
SSRG International Journal of Electronics and Communication Engineering                                            Volume 10 Issue 1, 1-5, January 2023 

ISSN: 2348-8549 / https://doi.org/10.14445/23488549/IJECE-V10I1P101                                                     © 2023 Seventh Sense Research Group® 

         

 This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 

Original Article 
 

Trajectory Tracking based on Sliding Mode Controller 
 

Fakhur-un-nisa Alias Fizza Syed¹, Shakeel Ahmed Shaikh², Saifullah Samo3, Qamar un nisaKamal⁴ 

 
1,2,3,4  Mehran University of Engineering and Technology Jamshoro, Pakistan. 

 
Received: 02 December 2022             Revised: 05 January 2023             Accepted: 18 January 2023         Published: 31 January 2023 

 

Abstract - This paper presents trajectory tracking based on a sliding mode controller for the Puma robot manipulator. Puma 

is most commonly used in industries; it has great flexibility compared to other manipulators like SCARA, which decreases its 

precision. In order to increase the precision Sliding mode controller based on the Lyapunov stability approach is used in this 

work. The first motion control block for the sliding mode Controller is designed and link it with the Puma Robot manipulator 

in MATLAB Simulink. The Experiment Results for the effectiveness of this method are verified.  
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1. Introduction  
Robot Manipulators have been successfully developed 

for a long time to achieve high precision control 

performance. Nevertheless, due to their higher accuracy, 

more accurate and effective control of robot manipulators is 

desirable [1-4]; in many engineering disciplines, control is 

still essential. There is an available state of the art in control 

technology, but this field still has certain gaps and 

unresolved issues [5]; there is still a need for robot 

manipulator control to make implementation more feasible 

and to improve control performance [6-9]; it can be solved 

by Designing a stable controller that provides maximum 

precision, robustness, fast response rate, and properties 

through which manipulator uncertain dynamics and 

disturbances can be handled.  

Within the state of art, the ordinary SMC and its 

advancements have been explored for mechanical technology 

and nonlinear frameworks control for a few decades. To 

realize acceptable systems execution [10-12] 

2. Literature Review 
The PUMA robot is a six-degree-of-freedom industrial 

manipulator developed at MIT in the mid-1970s. It’s the 

oldest industrial robot used in many research areas [8]. 

Without interfering with the primary purpose, manipulator 

redundancy can be exploited to accomplish secondary 

objectives, including avoiding join limits, avoiding obstacles, 

and minimizing joint torque [15-16]. 

Without interfering with the primary purpose, 

manipulators’ redundancy can be exploited to accomplish 

secondary objectives, including avoiding joint limits [9], 

avoiding obstacles, and minimizing joint torque [19-20]. The 

end-effector’s intended velocity and the IK’s preset 

constraints (inverse kinematics) are used to construct an 

appropriate sequence of joint speed to drive the redundant 

manipulator. However, the Jacobian matrix’s 

underdetermined ability would lead to endless IK solutions 

and likely singularity. 

3. Robot Kinematics  
Creating the Kinematic Equation for the robot is simple 

once the D-H coordinate system has been constructed for 

each link and the relevant link parameters have been 

discovered. The 𝑖𝑡ℎcoordinate frame and the (𝑖 − 1)𝑡ℎ the 

coordinate frame will be connected by a homogenous 

transformation matrix [20-22] 

 

By applying four sequential transformations, any point 

in the 𝑖𝑡ℎ the coordinate system can be described in the 

(𝑖 − 1)𝑡ℎcoordinate system: rotating an angle of the system 

can be described ɵ1 about the zi-1 axis; Translating di 

distance along 𝑧𝑖 − 1 axis; rotating ai angle along axis xi.  

In mathematical term, this can be stated as follow: 

𝐴𝑖𝑖−1 = 𝑅𝑜𝑡(𝑍𝑖 − 1, 𝜃). 𝑇𝑟𝑎𝑛𝑠(𝑍𝑖
− 1. 𝑑𝑖). 𝑇𝑟𝑎𝑛𝑠(𝑧𝑖, 𝑎𝑖). 𝑅𝑜𝑡(𝑧𝑖, 𝑎𝑖) 

So general form of link transformation become:  

 

𝐴𝑖𝑖−1 = [

𝑐𝑜𝑠𝜃 −𝑠𝑖𝑛𝜃 0 𝛼𝑖 − 1
𝑠𝑖𝑛𝜃𝑖. 𝑐𝑜𝑠𝜃𝑖 − 1 𝑐𝑜𝑠𝑖. 𝑐𝑜𝑠𝛼𝑖 − 1 −𝑠𝑖𝑛𝛼𝑖 − 1 −𝑑𝑖. 𝑠𝑖𝑛𝛼𝑖 − 1
𝑠𝑖𝑛𝜃𝑖, 𝑠𝑖𝑛𝛼𝑖 − 1 𝑐𝑜𝑠𝜃𝑖. 𝑠𝑖𝑛𝛼𝑖 − 1 𝑐𝑜𝑠𝛼𝑖 − 1 𝑑𝑖. 𝑐𝑜𝑠𝛼𝑖 − 1

0 0 0 1

] 

http://www.internationaljournalssrg.org/
http://www.internationaljournalssrg.org/
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Fig. 1 D-H coordinate frame of PUMA robot [11] 

 

Table 1. D-H parameters 

 

I 

𝒂ᵢ₋₁ 𝝌ᵢ₋ᵢ 𝒅ᵢ θᵢ 

1 0 0 0 q1 

2 0 -90 0.2435 m q2 

3 0.4318 0 -0.0834 m q3 

4 -0.0203 90 0.4331 m q4 

5 0 -90 0 q5 

6 0 90 0 q6 

 

4. Inverse Kinematics 
Unlike Forward kinematics, Inverse kinematics solves for the 

joint angle, given the position and the introduction of the end-

effector. Inverse kinematics problems can be illuminated utilizing 

arithmetical, iterative or geometric approaches [22-26]. The 

logarithmic approach does not donate a clear indication of how to 

choose the correct solution from the few conceivable arm 

arrangements. On the other hand, the iterative strategy necessitates 

massive computations and may not yield the correct solution. The 

Geometric technique is typically complicated and necessitates a 

strong understanding of geometry. 

 

We will have twelve equations with only three unknowns from 

the homogenous matrix that describes the position of the end-

effector coordinate frame with respect to the base frame, which is 

more than enough to solve for the joint parameters. 

 

We initially solved the frame 5 position (P5x, P5y, P5z) and 

utilized these coordinates values to calculate the first three angles of 

joints.  

Frame 5 Position can be determined as: 

𝑃5 = [
𝑃𝑥 − 𝑑₆𝑎𝑥
𝑝𝑦 − 𝑑₆𝑎𝑦
𝑝𝑧 − 𝑑₆𝑎𝑧

] 

The joint angle 𝜃₁ is derived as: 

𝐶2 = 𝑃₅𝑥 − 𝑑₁ 

𝐶3 = √𝐶₁2 + 𝐶₂2 

𝐶4 = √𝑟₃2 + 𝑑₄2 

𝜃₁ = 𝛼𝑡𝑎𝑛₂(𝑃₅𝑦, 𝑃₅𝑥) − 𝛼𝑡𝑎𝑛₂(𝐷₁,√𝐷₁2) 

𝐷₁ =
𝑑₂

√𝑃₅𝑦2 + 𝑃₅𝑦2
 

𝜃₂ = 𝛼𝑡𝑎𝑛₂(𝐶₂, 𝐶₁) − 𝛼𝑡𝑎𝑛₂(√1 − 𝐷2₂, 𝐷₂) 

We used the angles obtained at the first three joints to 

solve for the forward kinematics from frame 0 to frame 3. By 

taking the dot product of 𝑇₆0 and the inverse of 𝑇₆3 , we 

solve the homogenous transformation matrix 𝑇₆3 from 

frames 3 to 6. In general, the Dh model for a manipulator 

with 6 degrees of freedom is defined as 

𝑇₆0 = 𝑇₁0. 𝑇₂1. 𝑇₃2, 𝑇₄3. 𝑇₅4. 𝑇₆5 

We can simplify the model as: 

𝑇₆3 = 𝑇₃0. [𝑇₆3]−1 

𝜃₃ = 𝛼𝑡𝑎𝑛2 (√1 − 𝐷₃2, 𝐷3) − 90 

𝜃₄ = 𝛼𝑡𝑎𝑛2(𝑇₆3(2,3), 𝑇₆3(1,3)) 

𝜃₅ = 𝛼𝑡𝑎𝑛2 (√(𝑇₆3(2,3), 𝑇₆3(1,3))) 

𝜃₆ = 𝛼𝑡𝑎𝑛2(𝑇₆3(3,2), 𝑇₆3(3,1)) 

5. General Dynamic Model for Robot 

Manipulator  
5.1. Dynamic Model for Robot Manipulator 

The L-E equation is applied to each of the device’s links 

to determine the torque vector delivered to the manipulator’s 

joints. The dynamic model of the manipulator can then be 

represented generally as: 

M(q)q́q́ + V(q, q́)q́ + G(q) = г 

M(q) is the inertia matrix of the robot Manipulator. 

V(q, q́) is the Coriolis and Centrifugal term.  

G(q) is the Gravity term. 

Г  is the torque. 
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All matrices are a function of simply the manipulator 

position when the velocity-dependent term is expressed in a 

different way; in this instance, the dynamic equation is 

known as the configuration state space equation and has the 

following form: 

M(q)q́́ + B[q́q́] + C(q)[q́2] = г 

B[q] is the Coriolis toque. 

C(q) is the Centrifugal torque matrix. 

[q́q́] Joint velocity vector product 

[q́2] Vector given as [q́1
2
, q́₂2, q́₃2 , q́₄2… q́n2] 

So, the dynamic system equation of PUMA560 in the 

state space is formed as below: 

  

q́́ = M−1F − C(q́q́) − G(q) 

And derivation of the state is: 

x́1 = x2    x́2 = q́́1, 

x́3 = x4       x́4 = q́́2 

 x′5 = x6         x́6 = q́́3 

 x7 = q4          x′7 = x8 , 

 x8 = x́8         x́8 = q́́4 

x′9 = x10        x́10 = q́́5 

𝑥′11 = 𝑥12        �́�12 = �́́�6 

5.2. Sliding Mode Controller 

Sliding mode, the known characteristic of control, is its 

insensitivity to model uncertainty and remarkable resilience 

to various disruptions. This Control legislation, however, 

suffers from a very serious drawback known as chattering. 

Recent SMC research aims to lessen chattering while studies 

concentrate on learning and developing optimal SMC 

algorithms. 

Several strategies were explored input by varying the 

boundary layer’s width with fuzzy logic to overcome the 

sliding mode controller chattering issue. This approach 

guarantees nearly flawless control and does away with 

chattering; another approach provides a reliable control rule 

for reducing chatter based on generalized sliding mode 

control that activates the control input’s derivative rather 

than the input itself. 

 

We are creating a sliding mode control Legislation; the 

following two procedures must be taken: 
 

• Creating a sliding surface such that when the system is 

stuck on it, it exhibits the desired behavior. 
 

• Creating a switching control rule that will move the 

plant state to the manifold and keep it there for the rest 

of the time. 

∪=∪ 𝑒𝑞 +∪ 𝑑𝑖𝑠 

The sliding surface is defined as:  

𝑆(𝑥, 𝑡) = (
𝑑

𝑑𝑡
+ 𝑐)

𝑛−1

. 𝑒(𝑡) 

Error can be defined as: 

𝑒(𝑡) = 𝑥(𝑡) − 𝑥𝑑(𝑡) 

𝑥(𝑡) is the actual state. 

𝑥𝑑(𝑡) is the desired state. 

Reachability condition can be defined as: 

 

�́�(𝑠) = 𝑠. �́� 

�́�(𝑥, 𝑡) = �́́�(𝑡) + 𝑐. �́�(𝑡) = �́́� − �́́�𝑑 + 𝑐. �́�

= 𝑓(𝑥) + 𝑔(𝑥). 𝑢(𝑡) − �́́�𝑑 + 𝑐. 𝑒(𝑡) 

The sliding manifold is defined by: 

𝑠. �́� = 𝑠. ((𝑓  (𝑥) + 𝑔 (𝑥)𝑢(𝑡) − �́́�𝑑 + 𝑐. 𝑒(́𝑡)) 

This is the Equivalent of the continuous control law. 
 

The discontinuous control law is:  

𝑢𝑑𝑖𝑠(𝑡) = −𝑘𝑠𝑖𝑔𝑛(𝑠) 

6. MATLAB Simulation  
A visual simulation was performed to validate the 

effectiveness of the safe trajectory simulation control. In the 

algorithm, we employed two blocks in the sliding mode 

controller, one for continuous and one for discontinuous 

control law, and a dynamic model to simulate six join PUMA 

robots in Simulink. The robot is represented as a block that 

accepts control torque as input and output joint 

displacements.
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Fig. 2 End effector trajectory red line shows the Desired Path, blue 

shows the Actual Path 

 

 
Fig. 3 Actual Verses desired joint angle trajectory of the End effector 
 

The calculation of error makes it easier to compare the 

Flexibility and Efficiency of control regulations. The error 

can be defined as the mathematical distance between a 

desired point in space and its real counterpart at a given 

moment and its degree of divergence of the Actual path 

drawn by the robot from the desired path chosen by the user. 
 

Table 2. Error in every joint 

No# 

 

Error in every 

joint 

Overall, Error 

01 0.3634  

 

 

    0.1768 

02 0.2636 

03 0.693 

04 0.1153 

05 0.4046 

06 0.113 

 

7. Conclusion 
Based on the trajectory tracking control approach for 

PUMA560, it is proposed to utilize a sliding mode control 

hypothesis. The framework states can be modified through a 

sliding mode control that converges to zero in a limited time. 

The sliding mode control includes a predominant concurrent 

characteristic. The formulated sliding mode control 

guarantees the stability of the system. Observing the 

simulation results above proves that the chattering is 

reduced, but the speed and direction of the system are kept 

up. 
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