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Abstract—Compared to conventional Multiple-Input 

Multiple-Output (MIMO) Sliding Mode Control (SMC) 

techniques, the component-wise SMC approach offers several 

advantages, including improved decoupling of system 

dynamics, enhanced robustness, and greater flexibility in 

controller design. This paper proposes a novel trajectory 

tracking controller for a two-link manipulator based on the 

component-wise sliding mode control approach. The design 

methodology involves determining controller gains by solving a 

set of inequalities. This analysis results in conditions on the 

system parameter uncertainties that guarantee the existence of 

a feasible solution to the set of inequalities. Furthermore, an 

algorithm is presented to determine the maximum allowable 

uncertainties that ensure the feasibility of the controller gains. 

To evaluate the performance and robustness of the proposed 

tracking controller, the manipulator is subjected to a series of 

challenging trajectories, including circular and figure-8 ones, 

under both nominal and maximum allowable uncertainty 

conditions. The proposed controller demonstrates superior 

performance across both circular and figure-8 trajectories, 

exhibiting excellent transient response and minimal steady-state 

error even under the maximum permissible uncertainties, 

which extend up to 27% in link masses. This performance is 

validated through a quantitative analysis that incorporates a 

comparative evaluation against two conventional MIMO SMC 

techniques. The comparison is conducted using the Integral 

Norm of Error (INE) to assess tracking accuracy and the 

Integral Norm of Control Action (INU) to evaluate the energy 

efficiency of the controllers. These metrics provide a 

comprehensive basis for analyzing both the precision and the 

energy consumption of the proposed control strategy in relation 

to established methods. 

Keywords—Two-Link Manipulator; Sliding Mode Control; 

Style; Component-Wise SMC; Model Uncertainties. 

I. INTRODUCTION 

Robotics are becoming crucial in many industrial, 

academic, and real-world applications [1]-[5]. The basic 

requirements for manipulators control are rapid transient 

response and precise tracking performance [6]-[9]. The 

design of a robust controller with the required performance 

for a robot manipulator is still a noteworthy challenge since 

the robotic manipulator is typically a highly nonlinear system 

with a coupled MIMO that can be affected by disturbances 

and uncertainties in real-life [10]-[13]. These disturbances, 

including joint friction, payload change, and external forces, 

can lead to instability and influence system performance 

[14]-[16]. 

Many control schemes, including fuzzy control [17]-[19], 

optimal control [20], adaptive control [21]-[24], vision-based 

control [25]-[27], PID control [28]-[30], shared control [31]-

[33], artificial neural network control [34]-[36], predictive 

control [37]-[41], feedback linearization based control [42]-

[44], and sliding mode control [45]-[50], have been proposed 

in recent years in existing research to achieve acceptable 

control performance of robotics and manipulators. SMC has 

attracted extensive research attention in controlling robotic 

manipulators due to its robustness to external disturbances 

and uncertainties, and fast transient response [51]-[52].  

However, conventional MIMO SMC approaches tend to 

employ a global sliding surface, which may not adequately 

exploit the unique dynamics of multi-link robotic 

manipulators [53]-[55]. Conventional MIMO SMC 

approaches often simplify the design process by disregarding 

system dynamics that are assumed to have negligible effects. 

However, this simplification can result in the under- or over-

estimation of controller gains, which compromises the 

robustness of the system. The implementation of MIMO 

SMC approaches in real-life applications can be impacted by 

its complex tuning and design methods. In addition, it is 

required to design an efficient SMC that handles singularities, 

chattering phenomena, and sluggish convergence while 

handling the trajectory tracking problem of the manipulator. 

To address the problems discussed above, an approach of 

controlling each manipulator joint alone, called component-

wise SMC, can be used [56]-[58]. This approach can simplify 

the control design and can improve the response time and 

accuracy of robotic manipulators, especially when the 

dynamic variations are critical. Practical implementation of 

this approach poses challenges, particularly in determining 

appropriate gains for each SMC channel. Solving the 

associated set of inequalities may not always yield feasible 

solutions for the controller gains [59]. 

This work presents a novel component-wise SMC 

approach for trajectory tracking of a two-link manipulator 

while addressing the aforementioned challenges. The 

proposed approach simplifies the controller design procedure 

to ensure a feasible solution for the SMC gain. Furthermore, 

this work aims to design and validate a control approach that 

maintains the desired performance even when there are large 

uncertainties related to link masses. Two different 

trajectories, circular and figure-8, are utilized in this paper for 

the MATLAB-based simulations to evaluate the performance 

of the proposed component-wise SMC with link masses 
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uncertainties of 27%. Finally, to demonstrate the superiority 

of the proposed control approach, the simulation results are 

assessed in relation to conventional component-wise/MIMO 

SMC approaches. 

This paper's main contribution can be summed up as 

follows:  

• Establishing a rigorous and systematic framework for 

component-wise SMC design and  

• Developing a methodology for quantifying the maximum 

permissible uncertainties in system dynamics under the 

proposed component-wise SMC. 

The arrangement of this paper is as follows. In Section 2, 

the modeling of the planer two-link manipulator is provided. 

The proposed sliding mode controller for manipulator control 

is presented in Section 3. Results and discussions are given 

in Section 4. The paper's conclusion is found in Section 5. 

II. TWO-LINK MANIPULATOR MODELING 

A planar manipulator with two revolute joints is 

considered in this study. Fig. 1 illustrates the manipulator 

along with its associated variables. 

 

Fig. 1.  Two-link manipulator configuration: showing link lengths and 

masses and joint displacements 

A geometric analysis of Fig. 1 facilitates the derivation of 

the forward kinematics for the two-link manipulator. The 

end-effector position, denoted by (𝑥𝑤 , 𝑦𝑤) and coinciding 

with the location of mass 𝑀2 in the world coordinate frame 

(𝑥, 𝑦), is given by 

𝑥𝑤 = 𝐿1 cos 𝑞1 + 𝐿2 cos(𝑞1 + 𝑞2)

𝑦𝑤 = 𝐿1 sin 𝑞1 + 𝐿2sin⁡(𝑞1 + 𝑞2)
 (1) 

where 𝑞1 and 𝑞2 represent the joint displacements, while 𝐿1 

and 𝐿2 denote the links' lengths. By solving (1) for the joint 

displacements with respect to the end-effector position 

(𝑥𝑤 , 𝑦𝑤), the inverse kinematics is determined as follows 

𝑞2 = 𝑎𝑡𝑎𝑛2(𝐷, 𝐶)

𝑞1 = −𝑎𝑡𝑎𝑛2(𝐿2𝑠𝑖𝑛𝑞2, 𝐿1 + 𝐿2cos𝑞2)

+𝑎𝑡𝑎𝑛2(𝑦𝑤 , 𝑥𝑤)
    (2) 

where 𝐶 =
𝑥𝑤
2 +𝑦𝑤

2−𝐿1
2−𝐿2

2

2𝐿1𝐿2
 and 𝐷 = ±√1 − 𝐶2. The non-

uniqueness of this solution arises from the dual sign 

possibilities inherent in the square root operation applied to 

variable 𝐷. The function atan2(.) represents a four-quadrant 

inverse tangent that returns values in the closed interval 

[– 𝜋, 𝜋].  

Utilizing a common modeling approach, such as the 

Euler-Lagrange equations, results in the dynamic model, 

described by [60]. 

[
𝜏1
𝜏2
] = [

𝑚11 𝑚12

𝑚12 𝑚22
] [
𝑞̈1
𝑞̈2
] + [

𝑛1
𝑛2
] (3) 

with  

𝑚11 = 𝐿1
2(𝑀1 +𝑀2) + 𝐿2

2𝑀2 + 2𝐿1𝐿2𝑀2 cos 𝑞2
𝑚12 = 𝐿2

2𝑀2 + 𝐿1𝐿2𝑀2 cos 𝑞2
𝑚22 = 𝐿2

2𝑀2

𝑴(𝒒) = [
𝑚11 𝑚12

𝑚21 𝑚22
]

𝑛1 = −𝐿1𝐿2𝑀2(2𝑞̇1𝑞̇2 − 𝑞̇2
2)𝑠𝑖𝑛𝑞2

𝑛2 = 𝐿1𝐿2𝑀2𝑞̇1
2𝑠𝑖𝑛𝑞2

𝑵(𝒒, 𝒒̇) = [
𝑛1
𝑛2
]

 (4) 

Observe that (4) lacks gravity terms since the manipulator 

operates in a plane perpendicular to gravity. Henceforth, the 

dependency of 𝑴(𝒒) and 𝑵(𝒒, 𝒒̇) on 𝒒 = [𝑞1⁡𝑞2]
𝑇 and 

𝒒̇ = [𝑞̇1⁡𝑞̇2]
𝑇 will be omitted for simplicity. 

III. PROPOSED SLIDING MODE CONTROLLER 

By introducing the state variables 𝒛1 = 𝒒, 𝒛2 = 𝒒̇ and 

defining the input vector 𝒖 = [𝜏1⁡𝜏2]
𝑇, the system in (3) is 

recast in standard regular form 

𝒛̇𝟏 = 𝒛𝟐
𝒛̇𝟐 = 𝑴−𝟏(𝒖 − 𝑵)

⁡ (5) 

Certain link lengths are assumed, meaning that the 

uncertainties are only in 𝑀1 and 𝑀2. These can be represented 

as 

𝑀1 = 𝑀̃1 + 𝛿𝑚1, |𝛿𝑚1| < c1𝑀̃1

𝑀2 = 𝑀̃2 + 𝛿𝑚2, |𝛿𝑚2| < c2𝑀̃2

 (6) 

where 𝑀̃𝑖 and 𝛿𝑚𝑖 denote the nominal and perturbation values 

of 𝑀𝑖 and 𝛿𝑚𝑖 respectively with 𝑖 = 1,2 while c𝑖 ∈ 𝓡+ is a 

positive constant, to be determined later. 

Thus, the matrix 𝑵 can be expressed as a nominal and 

perturbation term as 

𝑵 = (𝑵𝒐 + 𝜹𝑵) (7) 

where 

𝑵𝒐 = [
−𝐿1𝐿2𝑀̃2(2𝑞̇1𝑞̇2 − 𝑞̇2

2)𝑠𝑖𝑛𝑞2
𝐿1𝐿2𝑀̃2𝑥3

2 sin 𝑥2
]

𝜹𝑵 = [
−𝐿1𝐿2𝛿𝑚2(2𝑞̇1𝑞̇2 − 𝑞̇2

2)𝑠𝑖𝑛𝑞2
𝐿1𝐿2𝛿𝑚2𝑥3

2 sin 𝑥2
]

 (8) 

Assume that the control action is defined by 𝒖 = 𝒖𝟎 + 𝒖𝒔 

and let 𝒖𝟎 = 𝑵𝟎, consequently, (5) transforms into 
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𝒛̇𝟏 = 𝒛𝟐
𝒛̇𝟐 = 𝑴−𝟏(𝒖𝒔 − 𝜹𝑵)

 (9) 

The matrix 𝑴 is expressed as a nominal and perturbation 

term as well 

𝑴 = (𝑴𝒐 + 𝜹𝑴) (10) 

where 

𝑴𝒐 = [
𝑴𝒐11 𝑴𝒐12

𝑴𝒐12 𝑴𝒐22
]

𝑴𝒐11 = 𝐿1
2(𝑀̃1 + 𝑀̃2) + 𝐿2

2𝑀̃2 + 2𝐿1𝐿2𝑀̃2𝑐𝑜𝑠𝑞2

𝑴𝒐12 = 𝐿2
2𝑀̃2 + 𝐿1𝐿2𝑀̃2𝑐𝑜𝑠𝑞2

𝑴𝒐22 = 𝐿2
2𝑀̃2

𝜹𝑴 = [
𝜹𝑴11

𝜹𝑴12

𝜹𝑴12
𝜹𝑴22

]

𝜹𝑴11
= 𝐿1

2(𝛿𝑚1 + 𝛿𝑚2) + 𝐿2
2𝛿𝑚2 + 2𝐿1𝐿2𝛿𝑚2𝑐𝑜𝑠𝑞2

𝜹𝑴12
= 𝐿2

2𝛿𝑚2 + 𝐿1𝐿2𝛿𝑚2𝑐𝑜𝑠𝑞2

𝜹𝑴22
= 𝐿2

2𝛿𝑚2

 (11) 

The matrix inverse lemma is adopted to determine the 

inverse of matrix 𝑴 as follows: 

𝑴−𝟏 = 𝑮 + ∆𝑮

𝑮 = 𝑴𝒐
−𝟏

∆𝑮 = −𝑮(𝑮 + 𝜹𝑴
−𝟏)

−𝟏
𝑮

 (12) 

Substituting (12) in (5) yields 

𝒛̇𝟏 = 𝒛𝟐
𝒛̇𝟐 = 𝑮𝒖𝒔 + ∆𝑮𝒖𝒔 +𝑴−𝟏𝜹𝑵

⁡ (13) 

Let 𝑮𝒖𝒔 = 𝑽 with 𝑽 = [v1⁡v2]
𝐓, then 𝒖𝒔 =⁡⁡𝑮−𝟏𝑽 =

𝑴𝒐𝑽 and (13) is described by 

𝒛̇𝟏 = 𝒛𝟐
𝒛̇𝟐 = 𝑽 + ∆𝑮𝑴𝒐𝑽 +𝑴−𝟏𝜹𝑵

⁡ (14) 

Let the sliding variable be defined as 

𝒔 = [𝑠1⁡𝑠2]
𝑇 = 𝒆̇ + 𝝀𝒆 (15) 

where 𝝀 = 𝑑𝑖𝑎𝑔(𝜆1, 𝜆2), 𝜆1, 𝜆2 ∈ 𝓡+ are positive constants, 

𝒆 = [𝑒1⁡𝑒2]
𝑇 = 𝒛𝟏 − 𝒓, and 𝒓 = [𝑟1⁡𝑟2]

𝑇 is the reference 

trajectory in the joint space.  

Let 𝑉𝑠1 =
1

2
𝑠1
2 be a Lyapunov candidate for 𝑠̇1, then 

⇒ 𝑉̇𝑠1 = 𝑠1𝑠̇1 = 𝑠1[1⁡0](𝒆̈ + 𝝀𝒆̇)

⇒ 𝑠1𝑠̇1 = 𝑠1(v1 + [1⁡0]∆𝑮𝑴𝒐𝑽 + 𝜑1(. ))
⁡ (16) 

where 𝜑1(. ) = [1 0]𝑴−𝟏𝜹𝑵 − 𝑟̈1 + 𝜆1𝑞̇1 ⁡− 𝜆1𝑟̇1. Let v1 =
−𝑘1𝑠𝑔𝑛(𝑠1) with 𝑘1 ∈ 𝓡+ is a positive constant, then (16) is 

modified to (17). 

𝑠1𝑠̇1 ⁡≤ −|𝑠1|(𝑘1 − [1 0]|∆𝑮||𝑴𝒐||𝑽|
− |𝜑1(. )|) 

(17) 

Choosing the gain 𝑘1 as 

𝑘1 ≥ [1 0]|∆𝑮||𝑴𝒐||𝑽| + |𝜑1(. )| + 𝜂1 (18) 

where |𝜑1(. )| = [1 0]|𝑴−𝟏||𝜹𝑵| + |𝑟̈1| + 𝜆1|𝑞̇1| + 𝜆1|𝑟̇1|, 
𝜂1 ∈ 𝓡+ is a positive constant and the absolute values of 

|∆𝑮|, |𝑴𝒐|, |𝑽|, |𝑴
−𝟏|, and |𝜹𝑵| are to be understood 

component-wise. Then, (17) is rewritten as 

𝑠1𝑠̇1 ⁡≤ −𝜂1|𝑠1| (19) 

By considering 𝑉𝑠2 =
1

2
𝑠2
2 as a Lyapunov candidate for 𝑠̇2 

and setting v2 = −𝑘2𝑠𝑔𝑛(𝑠2) with 𝑘2 ∈ 𝓡+ is a positive 

constant, and following the same reasoning as above, one 

obtains 

𝑘2 ≥ [0 1]|∆𝑮||𝑴𝒐||𝑽| + |𝜑2(. )| + 𝜂2 (20) 

where |𝜑2(. )| = [0 1]|𝑴−𝟏||𝜹𝑵| + |𝑟̈2| + 𝜆2|𝑞̇2| + 𝜆2|𝑟̇2|, 
𝜂2 ∈ 𝓡+ is a positive constant and 

𝑠2𝑠̇2 ⁡≤ −𝜂2|𝑠2| (21) 

Equations (19) and (21) indicate that the reachability 

condition is satisfied, causing the error trajectories to be 

directed toward the sliding surfaces⁡𝑠1 and 𝑠2 in finite time 

and remain on them thereafter. 

Combining (18) and (20) in the matrix form and noting 

that |𝑽| ≤ 𝑲 and 𝑲 = [𝑘1⁡𝑘2]
𝑇, yields  

⇒ 𝑲 ≥ |∆𝑮||𝑴𝒐|𝑲 + |𝝋̂(. )|

⇒ 𝑲(𝑰𝟐𝐱𝟐 − |∆𝑮||𝑴𝒐|) ≥ |𝝋̂(. )|

⇒ 𝑲 ≥ 𝝃−𝟏|𝝋̂(. )|

⁡ (22) 

where 𝝃 = 𝑰𝟐𝐱𝟐 − |∆𝑮||𝑴𝒐| and |𝝋̂(. )| = |𝑴−𝟏||𝜹𝑵| +

[
𝜆1(|𝑞̇1| + |𝑟̇1|⁡) + |𝑟̈1| + 𝜂1
𝜆2(|𝑞̇2| + |𝑟̇2|⁡) + |𝑟̈2| + 𝜂2

]. 

Remark 1: The only feasible solution for 𝑲 in (22) is the 

positive one, indicating that every element of 𝑲 is positive. 

This is evident from the assumptions underlying the design 

of 𝑲. 

Remark 2: For 𝑲 to be a feasible solution, the matrix 𝝃−𝟏 

must have all positive elements, given that the elements of 

the vector |𝝋̂(. )| are positive. This requirement reduces to 

the condition that 𝝃 be symmetric and positive definite, 

ensuring that each element in its inverse, 𝝃−𝟏, is positive. 

Finally, the control action is reformulated as 

𝒖 = 𝑴𝒐𝑽 + 𝒖𝟎 (23) 

To determine the maximum uncertainty ranges, 𝛿𝑚1 and 

𝛿𝑚2, that the proposed method can accommodate, adhere to 

the following three steps: 
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1. Initialize 𝛿̂𝑚1 and 𝛿̂𝑚2 to small values 

2. Determine the maximum value of ∆𝑮 in terms of 2- norm 

using (12) across the ranges 𝛿𝑚1 = [−𝛿̂𝑚1, 𝛿̂𝑚1], 𝛿𝑚2 =

[−𝛿̂𝑚2, 𝛿̂𝑚2], and 𝑞2 = [0, 𝜋]. It is important to note that 

𝑴𝒐 is calculated with 𝑞2 = 𝜋/2 to obtain the maximum 

permissible uncertainty values for 𝛿𝑚1 and 𝛿𝑚2. 

3. Check weather 𝝃 is symmetric positive definite. If true, 

increase 𝛿̂𝑚1 and 𝛿̂𝑚2 by appropriate values and go to step 

2; otherwise, consider the last ∆𝑮, 𝛿𝑚1 and 𝛿𝑚2 values 

that satisfied the specified condition. 

IV. RESULTS AND DISCUSSION 

The simulation of the presented two-link manipulator and 

the proposed component-wise SMC is implemented using 

MATLAB 2023a Simulink. The parameters used in the 

simulation are listed in Table I. 

TABLE I.  PARAMETERS OF THE MANIPULATOR AND PROPOSED 

CONTROLLER USED IN THE SIMULATION 

Parameter Value 

𝑀̃1 10 kg 

𝑀̃2 1 kg 

𝐿1, 𝐿2 1 m 

𝛿𝑚1 0.27𝑀̃1 

𝛿𝑚2 0.27𝑀̃2 

𝜆1, 𝜆2 5 

𝑮 = 𝑴𝒐
−𝟏 (with 𝑞2 = 𝜋/2) [

12 1
1 1

]
−1

 

∆𝑮 [
−0.0159 −0.0119
−0.0119 ⁡⁡⁡⁡0.4197

] 

|𝑴−𝟏| = |𝑮 + ∆𝑮| [
0.0750 0.1028
0.1028 1.5106

] 

𝜂1, 𝜂2 0.01 

 

Note that the values for 𝛿𝑚1, 𝛿𝑚2 and ∆𝑮 in Table I are 

calculated using the three steps outlined above. 

To verify the effectiveness of the proposed controller, two 

simulation scenarios are investigated. In the first scenario, the 

manipulator is required to track a circular trajectory, 

characterized by a center (𝑥𝑑𝑐 , 𝑦𝑑𝑐) and radius 𝑟𝑑, expressed 

in world coordinates (𝑥, 𝑦) as [60] 

𝑥𝑑(𝑡) = 𝑥𝑑𝑐 + 𝑟𝑑𝑐𝑜𝑠𝜓𝑑

𝑦𝑑(𝑡) = 𝑦𝑑𝑐 + 𝑟𝑑𝑠𝑖𝑛𝜓𝑑

𝜓𝑑(𝑡) = 2𝜋𝑡 𝑡𝑓⁄ − 𝑠𝑖𝑛(2 𝜋𝑡 𝑡𝑓⁄ ),⁡⁡⁡0 ≤ 𝑡 ≤ 𝑡𝑓 .

⁡ (24) 

In this scenario, the operational timeframe is initiated at 

𝑡 = 0⁡and terminates at 𝑡⁡ = ⁡ 𝑡𝑓. 

In the second scenario, the manipulator is tasked with 

following a figure-8 trajectory, characterized by a center 

(𝑥𝑑𝑐 , 𝑦𝑑𝑐), length 𝑙𝑑 and width 𝑤𝑑, expressed in world 

coordinates (𝑥, 𝑦) as  

𝑥𝑑(𝑡) = 𝑥𝑑𝑐 + 𝑙𝑑𝑐𝑜𝑠𝜓𝑑

𝑦𝑑(𝑡) = 𝑦𝑑𝑐 +𝑤𝑑𝑠𝑖𝑛𝜓𝑑𝑐𝑜𝑠𝜓𝑑

𝜓𝑑(𝑡) = 2𝜋𝑡 𝑡𝑓⁄ − 𝑠𝑖𝑛(2 𝜋𝑡 𝑡𝑓⁄ ),⁡⁡⁡0 ≤ 𝑡 ≤ 𝑡𝑓 .

⁡ (25) 

It is important to note that 𝑥𝑑(𝑡) and 𝑦𝑑(𝑡) in (23) and 

(24) are converted to the desired values in the joint space 

using (2). In this scenario, the operation is initialized at time 

𝑡⁡ = ⁡0 and concludes at the terminal time 𝑡⁡ = ⁡ 𝑡𝑓. The 

parameters for the two trajectories are selected as indicated in 

Table II. 

In the two proposed scenarios, the discontinuous 

controllers are approximated to mitigate chattering by 

v1 = −𝑘1𝑡𝑎𝑛ℎ(1000𝑠1)⁡

v2 = −𝑘2𝑡𝑎𝑛ℎ(1000𝑠2).
⁡ (26) 

TABLE II.  PARAMETERS OF THE DESIRED CIRCULAR AND FIGURE-8 

TRAJECTORY 

Parameter Value 

𝑥𝑑𝑐,𝑦𝑑𝑐  1 m 

𝑟𝑑 0.5 m 

𝑙𝑑 0.25 m 

𝑤𝑑 0.25 m 

𝑡𝑓 5 sec 

 

Three cases are considered: 1) when there is no 

uncertainty in 𝑀1 and 𝑀2, 2) when there is +27% uncertainty 

in 𝑀1 and 𝑀2 , and 3) when there is -27% uncertainty in 𝑀1 

and 𝑀2. In the first scenario, the initial position of the end 

effector is at (𝑥0, 𝑦0) = ⁡ (1.3⁡𝑚, 1.2⁡𝑚). Fig. 2 (left) presents 

the desired and actual trajectory of the manipulator’s end 

effector in Cartesian space when there is no uncertainty and 

27% uncertainty in 𝑀1 and 𝑀2. The proposed controller 

shows superior tracking performance with a very small 

tracking error in each case. The tracking errors in joint space 

for each case are demonstrated in Fig. 3 (left). The control 

actions for every case are shown in Fig. 4 (left). Table III 

presents the performance indices used to demonstrate the 

superiority of the proposed controller over the two MIMO 

controllers introduced in [60] under nominal links’ masses 

conditions. It is evident that the proposed controller achieves 

the lowest INU and the smallest peak values of control action, 

indicating its enhanced energy efficiency. Additionally, the 

proposed controller exhibits a smaller INE compared to the 

component-wise controller in [60]. While the vector control 

achieves a marginally smaller INE than the proposed 

controller, this comes at the cost of significantly higher 

energy consumption, thereby establishing the proposed 

controller as superior to both alternatives in terms of 

balancing accuracy and energy efficiency. 

TABLE III.  CONTROL SIGNAL PEAK VALUES OF THE PROPOSED 

CONTROLLER AND THE ONES PROPOSED IN [60] 

Control method INE INU 
Peak value of 

control action 

Proposed component-wise 
controller 

0.0616 43.595 58 Nm 

Component-wise controller 

in [60] 
0.0705 96.2046 92 Nm 

Vector control in [60] 0.0605 4935.51 2000 Nm 

 

The sliding manifolds for the three cases are presented in 

Fig. 5 (left). As can be noticed, once the trajectory enters the 

manifold, it remains on it, indicating that the chosen values 

of 𝑘1 and 𝑘2 are sufficient. The sliding manifold in the 

component-wise controller presented in [60] demonstrates a 
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behavior where it intersects the zero line and subsequently 

reverts to it. This observation implies that the controller gains 

utilized in the design may be insufficient or improperly 

calibrated. Fig. 6 (left) depicts the controllers' gains for all 

cases. As demonstrated in Fig. 6 (left), the controller gains 

remain consistent across all cases once the trajectories enter 

the sliding manifolds. This behavior highlights the efficacy 

of the method used to determine the controllers' gains and 

underscores the robustness of the proposed controller in 

handling uncertainties related to the mass of the links. 

In the second scenario, the initial position of the end 

effector is at (𝑥0, 𝑦0) = ⁡ (1.3⁡𝑚, 1⁡𝑚).  Fig. 2 (right) 

illustrates the desired and actual trajectories of the 

manipulator's end effector in Cartesian space under the 

following conditions: with no uncertainty and 27% 

uncertainty in 𝑀1 and 𝑀2. The proposed controller 

demonstrates excellent tracking performance, exhibiting 

minimal tracking error in all cases. The tracking errors in 

joint space for each case are depicted in Fig. 3 (right). The 

control signals for all cases are shown in Fig. 4 right). The 

sliding manifolds for the three cases are presented in Fig. 5 

(right). As can be noticed, once the trajectory enters the 

manifold, it remains on it, indicating that the chosen values 

of 𝑘1 and 𝑘2 are sufficient. Fig. 6 (right) depicts the 

controllers' gains for all cases. 

The controller exhibits robust performance in tracking 

both circular and figure-8 trajectories, demonstrating 

minimal tracking error and control effort. Notably, the figure-

8 trajectory, characterized by its complex curvature, posed a 

more demanding challenge. Nevertheless, the controller 

maintained its effectiveness, even in the presence of mass 

uncertainties. These results highlight the controller's ability 

to handle diverse trajectory profiles. While the computational 

complexity of the proposed controller may be higher 

compared to the methods presented in [60], it offers 

significant advantages. Notably, the proposed controller 

guarantees robust stability and performance under link 

masses uncertainties. Furthermore, its computational burden 

can be significantly reduced by pre-computing the inverse of 

the matrices involved in the control gains. 

 

 

Fig. 2.  Desired and actual trajectories of the manipulator’s end effector in Cartesian space when there is no uncertainty and 27% uncertainty in 𝑀1 and 𝑀2. 

Circular trajectory (left) and figure-8 trajectory (right)

  

Fig. 3.  The tracking error trajectories in joint space with and without link masses uncertainties. Circular trajectory (left) and figure-8 trajectory (right) 
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Fig. 4.  The control actions when there is 0% and 27% uncertainty in links’ masses. Circular trajectory (left) and figure-8 trajectory (right) 

  
Fig. 5.  The sliding manifolds for the three cases. Circular trajectory (left) and figure-8 trajectory (right) 

  
Fig. 6.  The controllers’ gains under 0% and 0% link masses uncertainties. Circular trajectory (left) and figure-8 trajectory (right) 
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V. CONCLUSION 

A component-wise SMC controller was developed for a 

two-link manipulator. The uncertainty conditions that led to 

feasible controller gains are thoroughly analyzed. The 

proposed methodology exhibited robustness to mass 

uncertainties of up to 27% in the manipulator's links, 

indicating its suitability for controlling a two-link 

manipulator operating within this uncertainty bound. The 

efficacy of the proposed controller was assessed using two 

distinct trajectories, circular and figure-8, under both nominal 

conditions and with 27% mass uncertainty in the system's 

links. Simulation outcomes demonstrated enhanced 

trajectory tracking performance with comparatively modest 

control inputs when contrasted with other component-

wise/MIMO sliding mode control methodologies, despite the 

fact that these methods neglected the consideration of link 

masses uncertainties in their analyses. Notably, the 

computational complexity of the proposed controller is 

relatively low due to the fact that the inverse of the matrices 

in the gain equation can be pre-computed offline. Future 

work will focus on the experimental validation of the 

proposed controller on a real two-link manipulator and its 

extension to more complex serial and parallel manipulators. 

Additionally, A promising area for future research is to 

evaluate the controller's performance in the presence of 

external disturbances and high-frequency noise. 
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