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ABSTRACT 

The Autonomous Underwater Vehicle (AUV) demonstrates highly nonlinear and 

complexity in dynamic model coupled with unstructured ocean environment. With 

limitation of actuator constraints, the only solution for AUV to overcome this 

challenge is by manipulating the control algorithms. Naturally, Discrete-Time Sliding 

Mode Control (DSMC) is an appropriate controller for nonlinear systems due to its 

insensitivity to perturbations. However, the implementation of DSMC on AUV system 

contribute to chattering effect, which leads to low control accuracy and decreased 

lifetime of the actuator. For this reason, the reaching law scheme is employed to 

DSMC law. As a result, the reaching time of state trajectory to sliding surface is 

prolonged, hence, the robustness of the controller against perturbations is debilitated. 

Therefore, the Discrete-Time Fast Terminal Sliding Mode Control (DFTSMC) with 

reaching law schemes is proposed to overcome this issue. DFTSMC is a hybrid form 

of Discrete-Time Terminal Sliding Mode Control (DTSMC) and DSMC. The 

combination of nonlinear component from DTSMC and liner component by DSMC 

guarantee fast and finite error state convergence. While the chattering effect 

significantly reduced by nonlinear component from DTSMC. A comprehensive 

simulation showed that DFTSMC is capable of shortening the error state convergence 

of 65%, the reaching time by 32%, and reducing the chattering effect by 68%, in 

comparison with DSMC. In other words, DFTSMC offers fast and finite transient 

response, alleviates chattering effect, and guarantees strong robustness against 

perturbations in comparison with DTSMC and DSMC. Furthermore, DFTSMC also 

provides better system response when compared with discrete Proportional Integral 

Derivative (PID) and Model Predictive Controller (MPC). This indicates that 

DFTSMC is capable of providing better performance, compared with DTSMC, 

DSMC, discrete PID and MPC. Therefore, DFTSMC may emerge as one of the 

preferable controller methods towards improving real AUV system performance. 
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ABSTRAK 

Kenderaan berautonomi bawah air (AUV) menunjukkan ketidaklurusan yang tinggi 

dan kerumitan model dinamiknya berserta dengan persekitaran bawah air yang tidak 

terkawal. Disebabkan keterbatasan system penggerak, pilihan yang di miliki olah AUV 

dalam mengatasi rintangan adalah dengan menggunakan strategi algoritma kawalan. 

Kawalan Ragam Lincir Diskrit (DSMC) adalah pendekatan yang bersesuaian untuk 

mengawal ketidakpastian sistem yang tidak lurus di sebabkan oleh ketidakpekaan 

terhadap perubahan parameter dan gangguan luaran. Walaubagaimanapun, 

perlaksanaan DSMC keatas sistem AUV menghasilkan masalah penggelatukkan yang 

menurunkan prestasi kawalan and memendekkan jangka hayat penggerak. Oleh itu, 

hukum jangkauan baharu di formulasi dengan DSMC. Akibatnya, kesan 

penggelatukkan berkurang tetapi masa jangkauan di panjangkan lalu menurunkan 

tahap ketahanan terhadap perubahan parameter dan gangguan luaran. Oleh itu, 

Landasan Pantas Kawalan Ragam Lincir Diskrit (DFTSMC) bersama dengan hukum 

jangkauan baharu di gunakan untuk mengatasi masalah ini. DFTSMC adalah 

gabungan antara DTSMC dan DSMC. Gabungan komponen bukan linear dari DTSMC 

dan komponen linear oleh DSMC memendekkan masa penumpuan ralat dan masa 

capaian. Kesan penggelatukkan pula dapat di kurangkan dengan ketara oleh komponen 

tidak linear dari DTSMC. Hasil simulasi menunjukkan DFTSMC memendekkan masa 

penumpuan ralat sebanyak 65%, memendekkan masa capaian sebanyak 32%, dan 

mengurangkan penggelatukkan sebanyak 68% di bandingkan dengan DSMC. Ini 

bermaksud DFTSMC mempercepatkan masa penumpuan ralat dan capaian, 

mengurangkan penggelatukkan pada kawalan masuk dan menjamin ketahanan yang 

kuat terhadap gangguan. Malahan, DFTSMC juga memberikan tindak balas sistem 

yang lebih baik berbanding dengan DSMC, DTSMC, diskrit Proporsional Integral 

Derivative (PID) dan Kawalan Ramalan Model (MPC). Ini menunjukkan bahawa 

DFTSMC mampu memberikan prestasi yang baik, di bandingkan dengan DTSMC, 

DSMC, diskrit PID dan MPC. Oleh itu, DFTSMC boleh dijadikan pengawal yang 

lebih baik untuk meningkatkan prestasi sistem AUV sebenar.  
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Most of the earth's surface is covered with water in the form of oceans, rivers, and 

lakes, and many of which remain unexplored. Other than their traditional significance 

of being the sources of precious minerals, food, biodiversity, and being directly or 

indirectly beneficial to mankind, the ecological, economic, and social importance of 

water bodies are now better understood. The increasing investigation on ocean 

exploration requires Unmanned Underwater Vehicle (UUV) has reached an impressive 

technological momentum over the past decades by merging areas such as electrical, 

mechanical and system engineering. The UUV can be classified into two categories, 

namely, Autonomous Underwater Vehicles (AUV) and Remotely Operated 

Underwater Vehicles (ROV). The AUV is further divided into underwater glider, 

propelled AUV and Biomimetic AUV. The classification of UUV is summarized in 

Figure 1.1. 

 

 
Figure 1.1: The classification of UUV [1] 
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 Over the years, the increasing demand of deep water exploration with higher 

safety risk have steadily increased from ROV to AUV [2]. Transitioning from ROV to 

AUV pushed new developments in localization, autonomy, and communications. 

AUV navigates autonomously relaying on its navigation algorithm and surrounding 

information. AUV have predefined plan of operations in its system allowing AUV to 

perform autonomously. Due to versatility, compact size, independence, and 

covertness, AUV are highly valuable asset in various industries especially in 

commercial sectors.  A chart showing the AUV global demand on commercial sectors 

starting from 2013 and forecasted for 2022 is presented in Figure 1.2. The pipeline 

inspection and life of field inspection are expected to witness a higher growth demand 

over the forecast.  

 

 
Figure 1.2: Global AUV demand by commercial sector from 2013 and forecasted to 

2022 [3] 
The past decade has witnessed sustained research activities in achieving high 

degree of autonomous decision making. However, demanding ocean environments 

bring many challenges to its autonomy, energy consumption, sensors, and 

communication. Regardless of the types of control scenarios such as set point 

regulation, trajectory tracking and path following, the main challenges are highly 

nonlinear dynamics accompanied with parametric uncertainties [4,5]. Furthermore, 

with limited state variables and actuator, the only option for AUV to overcome these 

challenges is by manipulating the control algorithms [6,7]. In this research, robust and 

0

5

10

15

20

25

30

35

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

A
U

V
 U

ni
ts

Year
Life of Field Inspection Pipeline Inspection Pipeline Survey

Rig Move/ Hazard Survey Site Survey (Oil and Gas) Site Survey ( Renewables)

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



103 
 

 

REFERENCES 

1. M. Mat-Noh, “Backstepping Integral Super Twisting,” PhD Thesis, Universiti 

Sains Malaysia, 2019. 

2. Y.Petillot, G. Antonelli, G. Casalino, and F. Ferreira, “Underwater Robots: 

From Remotely Operated Vehicles to Intervention-Autonomous Underwater 

Vehicles,” IEEE Robotics and Automation Magazine, vol.26, no.2, pp.94–101, 

2019. 

3. “World AUV Market Forecast : Commercial,” Douglas-Westwood’s World. 

[Online]. Available: https://www.westwoodenergy.com/reports/world-auv-

market-forecast-2018-2022. 

4. N. M. Nouri, M. Valadi, and J. Asgharian, “Optimal input design for 

hydrodynamic derivatives estimation of nonlinear dynamic model of AUV,” 

Nonlinear Dynamics, vol.92, no.2, pp.1–13, 2018 

5. M. Mirzaei and H. Taghvaei, “A Full Hydrodynamic Consideration in Control 

System Performance Analysis for an Autonomous Underwater Vehicle,” 

Journal of Intelligent Robotic System: Theory and Applications, vol.99, no.1, 

pp.129–145, 2020. 

6. P. Zhang, L.Liu,S.Zhang and S.Cao, “Saturation Based Nonlinear FOPD 

Motion Control Algorithm Design for Autonomous Underwater Vehicle,” 

Optimization of Motion Planning and Control for Automatic Machines, Robots 

and Multibody Systems, vol.9, no.22, pp.111-121, 2019. 

7. J. Li, J. Du, and J. Chang, “Robust time-varying formation control for 

underactuated autonomous underwater vehicles with disturbances under input 

saturation,” Ocean Engineering, vol.179, no.9, pp.180–188, 2019. 

8. R. Yang, “Modeling and Robust Control Approach for Autonomous 

Underwater Vehicles,” PhD Thesis, Ocean University of China, 2016. 

9. M. Afshari, S. Mobayen, R. Hajmohammadi, and D. Baleanu, “Global Sliding 

Mode Control Via Linear Matrix Inequality Approach for Uncertain Chaotic 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH

https://www.westwoodenergy.com/reports/world-auv-market-forecast-2018-2022
https://www.westwoodenergy.com/reports/world-auv-market-forecast-2018-2022


104 
 

Systems with Input Nonlinearities and Multiple Delays,” Journal Compututer 

of Nonlinear Dynamic, vol.23, no.1, pp.1-34, 2018. 

10. Q. Zhang, L. Li, G. Yan, and K. Spurgeon, “Sliding mode control for singular 

stochastic Markovian jump systems with uncertainties”, Automatica, vol.79, 

no.5, pp.27-34, 2017. 

11. H. Wu, S. Li, and X. Wang, “Discrete-time adaptive sliding mode control of 

autonomous underwater vehicle in the dive plane,” Springer-Verlag Berlin 

Heidelberg, vol.5298, no.9, pp.157–164, 2009. 

12. S. Zhang, J. Yu, and A. Zhang, “Discrete-time quasi-sliding mode control of 

underwater vehicles,” Proceeding World Congress of Intellegent Control 

Automation, vol.978, no.6, pp.6686–6690, 2010. 

13. S. Verma, K. Abidi, and X. Xu, “Terminal Sliding Mode Control for speed 

tracking of a Carangiform robotic fish,” International Workshop on Variable 

Structure Systems(VSS), vol.14, no.978, pp.345–350, 2016. 

14. Z. Elhajji, K. Dehri, and S. Nouri, “Discrete fast terminal and integral sliding 

mode controllers,” International Conference of Science Technology and 

Automation Control Computer Engineering, vol.12, no.10, pp.958–962, 2014. 

15. I. Yazici and K. Yaylaci, “Fast and robust voltage control of DC-DC boost 

converter by using fast terminal sliding mode controller,” IET Power 

Electronincs, vol.9, no.1, pp.120–125, 2016. 

16. S. Faiz Ahmed, H. Desa, and A. S. T. Hussain, “Study of depth control method 

for unmanned underwater vehicle (UUV),” Journal of Environmenal Science 

and Technology, vol.10, no.2, pp.88–95, 2017. 

17. W. Gan, D. Zhu, W. Xu, and B. Sun, “Survey of Trajectory Tracking Control 

of Autonomous Underwater Vehicles,” Journal of Marine Science and 

Technology, vol.25, no.6, pp.722–731, 2017. 

18. K. Oktafianto, “Design of Autonomous Underwater Vehicle Motion Control 

Using Sliding Mode Control Method,” International Conference of Advance 

Mechatronics, Intellegent Manufacturer, and Industrial Automation 

(ICAMIMA), vol.1109, no.10, pp.162–166, 2015. 

19. S. Ogurtsov, A. Kokoreva, F. Ogurtsov, A. Usenbay, S. Kunesbekov, and E. 

Lavrov, “Microcontroller navigation and motion control system of the 

underwater robotic complex,” ARPN Journal of Engineering and Applied 

Science, vol.11, no.9, pp.6110–6121, 2016. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



105 
 

20. M. Mat-Noh, R. Mohd-Mokhtar, M. R. Arshad, Z. M. Zain, and Q. Khan, 

“Review of sliding mode control application in autonomous underwater 

vehicles,” Indian Journal of Geo-Marine Sciences, vol.48, no.7, pp.973–984, 

2019. 

21. H. Lee & V. Utkin, “Chattering problem in sliding mode control systems,” 

Conference on Analysis and Design of Hybrid System (IFAC), vol.39, no.5, 

pp.1-10, 2006. 

22. W. Gao and J. C. Hung, “Variable Structure Control of Nonlinear Systems: A 

New Approach,” IEEE Transaction on Industrial Electronics, vol.40, no.1, 

pp.45–55, 1993. 

23. B. Bandyopadhyay and S. Chakrabarty, “A generalized reaching law for 

discrete-time sliding mode,”  Recent Trends in Sliding Mode Control, vol.52, 

no.2, pp.83-86, 2015. 

24. S. Chakrabarty and B. Bandyopadhyay, “A generalized reaching law with 

different convergence rates,” Automatica, vol.63, no.12, pp.34–37, 2016. 

25. S. Amirkhani, S. Mobayen, N. Iliaee, O. Boubaker, and S. H. Hosseinnia, “Fast 

terminal sliding mode tracking control of nonlinear uncertain mass–spring 

system with experimental verifications,” International Journal of Advance 

Robot System, vol.16, no.2 , pp.34-37, 2019. 

26. T. Fossen, Handbook Of Marine Craft Hydrodynamics and Motion Control. 

Trondheim, Norway: John Wiley & Sons Ltd, 8 April 2011. 

27. A. Sahoo, S. K. Dwivedy, and P. S. Robi, “Advancements in the field of 

autonomous underwater vehicle,” Ocean Engineering, vol.181, no.1, pp.145–

160, 2019. 

28. O.Yildiz, R. Gokalp and A.Yilmaz, “A review on motion control of the 

Underwater Vehicles,”  International Conference on Electrical and 

Electronics Engineering (ELECO), vol.3, no. , pp.337-341, 2009. 

29. T. I. Fossen, Guidance and control of ocean vehicles. New York: John Wiely 

& Sons, 1994. 

30. F. Min, G. Pan, and X. Xu, “Modeling of autonomous underwater vehicles with 

multi-propellers based on maximum likelihood method,” Journal of Marine 

Science and Engieering, vol.8, no.6, pp.1-24, 2020. 

31. O. M. Faltinsen, Sea loads on ships and offshore structures. Norweigen 

Institute of Technology, Trondheim, 1993. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



106 
 

32. A. J. Healey and D. B. Marco, “ Slow speed flight control of autonomous 

underwater vehicles:  Experimental results with NPS AUV II,” International 

Offshore and Polar Engineering Conference,” vol.2, no.6, pp.523–532, 1992. 

33. A. J. Healey and D. Lienard, “Multivariable Sliding-Mode Control for 

Autonomous Diving and Steering of Unmanned Underwater Vehicles,” IEEE 

Journal of Oceanic Engineering, vol.18, no.3, pp.327–339, 1993. 

34. M. Kokegei, F. He, and K. Sammut, “Fully coupled 6 degrees-of-freedom 

control of autonomous underwater vehicles,” in OCEANS, vol.13, no.9, pp.1-

7, 2008. 

35. C. Hajiyev and F. Detection, “Autonomous Underwater Vehicle Dynamics,” 

vol.3 , no.3, pp.1-31, 2018. 

36. L. V. Steenso, S.R.Turnock, and A.B.Phillips, “Model predictive control of a 

hybrid autonomous underwater vehicle with experimental verification,” 

Institutation of Mechanical Engineers Part M: Journal of Engineering for the 

Maritime Environment, vol.228, no.2, pp.166–179, 2014. 

37. J. Boehm, E. Berkenpas, C. Shepard, and D. A. Paley, “Feedback-linearizing 

control for velocity and attitude tracking of an rov with thruster dynamics 

containing input dead zones,” American Control Conference, vol.127, no.7, 

pp.1-6, 2019. 

38. H.Abrougui, S.Nejim, and H.Dallagi, “Modelling and Autopilot Design for 

Autonomous Catamaran Sailboat Based on Feedback Linearization,” 

International Conference on Advanced Systems and Emergent Technologies 

(IC_ASET), vol.228, no.3, pp.166–179, 2019. 

39. R. Cui, C. Yang, Y. Li, and S. Sharma, “Adaptive Neural Network Control of 

AUVs With Control Input Nonlinearities Using Reinforcement Learning,” 

IEEE Transactions on Systems, Man, and Cybernetrics: Systems, vol.47, no.6, 

pp.1019–1029, 2017. 

40. R.Cui, C.Yang, Y.Li and S.Sharma, “Neural network based reinforcement 

learning control of autonomous underwater vehicles with control input 

saturation,” International Conference on Control (UKACC), vol.30, no.7, 

pp.50–55, 2014. 

41. J. Zhao and Z. Hu, “Path following control of discrete-time AUV with input-

delay,” Chinese Control and Decision Conference (CCDC), vol.1, no.5, 

pp.4648–4652, 2017. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



107 
 

42. B. Sun, D. Zhu, C. Tian, and C. Luo, “Complete Coverage Autonomous 

Underwater Vehicles Path Planning Based on Glasius Bio-Inspired Neural 

Network Algorithm for Discrete and Centralized Programming,” IEEE 

Transaction on Cognitive and Developmental System, vol.11, no.1, pp.73-84, 

2019. 

43. J. Ni, L. Wu, P. Shi, and X. Yang, “A dynamic bioinspired neural network 

based real-time path planning method for autonomous underwater vehicles,” 

Computational Intelligence and Neuroscience, vol.111, no.2, pp.1-16, 2017. 

44. S. Zhao and J. Yuh, “Experimental study on advanced underwater robot 

control,” IEEE Transactions on Robotics, vol.21, no.4, pp.695–703, 2005. 

45. B. Sun, D. Zhu, and S. X. Yang, “An Optimized Fuzzy Control Algorithm for 

Three-Dimensional AUV Path Planning,” International Journal of  Fuzzy 

Systems, vol.20, no.2, pp.597–610, 2018. 

46. M. Salimi and M. Ayati, “Depth Control of the ROV with Fuzzy and PID 

Smoother Controller,” International Journal of Mechtronics, Electrical and 

Computer Technology, vol.5, no.16, pp.1–18, 2015. 

47. P. Lee, S. Hong, and Y. Lim, “Self-tuning control of autonomous underwater 

vehicles based on discrete variable structure system,” MTS/IEEE Conference 

Proceedings, vol.2, no.10, pp.902–909, 1997. 

48. M. Lee, H.Jeon and W.Hong, “System design and quasi-sliding mode control 

of an AUV for ocean research and monitoring,” International Symposum on 

Underwater Technology, vol.12, no.4, pp.179–184, 1998. 

49. M. Lee, W. Hong, K. Lim, M. Lee, H. Jeon, and W. Park, “Discrete-time quasi-

sliding mode control of an autonomous underwater vehicle,” IEEE Journal of 

Oceanic Engineering, vol.24, no.3, pp.388–395, 1999. 

50. R. Ngadengon, “Modified Multirate Output Feedback Based Discrete Sliding 

Mode Control For Input Chattering Reduction,” PhD Thesis, Universiti 

Teknologi Malaysia, 2017. 

51. Y. Hung and M. Nelms, “Using a boundary layer technique to reduce chatter 

in sliding mode controllers,” IEEE Applied Power Electronics Conference and 

Exhibition (APEC), vol.3, no.3, pp.195–201, 1991. 

52. A. Kawamura, “Chattering Reduction of Disturbance Observer Based Sliding 

Mode Control,” IEEE Transactions on Industrt Applications, vol.30, no.2, 

pp.456–461, 1994. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



108 
 

53. P. Padmalatha and S. Thomas, “Discrete time reaching law based variable 

structure control for fast reaching with reduced chattering,” International 

Journal of Robotics and Automation (IJRA), vol.9, no.1, p.51-61, 2020. 

54. R. Amini, M. Shahbakhti, S. Pan, and J. K. Hedrick, “Discrete Adaptive 

Second Order Sliding Mode Controller Design with Application to Automotive 

Control Systems with Model Uncertainties,” Amarican Control Conference 

(ACC), vol.33, no.10, pp.4766–4771, 2017. 

55. R. Damian, “Autonomous Underwater Vehicles - achievements and current 

trends,” Science Bulletin of Naval Academy, vol. 552, no.1, pp.85–89, 2018. 

56. J. Xiong and G. Zhang, “Discrete-time sliding mode control for a quadrotor 

UAV,” Optik, vol.127, no.8, pp.3718–3722, 2016. 

57. K. Harikumar, T. Bera, R. Bardhan, and S. Sundaram, “State Estimation of an 

Agile Target using Discrete Sliding Mode Observer,” International 

Conference on Control, Decision and Information Technologies (CoDIT), 

vol.3, no.4, pp.1660-1671, 2018. 

58. D. W. Kim, H. J. Lee, M. H. Kim, S. Lee, and T. Kim, “Robust Sampled-Data 

Fuzzy Control of Nonlinear Systems with Parametric Uncertainties: Its 

Application to Depth Control of Autonomous Underwater Vehicles,” 

International Journal of Control, Automation, and Systems, vol.10, no.6, 

pp.1164–1172, 2012. 

59. Q. Xu, “Piezoelectric Nanopositioning Control Using Second-Order Discrete-

Time Terminal Sliding-Mode Strategy,” IEEE Transactions on Industrial 

Electronics, vol.62, no.12, pp.7738–7748, 2015. 

60. Y. Zhang and Q. Xu, “Adaptive iterative learning control combined with 

discrete-time sliding mode control for piezoelectric nanopositioning,” Chinese 

Control Conference, (CCC), vol.99, no.1, pp.6080-6085, 2015. 

61. M. L. Nguyen, X. Chen, and F. Yang, “Discrete-Time Quasi-Sliding-Mode 

Control with Prescribed Performance Function and its Application to Piezo-

Actuated Positioning Systems,” IEEE Transactions on Industrial Electronics, 

vol.65, no.1, pp.942–950, 2018. 

62. J. Samantaray and S. Chakrabarty, “Digital Implementation of Sliding Mode 

Controllers with DC-DC Buck Converter System,” Proceedings IEEE 

International Workshop on Variable Structure Systems (VSS), vol.10. no.7, 

pp.255–260, 2018. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



109 
 

63. B. Labbe, B. Allard, and X. Lin-Shi, “Design and stability analysis of a 

discrete-time sliding mode control for a synchronous DC-DC buck converter,” 

International Journal of Control, Automation and Systems, vol.17. no.5, 

pp.1393-1407, 2019. 

64. J. Deylamani, P. Amiri, and H. Refan, “Discrete-Time Sliding Mode 

Controlled Synchronous DC-DC Buck Converter,” Power Electronics, Drive 

Systems and Technologies Conference (PEDSTC), vol.17, no.10, pp.1–5, 2020. 

65. H. Shah, “Discrete-Time Sliding Mode Control with Disturbance Estimator for 

Networked Control System,” PhD Thesis, Gujarat Techonolgical University, 

2018. 

66. D. Shah and A. Mehta, “Discrete-time sliding mode controller subject to real-

time fractional delays and packet losses for networked control system,” 

International Journal of Control, Automation and Systems, 2017. 

67. H. Shah and J. Mehta, “Fractional delay compensated discrete-time SMC for 

networked control system,” Digital Communications and Networks, vol.5, 

no.3, pp.112-117, 2017. 

68. S. Majidabad and T. Shandiz, “Discrete-time based sliding-mode control of 

robot manipulators,” International Journal of Intellegent Computer 

Cybernetrics, vol.3, no.2, pp.340-358, 2012. 

69. Y. Kali, M. Saad, and K. Benjelloun, “Optimal super-twisting algorithm with 

time delay estimation for robot manipulators based on feedback linearization,” 

Robotics and Autonomous Systems, vol.108, no7, pp.87–99, 2018. 

70. J. Kim, M. Jin, W. Choi, and J. Lee, “Discrete time delay control for hydraulic 

excavator motion control with terminal sliding mode control,” Mechatronics, 

vol.60, no.2, pp.15–25, 2019. 

71. G.J. Lee, T.H. Gyeong, and J.S. Kim, “Control of Robot Manipulators Using 

Chattering-Free Sliding Mode,” Transactions of the Korean Society of 

Mechanical Engineer A, vol.26, no.2, pp.357–364, 2002. 

72. Y. Zhang, Q. Zhu, G. Ma, and Y. Guo, “An improved reaching law of SMC 

for spacecraft tracking system,” 2015 IEEE International Conference on 

Information and Automation (ICIA), vol.3, no.8, pp.907–911, 2015. 

73. Y. Chang, “Characteristic model-based adaptive discrete-time sliding mode 

design for hypersonic vehicle attitude control,” IEEE International Conference 

on Mechatronics and Automation (IEEE ICMA), vol.5, no.9,  pp.2082–2087, 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



110 
 

2016. 

74. Y. H. Fan, P. P. Yan, F. Wang, and H. Y. Xu, “Discrete Sliding Mode Control 

for Hypersonic Cruise Missile,”Intellegent Control in Discrete-Time for 

Autonomous Systems, vol.16, no.3, pp.1-9, 2016. 

75. V.Utkin, “Variable Structure Systems with Sliding Modes,” IEEE 

Transactions on Automatation Control, vol.22, no.2, pp.212–222, 1967. 

76. J. Y. Hung, W. Gao, and J. C. Hung, “Variable Structure Control: A Survey,” 

IEEE Industrial Electronics, vol.40, no.1, pp.2–22, 1993. 

77. S. Vaidyanathan and C. H. Lien, Applications of sliding mode control in 

science and engineering, Springer, 2017. 

78. C.Tan, M. Lai and K.Tse, Introduction to Sliding Mode Control, CRC Press, 

2011. 

79. W. Gao, Y. Wang, and A. Homaifa, “Discrete-Time Variable Structure Control 

Systems,” IEEE Transactions on Industrial Electronics, vol.42, no.2, pp.117–

122, 1995. 

80. Č. Milosavljević “ General Conditions for the Existence of a Quasi-Sliding 

Mode on the Switching Hyperplane in Discrete Variable Structure Systems,” 

Automaion and Remote Control, vol.46, no.3, pp.679–684, 1985. 

81. Z.Sarpturk, I.Istefanopulos and O.Kaynak “On the Stability of Discrete-Time 

Sliding Mode Control System,” IEE Conference Publication, vol.1, no.332, 

pp.930–932, 1987. 

82. K. Furuta, “Sliding mode control of a discrete system,” System and Control 

Letters, vol.14, no.2, pp.145–152, 1990. 

83. H. Sira-Ramirez, “Non-linear discrete variable structure systems in quasi-

sliding mode,” International Journal of Control, vol.54, no.5, pp.1171–1187, 

1991. 

84. P. Lee, S. Hong, Y. Lim, C. Lee, B. Jeon, and J. Park, “Discrete-time quasi-

sliding mode control of an autonomous underwater vehicle,” ,” IEEE Journal 

of Oceanic Engineering, vol.24, no.3, pp.388–395, 1999. 

85. G. Monsees, “Discrete-Time Sliding Mode Control,” PhD Thesis, Technical 

University Delft, 2002. 

86. B. Bandyopadhyay, F. Deepak, I. Postlethwaite, and M. C. Turner, “A 

nonlinear sliding surface to improve performance of a discrete-time input-

delay system,” International Journal of Control, vol.83, no.9, pp.1895–1906, 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



111 
 

2010. 

87. A. Pisano and E. Usai, “Sliding mode control: A survey with applications in 

math,” Mathatics and Computer in Simulation, vol.81, no.5, pp.954–979, 

2011. 

88. Xinghuo Yu and Man Zhihong, “On finite time mechanism: terminal sliding 

modes,” IEE Variable Structure Control, vol.1, no.2, pp.164–167, 1996. 

89. H. Du, X. Yu, M. Z. Q. Chen, and S. Li, “Chattering-free discrete-time sliding 

mode control,” Automatica, vol.68, no.7, pp.87–91, 2016. 

90. T. Mizoshiri and Y. Mori, “Sliding mode control with a linear sliding surface 

that varies along a smooth trajectory,” International Symposium on Control 

Systems (ISCS), vol.10, no.3, pp.1-8, 2016. 

91. A.Koshkouei, K.Burnham, and A.Zinober, “Dynamic sliding mode control 

design,” Control Theory and Applications, vol.152, no.4, pp.392-396, 2005. 

92. X. Yu, J. Xu, Y. Hong, and S.Yu, “Analysis of a class of discrete-time systems 

with power rule,” Automatica, vol.43, no.3, pp.562–566, 2007. 

93. Y. Hong, G. Yang, D. Cheng, and S. Spurgeon, “Finite time convergent control 

using terminal sliding mode,” Journal of Control Theory and Applicatoons, 

vol.2, no.1, pp.69–74, 2004. 

94. D. Fulwani, B. Bandyopadhyay, and L. Fridman, “Non-linear sliding surface: 

Towards high performance robust control,” IET Control Theory and 

Application, vol.6, no.2, pp.235–242, 2012. 

95. S. Zeghlache, A. Bouguerra, and M. Ladjal, “Sliding mode controller using 

nonlinear sliding surface applied to the 2-DOF helicopter,” IEE Variable 

Structure Control, vol.14, no.3 ,pp.332–337, 2016. 

96. A. Tapia, M. Bernal, and L. Fridman, “Nonlinear sliding mode control design: 

An LMI approach,” System and Control Letters, vol.104, no.7, pp.38-44,2017. 

97. K. Abidi and J.Xu, “Discrete-time sliding mode control,” Design and 

applications, Springer, 2015. 

98. P. Latosiński, “Sliding mode control based on the reaching law approach - A 

brief survey,” International Conference on Methods and Model in Automation 

and Robotics, (MMAR), vol.22, no.8, pp.519–524, 2017. 

99. P. Le, “Discrete time reaching law based sliding mode control : a survey,” 

International Conference on System Theory, Control and Computing 

(ICSTCC) Discrete, vol.22, no10, pp.734–739, 2018. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



112 
 

100. H. Ma, Y. Li, and Z. Xiong, “Discrete-Time Sliding-Mode Control With 

Enhanced Power Reaching Law,” IEEE Transactions on Industrial 

Electronics, vol.66, no.6, pp.4629–4638, 2019. 

101. Y. Dvir, A. Levant, D. Efimov, A. Polyakov, and W. Perruquetti, “Discrete 

time sliding mode control with reduced switching – a new reaching law 

approach,” International Journal Robust and Nonlinear Control, vol.28, no.5, 

pp.1–23, 2014. 

102. A. Bartoszewicz and P. Latosiński, “Generalization of Gao’s Reaching Law 

for Higher Relative Degree Sliding Variables,” IEEE Transaction on 

Automatic Control, 2018. 

103. Z.Kang, H.H.Yu and C.Li, “Variable-parameter double-power reaching law 

sliding mode control method,” Journal of Control, Measurement, Electronics, 

Computing and Communications, vol.61, no.3, pp.345-351, 2020. 

104. A. Bartoszewicz, Remarks on “discrete-time variable structure control 

systems,” IEEE Transactions on Automatation Control, vol.43, no.44, pp.1-8, 

1996. 

105. A. T. Azar and Q. Zhu, “Advances and applications in sliding mode control 

systems,” Studies in Computational Intelligence, Springer, 2015. 

106. A. Bartoszewicz and P. Lesniewski, “New Switching and Nonswitching Type 

Reaching Laws for SMC of Discrete Time Systems,” IEEE Transactions on 

Control System and Technology, vol.24, no.2, pp.670–677, 2016. 

107. H. Zhou, L. Lao, Y. Chen, and H. Yang, “Discrete-time sliding mode control 

with an input filter for an electro-hydraulic actuator,” IET Control Theory and 

Applications, vol.11, no.9, pp.1333–1340, 2017. 

108. P. Latosiński, “A New Reaching Law Based DSMC for Inventory 

Management Systems,” International Conference on System Theory, Control 

and Computer A, vol.1, no.3, pp.372–377, 2017. 

109. H. Shah and M. Patel, “Design of sliding mode control for quadruple-tank 

MIMO process with time delay compensation,” Journal of Process Control, 

vol.76, no.1, pp.46–61, 2019. 

110. H. Ma, Z. Xiong, Y. Li, and Z. Liu, “Sliding Mode Control for Uncertain 

Discrete-Time Systems using An Adaptive Reaching Law,” IEEE 

Transactions on Circuits System II vol.7747, no.3, pp.1–10, 2020. 

111. P. Leśniewski and A. Bartoszewicz, “Generalized non-switching reaching laws 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



113 
 

for smc of discrete time dynamical systems,” Control Engineering 

Applications Informatics, vol.18, no.4, pp.26–35, 2016. 

112. M. Yua, X. Zhao and T.Wu, “A double power reaching law of sliding mode 

control based on neural network,” Mathmatics Problems in Engineering, 

vol.13, no.11, pp.1–9, 2013. 

113. B. Devika and S. Thomas, “Power rate exponential reaching law for enhanced 

performance of sliding mode control,” International Journal of Control, 

Automation and System, vol.15, no.6, pp.2636–2645, 2017. 

114. A. Bartoszewicz, “Discrete-Time Quasi-Sliding-Mode Control Strategies,” 

IEEE Transactions on Industrial Electronics, vol.45, pp.633–637, 1998. 

115. J. Ghabi, A. Rhif, and S. Vaidyanathan, “Discrete Time Sliding Mode Control 

Scheme for Nonlinear Systems With Bounded Uncertainties,” International 

Journal of System Dynamics Applications, vol.7, no.2, pp.15–33, 2018. 

116. J. Guldner and V. Utkin, “The chattering problem in sliding mode systems,” 

Mathematical Theory and Networks System, 2000. 

117. V. Utkin, “Chattering problem,” International Federation of Automatic 

Control, vo.18, no.1, pp.13374-13379, 2011. 

118. H. Nemati, M. Bando, and S. Hokamoto, “Chattering Attenuation Sliding 

Mode Approach for Nonlinear Systems,” Asian Journal of Control, vol.19, 

no.4, pp.1519–1531, 2017. 

119. G. Bartolini, A. Ferrara, and E. Usai, “Chattering avoidance by second-order 

sliding mode control,” IEEE Transactions on Automatation Control, vol.43, 

no.2, pp.241–246, 1998. 

120. S. Kasera, A. Kumar, and L. B. Prasad, “Analysis of chattering free improved 

sliding mode control,” International Conference on Innovations in 

Information, Embeded and Communication System (ICIIECS ), vol.1, no.1, 

pp.1–6, 2018. 

121. S. Á. Rodríguez, “Robustness vs Chattering-effect study for the Sliding Mode 

Control,” Nova Scientia,, vol.11, no.2, pp.65–86, 2019. 

122. H.Lee and V. Utkin, “Chattering suppression methods in sliding mode control 

systems,” Annual Reviews in Control, vol.31, no 2, pp.1063–1068, 2007. 

123. P.Kachroo and M.Tomizuka, “Chattering Reduction and Error Convergence in 

the Sliding-Mode Control of a Class of Nonlinear Systems,” IEE Transactions 

on Automatic Control,vol.41, no.7, pp.1689–1699, 1996. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



114 
 

124. B. Wang, B. Brogliato, V. Acary, A. Boubakir, and F. Plestan, “Experimental 

Comparisons between Implicit and Explicit Implementations of Discrete-Time 

Sliding Mode Controllers: Toward Input and Output Chattering Suppression,” 

IEEE Transactions on Control System Technology, vol.23, no.5, pp.2071–

2075, 2015. 

125. A. Sahamijoo, F. Piltan, M. H. Mazloom, M. R. Avazpour, H. Ghiasi, and N. 

B. Sulaiman, “Methodologies of Chattering Attenuation in Sliding Mode 

Controller,” International Journal of Hybrid Information Technology, vol.9, 

no.2, pp.11-36, 2016. 

126. J. Zhang, N. Zhang, G. Shen, and Y. Xia, “Analysis and design of chattering-

free discrete-time sliding mode control,” International Journal of Robust 

Nonlinear Control, vol.29, no.18, pp.6572–6581, 2019. 

127. A. Levant, “Chattering analysis,” IEEE Transactions and Automation Control, 

vol.55, no.6, pp.1380-1389, 2010. 

128. L. Tao, Q. Chen, Y. Nan, and C. Wu, “Double Hyperbolic Reaching Law with 

Chattering-Free and Fast Convergence,” IEEE Access, vol.6, no.32, pp.27717-

27725, 2018. 

129. L. Tao, Q. Chen, and Y. Nan, “Disturbance-observer Based Adaptive Control 

for Second-order Nonlinear Systems Using Chattering-free Reaching Law,” 

International Journal of Control, Automation and Systems, vol.17, no.9, 

pp.356-369, 2019. 

130. D. De Oliveira, P. Vieira, and A. Grundling, “A quasi-sliding mode speed and 

position observer with a chattering elimination filter,” Brazilian Power 

Electronics Conference and 1st Southern Power Electronics Conference 

(COBEP/SPEC). vol.3, no.11, pp.1-7, 2016. 

131. P. Latosiński, “Reaching law based discrete time switching quasi-sliding mode 

controller,” International Conference on Methods and Model in Automation 

and Robotics (MMAR), vol34, no.2, pp.414–418, 2017. 

132. P. Latosinski and M. Herkt, “Reaching Law Based DSMC Strategies: 

Robustness Comparison,”  International Carpathian Control Conference 

(ICCC), vol.32, no.10, pp.1-7, 2020. 

133. T. Venkataraman and S. Gulati, “Terminal sliding modes: a new approach to 

nonlinear control synthesis,” Advanced Robotics ’Robots in Unstructured 

Environments, vol.1, no.3, pp.443–448, 1991. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



115 
 

134. G. Golo and Č. Milosavljević, “Robust discrete-time chattering free sliding 

mode control,” System and Control Letters, vol.41, no.1, pp.19–28, 2000. 

135. S. Janardhanan and B. Bandyopadhyay, “On discretization of continuous-time 

terminal sliding mode,” IEEE Transactions on Automatatic Control, vol.51, 

no.9, pp.1532–1536, 2006. 

136. S. Li, H. Du, and X. Yu, “Discrete-time terminal sliding mode control systems 

based on euler’s discretization,” IEEE Transactions on Automatic Control, 

vol.59, no.2, pp.546–552, 2014. 

137. K. Behera and B. Bandyopadhyay, “Steady-state behaviour of discretized 

terminal sliding mode,” Automatica, vol.54, no.3, pp.176–181, 2015. 

138. K. Abidi, J.Xu, and H. She, “A discrete-time terminal sliding-mode control 

approach applied to a motion control problem,” IEEE Transactions on 

Industrial Electronics, vol.56, no.9, pp.3619–3627, 2009. 

139. S.Majidabad and Shandiz, “Discrete-time based sliding-mode control of robot 

manipulators,” International Journal of Intellegent Computing and 

Cybernetrics, vol.5, no.3, pp.340–358, 2012. 

140. B. Esmaeili, M. Salim, M. Baradarannia, and A. Farzamnia, “Data-driven 

observer-based model-free adaptive discrete-time terminal sliding mode 

control of rigid robot manipulators,” International Conference on Robotics and 

Mechatronics (ICRoM), vol.2, no.11, pp.432–438, 2019. 

141. X. Yu and M. Zhihong, “Fast terminal sliding-mode control design for 

nonlinear dynamical systems,” IEEE Transactions of Circuits System I, vol.49, 

no.2, pp.261–264, 2002. 

142. J. Xiong, Q. Gan, and W. Ren, “Boundedness of discretised non-linear systems 

under fast terminal sliding mode control,” IET Control Theory and 

Applications, vol.10, no.16, pp.2100–2109, 2016. 

143. X. Yu and H.Du, “Dynamical Behaviors of Discrete-Time Fast Terminal 

Sliding Mode Control Systems,” Recent Advances in Sliding Modes, vol.24, 

pp.217–237, 2015. 

144. H. Du, X. Chen, G. Wen, X. Yu, and J. Lu, “Discrete-Time Fast Terminal 

Sliding Mode Control for Permanent Magnet Linear Motor,” IEEE 

Transactions on Industrial Electronics, vol.65, no.12, pp.9916–9927, 2018. 

145. Z. Wang, S. Li, and Q. Li, “Discrete-Time Fast Terminal Sliding Mode Control 

Design for DC-DC Buck Converters with Mismatched Disturbances,” IEEE 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



116 
 

Transactions on Industrial Informatics, vol.3203, no.12, pp.1–10, 2019. 

146. H. Kong, L. Xiangxiang, H. Wang, Y. Hu, M. Ye, and K. Nam, “Discrete Time 

Fast Terminal Sliding Mode for Steer-by-wire Systems with Nonlinear 

Disturbance Observer,” Chinese Control and Decision Conference, vol.8, no.8 

pp.2991–2996, 2020. 

147. C. Milosavljevic, “General conditions for the existence of a quasi sliding mode 

on the switching hyperplane in discrete time variable structure systems,” 

Automation and Remote Control, vol.46, no.3, pp.307–314, 1985. 

148. S.A Watson and P. N Green, “Depth control for micro-autonomous underwater 

vehicles (μAUVs): Simulation and experimentation,” International Journal of 

Advanced Robotic Systems, vol.11, no.1, pp.1–10, 2014. 

149. J. Guerrero, J. Torres, V. Creuze, A. Chemori, and E. Campos, “Saturation 

based nonlinear PID control for underwater vehicles: Design, stability analysis 

and experiments,” Mechatronics, vol.61, no.8, pp.96–105, 2019. 

150. T. Ariyachartphadungkit, “Implementation of PID Posture Controller for 6 

DOF Underwater Robot,” International Conference on Electronics, 

Information, and, Communations (ICEIC), vol.61, no.10, pp.111–114, 2016. 

151. S. Chander, P. Agarwal, and I. Gupta, “Auto-tuned, discrete PID controller for 

DC-DC converter for fast transient response,” India International Conference 

on Power Electronics (IICPE), vol.4, no.2, pp.1-5, 2010. 

152. K. Treichel, J. Reger and J. R. Remon Al Azrak, “Discrete-time AUV tracking 

controller design based on disturbance rejection and dynamic trajectory 

planning,” Ocean, MTS/IEEE Bergen: The Challenges North of The Northen 

Dimension, vol.1043, no.29,  pp.1–8, 2013. 

153. R. Rout and B. Subudhi, “Inverse optimal self-tuning PID control design for 

an autonomous underwater vehicle,” International Journal of System Science, 

vol. 48, no.2, pp.367-375, 2017. 

154. S. H. Zak, “An Introduction to Model-based Predictive Control ( MPC ),” EEC 

680, vol.7, no.1, pp.1–25, 2017. 

155. G. Nabi, M. Affan, R. Khan, M. Hameed, and Z. Ali, “Adaptive Tracking 

Controller Design for the Horizontal Planner Motion of an Autonomous 

Underwater Vehicle,” International Bhurban Conference on Applied Sciences 

and Technology (IBCAST), vol.110, no.10, pp.837-841, 2019. 

156. C. Shen, Y. Shi, and B. Buckham, “Path-Following Control of an AUV: A 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



117 
 

Multiobjective Model Predictive Control Approach,” IEEE Transactions on 

Control System Technolgy, vol.27, no.3, pp.1334–1342, 2019. 

157. C. Shen, “Motion Control of Autonomous Underwater Vehicles Using 

Advanced Model Predictive Control Strategy,” PhD Thesis, Universtity of 

Victoria, 2018. 

158. L. Wang, “Model Predictive Control System Design and Implementation”, 

Journal of Chemical Information and Modelling, vol.53, no.9, pp.1689-1699, 

2013. 

159. X. Jin, K.Liu, Y.Feng and Y. Huang, “Motion control of thruster-driven 

underwater vehicle based on Model Predictive Control,” IEEE International 

Conference on Cyber Technology in Automation, Control and Intellegent 

System (IEEE-CYBER), vol.135, no.7, pp.512–517, 2016. 

160. H. Harjamulya, P. H. Rusmin, E. M. I. Hidayat, and A. Syaichu-Rohman, 

“Design and implementation of MPC for energy optimization of boiler in batch 

distillation column,” International Conference on Electrical Engineering, 

Computer Science and Informatics (EECSI), vol.10, no.9, pp.1-7, 2019. 

161. V. Deshpande and Y. Zhang, “Multivariable Receding Horizon Control of 

Aircraft with Actuator Constraints,” IEEE Transactions on Systems, Man, and 

Cybernetics: Systems, vol.45, no.10, pp.1-7, 2020. 

162. Y. Zhang, S. Wang, and G. Ji, “A Comprehensive Survey on Particle Swarm 

Optimization Algorithm and Its Applications,” Mathematical Problem in 

Engineering, vol.1, no.1, pp.1-38, 2015. 

163. M. P. Aghababa, M. H. Amrollahi, and M. Borjkhani, “Application of GA, 

PSO, and ACO algorithms to path planning of autonomous underwater 

vehicles,” Journal of Marine Science and Application, vol.11, no.3, pp.378–

386, 2012. 

164. C. Jiang, L. Wan, Y. Sun, and Y. Li, “The Application of PSO-AFSA Method 

in Parameter Optimization for Underactuated Autonomous Underwater 

Vehicle Control,” Mathematical Problems in Engineering, vol.3, no.3, pp.1-

14, 2017. 

165. Z. Yan, J. Li, G. Zhang, and Y. Wu, “A real-time reaction obstacle avoidance 

algorithm for autonomous underwater vehicles in unknown environments,” 

Sensors (Switzerland), vol.18, no.2, pp.2-19, 2018. 

166. H. Liu, B.He, C. Feng and S.Guo, “Navigation Algorithm Based on PSO-BP 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



118 
 

UKF of Autonomous Underwater Vehicle,” Underwater Technology (UT 

2019), vol.10, no.4, pp.1-4, 2019. 

167. M. Eslami, C. S. Chin, and A. Nobakhti, “Robust Modeling, Sliding-Mode 

Controller, and Simulation of an Underactuated ROV Under Parametric 

Uncertainties and Disturbances,” Journal of Marine Science and Application, 

vol.18, no.12, pp.213–227, 2019. 

168. J. Miao, S. Wang, Z. Zhao, Y. Li, and M. M. Tomovic, “Spatial curvilinear 

path following control of underactuated AUV with multiple uncertainties,” ISA 

Transactions, vol.67, no.3, pp.107–130, 2017. 

169. P. S. Londhe, D. D. Dhadekar, B. M. Patre, and L. M. Waghmare, “Uncertainty 

and disturbance estimator based sliding mode control of an autonomous 

underwater vehicle,” International Journal of Dynamins and Control, vol.5, 

no.4, pp.1122–1138, 2017. 

170. M. Bozorg, S. A. Eftekhari, and H. Jalili, “Robust Control Of Autonomous 

Underwater Vehicles In Uncertain Operating Conditions,” IFAC/EURON 

Symposium on Intelligent Automations Vehicles, vol.5, no.7, pp.245–250, 

2004. 

171. B. Draženović, “The invariance conditions in variable structure systems,” 

Automatica, vol.5, no.3, pp.287–295, 1969. 

172. S. Manasa, S. Rani, and M. V. Chary, “Position Control of a Dc Motor using 

PID Controller,” International Journal of Scientific Engineering and Applied 

Science (IJSEAS), vol.1, no.3, pp.436–442, 2015. 

173. T. Asfihani, D. Khusnul Arif, Subchan, F. Priyatno Putra, and M. Ardi 

Firmansyah, “Comparison of LQG and Adaptive PID Controller for USV 

Heading Control,” International Conference of Matheatics and Pure, Applied 

Computer, vol.1218, no.1, pp.1–9, 2019. 

174. I. Carlucho, B. Menna, M. De Paula, and G. Acosta, “Comparison of a PID 

controller versus a LQG controller for an autonomous underwater vehicle,” 

IEEE/OES South American International Symposium on Oceanic Engineering 

(SAISOE), vol.3, no.6, pp.1–6, 2017. 

175. A. Suyuti, I. C. Gunadin, and Nurhayati, “PID implementation on real time 3-

phase induction motor controlling and monitoring,” Journal of Theory 

Application and Information Technology, vol.2, no.89, pp.495–501, 2016. 

176. A. Bemporad, N. L. Ricker, and J. G. Owen, “Model Predictive Control – New 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



119 
 

tools for design and evaluation”, American Control COnference,vol.1, no.7, 

pp.5622–5627, 2004. 

177. M. Maasoumy, M. Razmara, M. Shahbakhti, and A. S. Vincentelli, “Handling 

model uncertainty in model predictive control for energy efficient buildings,” 

Energy and Buildings, vol.77, pp.377–392, 2014. 

178. S. H. Ghenaati and S. Aghaei, “Speed Control of Autonomous Underwater 

Vehicle with Constraints Using Model Predictive Control,” International 

Journal of Cosatal & Offshore Engineering, vol.2, no.2, pp.27-33, 2016. 

179. B. Geranmehr and S. R. Nekoo, “Nonlinear suboptimal control of fully coupled 

non-affine six-DOF autonomous underwater vehicle using the state-dependent 

Riccati equation,” Ocean Engineering, vol.96, no.1, pp.248–257, 2015. 

180. L.Priyadarsini, S.kunder, and M.Kumae,“Motion Control of AUV using IMC-

PID Controller,” International Journal of Advance Trends in Computer 

Science and Engineering, vol.2, no.4, pp.95-97, 2013. 

181. N.Radmehr, H.Kharrati, and N.Bayati,“ Optimized Design of Fractional-Order 

PID Controllers for Autonomous Underwater Vehicle Using Genetic 

Algorithm,” International Conference on Electrical and Electronics 

Engineering, vol.3, no.8, pp.729-733, 2016. 

182. M. Kim, W.Baek and K.Ha,“ Implementation of Hoovering AUV and Its 

Attatitude Control Using PID Controller,” Journal of Ocean Engineering and 

Technology, vol.30, no.3, pp.221-226, 2016. 

183. M.Hammad, A.Elshenawy, and M.Singaby,“Trajectory Following and 

Stabilization Control of Fully Actuated AUV Using Inverse Kinematics and 

Self-Tuning Fuzzy PID,” Electrical and Control Engineering, vol.1, no.5, 

pp.1-35, 2017. 

184. F.Yao, C. Yang, and X. Liu,“ Experimental Evaluation on Depth Control Using 

Improved Model Predective Control for Autonomous Undrwatr Vejicle 

(AUVs),” Sensors, vo.18, no.7, pp.1-16, 2018. 

185. J.Wang, Z.Wu, and M. Tan,“Model Predective Control-Based Depth Control 

in Gliding Motion of a Gliding Robotic Dolpin,”IEEE Transections on System, 

Man, and Cybernetrics: Systems, vol.5, no.8, pp.1-12, 2019. 

186. Y.Zhang, X.Liu,and M.Luo,“MPC-based 3-D trajectory tracking for an 

autonomous underwater vehicle with constraints in complex ocean 

environments,” Ocean Engineering, vol.189, no.8, pp.1-10, 2019. 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



120 
 

187. C.Shen, and Y.Shi,“Distributed implementation of nonlinear model predective 

control for AUV trajectroy tracking,” Automatica, vol.115, no.3, pp.1-9, 2020. 

188. C.Shen, Y.Shi and B.Buckham,“Trajectory Tracking Control of an 

Autinomous Underwater Vehicle Using Lyapunov-Based Model Predective 

Control,” IEEE Transactions on Industrial Electronics, vol.65, no.7, pp.5796-

5805, 2018. 

189. N.Rosli, K.Ambak,and B.Daniel,“Depth Control of an Underwater Remotely 

Operated Vehicle Using Neural Network Predective Control,” Jurnal 

Teknologi, vol.1, no.3, pp.1-6, 2015. 

190. Z.Dong, T.Bao and M.Zheng,“ Heading control of unmanned marine vehicles 

based on an improved robust adaptive fuzzy neural network control algorithm,” 

IEEE Access, vol.7, no.12, pp. 9704-9713, 2019. 

191. R.Amin, A.Khayyat, and K.Osgouie,“ Neural Network Control of 

Autonomous Underwater Vehicle,” International Conference on Mechanical 

and Electronics Engineering (ICMEE), vol.2, no.117, pp.117-121, 2010. 

192. M.Khodayari, and S.Balochin,“ Modelling and Control of Autonomous 

Underwater Vehicle (AUV) in Heading and Depth Attatitude Via Self-

Adaptive Fuzzy PID Controller,”  Journal of Marine Science and Technology 

(Japan), vol.20, no.3, pp.559-578, 2015. 

193. V.Kanakakis, N.Tsourveloudis, and K.Valavanis,“ Design and Testing of a 

Fuzzy Logic Controller for an Autonomous Underwater Vehicle,” 

International Workshop on Underwater Robotics for Sea Exploration and 

Environmental Monitering, vol.1 no.20, pp.1-10, 2001. 

194. Z.Dong, L.Wan, and T.Lui,“ Heading Control of an AUV Based on Mamdani 

Fuzzy Inferrence,” vol.15, no.1, pp.1402-1407, 2015. 

195. X.Liang, L.Wan, and J.Blake,“ Path Following of an Underactuated AUV 

Based on Fuzzy Backstepping Sliding Mode Control,” International 

Conference on Advances in Mechanical Engineering and Industrial 

Informatices, vol.13, no.3, pp.1-11, 2016. 

196. X.Liu, M.Zhang, and E.Rogers,“ Trajectory Tracking Control for Autonomous 

Underwater Vehicles Based on Fuzzy Re-Planning of a Local Desired 

Trajectroy,” IEEE Transactions on Vehicular Technology, vol.68, no.12, 

pp.11657-11667, 2019. 

197. W.Zhang, Z.Liang, and Y.Guo,“ Fuzzy Adaptive Sliding Mode Controller for 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH



121 
 

Path Following of an Autonomus Underwater Vehicle,” IEEE Oceans, vol.5, 

no.43, pp.1-6, 2016.         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PTTA
PERP

UST
AKA
AN 
TUN
KU T

UN 
AMI
NAH


	ACKNOWLEDGEMENT
	ABSTRACT
	ABSTRAK
	CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	LIST OF SYMBOLS
	LIST OF APPENDICES
	CHAPTER 1
	1.1 Introduction
	1.2 Problem statement
	1.3 Aim
	1.4 Objectives
	1.5 Scopes of study
	1.6 Outline of the thesis

	CHAPTER 2
	2.1 Introduction
	2.2 Introduction to AUV
	2.3 Mathematical modelling of AUV
	2.3.1 Kinematics
	2.3.2 Rigid body dynamic of AUV
	2.3.2.1 Rigid body forces and moments

	2.3.3 Hydrodynamic forces and moments
	2.3.3.1 Added mass forces and moments
	2.3.3.2 Coriolis and centripetal forces and moments
	2.3.3.3 Damping forces and moments

	2.3.4 Restoring forces and moments
	2.3.5 External forces and moments
	2.3.5.1 Environmental forces and moments
	2.3.5.2 Control input forces and moments


	2.4 6-DoF nonlinear AUV EoM
	2.5 AUV subsystem
	2.6 Linearization of diving EoM
	2.7 Existing control approach in AUV system
	2.8 Discrete-Time Sliding Mode Control (DSMC)
	2.8.1 Sliding Mode Control (SMC)
	2.8.2 Discrete-Time Sliding Mode Control (DSMC)
	2.8.3 Types of sliding surface
	2.8.4 Discrete reaching law method
	2.8.5 Reaching condition of Discrete-Time Sliding Mode Motion (DSMM)
	2.8.6 Stability condition
	2.8.7 Chattering
	2.8.8 Discrete-Time Terminal Sliding Mode Control (DTSMC)
	2.8.9 Discrete-Time Fast Terminal Sliding Mode Control (DFTSMC)
	2.8.10 Property comparison of DSMC, DTSMC and DFTSMC.

	2.9 Discrete PID Controller
	2.10 Model Predictive Control (MPC)
	2.11 Particle Swarm Optimization (PSO)
	2.12 Summary

	Roll
	𝑝,𝐾
	CHAPTER 3
	3.1 Introduction
	3.2 Decomposition into uncertain system
	3.2.1 AUV system with uncertainty
	3.2.2 AUV system in discrete-time
	3.2.3 Bounded disturbances

	3.3 Controller design
	3.3.1 Discrete-Time SMC (DSMC)
	3.3.1.1 Simulation study of DSMC

	3.3.2 Discrete-Time Terminal SMC (DTSMC)
	3.3.2.1 Simulation study of DTSMC

	3.3.3 Discrete-Time Fast Terminal SMC (DFTSMC)
	3.3.3.1 Stability analysis for DFTSMC
	3.3.3.2 Simulation study of DFTSMC


	3.4 Performance benchmarking
	3.4.1 Simulation study of discrete PID controller
	3.4.2 Simulation study of MPC controller

	3.5 Simulation study of PSO
	3.6 Summary

	CHAPTER 4
	4.1 Introduction
	4.2 Result on DTSMC
	4.2.1 Effect on varying ,𝜷-𝑻.
	4.2.2 Effect on varying  ,,𝒒-𝑻.-,𝒑-𝑻..

	4.3 Result on DFTSMC
	4.4 Controller performance comparison
	4.4.1 Transient response of DFTSMC, DTSMC, DSMC, discrete PID and MPC
	4.4.2 Error state convergence, reaching time to the sliding surface, control input, and chattering reduction.

	4.5 Summary

	CHAPTER 5
	5.1 Conclusion
	5.2 Recommendation for future work

	REFERENCES
	APPENDIX A
	APPENDIX B
	APPENDIX C
	APPENDIX D
	APPENDIX E
	APPENDIX F
	LIST OF PUBLICATIONS
	APPENDIX G
	VITA



