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ABSTRACT

Nowadays, hydraulic actuator system has become a major drive system
in industrial sector especially when involving motion control or position tracking
applications. However, due to its natural behaviour which is highly nonlinear,
associated with many uncertainties and having parameters that change with time-
variation, handling and controlling a hydraulic actuator system is a challenging task.
The purpose of this study is to model and to design a controller for hydraulic actuator
system. Thus, in order to develop a system that meets the desired performance such as a
highly-accurate trajectory tracking, a special knowledge about the system togather with
a suitable modelling and control design for the system is mandatory. In this research,
Self-tuning Controller using Generalized Minimum Variance Control Strategy and
Model Reference Adaptive Controller using Gradient Method has been designed
to improve the performance of hydraulic actuator system. System Identification
technique with the aid of System Identification Toolbox in MATLAB is used to
estimate the mathematical model of the system. System Identification is chosen
because it only requires a set of input and output data without the prior knowledge
about the system, in order to obtain the system’s transfer function. Auto Regressive
with exogeneous input (ARX) model was selected as system’s model structure and
the best model among ARX orders was selected based on the analysed result of
fitting percentage, loss function and Akaike’s Final Prediction Error. The obtained
model was then used to develop the controller for hydraulic actuator system. The
output performance was analysed and it has been shown that the output of controlled
system successfully tracked the given input signal for both simulation and experimental
modes. It has also been observed that Model Reference Adaptive Controller using
Gradient Method demonstrates a better output performance compared to Self-tuning
Controller using Generalized Minimum Variance Control Strategy in terms of having
a minimum phase lagging and a better transient response in terms of rise time, settling
time and steady state error.
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ABSTRAK

Pada masa kini, sistem penggerak hidraulik telah menjadi satu sistem pemacu
utama dalam sektor perindustrian terutamanya apabila melibatkan aplikasi kawalan
gerakan atau pengesan kedudukan. Walau bagaimanapun, disebabkan oleh tingkah
laku semula jadi yang sangat tak linear, mempunyai ketidaktentuan yang tinggi
dan mempunyai parameter yang berubah dengan masa yang berbeza-beza, ini telah
menyebabkan pengendalian dan mengawal sistem penggerak hidraulik satu tugas yang
mencabar. Tujuan kajian ini adalah untuk memodel dan untuk mereka bentuk pengawal
bagi sistem penggerak hidraulik. Oleh itu, dalam usaha untuk membangunkan
satu sistem yang memenuhi prestasi yang dikehendaki seperti trajektori menjejak
yang sangat tepat, pengetahuan khas mengenai sistem berserta dengan pemodelan
dan kawalan reka bentuk yang sesuai untuk sistem ini adalah mandatori untuk
difahami. Dalam penyelidikan ini, Pengawal Sendiri Penalaan menggunakan
Strategi Pengawalan Minimum Varian Umum dan Pengawal Model Rujukan Adaptif
menggunakan Kaedah Kecerunan direkabentuk untuk meningkatkan prestasi sistem
penggerak hidraulik. Teknik Pengenalan Sistem dengan bantuan Kotak Perkakasan
Sistem Pengenalan dalam MATLAB diguna untuk menganggarkan model matematik
sistem. Sistem Pengenalan dipilih kerana ia hanya memerlukan satu set input dan
output data tanpa pengetahuan terlebih dahulu tentang sistem, untuk mendapatkan
rangkap pindah sistem. Auto regresif dengan input luaran (ARX) dipilih sebagai
struktur model sistem dan model yang terbaik dalam kalangan peringkat ARX dipilih
berdasarkan keputusan analisis peratusan yang sesuai, kehilangan fungsi dan Ralat
Ramalan Akhir Akaike. Model yang diperolehi kemudiannya digunakan untuk mereka
pengawal untuk sistem penggerak hidraulik. Prestasi keluaran dianalisis dan ia
menunjukkan bahawa keluaran sistem kawalan berjaya mengikut isyarat input yang
diberikan untuk kedua-dua mod iaitu simulasi dan eksperimen. Daripada kajian
didapati Pengawal Model Rujukan Adaptif menggunakan Kaedah Kecerunan terbukti
memberikan prestasi yang lebih baik berbanding dengan Pengawal Sendiri Penalaan
menggunakan Strategi Pengawalan Minimum Varian Umum dari segi mempunyai fasa
ketinggalan yang minimum dan sambutan fana yang lebih baik dari segi masa naik,
penetapan masa dan ralat keadaan mantap.
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CHAPTER 1

INTRODUCTION

1.1 Background

The hydraulic actuator system was briskly developed starting from the era of
the 20th century. The principle of hydraulic was first introduced by Blaise Pascal,
who is a French Physicist in the year of 1993. Starting from the introduction, many
books [1] has been published to discuss and share about the histories, principle and
application of the hydraulic actuator system. Tracing back the history of invention that
applied the principle of hydraulic mechanisms there is the invention of water clock by
Ctesibios in about 250 B.C and the invention of the steam engine by James Watt in
the year 1763. As time flies, the importance and advantages of the hydraulic actuator
system have become crucial, especially for the development of modern technology.

There are a number of advantages in the hydraulic actuator system compared
to other actuators such as pneumatic and electrical motors that are available nowadays.
One of the important advantages of the hydraulic actuator system is to have a good
ratio between hydraulic actuator size and weight over the force delivered by the
actuator. This means that a small and compact structure of the hydraulic actuator
system is capable of producing a great actuator force. This has made hydraulic actuator
system suitable to use, especially in the transportable industrial field. Furthermore, the
combination between electrical and hydraulic system can make the hydraulic actuator
system becomes more flexible, especially when applied in advance control strategy.
Apart from this, another advantage of the hydraulic actuator system is, it manages to
perform a self-cooling activity as the fluid is driving away from the actuator and other
control element. Besides that, hydraulic fluid also can act as a lubricant that helps
to make the component more durable [1]. The hydraulic actuator system can also be
operated under continuous, intermittent, large speed range and in an immediate stop
situation without damaging the system. This is due to the combination of valve and
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pumps that help to make the open and closed-loop control of the hydraulic actuator
system become much easier.

In previous research, many works have been done concerning the hydraulic
actuator system. As mentioned in by Cetinkunt et al. [2], about thirty percent of the
world market is possessed to industrial equipment which is related to the hydraulic
system. By relating hydraulic actuator system in industrial equipment, this will help to
increase the safety of workers together with the decreasing of the physical effort when
handling a big and bulky work. One example of application of the hydraulic actuator
system is in automotive industries. In automotive industries the active part which is
the actuator is used to drive the passive part. Some research had been done that relates
hydraulic actuator system to the automotive field [3] where the hydraulic actuator is
used to activate the suspension bar system test rig. Meanwhile, the research by Sam et

al. [4] used a hydraulic actuator system to operate the suspension system of a quarter-
car model. Similarly in the work by Ayalew [5] , an in-laboratory road simulation that
used a the hydraulic actuator system was developed to test the vehicle structure and
durability without the need to test the vehicle on the actual road.

From the discussion above, it is clear that the hydraulic actuator system is
important for the development of current and future technology. For the purpose of
engineering design approach, modelling and control of the system play important roles
in realizing and enhancing the advance technology. Unfortunately, for the hydraulic
actuator system, it is difficult to establish or identify the exact dynamic model as
the system is naturally highly non-linear and have many uncertainties. With the
nonlinearities and uncertainties property that existed in the system, this makes the
modelling and control design of the hydraulic actuator system hard and complicated.
Some of the nonlinear properties in the hydraulic actuator system are caused by non-
linear flow of fluid, backlash in control valve, actuator friction, variation in the trapped
fluid, external disturbance [6–10] and others. In the work done by Loukianov et al.

[8], external load, that was modelled as a parallel spring and damper attached to the
piston and considered as an interference to the system where the friction happened was
taken as an external disturbance. Meanwhile, in some previous researches [7, 9, 10]
an unknown, but bounded signal and deterministic signal was considered as external
disturbance. Regarding the non-linear behaviour in hydraulic actuator system, some
works [11–14] considered that it happened due to the friction while some [15–22] some
considered variation of fluid, unknown dead zone, bulk modulus of fluid and leakage
that caused the system to become non- linear. With the difficulties that complicate the
modelling and control design process, it has motivated the researchers and academia



3

to further study and investigate on the hydraulic actuator system performance. In
hydraulic actuator system, from electrical technique and signal processing coupled
with high pressure in HSA itself when moving loads generate a combination of flexible
and accurate system.

Several research had been carried out discussing about the force control
problem that occured in the hydraulic actuator system [4, 23–25], where this type
of control is useful in some application that requires an output force from hydraulic
actuator system. However, not all applications require the same amount of force,
some applications only require a certain amount of force to be applied to hydraulic
actuator system. In contrast, position control of the hydraulic actuator system is also
becoming a popular research subject as it is used in a wide range of application such
as in construction machinery, robotic application and machinery tools that normally
require an accurate actuation position control. This is further enhanced by the increase
in the number of publications that have been published concerning about the position
control of the hydraulic actuator system.

1.2 Problem Statement

From the earlier discussion, it is proven that the hydraulic actuator system
has many uncertainties and is highly non-linear that cause inaccurate performance,
especially when an accurate position tracking that is desired is hard to achieve. This
situation has attracted many researchers and academia to propose a different technique
of control design to improve the tracking performance of the hydraulic actuator
system, and these conditions cause the modelling and controller design process for
the hydraulic actuator system to become a challenging task

Thus, to increase the tracking performance of the hydraulic actuator system, a
proper method should be implemented in designing and modelling a hydraulic actuator
system. In this research, a dynamic model for hydraulic actuator system test bed
was developed in order to be used in controller designing process part. Two types of
adaptive controller, which is STC with GMVC strategy and MRAC using MIT method
were designed to help increase the tracking performance of the hydraulic actuator
system. Adaptive controller was chosen because this type of controller is widely used
for controlling hydraulic actuator system . Another reason for choosing an adaptive
controller is because the scheme will assist the controller to adapt to any changes that
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occur in the system and at the same time this will help to reduce the effort to achieve
the best tracking performance for hydraulic actuator system.

The most important part in this research is the validation process that is done
to support the theoretical work that had been done and need to be realized in the
real system. From the previous work, many researches are lacking in experimental
validation. Thus, in this research, an experimental procedure is compulsory to be done
in order to validate that the proposed controller is manageable to control the hydraulic
actuator system and which controller from these two controllers is able to give the best
performance when it is applied in the real hydraulic actuator system test bed.

1.3 Research Objectives

The objectives of this research are:

1. To determine the mathematical model that represents the hydraulic actuator
system by using system identification technique and parameter estimation method
approach.

2. To design STC with GMVC strategy and MRAC using MIT method based
on the mathematical model obtained from the experiment and system identification
technique.

3. To analyze the tracking performance of the complete control system that
consists of hydraulic actuator system with servo valve and the controllers.

1.4 Research Scope and Limitation

To achieve the objective of this research, there are several scopes and limitation
that need to be outlined:

1. MATLAB’s System Identification Toolbox was used with linear ARX model
structure to estimate the system’s model and also to test for the model’s suitability.
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2. Hydraulic actuator system was assumed as a linear system to reduce the
complexity in developing the hydraulic actuator system model.

3. STC with GMVC strategy and MRAC using MIT method were designed to
control hydraulic actuator system.

4. Electro hydraulic actuator system with servo valve test bed was used in
experimental mode to verify the tracking performance of the designed controller.

5. NI PCI 6221 DAQ card was used as an interface between MATLAB program
in the PC and electro hydraulic actuator system with servo valve test bed.

1.5 Contribution of the Research Work.

From the problem statement, it is proven that there is a significant outstanding
problem concerning of identification and controlling of the hydraulic actuator system
especially in position control that required a further investigation. Thus, the
contribution of this research is to choose the best designed controllers between STC
with GMVC strategy and MRAC using the MIT method that give a better transient
response and phase difference performance in both simulation and experimental mode.

1.6 Thesis Outline

This thesis consists of five chapters. The first chapter describe a brief
introduction about the project in terms of objective, problem statement, scoped of work
and summary of work.

Chapter two focuses on the theory of the project and literature review that has
been done, as well as quoting other previous research which will help to support the
project.

Chapter three focuses on the methodology of the project where the idea on
the project flow, method involved together with the software used are explained and
discussed.
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Chapter four presents the result and discussion of the project where
the simulation and experimental results are presented together with the detailed
descriptions and discussions on the obtained result are also made.

Chapter five summarised the conclusion and findings of the project together
with the future recommendation that may be done to improve the project in the future.



REFERENCES

1. Herbert E Merritt. Hydraulic Control Systems. John Wiley & Sons, 1967.

2. S Cetinkunt, U Pinsopon, C Chen, A Egelja, and S Anwar. Positive
flow control of closed-center electrohydraulic implement-by-wire systems for
mobile equipment applications. Mechatronics, 14(4):403–420, 2004.

3. Chih-Keng Chen and Wei-Cheng Zeng. The iterative llearning control for the
position tracking of the hydraulic cylinder. JSME International Journal Series

C, 46(2):720–726, 2003.

4. Yahaya Md Sam, Johari HS Osman, and MRAA Ghani. A class
of proportional-integral sliding mode control with application to active
suspension system. Systems & Control Letters, 51(3):217–223, 2004.

5. Beshahwired Ayalew. Improved inner-loop decentralised control of
electrohydraulic actuators in road simulation. International Journal of Vehicle

Systems Modelling and Testing, 3(1):94–113, 2008.

6. Miroslav Mihajlov, Vlastimir Nikolic, and Dragan Antic. Position control
of an electro-hydraulic servo system using sliding mode control enhanced
by fuzzy pi controller. Facta universitatis-series: Mechanical Engineering,
1(9):1217–1230, 2002.

7. Lee Ji Min, Kim Han Me, Park Sung Hwan, and Kim Jong Shik. A
position control of electro-hydraulic actuator systems using the adaptive
control scheme. Asian Control Conference, ASCC, 7: 21 - 26. 2008.

8. Alexander G Loukianov, Jorge Rivera, Yuri V Orlov, and Edgar
Yoshio Morales Teraoka. Robust trajectory tracking for an electrohydraulic
actuator. IEEE Transactions on Industrial Electronics, 56(9):3523–3531,
2009.

9. Davor LinariC and Vladimir Koroman. Fault diagnosis of a hydraulic
actuator using neural network. In IEEE International Conference on Industrial

Technology. IEEE, 1: 108-111, 2003.

10. Jimoh Pedro and Olurotimi Dahunsi. Neural network based feedback
linearization control of a servo-hydraulic vehicle suspension system.



61

International Journal of Applied Mathematics and Computer Science,
21(1):137–147, 2011.

11. M Choux, I Tyapin, and G Hovland. Extended friction model of a hydraulic
actuated system. In Reliability and Maintainability Symposium (RAMS), 1-6,
2012.

12. Hairong Zeng and Nariman Sepehri. Tracking control of hydraulic actuators
using a lugre friction model compensation. Journal of Dynamic Systems,

Measurement, and Control, 130(1):014502, 2008.

13. YF Wang, DH Wang, and TY Chai. Modeling and control compensation
of nonlinear friction using adaptive fuzzy systems. Mechanical systems and

signal processing, 23(8):2445–2457, 2009.

14. Yang Lin, Yang Shi, and Richard Burton. Modeling and robust discrete-time
sliding-mode control design for a fluid power electrohydraulic actuator (eha)
system. IEEE/ASME Transactions on Mechatronics, 18(1):1–10, 2013.

15. H. A. Mintsa, R. Venugopal, J. P. Kenne, and C. Belleau. Feedback
linearization-based position control of an electrohydraulic servo system
with supply pressure uncertainty. IEEE Transactions on Control Systems

Technology, 20(4):1092–1099, 2012.

16. Cheng Guan and Shuangxia Pan. Adaptive sliding mode control of electro-
hydraulic system with nonlinear unknown parameters. Control Engineering

Practice, 16(11):1275–1284, 2008.

17. Liu Junhong, Wu Huapeng, H. Handroos, and H. Haario. Study of leakage
model for servo valve. In 2011 International Conference on Mechatronics and

Automation (ICMA), 831-836, 2011.

18. Pornjit Pratumsuwan and Siripun Thongchai. A two-layered fuzzy logic
controller for proportional hydraulic system. In 4th IEEE Conference on

Industrial Electronics and Applications (ICIEA). IEEE, 2778-2781, 2009.

19. Jian-ming Zheng, Sheng-dun Zhao, and Shu-guo Wei. Application of self-
tuning fuzzy pid controller for a srm direct drive volume control hydraulic
press. Control Engineering Practice, 17(12):1398–1404, 2009.

20. Wallace M Bessa, Max S Dutra, and Edwin Kreuzer. Sliding mode control with
adaptive fuzzy dead-zone compensation of an electro-hydraulic servo-system.
Journal of Intelligent and Robotic Systems, 58(1):3–16, 2010.

21. Akkaya Ali Volkan Cetin, Saban. Simulation and hybrid fuzzy-pid control for
positioning of a hydraulic system. Nonlinear Dynamics, 61(3):465–476, 2010.



62

22. Mete Kalyoncu and Mustafa Haydim. Mathematical modelling and fuzzy
logic based position control of an electrohydraulic servosystem with internal
leakage. Mechatronics, 19(6):847–858, 2009.

23. Andrew Alleyne and Rui Liu. On the limitations of force tracking control
for hydraulic servosystems. Journal of Dynamic Systems, Measurement, and

Control, 121(2):184–190, 1999.

24. B Ayalew. Two equivalent control structures for an electrohydraulic actuator.
Proceedings of the Institution of Mechanical Engineers, Part I: Journal of

Systems and Control Engineering, 224(5):599–609, 2010.

25. Dinh Quang Truong and Kyoung Kwan Ahn. Force control for press machines
using an online smart tuning fuzzy pid based on a robust extended kalman
filter. Expert Systems with Applications, 38(5):5879–5894, 2011.

26. M. Rahmat, TG Ling, A.R. Husain, and K. Jusoff. Accuracy comparison of arx
and anfis model of an electro-hydraulic actuator system. International Journal

on Smart Sensing and Intelligent Systems, 4(3):440–453, 2011.

27. Yao Bin, Bu Fanping, J. Reedy, and G. T. C. Chiu. Adaptive robust
motion control of single-rod hydraulic actuators: Theory and experiments.
IEEE/ASME Transactions on Mechatronics, 5(1):79–91, 2000.

28. Gun Kim and Rajendra Singh. Nonlinear analysis of automotive hydraulic
engine mount. Journal of Dynamic Systems, Measurement, and Control,
115(3):482–487, 1993. 10.1115/1.2899126.

29. Kim Jong-Hwan, Park Jong-Hwan, Lee Seon-Woo, and E. K. P. Chong. A two-
layered fuzzy logic controller for systems with deadzones. IEEE Transactions

on Industrial Electronics, 41(2): 155-162, 1994.

30. Tingshu Hu and Zongli Lin. Control Systems with Actuator Saturation:

Analysis and Design. Springer, 2001.

31. C. A. Sacher and G. F. Inbar. Tracking of the muscle recruitment characteristic
during adaptive control of the electrically stimulated knee. In Proceedings of

the Twelfth Annual International Conference of the Engineering in Medicine

and Biology Society, 2315-2317, 1990.

32. Tao Gang and P. V. Kokotovic. Adaptive control of plants with unknown dead-
zones. IEEE Transactions on Automatic Control, 39(1):59–68, 1994.

33. K. K. Shyu, W. J. Liu, and K. C. Hsu. Decentralised variable structure control
of uncertain large-scale systems containing a dead-zone. IEE Proceedings on

Control Theory and Applications, 150(5):467–75, 2003.



63

34. Xing-Song Wang, Chun-Yi Su, and Henry Hong. Robust adaptive control of a
class of nonlinear systems with unknown dead-zone. Automatica, 40(3):407–
413, 2004.

35. H. Hahn, A. Piepenbrink, and K. D. Leimbach. Input / output linearization
control of an electro servo-hydraulic actuator. In Proceedings of the Third

IEEE Conference on Control Applications, 2: 995-1000, 1994.

36. JP Conte and TL Trombetti. Linear dynamic modeling of a uni-axial
servo hydraulic shaking table system. Earthquake engineering I& Structural

dynamics, 29(9):1375–1404, 2000.

37. K. Ziaei and N. Sepehri. Modeling and identification of electrohydraulic
servos. Mechatronics, 10(7):761–772, 2000.

38. Hideki Yanada and Kazumasa Furuta. Adaptive control of an electrohydraulic
servo system utilizing online estimate of its natural frequency. Mechatronics,
17(6):337–343, 2007.

39. Z Zulfatman and M. F. Rahmat. Application of self-tuning fuzzy
pid controller on industrial hydraulic actuator using system identification
approach. International Journal on Smart Sensing and Intelligent Systems,
2(2):246–261, 2009.

40. Mohieddine Jelali and Andreas Kroll. Hydraulic Servo-systems: Modelling,

Identification and Control. Springer, 2003.

41. R Ghazali, Y Md Sam, MF Rahmat, AWIM Hashim, and Z Zulfatman.
Position tracking control of an electro-hydraulic servo system using sliding
mode control. In 2010 IEEE Student Conference on Research and

Development (SCOReD), 240-245, 2010.

42. Alexander G. Loukianov, Edgar Sanchez, and Carlos Lizalde. Force tracking
neural block control for an electro-hydraulic actuator via second-order sliding
mode. International Journal of Robust and Nonlinear Control, 18(3):319–332,
2008.

43. A. Alleyne and J. K. Hedrick. Nonlinear adaptive control of active
suspensions. IEEE Transactions on Control Systems Technology, 3(1):94–101,
1995.

44. Guan Cheng and Pan Shuangxia. Nonlinear adaptive robust control of single-
rod electro-hydraulic actuator with unknown nonlinear parameters. IEEE

Transactions on Control Systems Technology, 16(3):434–445, 2008.



64

45. Zulfatman Z. Husain A. R. Ishaque K. I& Irhouma M Rahmat, M. F. Self-
tuning position tracking control of an electro-hydraulic servo system in the
presence of internal leakage and friction. International Review of Automatic

Control, 3(6):673–683, 2010.

46. Yao Bin, M. Al-Majed, and M. Tomizuka. High-performance robust motion
control of machine tools: an adaptive robust control approach and comparative
experiments. IEEE/ASME Transactions on Mechatronics, 2(2):63–76, 1997.

47. D. Hisseine. Robust tracking control for a hydraulic actuation system. In
Proceedings of 2005 IEEE Conference on Control Applications, 422-427,
2005.

48. Y. Liu and H. Handroos. Technical note sliding mode control for a class of
hydraulic position servo. Mechatronics, 9(1):111–123, 1999.

49. N. Niksefat and N. Sepehri. A qft fault-tolerant control for electrohydraulic
positioning systems. IEEE Transactions on Control Systems Technology,
10(4):626–632, 2002.

50. Jaho Seo, Ravinder Venugopal, and Jean-Pierre KennÃ©. Feedback
linearization based control of a rotational hydraulic drive. Control Engineering

Practice, 15(12):1495–1507, 2007.

51. N. Abdul Wahab Zulfatman Kamaruzaman Jusoff M.F. Rahmat, Sahazati
Md Rozali. Modeling and controller design of an electro-hydraulic actuator
system. American Journal of Applied Sciences, 7(8):1100–1108, 2010.

52. M. G. Skarpetis, F. N. Koumboulis, and M. P. Tzamtzi. Robust control
techniques for hydraulic actuators. In Mediterranean Conference on Control

and Automation, 1-6, 2007.

53. Sy Najib Sy Salim Mastura Shafinaz Zainal Abidin A. A Mohd Fauzi
M. F. Rahmat, N. H Sunar and Z. H. Ismail. Review on modeling and controller
design in pneumatic actuator control system. 4(4): 630-661, 2011.

54. TG Ling, MF Rahmat, and AR Husain. System identification and control of an
electro-hydraulic actuator system. In 2012 IEEE 8th International Colloquium

on Signal Processing and its Applications (CSPA), 85-88, 2012.

55. T. C. S. Hsia. A new technique for robust control of servo systems. IEEE

Transactions on Industrial Electronics, 36(1):1–7, 1989.

56. K. Tamaki, K. Ohishi, K. Ohnishi, and K. Miyachi. Microprocessor-based
robust control of a dc servo motor. Control Systems Magazine, IEEE, 6(5):30–
36, 1986.



65

57. E. Davison and I. Ferguson. The design of controllers for the multivariable
robust servomechanism problem using parameter optimization methods. IEEE

Transactions on Automatic Control, 26(1):93–110, 1981.

58. T. Umeno and Y. Hori. Robust speed control of dc servomotors using modern
two degrees-of-freedom controller design. IEEE Transactions on Industrial

Electronics, 38(5):363–368, 1991.

59. J. E. Bobrow and K. Lum. Adaptive, high bandwidth control of a hydraulic
actuator. In Proceedings of the American Control Conference, 1: 71-75, 1995.

60. L. Del Re and A. Isidori. Performance enhancement of nonlinear drives by
feedback linearization of linear-bilinear cascade models. IEEE Transactions

on Control Systems Technology, 3(3):299–308, 1995.

61. Zeng Wenhuo and Hu Jun. Application of intelligent pdf control algorithm to
an electrohydraulic position servo system. In 1999 IEEE/ASME International

Conference on Advanced Intelligent Mechatronics, 233-238, 1999.

62. C. Kaddissi, J. P. Kenne, and M. Saad. Identification and real-time
control of an electrohydraulic servo system based on nonlinear backstepping.
IEEE/ASME Transactions on Mechatronics, 12(1):12–22, 2007.

63. A. Fink and T. Singh. Discrete sliding mode controller for pressure control
with an electrohydraulic servovalve. In Proceedings of the 1998 IEEE

International Conference on Control Applications, 1: 378-382, 1998.

64. Hong-Ming Chen, Jyh-Chyang Renn, and Juhng-Perng Su. Sliding mode
control with varying boundary layers for an electro-hydraulic position servo
system. The International Journal of Advanced Manufacturing Technology,
26(1-2):117–123, 2005.

65. Norlela Ishak, Mazidah Tajjudin, Hashimah Ismail, Mohd Hezri Fazalul
Rahiman, Yahaya Md Sam, and Ramli Adnan. Pid studies on position tracking
control of an electro-hydraulic actuator. International Journal of Control

Science and Engineering, 2(5):120–126, 2012.

66. S Md Rozali, MF Rahmat, N Abdul Wahab, and R Ghazali. Pid controller
design for an industrial hydraulic actuator with servo system. In 2010 IEEE

Student Conference on Research and Development (SCOReD), 218-223, 2010.

67. Mazidah Tajjudin, Norlela Ishak, Hashimah Ismail, Mohd Hezri Fazalul
Rahiman, and Ramli Adnan. Optimized pid control using nelder-mead method
for electro-hydraulic actuator systems. In Control and System Graduate

Research Colloquium (ICSGRC), 2011 IEEE, 90-93, 2011.



66

68. E.H. Mamdani. Application of fuzzy algorithms for control of simple dynamic
plant. Proceedings of the Institution of Electrical Engineers, 121(12):1585–
1588, 1974.

69. P. Martin Larsen. Industrial applications of fuzzy logic control. International

Journal of Man-Machine Studies, 12(1):3–10, 1980.

70. Tomohiro Takagi and Michio Sugeno. Fuzzy identification of systems and its
applications to modeling and control. IEEE Transactions on Systems, Man and

Cybernetics, (1):116–132, 1985.

71. Norlela Ishak, Mazidah Tajjudin, Ramli Adnan, Hashimah Ismail, and
Yahaya Md Sam. Real-time application of self-tuning pid in electro-
hydraulic actuator. In 2011 IEEE International Conference on Control System,

Computing and Engineering (ICCSCE), 364-368, 2011.

72. Chih-Hsun Chou and Hung-Ching Lu. Design of a real-time fuzzy controller
for hydraulic servo systems. Computers in Industry, 22(2):129–142, 1993.

73. L. A. Zadeh. Interpolative reasoning in fuzzy logic and neural network theory.
In IEEE International Conference on Fuzzy Systems, 1992.

74. Ab Talib, Mat Hussin, Mat Darns, and Z Intan. Self-tuning pid controller for
active suspension system with hydraulic actuator. In 2013 IEEE Symposium

on Computers and Informatics (ISCI), 86-91, 2013.

75. Ramli Adnan, Mazidah Tajjudin, Norlela Ishak, Hashimah Ismail, and Mohd
Hezri Fazalul Rahiman. Self-tuning fuzzy pid controller for electro-hydraulic
cylinder. In Signal Processing and its Applications (CSPA), 395-398, 2011.

76. K. K. Ahn and D. Q. Truong. Online tuning fuzzy pid controller using robust
extended kalman filter. Journal of Process Control, 19(6):1011–1023, 2009.

77. G. A. Sohl and J. E. Bobrow. Experiments and simulations on the nonlinear
control of a hydraulic servosystem. IEEE Transactions on Control Systems

Technology, 7(2):238–247, 1999.

78. N. Niksefat and N. Sepehri. Design and experimental evaluation of a robust
force controller for an electro-hydraulic actuator via quantitative feedback
theory. Control Engineering Practice, 8(12):1335–1345, 2000.

79. N. Niksefat, N. Sepehri, and Q. Wu. Design and experimental evaluation
of a qft contact task controller for electro-hydraulic actuators. International

Journal of Robust and Nonlinear Control, 17(2-3):225–250, 2007.

80. L. Ljung. System Identification Theory for the User. 1999.

81. T. Soderstrom and P. Stoica. System Identification. Prentice Hall, 1989.




