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ABSTRACT

In the modern era Autonomous underwater vehicles are gaining impor-
tance for its major contribution in scientific, commercial and military underwa-
ter applications. To perform underwater task autonomous guidance and control
system is needed.This report consists the mathematical modeling and trajectory
control of the AUVs. The report covers a brief survey on available AUVs, sensors
used in it and its application in defense and commercial areas. Kinematic and
Dynamic equations are derived for the vehicle in 6 DOF motion. The vehicle can
operate in six degree of freedom motion having a highly nonlinear dynamic equa-
tion.
The open loop simulations for KAMBARA AUV have been carried out using
MATLAB/ SIMULINK for the experimental data available. A PID controller for
depth, pitch, roll, steering and forward direction is designed for the vehicle using
the knowledge of its EOM. SMC is also established for control of the Vehicle for
the above mentioned DOF, the results are simulated with MATLAB. The perfor-
mance of the designed controllers is evaluated by comparing results accomplished
with SMC and PID.
Ocean currents are one of major cause in the disturbance of the AUV motion,
it is therefore, important to add it to the dynamical EOM. The thesis includes
the performance comparison of the designed controllers in the presence of ocean
currents as well.
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Chapter 1

INTRODUCTION

Unmanned Under Water Vehicles (UUVs) can be classified to two types

• Autonomous Under Water Vehicles(AUVs)

• Remotely Operated Under Water Vehicles (ROVs)

Remotely operated underwater vehicle are underwater robots that has a controller

located above the surface of water. ROVs are controlled by person on surface

through a cable connection. Power and control signals are transferred to the

vehicle with the help of an umbilical cable also the sensor and video data is sent

back to the operator through it. For missions which require autonomy the ROV is

not preferred, it is convenient to use autonomous underwater vehicle. The Study

is focused on the deriving the EOM and control of Autonomous Under Water

Vehicles.

1.1 Autonomous Under Water Vehicles

AUVS are self-guided, pre-programmed vehicles with on-board sensors and com-

puter [6]. Operator has no physical (cable) connections with the vehicle. The

basic aim in designing the AUVs is to achieve a fully automatic, intelligent and

decision making vehicle [11]. Missions or tasks are loaded to the AUV in form of

instructions..

1.1.1 Basic Structure

AUVs Structure is designed to make its propagation smooth and easy in under

water environment.The basic units of AUVs are

1



Propulsion unit The propulsion unit consists of thrusters and propellers respon-

sible for the motion of the Vehicle under Water. Propulsion unit can have various

thrusters which can provide thrust in the desired direction. Usually stepper motors

are used for the rotation of the propellers. This Unit is the high Power consump-

tion unit of the AUVs.

Hull Unit A water tight hull is designed to keep the electronics and other cir-

cuitry sensitive to water in it. The Hull is a water tight easily accessible unit, it

is designed such that the components are easily adjustable and replaceable when

required. The hull should be corrosion free as it will be used in deep sea and salty

environment. Mostly found in spherical, cylindrical or ellipsoidal shape.

Power Unit It Consists of power generating and power distribution unit [6] [1].

Often sealed batteries are used for providing the power [11] while power is dis-

tributed to electrical components according to the requirement. Care is taken

while selecting the power generating source with respect to size, cost and reliabil-

ity.

Submerging The AUVs are often used under water rather than on the surface of

water so Submerging is needed. Two kind of techniques are used or submerging

of the vehicle which are:

Ballasting: This technique is used in static submarines. When AUVs are at the

surface of the water dry air is filled in the ballast tanks that gives density of AUV

less than the surrounding water. In order to sink the vehicle the tanks are filled

with water so that its density increases than the surrounding water and AUVs

starts submerging [12]

Thrusters: This technique is used in dynamic submarines. The thrusters point

downwards to push the submarines into the water. This technique is inefficient in

terms of power consumption.

2



1.1.1.1 Sensors used in AUV

Various Sensors are used for AUVs based on specified tasks the AUV is designed

for. The most common sensors used are discussed here.

Multi Beam Echo sounder

MBE are used for mapping seabed by emitting sound waves. It also calculate

water depth by calculating the time taken by sound waves to bounce back from

seabed towards the receiver.

Sub Bottom Profiles

Sub Bottom Profiles (SBP) has the same working principle as MBE but with

greater penetration power. It produces a pulse of 10khz-30khz capable of pen-

etrating through the seabed, SBP are ideal for identification layers of sediment

under sea floor.

Synthetic Aperture Sonar

Synthetic Aperture Sonar (SAS) gives higher resolution images as compared to

other sonars by combining number of acoustic pings. SAS illuminates the same

spot with several pings to create a high resolution image.

Side Scan Sonars

Side Scan Sonars (SSS) are used for conducting marine archeological surveys.

Mostly used for detetion of objects on the seafloor.

Conductivity Temperature Density

For measuring the essential physical properties of sea water like conductivity, tem-

perature and Density CTD is one of the important tool. It gives a precise compre-

hensive charting of distribution and variation of water temperature, salinity and

density.

Acoustic Doppler Current Profiler

The speed of sea water is measured with ADCP. It uses doppler effect of sound

waves to measure speed in an entire water column.

Turbidity Sensor
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This sensor measures the haziness of water by calculating the amount of light

scattered by suspended particles in water.

1.1.1.2 Navigation System used for AUV

Autonomous under water vehicle are fully autonomous vehicle which results a

challenging task for navigating the vehicle in a highly unstructured environment.

In order to perform the missions accurately the AUV must follow the path as

specified to it as close as possible. Maintaining Position accuracy of AUV is a

primary challenge in navigation of AUV. Different methods for navigation of AUV

are discussed.

Inertial Navigation

Dead Reckoning techniques uses the vector information i.e direction and speed to

estimate the current position from a known starting point. This technique is not

preferred as the position accuracy is dependent upon the vector information.

Inertial Navigation system (INS) uses accelerometers and gyroscopes for measur-

ing the acceleration and position of the AUV without any external reference. In

inertial navigation system Inertial Measurement Unit (IMU) is the main compo-

nent. Inertial navigation system are subjected to integration drift. Small errors

in acceleration are integrated to constantly can results greater error in position

of AUV. For improvement Doppler Velocity Log (DVL) sonar is used for longer

missions. DVL has the limitation to be used only near the sea bed. DVL and INS

are combined to improve performance but with the same limitation that it has a

drift which may be reduced by resetting the drift to external reference point.

Acoustic Navigation

In acoustic navigation the underwater vehicle is tracked and navigated by means

of acoustic distances. The technique uses acoustic beacons in the mission area of

the AUV. The two common type of techniques used are long baseline (LBL) and

Ultra short baseline (USBL). The LBL uses at least two beacons which are placed
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on the seafloor. The acoustic signals sent by AUV are returned by these beacons

and using the knowledge of beacons position, speed of sound wave and time taken

by it the AUV can determine its current position. In USBL only a single beacon

is used which is attached to surface ship through which AUV can determine the

current location. LBL and USBL are range limited and are operated in a specific

range.

Geophysical navigation

Observable Physical features are used in Geophysical navigation to observe AUV

position. Usually the area map is provided to the AUV. Geophysical navigation

is dependent on the features available and extraction feature ability of the system

from the sensor data.

Figure 1.1 shows a typical structure for AUV.

Figure 1.1: AUV basic structure [1]
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1.1.2 Basic Operation

AUVs are pre-programmed with a specific missions in form of instructions. Ge-

ographical location, desired propellers movement, maps, intelligence of obstacle

avoidance and much more are loaded in it through instructions. As mentioned

before that AUV do not have any cable interface but it can have a telecommunica-

tion link with the operator for real time data interchange and change in missions

according to the requirement.

General Block Diagram for AUV

A generalized block diagram for an AUV can be as given in Figure 1.2

Figure 1.2: General block diagram for AUV
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1.2 Types of AUVs

1.2.1 REMUS

Remote Environmental Monitoring Units (REMUS) vehicles found its use in vast

applications like navy, hydrography and marine research. REMUS AUVs are de-

signed at Woods Hole Oceanographic Systems Lab n U.S.

• REMUS are Low Cost AUVs

• Designed by Oceanographic system lab

• Consists of propellers and wings to steer and dive

REMUS Models

REMUS vehicles differ by size, depth, endurance and payload sensor configuration.

Uses acoustic navigation. Data is recorded using different installed sensors. The

sensor information and Application of REMUS AUV is given with respective model

1.2.1.1 REMUS 100

REMUS 100 is a light weight AUV (37 kg) designed to operate in coastal environ-

ment. It has an ability of operating at 100 meters underwater. It has a diameter

of 0.19m and length 1.6m [13]. REMUS 100 can be configured according to the re-

quirement of the mission [8]. Easy and simple Vehicle Interference Program (VIP)

with two man portable capability. Can be used for any sub-sea application with

capability of having the required sensors.

Applications

1. Defense
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Figure 1.3: REMUS 100 AUV [2]

• Area search and surveillance

• Mine counter measures (MCM)

2. Commercial

• Emergency response

• Asset location

• Pipeline survey

Sensor

Various sensors can be used with Remus 100 including temperature sensor, salinity

sensor, SSS, sensor for sound speed and water velocities.

1.2.1.2 REMUS 600

REMUS 600 is AUV with a diameter of 0.32, length 3.2m and weight 272kg.

More payload capability with increased battery capacity. It has 45 hours mission

duration and depth range up to 600m. Sensors aided are[8].

Sensors

• Small Synthetic Aperture Minehunter (SSAM) : high resolution

• LSG (Large Scale Gradiometer) : large area search and target localization
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Figure 1.4: Remus 600 AUV [2]

1.2.1.3 REMUS 3000

It has the same size as REMUS 600 but increased payload and depth range.

REMUS 3000 is constructed of titanium and used for under water mapping and

imaging.

Sensors

• Dual edged side scan sonars

• Navigation system coupled with GPS and LBL acoustic navigation to in-

crease accuracy

1.2.1.4 REMUS 6000

It has a deeper depth range (6000 m) and wide range of Autonomous under water

operation. Configurable according to the customers required sensors.
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1.2.1.5 REMUS Shark-cam

Special type of REMUS Vehicle with ability to track and locate marine animal

like white shark. It is equipped with Camera and scientific instrumentation.

1.2.1.6 REMUS Tunnel Inspection

A 45 miles section of Delaware Aqueduct was checked for leaks by REMUS Tunnel

Inspection in 2004 [14].

1.2.2 HUGIN AUVs

Hugin Autonomous under water vehicles started in 1990s for civilian and military

applications. Kongsberg maritime and Norwegian Defence Research Establish-

ment are its developers. IT has depth capacity up to 6000m with completion of

about 600,000 line kilometre survey. Hugin AUVs are commercially operated in

Europe, Africa, America, Asia and Australia [14].

Sensors

• MBE: Multibeam echo sounders

• SBP: Sub Bottom Profiles

• SSS: Side Scan Sonars

• SAS: Synthetic Aperture Sonars

• CTD: Conductivity Temperature Density

• Turbidity sensors

• Methane Sensor

• Acoustic Doppler Current Profiler (ADCP)
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Figure 1.5: Hugin AUV [2]

Applications

• Mines countermeasures (MCM)

• Object detection through high resolution SAS.

• Rapid Environmental Assessment (REA)

• Intelligent Surveillance & Reconnaissance (ISR)

• Environmental Monitoring

Available models are:

1.2.2.1 Hugin 1000

It has depth capability of 1000m and work capability 24 hours with a speed of 4

knots.
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1.2.2.2 Hugin 3000

Hugin 3000 AUV has a diameter of 1 meter with a dive range upto 3000 meters

underwater. Its speed range is 4 knots and 60 hours work time.

1.2.2.3 Hugin 4500

It has a depth capability of 4500 meter with 30 % increased battery capacity and

more payload sensors.

1.2.3 Munin AUV

Munin are High position and navigation Capable AUVs. It consists of Autonomous

pipe tracking software for survey and inspection. Munin have depth capability 600-

1500 meters with high payload sensors. It has a diameter of 0.34m, length 2.6-3.5

meters and weight 300kg.

Applications

• Geophysical Survey

• Pipe-lining Survey

• Environmental Monitoring

• Hydrography (Route Survey)

• Search and Recovery

1.2.4 Sea Gliders AUV

Sea gliders are developed by Kongberg maritime. It uses wings and changes in

buoyancy to achieve forward motion, does not have any electrically driven pro-

pellers as shown in 1.7. Adjustable blast is used for orientation control. Sea gliders
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Figure 1.6: MUNIN AUV [3]

has a depth capability of max 1000m having a saw tooth like trajectory[13].

Sensors

• Current profilers

• Conductivity Temperature Density (CTD)

• Dissolve oxygen Sensors

• Photo-synthetically Active Radiation (PAR)

Applications

• Surveillance
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Figure 1.7: underwater motion of Sea glider [4]

• Environmental monitoring

• Oceanography

• Fisheries research

1.2.5 Blue-fin Robotics

Blue-fin robotics deals with development of AUVs and other technologies related

for commercial, defence and scientific use. Their models include
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Figure 1.8: Different available models of Bluefin AUVs [5]

1.2.5.1 blue-fin 9

It is a light weight AUV with accurate navigation and rapid turnaround time from

missions ( ≤ 15 minutes). Bluefin 9 provides accurate navigation by using IMU

with GPS,DVL, CT and a compass.

Applications

• Environmental protection and monitoring

• Rapid Environmental Assessment (REA)

• Intelligent Surveillance & Reconnaissance (ISR)

• Mine Counter Measures (MCM)

• Unexploded Ordinance
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1.2.5.2 blue-fin 12s

Blue-fin 12S is capable of carrying multiple payload sensors with rapid turnaround

time. It consists of swappable payload sections and battery modules so can be con-

figured within the field. This AUV is air shippable and ideal for remote operation

with max depth range of 4500 meters. It uses IMU combined with GPS,DVL,SVS

and a compass.

Applications

• Mine Counter Measures ( MCM)

• Unexploded Ordinance (UXO)

• Oceanography

• Archeology and Exploration

1.2.5.3 blue-fin 21

The depth range is increased in Bluefin 21 with multiple payload and sensors. It

uses INS with USBL to provide accurate navigation. Applications are same as

Bluefin 12S [15].

1.2.6 AUV Explorer

Explorer is a low cost operating AUV which is owned and operated by French

research agency. The depth range is 300-600 meters underwater. In spring 2010

it covered 1000 meters of travelling under ice covered water.

1.2.7 Iver 2-580 s Standard AUV

It is a single person operated AUV built by ocean server. It is a light weight (19

kg) and low cost operating AUV with depth capability of 100 meters.

Sensors
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• Side Scan Sonars (SSS)

• Multi Beam Sonars (MBS)

• Acoustic Doppler Current Profiler (ADCP)

• Conductivity Temperature Density (CTD)

• Acoustic Modem
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Chapter 2

EXISTING CONTROL APPROACHES

The main problems associated with control of AUVs are unmodeled dynamics,

parametric uncertainties along with nonlinear and coupled dynamics. By studying

literature of Unmanned under water Vehicles (AUV & ROV) it is observed that

research study related with ’control’ has a broad range. Listed below are the three

main categories these studies can be classified to.

Motion Control: it is related to the response of AUV for its input and the

stability of vehicle.

Mission Control: deals with achieving the pre-defined mission of AUV installed

on its board computer.

Formation control: deals with the organization control of numerous underwater

vehicles amongst them.

The figure 2.1 shows the schematic explanation of studies on motion control [6].
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Figure 2.1: Studies on motion control [6]

2.1 Control problems in AUVs:

Control simply means to achieve the behavior of the system according to our desire,

and the mechanism used to achieve the goal is called control system. Once the

mathematical modeling of the AUVs has been accomplished the main problem to

tackle is to design a controller for the vehicle which can handle the disturbances and

uncertainties accurately while achieving the desired task (position and velocity)

[6] [11]. Underwater vehicles controlling has always been a difficult area because

of the dynamics of underwater. Researchers have proposed many techniques for

controlling and stabilizing the AUVs. This research will be focused to design an

accurate controller for AUVs to achieve the autonomy

2.1.1 Stability of underwater vehicles

Stability for underwater vehicles is defined as its ability to return to the equilibrium

state once disturbed without use of any corrective action like use of control surfaces
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(thruster, motor etc.) [9]. Further we have two types of stability which can be

defined for Underwater Vehicles

2.1.2 Open Loop Stability (Control Fixed)

It is the stability of the vehicle investigated when the control surfaces are fixed

and does not vary.

2.1.3 Closed Loop Stability

It is the stability of the vehicle investigated when the control surfaces are varying,

this requires to consider the dynamics of control system in stability analysis.

2.2 Motion Control of Underwater Vehicles

To achieve better and robust performance in presence of environmental distur-

bances closed-loop control system is required. Sensors and navigation data are

used to feedback in closed loop system.

In 1990s control problem was mainly tackled by decoupling the 6 DOF motion

into three separate Subsystems for speed, diving and steering control.

For the control and stability of Autonomous under Water Vehicles numerous meth-

ods are used in literature. Two kinds of approaches can be used:

2.2.1 Linear Control Systems

A full state feedback control for diving control of AUV has been applied by [11] .

The technique is applied to USM AUV. Authors uses pole placement method to

calculate the gain matrix k. Paper provides good results with assumption that all

states are available. This assumption results in costly control and due to increase

of sensors the probability of error increase.

In [12] author Provides a feedback linearization for 6 DOF equation of motion

for AUV. The author decouples the 6 DOF equation of motion into six 2nd order
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deferential equation. The stabilization is achieved by adding a PD compensator

to each if the subsystem. This linear method is much dependent upon precise

modeling and ability to cancel out non linearities.

In [16] state feedback linearization technique has been adopted by the authors,

using linear Quadratic Regulator approach to find out the feedback matrix. In

order to satisfy the optimality this technique is utilized. It controls the four basic

motions u, w, θ and ψ. The designed controller lack the disturbance rejection

feature.

Computed torque control based PID tracking controller was adopted by [8]. The

computed torque needs the parameters to be known precisely. Also optimal control

is not guranteed by PID as AUV has highly nonlinear behaviour [6]. PID controller

for yaw, depth and surge speed control of AUV is also used in [13]. The author

uses a decoupled linear model.

A P-D set point controller is implemented in [15] by considering the AUV dynamics

and applied to fully actuated systems. Lyapunov based argument is taken to

guarantee the stability of AUV.

Optimal control for kinematic model of AUV is provided in [17]. Linear Quadratic

Gaussian (LQG) technique is used. This method is suitable for uncertain linear

system. The Author linearizes the system and transform it into chain form.

In [18] system identification (SI) is used to get the model through input/output

data utilizing an LQG controller. SI provides accurate and short time models

in short period of time saving to go through complex mathematical modeling

techniques.

2.2.2 Nonlinear control Systems

The technique considers the nonlinear dynamical model of AUV by considering

the uncertainties associated with the 6 DOF motion.

[19] uses SMC for Autonomous Underwater Vehicle. The non linearities in the

dynamical model of AUV are tackled using this robust technique. The stability of
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control system is achieved by lyponove theory. The problem with use of SMC is

the chattering issue. [20] Uses two techniques for nonlinear control of AUVs which

are Adaptive Passivity-based control scheme and hybrid (Adaptive & sliding) con-

troller. The hybrid controller contains sign function (switching) to compensate the

uncertainties in the input matrix & online parameter estimation are also provided

by the controller. The author simulates for horizontal motion of the AUV.

[1] Uses a smooth second order real twisting control for lateral dynamics control

of AUV. 3 DOF is controlled considering an under actuated control problem. The

model imprecision is avoided by considering nonlinear control scheme

A chattering free HOSM controller is provided in [21] for AUV Taipan. Author

compares the results with classical SM control. Techniques used are Twisting and

super twisting.

Adaptive nonlinear control for depth control of AUV is accomplished by [22] the

author breaks the assumption of small pitch angle. Back stepping is used to design

an adaptive nonlinear controller. A PID & Fuzzy logic controller is used in [23] to

track the horizontal under water telecommunication cable. Fuzzy logic controller

requires a fully known dynamics of the controlled system which is one of its lim-

iting factor.

The trajectory tracking and path following problem of AUV is addressed in [24].

System considered is under actuated system and author uses hybrid control tech-

nique. The problem not addressed here is noise and presence of disturbances like

wind, wave & ocean currents.

2.2.3 SMC and PID schemes for AUV

In the thesis two control schemes are addressed , PID and SMC. The control

schemes are simulated for the KAMBARA AUV, the prototype of KAMBARA is
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used as a reference to get a dynamical model for its simulation. SMC is one of the

robust non-linear control recently existing.

[25] addresses depth and steering control of AUV using SMC in open control plat-

form , the authors uses a linearized model for the corresponding state control.

The stability of other states is not discussed. [14] Utilizes PID & Sliding Mode

Control for linearized model of AUV. The technique is used for depth and head-

ing control of MUUTC (Manta Type Unmanned under Water Test Vehicle) and

results are compared with NPS (Naval postgraduate School) AUVII. PID lack to

handle the uncertainties accurately while sliding mode control can provide enough

robustness to uncertainties, The authors uses the linearized dynamical model for

the controller designing.

The 6 DOF equation of motion is linearized under several equilibrium points in

[26]. The authors derives a control law using SMC for the yaw steering control.

A non linear SMC is derived for the non-linear dynamical model of AUV in [27].

The designed SMC shows the accurate tracking of the velocities for AUV. In [28]

The depth of Hovering autonomous underwater vehicle (HAUV) is controlled using

robust sliding mode control.

2.2.4 Proposed Control Scheme

Going through the literature it has been depicted that a robust control is required

not only in depth displacement of AUV but in all 6 DOF for AUV. The stability

of the vehicle is required to be analyzed in the 6 DOF motion. It is also important

to check the vehicle performance in presence of the ocean currents, which are the

main cause to effect the motion of AUV. A novel SMC for the AUV is established

in the 6 DOF motion. The results are to be compared with the designed PID

controller.
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Chapter 3

MATHEMATICAL MODEL FOR AUV

The 6 DOF equation of motion for Autonomous Underwater Vehicle is completely

derived in this chapter. The chapter also covers the model of ocean currents

to be included in the dynamic model of the AUV. KAMBARA AUV is used

as a prototype and its open loop simulations are performed using MATLAB/

SIMULINK and the results are discussed.

3.1 AUV Kinematics

Kinematics deals with study of motion of body without considering cause of mo-

tion. The motion of AUV is explained with the help of two reference frames, BFF

which is denoted by(X0, Y0, Z0) and ERF denoted by (X, Y, Z). Figure below

shows the coordinates required for study of AUV.

Figure 3.1: Inertial frame and vehicle body frame [7]
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DOF Motion Forces /
moments

velocity translation /
orientation

1 Surge X u x
2 Sway Y v y
3 Heave Z w z
4 Roll K p φ
5 Pitch M q θ
6 Yaw N r ψ

Table 3.1: SNAME notation used for marine vehicles

3.1.1 AUV Coordinate and Frame of Reference

AUV has a 6 DOF motion. It is convenient to take the body-fixed frame origin and

the center of gravity (COG) to be the same. For AUV the ERF is presumed to be

inertial which results in no effect on the motion of AUV by the earths motion. The

translation and orientation are expressed in the inertial frame, while the linear and

angular velocities are expressed in the body frame for AUV. The general motion

of AUV can be given by the notations given by SNAME (1950) as:

η =
[

η1 η2

]

=
[

x y z φ θ ψ
]T

(3.1)

V =
[

V1 V2

]

=
[

u v w p q r
]T

(3.2)

T =
[

T1 T2

]

=
[

X Y Z K M N
]T

(3.3)

Here translation and orientation in earth reference frame is represented by η.The

linear and angular velocities in the body reference frame are given by V. While

the vector of forces and moments acting upon the AUV is given by T [9][1][29].

3.1.2 Transformation of Co-ordinates

In order to transform properties of one Reference frame to other a relation between

the two reference frame is required. Euler angles are used for the two type of
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transformation as discussed:

3.1.2.1 Linear velocity transformation

linear velocity transformation is given by:

η̇1 = J1(η2)v1 (3.4)

here η̇1 is the linear velocity transformed to earth reference frame through transfor-

mation matrix J1(η2) .The inverse transformation is given by v1 = J−1
1 (η2)η̇1, the

equation represents transformation of linear velocities from earth inertial frame to

body fixed frame of reference.

Simple Rotation

If we have two rigid bodies A and B then the motion of B relative to A will be said

to as simple rotation if the orientation of axis of rotation (L) remain unchanged

relative to rigid bodies A and B [9][30]. if we have a vector ’a’ fixed in A and

vector ’b’ fixed in B then b can be represented in terms of a by:

b = cosβa+ (1 − cosβ)λλTa− sinβλ× a

by using the xyz-convention for rotation of coordinates, the following transforma-

tion matrices are yielded.

Cx,φ =











1 0 0

0 cosφ sinφ

0 −sinφ cosφ











, Cy,θ =











cosθ 0 −sinθ

0 1 0

sinθ 0 cosθ











Cz.ψ =











cosψ sinψ 0

−sinψ cosψ 0

0 0 1











these matrices satisfy the following properties

det(C) = 1;CCT = CTC = I, C−1 = CT
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The transformation matrix J1(η2) can be calculated by combining rotation matri-

ces as calculated above. If X3Y3Z3 coordinate system is obtained by translating

inertial coordinate system XYZ, such that the origin of XYZ is same as that of

body fixed frame . Coordinate system X3Y3Z3 is than rotated yaw angle ψ, fol-

lowed by rotation at pitch angle θ and finally a rotation at roll angle φ to get body

fixed coordinate system X0Y0Z0 as shown in Figure 3.2 The rotation sequence is

written as:

J1(η2) = CT
z,ψC

T
y,θC

T
x,φ

J1(η2) =











cosψcosθ −sinψcosφ+ cosψsinθsinφ sinψsinφ+ cosψcosφsinθ

sinψcosθ cosψcosφ+ sinφsinθsinψ −cosψsinφ+ sinθsinψcosφ

−sinθ cosθsinφ cosθcosφ











3.1.2.2 Angular velocity transformation

Transformation matrix given by J2(η2) is used to transform the body fixed angular

velocity to earth reference frame. The relation is give by is given by:

η̇2 = J2(η2)v2 (3.5)

In order to get the transformation matrix we use orientation of body fixed frame

with respect to earth fixed reference frame which is given as:

v2 =











φ̇

0

0











+Cx,φ











0

θ̇

0











+Cx,φCy,θ











0

0

ψ̇











= J−1
2 (η2)η̇2

which gives:

27



Figure 3.2: Rotation Sequence according to xyz-convention
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J−1
2 (η2) =











1 0 0

0 cosφ cosθsinφ

0 −sinφ cosθcosφ











By taking the inverse transformation we get

J2(η2) =











1 sinφtanθ cosφtanθ

0 cosφ −sinφ

0 sinφ/cosθ cosφ/cosθ











The overall kinematic model can than be given by





η̇1

η̇2



 =





J1(η2) 0(3 × 3)

0(3 × 3) J2(η2)









v1

v2



 (3.6)

3.2 Equation of Motion of AUV

To derive the equation of motion of the AUV it is important to know the factors

which affect the dynamics of AUV. Discussed below are the factors that affects

the motion of AUV.

3.2.1 Factors Affecting Motion of AUVs

1. Buoyancy & Gravitational forces

force exerted on body equal to the volume of water it displaces is called

the buoyant force. weight (W) and Buoyant (B) are collectively known as
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hydrostatic forces. Hydrostatic forces are critical in destabilizing the AUV.

If

• W > B , Object sink

• W < B , Object float [1]

For submerged bodies stability the COB should always be above the COG.

Also for a stable AUV the COB and COG is aligned , any misalignment

in both will result in a moment which disturb the stability of AUV. AUV

having the same COG and COB is called a neutrally buoyant AUV.

Figure 3.3: a) Stable position of a submerged body b) Unstable position of a
submerged body [8]

2. Coriolis Forces

Coriolis force/ effect is phenomena in which a moving object is deflected

relative to a rotating frame of reference and it is applied in a perpendicular

direction to the body. Coriolis force is applied in opposite direction of the
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rotation of rotating reference frame.

3. Added Mass

Added mass are pressure-induced forces and moments as a result of forced

harmonic motion of the body. There are no incidents waves but the forced

motion of the body results in outgoing waves. This forced motion results

in oscillating fluid pressures on the body surface. The resulting forces and

moments on the body are found out by integration of fluid pressure forces

over the body

Added mass terms are related to vehicle shape, volume, acceleration and

mass [31] [32] [33]

4. Hydrodynamic damping

Forces acting on body due to velocity of surrounding fluid and fluid displaced

by the body are called hydrodynamic damping forces. it results in coupling

and non-linearity in AUV. the forces included are Drag and Lift

• Drag : Force in opposite direction to velocity, as a result of fluid

• Lift : In perpendicular direction to the AUV velocity

Both of these forces resist the motion of AUV [1] [8]

3.2.2 Equation of motion

The EOM can be deducted using Newton Second law of motion.

Assumptions while deriving:

1. The body of vehicle is rigid

2. ERF is assumed to be inertial
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The assumption of the vehicle to be rigid is important as it eradicates the forces due

to individual elements as distance between elements is always constant and second

eliminates forces due to earth motion. The formula needed to derive equation of

motion for an arbitrary origin in a local Body fixed coordinate system is

ċ = c̊ + ω × c

where ċ is time derivative in the inertial frame and c̊ is time derivative in BFF

XoYoZo (moving).

so we can write,

ω̇ = ω̊ + ω × ω = ω̊

the relation shows that the angular acceleration is same in body and earth reference

frames .

Figure 3.4: The earth-fixed non-rotating reference frame XYZ and body-fixed
rotating reference frame XoYoZo [9]
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3.2.2.1 Translational motion

The relation to derive the translation motion for AUV is given by

Ṗc = fc (3.7)

Ṗc = mvc (3.8)

where Pc is the linear momentum referred to the vehicles COG, Ṗc is its time

derivative, velocity of the COG is given by vc , fc is the external force and m is

the mass of the vehicle.

In Figure 3.3:

O= BFF origin

CG= COG

r, ro, rg, rc= Position Vectors

vo, vc, v= Velocity Vectors

ω= Angular velocity of rigid body w.r.t Earth fixed coordinate

From Figure 3.3 we have

rc = ro + rG

velocity of the COG is :

vc = ṙc = ṙo + ˙rG

from Figure we get vo = ṙo and for rigid body we have r̊G = 0

then we can write,

˙rG = r̊G + ω × rG

= ω × rG

hence,

vc = vo + ω × rG

acceleration vector is given by:

v̇c = v̇o + ω̇ × rG + ω × ˙rG
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v̇c = v̊o + ω × vo + ω̊ × rG + ω × (ω × rG)

substituting values in equation (3.8) gives

fo = m(v̊o + ω × vo + ω̊ × rG + ω × (ω × rG)) (3.9)

which is the required translational motion of the vehicle. If the origin of body

frame and COG are taken the same then the equation is simplified as

fc = m(v̊c + ω × vc) (3.10)

3.2.2.2 Rotational motion

The angular momentum is given by

hc = Icω (3.11)

ḣc = mc (3.12)

here Ic is the inertia tensor matrix, ω is the angular velocity and mc are the mo-

ments refereed to body COG.

The absolute angular momentum about the origin O is given by

ho =
∫

v
r × vρAdV

here r is the position vector of particle as shown in Figure 3.3 , v is the velocity

and ρA is the mass density of particle.

By time differentiating the above equation
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ḣo =
∫

v
r × v̇ρAdV +

∫

v
ṙ × vρAdV (3.13)

Looking to Figure 3.3 we get:

ṙo + ṙ

ṙ = v − vo+

Equation (3.13) will become after substituting the above values

ḣo = mo +
∫

(v − vo) × vρAdV

ḣo = mo − vo ×
∫

v
vρAdV

ḣo = mo − vo ×
∫

v
ṙ + voρAdV

ḣo = mo − vo ×
∫

v
ṙρAdV (3.14)

As distance from Origin of the body to COG for a rigid body is rG = 1/m
∫

v
rρAdV

Now,

m ˙rG =
∫

v
ṙρAdV

m(ω × rG) =
∫

v
ṙρAdV

replacing this in equation (3.14)

ḣo = mo − vo ×m(ω × rG)

ḣo = mo −mvo × (ω × rG) (3.15)

Absolute angular momentum about origin is given by [9] [7]:

ho =
∫

v
r × vρAdV

ho =
∫

v
r × voρAdV +

∫

v
r × (ω × r)ρAdV
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here
∫

v
r × voρAdV =

∫

v
rρAdV × vo

∫

v
r × voρAdV = mrG × vo

and
∫

v
×(ω × r)ρAdV = Ioω

equation (3.13) becomes:

ho = Io +mrG × vo

Assuming Io is constant differentiating the equation:

ḣo = Ioω̇ +m( ˙rG × vo + rG × v̇o)

ḣo = Ioω̇ +m(r̊G + ω × rG × vo) +m(rG × v̊o + ω × vo)

ḣo = Ioω̇ +m(ω × rG × vo) +m(rG × v̊o + ω × vo)

ḣo = Io(ω̊ + ω × ω) +m(ω × rG) × vo +mrG × (v̊o + ω × vo)

ḣo = Ioω̊ + ω × (Ioω) +m(ω × rG) × vo +mrG × (v̊o + ω × vo) (3.16)

using (ω × rG) × vo = −vo × (ω × rG) and comparing equation (3.15) & (3.16)

results in:

mo = Ioω̊ + ω × (Ioω) +mrG × (v̊o + ω × vo) (3.17)

here Io is the inertia tensor matrix with the property of Symmetric and Positive

Definite while m is the mass of AUV.

Io =











Ix −Ixy −Ixz

−Iyx Iy −Iyz

−Izx −Izy Iz










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with Ix, Iy, Iz are moments of inertia aboutXo, Yo, Zo and Ixy = Iyx, Ixz = Izx, Iyz =

Izy are the products of inertia. If we choose Body Origin coincide with COG of

the vehicle then simplified equation will be given by.

Icω̊ + ω × (Icω) = mc

using SNAME notations

fo = τ1 = [X, Y, Z]T

mo = τ2 = [K,M,N ]T

vo = V1 = [u, v, w]T

ω = V2 = [p, q, r]T

rG = [xG, yG, zG]T

By applying these notation to equation (3.9) and (3.17) we get final EOM as [9, 7]

m
[

u̇− vr + wq − xG
(

q2 + r2
)

+ yG (pq − ṙ) + zG (pr + q̇)
]

= X

m
[

v̇ − wp+ ur − yG
(

r2 + p2
)

+ zG (qr − ṗ) + xG (qp+ ṙ)
]

= Y

m
[

ẇ − uq + vp− zG
(

p2 + q2
)

+ xG (rp− q̇) + yG (rq + ṗ)
]

= Z

(3.18)

Ixṗ+ (Iz − Iy) qr − (ṙ + pq) Ixz +
(

r2 − q2
)

Iyz + (pr − q̇)

+m [yG (ω̇ − uq + vp)− zG (v̇ − wp+ ur)] = K

Iy q̇ + (Ix − Iz) rp− (ṗ+ qr) Ixy +
(

p2 − r2
)

Izx+ (qp− ṙ) Iyx

+m [zG (u̇− vr + wq)− xG (ẇ − uq + vp)] =M

Iz ṙ + (Iy − Ix) pq − (q̇ + rp) Iyz +
(

q2 − p2
)

Ixy + (rp− ṗ) Izx

+m [xG (v̇ − wp+ ur)− yG (u̇− vr + wq)] = N (3.19)
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Where first three equations represents translational motion and the last three

equations are representing rotational motion of the AUV.

3.2.3 Dynamic model of AUV

To formulate control algorithms and to be able to perform simulation the dynamic

model for AUV can be given by [9][7] [34][35]

MV̇ + C (V )V +D (V )V + g (η) = τ (3.20)

where,

M= inertia matrix (Added mass included)

C(V )= Coriolis and centripetal matrix

D(V )= Damping matrix

g(η)= vector of gravitational & buoyant forces

τ= Control input vector (6 × 1)

3.2.3.1 Mass and Inertia Matrix

The mass and inertia matrix consists of mass and added mass terms of the Au-

tonomous underwater vehicle where M= MA + MRB M is a 6 × 6 matrix, MA is

added mass, MRB is inertia and mass matrix respectively

The rigid body mass matrix is given by

MRB =





mI3×3 −mS (rG)

mS (rG) Io



 =





























m 0 0 0 mzG −myG

0 m 0 −mzG 0 −mxG

0 0 m myG −mxG 0

0 −mzG myG Ix −Ixy −Ixz

mzG 0 −mxG −Iyx Iy Iyz

−myG mxG 0 −Izx −Izy Iz





























(3.21)

38



If center of gravity and origin of AUV are chosen to coincide with each other

and the body is assumed to be symmetric in all three planes then the matrix is

simplified to:

MRB =





























m 0 0 0 0 0

0 m 0 0 0 0

0 0 m 0 0 0

0 0 0 Ix 0 0

0 0 0 0 Iy

0 0 0 0 0 Iz





























(3.22)

The hydrodynamic added mass terms are modeled as:

MA =





A11 A12

A21 A22



 =





























Xu̇ Xv̇ Xẇ Xṗ Xq̇ Xṙ

Yu̇ Yv̇ Yẇ Yṗ Yq̇ Yṙ

Zu̇ Yv̇ Yẇ Yṗ Yq̇ Yṙ

Ku̇ Kv̇ Kẇ Kṗ Kq̇ Kṙ

Mu̇ Mv̇ Mẇ Mṗ Mq̇ Mṙ

Nu̇ Nv̇ Nẇ Nṗ Nq̇ Nṙ





























(3.23)

where SNAME (Society of Naval Architect and Marine Engineers) notations are

used in the expression.

YA = Yu̇u̇ & Yu̇ = ∂Y
∂u̇

[36]
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3.2.3.2 Coriolis and Centripetal Matrix

The coriolis and centripetal matrix also consists of two terms i.e rigid body and

added mass terms. Mathematically it is given by

C(V ) = CRB(V ) + CA(V ) (3.24)

parametrization of CRB is not unique. Using Newton Law’s the Coriolis and cen-

tripetal matrix can be parameterized as

CRB =





03×3 −mS (v1) −mS (v2)S (rG)

−mS (v1) +mS (rG)S (v2) −S (Iov2)



 (3.25)

CRB is a skew-symmetric matrix i.e. CRB = −CT
RB









0 0 0 m(yGq+zGr) −m(xGq−w) −m(xGr+w)
0 0 0 −m(yGp+w) m(zGr+xGp) −m(yGr−u)
0 0 0 −m(zGp−v) −m(zGq+u) m(xGp+yGq)

−m(yGq+zGr) m(xGq−w) m(xGr+w) 0 −Iyzq−Ixzp+Izr −Iyzr+Ixyp+Iyq
m(yGp+w) −m(zGr+xGp) m(yGr−u) Iyzq+Ixzp−Izr 0 −Ixzr+Ixyq+Ixq
m(zGp−v) m(zGq+u) −m(xGp+yGq) −Iyzr−Ixyp+Iyq −Ixzr+Ixyq−Ixp 0









(3.26)

Here m is the mass of the AUV, I is the inertia tensor and rG =
[

xG yG zG

]

is the position vector. The Coriolis and Centripetal matrix due to added mass is
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given by





























0 0 0 0 −a3 a2

0 0 0 a3 0 a1

0 0 0 −a2 a1 0

0 −a3 a2 0 −b3 b2

a3 0 −a1 b3 0 −b1

−a2 a1 0 −b2 b1 0





























(3.27)

where,

a1 = Xu̇u+Xv̇v +Xẇw +Xṗp+Xq̇q +Xṙr (3.28)

a2 = Xv̇u+ Yv̇v + Yẇw + Yṗp+ Yq̇q + Yṙr (3.29)

a3 = Zẇu+ Yẇv + Zẇw + Zṗp+ Zq̇q + Zṙr (3.30)

b1 = Xṗu+ Yṗv + Zṗw +Kṗp+Kq̇q +Kṙr (3.31)

b2 = Xq̇u+ Yq̇v + Zq̇w +Kq̇p+Mq̇q +Mṙr (3.32)

b3 = Xṙu+ Yṙv + Zṙw +Kṙp+Mṙq +Nṙr (3.33)

3.2.3.3 Hydrodynamic Damping Matrix

The damping of underwater vehicle at high speed with 6 DOF is highly non-linear.

By considering three planes of symmetry of vehicle and assuming that the AUV is

moving with a slow speed results in only drag terms in the hydrodynamic damping

matrix. The lift forces are negligible by taking the assumption of slow speed. we

can separate the drag force into linear and quadratic termsD(V ) = Dq(V )+Dl(V ).

The linear term with the assumption of three planes of symmetry is given as:
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Dl(V ) =





























Xu 0 0 0 0 0

0 Yv 0 0 0 0

0 0 Zw 0 0 0

0 0 0 Kp 0 0

0 0 0 0 Mq 0

0 0 0 0 0 Nr





























(3.34)

The quadratic drag terms can be given by

Dq(V ) =





























Xu|u|u 0 0 0 0 0

0 Yv|v|v 0 0 0 0

0 0 Zw|w|w 0 0 0

0 0 0 Kp|p|p 0 0

0 0 0 0 Mq|q|q 0

0 0 0 0 0 Nr|r|r





























(3.35)

where

Xu|u| = ∂X/∂u|u| = −1/2ρCdAf

Cd and Af are reference drag and area co-efficient respectively.

3.2.3.4 Gravitational and Buoyancy Matrix

The gravitational and buoyancy Matrix consists of the forces on the AUV due to

gravity and buoyancy
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g(η) =





























(W −B)sinθ

−(W −B)cosθsinφ

−(W − B)cosθcosφ

−(yGW − yBB)cosθcosφ+ (zGW − zBB)cosθsinφ

(zGW − zBB)sinθ + (xGW − xBB)cosθcosφ

(xGW − xBB)cosθsinφ+ (yGW − yBB)sinθ





























(3.36)

where rG =
[

xG yG zG

]

is the center of gravity and rB =
[

xB yB zB

]

is the

center of buoyancy of the AUV respectively.

3.2.3.5 Thruster forces and moments

KAMBARA has 5 thrusters which enables it to move in 5 DOF surge, roll ,heave,

yaw and pitch. The thruster forces and moment vector T is given by [10]

T = LU (3.37)

where, U is the vector of thrust generated by 5 thruster

U =























T1

T2

T3

T4

T5























(3.38)
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and L is the mapping matrix given by

L =





























1 1 0 0 0

0 0 0 0 0

0 0 −1 −1 −1

0 0 l1 −l1 0

−l5 −l5 l3 l3 −l4

l2 −l2 0 0 0





























(3.39)

Figure 3.5 shows the thrust diagram of KAMBARA. Where

T1= Thrust generated from left flat thruster

T2= Thrust generated from right flat thruster

T3= Thrust generated from left upright thruster

T4= Thrust generated from right front upright thruster

T5= Thrust generated from rear upright thruster
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Figure 3.5: Thrust diagram in body frame involving parameters for the thrust
mapping matrix L [10]

3.3 Ocean Currents

Ocean currents are circulating systems of ocean waters in horizontal and vertical

directions . In the upper layer of the ocean the ocean currents main cause of gener-

ation is atmospheric winds. Ocean currents may also be caused by Coriolis effect,

heat exchange (temperature of equator warmer than poles), salinity difference as

well as density of the water [37] [9].

3.3.1 Ocean Currents in equation of motion

For simulation of AUVs it is quite important to include the environmental dis-

turbances. For deeply submerged vessels we can neglect the wave-induced distur-

bance, so the only environmental disturbance to be tackled is ocean currents. We
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can include the ocean currents in the dynamical equation of motion for AUV. Let,

Vc = [ubc, v
c
b , w

b
c, 0, 0, 0]T (3.40)

where, Vc is the body fixed current velocity, then

Vr = V − Vc (3.41)

Vr = [u− ubc, v − vcb , w − wbc, p, q, r]
T (3.42)

where,

ubc, v
c
b , w

b
c are the body fixed current velocities

It is commonly assumed that the current velocity Vc is varying slowly i.e V̇c ≈ 0

such that V̇r ≈ 0, then we can write the dynamical equation of motion as.

MV̇ + C (Vr)Vr +D (Vr)Vr + g (η) = τ (3.43)

Normally the current speed Vcs is defined in the ERF using flow axis that is

[Vcs, 0, 0]T such that Vcs is directed along x. By defining flow angle of attack ”(αc)

and flow sideslip angle (βc) we can perform the transformation from flow axes to

NED.

So by performing two principle rotations we can perform 3D-current velocities

transformation [37] [38]
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









uEc

vEc

wEc











= CT
y,αc

CT
z,−βc











Vcs

0

0











(3.44)

here,

Cy,αc
, Cz,−βc are rotation matrices defined as:

Cy,αc
=











cosαc 0 sinαc

0 1 0

−sinαc 0 cosαc











(3.45)

Cz,−βc = CT
z,βc

=











cosβc sinβc 0

−sinβc cosβc 0

0 0 1











(3.46)

Using 3.44, 3.45, 3.46 we find out:
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









uEc

vEc

wEc











=











Vcscosαccosβc

Vcssinβc

Vcscosβcsinαc











(3.47)

Then Euler angle of rotation can be used to transform the current velocities in

ERF to body fixed velocities.











ubc

vbc

wbc











= J1T (η2)











uEc

vEc

wEc











(3.48)

for 2D case αc = 0 then 3.47 reduces to





uEc

vEc



 =





Vcscosβc

Vcssinβc



 (3.49)

as the wEc component is not used in horizontal plane hence we can write by reducing

3.48





ubc

vbc



 =





Vcscos(βc − ψ)

Vcssin(βc − ψ)



 (3.50)
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3.4 Open Loop Simulations

The parameters of KAMBARA AUV developed at the Robotic Systems Lab, The

Australian National University, are used for open loop simulation .KAMBARA is

a low cost AUV which has been designed as a platform for underwater robotics

research. the length is 1.2m, width is 1.5m and height of 0.9m.

KAMBARA has five thrusters that are attached in two isolated planes. The

structure allows a 5 DOF motion for KAMBARA: surge, heave, roll, pitch, and

yaw. Sensors used in KAMBARA are [10]:

• compass

• inclinometer

• accelerometer

• rate gyro

• pressure sensor

• temperature sensor

The used parameters are:
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Figure 3.6: Kambara Model [10]

3.4.1 Mass and Inertia Matrix

MRB =





























117 0 0 0 0 0

0 117 0 0 0 0

0 0 117 0 0 0

0 0 0 10.7 0 0

0 0 0 0 11.8 0

0 0 0 0 0 13.4





























(3.51)
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MA =
























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


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




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(3.52)

3.4.2 Coriolis and Centripetal Matrix

CRB =





























0 0 0 0 117w −117v

0 0 0 −117w 0 117u

0 0 0 117v −117u 0

0 117w −117v 0 13.4r −11.8q

−117w 0 117u −13.4r 0 10.7p

117v −117u 0 11.8q −10.7p 0


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








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




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(3.53)

CA =


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
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0 0 0 0 23.8w −23.8v

0 0 0 −23.8w 0 58.4u

0 0 0 23.8v −58.4u 0

0 23.8w −23.8v 0 2.67r −1.18q

−23.8w 0 58.4u −2.67r 0 3.38p

23.8v −58.4u 0 1.18q −3.38p 0
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(3.54)
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3.4.3 Hydrodynamic Damping Matrix


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
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D = 120 + 90|u| 0 0 0 0 0

0 90 + 90|v| 0 0 0 0

0 0 150 + 90|w| 0 0 0

0 0 0 15 + 10|p| 0 0

0 0 0 −0 15 + 12|q| 0

0 0 0 0 0 18 + 15|r|




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





















(3.55)

The matrix consists of linear and quadratic drag force terms.

3.4.4 Gravitational and Buoyancy Forces Vector

By taking rG =
[

0 0 0
]

, rB =
[

−0.017 0 −0.115
]

, B=1108N, W=1148N,

here we get BG =
[

0.017 0 0.115
]

. BG is the distance between center of origin

and center of buoyancy. The matrix used is 3.36

3.4.5 Thrust Mapping Matrix

L =





























1 1 0 0 0

0 0 0 0 0

1 1 −1 −1 −1

0 0 −0.28 0.28 0

0.05 0.05 −0.32 −0.32 0.43

0.47 −0.47 0 0 0


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
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















(3.56)
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Case 01

The buoyancy vector taken is as , rB =
[

−0.017 0 −0.115
]

, and buoyancy force

less than gravitational force , i.e, B=1108N and W= 1170 N.

With all initial conditions setting to 0 and no input applied the simulations results

are shown. Figure 3.7 represents the translational motion of the KAMBARA

which shows the vehicle is submerging and moving along the x-axis, the reason

is as we have taken weight greater than the buoyancy force and buoyancy is not

aligned with center of gravity which results in a moment. Figure 3.8 represents

the orientation of the vehicle showing pitching of the AUV. Figure 3.9 and Figure

3.10 shows the linear and angular velocities for KAMBARA.
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Figure 3.7: Position of KAMBARA
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Figure 3.8: Orientation of KAMBARA
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Figure 3.9: linear velocities of KAMBARA
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Figure 3.10: Angular velocities of KAMBARA
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CASE 02

Taking buoyancy vector as rB =
[

−0.017 0 −0.115
]

and buoyancy force less

than gravitational force i.e, B=1108N and W= 1170 N.

With all initial conditions setting to 0 and applying maximum input in surge

direction.

• Omega1 (propeller speed for motor 1)= 200 rpm

• Omega2 (propeller speed for motor 2)= 200 rpm

The simulations results are shown where Figure 3.11, Figure 3.12, Figure 3.13,

Figure 3.14 shows translation, orientation, linear velocities and angular velocities

of KAMBARA. Due to the propellers thrust along the surge direction we see in

Figure 3.13 that the surge velocity has increased to approx 0.7m/s. The results

show us that the KAMBARA can approach to a velocity of approx 0.7 m/s when

maximum input is applied to it.
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Figure 3.11: Position of KAMBARA
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Figure 3.12: Orientation of KAMBARA
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Figure 3.13: Linear velocities of KAMBARA
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Figure 3.14: angular velocities of KAMBARA
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The Open loop results of the vehicle depicts that KAMBARA always has a pitch

angle -0.269 radians (-15.412565 degree) due to the misalignment of the COB and

COG. It further explains that the vehicle will submerge if kept in water due to

the reason W > B.
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Chapter 4

CONTROLLER DESIGN FOR KAMBARA

AUV

KAMBARA is a slow moving AUV that can move in 5 DOF resulting in an

under-actuated under water vehicle. It can move in surge, heave, roll, pitch and

yaw direction while no direct input is provided for movement in sway direction.

The thrusters of KAMBARA are highly coupled in the 5 DOF motion due to its

configuration. As a results a single thruster is not enough to move the vehicle in

one direction rather combinations of two or more thrusters is used to achieve the

required DOF motion.

This chapter covers the details of the controller design for KAMBARA AUV. A

PID controller is designed for the vehicle followed by a sliding mode controller and

accuracy of both the controllers is compared. The chapter also includes results

of both controllers in the presence of ocean currents (model discussed in chapter 03)

4.1 PID Control for KAMBARA

Authors have proposed PID controllers in the literature, [13] uses PID control for

steering, diving and speed of AUV. PID control is used for heading and depth of

Mana-type unmanned underwater test vehicle in [14] i.e. only 2 DOF. The study

here covers the design of PID controller for the 5 DOF motion of KAMBARA.

Pitch, heading, roll, depth and translation in x of the vehicle are controlled us-

ing PID control technique. All the controllers are implemented in MATLAB-

SIMULINK using S-function. Maximum rpm that can be generated by the single
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thruster is 1909 rpm, the corresponding rpm generated for the controlled task is

shown to be within the limits of all the five thrusters. Figure 4.1 shows the ap-

proach used to design the control of the required state. State required to control

is feedback which gives the error, PID gives the required rpm of the motors for

the control task, This rpm is transformed to the thrust from 5 thrusters using the

relation 4.1.

U = KthrΩ|Ω| (4.1)

Where,

Ω is the motor shaft angular velocity and Kthr is a constant thrust value . The

thrust vector of the motors (5 × 1) is mapped to mathematical model using the

relation 3.37

Figure 4.1: General Block diagram for PID control

The gains kp, kD, Ki for PID were selected by hit and trial method. The gains

which gave the best results in terms of rise time, settling time and overshoot were

selected for the control task.

4.1.1 Depth control with PID

Depth control using PID calculates thrust needed to achieve the desired depth.

The vehicle was provided with a desired depth of 5m (z-positive downwards) by
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Figure 4.2: Depth control of KAMBARA with PID

selecting the gains kp, kd, ki appropriately and then brought back to its initial

position. The results also shows that the heave velocity is not exceeded from the

maximum saturation limit of the vehicle, as shown Figure 4.3.
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Figure 4.3: Heave velocity of KAMBARA as a result of depth control (PID)

4.1.2 Roll Control

The desired roll provided to KAMBARA was 0.35 rad (≈ 20 deg). The simulation

results shows that it takes about 50 sec for the vehicle to achieve the desired angle.
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Figure 4.4: Control input for depth control of KAMBARA using PID

The zoomed portion shows the accuracy of the designed PID controller, while the

control rpm generated is also within the saturation limits as shown in Figure 4.6
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Figure 4.5: Roll control of KAMBARA with PID

4.1.3 Heading Control

Heading control was achieved using PID by giving the desired yaw of 0.35 radian

(≈ 20 degree). The desired ψ is achieved in about 15 sec with control input within
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Figure 4.6: Control input for roll control of KAMBARA using PID

the maximum saturation limit. The results are shown in Figure 4.7 and Figure

4.8
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Figure 4.7: Heading control of KAMBARA with PID

4.1.4 Pitch Control

The desired pitch was achieved by selecting the gains of PID appropriately. PID

control gives the required thrust to achieve the reference angle of 0.35 radians in
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Figure 4.8: Control input for yaw control of KAMBARA using PID

about 30 seconds. Figure 4.9 and Figure 4.10 shows the simulation results of the

controller.
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Figure 4.9: Pitch control of KAMBARA with PID

4.1.5 Combined controller

Pitch, roll, psi and depth controllers are combined together with the main idea

to move the AUV down under water and again back towards its initial position
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Figure 4.10: Control input for pitch control of KAMBARA using PID

without producing roll and pitch angle. The yaw angle is desired to be 0.5 rad

(≈ 28.6o). Initial condition was set to 10 degree for roll, pitch and psi. The

simulation result in Figure 4.11 shows the settling time for φ angle is about 3 sec

while for θ is about 13 sec. The ψd is has a settling time of approx 20 sec, while

the desired depth is achieved with some overshoot as shown in the zoomed portion

Figure 4.12. It is also shown in Figure 4.13 that the heave velocity is within the

maximum vehicle limit, the Figure 4.14 shows that the motors rpm is not exceeded

the saturation limit.

4.1.6 Closed-loop reference in xz-plane

To check the performance of designed controller a closed-loop reference was pro-

vided to the vehicle. The vehicle was desired to move from initial position to

a depth of 2.5 m, it was then to move forward in x-direction to a 3m distance,

was brought back to surface and finally moved back to initial starting point. The

simulation results are shown below. It can be seen in Figure 4.15 and Figure 4.16

that the vehicle followed the desired path in accurate way and the thrusters rpm

required to achieve this closed-loop reference were well within the limits.
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Figure 4.11: Control results of φ, θ
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Figure 4.12: Control results of ψ, z
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Figure 4.13: Heave velocity
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Figure 4.14: Control input for combined states control of KAMBARA using
PID
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Figure 4.16: Control input for closed-loop trajectory of KAMBARA using
PID
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4.2 Sliding Mode Control

The basic concept of Sliding Mode Control (SMC) is to enforce sliding modes in

a pre-defined manifold called the sliding surface/ sliding manifold/ switching line

or hyper plane in a given system state space with the application of discontinuous

(switching) controller.

SMC occurs in two phases

1. Reaching phase

The phase in which system states trajectories are forced from initial condition

to a pre-defined sliding surface by discontinuous controller.

2. Sliding phase

This phase restricts the state trajectories on the sliding surface and are

allowed to slide along the surface to an equilibrium (usually origin).

Sliding mode control provides guaranteed robustness against model imperfections,

parametric uncertainties , parametric variations and external disturbances (usually

matched and bounded). These properties of SMC proves to provide an accurate

controller for KAMBARA in the presence of model uncertainties and disturbances.

4.2.1 Tracking with Sliding Mode control

In order to achieve the tracking of desired state, error ’e’ is defined as

e = ηd − η (4.2)

ė = −η̇ (4.3)

ë = −η̈ (4.4)
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where ηd is desired state vector and η is the current state vector defined in 3.1.

The equation 3.20 can be written as

Mη̈ + C (η̇) η̇ +D (η̇) η̇ + g (η) = τ (4.5)

substituting equations 4.2, 4.3, 4.4 in equation 4.5, we get the relation given by

ë = M−1 (−C (−ė) ė−D (−ė) ė+ g (−ė) − T ) (4.6)

Defining sliding surface [39]

S = Λe+ ė (4.7)

Ṡ = Λė+ ë (4.8)

Taking the Lyponove function candidate [39] [40]

V =
1

2
STMS (4.9)

V̇ = STMṠ +
1

2
STṀS (4.10)

V̇ = ST (MΛė+
1

2
(Ṁ − 2C)S −Dė+ g − τ + CΛe) (4.11)

using the skew symmetry property of (Ṁ − 2C) matrix we get

V̇ = ST (MΛė−Dė+ g − τ + CΛe) (4.12)
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Using the relation 3.37 we can deduce the control law as

U = L−1(MΛė−Dė+ g + CΛe+Ksat(S)) (4.13)

where K is a 6 × 6 diagonal gain matrix, and sat (S) is a saturation function that

provides a very smooth, chatter free control function.

4.2.2 Depth Control

Using the control law derived in 4.13 and providing the desired reference of 5m

downwards, the designed sliding mode control gives a quite accurate tracking of

the desired depth with no overshoot as can be seen in Figure 4.17. The Figure also

shows the heave velocity to be within the maximum limit that can be achieved

by KAMBARA. Figure 4.18 shows the motors/thrusters rpm to be in the limit

and the sliding surface goes to zero, which shows that reaching phase has been

achieved and the system is in the sliding phase.
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Figure 4.17: Depth and Heave velocity of KAMBARA
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Figure 4.18: Motors rpm and sliding surface

4.2.3 Roll Control

For roll control of KAMBARA a reference of 0.35 rad was provided and adjusting

the controller gain Figure 4.19 shows the result of the designed controller, we can

see that the SMC achieve the desired reference quite smoothly and efficiently with

the rpm of motors within the maximum saturation limit, Figure 4.20.
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Figure 4.19: Roll control of KAMBARA with SMC and sliding surface for
roll
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Figure 4.20: Motors rpm generated by SMC for roll control

4.2.4 Heading Control

The designed controller was used to achieve the desired yaw angle of 0.35 radian.

The results achieved are shown in Figure 4.21, Figure 4.22. The sliding surface

is shown to be going to zero depicting the completion of reaching phase and the

input from motors is also shown to be within the desired limits.
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Figure 4.21: Heading control of KAMBARA with SMC and sliding surface
for heading
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Figure 4.22: Motors rpm generated by SMC for heading control
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Figure 4.23: Pitch control of KAMBARA with SMC and sliding surface for
pitch

4.2.5 Pitch Control

For the pitch control KAMABARA was given a desired depth of 0.35 radian (Fig-

ure 4.23) which is achieved with sliding mode control with no overshoot and settling

time of about 5 seconds. The controlled input from the motors is shown in Figure

4.24 to be within desired limit.
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Figure 4.24: Motors rpm generated by SMC for pitch control

4.2.6 Combined Control

The same idea was used as in section (4.1.5). Initial condition for φ, θ and ψ was

set to 10 degree. The AUV was desired to move underwater to a distance of 5m

with with desired roll of zero degree. The AUV was provided with a desired angle

of 0.26 radian (≈ 15deg) in pitch and psi DOF. The results obtained are shown

in Figure 4.25- Figure 4.29. All the desired sliding surfaces are shown to be going

to zero and the desired states are achieved accurately, while the controlled input

was within the maximum saturation limit.

4.2.7 Closed-loop reference in xz-plane

KAMBARA was provided a closed-loop reference in xz-plane to check the perfor-

mance of the designed sliding mode controller. The vehicle was desired to achieve

a depth of 2.5 meter, translation in x of 3m and then brought back to its initial

position of x= 0, z= 0. At start the vehicle initial state was kept at x= 0.2m and

z= 0.2m. Results are shown in Figure 4.30, Figure 4.31, Figure 4.32.
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Figure 4.25: Roll, Pitch and Psi control with SMC
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Figure 4.26: Depth control with SMC

4.2.8 Circular reference in xz-plane

A circular reference was also provided to the AUV to check its accuracy. The

results are shown in Figure 4.33 and Figure 4.34. The vehicle initial starting point

was set at x=4m and z=3m
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Figure 4.27: Heave velocity of KAMBARA
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Figure 4.28: Sliding surfaces for φ, θ, ψ, z(depth)with SMC
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Figure 4.29: Motor rpm generated for combined control with SMC
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Figure 4.30: close-loop mission in xz-plane with SMC
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Figure 4.31: sliding surface of x and z with SMC
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Figure 4.32: Motors rpm generated with SMC for closed loop mission
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Figure 4.33: Circular reference in xz-plane with SMC
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Figure 4.34: Motors rpm generated by SMC for circular reference
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4.3 Performance Comparison of PID and SMC

This section discusses the performance comparison of the SMC and PID controller

designed for KAMBARA AUV. The separate control has already been discussed

in section 4.2 and section 4.1, this section discusses the results of the designed

controllers plotted simultaneously.

4.3.1 Depth Control

The results for depth control of the vehicle are shown in figure 4.35 where the red

line (dashed) is the reference. From the result we see that SMC (solid line) follows

the system quite smoothly with no overshoot, while the PID (Dash-dot line) gives

a high overshoot and settling time. From the simulation results it is depicted that

SMC provides a good overall response as compared with PID.
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Figure 4.35: Depth control comparison of SMC and PID

4.3.2 Roll Control

By providing a reference of 0.35 rad in roll DOF, performance of SMC and PID

was compared. PID tends to oscillate at initial start position and then converges to

the desired reference angle. The behavior of SMC can be seen to be quite smooth
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Figure 4.36: Performance comparison of SMC and PID for roll control

and quick, shown in figure 4.36. The zoomed portion indicates the accuracy of

SMC in terms of steady state error, which is better compared with PID.

PID SMC
tr 15.878s 2.012s
ts 78s 10s
µp 0% 0 %

Table 4.1: Performance comparison of SMC and PID for roll control

4.3.3 Combined Control of Pitch, Roll, Psi and Depth

The combined control for PID and SMC was discussed in 4.1.5 and 4.2.6. This

section discusses the performance comparison of both controllers shown in Figures

4.37-4.40. The Figures for the control of the desired DOF are plotted separately

so that we can analyze the results easily. From the simulation result it is quite

prominent that the results of SMC are more better and robust than PID. It was

discussed that the 5 DOF for KAMBARA are coupled in terms of the input and it

can be seen in Figure 4.38 and Figure 4.37. For PID the coupling effect in terms

of depth and pitch are quite prominent while the SMC removes that effect which

can be seen in Figure 4.38. It can be also seen that the ts for PID is 30s, while
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SMC has about 7s in terms of yaw control. Also we do not have any overshoot for

SMC in terms of depth control.
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Figure 4.37: Performance comparison of SMC and PID (Depth result)
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Figure 4.38: Performance comparison of PID and SMC (Pitch control)
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Figure 4.39: Performance comparison of PID and SMC (Yaw control)
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Figure 4.40: Performance comparison of PID and SMC (Roll control)

4.4 Performance Comparison of PID and SMC

in presence of ocean currents

Mathematical model for ocean currents have already been discussed in chapter 3.

Using the knowledge of the model, the performance of the designed SMC and PID

controller are analyzed in presence of ocean currents. The controller performance
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was studied first using 2D ocean currents followed by 3D ocean currents.

4.4.1 Performance with 2D ocean currents

2D ocean currents were applied to KAMBARA with a side slip angle of 10 deg

and current speed of 0.5 m/s. The performance was compared for yaw and roll

control of the vehicle using PID and SMC. It is observed that the response of PID

for yaw control to the ocean currents is very slow, not able to track reference to

a time of 100s. The same reference is achieved by SMC in about 7s canceling the

effect of ocean currents, Figure 4.41.

For roll control the same is observed that PID performance is affected in the

presence of ocean currents while SMC rejects the effect of currents quite accurately,

Figure 4.42. Though it may increase the control input in both the cases
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Figure 4.41: Performance comparison of Yaw for PID and SMC in presence
of ocean currents

4.4.2 Performance with 3D ocean currents

In presence of 3D ocean currents the performance of the designed controllers was

analyzed for the circular trajectory in the xz-plane. The speed of ocean current

was kept constant at 0.6 m/s. The angle of the ocean current on the vehicle was
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Figure 4.42: Performance comparison of Roll for PID and SMC in presence
of ocean currents
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Figure 4.43: Performance comparison of SMC and PID in presence of ocean
currents (Circular trajectory in xz-plane)

αc=10 deg and βc=20 deg. It was observed that SMC was quite robust against

the applied currents while PID followed some performance degradation as shown

in Figure 4.43
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Chapter 5

CONCLUSIONS AND FUTURE

RECOMMENDATION

5.1 Conclusions

A mathematical model for Autonomous under water vehicle has been presented

in the thesis with the study of the factors that may effect the model. It have been

shown that the mathematical model for AUV is a highly coupled non-linear, six

DOF model.

KAMBARA AUV was selected to perform the open loop simulation using MAT-

LAB/ SIMULINK. The parameters used for the open loop simulation are disused

in chapter 03. The initial simulations also confirms that the vehicle weight is

greater than the buoyancy, also the COG and COB are not aligned resulting in a

pitch angle .

Using the KAMBARA AUV the thesis objective was to design a controller for

depth, roll, pitch, yaw and x-translation. The first controller designed was PID

and results were discussed in chapter 04. Due to the non linearity and uncertainty

in the dynamic model a Robust controller was needed for KAMBARA. A SMC

was considered with comparison of its results with the devised PID controller. It

was shown that SMC provided more accurate, disturbance free steady state track-

ing as compared with the PID

As discussed before Ocean current are one of the major factor that effect motion

of AUV, it was desired to check the performance of the designed controller in the

presence of ocean currents. Looking to the results it can be deducted that the

effect of ocean currents was well rejected by SMC, while PID performance was

degraded in the presence of ocean currents.

86



The overall work can be summarized that for Autonomous Under water vehicle

a Sliding mode control can be a good choice in the presence of uncertainties and

disturbances.

5.2 Future Work

The work carried out in this thesis can be extended in several ways. A benchmark

has been laid down which can be extended to enrich the performance of the vehicle.

Work is required to device control in the sway DOF for KAMBARA. Practical

implementation of the designed controllers is needed on the vehicle. The thesis

had covered the effect of ocean currents on the AUV motion, it is recommended

that other disturbance parameters may also be included for the improvement of

overall performance of KAMBARA vehicle.
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