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Abstract: This study presents an innovative approach named Optimal Adaptive Continuous Barrier 

Function Terminal Sliding Mode Control (OACBF-TSMC) approach with a novel switching 

manifold, to control mathematical model of nonlinear systems under model uncertainties and 

external disturbances. The proposed OACBF-TSMC approach combines the advantages of adaptive 

control, continuous barrier functions, and terminal sliding mode control to achieve robust stability 

of the mathematical model of nonlinear systems, and by using a genetic algorithm that tries to 

optimize the controller parameters as much as possible so that the proposed controller is the most 

to have efficiency and performance. The proposed method is designed to address the challenges of 

systems and provide superior performance in terms of stabilization accuracy, disturbance rejection, 

and robustness against uncertainties. However, the critical challenge facing the proposed controller 

is the complete elimination of the chattering phenomenon, which is the most important problem of 

ordinary sliding mode controllers. The simulation results show that the system trajectories in the 

proposed approach have converged to the origin with minimal overshoot and undershoot in a finite 

time; In addition, the chattering problem in the control inputs has been well eliminated, which 

makes the proposed method suitable for various systems, including chaotic systems, energy 

sources, and distributed production systems. Furthermore, the OACBF-TSMC approach has the 

potential to enhance the stability and reliability of control systems, contributing to the integration 

of the system states. 

Keywords: Nonlinear system; sliding mode control; adaptive tuning; model uncertainties; external 

disturbances 

MSC: 93C55; 93D30; 93B52; 93D40; 93C40; 62F35; 93B40; 93D09; 93D21 

 

1. Intoduction 

Mathematical nonlinear systems are complex systems that exhibit non-linear behavior, which 

means that the output of the system is not proportional to the input. These systems are found in many 

areas of science and engineering, including physics, chemistry, biology, economics, and engineering. 

Nonlinear systems can be difficult to control because they often exhibit chaotic behavior and can be 

sensitive to small changes in initial conditions [1,2]. Controlling nonlinear systems is important for 

several reasons. First, many real-world systems are inherently nonlinear, so understanding how to 
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control them is essential for designing effective solutions. For example, controlling the temperature 

of a chemical reactor or the speed of a motor requires understanding how to control nonlinear 

dynamics [3]. Secondly, nonlinear systems can exhibit unstable behavior that can lead to catastrophic 

consequences if left unchecked. For example, an uncontrolled chemical reaction can result in an 

explosion or fire. Similarly, an uncontrolled aircraft can crash due to unstable flight dynamics [4,5]. 

Finally, controlling nonlinear systems is important for optimizing performance. Many engineering 

applications require optimizing a system's performance while minimizing energy consumption or 

other costs. Understanding how to control nonlinear dynamics can help engineers design more 

efficient and effective solutions [6]. In conclusion, controlling mathematical nonlinear systems is 

essential for designing effective solutions in many areas of science and engineering. Nonlinear 

dynamics can be difficult to control, but understanding how to do so is essential for optimizing 

performance and avoiding catastrophic consequences. 

Various control techniques have been proposed for mathematical model of nonlinear systems, 

including conventional PI controllers [7–9], fractional order PID controllers [10], 𝐻ஶ  controllers 

based on linear matrix inequality (LMI) [11,12], fuzzy logic controllers [13,14], and model predictive 

controllers [15,16]. However, these methods may not be effective in handling uncertainties and 

disturbances that are common in nonlinear systems [17]. Recently, a robust control method for 

uncertainties has been used to control the nonlinear systems called Sliding Mode Control (SMC) [18–

21]. However, most conventional SMC laws suffer from the undesirable phenomenon of chattering, 

which is caused by the discontinuity of the signum function in the controller signals [3]. Nevertheless, 

there are several methods of removing the chattering phenomenon in conventional SMC, including 

the boundary layer approach: This method involves introducing a small boundary layer around the 

sliding surface to smooth out the control signal and reduce chattering [22,23]. High-gain approach: 

This method involves increasing the gain of the SMC to reduce chattering. However, this can lead to 

instability and overshoot [24,25]. Integral SMC: This method involves adding an integral term to the 

SMC to eliminate steady-state error and reduce chattering [26,27]. Adaptive sliding mode control 

(ASMC): This method involves adjusting the parameters of the SMC based on system dynamics to 

reduce chattering [28,29]. Fuzzy logic-based SMC: This method involves using fuzzy logic to adjust 

the switching gain of the SMC, which can reduce chattering and improve performance [30,31]. 

Nonlinear disturbance observer-based SMC: This method involves using a nonlinear disturbance 

observer to estimate and compensate for disturbances in the system, which can reduce chattering and 

improve robustness [32]. 

Among the above techniques, adaptive control is an effectual and practical technique to 

overcome the uncertainty of parameters in practical nonlinear systems and it has worked well in 

different aspects in solving issues such as input saturation, unmeasurable mode, and improving 

controller performance [33–35]. Nevertheless, for a system with unknown uncertainty terms, 

conventional adaptive control cannot absolutely assure optimal and great control efficiency [36]. 

However, Adaptive Terminal sliding mode control (TSMC) is an effective and robust control strategy 

for regulating dynamic systems. Its ability to handle nonlinear systems and adapt to changes in their 

behavior makes it an ideal choice for various applications where precise control is required [20,37]. 

TSMC is a robust control technique that has gained significant attention in recent years due to its 

ability to provide high-performance control in the presence of uncertainties and disturbances [38,39]. 

TSMC is a type of SMC that aims to drive the system state onto a predefined sliding surface, where 

it remains for the rest of the control process [40]. The main advantage of TSMC over traditional SMC 

is that it ensures finite-time convergence to the sliding surface, which means that the system reaches 

a stable state within a finite time period [41]. This feature makes TSMC particularly useful for 

applications where fast and accurate tracking is required, such as robotics, aerospace, and automotive 

systems [42]. TSM has also been applied successfully in various other fields, including power 

electronics, renewable energy systems, and biomedical engineering [43–45]. In this article, the theory 

of TSMC and its applications in the field of mathematical model of nonlinear systems are discussed. 

It will also highlight some challenges that need to be addressed for the further development of this 

promising control technique. 
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This paper proposes a novel control strategy called Optimal Adaptive Continues Barrier 

Function Terminal Sliding Mode Controller (OACBF-TSMC), which combines adaptive control with 

SMC to achieve robust stability of a mathematical model of nonlinear systems. The OACBF-TSMC 

approach is based on the concept of barrier functions, which are mathematical functions that impose 

constraints on system states to prevent them from entering unsafe regions. The controller design 

involves constructing a barrier function that ensures the system's frequency remains within a safe 

range while minimizing the tracking error between the desired and actual frequency values [46,47]. 

The SMC technique is then used to achieve fast convergence and robustness against disturbances by 

introducing a discontinuous control law that drives the system towards the sliding surface. The 

adaptive component of AOCBF-TSMC allows for online tuning of controller parameters based on 

real-time measurements of system states. This feature enables the controller to adapt to changes in 

system dynamics and uncertainties without requiring prior knowledge of system parameters. 

Moreover, OACBF-TSMC can handle nonlinearities and time-varying disturbances that are common 

in nonlinear systems. Ultimately, the proposed method tunes controller parameters using the genetic 

algorithm to achieve the best and most optimal control performance. In conclusion, the OACBF-

TSMC approach offers a promising solution for the stabilization of nonlinear systems by combining 

adaptive control with SMC and barrier functions. The controller's ability to handle uncertainties, 

nonlinearities, and disturbances makes it suitable for practical nonlinear systems.  

The structure of the rest of this article is as follows: The second part describes the structure of 

the mathematical model of nonlinear systems in the presence of model uncertainties and external 

disturbances. Then, in the third part, the design of a robust finite time controller is discussed to 

stabilize the mathematical model of nonlinear systems using mathematical relationships. Section 4 

presents simulation results to validate the effectiveness of the proposed controller. Finally, Section 5 

concludes the paper and discusses future research directions. 

2. Problem formulation 

In general, the mathematical model of disturbed nonlinear systems is considered as follows 

[31,48]: 𝜗ሶ(𝑡) = 𝐻𝜗(𝑡) + 𝐺𝜏(𝑡) + 𝑊(𝑡), (1) 

so that 𝜗(𝑡) ∈ ℝ௡ are the state trajectories of the nonlinear system Eq. (1), 𝜏(𝑡) ∈ ℝ௡ is the control 

input signals, 𝑊(𝑡) is equal to 𝐹(𝑡) × 𝐷(𝑡), 𝐷(𝑡) ∈ ℝ represents the external disturbance that 𝑙ଵ is 

upper bound of 𝐷(𝑡) so that |𝐷(𝑡)| ≤ 𝑙ଵ, 𝐹(𝑡), 𝐻 and 𝐺 are matrices with fixed components. 

Considering 𝜗ሶ = ሾ𝜗ଵ் 𝜗ଵ் ሿ், Eq. (1) can be converted into the following state space equation: 𝜗ሶଵ(𝑡) = 𝐻ଵଵ𝜗ଵ(𝑡) + 𝐻ଵଶ𝜗ଶ(𝑡) + 1𝑀 𝐷(𝑡), 𝜗ሶଶ(𝑡) = 𝐻ଶଵ𝜗ଵ(𝑡) + 𝐻ଶଶ𝜗ଶ(𝑡) + 𝐺ଶ𝜏(𝑡), (2) 

where 𝜗ଵ் and 𝜗ଶ்  represent the states of the nonlinear system, 𝜏(𝑡)  represents the external 

disturbance, 𝑀  is a positive constant parameter, 𝐻ଵଵ, 𝐻ଵଶ, 𝐻ଶଵ, 𝐻ଶଶ and 𝐺ଶ  represent matrices of 

appropriate dimensions. 

Assumption 1. Cଵ represents the upper bound of unknown external disturbance D, with |D| ≤ Cଵ. 
Lemma 1. [49]: Consider if 𝜗 ∈ ƴ ⊂ ℝ௡ and 𝜗ሶ = 𝛳(𝑥), 𝛳 ∶ ℝ௡ → ℝ௡ a continuous system on the region ƴ 

as the open neighborhood of origin and local Lipschitz at ƴ{0} and 𝛳(0) = 0. Furthermore, assume that there 

is a continual Lyapunov function 𝐿: ƴ → ℝ with the following qualifications.  

(a) 𝐿 represents a positive-definite function;  

(b) 𝐿ሶ  is negative-definite on ƴ {0}; 

(c) There are positive real values 𝑚 and 0 < 𝑎 < 1, and a neighborhood Ɲ ⊂ ƴ of origin such that: 
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𝐿ሶ + 𝑚𝐿௔ ≤ 0. (3) 

Therefore, the origin can be introduced as is a stable finite-time equilibrium point for the 𝜗ሶ = 𝛳(𝑥). 

Based on lemma 1, the Lyapunov function 𝐿: ℵ → 𝑅 converges to origin in a finite time for the initial time 𝑡଴ . As a result, it is gained: 𝑡௦ = 𝑡଴ + 𝐿ଵି௔(𝑡଴)£(1 − 𝑎) (4) 

so that £ indicates a positive and constant coefficient and 𝑡௦ indicates the settling time of the system. 

3. Control design 

In this section, an ACBF-TSMC is suggested to the mathematical model of nonlinear systems in 

the presence of uncertainties and perturbations. 

For this propose let the switching function for system Eq. (2) be defined as 𝜎(𝑡) = 𝐴𝜗ଵ(𝑡) + 𝐵𝜗ଶ(𝑡), (5) 

so that 𝐴 and 𝐵 represent positive and constant matrices. However, when the switching manifold 𝜎(𝑡) = 0 is reached, Eq. (5) follows: 𝜗ଶ(𝑡) = −𝐵ିଵ𝐴𝜗ଵ(𝑡). (6) 

By using Eqs. (2) and (6), the equation of sliding manifold is obtained as 𝜗ሶଵ(𝑡) = (𝐻ଵଵ − 𝐻ଵଶ𝐵ିଵ𝐴)𝜗ଵ(𝑡) + 1𝑀 𝐷. (7) 

By taking the derivative from sliding manifold Eq. (5) the following equation is obtained as 𝜎ሶ = 𝐴𝜗ሶଵ + 𝐵𝜗ሶଶ = 𝐴(𝐻ଵଵ − 𝐻ଵଶ𝐵ିଵ𝐴)𝜗ଵ + 𝐵൫(𝐻ଶଵ − 𝐻ଶଶ𝐵ିଵ𝐴)𝜗ଵ + 𝐺ଶ𝜏൯+ 1𝑀 𝐴𝐷. (8) 

Theorem 1. Consider the mathematical model of the nonlinear system Eq. (2) and the sliding manifold Eq. (5). 

Furthermore, assuming that 𝐶ଵ(𝑡)  represents the upper bound of unknown external disturbance 𝐷(𝑡) , 

therefore, 𝐶መ(𝑡) can be defined as an estimate of 𝐶ଵ(𝑡) as the following Equation: 𝐶መሶ(𝑡) = 𝜌|𝜎(𝑡)|, (9) 

so that 𝜌 > 0. Next, the terminal adaptive sliding mode control law for nonlinear system Eq. (2) is obtained 

as 𝜏(𝑡) = −(𝐵𝐺ଶ) ቀ(𝐴𝐻ଵଵ − 𝐴𝐻ଵଶ𝐵ିଵ𝐴 + 𝐵𝐻ଶଵ − 𝐵𝐻ଶଶ𝐵ିଵ𝐴)𝜗ଵ(𝑡)
+ 𝐶መ(𝑡) 𝑠𝑔𝑛 (𝜎(𝑡))ቁ. (10) 

Therefore, the trajectories of the nonlinear system Eq. (2) converge to the sliding manifold Eq. (5) in a finite 

time. 

Proof. Let us define a positive definite Lyapunov function as  𝐿 = 12 𝛼𝐶ሚ(𝑡)ଶ + 12 𝜎(𝑡)ଶ, (11) 

so that 𝐶ሚ(𝑡) = 𝐶መ(𝑡) − 𝐶ଵ(𝑡) and 𝛼 represents a scaler parameter with range 1 < 𝛼 < 𝜌. By taking 

the derivative from Eq. (11) and using sliding manifold Eq. (5), the following equation is obtained. 𝐿ሶ = 𝛼𝐶ሚ(𝑡)𝐶መሶ(𝑡) + 𝜎(𝑡)𝜎ሶ (𝑡) = 𝛼𝜌𝐶ሚ(𝑡)|𝜎(𝑡)| + 𝜎(𝑡)൫𝐴𝜗ሶଵ(𝑡) + 𝐵𝜗ሶଶ(𝑡)൯, (12) 
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then, by using Eqs. (8) and (12), the following equation can be obtained. 𝐿ሶ = 𝛼𝜌𝐶ሚ(𝑡)|𝜎(𝑡)|+ 𝜎(𝑡) ቆ𝐴(𝐻ଵଵ − 𝐻ଵଶ𝐵ିଵ𝐴)𝜗ଵ(𝑡)
+ 𝐵൫(𝐻ଶଵ − 𝐻ଶଶ𝐵ିଵ𝐴)𝜗ଵ(𝑡) + 𝐺ଶ(𝑡)𝜏(𝑡)൯ + 1𝑀 𝐴𝐷(𝑡)ቇ. (13) 

The following equation is obtained by placing the Eq. (10) in Eq. (13). 𝐿ሶ = 𝛼𝜌𝐶ሚ(𝑡)|𝜎(𝑡)| + 𝜎(𝑡) ቆ 1𝑀 𝐴𝐷(𝑡) − 𝐶መ(𝑡)𝑠𝑔𝑛 ൫𝜎(𝑡)൯ቇ
≤ 𝛼𝜌𝐶ሚ(𝑡)|𝜎(𝑡)| + 1𝑀 |𝜎(𝑡)||𝐴||𝐷(𝑡)| − 𝐶መ(𝑡)|𝜎(𝑡)|+ 𝐶ଵ(𝑡)|𝜎(𝑡)| − 𝐶ଵ(𝑡)|𝜎(𝑡)|. 

(14) 

Since |𝐷(𝑡)| < 𝐶ଵ(𝑡) and 𝛼, 𝜌 < 1, so the following equation is obtained. 

𝐿ሶ ≤ √2൫𝐶ଵ(𝑡) − 𝐷(𝑡)൯ |𝜎(𝑡)|√2 − ඨ2𝛼 (1 − 𝛼𝜌)|𝜎(𝑡)|ට𝛼2 𝐶ሚ(𝑡)
≤ − min ቐ√2൫𝐶ଵ(𝑡) − 𝐷(𝑡)൯, ඨ2𝛼 (1 − 𝛼𝜌)|𝜎(𝑡)|ቑ
× ൭|𝜎(𝑡)|√2 + ට𝛼2 𝐶ሚ(𝑡)൱ = −ℍ𝐿଴.ହ, 

(15) 

so that ℍ = min ቊ√2൫𝐶ଵ(𝑡) − 𝐷(𝑡)൯, ටଶఈ (1 − 𝛼𝜌)|𝜎(𝑡)|ቋ ≥ 0. Ultimately, based on Lemma 1, the state 

trajectories of system Eq. (2) reach the origin in a finite time.  

Theorem 2. In order to improve the performance of the suggested controller, a novel finite-time control law 

based on the ACBF is presented, which can guarantee the robust stability of the nonlinear system Eq. (2). For 

this purpose, the adaptation laws are first introduced as 𝐶መ(𝑡) = ቊ𝐶መ௔,    𝑖𝑓  0 < 𝑡 < 𝑡̅𝐶መ௉ௌ஽, 𝑖𝑓          𝑡 > 𝑡̅ (16) 

so that 𝑡̅ indicates the time when the states coverages to the neighborhood 𝜚 of the switching surface 𝜎(𝑡). 

The adaptation laws in the Eq. (16) are defined as 𝐶መሶ௔(𝑡) = 𝜌|𝜎(𝑡)|, (17) 

𝐶መ௉ௌ஽(𝑡) = |𝜎(𝑡)|𝜚 − |𝜎(𝑡)| , (18) 

so that, 𝜚 represents a positive scalar parameter. Utilizing the adaptation law of Eq. (17), the control gain is 

adjusted until the error paths reach the neighborhood 𝜚 of the switching surface at time 𝑡̅. For times larger 

than 𝑡̅, the adaptation gain changes to a positive semi-definite barrier function that decreases the convergence 

range and keeps the error paths within that range. For 0 < 𝑡 < 𝑡̅, Theorem 1 is proposed to design the 

controller. Also, for the time more than 𝑡̅(𝑡 > 𝑡̅), the adaptive controller based on barrier function is designed 

as 𝜏(𝑡) = −(𝐵𝐺ଶ) ቀ(𝐴𝐻ଵଵ − 𝐴𝐻ଵଶ𝐵ିଵ𝐴 + 𝐵𝐻ଶଵ − 𝐵𝐻ଶଶ𝐵ିଵ𝐴)𝜗ଵ(𝑡)
+ 𝐶መ௉ௌ஽(𝑡) 𝑠𝑔𝑛 (𝜎(𝑡))ቁ. (19) 
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Then the error paths reach the convergence region |𝜎(𝑡)| < 𝜚 in finite time. The block diagram of 

the ACBF-TSMC system is represented in Figure 1. 

 

Figure 1. Schematic of the proposed controller. 

Proof. To prove the control law Eq. (19), the candidate Lyapunov function is considered as 𝐿 = 12 ቀ𝜎(𝑡)ଶ + ൫𝐶መ௉ௌ஽(𝑡) − 𝐶መ௉ௌ஽(0)൯ଶቁ. (20) 

By taking the derivative of the Eq. (20), yields: 𝐿ሶ = 𝜎(𝑡)𝜎ሶ (𝑡) + ൫𝐶መ௉ௌ஽(𝑡) − 𝐶መ௉ௌ஽(0)൯𝐶መሶ௉ௌ஽(𝑡). (21) 

By replacing 𝜎ሶ (𝑡) and 𝐶መ௉ௌ஽(0) = 0 in Eq. (21), yields: 𝐿ሶ = 𝜎(𝑡) ൬𝐴(𝐻ଵଵ − 𝐻ଵଶ𝐵ିଵ𝐴)𝜗ଵ + 𝐵൫(𝐻ଶଵ − 𝐻ଶଶ𝐵ିଵ𝐴)𝜗ଵ + 𝐺ଶ𝜏൯
+ 1𝑀 𝐴𝐷൰ + 𝐶መ௉ௌ஽(𝑡)𝐶መሶ௉ௌ஽(𝑡). (22) 

Then, by replacing the control signal of Eq. (19) in Eq. (22), yields: 𝐿ሶ = 𝜎(𝑡) ൬−𝐶መ௉ௌ஽(𝑡) 𝑠𝑔𝑛 ൫𝜎(𝑡)൯ + 1𝑀 𝐴𝐷൰ + 𝐶መ௉ௌ஽(𝑡)𝐶መሶ௉ௌ஽(𝑡)
≤ |𝜎(𝑡)| × ൜ 1𝑀 |𝐴||𝐷(𝑡)| − 𝐶መ௉ௌ஽(𝑡)ൠ + 𝐶መ௉ௌ஽(𝑡)𝐶መሶ௉ௌ஽(𝑡)
≤ |𝜎(𝑡)| × ൜ 1𝑀 |𝐴||𝐷(𝑡)| − 𝐶መ௉ௌ஽(𝑡)ൠ
+ 𝐶መ௉ௌ஽(𝑡) × 𝜚(𝜚 − |𝜎(𝑡)|)ଶ 𝑠𝑔𝑛൫𝜎(𝑡)൯𝜎ሶ (𝑡)
≤ 𝜚(𝜚 − |𝜎(𝑡)|)ଶ ൤ 1𝑀 𝐴𝐷(𝑡) − 𝐶መ௉ௌ஽(𝑡)𝑠𝑔𝑛 ൫𝜎(𝑡)൯൨× 𝑠𝑔𝑛 ൫𝜎(𝑡)൯. 

(23) 

Eq. (23) can be rewritten as  𝐿ሶ ≤ − ൜𝐶መ௉ௌ஽(𝑡) − 1𝑀 |𝐴||𝐷(𝑡)|ൠ |𝜎(𝑡)|
− 𝐶መ௉ௌ஽(𝑡) × 𝜚(𝜚 − |𝜎(𝑡)|)ଶ ൤𝐶መ௉ௌ஽(𝑡) − 1𝑀 |𝐴||𝐷(𝑡)|൨, (24) 

so that since 𝐶መ௉ௌ஽(𝑡) ≥ ଵெ |𝐴||𝐷(𝑡)| and 
ద(దି|ఙ(௧)|)మ > 0, one finds 
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𝐿ሶ ≤ −√2 ൜𝐶መ௉ௌ஽(𝑡) − 1𝑀 |𝐴||𝐷(𝑡)|ൠ |𝜎(𝑡)|√2− √2𝜚(𝜚 − |𝜎(𝑡)|)ଶ ൤𝐶መ௉ௌ஽(𝑡) − 1𝑀 |𝐴||𝐷(𝑡)|൨ 𝐶መ௉ௌ஽(𝑡)√2≤ −ɸ ቆ|𝜎(𝑡)|√2 + 𝐶መ௉ௌ஽(𝑡)√2 ቇ , ≤ −ɸ𝐿(𝑡)଴.ହ 

(25) 

so that ɸ = √2 ቄ𝐶መ௉ௌ஽(𝑡) − ଵெ |𝐴||𝐷(𝑡)|ቅ min ቄ1, √ଶద(దି|ఙ(௧)|)మቅ.   

Based on the proofs, it can be seen that the state trajectories of system Eq. (2) converge to the 

origin in a finite time by the proposed controller. 

Ultimately, the genetic algorithm is used to optimize the parameters of the proposed controller. 

Considering that there are several constants in the proposed controller, the appropriate selection of 

these constants can directly affect the performance and optimality of the proposed controller 

significantly. For higher performance and accuracy, the following genetic algorithm fitness function 

is used to tune the controller gains and parameters. 

𝜁 = න ට𝜔ଵ𝜗ଵଶ + 𝜔ଶ𝜗ଶଶ + ⋯ + 𝜔௜𝜗௜ଶ𝑑𝑡௧
଴  (26) 

where 𝜔௜ is the weighting factor and 𝜗 introduces the state of the system from Eq. (1)The goal of 

optimization is to minimize the fitness function of Eq. (26), thereby minimizing the stability error of 

the controlled system. 

4. Simulation results 

In this section, for further validation, the proposed control method has been implemented on 

the mathematical model of the nonlinear systems of Eq. (2) and the simulation results have been 

analyzed in the MATLAB- Simulink environment. For this purpose, it is necessary to examine a 

specific case of the microgrid system as an example. The scheme of the desired autonomous Micro-

Grid (MG) in this example is demonstrated in Figure 2.  

 

Figure 2. Schame of the suggested MG in this study. 

Based on Figure 2, it can be seen that the proposed MG consists of a bus-bar, Wind Turbine (WT), 

Fuel Cell (FC), Photovoltaic Units (PV), Diesel Engine Generator (DEG), Flywheel Energy Storage 

System (FESS), Battery Energy Storage System (BESS), and electric Loads [18,50,51]. In addition, 

network management is done by a distribution management system (DMS). In order to control the 

proposed system, bi-directional data can be transmitted using communication links between sources 

[52] and DMS. Figure 3 indicates the small signal model of the desired islanded MG. According to 

Figure 3, WT, FC, PV, FESS, and BESS resources are connected to the AC MG using AC/DC/AC and 
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DC/AC interfacing inverters. A circuit breaker is used for all supplies to protect the MGs. In order to 

create a rotating chain for controlling the secondary frequency, a diesel engine generator is used. 

 

Figure 3. Dynamical model of MG. 

The MG parameters demonstrated in Figures 2 and 3 are presented in Table 1 [53]. MG load 

changes as well as changes in the output of power-generating sources lead to MG frequency 

fluctuations. Power sources in MG are divided into controllable (DEG, BEES, and FESS) and non-

controllable (WT, PV, and FC) categories. In addition, power changes of uncontrollable sources are 

defined as predictable disturbances and load changes are defined as unpredictable disturbances:  𝜗ሶ = 𝐻𝜗 + 𝐺𝜏 + 𝐽𝐷, (27) 

where 𝜗ሶ = ሾ𝜗ଵ் 𝜗ଵ் ሿ் , 𝜗ଵ = ∆𝑓 ∈ ℝ , 𝜗ଶ = ሾ∆𝑃ௗ௘௚ ∆𝑃௕௘௦௦ ∆𝑃௙௘௦௦ሿ் ∈ ℝଷ  represent the states of 

system, 𝜏(𝑡) = ሾ∆𝜏ௗ௘௚ ∆𝜏௕௘௦௦ ∆𝜏௙௘௦௦ሿ் ∈ ℝଷ  represent the control signals, 𝐷 = ൫∆𝑃௙௖ − ∆𝑃௟ +∆𝑃௪௧௚ + ∆𝑃௣௩൯ ∈ ℝ  represents the external disturbance, 𝐽 = ቂ ଵெ 0 0 0ቃ்
, 𝐻 = ൤𝐻ଵଵ 𝐻ଵଶ𝐻ଶଵ 𝐻ଶଶ൨,  and 𝐺 = ൤ 0𝐺ଶ൨ represent matrices of appropriate dimensions, where 𝐻ଵଵ = − ௃ெ, 𝐻ଵଶ = ଵெ ሾ1 1 1ሿ, 𝐻ଶଵ =ቂ− ௄೏೐೒ோ்೏೐೒ 0 0ቃ்

, 𝐻ଶଶ = 𝑑𝑖𝑎𝑔 ൬− ଵ்೏೐೒ , − ଵ்್೐ೞೞ , − ଵ்೑೐ೞೞ ൰ , and 𝐺ଶ = 𝑑𝑖𝑎𝑔 ൬௄೏೐೒்೏೐೒ , ௄್೐ೞೞ்್೐ೞೞ , ௄೑೐ೞೞ்೑೐ೞೞ൰ ∈ ℝଷ×ଷ  are 

nonsingular matrices. In the result, the dynamical model Eq. (27) can be rewritten as 𝜗ሶଵ = 𝐻ଵଵ𝜗ଵ + 𝐻ଵଶ𝜗ଶ + 1𝑀 𝐷, 𝜗ሶଶ = 𝐻ଶଵ𝜗ଵ + 𝐻ଶଶ𝜗ଶ + 𝐺ଶ𝜏, 
Furthermore, disturbances applied to the system, sudden changes in load, and electricity 

production from renewable sources are conforming to Error! Reference source not found. in [54]. 

According to Error! Reference source not found., it can be seen that load disturbances and renewable 

energies are very high. This system is simulated for 300 seconds. Moreover, Table 1 shows the values 

of system parameters. 
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Figure 4. The renewable generations and demand powers which are autonomous of the controller 

structure. 

Table 1. Parameter of MG system. 

Parameters Values Parameters Values 𝑇௚ (Converter time constant)  2 𝑇௙௘௦௦ 0.1 𝑇ௗ௘௚  (Diesel generator time constant)   1 𝑇௕௘௦௦ 0.1 𝑇௪௧௚ 2 𝐾ௗ௘௚ 1/300 𝑇௣௩ 1.8 𝐾௪௧௚ 1 𝑇௔௘ (The time constant of the aqua 

electrolyzer)  
0.5 𝐾௣௩ 1 𝑇௙௖ 4 𝐾௔௘ 1/500 𝑅 (DG speed regulation) 3 𝐾௙௖ 1/100 𝐽 (Damping coefficient)  0.012 𝐾௙௘௦௦ -1/100 𝑀 (Inertia constant)  0.2 𝐾௕௘௦௦ -1/300 

The optimization of the genetic algorithm implemented with the fitness function of Eq. (26) is 

shown in Error! Reference source not found., which shows that the best value of the fitness function 

is from 0.001256 to 0.001226, and the average value converges to the best value in twelve generations. 

Finally, the resulting parameters of the proposed controller are indicated in Table 2. 
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Figure 5. Genetic algorithm diagram. 

Table 2. Control gains of the proposed controller. 

Symbol Title Values 𝑨 Constants of Eq. (5) ሾ62.316 62.316 62.423ሿ 𝑩 Constants of Eq. (5) 𝐷𝑖𝑎𝑔 (−0.6512 −0.6512 −0.6212) 𝝆 2 1/300 𝝔 1.8 1 

Based on the results obtained from the simulation of the proposed control system in the 

MATLAB- Simulink environment, Error! Reference source not found. shows the status trajectories 

of the MG system, which demonstrates that the proposed control system was able to stabilize the 

system in a certain range in the presence of large changes in load and power generation. Error! 

Reference source not found. shows the control signals, which can be clearly seen that the suggested 

controller, with the help of the ACBF, has been able to reduce the undesirable phenomenon of 

chattering well and adapt the control system to load changes and scattered generations. In addition, 

Error! Reference source not found. demonstrates the switching surfaces, which can be seen that the 

presented switching surfaces have also reduced chattering well. 

 

Figure 6. State trajectories of MG system. 
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Figure 7. Control signals. 

 

Figure 8. Swtiching surface. 

In addition, to demonstrate the performance of the suggested control technique in stabilizing 

the frequency of the MG system, the suggested control technique is compared with the control 

method in [55]. According to the Error! Reference source not found., it can be seen that the suggested 

finite time controller operates with less fluctuation and less overshoot and undershoot than controller 

[55] and was able to stabilize the system frequency well. 
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Figure 9. Comparison of the suggested method with the controller in [55] in order to stabilize the 

frequency load. 

Based on the simulations, it can be seen that the proposed controller has a good performance in 

the presence of scattered energy production and large load changes and has been able to guarantee 

the stability of nonlinear system Eq. (2). To sum up, the proposed control method has been very 

effective for nonlinear systems and can be practical and optimal in practical nonlinear systems. 

5. Conclusion 

In conclusion, the proposed OACBF-TSMC approach has demonstrated its effectiveness and 

efficiency in stabilizing mathematical model of nonlinear systems in the presence of model 

uncertainties and external disturbances. The simulation results indicate that the approach provides 

significant robustness against model uncertainties and external disturbances and converges the state 

trajectories of the nonlinear system in a finite time to a pre-defined point at the origin. In addition, it 

was observed that by using the adaptive barrier function, the chattering problem in the control inputs 

was completely eliminated. These promising results highlight the potential of the OACBF-TSMC 

approach for real-world applications to enhance the performance and stability of the system. 

However, further research is necessary to investigate the scalability and robustness of this approach 

for large-scale systems with multiple sources and loads. Overall, the proposed approach provides a 

viable solution to the challenges associated with stabilizing disturbed nonlinear systems. 
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Nomenclature 𝑊𝑇 Wind Turbine 𝜗 States of the system 𝐹𝐶 Fuel Cell 𝜏(𝑡) Control signals 𝑃𝑉 Photovoltaic Units 𝐷 External disturbances 𝐷𝐸𝐺 Diesel Engine Generator 𝐶ଵ Upper bound of 𝐷  𝐹𝐸𝑆𝑆 Flywheel Energy Storage System 𝐴 Constant for switching manifold 𝐵𝐸𝑆𝑆 Battery Energy Storage System 𝐵 Constant for switching manifold MG Micro-Grid  𝐶መ(𝑡) Estimation of 𝐶ଵ 𝜎(𝑡) Switching Manifold 𝜌 Constant for adaptation law 𝛼 Scaler parameter  𝑏 Positive odd integer 𝑡௦ Settling time 𝐿 The candidate Lyapunov’s function 𝑡଴  Initial time 𝜚 Constant for barrier function 
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