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Abstract 

Navigation is a highly challenging aspect of an autonomous vehicle’s operation. For 

autonomous underwater vehicles, this becomes even more difficult due to the complexities of 

the underwater environment and the restricted availability of GPS signals. Amidst the variety 

of navigation methods that are commonly used for underwater navigation, inertial navigation 

is the most self-contained. Until recently, the high cost of inertial navigation systems did not 

allow for their use by small to medium enterprises, but the advent of low cost inertial 

navigation systems has recently made this technique a more pragmatic option for inexpensive 

projects. 

These devices however, have their limitations, with inherent errors that accumulate with time. 

While manufacturers publish the accuracy of inertial navigation device’s internal components 

(such as accelerometers, gyroscopes and magnetometers), it is not immediately evident how 

these figures directly affect navigational accuracy because of compensation strategies 

between these components. 

This study empirically demonstrates the practical performance of a commercially viable 

inertial navigation system, analyses the observable errors and assesses strategies for 

performance enhancement, such as by using Kalman filters to combine data from other 

devices. 

For reasons of practicality, the experimental studies were principally undertaken using a land 

vehicle that followed particular pathways from which the accuracy of the inertial navigation 

could be easily determined. Finally, underwater experimental trials were conducted to 

evaluate the performance of the low cost inertial navigation system underwater. 

This thesis also demonstrates the achievable range of performances using devices with 

particular specifications. It is concluded that even though commercially affordable inertial 

navigation systems alone are not reliable, they can form a reliable core of navigation systems 

when they are aided by other devices via a Kalman filter, various architectures of which are 

also presented in this thesis. 

 



iv 
 

 

 

 
 



                                                                                                                                                  v 
 

 

 
                                                                          

 
 

Statement of Originality / Declaration 

I certify that this work contains no material which has been accepted for the award of any 

other degree or diploma in any university or other tertiary institution and, to the best of my 

knowledge and belief, contains no material previously published or written by another person, 

except where due reference has been made in the text. In addition, I certify that no part of this 

work will, in the future, be used in a submission for any other degree or diploma in any 

university or other tertiary institution without the prior approval of the University of Adelaide. 

I give consent to this copy of my thesis, when deposited in the University Library, being made 

available for loan and photocopying, subject to the provisions of the Copyright Act 1968. 

I also give permission for the digital version of my thesis to be made available on the web, via 

the University’s digital research repository, the Library catalogue and also through web 

search engines, unless permission has been granted by the University to restrict access for a 

period of time. 

 

 

SIGNED:……………………………………. DATE: ………………… 



vi 
 

 

 

 
 



                                                                                                                                                  vii 
 

 

 
                                                                          

 
 

Acknowledgements 

It is a pleasure to acknowledge the many people who made this thesis possible.  

First and foremost I would like to thank my supervisors Steven Grainger and Colin Kestell, 

who together made an ideal supervisory team. Without their advice, immense encouragement 

and generous support, technically and otherwise, I would not have completed this thesis. I 

could not have wished for two better supervisors. 

I am thankful to all the academic and general members of staff at the School of Mechanical 

Engineering. In particular, I would like to express my sincere gratitude to Professor Colin 

Hansen for his considerate support and guidance especially in my early months at the school. 

I would also like to express my warm thanks to Cristian Birzer for the friendly conversations 

and thoughtful support during my difficult times. I am grateful to Matt Tetlow for his 

assistance in familiarising me with integration strategies.  

I would like to thank all the friends that I made over years within the School of Mechanical 

Engineering who have made my time here so pleasant. In particular, I would like to thank my 

great friends Erwin Hamminga, Eyad Hassan, Kristy Hansen, Mohamed Awadalla, Nikan 

Rostamzadeh and Saleh Mahmoud, with whom I have shared many laughs and insightful 

discussions. I would also like to express appreciation to my dear friends Anastasia Ejova and 

Rachel Stephens for their encouragement to write up this thesis, especially towards the end.  

I would also like to thank my family members, especially my sisters Laleh and Shalaleh for 

always being there for me, my brother-in-law Soroush Tabiani for his enthusiastic 

encouragement and my lovely little nephew Seena for bringing a smile to my face by his 

presence. I am extremely thankful to my mum and dad who instilled within me a love of 

pursuits, science and critical approach, and for their invaluable and unconditional support and 

guidance at all points of my life.  

Last, but by no means least, I would like to thank my partner Christian Gelinek for his endless 

patience, support, encouragement and for everything else that we share. You make me a 

happier person.   



viii 
 

 

 

 
 



                                                                                                                                                  ix 
 

 

 
                                                                          

 
 

Contents 

Abstract ........................................................................................................... iii 

Statement of Originality / Declaration...........................................................v 

Acknowledgements........................................................................................ vii 

List of Figures:.............................................................................................. xiii 

List of Tables: .............................................................................................. xvii 

List of Tables: .............................................................................................. xvii 

Chapter 1 – Introduction.................................................................................1 

1.1 – Background............................................................................................1 

1.2 – AUV Components & Requirements ......................................................4 

1.3 – Aims and Objectives ..............................................................................8 

1.4 – Scope......................................................................................................8 

Chapter 2 – Literature Review .....................................................................11 

2.1 – Introduction to Navigation...................................................................11 

2.2 – Navigation via Satellite........................................................................12 

2.3 – Common Techniques for Underwater Navigation...............................12 

2.3.1 – Acoustic Navigation ......................................................................... 13 

2.3.2 – Doppler Navigation .......................................................................... 15 

2.3.3 – Geophysical Navigation ................................................................... 16 

2.3.4 – Inertial Navigation............................................................................ 17 

2.4 – Conclusion ...........................................................................................18 

Chapter 3 – Review of Inertial Navigation Principles ................................19 

3.1 – Basic Principles....................................................................................19 

3.2 – Acceleration .........................................................................................20 

3.2.1 – Accelerometers................................................................................. 20 

3.2.2 – Limitation of Accelerometers........................................................... 21 



x 
 

 

 

 
 

3.2.3 – Gimballed IMU vs. Strapdown IMU ................................................22 

3.3 – Attitude ................................................................................................24 

3.3.1 – Attitude Determination Using Accelerometers.................................24 

3.3.2 –Attitude Determination Using Gyros .................................................26 

3.3.3 – Gyro Drift Correction .......................................................................29 

3.4 – Virtual Levelling..................................................................................30 

3.4.1 – Reference Frames..............................................................................30 

3.4.2 – Rotating Reference Frames...............................................................33 

3.4.3 – Transformation of Reference Frames ...............................................36 

3.5 – Navigation Frame Mechanisation........................................................38 

3.6 – Alignment ............................................................................................44 

3.7 – Error Sources .......................................................................................48 

3.8 – Conclusion ...........................................................................................50 

Chapter 4 – Review of Augmented Inertial Navigation Principles .......... 53 

4.1 – Introduction to Statistical Estimation ..................................................53 

4.2 – Kalman Filtering..................................................................................55 

4.2.1 – Assumptions......................................................................................57 

4.2.2 – State vector........................................................................................59 

4.2.3 – Process/Dynamic Model ...................................................................60 

4.2.4 – Measurement Model .........................................................................60 

4.3 – Discrete Kalman Filter.........................................................................61 

4.3.1 – Initialisation ......................................................................................61 

4.3.2 – Prediction ..........................................................................................62 

4.3.3 – Correction .........................................................................................63 

4.3.4 – Summary ...........................................................................................64 

4.4 – Continuous-time Dynamic Model .......................................................65 

4.5 – Integration Strategies/Architectures ....................................................66 

4.5.1 – Direct vs. Indirect..............................................................................66 

4.5.2 – Feedforward vs. Feedback ................................................................67 

4.5.3 – Centralised vs. Decentralised............................................................68 

4.5.4 – Loosely Coupled vs. Tightly Coupled ..............................................69 



                                                                                                                                                  xi 
 

 

 
                                                                          

 
 

4.6 – Extended Kalman Filter .......................................................................70 

4.7 – Conclusion ...........................................................................................72 

Chapter 5 – Experimental Evaluation..........................................................75 

5.1 – Equipment............................................................................................76 

5.1.1 – Experimental equipment for Land Trials.......................................... 76 

5.1.2 – Experimental equipment for Underwater Trials............................... 78 

5.1.3 – 3DM-GX3-25 IMU .......................................................................... 79 

5.2 – One Dimensional Analysis of Accelerometer Output .........................84 

5.3.1 –Wheel Encoder Results ...................................................................... 86 

5.3.2 –Inertial Navigation System Results .................................................... 87 

5.3 – Self-Contained Performance Improvement .........................................89 

5.3.1 – Mitigation of Acceleration Constant Bias ........................................ 89 

5.3.2 – The Effect of In-run Acceleration Bias ............................................ 91 

5.3.3 – Initial Misalignment and Attitude Change Compensation ............... 93 

5.3.4 – Gyro Bias Compensation.................................................................. 97 

5.3.5 – Gyro Drift Correction....................................................................... 98 

5.4 – Performance Improvement Using Loosely Coupled Kalman Filters...99 

5.4.1 – Direct Kalman Filter....................................................................... 101 

5.4.2 – Indirect FeedForward Kalman Filter .............................................. 104 

5.4.3 – Indirect FeedBack Kalman Filter ................................................... 107 

5.4.4 – Extended Kalman Filter.................................................................. 110 

5.5 – Underwater Trial................................................................................113 

Chapter 6 – Conclusions and Future Work...............................................115 

6.1 – Conclusions........................................................................................115 

6.2 – Future Work.......................................................................................116 

REFERENCES.............................................................................................119 

Appendix A – Kalman Filter Equations.....................................................125 

Appendix B – IMU Calibration ..................................................................127 

Appendix C – IMU Settings.........................................................................129 



xii 
 

 

 

 
 

Appendix D – Matlab Codes and C++ Programs..................................... 131 

Glossary ........................................................................................................ 161 

 



                                                                                                                                                  xiii 
 

 

 
                                                                          

 
 

 List of Figures: 

Figure 1-1: A replica of Van Drebbel's submarine (ExpeditionEngineeringLtd, 2002).............1 

Figure 1-2: Classification of underwater vehicles (Christ and Wernli, 2007)............................2 

Figure 1-3: Typical AUV systems and components (Gonzalez, 2004) ......................................4 

Figure 1-4: A Torpedo-shaped hull (Jin et al., 2011a)................................................................6 

Figure 2-1: Motion and attitude parameters of an AUV...........................................................11 

Figure 2-2: Long BaseLine (Vickery, 1998) ............................................................................14 

Figure 2-3: Short BaseLine (Vickery, 1998) ............................................................................14 

Figure 2-4: UltraShort BaseLine...............................................................................................15 

Figure 3-1: Schematic structure of an accelerometer (Stovall, 1997) ......................................21 

Figure 3-2: Stationary accelerometers ......................................................................................22 

Figure 3-3: Gimballed system (Woodman, 2007) ....................................................................23 

Figure 3-4: Strapdown inertial navigation system building block (Christ and Wernli, 2008) .23 

Figure 3-5: Roll and Pitch determination using Accelerometers..............................................24 

Figure 3-6: The IMU is subjected to acceleration ....................................................................25 

Figure 3-7: A Mechanical gyroscope (Woodman, 2007) .........................................................26 

Figure 3-8: A tuning fork gyro, one type of rate gyro (Titterton and Weston, 2004) ..............27 

Figure 3-9: A Fibre Optic Gyroscope (Neubrex, 2012)............................................................28 

Figure 3-10: A Ring Laser Gyroscope (Encyclopaedia Britannica, 2004)...............................28 

Figure 3-11: Direction of the Vernal Equinox or x-axis of ECI frame.....................................31 

Figure 3-12: Reference frames (Titterton and Weston, 2004)..................................................32 

Figure 3-13: Roll, Pitch and Yaw axes (Body reference frame axes) ......................................33 

Figure 3-14: The Coriolis force ................................................................................................34 

Figure 3-15: Roll, Pitch and Yaw angles ..................................................................................37 

Figure 3-16: Strapdown inertial navigation algorithm (Woodman, 2007) ...............................39 

Figure 3-17: Local Gravity and Centrifugal Acceleration........................................................42 

Figure 3-18: Gyro-compassing (Titterton and Weston, 2004) .................................................45 

Figure 3-19: The Earth's Magnetic North (Kubrak, 2007) .......................................................46 

Figure 3-20: Inertial Sensor Errors (Grewal et al., 2001).........................................................49 

Figure 4-1: Basic principle of integrated navigation systems (Titterton and Weston, 2004)...53 

Figure 4-2: Typical gyroscope bias on an oscilloscope............................................................54 

Figure 4-3: Typical gyroscope bias in a histogram...................................................................54 



xiv 
 

 

 

 
 

Figure 4-4: Kalman filtering process (Levy, 2002) ..................................................................57 

Figure 4-5: The Normal or Gaussian probability distribution function....................................57 

Figure 4-6: Autocorrelation Functions .....................................................................................58 

Figure 4-7: White noise in time and frequency domains(Grewal and Andrews, 1993) ...........59 

Figure 4-8: Block diagram of discrete-time Kalman Filter (Grewal and Andrews, 1993).......64 

Figure 4-9: Schematic of a direct Kalman filter .......................................................................66 

Figure 4-10: Schematic of an indirect Kalman filter ................................................................67 

Figure 4-11: Schematic of a feedback Kalman filter................................................................68 

Figure 4-12: Schematic of a decentralised integration .............................................................68 

Figure 4-13: Schematic of a loosely coupled integration .........................................................69 

Figure 4-14: Schematic of a tightly coupled integration ..........................................................70 

Figure 5-1: Dry Land experimental setup.................................................................................76 

Figure 5-2: Pioneer P3-AT (Mobilerobots.com, 2010) ............................................................77 

Figure 5-3: Data flow of dry land experiments ........................................................................78 

Figure 5-4: Underwater experimental setup .............................................................................78 

Figure 5-5: The BlueBottle underwater vehicle .......................................................................79 

Figure 5-6: Three positions for calibrating the X-axis accelerometer ......................................81 

Figure 5-7: Results of calibrating the X-axis accelerometer ....................................................82 

Figure 5-8: Integration of angular rate about X-axis versus roll angle.....................................82 

Figure 5-9: The range of pitch angle ........................................................................................83 

Figure 5-10: Gyro bias drift ......................................................................................................83 

Figure 5-11: Gyro bias drift correction using gravity and magnetometers ..............................84 

Figure 5-12: Theoretical acceleration, velocity and displacement ...........................................86 

Figure 5-13: Velocity and displacement obtained from wheel encoders .................................87 

Figure 5-14: X-axis acceleration, velocity and displacement...................................................88 

Figure 5-15: FFT of raw X-axis acceleration signal.................................................................88 

Figure 5-16: Treads on P3-AT robot’s tyre ..............................................................................89 

Figure 5-17: Raw X-axis acceleration signal............................................................................90 

Figure 5-18: The effects of acceleration bias range on velocity and displacement..................90 

Figure 5-19: Compensated for constant acceleration bias........................................................91 

Figure 5-20: The effects of in-run acceleration bias on velocity and displacement .................92 

Figure 5-21: Inconsistency of the in-run bias ...........................................................................93 

Figure 5-22: Roll, Pitch and Yaw angles sensed by the IMU ..................................................94 

Figure 5-23: The difference between the pitch bias in the beginning and end of the motion ..95 



                                                                                                                                                  xv 
 

 

 
                                                                          

 
 

Figure 5-24: Compensated for constant acceleration bias and attitude changes ......................96 

Figure 5-25: Compensated for constant acceleration bias, attitude changes and gyro bias......97 

Figure 5-26: Effects of maximum gyro bias drift on acceleration, velocity and displacement 98 

Figure 5-27: Effects of gyro bias drift on acceleration, velocity and displacement .................99 

Figure 5-28: Direct implementation of the conventional Kalman filter .................................103 

Figure 5-29: Indirect FeedForward architecture of Kalman Filter .........................................106 

Figure 5-30: Indirect FeedBack architecture for Kalman filter ..............................................107 

Figure 5-31: Indirect Feedback Kalman Filter with expanded state vector............................109 

Figure 5-32: Effect of including bias drift in the state vector.................................................110 

Figure 5-33: Effect of including bias drift in the state vector (Zoomed view).......................110 

Figure 5-34: Extended Kalman Filter with Direct architecture ..............................................112 

Figure 5-35: Forward acceleration, velocity and displacement in underwater trial ...............114 

Figure B-1: Three positions for calibrating Y-axis accelerometer .........................................127 

Figure B-2: Results of calibrating Y-axis accelerometer........................................................127 

Figure B-3: Three positions for calibrating Z-axis accelerometer..........................................127 

Figure B-4: Results of calibrating Z-axis accelerometer ........................................................128 

Figure C-1: Device Settings of IMU Monitoring Software ....................................................129 

Figure C-2: Gyro bias drift correction using gravity and magnetometers ..............................130 



xvi 
 

 

 

 
 



                                                                                                                                                  xvii 
 

 

 
                                                                          

 
 

List of Tables: 

Table 1.1: Summary of typical AUV applications .....................................................................3 

Table 1.2: Specifications of some AUVs (AUVAC, 2010)........................................................5 

Table 5.1 : List of equipment of the experiments .....................................................................76 

Table 5.2: 3DM-GX3-25 Specifications (MicroStrain, 2010)..................................................80 

 

 

 

 
 
 
 
 


	TITLE: COST EFFECTIVE NAVIGATION OF AUTONOMOUS UNDERWATER VEHICLES
	Abstract
	Statement of Originality / Declaration
	Acknowledgements
	Contents
	List of Figures
	List of Tables




