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 This paper presents an improved sliding mode control (SMC) strategy for 

robotic manipulators by introducing a novel exponential integral-based 

adaptive gain law, referred to as integral sliding mode control (ISMC). The 

proposed approach dynamically adjusts the switching gain KKK in real-

time, based on the accumulated system error, thereby effectively reducing 

chattering while preserving system robustness. Unlike many existing 

methods, the ISMC strategy eliminates the need for state observers or 

complex estimation techniques, simplifying implementation. Theoretical 

analysis is provided using Lyapunov stability theory, ensuring global 

convergence. Simulation results on 2-DOF and 3-DOF robotic arms 

demonstrate superior tracking accuracy and smoother control signals 

compared to conventional SMC approaches. This work contributes a 

lightweight yet effective SMC enhancement with practical benefits for real-

world robotic applications. 
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1. INTRODUCTION 

Sliding mode control (SMC) is a well-established robust control technique, celebrated for its ability 

to ensure high performance despite nonlinearities, model uncertainties, and external disturbances [1]–[3]. Its 

discontinuous control action guarantees finite-time convergence to a desired trajectory, making it particularly 

attractive for high-precision applications like robotic manipulators [4], [5]. However, the discontinuous 

nature of SMC often induces the chattering phenomenon, which manifests as high-frequency oscillations in 

the control signal. Chattering can lead to mechanical wear, excitation of unmodeled dynamics, and degraded 

overall system performance [4]. This issue has become a central focus in the design of control systems for 

robotic manipulators, where smooth and precise operation is essential [6], [7]. 

Early approaches to mitigate chattering involved replacing the discontinuous sign function with 

continuous approximations, such as the boundary layer method, which introduces a thin boundary layer 

around the sliding surface [8], [9]. Although these continuous approximations reduce chattering, they often 

involve a trade-off between robustness and accuracy. Higher-order sliding mode controllers, like the super-

twisting algorithm, have been proposed to balance these trade-offs, providing both fast convergence and 

chattering reduction [3], [10]. However, these methods can be complex and typically require precise 

knowledge of system dynamics [11]. 

To further address these challenges, adaptive and intelligent control strategies have been explored. 

These methods integrate fuzzy logic and neural networks into SMC frameworks to improve real-time adapt- 

ability and robustness in dynamic environments [6], [12]–[20]. Model-free adaptive control (MFAC) [4], [6], 
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[10], [13], [15] and dual-projection MFAC [13] have emerged as promising alternatives that eliminate the 

need for detailed system models, enhancing the practicality of SMC in uncertain environments. Fractional-

order and terminal sliding mode controllers have also been introduced to ensure fast convergence and 

robustness while mitigating chattering in complex nonlinear systems [10], [15], [16], [21]. 

Recent studies have also focused on observer-based SMC and disturbance observer techniques, 

which estimate and compensate for unknown dynamics, thereby reducing reliance on high control gains that 

exacerbate chattering [12], [14], [16]. Time-delay estimation and reinforcement learning have been 

incorporated to adaptively optimize control policies and minimize chattering while maintaining robustness  

[10], [13], [22]–[26]. These advancements have been successfully applied in various real-world scenarios, 

including underwater vehicles, exoskeleton robots, and aerial manipulators [14], [27]–[29]. 

Integral sliding mode control (ISMC) has recently emerged as a particularly promising extension of 

SMC [10], [15]. By eliminating the reaching phase, ISMC ensures continuous robustness from the initial 

state onward, making it suitable for high-precision tasks in dynamic and uncertain environments. Recent 

ISMC developments have integrated adaptive gain tuning, disturbance estimation, and intelligent 

optimization algorithms (e.g., neural networks, fuzzy logic, or particle swarm optimization), showing further 

improvements in chattering suppression and tracking performance [16], [22], [30]–[32]. 

Despite these advancements, challenges remain in achieving an optimal balance between chattering 

suppression and robust performance [33], [34]. Many adaptive and intelligent SMC methods require complex 

computations and precise system modeling, which may not be feasible in real-time applications [15], [17], 

[35]. Motivated by these challenges, this paper proposes an ISMC strategy that combines adaptive gain 

tuning with a boundary layer method. The proposed ISMC approach adjusts the control gain adaptively based 

on an exponential integral of the tracking error, while the boundary layer ensures smoother control actions to 

reduce chattering. The effectiveness of the proposed ISMC strategy is validated through simulations and 

experiments on 2-DOF and 3-DOF robotic manipulators, demonstrating significant reductions in chattering 

and improved trajectory tracking performance even under parameter uncertainties [6]. 

The remainder of the paper is structured as follows: Section 2 reviews the dynamic model of robotic 

manipulators and foundational concepts of SMC and ISMC. Section 3 presents the proposed ISMC design. 

Section 4 discusses simulation and experimental results, and section 5 concludes with future research 

directions. 

 

 

2. FRAMEWORK ROBOT DYNAMICS AND SMC-BASED CONTROL PRINCIPLES 

In designing an advanced sliding mode control (SMC) scheme for robotic manipulators, it is 

important to recognize that these systems can generally be represented as second-order nonlinear dynamic 

systems. This characteristic makes them particularly suitable for control techniques that can handle 

nonlinearities and model uncertainties effectively. In this section, a sequential hand-held robot motion control 

system described by the following dynamic equation [34]: 

 

𝑴(𝑞)𝒒̈ + 𝑵(𝑞, 𝑞̇)𝒒̇ + 𝑮(𝑞) + 𝑫(𝑡) = 𝑭(𝑡) (1) 

 

where the matrix (M, N)Rnxn are the feature of the inertial, centrifugal and Coriolis force matrix, (G, D, 

F)Rnx1 are the feature of the gravity, disturbance and control signal vectors. q = [q1, …qn]T Rnx1 is a 

variable joint vector. Each joint corresponds to a degree of freedom.  

The model (1) has the following properties: 

a. M(q), 𝑵(𝑞, 𝑞̇)𝑞̇ are define positive determinants, at the same time (𝑴̇(𝑞) – 2𝑵(𝑞, 𝑞̇)𝑞̇) is the symmetric 

rotation matrix, i.e., 𝒙𝑇(𝑴(𝑞) − 𝑵(𝑞, 𝑞̇))𝒙 = 0, with 𝒙 ∈ 𝑅𝑛𝑥1. 

b. The elements of M(q), 𝑵(𝑞, 𝑞̇) are unknown so they have above and below limit. 

c. Disturbance D(t) is not measured, so it has above limit, 𝐷+ = 𝑠𝑢𝑝∞‖𝐷(𝑡)‖
 . 

The control goal is to design F(t) the system tracks a desired trajectory qd, minimizing the tracking 

error qe = q - qd is a smallest.  

Since M(q), 𝑵(𝑞, 𝑞̇) cannot be accurately determined, we use the model of estimation through the 

dynamic description. However, we assume that the model deviation does not exceed the estimated value. 

With this assumption, we do not use the model state observer. Therefore, the calculation results will be 

inferred for the system to add parameter variability. From the defining parameters of the trajectory, note that 

the actual position q and the deviation qe are measurable, we have: 

 

𝒒̇ = 𝒒̇𝑒 + 𝒒̇𝑑; 𝒒̈ = 𝒒̈𝑒 + 𝒒̈𝑑 (2) 
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where velocity and acceleration are to be limited. Actually, the velocity is naturally limited by the motor 

rated voltage, and the acceleration depends on the limit of the current at nominal value. Replace (2) into (1) 

will receive: 

 

𝑴(𝑞)𝒒̈𝑒 + 𝑵(𝑞, 𝑞)𝒒̇𝑒 + 𝑮(𝑞) + 𝑫(𝑡) + 𝑸𝑑(𝑞, 𝑞𝑑) = 𝑭(𝑡) (3) 

 

In that formula (3): 𝑸𝑑(𝑞, 𝑞𝑑) = 𝑴(𝑞)𝒒̈𝑑 +𝑵(𝑞, 𝑞̇)𝒒̇𝑑Rnxn is the matrix is defined immediately, so it is 

considered as known quantity.  

Choose a sliding surface [1,2]: 

 

𝑺0 = 𝒒̇𝑒 + 𝝀𝒒𝑒 = 0; 𝑺0 ∈ 𝑅𝑛𝑥1 , 
𝝀 = 𝑑𝑖𝑎𝑔(𝜆𝑖), 𝜆𝑖 = 𝑐𝑜𝑛𝑠𝑡 > 0, 𝑖 = 1. . 𝑛 (4) 

 

For the slider mode to exist, the control signal F must be selected to the satisfy sliding condition [2]: 

 

𝑺𝑇𝑴(𝑞)𝑺̇ < −𝜂, 𝜂 > 0  (5) 

 

With outside of surface. In that, 𝑺 = 𝒒̇𝑒 + 𝝀𝒒𝑒 , 𝑺 ∈ 𝑅𝑛𝑥1is a state vector of system,  is a diagonal matrix 

that contains constant elements. Combine (2), (3) and (4). 

 

𝑴(𝑞)𝑺̇ = 𝑭 − 𝑵(𝑞, 𝑞̇)𝑞̇𝑒 − 𝑸𝑑(𝑞, 𝑞𝑑) − 𝑮(𝑞) − 𝑫(𝑡) + 𝑴𝝀𝒒̇𝑒 = 𝑭 − 𝒇𝑞 (6) 

 

Here, 𝒇𝑞 = 𝑵(𝑞)𝒒̇𝑒 + 𝑸𝑑(𝑞, 𝑞𝑑) + 𝑮(𝑞) + 𝑫(𝑡) − 𝑴𝝀𝒒̇𝑒 is also a computable regression if the noise is 

measured.  

Replace (6) into (5), the sliding condition becomes (7). 

 

𝑺𝑇(𝑭 − 𝒇𝑞) < −𝜂  (7) 

 

If we choice:  

 

𝑭 = 𝒇𝑞 − 𝑲𝑠𝑔𝑛( 𝑺) (8) 

 

With K = diag(k) Rnxn is a diagonal matrix that contains positive elements, denote auxiliary vector 

J=[1,…,1]T  Rnx1, condition (7) will be satisfied. However, the difficulty here is how to determine fq, 

because the noise is not accurately measured, as the matrix coefficients M, N, and G are estimated values. So 

if you call 𝝈𝐷 = 𝑑𝑖𝑎𝑔(𝑠𝑢𝑝∞|𝐷(𝑡)|) ∈ 𝑅𝑛𝑥𝑛 as the diagonal matrix contains the upper bound of the noise, we 

can choose the control law: 

 

𝑭 = 𝑸𝑑(𝑞, 𝑞𝑑) + 𝑮(𝑞) − 𝑴𝝀𝒒̇𝑒 − 𝑵(𝑞)𝝀𝒒𝑒 − (𝝈𝐷 + 𝝈𝐻 + 𝑲) 𝑠𝑔𝑛( 𝑺) (9) 

 

Denote:  

 

𝝈𝑀 = 𝛥𝑴𝑛𝑥𝑛𝑁𝑛𝑥𝑛𝑚𝑎𝑥𝑚𝑎𝑥
 𝝈𝐺 = 𝛥𝑮𝑛𝑥1𝐻 𝑠𝑢𝑝∞|𝛥𝑯|

𝑛𝑥𝑛
𝑚𝑎𝑥

  

 

are the upper bounds of the biased elements in the model parameter matrix. Then the desired model will be 

formed: 

 

𝑭(𝑡) = (𝑴 + 𝛥𝑴)𝒒̈𝑒 + (𝑵 + 𝛥𝑵)𝒒̇𝑒 + (𝑮 + 𝛥𝑮) + 𝑫(𝑡) + 𝑸𝑑(𝑞, 𝑞𝑑)  
= 𝑴(𝑞)𝒒̈𝑒 + 𝑵(𝑞, 𝑞)𝒒̇𝑒 + 𝑮(𝑞) + 𝑫(𝑡) + 𝑸𝑑(𝑞, 𝑞𝑑) + 𝛥𝑯 (10) 

 

With 𝛥𝑯 = 𝛥𝑴(𝑞)𝒒̈𝑒 + 𝛥𝑵(𝑞, 𝑞)𝒒̇𝑒 + 𝛥𝑮(𝑞) called false vector model balance. Can see immediately: 

 

𝛥𝑯 = 𝛥𝑴(𝑞)𝒒̈𝑒 + 𝛥𝑵(𝑞, 𝑞)𝒒̇𝑒 + 𝛥𝑮(𝑞) ≤ 𝝈𝑀|𝒒̈𝒆| + 𝝈𝑁|𝒒̇𝑒| + 𝝈𝐺 ≤ 𝝈𝐻𝑱 (11) 

 

Proof: Choose Lyapunov candidate:  

 

𝑽 =
1

2
𝑺𝑇𝑴(𝑞)𝑺  (12) 
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To do derivation of (12) we have: 

 

𝑽̇ = 𝑺𝑇𝑴𝑺̇ +
1

2
𝑺𝑇𝑴̇𝑺  (13) 

 

Combine (6), (9), (10) into (13) we will have: 

𝑽̇ = 𝑺𝑇(𝑭 +𝑴(𝑞)𝝀𝒒̇𝑒 − 𝑵(𝑞, 𝑞̇)𝒒̇𝑒 − 𝑮(𝑞) − 𝑫(𝑡) − 𝑸𝑑(𝑞, 𝑞𝑑) − 𝛥𝑯) +
1

2
𝑺𝑇𝑴̇𝑺 

= 𝑺𝑇(−𝑵(𝑞, 𝑞̇)𝒒̇𝑒 − 𝑵(𝑞, 𝑞̇)𝝀𝒒𝑒 − 𝑫(𝑡) − 𝛥𝑯 − (𝝈𝐷 + 𝝈𝐻 + 𝑲) 𝑠𝑔𝑛( 𝑺)) +
1

2
𝑺𝑇𝑴̇𝑺 

= 𝑺𝑇(−𝑵(𝑞, 𝑞̇)𝑺 − 𝑫(𝑡) − 𝛥𝑯 − (𝝈𝐷 + 𝝈𝐻 + 𝑲) 𝑠𝑔𝑛( 𝑺)) +
1

2
𝑺𝑇𝑴̇𝑺 

= 𝑺𝑇(𝑫 − 𝛥𝑯 − (𝝈𝐷 + 𝝈𝐻 + 𝑲) 𝑠𝑔𝑛( 𝑺)) + 0.5𝑺𝑇(𝑴̇ − 2𝑵)𝑺 < 0  (14) 

 

If we denote 𝑲𝑠 = (𝝈𝐷 + 𝝈𝐻 +𝑲)𝑱 = 𝑲0 + 𝑲, K0 will be pre-selected based on experience and 

model experience. With the selected control signal, the system will stabilize and the slider mode will exist. 

From SMC properties, we can see that while working point runs away balance point, then system needs big 

value of K to hit to balance zone, and if system has done inside balance zone, we will reduce K to do nots 

make big change of motion. We have illustration as Figure 1. In that, maximize value of K has limited to do 

assurance of stabilization. 

 

 

 
 

Figure 1. Description of change of K in the SMC 

 

 

There are some considerations in (14), since D and H are infinite norms of noise and model 

distortion, so the first component in brackets in the left side of (14) always goes upside to S, so both the 

matrix multiplication will always be negative, the second component on the left side is zero because of the 

property of the parameter. Thus, the mode always exists with the control signal (9). Control signals (9) can be 

separated into two components: 

 

𝑭 = 𝑸𝑑(𝑞, 𝑞𝑑) + 𝑮(𝑞) −𝑴𝝀𝒒̇𝑒 − 𝑵(𝑞)𝝀𝒒𝑒 − (𝝈𝐷 + 𝝈𝐻 + 𝑲) 𝑠𝑔𝑛( 𝑺) = 𝑭𝑒𝑞 + 𝑭𝑑 

 

In that 

𝑭𝑒𝑞 = 𝑸𝑑(𝑞, 𝑞𝑑) + 𝑮(𝑞) − 𝑴𝝀𝒒̇𝑒 − 𝑵(𝑞)𝝀𝒒𝑒 , 

𝑭𝑑 = −(𝝈𝐷 + 𝝈𝐻 + 𝑲) 𝑠𝑔𝑛( 𝑺)  
 

The signal is called the continuous equivalent and interrupt. The Feq component to keep the system 

stable and slip-free, while the Fd component to keep the system stable with noise and parameter modification, 

if in the absence of interference and constant parameters, Fd can reduced to zero. The symbol [S] = [| S1 |, | 

S2 |, ..., | Sn |] T. 

 

 

3. PROPOSED ADAPTIVE ISMC APPROACH 

Based on the dynamic model and sliding mode control concepts introduced in section 2, this section 

presents the proposed ISMC strategy with adaptive gain tuning. The primary objective of this approach is to 

enhance control performance by addressing two key challenges in traditional SMC: excessive chattering and 

limited adaptability under model uncertainties and external disturbances. 
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To achieve this, our method integrates two mechanisms: i) an adaptive gain law using an 

exponential integral function to dynamically regulate the switching gain 𝐾, and ii) a boundary layer method 

to smoothen the control signal near the sliding surface. The core contribution of this work lies in the 

development of an observer-free ISMC algorithm that enables real-time gain adjustment without requiring 

precise system models or external state estimators. From a control perspective, the proposed method applies 

independent sliding surfaces for each joint degree of freedom, allowing joint-level tuning of the control 

effort. This design improves motion stability by reducing the amplitude of the discontinuous control 

component 𝐸𝑑, thereby suppressing vibration in the joint trajectories. 

The remainder of this section provides the theoretical formulation of the proposed adaptive gain 

algorithm, including its Lyapunov-based stability proof and design parameters. 

Theory: Ks adaptive method to reduce vibration by ISMC algorithm. 

Statement: For system (1), use sliding surface (4) with control rule (9), if Ks contains Ksi elements that 

follow: 

𝐾𝑠𝑖 = (1 + 𝑠𝑔𝑛(|𝑞𝑒𝑖| − 𝛿𝑖))𝑒
|𝑞𝑒𝑖| + 𝐾0𝑖 + 𝑒

∫ (|𝑆𝑖|−𝜓𝑖)𝑑𝑡
𝑡2
𝑡1  i=1, …, n (15) 

 

Then the trajectory of the system (1) will follow the desired trajectory, with the static deviation reaching zero 

in the range |𝑆𝑖| < 𝜓𝑖 and establish error 𝑞𝑒𝑖 < 𝛿𝑖. In that  and  are two vectors containing arbitrarily small 

positive elements, depending on the permissive requirement of the systematic discrepancy (1). Then the Ks 

vector is denoted as: 𝐾𝑠 = (1 + 𝑠𝑔𝑛(|𝑞𝑒| − 𝛿))𝑒|𝑞𝑒| + 𝐾0 + 𝑒
∫ (|𝑆|−𝜓)𝑑𝑡
𝑡2
𝑡1 . 

Proof:  If we choose K0i > i , i=1..n will ensure the sliding condition exists. In addition, the vector 

components in the right-hand side of (15) show: 

 

 (1 + 𝑠𝑔𝑛(|𝑞𝑒𝑖| − 𝛿𝑖))𝑒
|𝑞𝑒𝑖| = {

0𝑘ℎ𝑖|𝑞𝑒𝑖| < 𝛿𝑖
2𝑒|𝑞𝑒𝑖| > 0𝑘ℎ𝑖|𝑞𝑒𝑖| > 𝛿𝑖

i=1, …, n (16) 

 

𝑒
∫ (|𝑆|−𝜓𝑖)𝑑𝑡
𝑡2
𝑡1 > 0∀𝑆𝑖 i=1, ..., n  (17) 

 

Thus, Ksi in (15) will always be positive so the system is always stable on the sliding surface. 

Demonstration of the statement confirms two problems: static chattering amplitude and deviation decrease if 

the kinetic energy and potential energy of the orbital deviation decreases using the adaptive algorithm (15). 

Using the Lyapunov function [16]: 

 

𝑉 =
1

2
𝒒𝑒
𝑇𝒒𝑒 +

1

2
𝒒̇𝑒
𝑇𝒒̇𝑒 (18) 

 

Derivate a V candidate function is: 

 

𝑉̇ = 𝒒̇𝑒
𝑇𝒒𝑒 + 𝒒̇𝑒

𝑇𝒒̈𝑒 = 𝒒̇𝑒
𝑇(𝒒𝑒 − 𝝀𝒒̇𝑒 − [𝑑𝑖𝑎𝑔(𝑠𝑔𝑛( 𝑺))]𝑲𝑠)  (19) 

 

If exist a diagonal matrix 𝒈 ∈ 𝑅𝑛𝑥𝑛  contains positive elements: 

 

(𝒒𝑒 − 𝝀𝒒̇𝑒 − [𝑑𝑖𝑎𝑔(𝑠𝑔𝑛( 𝑺))]𝑲𝑠) = −𝒈𝒒̇𝑒  

⇒ 𝒒𝑒 + (𝒈 − 𝝀)𝒒̇𝑒 = [𝑑𝑖𝑎𝑔(𝑠𝑔𝑛( 𝑺))]𝑲𝑠  (20) 

 

Then derivation of V will a negative value. Reply (15) into (20) we have: 

 

𝒒𝑒 + (𝒈 − 𝝀)𝒒̇𝑒 = [𝑑𝑖𝑎𝑔(𝑠𝑔𝑛( 𝑺))] [(1 + 𝑠𝑔𝑛(|𝒒𝑒| − 𝜹))𝑒|𝒒𝑒| + 𝑲0 + 𝑒
∫ (|𝑺|−𝝍)𝑑𝑡
𝑡2
𝑡1 ]   (21) 

 

From (16), (17) we only proof property of theory in the domain |Si|<i, i=1, …, n. Because is defined with  

= constant, so the error of trajectory qi will be decision [2]: 

 

𝑞𝑒𝑖 = ∫ 𝑒−𝜆𝑖(𝑇−𝑡)𝑆𝑖𝑑𝑡
𝑇

0
≤ 𝜓𝑖 ∫ 𝑒−𝜆𝑖(𝑇−𝑡)𝑑𝑡

𝑇

0
= 𝜓𝑖𝜆𝑖

−1(1 − 𝑒−𝜆𝑖𝑇) ≤ 𝜓𝑖𝜆𝑖
−1

   i=1, …, n (22) 

 

In general, in choice 𝛿 = 𝜆−1𝜓 then while S moves in the sliding layer , then qe also moves in the error 

layer of the : 

+ While Si>0 then (−𝜆𝑖𝑞𝑒𝑖 < 𝑞̇𝑒𝑖), i=1, …, n. From (21) we could write: 
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𝒒𝑒 + (𝒈 − 𝝀)𝒒̇𝑒 = (𝑰 − 𝒈𝝀 + 𝝀2)𝒒𝑒 + 𝒛  (24) 

 

With value z=[z1, ..., zn]T, zi>0, i=1, …, n. So ieiq   then we could design a parameter g to: 

 

(𝑰 − 𝒈𝝀 + 𝝀2) = 𝜶𝑸𝛿   (25) 

 

With 𝑸𝛿 = 𝑑𝑖𝑎𝑔[𝛿𝑖], 𝛿𝑖 > 0, 𝑖 = 1. . 𝑛,  

𝜶 = 𝑑𝑖𝑎𝑔[𝛼𝑖] ∈ 𝑅𝑛𝑥𝑛 , 𝛼𝑖 ≥ 0. From here we have: 

 

𝒈 = (𝑰 + 𝝀2 − 𝜶𝑸𝛿)𝝀
−1  (26) 

 

According to the hypothesis of g, the left side of (26) is always positive, so that leads to: 

 

(𝑰 + 𝝀𝟐 − 𝜶𝑸𝜹) = 𝜞,  

𝜞 = 𝒅𝒊𝒂𝒈[𝜸𝒊] ∈ 𝑹𝒏𝒙𝒏, 𝜸𝒊 > 𝟎  (27) 

 

⇒ 𝝀𝟐 = 𝜶𝑸𝜹 + 𝜞 − 𝑰  (28) 

 

If we choice ,  is well then condition (28) has completely satisfied, then it will be determined that 

g contains the elements of (26). So condition (20) will give: 
 

𝑽̇ = 𝒒̇𝒆
𝑻(𝒒𝒆 − 𝝀𝒒̇𝒆 − [𝒅𝒊𝒂𝒈(𝒔𝒈𝒏( 𝑺))]𝑲𝒔) = −𝒒̇𝒆

𝑻𝒈𝒒̇𝒆 < 𝟎 (29) 
 

+  When Si<0, (21) becomes: 
 

𝒒𝑒 − (𝒈 − 𝝀)𝒒̇𝑒 = 𝒒𝑒 − (𝒈 − 𝝀)𝝀𝒒𝑒 − 𝒛 = (𝑰 − 𝒈𝝀 + 𝝀2)𝒒𝑒 − 𝒛   (30) 
 

So, if we choice g by: 
 

𝒈 = (𝑰 + 𝝀2 + 𝜶𝑸𝛿)𝝀
−1with 𝛼𝑖 <

𝑧𝑖

𝛿𝑖
2 , 𝑖 = 1. . 𝑛 (31) 

 

Then the expression (20) will be satisfied and the matrix g will contain positive elements. The 

combinations (26), (28) and (31) will be found in the case of S, always finding the matrix g to condition (19) 

for the result: 
 

𝑽̇ = 𝒒̇𝑒
𝑇(𝒒𝑒 − 𝝀𝒒̇𝑒 − [𝑑𝑖𝑎𝑔(𝑠𝑔𝑛( 𝑺))]𝑲𝑠) = −𝒒̇𝑒

𝑇𝒈𝒒̇𝑒 < 0 (32) 
 

Therefore, we have: 𝑙𝑖𝑚𝑡→∞( 𝒒𝑒
𝑇𝒒𝑒) < 𝑙𝑖𝑚𝑡→∞( 𝑉) = 0.  

Equations (29) and (32) assert that the function V always decreases the potential energy and kinetic energy, 

so the system will reduce vibration and static deviation to zero [34]. If S contains positive and negative 

elements, then we divide S into two vectors containing distinct positive and negative elements, and 

demonstrate the same as for the matrix g. This method has some characteristics: 

a. Ensures continuous variation of Ks within the error range . Ks increases and decreases with the error  

and also the error when following the sliding surface, so the adaptability is better than existing methods. 

b. When the error exceeds , Ks changes greatly to quickly find the sliding surface. 

c. The integration process does not cause Ks to change sign in the near-time range. 

d. The ability to resist disturbances is better than integration, and the established error can be controlled. 

We do expression of Taylor exponential function integrates in the adjacent sliding surface class we have: 
 

𝑒
∫ (|𝑆|−𝜓)𝑑𝑡
𝑡1
𝑡0 = 1 + ∫ (|𝑆| − 𝜓)𝑑𝑡

𝑡1
𝑡0

+
(∫ (|𝑆|−𝜓)𝑑𝑡

𝑡1
𝑡0

)
2

2!
+

(∫ (|𝑆|−𝜓)𝑑𝑡
𝑡1
𝑡0

)
3

3!
+. . . +𝑅(𝑆) (33) 

 

Approximate approximation of the first component, as seen with the SMAC method, the control 

function for the object will now be approximated: 
 

𝑢 ≈ 𝑢𝑒𝑞 + 𝐾𝑖 (1 + ∫ (|𝑆| − 𝜓)𝑑𝑡
𝑡1
𝑡0

+
(∫ (|𝑆|−𝜓)𝑑𝑡

𝑡1
𝑡0

)
2

2!
+

(∫ (|𝑆|−𝜓)𝑑𝑡
𝑡1
𝑡0

)
3

3!
) (𝑠𝑔𝑛( 𝑆)) (34) 
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In the sliding surface, the integral decreases, so if the expansion factor is large, the integral value 

becomes smaller. Looking at (34), the controller behaves as a proportional-integral phase, an infinite-integral 

form that satisfies, but extends over time. Thus, according to control theory, PI-compensated structures are 

suitable for medium and large inertia objects such as electromechanical devices and robots. The advantage of 

this method is that it cannot be processed. Parametric deflection parameter driven by the exponent 

misalignment ratio at the beginning of the parameter fitting law, which the previous methods do not yet do. 

 

 

4. EXPERIMENT AND DISCUSSION 

This section presents the experimental validation and result analysis of the proposed ISMC strategy. 

To evaluate the effectiveness and practicality of the proposed controller, extensive experiments were 

conducted on robotic manipulator systems. The tests were designed to assess the performance of the ISMC 

algorithm in terms of trajectory tracking accuracy, convergence speed, and robustness against external 

disturbances and uncertainties. The following subsections detail the algorithm implementation and validation, 

followed by a thorough analysis of the experimental results. 

 

4.1.  Experiment setting 

The contributions distinguish the proposed ISMC algorithm as a practical and effective solution for 

advanced robotic control applications where both robust performance and mechanical longevity are 

paramount. The simulation results for the two-link robot manipulator (Figure 2) were carried out to verify the 

proposed ISMC method. The robot’s physical parameters include: link masses m1 = m2 = 2, kg, link lengths 

l1 = l2 = 0.3, m, and moments of inertia J1 = J2 = 0.02, kg · m2, with uniformly distributed masses. 

To evaluate the ISMC approach, the trajectory was set as qd1 = 10 cos(t) and qd2 = 10 sin(t). In the 

simulation, an initial error of 1 was used to test the system’s response to a variable gain Ks in the ISMC 

algorithm, while a fixed gain Ks = 50 was used for comparison.  

 

4.2.  Experiment results 

Figure 3 illustrates the process of convergence to the sliding surface, and Figure 4 show the results 

of the simulation. The results indicate that the robot system exhibits high stability despite variations in noise 

and parameters. The system’s parameter matrices also vary significantly. Figure 4 confirms that adjusting the 

ISMC gain Ks significantly reduces vibration amplitude compared to a traditional PID controller. In the 

region of permissible trajectory deviation δ, the system operates with minimal gain K, and the inclusion of an 

exponential difference term in the trajectory ensures not only stability under bias disturbances but also 

improved deviation control in low-noise scenarios. Experiments were conducted using a 3-DoF robotic 

manipulator depicted in Figure 5. Figures 6 and 7 illustrate the trajectory tracking error of the three joints of 

the robotic manipulator under different operating conditions.  

 

 

 
 

Figure 2. Robot arm 2DoF 

 

 

  
 

Figure 3. The error change Ks by time of ISMC method 
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Figure 4. Simulation error with any value of   

 

 

 
 

Figure 5. The experiment model of robot 3D 

 

4.3.  Discussion 

Figure 3 illustrates the time response of trajectory tracking error and the evolution of the adaptive 

gain 𝐾𝑠 in the proposed ISMC framework. As shown in the left subfigure, the trajectory error converges 

rapidly to zero and remains bounded, demonstrating the effectiveness of the ISMC controller in ensuring 

stable tracking performance. The right subfigure shows that the gain 𝐾𝑠 starts at a relatively high value to 

ensure strong corrective action during the initial transient phase. Over time, as the system approaches the 

sliding surface and the tracking error decreases, 𝐾𝑠 is gradually reduced according to the exponential 

adaptation law. This behavior effectively avoids excessive control effort and contributes to chattering 

suppression. 

Figure 4 compares the chattering behavior under two different values of the design parameter 𝛿, 

which regulates the exponential decay rate of 𝐾𝑠. The left plot corresponds to a larger value (𝛿=0.01), where 

chattering oscillations in the error are more pronounced. In contrast, the right plot, with 𝛿=0.003, shows 

significantly reduced oscillation amplitude. This comparison highlights that smaller 𝛿 values result in a 

slower decrease in gain 𝐾𝑠, allowing more gradual adaptation and better damping of the control signal. 

However, excessively small 𝛿 may reduce responsiveness. Thus, a proper selection of 𝛿 balances the trade-

off between fast convergence and chattering attenuation. These results confirm that the proposed ISMC 

controller not only achieves robust and accurate trajectory tracking but also adaptively modulates control 

gains to suppress chattering, enhancing both performance and practical applicability in robotic systems. 

Additionally, the experiments with robot 3DoF in the no-load case in Figure 6, the tracking errors 

for joints 1, 2, and 3 exhibit small initial deviations that rapidly converge to zero. Joint 2 shows the largest 

initial deviation of approximately 1.2 radians, which stabilizes after about 4 seconds. In contrast, joint 1 and 

joint 3 display smaller deviations and reach zero error even faster. When a 1 kg load is applied in Figure 7, 

the initial tracking errors increase, with joint 2 reaching up to 1.5 radians, joint 1 at about 1.2 radians, and 

joint 3 around 0.8 radians. This increase reflects the additional inertia and external disturbances caused by the 

load. However, despite these challenges, the tracking errors of all joints still converge to zero within 

approximately 8 seconds. The slightly longer convergence time and increased transient errors under load 

highlight the system’s dynamic response to external disturbances. Hence, these results confirm that the 

proposed ISMC controller effectively adapts to both no-load and loaded conditions, ensuring robust 

trajectory tracking and significant suppression of chattering, even in the presence of parameter uncertainties 

and external disturbances. 

These experiments demonstrated that vibration was minimal and did not affect the trajectory, even 

when the input disturbance changed continuously from zero to maximum. Although the transition phase 

lasted up to 2 seconds, it was acceptable, and the system maintained the desired static accuracy. The 

experiments confirm that the proposed ISMC algorithm effectively suppresses the chattering phenomenon in 
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SMC, while maintaining high trajectory tracking performance. Notably, this approach is not only applicable 

to robot manipulators but can also be extended to other moving systems governed by Lagrangian dynamics. 

 

 

  
 

Figure 6. The error of three joints of robot with no 

load 

 

Figure 7. The error of three joints of robot with load 

1 kg 

 

 

5. CONCLUSION 

In this work, an integral sliding mode control strategy with an adaptive exponential gain law (ISMC) 

was proposed to overcome the chattering issue in conventional SMC schemes for robotic manipulators. The 

method adaptively tunes the switching gain 𝐾 in real-time based on the integral of the sliding surface, 

without requiring observer-based estimation or model restructuring. Lyapunov-based stability analysis 

proved the global stability of the closed-loop system. Extensive simulation results on robotic manipulators 

with 2-DOF and 3-DOF validated the proposed method’s effectiveness in ensuring accurate trajectory 

tracking and significantly reducing control effort fluctuations. The main advantages of the ISMC approach 

include simplified implementation, strong robustness to disturbances, and improved smoothness of control 

actions. These qualities make it highly suitable for practical deployment in industrial robotic systems. 
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