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Abstract: This paper introduces an adaptive sliding mode control 

that utilises a fuzzy system approximation. The fuzzy system is used 

to approximate the unknown function of an uncertain nonlinear 

system. The sliding mode control ensures the system's robustness, 

while the adaptive fuzzy system enhances real-time performance. 
To approximate unknown nonlinearities, a set of fuzzy rules is 

formulated whose parameters are adjusted in real-time by an 

adaptive algorithm. The chattering problem associated with sliding 

mode control is satisfactorily resolved, ensuring stable operation. 

Keywords: Sliding Mode Control, Fuzzy Logic Control; 

Nonlinear system; Adaptive Control; Fuzzy System 

Approximation.  

I. INTRODUCTION

Control theory, combined with fuzzy logic, has

significantly expanded the use of controllers to manage 

complex, nonlinear systems. Fuzzy logic control (FLC) has 

several advantages over traditional techniques, such as the 

ability to include human experience, expert knowledge, a 

flexible model-free approach, and more [1]. Fuzzy controllers 

are intended to function in situations where there is a great 

deal of uncertainty or unknown variance in the characteristics 

and structures of the plants [6]. 

Adaptive fuzzy control techniques have advanced 

significantly since the fuzzy system universal approximation 

theorem [4, 9] was proposed. They are successfully applied 

in many different fields, such as system modelling, signal 

processing, pattern recognition, and system control [2, 3], etc. 

As a result, sophisticated controllers and complex plant 

representations have been created using intelligent control 

techniques [5, 10]. Maintaining consistent system 

performance in the face of these uncertainties is the general 

aim of adaptive control. Improved performance is attained 

because the adaptive fuzzy controller can adapt to its 

changing surroundings. The adaptive law can assist in 

understanding the plant's dynamics while it is operating, and 

modelling is not necessary. 

Manuscript received on 29 November 2023 | Revised 

Manuscript received on 05 December 2023 | Manuscript 

Accepted on 15 December 2023 | Manuscript published on 30 

December 2023. 
*Correspondence Author(s) 

Dr. Monisha Pathak*, Department of Instrumentation Engineering, 
Jorhat Engineering College, Jorhat Assam, India. E-mail: 

mamup@yahoo.co.in, ORCID ID:  0000-0003-3227-1991 

Dr. Mrinal Buragohain, Department of Electrical Engineering, Jorhat 
Engineering College, Jorhat Assam, India. E-mail: 

mrinalburagohain@gmail.com  

© The Authors. Published by Blue Eyes Intelligence Engineering and 

Sciences Publication (BEIESP). This is an open access article under the 

CC-BY-NC-ND license http://creativecommons.org/licenses/by-nc-nd/4.0/ 

To manage nonlinear systems with uncertainties, one of 

the strongest and most effective control strategies is sliding 

mode control (SMC) [8]. Attractive features include 

robustness to disturbances, insensitivity to matched 

uncertainty, and reduced-order compensated dynamics. As 

long as the boundaries of these disturbances are understood, 

it is a powerful control method that can be applied to 

nonlinear systems [12]. Nevertheless, sliding mode control 

has chattering in real-world applications and requires 

knowledge of the upper bound of model uncertainties as well 

as external disturbances [11, 14]. 

Therefore, adaptive fuzzy sliding mode control offers a 

great control solution for managing nonlinear and uncertain 

systems [7]. Hence, the design of adaptive fuzzy sliding mode 

controllers for nonlinear system control has been the subject 

of extensive research [13]. 

In this work, the design of adaptive sliding mode control 

utilising a fuzzy system approximation is introduced. The 

fuzzy system is used to approximate the unknown function of 

an uncertain nonlinear system. The sliding control ensures 

robustness, and the adaptive fuzzy system increases the 

system's real-time performance. 

The organization of this paper is as follows: The 

problem formulation is introduced in Section II. The design 

of a fuzzy system approximation-based adaptive sliding mode 

controller, along with its stability analysis, is presented in 

Section III. In Section IV, the simulation of a second-order 

nonlinear system is presented to validate the given control 

law. A conclusion is drawn in Section V. 

II. PROBLEM FORMULATION

Let us consider a second-order dynamical system as 

𝛷̈ = 𝑔(𝛷, 𝛷̇) + 𝜏 + 𝜏𝑑   (1) 

where 𝛷 is the angular position, 𝛷̇ is angular speed,  𝜏 is a 

control input and 𝜏𝑑 It is a disturbance which is bounded by

|𝜏𝑑| ≤ 𝐷, 𝐷 > 0.
Rewrite the above equation as 

𝑧̇1 = 𝑧2

𝑧̇2 = 𝑔(𝑧) + 𝜏 + 𝜏𝑑                             (2)

where 𝑔(𝑧) = 𝑔(𝑧1, 𝑧2) = 𝑔(𝛷, 𝛷̇)  It is unknown.

Let us consider the desired angular position as  𝑧𝑑.

Then the error is,   

𝑒 = 𝑧1 − 𝑧𝑑      (3) 

The sliding surface is designed as  𝑠 = 𝑒̇ + 𝜆𝑒  where 𝜆 > 0 

Then 

𝑠̇ = 𝑒̈ + 𝜆𝑒̇ = −𝑧̈𝑑 + 𝑔(𝑧) + 𝜏 + 𝜆𝑒̇ + 𝜏𝑑 (4)
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Now for unknown  𝑔(𝑧) We will approximate it using fuzzy 

approximation algorithms. 

III. CONTROLLER DESIGN 

Applying the universal approximation theorem [4] for a 

fuzzy system, let us design a fuzzy system 𝑔̂(𝑧|𝛷)   to 

approximate 𝑔(𝑧). 

For inputs 𝑧1 and 𝑧2 Define five fuzzy sets as  𝐵1
𝑙𝑖   and 𝐵2

𝑙𝑖  

respectively where 𝑙𝑖 = 1,2, … .5  ,  𝑖 = 1,2.  And construct 

∏ ⍴𝑖
𝑛
𝑖=1 = ⍴1⨉⍴2 = 25   Fuzzy rules. The 1st and 25th fuzzy 

rules are given as : 

 

𝐹1 ∶    𝑖𝑓 𝑧1 𝑖𝑠 𝐵1
1  and 𝑧2   𝑖𝑠  𝐵2

1   𝑡ℎ𝑒𝑛    𝑔̂   𝑖𝑠 𝑂1 

𝐹25 ∶    𝑖𝑓 𝑧1 𝑖𝑠 𝐵1
5  and 𝑧2   𝑖𝑠  𝐵2

5   𝑡ℎ𝑒𝑛    𝑔̂   𝑖𝑠 𝑂25 

 

Where 𝑂𝑙1𝑙2   Is the fuzzy set of  𝑔̂ . Then, based on fuzzy 

inference, the fuzzy system's output is, 

 

𝑔̂(𝑧|𝛷𝑔) =

∑ ∑ 𝑥𝑔
𝑙1𝑙2(∏ 𝜇

𝐵
𝑖

𝑙𝑖
2
𝑖=1 (𝑧𝑖))5

𝑙2=1
5
𝑙1=1

∑ ∑ (∏ 𝜇
𝐵

𝑖

𝑙𝑖
2
𝑖=1 (𝑧𝑖))5

𝑙2=1
5
𝑙1=1

                 (5) 

 

where   𝜇
𝐵

𝑖

𝑙𝑖 (𝑧𝑖)  Is the membership function of  𝑧𝑖  ,  𝑥𝑔
𝑙1𝑙2  is 

a free parameter and 𝛷𝑔 = [𝑥𝑔
1 … … … . 𝑥𝑔

25]𝑇  It is a parameter 

vector. 

Equation (5) can be rewritten, based on the concept of fuzzy 

basis vector[4] as: 

𝑔̂(𝑧|𝛷𝑔) = 𝛷̂𝑔
𝑇𝜓(𝑧)                       (6) 

 

Where 𝑧 = [𝑧1   𝑧2]𝑇 , 𝜓(𝑧)  It is a fuzzy basis vector with 

⍴1 × ⍴2 = 25   elements, and its 𝑙1𝑙2  The element is, 

 

𝜓𝑙1𝑙2
(𝑧) =

∏ 𝜇
𝐵

𝑖

𝑙𝑖
2
𝑖=1 (𝑧𝑖)

∑ ∑ (∏ 𝜇
𝐵

𝑖

𝑙𝑖
2
𝑖=1 (𝑧𝑖))5

𝑙2=1
5
𝑙1=1

                        (7) 

 

The membership functions can be selected based on 
experience and expertise. 
 

Now, consider the optimum design parameter as 

 

𝛷𝑔
∗ = arg   𝑚𝑖𝑛 [𝑠𝑢𝑝|𝑔̂(𝑧|𝛷𝑔) − 𝑔(𝑧)|]                    (8) 

 

Where, 𝑧 ∈ 𝑅2   and   𝛷𝑔 ∈ 𝑆𝑔      where     𝑆𝑔  It is a set of  

𝛷𝑔 . 

 

Then,  

𝑔(𝑧) = 𝛷𝑔
∗𝑇𝜓(𝑧) + ԑ                                     (9) 

 

Where is the approximation error, and ԑ ≤ ԑ𝑢. Now, 

 

𝑔(𝑧) − 𝑔̂(𝑧) = 𝛷𝑔
∗𝑇𝜓(𝑧) + ԑ − 𝛷̂𝑔

𝑇𝜓(𝑧) = −𝛷̃𝑔
𝑇𝜓(𝑧) + ԑ       

(10) 

 

Now let us define the Lyapunov function as, 

 

𝐿 =
1

2
𝑠2 +

1

2𝜃
𝛷̃𝑔

𝑇𝛷̃𝑔                                   (11) 

 

Where,  𝜃 > 0      and  𝛷̃𝑔 = 𝛷̂𝑔 − 𝛷𝑔
∗ ,    then 𝛷̇̃𝑔 = 𝛷̇̂𝑔 

𝐿̇ = 𝑠𝑠̇ +
1

𝜃
𝛷̃𝑔

𝑇𝛷̇̃𝑔 

= 𝑠(𝜆𝑒̇ + 𝑔(𝑧) + 𝜏 − 𝑧̈𝑑) +
1

𝜃
𝛷̃𝑔

𝑇𝛷̇̃𝑔 

 

Design control law as, 

 

𝜏 = −𝑔̂(𝑧) + 𝑧̈𝑑 − 𝜆𝑒̇ − 𝑘𝑠𝑔𝑛(𝑠)                                (12) 

 
Choose   𝑘 ≥ ԑ𝑢 + 𝐷 . 
 
Now, 

𝐿̇ = 𝑠(𝑔(𝑧) − 𝑔̂(𝑧) − 𝑘𝑠𝑔𝑛(𝑠))  +
1

𝜃
𝛷̃𝑔

𝑇𝛷̇̃𝑔 

 

𝐿̇ = 𝑠(−𝛷̃𝑔
𝑇𝜓(𝑧) + ԑ − 𝑘𝑠𝑔𝑛(𝑠))  +

1

𝜃
𝛷̃𝑔

𝑇𝛷̇̃𝑔 

 

𝐿̇ =  ԑ𝑠 − 𝑘|𝑠| + 𝛷̃𝑔
𝑇 (

1

𝜃
𝛷̇̂𝑔 − 𝑠𝜓(𝑧)) 

 
The adaptive law is chosen as, 
 

𝛷̇̂𝑔 = 𝜃𝑠𝜓(𝑧)                                           (13) 

 

Then   𝐿̇ = ԑ𝑠 − 𝑘|𝑠| ≤ −𝑘|𝑠| ≤ 0   . 

IV. SIMULATION RESULTS 

Let us consider the plant of equation (1) as given below:   

𝑧̇1 = 𝑧2 

𝑧̇2 = 𝑔(𝑧) + 𝜏 + 𝜏𝑑  

Where 𝑔(𝑧) = 3(𝑧1 + 𝑧2)  . Let the desired angular position 

be  𝑧𝑑(𝑡) = sin (𝑡) .  Choose five membership functions for 

𝑧𝑖  As:  

𝜇𝑁𝑀(𝑧𝑖) =exp[-((𝑧𝑖 +
π

3
)/

π

12
)2] 

𝜇𝑁𝑆(𝑧𝑖) =exp[-((𝑧𝑖 +
π

6
)/

π

12
)2] 

𝜇𝑍(𝑧𝑖) =exp[-(𝑧𝑖/
π

12
)2] 

𝜇𝑃𝑆(𝑧𝑖) =exp[-((𝑧𝑖 −
π

6
)/

π

12
)2] 

𝜇𝑃𝑀(𝑧𝑖) =exp[-((𝑧𝑖 −
π

3
)/

π

12
)2] 

The initial states  are [0.15 , 0]The initial value of  𝛷̂ Is 

0.10. The controller design parameters from equations (12) 

and (13) are:  𝜆 = 20  ,𝜃 = 5000 and 𝑘 = 0.55. For 

chattering reduction, a saturation function is used instead of 

the sign function with 𝛥 = 0.02. 
To study the effect of disturbance, the simulation results 

are shown with external disturbance. 𝜏𝑑 Having different 

amplitudes. The different amplitude disturbances are : 𝜏𝑑1 =
0.5 sin(𝑡) ,  𝜏𝑑2 = sin(𝑡),  and  𝜏𝑑3 = 5 sin(𝑡). 

The results are shown in figures (1) to (15). Results 

includes control input, tracking of angular position and 

tracking of angular speed.  
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Figures (1) to (5) show satisfactory tracking 

performance with negligible chattering for bounded 

disturbance as 𝜏𝑑1  .  But for an unbounded value of 

disturbance, such as  𝜏𝑑2  and  𝜏𝑑3  Slight distorted tracking 

is observed as shown in figures (6) to (15). Figure 16 shows 

the membership functions. 

 

 

Figure 1. Control Input for 𝝉𝒅𝟏 

 

Figure 2. Tracking of Angular Position for 𝝉𝒅𝟏 

 

Figure 3. Tracking of Angular Position for 𝝉𝒅𝟏 

(transient) 

 

 

Figure 4. Tracking of Angular Speed 𝝉𝒅𝟏 

 

Figure 5. Tracking of Angular Speed 𝝉𝒅𝟏(transient) 

 

Figure 6. Control Input for 𝝉𝒅𝟐 

 

Figure 7. Tracking of Angular Position for 𝝉𝒅𝟐 

 

Figure 8. Tracking of Angular Position for 𝝉𝒅𝟐(transient) 

 

 

Figure 9. Tracking of Angular Speed for 𝝉𝒅𝟐 

 

Figure 10. Tracking of Angular Speed for 𝝉𝒅𝟐(transient) 
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Figure 11. Control Input for 𝝉𝒅𝟑 

 

Figure 12. Tracking of Angular Position for 𝝉𝒅𝟑 

 

 

Figure 13. Tracking of Angular Position for 

𝝉𝒅𝟑(transient) 

 

Figure 14. Tracking of Angular Speed for 𝝉𝒅𝟑 

 

 

Figure 15. Tracking of Angular Speed for 𝝉𝒅𝟑 (transient) 

 

Figure 16. Membership Functions 

V. CONCLUSION 

This work presents an adaptive sliding mode control 

utilising a fuzzy system approximation for tracking control of 

an uncertain nonlinear system. The fuzzy system is used to 

approximate the unknown function of the system. To 

approximate unknown nonlinearities, the fuzzy system makes 

use of a set of fuzzy rules, the parameters of which are 

continuously changed by adaptive laws. The controller 

ensures robust performance, and the chattering action is 

reduced satisfactorily. The simulation results on an uncertain 

nonlinear system for different amplitude disturbances 

validate the controller. 

DECLARATION STATEMENT 

Funding No, I did not receive. 

Conflicts of Interest 
No conflicts of interest to the best of 

our knowledge. 

Ethical Approval and 
Consent to Participate 

No, the article does not require ethical 

approval or consent to participate, as it 
presents evidence that is not subject to 

interpretation. 

Availability of Data and 
Materials 

Not relevant. 

Authors Contributions 
All authors have equal participation in 

this article. 

REFERENCES 

1. L.X.Wang, A Course in Fuzzy Systems and Control (Prentice-Hall 
International, Inc., 1996). 

2. L.X. Wang, Stable adaptive fuzzy control of nonlinear systems. IEEE 

Trans. Fuzzy Syst. 1(2), 146–155 (1993). 
https://doi.org/10.1109/91.227383 

3.  Sacheul Jeoung, Jongkil Han, Kyumann Im, Woonchul Ham, 

Byungkook Yo, Adaptive Fuzzy Sliding Mode Control of Nonlinear 
System : The Second Control Scheme, Proceedings of the 1996 IEEE 

IECON. 22nd International Conference on Industrial Electronics, 

Control, and Instrumentation. 

4. Li Xin Wang, J M Mendel, Fuzzy Basis functions, Universal 

Approximation, and Orthogonal Least Squares Learning, IEEE 
Transactions on Neural Networks, Vol3, No5 september 1992. 

https://doi.org/10.1109/72.159070 

5. Tairen Sun, Yongping Pan, Adaptive Control for Nonaffine Nonlinear 
Systems Using Reliable Neural Network Approximation, IEEE 

Access, Volume 5, 2017 

https://doi.org/10.1109/ACCESS.2017.2763628 
6. V Nekoukar, A Erfanian, Adaptive fuzzy terminal sliding mode 

control for a class of MIMO uncertain nonlinear systems, Fuzzy Sets 

and Systems- 179 (2011) 3449, Elsevier. 
https://doi.org/10.1016/j.fss.2011.05.009 

7. B. Chen, X. Liu, K. Liu, C. Lin, Direct adaptive fuzzy control of 

nonlinear strict feedback systems, Automatica 45 (2009) 1530 – 1535 
https://doi.org/10.1016/j.automatica.2009.02.021 

 

 
 

 

 
 

 

https://doi.org/10.35940/ijeat.B4338.1213223
http://www.ijeat.org/
https://doi.org/10.1109/91.227383
https://doi.org/10.1109/72.159070
https://doi.org/10.1109/ACCESS.2017.2763628
https://doi.org/10.1016/j.fss.2011.05.009
https://doi.org/10.1016/j.automatica.2009.02.021


International Journal of Engineering and Advanced Technology (IJEAT) 

ISSN: 2249-8958 (Online), Volume-13 Issue-2, December 2023 

                                         34 

 

Published By: 

Blue Eyes Intelligence Engineering 
and Sciences Publication (BEIESP) 

© Copyright: All rights reserved. 

Retrieval Number:100.1/ijeat.B43381213223 

DOI: 10.35940/ijeat.B4338.1213223 

Journal Website: www.ijeat.org   

8. Utkin, V.I., Guldner, J., and Shi, J. (2009).Sliding Mode Control in 
Electro-mechanical Systems. London, UK: Taylor /and Francis 

Publishers, pp. 115-130. 

9. J. Park, I.W. Sandberg, Universal approximation using radial basis 
function networks, Neural Comput. 3 (2) (1991): 246 -257. 

https://doi.org/10.1162/neco.1991.3.2.246 

10. Tairen Sun, Yongping Pan, Adaptive Control for Nonaffine Nonlinear 
Systems Using Reliable Neural Network Approximation, IEEE 

Access, Volume 5, 2017 

https://doi.org/10.1109/ACCESS.2017.2763628 
11. Chuan-Kai Lin, Nonsingular Terminal Sliding Mode Control of Robot 

Manipulators Using Fuzzy Wavelet Networks, IEEE Transactions on 

Fuzzy Systems (Volume:14, Issue: 6 ),849 - 859,2006 
https://doi.org/10.1109/TFUZZ.2006.879982 

12. Seul Jung, Improvement of Tracking Control of a Sliding Mode 

Controller for Robot Manipulators by a Neural Network, International 
Journal of Control, Automation and Systems 16(2) (2018) 937-943 

https://doi.org/10.1007/s12555-017-0186-z 

13. Ali Saghafinia, Hew Wooi Ping, Mohammad Nasir Uddin, Khalaf 
Salloum Gaied, Adaptive Fuzzy Sliding-Mode Control into 

Chattering-Free IM Drive, IEEE Transactions on Industry  

Applications,2014. https://doi.org/10.1109/TIA.2014.2328711 
14. Yuzheng Guo and Peng-YungWoo, An Adaptive Fuzzy Sliding Mode 

Controller for Robotic Manipulators, IEEE Transactions on Systems, 

Man, and Cybernetics Part A: Systems and Humans, Vol. 33, No. 2, 
March 2003 https://doi.org/10.1109/TSMCA.2002.805804  

AUTHORS PROFILE 

Dr. Monisha Pathak, currently an Associate Professor 
in the Instrumentation Engineering Department at Jorhat 

Engineering College, Jorhat, Assam, India, received her 

Bachelor of Engineering degree in Instrumentation 
Engineering from Jorhat Engineering College, which is 

affiliated with Dibrugarh University. She pursued her 

Master of Engineering in Power and Control from IIT 
Guwahati. She completed her Ph.D. with a specialisation in Control Systems 

from the Department of Electrical Engineering, Dibrugarh University, 

Dibrugarh.  Her research interests include Instrumentation and Control, 

Nonlinear Control, and Intelligent Control. Some of her research 

publications are: 1. Sliding Mode with “Adaptive Control of Robot 

Manipulator Trajectory Tracking using Neural Network Approximation”, 

International Journal of Engineering and Advanced Technology (IJEAT), 

ISSN: 2249-8958 (Online), Volume-10 Issue-6, August 2021. 2. A New 

Neural Network Based Sliding Mode Adaptive Controller for Tracking 
Control of Robot Manipulator, International Journal of Engineering and 

Advanced Technology (IJEAT) ISSN: 2249-8958 (Online), Volume-11 

Issue-2, December 2021, 3. “Control of nonlinear chemical process using 
sliding mode control”, 2016 IEEE 1st International Conference on Power 

Electronics, Intelligent Control and Energy Systems (ICPEICES), 4-6 July 

2016 
 

Dr. Mrinal Buragohain, currently a Professor in the 
Department of Electrical Engineering at Jorhat 

Engineering College, Jorhat, received his Bachelor of 

Engineering in Electrical Engineering from Assam 
Engineering College, affiliated with Gauhati 

University, Assam. He pursued his Master of 

Engineering in High Voltage Engineering from 
Jadavpur University, Kolkata. After this, he completed his Ph.D. with a 

specialisation in Control Systems in the Department of Electronics and 

Communication Engineering at the Indian Institute of Technology, 
Guwahati. His research interests include the application of soft computing in 

non-linear systems and Optimal and adaptive control. Some of his Research 

publications are “Tracking and Synchronization of A Hyperchaotic 
Hyperjerk system with No Equilibria Using Back stepping Control” at 

International journal for Research in Engineering Application & 

Management, ISSN: 2454-9150, Vol-05, Issue02, May 2019, “ A PID 
Adaptive Sliding Mode Control for an Inverted Pendulam System for an 

External Disturbance using Grey Wolf Optimization Technique” at 

International Journal of New Technologies in Science and Engineering, 
ISSN: 2349-0780, Vol. 5, Issue.3, 2018 

 

 
 

 

 
 

 

 

 
Disclaimer/Publisher’s Note: The statements, opinions and 

data contained in all publications are solely those of the 

individual author(s) and contributor(s) and not of the Blue 

Eyes Intelligence Engineering and Sciences Publication 

(BEIESP)/ journal and/or the editor(s).  The Blue Eyes 

Intelligence Engineering and Sciences Publication (BEIESP) 

and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, 

instructions or products referred to in the content. 
 

 

 

 

https://www.openaccess.nl/en/open-publications
https://doi.org/10.35940/ijeat.B4338.1213223
http://www.ijeat.org/
https://doi.org/10.1162/neco.1991.3.2.246
https://doi.org/10.1109/ACCESS.2017.2763628
https://doi.org/10.1109/TFUZZ.2006.879982
https://doi.org/10.1007/s12555-017-0186-z
https://doi.org/10.1109/TIA.2014.2328711
https://doi.org/10.1109/TSMCA.2002.805804

