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Abstract – This paper introduces a control strategy using the fractional order proportional integral derivative 

(FOPID) controller, for regulating a 2-DOF robot manipulator position. While widely used in the industry 

domain, the conventional proportional integral derivative (PID) controller exhibits limitations in handling 

external disturbances, making it less robust. The FOPID controllers offer improved robustness, particularly 

against uncertainties and external disturbances. In this study, a hybrid swarm optimization and gravitational 

search algorithm (PSOGSA) is employed in order to tune and optimize the controller gains. The efficacy 

of the proposed control approach is systematically compared with the conventional PID controller. 

Numerical simulations demonstrate the superior performance of the proposed FOPID methodology over 

the traditional PID controller, showcasing quantifiable improvements in root mean squared error (RMSE), 

FOPID achieves RMSE values of 0.084813, and 0.044337 in the position’s trajectories. These results 

illustrate the exceptional performance of the FOPID enhanced by PSOGSA in achieving precise control. 

The proposed FOPID presents advantages in accurate tracking trajectory, adaptability under noises and 

computational efficiency. This study contributes to the progress of robust control techniques for 2-DOF, 

highlighting the potential of FOPID to improve trajectory tracking in practical, real-world applications. 
 

Keywords – Robot Manipulator; FOPID; PID; PSOGSA; Trajectory Tracking. 

 

I. INTRODUCTION 

Robot manipulators play an important role in industrial domains and enhancing their performance 

requires effective control methods [1]. Various control approaches have been extensively explored and 

implemented in the literature to achieve precise, robust and efficient control systems [2–6]. These 

techniques play a vital role in enhancing the performance and capabilities of robot manipulators. For 

instance, Jin et al. [7] introduced a practical nonsingular terminal sliding mode control for robot 

manipulators, incorporating time-delay estimation to ensure fast convergence. This method requires no 

prior knowledge of robot dynamics. Bi [8] designed a symmetrical fuzzy PID algorithm for optimized 

control of a two-degree-of-freedom (2-DoF) manipulator. The algorithm adjusts P, I and the D values based 
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on error rate principles. The mathematical model establishes a functional relationship between input driving 

force and output rotation angle vectors. Trajectory planning algorithms, employing gradient model control, 

effectively calculate end-effector trajectories. Experimental results confirm the algorithm’s efficacy, 

showcasing its potential for real-world applications. Jouila et al. [9] introduced a robust adaptive control 

method for a two-link robot manipulator using a Non-Singular Fast Time Sliding Mode (NFTSM) controller 

with a Wavelet Neural Network (WNN). The WNN approximates uncertainties and a compensation term 

minimizes their impact. Online adaptive learning tunes controller parameters, ensuring high tracking 

accuracy and reducing chattering. Simulations on a two-link robotic arm demonstrate superior performance 

compared to other advanced control strategies. Efe [10] proposed an innovative parameter adjustment 

approach using an adaptive neuro-fuzzy inference system to enhance the robustness of fuzzy sliding mode 

control. The method, employing fractional order integration in parameter tuning, demonstrated improved 

tracking performance, robustness and insensitivity to external disturbances. Kumar et al. [11] applied a 

genetic algorithm (GA) optimization method to interval type 2 fuzzy PD plus integral controllers for 

redundant robot manipulators, demonstrating improved trajectory tracking and robustness. Ouyang et al. 

[12] proposed a novel PD with sliding mode control approach for trajectory tracking in multi-degree-of-

freedom linear translational robotic systems, leveraging the simplicity of PD control and the robustness of 

sliding mode control to model uncertainty. In addition to these specifics methods, various control systems 

have been explored to enhance trajectory tracking in robot manipulators [13–19]. The ant colony 

optimization (ACO) algorithm was initially introduced by Mirjalali et al. [20], marking significant progress 

in problem optimization [21]. Serving as a meta-heuristic optimization system, ACP mimics the foraging 

behavior of ant colonies to tackle diverse problem-solving tasks. Its applications span various domains, 

including minimizing power losses in power distribution networks [23], optimizing fitness functions for 

fuzzy systems in image segmentation [24] and determining optimal parameters for degradation trajectories 

through a weighted fusion function [25]. In the field of robotics, an optimized PID control for a quadruped 

robot is proposed, leveraging ACO to fine-tune the PID controller parameters for achieving the desired 

trajectory. Comparative analysis against other optimization algorithms, such as GA and PSO, reveals 

ACO’s superior performance [26]. This paper proposes a control approach utilizing fractional-order 

proportional- integral-derivative (FOPID) in order to improve the 2-DOF tracking position performance. 

Subsequently, a hybrid PSOGSA is employed to fine-tune the FOPID controller parameters. Furthermore, 

the performance of the proposed control method is compared with the PID, into its effectiveness. The 

remaining sections of this paper are organized as follows: Section 2 provides a detailed description of the 

dynamic modeling of a 2-DOF robotic manipulator. The principles and the implementation of FOPID is 

discussed in Section 3, while Section 4 covers the details of PSOGSA. Section 5 presents the simulation 

results and the paper concludes by summarizing the findings and contributions in the final section. 

 

II.  DYNAMIC MODELING OF A 2-DOF ROBOT MANIPULATOR 

Dynamic modeling of a 2-DOF robot manipulator is a crucial process in robotics that involves deriving 

equations to describe the motion and behavior of a two-jointed robotic system as shown in Fig 1. The 

dynamic modeling of the 2-DOF arm robot manipulator can be expressed according to the equation as 

follows [27]: 

 

                                                                𝐵(𝑞)𝑞̈ +  𝐶(𝑞, 𝑞̇)𝑞̇ + 𝐺(𝑞) = 𝜏             (1)   

    Where, q,  𝑞̇,  𝑞̈ ∈ 𝑅2 are the vector of joint angles, the vector of joint velocities and the vector of joint 

accelerations respectively. B(q) ∈ 𝑅2×2 is the inertia matrix, C (q,  𝑞̇) ∈ 𝑅2 is the Coriolis and centrifugal 

matrix, G(q) ∈ 𝑅2 is the gravitational vector and τ ∈ 𝑅2 is the vector of joint torques. B(q), C (q,  𝑞̇) and 

G(q) are given in Appendix A. Therefore, the previous equation can be written as follows [27]: 

 

                                                  𝑞̈ = −𝐵−1𝐶(𝑞, 𝑞̇)𝑞̇ − 𝐵−1𝐺(𝑞) + 𝐵−1(𝑞)𝜏      (2) 



International Journal of Advanced Natural Sciences and Engineering Researches 

65 
 

The dynamic equation governing the motion of a 2-degree-of-freedom robot manipulator is given as 

follows: 

                                                         𝑞̈ = −𝑀𝑞̇ − 𝑁𝐺(𝑞) + 𝑂𝑢(𝑡)      (3) 

Where, M = 𝐵−1 C (q,  𝑞̇) N = 𝐵−1 (q), O = 𝐵−1 (q) and u(t) = τ represents the control vector. Parameter 

uncertainties were introduced to account for variations in the system parameters hence, the previous 

equation can be defined as follows: 

                                        𝑞̈ = −(𝑀 + 𝛿𝑀)𝑞̇ − (𝑁 + 𝛿𝑁 )𝐺(𝑞) + (𝑂 + 𝛿𝑂 )𝑢(𝑡)      (4) 

Where δM, δN and δO represent uncertainties in parameter variations. The equation (5) can be written as 

follows [27]: 

                                                    𝑞̈ = −𝑀𝑞̇ − 𝑁𝐺(𝑞) + 𝑂𝑢(𝑡) + 𝑑(𝑡)      (5) 

Where, d(t) = −δM𝑞̇ − δN G(q) + δOu(t). 

 

 

 

 

 

 

 

 

 

Fig. 1 Structure of a 2 DOF robot manipulator. 

III. FRACTIONAL-ORDER PID CONTROLLER 

 

A fractional-order PID (PFOPID) controller extends the traditional PID controller by introducing fractional 

calculus concepts. The FOPID controller includes fractional order integrators and differentiators, allowing 

for more flexibility and adaptability in controlling systems with non-integer order dynamics [28]. The 

FOPID controller equation can be expressed in a generalized form as follows [29]: 

 

    𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝜏)𝑑𝛼𝜏
𝑡

0

+ 𝐾𝑑

𝑑𝛽𝑒(𝑡)

𝑑𝑡𝛽
       (6) 

 

Where, u(t) is the control output, e(t) is the error signal, 𝐾𝑝 is the proportional gain, 𝐾𝑖 is the integral gain 

and 𝐾𝑑 is the derivative gain. The terms ∫ 𝑒(𝜏)𝑑𝛼𝜏
𝑡

0
 and 

𝑑𝛽𝑒(𝑡)

𝑑𝑡𝛽  represent the fractional-order integral and 

derivative, respectively. The fractional orders α and β can take any real values ∈ [0, 1] as shown in Fig 2. 
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Fig. 2 Types of controllers according to α and β 

 

IV. HYBRID PARTICLE SWARM OPTIMIZATION AND GRAVITATIONAL SEARCH 

ALGORITHM 

The hybrid particle swarm optimization and gravitational search algorithm (PSOGSA) merges the 

exploration capabilities of particle swarm optimization (PSO) with the exploitation strengths of the 

gravitational search algorithm (GSA). In this hybrid algorithm, the velocity and position updates of particles 

are influenced by both PSO and GSA components. The velocity update equation combines the PSO 

components, where the cognitive term 𝑐1𝑟1(𝑝𝑏𝑒𝑠𝑡 − 𝑥𝑖) and the social term 𝑐2𝑟2(𝑔𝑏𝑒𝑠𝑡 − 𝑥𝑖) are added to the 

GSA component, the acceleration 𝑎𝑖 derived from the gravitational forces. Mathematically, the velocity 

update for particle i at iteration t is given by [30]: 

                                         𝑣𝑖(𝑡 + 1) = 𝜔 𝑣𝑖(𝑡)𝑐1𝑟1 (𝑝
𝑏𝑒𝑠𝑡

− 𝑥𝑖(𝑡)) + 𝑐2𝑟2 (𝑔
𝑏𝑒𝑠𝑡

− 𝑥𝑖(𝑡)) + 𝑎𝑖(𝑡)       (7)    

Where, ω is the inertia weight, 𝑐1 and 𝑐2 are acceleration coefficients, 𝑟1 and 𝑟2 are random numbers in the 

range [0, 1], 𝑝𝑏𝑒𝑠𝑡 is the personal best position, and 𝑔𝑏𝑒𝑠𝑡 is the global best position. The acceleration 𝑎𝑖 is 

calculated from the forces exerted by other particles based on the gravitational law which given as follows: 

𝐹𝑖𝑗 = 𝐺(𝑡) =
𝑚𝑖(𝑡)𝑚𝑗(𝑡)

𝑅𝑖𝑗(𝑡) + 𝜀
 (𝑥𝑗(𝑡) − 𝑥𝑖(𝑡))      (8) 

Where, G(t) is the gravitational constant which calculated as follows: 

𝐺(𝑡) = 𝐺0 × exp (−γ × 𝑖𝑡𝑒𝑟/𝑀𝑎𝑥𝑖𝑡𝑒𝑟) 

Where, 𝐺0 and γ are descending coefficient and initial value respectively. In addition,  𝑚𝑖 and 𝑚𝑗  are the 

masses of particles i and j, 𝑅𝑖𝑗(𝑡) is the Euclidean distance between particles i and j, and ε is a small 

constant to avoid division by zero. The position update is then given as follows [30]: 

𝑥𝑖(𝑡 + 1) = 𝑥𝑖(𝑡) + 𝑣𝑖(𝑡 + 1)    (9) 

This hybrid approach leverages the local search capability of GSA to refine the search around promising 

regions identified by the global search ability of PSO, thus improving the overall optimization performance. 

The PSOGSA steps are presented in Figure 3. 
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Fig. 3 The PSOGSA steps [30]: 

 

V.  RESULTS & DISCUSSION 

The upper and lower bounds parameters for the typical FOPID and PID controller given in Table 1. The 

PSOGSA is used in order to tune and optimize the FOPID and PID coefficients: γ = [𝐾𝑝, 𝐾𝑖, 𝐾𝑑, α, β]. The 

number of populations is selected as 10, 𝐺0 = 1, γ = 20 , 𝑐1 = 1.2, 𝑐2 = 1.5,  
𝑟1, 𝑟2, ω  are taken randon from [0,1], the maximum number of iterations is chosen as 100. The PSOGSA 

is used to find the appropriate values of the FOPID and PID controller’s parameters to minimize the 

objective functions. In addition, the convergence rate for PSOGSA objective functions is shown in Figure 

4. The objective function is defined according to the motion trajectory error of joints is given as follows 

[27]: 
 

                                                                                𝑂 = √∫ |𝑒1(𝑡)|2∞
0

𝑑𝑡 + √∫ |𝑒2(𝑡)|2∞
0

𝑑𝑡     (10) 

Where, 𝑒1(𝑡) = 𝑞1(𝑡) − 𝑞𝑑1(𝑡) and 𝑒2(𝑡) = 𝑞2(𝑡) − 𝑞𝑑2(𝑡). 

 

Table 1. FOPID and PID upper and lower bounds 

Control 

Strategy 

 𝐊𝒑 𝐊𝒊 𝐊𝒊 α β 

FOPID 
Min 

Max 

    0 

1000 

0 

1000 

0 

1000 

0.1 

0.95 

0.1 

0.95 

PID 
Min 

Max 

    0 

1000 

0 

1000 

0 

1000 

0.1 

0.95 

0.1 

0.95 
 

The desired motion trajectory is given as follows [27]: 

 

θ𝑑1(𝑡) = sin(4.17𝑡) 

θ𝑑2(𝑡) = 1.2sin(5.11𝑡) 

 

The initial values of the system are selected as follows: 

                                     𝑞𝑑1 =π, 𝑞𝑑1 =-π, 𝑞𝑑1̇ (𝑡) = 0 𝑎𝑛𝑑 𝑞𝑑2̇ (𝑡) = 0 

 

Following the optimization of FOPID and PID controllers using PSOGSA, the resulting controller 

parameters are detailed in Table 2. Additionally, the RMSE indices in Table 3 indicate that the tracking 

performance of the arm robot exhibits slight enhancements when employing FOPID as opposed to 
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conventional PID controller across the desired trajectories. Notably, the table underscores that FOPID 

demonstrates significantly reduced trajectory errors and exhibits a smaller RMSE when compared to 

alternative PID. This observation underscores the considerable superiority of the FOPID structure in the 

context of arm robot trajectory tracking. Figure 5 shows the position tracking control of 𝑞1 and 𝑞2  under 

the PID and FOPID. It can be seen from Figure 5 that using the FOPID obtains a faster and more efficient 

performance to the reference trajectory than the PID approach. The 2-DOF robot manipulator under FOPID 

can reach the desired trajectory faster than the PID controller, while the PID is also shown an acceptable 

response having a good performance. Figure 6 presents the position tracking error of 𝑞1 and 𝑞2 under 

FOPID and PID. As seen from Figure 6, FOPID has the least error of trajectory tracking followed by PID. 

According to Figure 5 and 6, the maximum overshoot is reduced and settling time is converged to zero in 

a limited time for 𝑞1  and 𝑞2  under FOPID. The velocity of joints 1 and 2 are shown in Figure 7 under 

applied controllers. According to Figure 7 the fastest controller is FOPID which makes the 2-DOF robot 

manipulator settles immediately to the set point in comparison to the other PID. In addition, a random noise 

is applied to verify the robustness of the proposed FOPIOD control method. Figure 8 shows that the 

proposed control method suitably suppressed applied noise. The assessment of performance relies on the 

root mean square error (RMSE), which is computed using the following formula: 

                                                                    𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ (𝑋(𝑖) − 𝑋𝑟(𝑖))2𝑛

𝑖=1          (11) 

Where, 𝑋(i) and 𝑋𝑟(𝑖) denote vectors representing the actual and reference values at the i-th data point, 

respectively and n indicates the total number of data points. 
 

Table 2. The obtained FOPID and PID parameters. 

Control 

Strategy 
𝐊𝒑 𝐊𝒊 𝐊𝒊 α β 

FOPID 867.2349 535.7817 535.7817 0.13395 0.13395 

PID 878.3631 878.3631 878.3631 - - 
 

Table 3. The root mean squared error (RMSE) for different control strategies. 

Control 

Strategy 

RMSE 

for θ1 

RMSE 

for θ2 

FOPID 0.084813 0.044337 

PID 0.12346 0.053864 
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                                                             Fig. 4 The PSOGSA convergence rate under iterations 

Fig. 5 Position tracking of joints under FOPID and PID controllers 
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                                                Fig. 6 Position tracking error of joints under FOPID and PID controllers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7.Velocity of joints under FOPID and PID controllers 
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Fig. 8 Position tracking error of joints of the proposed controller under random noises application 

 

VI. CONCLUSION 

 

This paper addressed the trajectory tracking control for a 2-degree-of-freedom (2-DOF) robot manipulator 

through dynamic modeling, fractional-order PID (FOPID) and PID controllers. The dynamic model, 

expressed by a second-order differential equation, considered inertia, Coriolis and centrifugal effects and 

gravitational forces. Both FOPID and PID controllers were designed to regulate joint angles to follow 

desired trajectories. The PSOGSA algorithm was employed to tune and optimize the controller parameters. 

 

Simulation results demonstrated the superior performance of the FOPID controller over the traditional 

PID controller. The FOPID controller, with optimized parameters obtained through PSOGSA, exhibited 

reduced trajectory errors and smaller root mean squared error (RMSE) values, indicating enhanced tracking 

precision compared to PID. 

 

The proposed FOPID control, optimized through PSOGSA, showcased significant advancements in 

trajectory tracking and control efficiency for the 2-DOF robot manipulator. The results contribute to the 

field of robotics by emphasizing the effectiveness of advanced control strategies in improving the 

performance of robotic systems, particularly in trajectory tracking applications.  
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APPENDIX A 

The calculation of the parameters for the dynamics of a 2-DoF robot manipulator, as presented in 

equation (1), is as follows: 

 

𝑞 = [
θ1

θ2
] 

 

𝐵(𝑞) = [
𝐵11 𝐵12

𝐵21 𝐵22
] 

 

 

Where,  

𝐵11 = (𝑚1 + 𝑚2) ∙ 𝑙1
2 + 𝑚2 ∙ 𝑙1

2 + 2 ∙ 𝑚2 ∙ 𝑙1 ∙ 𝑙2 ∙ cos( θ2) 

𝐵12 = 𝑚2 ∙ 𝑙2
2 + 𝑚2 ∙ 𝑙1 ∙ 𝑙2 ∙ cos( θ2) 

𝐵21 = 𝑚2 ∙ 𝑙2
2 + 𝑚2 ∙ 𝑙1 ∙ 𝑙2 ∙ cos( θ2) 

𝐵22 = 𝑚2 ∙ 𝑙2
2 

 

𝐶(𝑞, 𝑞̇) = [
−𝑚2 ∙ 𝑙1 ∙ 𝑙2 ∙ sin( θ2) ∙ (2 ∙ θ1̇ ∙ θ2 +̇ θ2̇ +  θ2

2̇)

−𝑚2 ∙ 𝑙1 ∙ 𝑙2 ∙ sin( θ2) ∙ θ2 +̇ θ2̇

] 

 

 

𝐺(𝑞) = [
−(𝑚1 + 𝑚2) ∙ 𝑔 ∙ 𝑙1 ∙ sin( θ1) − 𝑚2 ∙ 𝑔 ∙ 𝑙2 sin( θ1 + θ2)

−𝑚2 ∙ 𝑔 ∙ 𝑙2 ∙ sin( θ1 + θ2)
] 

 

 

𝜏 = [
τ1

τ2
] 

 

Where, 𝑚1 = 𝑚2=1,  𝑙1 = 𝑙2=1 and g=9.8 

 

     
 

 

 

 


