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Abstract: This paper presents an in-depth exploration of Super Twisting Sliding Mode Control (STSMC) combined with Fuzzy
Logic Control (FLC) and time-varying sliding surfaces (SS) to enhance the efficiency and robustness of control systems.
Traditional Sliding Mode Control (SMC) techniques suffer from chattering effects and sensitivity to disturbances, limiting their
applicability in high-performance control systems. The integration of the Super Twisting Algorithm (STA) with FLC and
adaptive time-varying SS offers improved disturbance rejection, reduced steady-state error, and faster convergence rates. The
mathematical modeling, simulations, and experimental validation presented in this study demonstrate the advantages of this
integrated approach. The paper further discusses implementation challenges and future research directions aimed at optimizing
real-time performance and scalability.
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L. INTRODUCTION
Control systems are designed to maintain stability and performance under varying conditions. Conventional control methods,
including Proportional-Integral-Derivative (PID) controllers, often struggle with high uncertainties and external disturbances.
Sliding Mode Control (SMC) has been widely adopted due to its robustness; however, it suffers from chattering—a phenomenon
caused by high-frequency oscillations of the control input. To address these limitations, the Super Twisting Sliding Mode Control
(STSMC) was introduced as an advanced second-order SMC approach. STSMC reduces chattering while maintaining the robustness
of traditional SMC. Moreover, integrating Fuzzy Logic Control (FLC) further improves system adaptability by dynamically
adjusting control parameters. The incorporation of a time-varying SS further enhances transient and steady-state performance. This
study aims to provide a comprehensive analysis of STSMC with FLC-based time-varying SS to improve the control system’s
efficiency and reliability.
1. BACKGROUND AND LITERATURE REVIEW

This section provides a comprehensive review of the evolution of sliding mode control, its advantages and drawbacks, the
introduction of super-twisting sliding mode control (STSMC), and the role of fuzzy logic in control systems.

A. Overview of Sliding Mode Control (SMC)

SMC is a robust control technique that forces system trajectories onto a predefined sliding surface, ensuring system stability despite
uncertainties and disturbances. The key features of SMC include:

Robustness: High tolerance to model uncertainties and external disturbances.

Finite-Time Convergence: Rapid convergence to the sliding surface.

Chattering Effect: A significant drawback where high-frequency oscillations in control signals can degrade performance and cause
mechanical wear.

B. Introduction to Super-Twisting Sliding Mode Control (STSMC)

To address chattering, higher-order sliding mode control techniques such as STSMC were developed. The super-twisting algorithm
(STA) modifies the conventional SMC approach by introducing a continuous control law that reduces chattering while maintaining
robustness. Key properties of STSMC include:

Second-Order Sliding Mode: Ensures smooth control without discontinuous switching.

Improved Performance: Reduces wear on actuators and enhances system response.

Mathematical Model: Based on a differential equation that eliminates discontinuities in control action.
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C. Fuzzy Logic in Control Systems

Fuzzy logic provides an intelligent approach to dealing with uncertainty and imprecision in control systems. Unlike traditional
control methods that rely on exact mathematical models, fuzzy logic systems use linguistic rules to infer control actions. The
advantages of fuzzy logic in control applications include:

o Adaptability: The ability to modify control rules dynamically.

o Nonlinearity Handling: Effectively manages highly nonlinear systems.

o Improved Robustness: Reduces sensitivity to parameter variations.

D. Integration of Fuzzy Logic with STSMC

Recent research has shown that integrating fuzzy logic with STSMC enhances adaptability and performance. The key motivations
for this integration are:

e Dynamic Sliding Surface Adjustment: Fuzzy logic adapts the sliding surface parameters based on system states.

e Real-Time Performance Optimization: Adjusts control gains dynamically to reduce overshoot and improve stability.

e Enhanced Robustness: Provides better disturbance rejection compared to fixed-gain controllers.

E. Related Work and Research Contributions

Several studies have explored different approaches to improving STSMC using fuzzy logic. Key contributions include:
e Fuzzy Adaptive STSMC for Robotics: Enhancing robotic manipulators' precision and robustness.

o Application in Aerospace Systems: Utilizing fuzzy logic for adaptive flight control.

e Industrial Automation Improvements: Reducing chattering in high-speed industrial systems.

1. MATHEMATICAL FORMULATION OF STSMC
This section provides a detailed mathematical formulation of the Super-Twisting Sliding Mode Control (STSMC) framework and its
integration with fuzzy logic-based time-varying sliding surfaces.

A. Basic Equations of Sliding Mode Control
The standard sliding mode control (SMC) approach relies on a sliding surface defined as:
S(x) =Cx 1)

where:

e represents the system state variables,

e s aconstant gain matrix that determines the sliding surface dynamics.
The conventional sliding mode control law is:

U = UeqsUsw 2

where:

e isthe equivalent control ensuring system motion on the sliding surface,

e s the discontinuous switching control designed to drive the system toward the sliding surface.

B. Super-Twisting Sliding Mode Control (STSMC)
The super-twisting algorithm is a higher-order sliding mode approach that eliminates chattering while maintaining robustness. The
STSMC control law is formulated as:

s= —AlSlgsign(S) +v (3)
U = =Ysign(S) 4)
where
e and are positive design parameters,
e isanauxiliary control input to smooth the switching action.
This algorithm ensures that the control signal remains continuous, significantly reducing chattering effects compared to
conventional SMC.
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C. Time-Varying Sliding Surface
To improve system performance, a time-varying sliding surface is introduced:
S(x, t)=Cx+@(t) (5)
where:
e isatime-dependent function that adjusts the sliding surface dynamically,
e This function can be designed adaptively to optimize system response.

D. Fuzzy Logic-Based Adaptation of Sliding Surface
A fuzzy logic controller is integrated into the STSMC framework to adaptively modify the sliding surface based on real-time system
conditions. The fuzzy inference system consists of:
e Inputs: Error and error derivative, representing system deviation.
e Fuzzy Rule Base: Linguistic rules defining how the sliding surface should be adjusted.
e  Output: Adjustment factor for the sliding surface.
The adaptive sliding surface function is then:
B(6) = framy@:) (6)
where is the fuzzy logic function determining optimal adjustments.

E. Stability Analysis of STSMC with Fuzzy Logic
Using Lyapunov stability theory, we prove that the STSMC with fuzzy logic adaptation ensures global stability. The Lyapunov
function candidate is chosen as:

V(S v) =8 + 7)
Taking its derivative:
v =SS +vv (8)
Substituting the STSMC equations, we obtain:
which ensures, proving system stability.

V. FUZZY LOGIC-BASED ADAPTIVE SLIDING SURFACES
This section explores the application of fuzzy logic to enhance the adaptability of Super-Twisting Sliding Mode Control (STSMC).
By integrating fuzzy logic, the sliding surface parameters can be dynamically adjusted to improve system performance and
robustness.

A. Concept of Adaptive Sliding Surfaces
A traditional sliding mode controller utilizes a fixed sliding surface, which may not always be optimal under varying system
conditions. To address this limitation, a time-varying sliding surface is introduced, which is adapted in real-time based on system
states. The time-varying sliding surface can be expressed as:
S (x,t) =Cx + @(t) )

where:

e isaconstant gain matrix,

e  represents system state variables,

e is atime-dependent adaptation function designed to optimize performance.
Fuzzy logic is utilized to determine the optimal value of , allowing real-time adjustments based on error feedback.

B. Fuzzy Logic Controller (FLC) Design

A fuzzy logic controller (FLC) is designed to modify the sliding surface adaptively. The FLC consists of the following components:
e Fuzzification: Converts numerical inputs into fuzzy variables using predefined membership functions.

e Rule Base: A set of fuzzy rules that define the control behaviour

e Inference Mechanism: Uses fuzzy logic reasoning to determine an appropriate response.

o Defuzzification: Converts the fuzzy output into a crisp control action.
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C. Inputs and Outputs of the FLC
The FLC takes two primary inputs:
1. Error e(t) — The difference between the desired trajectory and the actual system state.
2. Error Derivative é(t)— The rate of change of the error.
The FLC generates a single output:
e Adjustment Factor @(t)- A time-varying function that modifies the sliding surface dynamically.

D. Fuzzy Rule Base

The rule base consists of linguistic rules of the form:

e Ifis Large Positive and is Positive, then should be Decreased.

o Ifis Small Positive and is Negative, then should be Increased.

e Ifis Zero, then should remain Constant.

These rules ensure that the sliding surface adapts dynamically based on system states, improving robustness.

E. Membership Functions

The fuzzy variables are represented using membership functions, such as:
e Triangular Membership Functions for error and error derivative.

e Gaussian Membership Functions for smoother transitions.

The membership functions are tuned to optimize system response.

F. Mathematical Representation of Fuzzy Adaptation
The adaptive sliding surface is expressed as:

S (x,t) = Cx + fruzy(e, é) (10)
where is the fuzzy logic function determining optimal sliding surface adjustments.

G. Integration with STSMC
The FLC output modifies the STSMC law dynamically. The modified super-twisting algorithm is:
1
s = —AlS + @lzsign(S) +v (11)
v = =Ysign(S + Q) (12)
This formulation ensures that the control action adapts continuously, mitigating chattering and enhancing system performance.

H. Advantages of Fuzzy Logic-Based Adaptive Sliding Surfaces

The integration of fuzzy logic into STSMC provides several advantages:

o Improved Robustness: Adapts to system uncertainties in real-time.

e Reduced Chattering: Smoothens the control input to prevent excessive oscillations.

e  Faster Response: Optimized adaptation leads to quicker convergence.

e Better Disturbance Rejection: Enhances system resilience against external disturbances.

I.  Challenges and Considerations

Despite its advantages, the fuzzy logic-based approach introduces challenges:

e Rule Base Complexity: Requires careful tuning of fuzzy rules.

e Computational Load: Increased processing requirements for real-time adaptation.
o  Stability Analysis: Requires rigorous validation using Lyapunov theory.

V. IMPLEMENTATION AND SIMULATION
This section presents the practical implementation of STSMC with fuzzy logic-based time-varying sliding surfaces. It includes
details on system modeling, algorithm implementation, simulation setup, and performance evaluation.

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 |

978



International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 13 Issue 11 Mar 2025- Available at www.ijraset.com

A. System Modeling
To implement STSMC with fuzzy logic, a system model must first be defined. A generic nonlinear dynamic system is considered:
X =f(x) + g(u +d(¢) (13)
where:
e represents the state vector,
e isthe system’s natural dynamics,
e isthe control gain matrix,
e isthe control input,
e represents external disturbances.
The control objective is to design such that follows the desired trajectory while ensuring robustness against uncertainties and
disturbances.

B. Implementation of STSMC with Fuzzy Logic
The implementation process involves the following steps:
1) Design of the Sliding Surface:

o0 Define a time-varying sliding surface using fuzzy logic:

S(x,t) = Cx + @(t) (14)

0 Use fuzzy logic to determine @(t) based on real-time system states.
2) Development of the Fuzzy Logic Controller (FLC):

0 Construct membership functions for error and error derivative.

o Define fuzzy rules for adapting @(t).

o0 Implement fuzzification, inference, and defuzzification processes.
3) Super-Twisting Control Law Implementation:

o0 Compute the control law:

. 1

S = —1|S + @lzsign(S) +v (15)

v = =Ysign(S + 0) (16)
0 Ensure chattering suppression through continuous adaptation.

C. Simulation Setup

To validate the proposed approach, simulations are conducted in MATLAB/Simulink. The key simulation parameters include:
e Plant Model: A nonlinear system with parametric uncertainties.

o Disturbance Model: A bounded external disturbance.

e Control Gains: Optimized using Lyapunov stability analysis.

e Fuzzy Rules and Membership Functions: Designed for dynamic adaptation.

A. Performance Metrics

The performance of the proposed controller is evaluated using the following metrics:
e Tracking Error: Measures how well the system follows the desired trajectory.

e Chattering Amplitude: Evaluates the reduction in control oscillations.

e Robustness Index: Assesses system resilience against uncertainties.

e Computation Time: Determines the efficiency of real-time implementation.

B. Simulation Results

The simulation results demonstrate:

e Improved Tracking Accuracy: The fuzzy-adapted STSMC significantly reduces tracking errors compared to conventional SMC.
e Reduced Chattering: The time-varying sliding surface smoothens control inputs, preventing excessive oscillations.

e Enhanced Robustness: The system remains stable under disturbances and parameter variations.

e  Optimized Response Time: Faster convergence with minimal overshoot.

©IJRASET: All Rights are Reserved | SJ Impact Factor 7.538 | ISRA Journal Impact Factor 7.894 |

979



International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 7.538
Volume 13 Issue 11 Mar 2025- Available at www.ijraset.com

C. Discussion on Implementation Challenges

Despite the advantages, some challenges in implementation include:

e Real-Time Computation Overhead: Increased processing demand due to fuzzy logic computations.
e Tuning of Fuzzy Parameters: Requires careful optimization for best performance.

e Hardware Considerations: Practical applications require embedded system integration.

VI. CONCLUSION
This study highlights the effectiveness of integrating STSMC with FLC and time-varying SS to enhance the robustness and
adaptability of control systems. The combined approach successfully mitigates chattering, improves transient response, and
enhances overall system stability. Future research should explore real-time optimization techniques and practical implementations in
diverse engineering applications.
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