational velocity

about Z-axis in accordance with the physics of the problem.

TH-2812_166103029 20



1050
£1000
950
900
850
800
750
700
650
600
550
500
450
400
350
300 1
250
200 X
150

Moment Coefficient, C

Turbulence intensity (%)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90 95 100 ]
Time (s) 0.04 0.06 0.08.0:10.0:12,0:14,0.16 0.18 0.20 0.22 0.24 0.26

(a) (b)

Lx

Velocity (m/s) 0.1020.304050607080.91.01.1121314

(c) (d)

Figure 4.21: (a)Variation of moment coefficient with time (b)Turbulence intensity contour (c)Velocity con-
tour (d)Total pressure contour for 40 rpm angular velocity about Z-direction

Moment coefficient and average torque obtained form simulations are presented in the Ta-
ble. An quadratic curve (Fig. |4.22) is fitted using MATLAB”M . The relationship between

the torque and the angular velocity is presented as:

2414 —11.53r+14.37 ; r>2
M, = (4.31)

0 cr<?2

3 b

Here ‘M,,’ is the torque experienced and ‘r’ is the angular velocity about the Z-axis. Here

1.16x 10719 is the linear damping and 4.795 is the quadratic damping parameter.
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Table 4.8: Variation of torque with angular veloc-
ity about Z direction

25

20

T T
*  Data Points
Fitted Curve

Angular Moment Avg. % B

Velocity Coefficient torque 2

(rad/s) Con (Nm) =0

2.09 62.6 0.60

3.14 117.0 54 il

4.19 202.0 178 -

5.23 337.0 20.30 R T R

Angular velocity (rad/s)

Figure 4.22: Avg. torque with angular velocity
(rad/s)
From the above equations the linear and quadratic damping terms are obtained which are

presented in the Table.

Table 4.9: Estimated hydrodynamic damping parameters

Direction | Linear Damping | Quadratic Damping
Surge |0 4.79
Sway 3.90 25.48
Heave | 6.57 125.50
Yaw -11.53 241

4.3.4 Thruster Input

The correlation between the input Pulse Width Modulation (PWM) signal and the corre-
sponding thrust output of the thrusters used, need to be developed to complete the AUV model.
Then the input parameters can be selected depending on the thrust requirement by the AUV.
Experimental data of the thrust output and the corresponding control signal input is available
from the thruster manufacturer BlueRobotics [161]]. The plot of the input PWM signal and the
thrust output is presented in the Fig. PWM signal varies from 1500 to 1900 for forward
thrust and 1100 to 1500 for backward thrust.
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Figure 4.23: Thrust vs Input signal (BlueRobotics T200BlueRobotics [161]])

With these data-set two cubic curves are fitted for forward and backward thrust as shown in

Fig. The correlation between the thrust output and the PWM signal is obtained as:

Ts = —2.0157"P% +0.00067P> — 0.638P + 128.8 (4.32)

Tr = —3.955"7P3 +0.00213P> — 3.724P + 2119 (4.33)

where, Tp is the Backward Thrust, 7r is the Forward Thrust and P is the PWM signal. These

expressions can be used to find out the thrust developed for corresponding PWM signal.

- - - T T T T 35 T T
0 1 * data
* data fitted curve
fitted curve 30 F
5 4
25
-10 -
z Z 20}
E 15 2
= ﬁ 151
=20 1
10 -
2251
5l
-30 L L L L L L L 0 L L L L L L L
1100 1150 1200 1250 1300 1350 1400 1450 1500 1500 1550 1600 1650 1700 1750 1800 1850 1900
PWM signal PWM signal
(a) Backward (b) Forward

Figure 4.24: Variation of PWM signal with thrust in (a) backward and (b) forward direction
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When used with the controller, the PWM signal corresponding to the required thrust will
be communicated to the actuators. For this purpose the following expressions can be used to

estimate the control signal for corresponding thrust.

P =0.01098T; +0.6703T7 +22.78T5 + 1472 (4.34)

P =0.00840977 — 0.5479T2 + 19.88Ty + 1524 (4.35)

These correlations are developed by cubic curve fitting as shown in Fig.

T T ¢ data
1900 « t!ala 1450 |-|—fitted curve
—fitted curve

1850 |
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1700
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1650

1600

1550 [

1500
0

5 10 15 20 25 30 35 1100 + - . . t
Thrust(N) -30 -25 -20 -15 -10 -5 0

Thrust(N)
(a) Backward (b) Forward

Figure 4.25: Variation of thrust with PWM signal in (a) backward and (b) forward direction

4.4 Simulation and Field Test

Detailed mathematical model with system parameter estimation is presented in the previ-
ous section. Using this developed model, a simulation platform is created in the MATLAB™M
Simulink”™ environment. Multiple simulations has been carried out to verify the basic be-
haviour of AUV motion. Further more the field test results are compared with the simulated

results with same input conditions to validate the developed model and results are presented in

this section.

4.4.1 Simulink Model

A MATLAB™™ Simulink”™ model (Fig. 4.26) is created using the developed AUV model.

The SIMULINK”M model estimates the AUV position depending on the PWM signal input
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to the thrusters. Using the developed empirical relations in the previous section, thrust of the
individual actuators are calculated. The palnt model is simulated with equal control signals to
the side thrusters generating a linear motion of the AUV as shown in Fig.[.27|(a). Figure[d.27|b)
presents a simulated scenario of the AUV along a curved path generated with unequal control

signal to the side thrusters.
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Figure 4.26: Robot plant model
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Figure 4.27: Simulation of plant model for (a)linear trajectory (b)curved trajectory
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For AUV applications, the system model is used to estimate the control signal inputs for

the actuators for the desired motion of the AUV. First, in path-planning the desired path of

the AUVs or trajectories are developed in terms of position, velocity and accelerations in the

global frame. Then the position, velocity and acceleration are converted to the body frame

using the inverse kinematic model. Further the body-frame motion parameters are used to

estimate the actuation force and thus the input PWM signals using the dynamic model. In open

loop controllers, the required actuator input signal for desired motion output are estimated,

without any feedback. Such an open loop controller is developed in MATLAB”Y Simulink”™

(Fig. [4.28)). This controller uses a way-point trajectory generated with B-spline method. The

controller is simulated with way-points (00 0), (01 1),(111.5),(102),(201.5),and (21 1)

presented in Fig. .28]and the estimated control signal is presented in Fig. [4.30]
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Figure 4.29: Simulation of open-loop controller
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4.4.2 Field Test

The Underwater robot is deployed successfully in different water bodies. For validating
the dynamic model of the system the PWM signal inputs to the thrusters and the depth sensor
readings are recorded during a field run of the robot in a lake (Fig. #.31). The developed
MATLAB™™ model is simulated with the recorded PWM signals. The depth output of the
simulation is compared with the actual depth sensor reading for the field operations presented
in the Fig. B.33] The depth data is selected for comparison as the AUV has a depth sensor
with a resolution of 2 mm which can measure upto 300 m depth. From the Fig. [4.33] it is
observed that the overall trend of the predicted heave motion by the model matches the actual
heave motion from the field run. But there exist 4.5% and 13.63% percent error in estimation of
maximum depth the AUV travelled during the heave motion. Similarly recorded PWM signals
from another field run in a river dam (fig. is simulated in MATLAB™ with the developed
model and the comparison of the model prediction with recorded depth data is presented in
the fig. 4.34] Here the AUV model successfully predicted the overall trend of the actual heave
motion but there exist 0.1% error in prediction of maximum depth achieved. It may be noted
that the consideration of added-mass improved the over all prediction. The errors present may
be due to unknown environmental forces and conditions which are difficult to model. Thus a
robust feedback controller development is essential, which can compensate for the errors and

accurate desired motion can be achieved.

Figure 4.31: Field test in a lake

Figure 4.32: Field test in a dam
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Figure 4.33: Variation of depth during field test in lake vs simulated output
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Figure 4.34: Variation of depth during field test in dam vs simulated output

4.5 Summary

Detailed mathematical modeling of the developed AUV is presented in this Chapter. Inertia,
C.G and C.B are estimated with a detailed CAD model developed with the software “SOLID-
WORKS”. To determine hydrodynamic damping parameters, multiple CFD analysis has been
carried out with ANSYS FLUENT”M package. Motion along surge, sway, heave, and yaw are
simulated to find drag forces acting at different velocities. With estimated forces at different
velocities, relationships are established to find out drag forces at different motion conditions.
Added mass coefficients are determined numerically using the slender body theory. From the

experimental data of the actuators empirical relations have been established between control
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signal and thrust output. MATLAB”Y Simulink”™ model is developed to simulate different
AUV motion conditions. Inverse kinematic model is developed to estimate the control signal
for the AUV to follow a way-point trajectory developed with B-spline method. Control signal
recorded from the field tests are simulated to validate the developed dynamic model with rea-
sonable accuracy. Though the model is able to predict the overall trend of the motion but there
exist 4.5% error in prediction of maximum traveled depth during heave motion. For another
such comparison with experimental data of the upgraded model with neutral buoyant cable, the
error is 0.1%. The developed mathematical model of the system is further used in development

of closed loop control system for autonomous operation, which is discussed in the next chapter.
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Chapter 5

NAVIGATION, PLANNING AND CONTROL OF THE AUV

5.1 Introduction

An AUV to work autonomously should be able to reach a static or dynamic target or follow
a predefined path. To achieve this autonomy a guidance system works closely with the system
controller. Guidance system generates next desired position of the AUV depending on the pre-
defined target and the control system helps the AUV achieve that target location by adjusting the
propeller output. Guidance system uses way-point navigation with Line-Of-Sight(LOS) tech-
nique. Localization is another vital component in navigation, as the system needs to aware of
its location in-order to reach a target. Among different navigation systems, Inertial Navigation
System (INS) is suitable for small-scale AUVs for short missions and long missions with GPS
where resurfacing is allowed. In this chapter, following the introductory section, section 5.2
presents a 3D guidance system for the AUV using LOS technique. Section 5.3 discusses the
development of PD and PID based closed-loop control systems. An INS system for localization

is presented in the section 5.4. Summary of the chapter is presented in section 5.5.

5.2 3D Guidance system

LOS is a most widely used guidance system for its simplicity and ease of implementation.
LOS technique uses a very simple strategy illustrated in Fig. that is to constrain the AUV
motion close to the LOS vector between the start point and target. The desired orientation angle

is calculated by finding the line between the current position and the desired position using the
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following equation.

Starting point
S / @ X

v

Way point target __,* (X4 Vo)

3 (% 2)
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Starting point y Z
- L 3

Figure 5.1: LOS Guidance system

xy — x(1) 1)

— vyt
WYdesired = tan_l (yk y< >>

Where (x,yx); k=1,2. .. N are the x y coordinates of the N waypoints, and (x(¢),y(¢)) are
the x y coordinates of the AUV position at time t.

Heave motion is independent of surge and sway motion but to follow the LOS vector closely
the desired Z directional depth should be proportional to the current horizontal height between
the AUV and the target. To obtain this desired depth first the angle between the line from
start point (x,y,z) to target (x,,yp,zp) and the horizontal plane is calculated using the following

equation.
1 Zp —Z
V0 —x)2+(yp—¥)?

For the AUV to keep moving towards the target, along this angle, the desired depth can be

Qo =tan~ 5.2)

calculated from the following equation.

2alt) = 5 —tan@o x 1/ (xp — (1)) + (yp — y(1))? (5.3)

With desired positions and tracking errors from the guidance system the control system have to
control the thruster forces to closely follow the path. Once the AUV is with in certain acceptable
radius of the waypoint it is considered that the target is reached and next waypoint is selected.

The radius of acceptance (r,) is generally selected twice the size of the AUV at maximum and
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depends on the application. The radius of acceptance is tracked using the equation given below.

r(1)? = [ —x(0)* + by —x(0))* + [p —x(0)]? < 75 (5.4)

5.3 Closed-loop Control

The AUV has to follow a predefined path and its motion underwater is controlled with the
thrust generated by the actuators. Thus a control system is required to estimate appropriate input
signals to the thrusters to produce the required thrust. The required thrusts are estimated using
feedback from the position sensors or dynamic model of the system. A closed-loop controller

will help AUV follow the desired path.

5.3.1 PD Controller

Development of a simple open-loop control system based on the dynamic model of the AUV
is presented in detail in the previous chapter. The AUV is a 4 DOF coupled non-linear system.
In this chapter a partitioning control law is used and the controller is divided into a model-based
portion and a servo portion. System parameters (Mgrp, Crp, D;andD,,) comes in the model-based
portion and the servo portion is independent.

As stated in the previous chapter the open-loop equation of the model can be expressed as

follows:

MpgpX +CrpX + D)X +D,X = f (5.5)

The controller for this system is decomposed into two parts. Model-based portion utilizes
Mgrp,Crp,D;andD,,. The model-based portion is reduced to unit mass system and the control
gains in the servo portion are tuned for unit mass.

The model-based portion is of the form

f=of +B (5.6)
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For the system to appear as unit mass o and [ are selected as:

(XZMRB,BZCRBX+D1X—|-DnX 5.7

Substituting in Eq.[5.6] system equation for unit mass system becomes

X=f (5.8)

If the trajectory is given by a function of time, X;(¢), which is double differentiable can provide
desired position and velocity. The positional error between desired and final position can be

defined as e = X; — X. Designed control law to compute f” is given as follows:

f =Xy +Kse+Kpe (5.9)

Where K; and K, are the derivative and proportional control gains, respectively. Combining

this control law with Eq.[5.8 on may get the following equations.

X:Xd—{—Kdé+er (5.10)

é+Xq+Kyé+Kpe=0 (5.11)

In this method control gain tuning is simple and independent of the system parameters and the

critical damping condition is given by:

K;=2./K, (5.12)

The designed control law is implemented with the AUV system using MATLAB”™ Simulink”™

software shown in Fig.
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Figure 5.2: PD controller

After developing the control system and the guidance system in MATLAB Simulink”¥
the gain parameters are tuned to receive quick and stable output. Tuned gain parameters are
presented in the Table [5.1] Model is simulated with target position at (10, 7, 6) m along the
X, Y , z directions in global frame with origin at the starting point of the AUV. Force limiter is
used to limit the thrust input not to go beyond the maximum possible thrust output. As each
thruster can produce maximum of 34 N of force a saturation block is used to maintain the upper
limit of the force out from the controller. Simulated result of the virtual model reaching the
target position is presented in the Fig.[5.3] and the tracking error is shown in Fig.[5.4] Figure
[5.5] represents the 3D position tracking of the robot. It can be observed from the Fig. [5.4] that
Y degree of freedom has a constant steady state error of 20 cm. Error is due to the absence

of active thrust in sway-direction. A PID controller can help element this constant steady state

error which is presented in the next section.

Table 5.1: Controller gain parameters

TH-2812_166103029

positions k, velocities |k,
X 0078.70 u 17.69
y 0000.71 v 01.68
z 0232.97 w 30.53
7 2162.00 r 92.99
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5.3.2 PID Control
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Figure 5.4: Tracking error with time
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Figure 5.5: 3D position tracking

For the PID controller the integral term is introduced in the the control law as follows. The

same partitioning control law is used and the controller is divided into a model-based portion

and a servo portion. System parameters (Mgp,Crp, DjandD,,) comes in the model-based portion

and the servo portion is independent.
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Designed control law to compute f” :
f’:Xd—l—Kdé+er+ki/edt (5.13)
Combining this control law with the eq.[5.§]
X :Xd+Kde'+er—l—k,-/edt (5.14)

é+1<de'+1<pe+k,~/edz:o (5.15)

In presence of a constant steady-state error, the modified control law for this unit mass system

can be presented as follows.
&+ Kgé + Kpe+ ki / edt = [ (5.16)
Here f;;s is the disturbance.

Simulink Model

The designed control law is implemented with the AUV system using MATLAB’M Simulink”™
software shown in Fig Desired positions and velocities from the guidance system are the
input to the controller. Depending on the input the controller estimates the thrust of the pro-
pellers and run the thrusters. The feedback loop which incorporates a localization system, feeds
the live position and orientation data. Controller over time tries to minimize the error. In this
simulation reverse plant model is used to estimate the position instead of a localization system.
Saturation block is used to restrict the thrust output to go beyond the maximum possible value.
Each thruster can produce maximum of 34 N force when operating at 12V. For the AUV to
maintain its path close to the LOS vector Eqn. [5.3|is used to calculate the desired Z;(¢) in each

iteration.

TH-2812_166103029 106



(1) 71 b F FIM (1)
"‘» "" Outt
L M )

> 1
L b Vdot v
—»- hdot Integrator1
Integrator
(DMWY | (DM (CMM

psi

M-1CV \ Ndlot
v

M-1DIV Vit

Jacobian
z e —| M-1DnjvV

1—] System
Productd

Figure 5.6: PLANT MODEL

M Disturbance force

Psi N
olp Tau F Ndot
-4 v

Dynamic Model

CV+DIV4Dn|V[V  V

SYSTEM

Desired position

Figure 5.7: SIMULINK model of PID controller

Simulation Result

Control gain tuning is independent of the system parameters as control partitioning tech-
nique is used. To tune the control gains, initially the system equation is reduced to be linear by
considering non-linear term coefficients to be zero. Then the K, value is calculated from the
critically damped condition of the linear system considering the damping ratio to be 0.5. Staring
with this K, value the final value is selected by trail and error method till quick stable response

without much oscillation and overshoot is achieved. Then differential gain K; selection started
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from critical damping condition and adjusted with trail and error. In presence of steady state
error small Ki value is introduced. The tuned gains are presented in Table. After tuning the

Table 5.2: Controller gain parameters

position k, ki | velocity | k,
X 78.70 0 u 17.69
y 0.71 -2.1 v 1.68
Z 232.97 0 w 30.53
L 2162.00 | O r 92.99

gain values the SIMULINK model is used for simulation with target 3D point as (10,7,6) m.
Figure [5.8|presents the position tracking with time and the Fig. [5.9| presents the error tracking
with time. Comparing error tracking of the PID controller shown in Fig. [5.9| with PD controller
shown in Fig. shows the PID controller greatly reduces the steady-state error, generated
because of cross-coupling and external disturbances. Maximum steady-state error is presented

in the Table.[3.3]

12 T T T T T T T 10 N
X ‘\\ X
—— Y ——-Y
L ™ Z |4 4
10 / v ﬁ’
//f
€ 81 /
= N S N R E
c / £
g° S
8 &
o o4f
A
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Timeins Timeins
Figure 5.8: PID POSITION TRACKING Figure 5.9: PID Error Tracking

Table 5.3: Steady-state error

Direction | Steady-state error
X 41x10 m
y 0.0050 m
Z 0.0002 m
Y 0.0226 rad
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2D Multi Way-point Trajectory

AUV to work autonomously need to follow a predefined path. The path is generated by con-
necting multiple way-points with straight lines. LOS strategy is used to closely follow the LOS
vector connecting the way-points. From the target way-point and current position desired yaw
angle and Z-position is calculated using formulas mentioned in the section(). Radius of accep-
tance is considered to be 20 c.m and once the position is within this radius the next way-point
is selected as the target position. Simulation for a zig-zag multi way-point path is carried out
and the position and error tracking results are presented in Fig. and Fig. respectively.
Way-points are (0,0) (3,4) (6,1) (8,4). In the PID controller control gains are not universal, thus
for a different path the controller has to be tuned separately. The tuned control gains for this 2D
path is presented in the Table. Desired position input and the controller output along x-axis
and y-axis are presented in Fig.[5.12] and Fig. [5.13] respectively. It may be noted that the next
target position is selected when the current position enters inside the acceptance radius of the
desired value.

Table 5.4: Controller gain parameters

position kp ki | velocity | k,
X 17.00 0 u 17.69
y 0.71 -0.1 v 01.68
Z 232.97 0 w 30.53
| 2162.00 | O r 92.99

X error
— — —yerror
© zeror ||
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—
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.,
Position error in m

0 . : ! . . . .
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Figure 5.10: Position with time
g e Figure 5.11: Position error with time
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Figure 5.14: SIMULINK WAY-POINT TRACKING SIMULATION

3D Multi Way-point Trajectory

Simulation for a curved multi way-point path is carried out. Way-points are 10 equidistant
points in x and z axes from O to 6 and O to 3, respectively and y-coordinates are in form of
a sine function of x-coordinates. The tuned control gains for this 3D path is presented in the
Table.[5.5] The position tracking result is presented in Fig.[5.15] The error tracking is presented
in Fig.[5.16] Desired position input and the controller output along x-axis, y-axis and z-axis are

presented in Fig.[5.17]5.18| and [5.19] respectively. The plots shows the PID controller achieves

the desired position without overshooting or oscillations. When the position of the robot is

within the acceptance radius of the waypoint the next target waypoint is selected and controller
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gradually minimises the errors and achieve the target position.

Table 5.5: Controller gain parameters

position ky, ki | velocity | k,
X 12.00 0 u 17.69
y 0.71 | -0.1 v 1.68
Z 20.00 0 w 30.53
L} 200.00 | O r 92.99
= controller
Path
X error
3 0.6 y error
zerror ||
£ 25 0.4 — W error
£ 2 E 02} | \ .
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Figure 5.21: Thrust output from controller for (a) zero velocity (b) continuous velocity at way-point

As shown in Fig. (a) the controller slows down and the thrust output drops to zero but
by implementing a constant velocity at the way points as shown in the Fig. (b) the thrust
output is maintained at a constant level at the waypoints without slowing down and the path can

be achieved quicker.

5.4 Inertial Navigation System

INS calculates relative position and orientation of a dynamic system relative to a known
starting point, orientation, and velocity using the data from motion sensors (accelerometers),
and rotation sensors (gyroscopes). INS is a compact, inexpensive and self-contained system
which does not require external references. Therefore, it can be used for inexpensive small
AUVs. However, INS can accumulate error over time because the estimated relative velocity
and position are the result of mathematical integration of the accelerometer and gyroscopic
sensor data. Errors in the measurement of the sensor data and errors introduced in integration
lead to a significant drift in the estimated position and velocity. Therefore, the estimated position
from INS needs to be compared with the data from other sensors using a techniques like Kalman
Filter to produce accurate state. These state estimation techniques are discussed further in the

following section.
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5.4.1 State estimator

AUVs are equipped with different sensors which can provide real-time quantitative data of
the surrounding. All these sensor data have to be processed together using some techniques to
obtain an optimal estimate of the vehicle position which are called state estimators. Some of
these techniques are Kalman Filters (KFs), Particle Filters (PFs), and Simultaneous localization
and mapping (SLAM). From these techniques, KFs and PFs are numerical techniques for sensor
fusion.

Kalman Filter (KF) is used to derive the best estimate of position from different sensors
used. The KF estimates the state of a system from multiple uncertain observations using a
predict update cycle. A physical model describing AUV motion can be highly non-linear where
the KF fails. In such a non-linear model case, an Extended Kalman Filter (EKF) can be used.
EKF uses a first-order Taylor series to approximate the nonlinear processes to linear system.
This method will fail for systems with high non-linearity. Unscented Kalman Filter (UKF) uses
the true nonlinear models and approximates a Gaussian distribution of the state random variable
by selecting suitable sigma points with known mean X and covariance P,. Non-linear function
is calculated for each points. The statistics of the transformed points are calculated to form an

estimate of the non-linearly transformed mean and covariance.

—

Nonlinear functionf

——
Nonlinear functionf

Figure 5.22: UKF Sigma point

The AUV state equation for non-linear system and sensor measurements can be expressed
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as follows.:

X = f(xk—1) +Wi—1 (5.17)
Vi = H (x) +vi (5.18)

where x;, x;_; are AUV state vectors at time k, k — 1, respectively; f(x;_;) non-linear state
transition function; wy_; is system noise; y; sensor measurement vector; H(x;) is non-linear
observation matrix; v, is the measurement noise. The system noise and measurement noise

with covariance matrix Oy, Ry are assumed to be Gaussian white noise.

COV[Wk,Wj] = E[Wk,WJT-] = Qkakj7E[Wk] =0
Covivi,vj| = E[vk,vJT-] = Ridj,E[vi] =0 (5.19)

0

Coviw,vj| = E[wkaT-]

The UKEF algorithm can be presented in following steps:

Step 1: Initialize the state parameter and corresponding covariance.
Xo = E(x9) (5.20)

Py = E[xo — %o] [xo — %] = E (x0) (5.21)

where xq, Xp denote the initial and mean state information, P initial covariance matrix.
Step 2: Update parameters

The sigma points and weights are calculated as follows:

X = {xAk,XAk + [ (n—|— |}\')Px,k]i7)€k — [ (n+ ‘X)P)@k]i}, (i =1,2, ,n) (5.22)

wim —wle) — (5.23)
1/Rn+N),i=1,..2n

where Wi(m) Wi(c) denote the weighted values of the mean and covariance, respectively; x N(x, Px),

x, P, denote the mean and covariance of coordinates, respectively; A is the proportional param-
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eter; and x; 4 is the weighted point that approximates the random variable distribution. One may

calculate the prediction sigma points, the state value, and the covariance matrix as follows.

Xip = qlxig(i=1,...,2n)

2n (m)
A— m —
X = Z WX,
i=0

2n
fa P
o Y VVi(C) b =S b — 51+ Ok
2

where Q; denotes the state noise covariance matrix.

Step 3: prediction value of measurement.
2n )
A— m —
IR Z W, H [xi,k]
=i
Step 4: variance and covariance matrix.
2n "

Pu=Y W H ~ 5 |Hx ~ %] +R
i=0

2n
e €, — _o—pgn— _ T
Pe = Z Wimx, — 5 H [xi.,k 3
=0

where R}, is the measurement noise covariance matrix

Step 5: calculate the Kalman gain.
-1
Ky = szkaz,k
Step 6: Update the state vector and the covariance matrix.

R =%, —|—Kk[2k—2k_]
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(5.27)

(5.28)

(5.29)

(5.30)

(5.31)



Po= P, — KiPiK{ (5.32)

Matrix operation makes the process comparatively easier and as the non-linear function is cal-

culated at sigma points the Jacobian is not required.

5.4.2 Sensor fusion for localization

AUV localization is essential for underwater navigation. Here INS is used for this purpose.
INS will fuse the IMU, GPS, depth sensor and dynamic model output to estimate the state
of the AUV. For development of INS and simulation work mathematical models of the above
mentioned sensors are developed. As discussed in the previous section the measurement noise
are assumed to be Gaussian white noise. Thus the sensor models are developed by adding white
noise to the corresponding output from the dynamic model. Sensor properties and models are

presented below.

IMU

Inertial Measurement Unit (IMU) houses accelerometer, gyroscope and magnetometer sen-
sors and the acceleration, rotational speed and magnetic field intensity data are obtained from
them respectively. IMU acceleration measurements are integrated twice and gyro outputs are
integrated once to obtain positions and orientations. But with error bias, magnetic interference
and error with integration the position results drift with time. INS calculates relative position
and orientation of a dynamic system relative to a known starting point, orientation, and veloc-
ity using the data from motion sensors (accelerometers), and rotation sensors (gyroscopes) as

shown in the Fig.[5.23] A IMU model is developed as shown in the Fig. [5.24]
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Figure 5.23: IMU observer structure

Figure 5.24: Dveloped IMU sensor model

Here LSM303D MEMS Ultra-compact high-performance eCompass module with 3D ac-

celerometer and 3D magnetometer is used and the sensor properties are presented in the table

below.
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Table 5.6: IMU Sensor Properties

IMU
Communication: 12€: 100 kHz
SPI: 400 kHz
Accelerometer
measurement range: | +2 g,..., 16 g
sensitivity: 0.244 mg/LSB for Linear acceleration FS = £+8 g
noise density: 150 ug/v/Hz
Magnetometer
measurement range: | +2 gauss,..., £12 gauss
sensitivity: 0.320 mgauss/LSB for Magnetic FS = 48 gauss
noise density: 5 mgauss/RMS
Gyro
measurement range: | 245 dps,..., 22000 dps
sensitivity: 17.5 mdps/digit
noise density: 0.011 dps/v/Hz

GPS

Global Positioning System (GPS) signal only works to few cm depth from water surface.
GPS and high frequency radio signals in the underwater environment makes localization and
navigation very challenging for AUVs. But GPS can be used to obtain the initial condition data
as well as can be used for eliminating the bias build by surfacing the AUV intermittently. Here

NEO-7 GNSS module is used for GPS. GPS sensor properties are presented in the table below.

Table 5.7: GPS Sensor Properties

| GPS |

Horizontal position accuracy: | Autonomous 2.5 m

Frequency of signal:

Max navigation update rate:

0.25 Hz, ..., 10 MHz
10 Hz

Velocity accuracy: 0.1 m/s
Heading accuracy 0.5 degrees
Operational limits:

Dynamics: 4¢g
Altitude: 50,000 m
Velocity: 500 m/s

Depth Sensor

The pressure sensor used has a resolution of 0.2 mbar or a depth resolution of 2mm and can

work upto a depth of 300m underwater and communicates over 12C.
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Sensor Fusion

Considering the sensor noise the sensor models are developed by adding these noise to the

corresponding output from the dynamic model. Fig.[5.23//5.26/5.27|and[5.28| present the position

and orientation output from different measurement sources.

EIMUX B inputy EGPSX

Position in m

Time in Sec

Figure 5.25: Position in X axis
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Figure 5.28: Orientation about Z axis

The INS is developed in the MATLAB”Y Simulink”™ software as shown in Fig. The
AUV model is presented in the “stateTransitionFcn” and three measurements are considered
from IMU, GPS, and depth sensor. Covariance matrices are defined according to the measure-
ment noise and sensor resolution. Fig. shows the model depth output and UKF depth
estimate. The UKF estimate is close to the depth sensor data rather than the IMU data. The
IMU depth estimates deviates from the true value due to accumulation of error (Fig.[5.27). UKF

estimate is close to the confident sensor data.

AUV model:
n=Jn)v
(5.33)
Mv+C(v)v+D(v)yv=1
Sate-space model:
X =Ax+Bu
x=n"v" =1
(5.34)
0 J o
A m) B
0 —M~'(C+D) M

System state vector is defined as follows.

T.,T

X = [n v ]T = [x7yﬂz7\|”7u7v7wﬂr]T
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Sensor measurement vector is defined as:

— [IMU IMU IMU IMU JIMU ,JIMU JIMU JIMU ~GPS . GPS depth\T
Yk—[ﬂx Ty 7Nz My Ve sV 5V Ve e My TN ]k

System state evolution and sensor measurement equation are expressed as:

X = f(x—1) +wi—1

Mk = Mlk—1 + AT [B] +wi_;

[B] contains system parameters, [AT] discrete sample time .

yi = H (xx) + vk

(5.35)

(5.36)
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Figure 5.30: UKF vs model depth output
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5.5 Summary

Guidance and close-loop control system developed for the AUV is presented in this chap-
ter. Guidance system generates desired trajectory for way-point navigation using LOS strategy.
Here the AUV will closely follow the line of sight vector between the target way-point and
starting position. The next way-point will be selected once the AUV is within the acceptance
radius of the way-point. A control system has to work closely with the navigation system to
enable the AUV to reach a target position. Here initially a PD controller is developed, but the
existing steady state error due to under-actuation leads to development of a PID close-loop con-
trol strategy. The controller is developed using MATLAB?Y Simulink”™ and simulated with
different target points. The PID control gains are tuned heuristically to reach the target point
without much oscillation and overshoot. A path with multiple way-points is also simulated.
PID controller is also compared with PD controller to show that the steady state error found
in case of the PD controller for the under-actuated system is minimized by the PID controller.
The AUV uses Inertial navigation for localization. IMU, GPS and depth sensor outputs along
with the output of system dynamic model are fused together using the state estimator UKF to
estimate the AUV position and orientation. UKF is best suited for this coupled non-linear sys-
tem. For the simulation GPS and depth sensor models are developed considering the system
model output and sensor bias. The position estimate is used in the feedback loop of the control
system to maintain the path of the AUV close to the desired path. As shown in this chapter
the PID controller has to be tuned for different paths and the controller gains are not universal.
Thus a adaptive controller is highly desirable and practical. Development of an robust adaptive

controller is presented in the next chapter.
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Chapter 6

ADAPTIVE CONTROL OF THE AUV

6.1 Introduction

Dynamic model based PID controller developed in the previous chapter is able to follow
different trajectories, but the controller gains have to be tuned for each trajectories. Thus use
of an adaptive controller is highly practical for an AUV working in dynamic underwater con-
ditions. In uncertain environments soft computing techniques such as Fuzzy logic and Neural
networks are popular tools to control the system. Fuzzy controller based on fuzzy logic is one
of the most popular adaptive control technique. Fuzzy logic is a mathematical system which
considers analog inputs in form of logical variable which can take continuous values between
0 to 1. PID parameters are difficult to tune for complex coupled non-linear AUV model. Using
fuzzy rules these parameters can be adjusted to address the environmental disturbance making
the controller adaptive. Neural network controllers have gained popularity and seen a large-
scale adoption in recent years because of exponential advancements in computer infrastructure.
Artificial neural networks are computing systems inspired by biological neural network with
machine learning algorithms for data processing. A Neuro-Fuzzy system can be used to de-
velop an accurate black box model of the system considering the environmental forces which
will help to adapt to different environments. In this chapter, following the introductory section,
section 6.2 presents a self adaptive Fuzzy-PID controller and a comparison study with the de-
veloped PID controller. Development of the Neuro-Fuzzy controller is discussed in the section

6.3. The summary of the chapter is presented in section 6.4.
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6.2 Self adaptive Fuzzy-PID controller

As the PID controller has to be tuned for individual path, little deviation from the path due
to dynamic environmental disturbance will cause the PID controller to fail. In such scenario use
of Fuzzy controller to adapt to variation of the path brings robustness to the controller. A PID

controller with some allowed variations in the control gains can be formulated as follows.

ult) = (Kp(0)e(0) + [ (Ki(R)e(®)d(®) + L (Kalt)e(r)

= RS+ 8kp(0)]e0) + [ 0+ AD](DD) + (K5 + Ma(0]e(1)

6.1

where, K, (t) = kg + Aky(1); Ki(t) = kY + Aki(2); Ky(t) = k) + Aky(t) are the control gains
with some allowable variation.

kg, k?, kg are the PID controller gains similar to that presented in the previous chapter. These
parameters are time independent.

Ak (t), Aki(t), Aky(t) are time variant and adapted during simulation. These parameters can

be obtained from the fuzzy controller. Using these parameters the control law can be presented

as follows.

u(t) = u(t)? + Au(r) (6.2)

where,
e = We(0)] + [ Wela)lam)+ K2

Ault) = 18k, (10e0)] + [ IR (DI(EA(0) + 5 1Ak 0)e(e)

(6.3)

Here a Fuzzy Logic Controller (FLC) is proposed for generating Ak, (t), Ak;(t), Aky(t). The
FLC uses the fuzzy linguistic variables NL, NM, NS, ZR, PS, PM, PL which represent Negative
Large, Negative Medium, Negative Small, Zero, Positive Small, Positive Medium, and Positive
Large, respectively. The FLC has two inputs. One is the system error (e(7)) and the other one is
error rate (é(7)). To produce the three signals, the FLC needs three outputs. Consequently, the

FLC has two inputs and three outputs that are shown in Fig. [6.1]
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Figure 6.1: Fuzzy logic controller

When the error is large, k, should be large to have fast response. A smaller value of kg4
prevents instantaneous value of error rate to be very large. In order to avoid the overshoot
due to a larger system response, the integral action should be limited, thus k; value should be
very small. When the error is medium, in order to ensure fast system response and have small
overshoot, k, should be reduced, while larger k; increases the impact of system response, k;
should be in medium range. When error is small, to ensure that the system has the ideal steady
state performance, k;, should be large and k; should be small. Considering these facts fuzzy

rules for k, kg and k; are designed which are presented in the Tables.[6.1} [6.2]and [6.3]

Table 6.1: FLC rules for Ak, ()

NL NM|NS| Z | PS | PM | PL

NL PL | PL  PM | PM | PS | PS Z
NM PL | PL | PM | PM | PS Z Z
NS PM | PM | PM | PS Z | NS | NM

Z PM| PS | PS| Z | NS |NM | NM
PS PS | PS | Z | NS | NS | NM | NM
PM Z Z | NS |[NM | NM | NM | NL
PL Z | NS |NS |NM | NM | NL | NL

The membership functions for the inputs and the outputs are trimf and gbellmf, respectively.
Here gbellmf and trimf represent generalized bell curve membership function and triangular
curve member function respectively in fuzzy logic as shown in the Fig. FLC input and out-

put range of the membership functions and the parameter values are presented in the Table. [6.4]
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Table 6.2: FLC rules for Ak;(¢)

P NL | NM | NS Z PS | PM
NL NL | NL | NL [NM |NM | Z
NM NL | NL |[NM |NM | NS | Z
NS NM [ NM | NS | NS Z PS

Z NM | NS | NS Z PS | PS
PS NS | NS Z PS | PS | PM
PM Z Z PS | PM | PM | PL
PL Z Z PS | PM | PB | PB

Table 6.3: FLC rules for Aky(t)

p NL | NM | NS | Z |PS| PM
NL PS | PS Z Z | Z | PL
NM NS [ NS | NS |NS| Z | NS
NS NL | NL |[NM NS | Z | PS

Z Z Z Z Z | Z Z
PS NL  [NM| NS I INS| Z | PS
PM NM | NS | NS INS| Z | PS
PL PS Z Z Z | Z | PL

ML N

NS

Membership function plots

PS5
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Figure 6.2: Fuzzy Logic Membership Functions (a) trimf and (b) gbellmf
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Table 6.4: FLC input output parameter range
é e Ak (1) Ak;i(t) Aky(t) z 1 kY
X [-11] [-0.5 0.5] [-5 5] - [-9 9] 10 - 17.7
Y | [-0.7 0.7] [-11] [-0.30.3] | [-0.06 0.06] | [-1.51.5] | 0.7074 | -0.1 | 1.68
Z | [-0.20.2] [-0.4 0.4] [-9 9] - [-15 15] 18 - | 30.527
v [-4 4] [-1300 1300] | [-100 100] - [-50 50] 200 - 90

Simulation Result

Developed self adaptive Fuzzy-PID controller is simulated in MATLAB”™ Simulink”™ for

multi waypoint trajectory. Controller was able to flow the 3D trajectory successfully. For com-

parison and validation of the Fuzzy-PID controller the same multi Way-point path is simulated

with PID and Fuzzy-PID controller changing the control gains. Control gain parameters used on

this simulation for both the controllers are presented in the Table. [6.5] As the the control gains

are not the tuned parameters the PID controller failed to follow the path (shown in Fig. [6.4),

where as the adaptive Fuzzy-PID controller was able to follow the trajectory (shown in Fig.

6.3). The error tracking results of the Fuzzy-PID controller is presented in the Fig. [6.6l The

desired position input and the controller output along X-axis, Y-axis and Z-axis are presented in
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the Fig. [6.7)/6.8] and [6.9] respectively. This may be noted that the results shows the Fuzzy-PID

controller can adjust the controller gains and adapt to dynamic environmental conditions.

Table 6.5: Controller gain parameters considered for simulation

osition ;| veloci v
posit kp | k locity | k&
X 10 | O 17.69
y 0.71 | -2 v 1.68
z 18 | O w 30.53
v 160 | 0 r 50
GQ
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4 oC o e | O Way-Point
24 @O _ O :’:’y-Pnint P _ 2.5 ——SFPID ¢
E —= E 5
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Figure 6.4: Position Tracking PID controller Figure 6.5: Position Tracking Fuzzy-PID con-
troller
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Figure 6.6: Error tracking Fuzzy-PID controller Figure 6.7: X position with time
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Figure 6.8: Y position with time Figure 6.9: Z position with time

To further showcase the robustness of the controller, simulation is carried out with a different
waypoint trajectory without tuning the controller for the path. Position tracking of the PID and
SFPID controller is presented in the Fig.[6.10} It may be noted that the SFPID was able to adapt
to the scenario and achieve the targeted waypoints but the PID controller was failed to achieve
the waypoints and deviated from the path thus the SFPID controller performance is far superior
than that of the PID controller as it can adapt deviations in the path. The same effect can be
observed in the error tracking as shown in Fig. [6.11| where the error increases before decreasing
and takes longer time by PID than the SFPID. Position tracking along x and y axis as shown in

Fig.[6.12]and [6.13] respectively for the PID and SFPID controller shows the same effect.

10 1 1 1 1 1 1
—PID
—— Desired path
O wp
5 ——SFPID

Y axis (m)

X axis (m)

Figure 6.10: Position tracking with time for PID and SFPID controller
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Under External disturbance

To study the controller performance under external disturbance force such as river and ocean

currents simulation is carried out with considering sinusoidal disturbance forces (Bak et al.

[146]) as follows:

Jaiss = [3Sin(l‘), 2sin(z‘), Cos(t) 7 O]T 6.4)

Position plot (Fig. [6.14) of the SFPID controller under external disturbance shows the con-
troller is able to achieve all the targeted waypoints successfully but not always along the least
distance path due to presence of external force. Tuned PID controller under same conditions
failed(Fig. to achieve last two way points and deviated from the path under external dis-

turbance.

- - ~ Desired Path
) Way-Point 35 o Desirad Path Q
SFPID () Way-Point L=
s —=Fg g SFPID ™ gl
ist Lo
£249 |---PD @--‘"J
— g (:\ -
E 2 = @»ﬂ"" =]
= F e
g 814 AT
@ 7
¢ A
o 0
E 6
1 1 2 0 2 4
Y Position inm x Position in m

Y-Position (inm) 4
Figure 6.15: Position tracking with external dis-

turbance of PID vs SFPID
Figure 6.14: Position tracking with external dis-

turbance of SFPID

6.3 Adaptive Neuro-Fuzzy Controller

Fuzzy-PID controller will help adapt to different trajectories without specifically tuning the
controller for that path. Dynamic unknown environmental forces still may deviate the AUV
from its trajectory. To consider the unknown system parameters in the controller design, a
Neuro-Fuzzy controller is developed with accurate dynamic model of the system considering
the environmental forces and will help adapt to different environments. Adaptive Neuro-Fuzzy

Inference Systems (ANFIS) of MATLAB™ is used for development of the NN model of the
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system. Control system of the AUV is presented in the Fig. The desired state from the
motion planning and the actual state is compared and error is feed into the controller. Controller
output are the forces which are supplied to the thrusters for AUV motion. These forces are also
used by the dynamic model of the system to estimate the state of the AUV. This estimate along
with measurement from the IMU, GPS and depth sensors are fused to provide an accurate AUV
position using UKF. The dynamic model used here is not that accurate as some assumptions
are considered during derivation of the coupled non-linear system model. Using the ANFIS
module of MATLAB™™ a system correlation can be developed between the thrust input and
the experimental AUV position from the INS. This system model will be accurate and will
have environmental effect which are otherwise difficult to model. This process is presented in
the Fig. [6.16(a). This experiment will be an initial process to develop the system model for
a particular environment. Fig. [6.16(b) represent the controller during operation of the AUV.
Error between the Fuzzy-PID controller output and the ANFIS model will be used to update the

model thus the controller will adapt to the unknown variable environmental effects.

ANFIS
Model )

ANFIS
Model

.
4

/" Adaptive

+
7(t) AUV m@nt)  t(t) AUV (n(t) (®))

(a) (b)

Figure 6.16: Neuro-Fuzzy Control
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Neural Network Model

During the field test in the river dam the control input signal to the thrusters, accelerometer,
gyroscope, and depth sensor data are recorded. Controller signal and sensor data are produced
at a different rate. First, the data are converted to time series data and synchronized. Two
independent NN models are fitted for horizontal and vertical motion, respectively each with
ten hidden layers and two output layers (Fig. [6.18). The NN model is trained with the exper-

imental data using the Levenberg-Marquard algorithm using the MATLAB™

Deep Learning
Toolbox”™ . The horizontal and vertical motion model is fitted with 0.85 and 0.83 regression
value(Fig. [6.19] [6.20)), respectively. For both the models the correlation is established between

the position and velocity as input and thrust produced as output.

(b)

Figure 6.18: Neural Network model of (a) horizontal motion and (b) vertical motion
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Simulation

The developed NN models is used in parallel with the developed PID controller to improve
the controller performance to address the unknown system behavior. The Nuero-Fuzzy PID
controller is developed in MATLAB’™ Simulink’™ (Fig. . Successful simulations show
good controller performance. NFPID is able to handle trajectories without specifically tuning
the gains for the path (Fig. [6.22)) like the SFPID controller. During a field run the NN model
can be updated for the current environment and can provide good performance in dynamic
environment. Comparison of the error tracking as shown in the Fig. [6.11} position tracking
along x, y, and z axis (Fig.[6.12] [6.13) for the NFPID and SFPID controller show slightly better
performance of the NFPID controller but both the controller are able to follow the trajectories.
SFPID controller takes 10 second longer to complete the trajectory but struggles with the last
way-point. Controllers relays on the PID controller gains. The controllers will be able to handle
deviations from the path due to environmental disturbances but for a drastically different path

the PID controller gains have to be tuned.
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Figure 6.21: Neuro-Fuzzy Controller
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External disturbance

To study the controller performance under external disturbance force such as river and ocean

currents simulation is carried out with considering sinusoidal disturbance forces (Bak et al.

[146])) as follows:

faise = [3sin(1), 2sin(t), cos(t),0]T (6.5)

Position plot (Fig.[6.14) of the NFPID controller under external disturbance shows the controller
is able to achieve all the targeted waypoints successfully but not always along the least distance

path due to presence of external force.
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Figure 6.27: Position tracking with external disturbance of NFPID

Comparative simulation study is carried out under higher magnitude external disturbance
force as follow.

faise = [5sin(t), 4sin(t),3cos(t),0]" (6.6)

SPID controller under same conditions failed(Fig. [6.13)) to achieve the way points and deviated
from the path under external disturbance. While the NFPID controller is able to achieve the
way-points but is not able to move along the shortest path due to presence of high external

disturbance.
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6.4 Summary

In this chapter a self adaptive Fuzzy-PID controller is developed using fuzzy logic system
to estimate the variations in the PID controller gains. Successful simulations with MATLAB"M
Simulink”™ model show case the controller can adapt to different trajectories. Comparative
study of the Fuzzy-PID and PID controller is also presented to show the advantage of the adap-
tive controller. Simulation with external disturbance is also presented to show the robustness
of the controllers. Adaptive network-based fuzzy inference system (ANFIS) is used to develop
Neural Network (NN) model of the AUV with the field test data. The performance of the de-
veloped NN model is verified with another set of experimental data. This NN system is used in
parallel with the PID system to address unknown system parameters and handle dynamic envi-

ronmental forces. The developed controller is successfully simulated to show case its robustness

and excellent dynamic stability.
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Chapter 7

CONCLUSION AND FUTURE WORK

7.1 Introduction

In this chapter, the conclusions related to the design, development of an UUV and control
system developed for AUV operation is presented. A compact UUV is designed and developed
keeping in mind the identified requirements. A detailed mathematical model of the system is
developed with system parameter identification and validated with experimental results. Both
simple and adaptive controllers are developed for autonomous operation and simulations are
carried out to showcase its stability. The general and specific conclusions are given in the next

sections. The scope of future work is also highlighted in this chapter.

7.2 General Conclusion

In this work, a compact UUV is designed and developed. First the design requirements are
identified for a compact underwater robot. Different essential internal components are selected
and equivalent CAD models are developed. As a single thruster is used for vertical motion, the
C.G. of the UUV must be close to the C.G. of the central thruster. To achieve this objective,
linear search optimization is carried out using the MATLAB”™ Optimization Toolbox”¥ to
find the optimal position of the components along the X-axis. After fixing the position of the
internal components, a side section of the encloser is developed, considering the dimensions

of the internal components. A parametric fluid flow study of the 2D section is conducted with

ANSYS FLUENT and optimization tool to find the optimal shape of the cross-section having

TH-2812_166103029 142



minimum drag coefficient. Slightly elliptical cross-section is selected to have less buoyancy. A
closed frame structure with the selected cross section and the optimal side sections is developed
with 3D modeling software SOLIDWORKS”Y . The hydrodynamic study is carried out using
the CFD software ANSYS FLUENT” to find out the drag experienced by the UUV during its
motion. According to the simulation results, the thrusters are selected for UUV to achieve 2 m/s
speed. The FEM analysis is carried out to find the stress developed at different water depths
showed that the UUV structure could withstand underwater pressure up to 100m depth with 1.84
factor of safety. After validating the UUV design, the structure was manufactured using glass
fiber composite. The UUV is installed with required controllers (Pixhawk and Raspberry p1)
and sensors (temperature, pressure) for both ROV and AUV operations. System is successfully
operated in a lake, a pool, a river, and a dam. Field test of the UUV shows operational details
of the UUV.

After development of the UUV next objective was to develop a robust controller. To achieve
this goal, first the kinematic and dynamic model for the existing underwater robot is developed
in 6 DOF. To simplify the complex dynamic model some assumptions were made. According
to the assumptions the dynamic model has been converted to 4 DOF model neglecting the pitch
and roll motion. Inertia and buoyancy parameters are estimated using detailed CAD model and
physical measurements. Added mass matrix is calculated using slender body theory. Hydrody-
namic parameters are estimated with CFD analysis for surge, sway, heave,and yaw motion. An
empirical correlation between the input signal and thrust output is developed with the experi-
mental data. MATLAB™ Simulink”™ model and simulation platform is developed with the
UUV model. Developed SIMULINK model is verified with open loop simulations for linear
and curved path. Comparison of experimental field data and the system model output shows
matching trend in prediction of heave motion.

A 3D guidance system is developed using waypoint technique and LOS strategy. The guid-
ance system has to work with controller for the AUV to maneuver and follow the defined path.
Inertial navigation system is developed to be used in the feedback loop of the controller to es-
timate accurate state of the AUV. INS used UKF to predict the AUV state, taking input from

dynamic model, depth sensor, GPS, IMU measurements. Using the developed dynamic model

TH-2812 166103029 143



a closed-loop PID controller is developed using partitioning law for this non-linear coupled
system. Controller gain parameters are selected to achieve a quick and stable response. The
controller is simulated for specified target location as well as multi way-point 2D and 3D tra-
jectory and results are discussed.

A self adaptive fuzzy PID controller is developed using the developed PID controller and
Fuzzy logic and simulated with MATLAB’™ Simulink”™. A comparative study between the
PID and Fuzzy-PID controller is carried out show-casing that the Fuzzy-PID controller can
adapt to deviation introduced in the tuned parameters, where as the PID controller failed to do
so. Thus, the SFPID controller can adapt to deviations in the trajectory due to environmental
disturbances. Independent Neural-Network models are developed for heave and planner motion
with experimental data collected during field trials. The developed Neural network models
predict the robot motion with minimal error. Neural network model is used in parallel with the
PID system for adapting to various environmental conditions and unknown model behaviour.
Simulation with external disturbance is also presented to show the robustness of the controllers.

The NFPID controller is able to handle higher disturbance than the SFPID controller

7.3 Specific Conclusion

In this section specific conclusions related to design and development of a compact UUV

have been presented.

7.3.1 Design and development of the UUV

* Linear search optimization is carried out to find the optimal position of the components
maintaining the overall C.G close to the C.G of the central thruster. With the components

at the optimal positions the C.G is found to be at 0.84 mm from the center.

* A parametric fluid flow study of the 2D section is conducted with ANSYS FLUENT’M
and optimization tool to find the optimal shape of the cross-section having minimum drag
coefficient. The optimal shape is found with /| and /3 parameter values as 70 mm and 56

mm respectively.
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* CFD analysis has been carried out with the designed model to find out drag force at
different flow speeds. Empirical correlation has been developed between the flow speed
and drag force and actuator capable of producing 30 N of thrust is selected to achieve 2

m/s speed.

STM gtatic structural mod-

* Finite element stress analysis has been carried out with ANSY
ule to show the designed model can withstand water pressure at 100 m depth with 1.84

factor of safety.

* The C.B is found to be 9.7 mm above the C.G along the same vertical line making the
system stable from rollover. C.G is 1.67 cm away from the center along the vertical

direction creating a possibility of pitch motion with high vertical thrust.

* A compact underwater robot is developed with following specifications:

length 55 cm, Width 43 cm, height 15 cm and weight 14.7kg.

It has a neutral buoyant, three-part modular structure.

Two 90 ° woven and one random glass fiber layers are used for manufacturing.

System is designed for speed of 2m/s and a depth up to 100m.

Temperature sensor with a accuracy of 4= 0.10C, a Depth sensor with a resolution of

2mm, and low light camera is used.

* During the river trial at Brahmaputra river, the UUV was able to move upstream against
a flow of 2.6 m/s. Depth achieved during this trail is 5 m and speed as indicated by the

Pixhawk controller is around 2.5 m/s.
» UUV is also deployed in a river dam upto a depth of 20 m.

* During a 30 min test run UUV battery voltage dropped from 11.6 V to 10.8 V, which
is 80% to around 20%. Thus with a single 5500 mAh Li-Po battery the system can run

around 45 mins.
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7.3.2 Kinematic and dynamic modeling of the UUV

A 6 DOF kinematic and dynamic model of the AUV is developed considering different
forces acting on the system and simplified to a 4 DOF model with appropriate assump-

tions.

* Inertia and buoyancy parameter are estimated using Detail CAD model and physical mea-

surements.

* Hydrodynamic parameter estimation is carried out with multiple CFD simulations along
surge, sway, heave, and yaw motion. Linear and Quadratic damping parameters along
surge, sway, heave, and yaw direction are (1.16 x 10719, 4.795), (3.902, 25.48), (6.574,
125.5), and (-11.53, 2.414), respectively.

* Experimental motion data from the lake run and mathematical model output with exper-
imental data input shows a matching trend with 4.5% and 13.63% error in prediction of

depth.

* Experimental motion data from the river dam run with upgraded neutral buoyant cable
and mathematical model output with experimental data input shows a matching trend

with 0.1% error in prediction of depth.

* Consideration of added mass effect improves the overall motion prediction of the mathe-

matical model close to the experimental results.

7.3.3 Planning, localization, and control of the UUV

In this section specific conclusions related to planning, localization, and control of the UUV

is highlighted.

* 3D guidance system is developed for way-point trajectory with LOS strategy. Here the
the system try to follow the line of sight vector between the start point and the target. The

acceptance radius is considered to be 0.2 m.
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* Simulation of the developed PD controller with the target point at (10,7,6) shows a steady

state error of 20 cm along Y axis. The error exist due to under-actuation in the system.

» Simulation of the developed PID controller with the target point at (10,7,6) shows a steady

state error of 5 mm along Y axis.

* PID controller is successfully simulated for a 2D way-point path with way-points at (0,0)
(3,4) (6,1) (8,4). The tuned proportional, integral, and derivative controller gains parame-
ters along x,y,z and y are (17,0,17.7), (0.71,-0.1,1.68), (232.97,0,30.5), and (2162,0,92.99),

respectively.

* PID controller is successfully simulated for a 3D way-point path with way-points are 10
equidistant points in x and z axes from 0 to 6 and O to 3 respectively and y-coordinates are
in form of a sine function of x-coordinates. The tuned proportional integral and derivative
controller gain parameters along x,y, z and y are (12,0,17.7), (0.71,-0.1,1.68), (20,0,30.5),
and (200,0,92.99), respectively.

» Constant velocity criteria introduced at the way points reduced time taken to complete the

path by 50%.

» UKEF is used to predict AUV state taking input from dynamic model, depth sensor, GPS,
IMU measurement. Sensor models developed introducing noise to the dynamic model

output for simulation.

» UKF output show case estimated state close to confident sensor data.

7.3.4 Adaptive controller design for the UUV

Specific conclusions related to adaptive controller design is presented in this section.

* Fuzzy-PID controller is developed by introducing fuzzy system to adjust the PID con-

troller gains.

* Comparison study of the PID and Fuzzy-PID system shows the adaptive nature of the

controller. Where the PID controller is unable to complete more than 2 way-points and
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deviate from the path the Fuzzy-PID system is able to complete the trajectory success-

fully.

* The controller is successfully simulation for different trajectories without tuning show-
casing the robustness of the controller and comparison with PID controller shows better

performance of the SFPID controller.

* The SFPID controller is able to handle external sinusoidal disturbance of the magnitude

3 N and The PID controller failed to achieve the waypoint under the disturbance.

* Neural network model for AUV heave motion is fitted with experimental data with re-

gression value 0.83.

* A separate Neural network model for AUV horizontal motion is trained with experimental

data with regression value 0.85.

* The NN models are used in parallel with the PID controller to develop the neuro-fuzzy

controller and successfully simulated for way-point trajectory. The comparison between
the SFPID and the NFPID shows slightly better performance by the NFPID as the SFPID

takes 10 seconds longer to complete the trajectory and struggles with the last way-point.

* The NFPID controller is able to handle external sinusoidal disturbance of the magnitude

5 N and The SPID controller failed to achieve the waypoint under the disturbance.

7.4 Scope of Future Work

In the preset work a compact low-cost AUV has been developed with a robust trajectory
tracking controller for autonomous operation. There are many scope to extend the present work

in order to enhance the AUV autonomy and operational efficiency.

e The UUV structure can be further optimized with more complex hydrofoil shape and the

structure can be developed with a composite 3D printer.

* Presently the AUV is a fixed buoyancy system and option of a variable buoyancy ballast

system can be explored in the future.
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* Addition of other sensors such as dissolved oxygen, turbidity, sonar etc. can be explored

to expand the vehicle capability.

* In this work fixed way-point navigation has been used. Development of a navigation

system for dynamic target tracking will add dynamic object following capability.

* Improvement of localization using stereo vision sensors can be explored for low-cost

localization solutions.
* Development of low-cost acoustic localization system can be explored for localization.

* In this work the developed controllers are simulated, these will be further implement in

the AUVs and real-world performance will be studied.

* Development of control system for obstacle avoidance with vision and sonar sensors will

be helpful in an unknown dynamic environment for collision avoidance.

* Manipulator can be added to the system for Intervention AUV operation.
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