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Abstract 
 
In robotic applications, the correct execution of a task can be a challenge for robotics experts. Therefore, it is necessary to 
implement a robust control structure for trajectory tracking. This paper proposes a robust control design to track the 
trajectory of an industrial robot via a fractional order PID controller with the Computed Torque Control (CTC) technique 
based on the Grey Wolf Optimizer (GWO). To examine the proposed robust control, the Fanuc 710ic/70 robot 
manipulator model is used as a case study. To begin with, the dynamic formulation of the robot is described. Then, with 
respect to the control design, the CTC controller that helps overcome the nonlinearity problem of the system is designed 
to improve the tracking performance. It is proposed to combine the fractional order PID with the CTC technique. This 
hybridization increases the performance of the control strategy and overcomes external disturbances, sensor noise 
suppression and especially input control constraints. Typically, FOPID controller parameters are set without considering 
the constraints of the actuator control inputs. Therefore, it affects its performance over time. To solve this problem, the 
controller parameters are updated online and optimized according to the input constraints using the GWO technique. The 
effectiveness of the proposed control strategy is demonstrated by the simulation results in terms of stability, trajectory 
tracking and compliance with limited inputs. 
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1. Introduction 
 
In industrial applications, the robot has become an important 
element to perform tasks that humans cannot. It is well 
known that, in order to perform a certain task successfully, 
the manipulator arm needs a robust control strategy. Most 
robotic manipulators are equipped with traditional control 
strategies, such as PD, PID control, as these techniques do 
not take into account the uncertainties, External disturbances 
and sensors noises. They are not desirable despite the 
suggested modified PID controllers in [1, 2]. In recent years, 
many researchers have introduced advanced techniques in 
robot control to overcome the above constraints, namely H-
infinity theory, Fuzzy logic theory and sliding mode control 
[3, 4, 5]. These have been successful approaches, but their 
design and implementation in real time is very complex. 
 Besides, research has have demonstrated that the 
fractional calculation can improve the performance of 
control techniques [6, 7, 8, 9, 10, 11]. In addition, an integer 
order controller and a fractional order controller are used to 
track the control of a parallel robot with different desired 
trajectories; the obtained results proved the power of the 
fractional order controller over the integer order controller in 
terms of overshooting and the steady state error values [6]. 
Similarly, in order to enhance the performance of 
controllers, in literatures [7, 8, 9], the authors have replaced 
Integer Orders with Fractional Orders of the Fuzzy-
Proportional, Integral and Derivative controller to control a 
three serial link manipulator, And the results show that FO-
Fuzzy-PID is better than IO-Fuzzy-PID especially in terms 

of response time. 
 The behaviour of the robot manipulators is represented 
by a dynamic model, which is composed of non-linear 
functions of the state variables (positions and velocities of 
the joints). This characteristic of the dynamic model requires 
decomposing the control system’s model of non-linear 
functions. The Computed Torque Control (CTC) is a non-
linear control dedicated to the highly non-linear coupled 
manipulator system. Its main idea is the Feedback 
Linearization (FL) technique, which consists in transforming 
and decoupling a non-linear system into a suitable linear 
system by changing the state variables [12]. 
 In [13], Angel and Viola are proposed a combined 
control strategy between the fractional order PID and 
computed torque control method to control the trajectory of 
a parallel robot manipulator, where it showed good results in 
terms of disturbance, rejection and trajectory tracking 
accuracy. But the proposed control strategy has major 
drawbacks, such as the failure to take into account actuator 
torque constraints, which are important for actuator safety. 
Furthermore, the author has relied on the frequency analysis 
define the controller parameters, the frequency analysis 
method requires a thorough understanding of the dynamic 
system to determine desired frequency characteristics such 
as natural frequency and damping ratio. However, absence 
of an implicit methodology for calculating parameters of 
controller. 
 Motivated by the limitations of the existent control 
strategy, this paper presents an alternative control strategy 
for trajectory tracking control of the robots. In order to 
enhancement tracking performance, a fractional order PID is 
used instead integer PID, and combined with computed 
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torque control to overcome nonlinearity of robot 
manipulator. Further, for overcome the mentioned problems 
in [13], this technique is provided with an intelligent method 
for tuning parameters of the controller using the Grey Wolf 
Optimizer (GWO), which allow update the optimal 
parameters on line with respect the torque constraints of the 
manipulator robot actuators. The proposed controller is 
tested against external disturbances and sensor noise. A 
comparison of the performance of the fractional controller 
FOPID-CTC with the full controller IOPID-CTC is 
performed. Tuning the controller parameters with respect to 
the torque constraints using GWO approach. 

 
 

2. Dynamic Model of Fanuc 710ic/70 robot manipulator 
 
To examine the suggested approach, the Fanuc 710ic/70 
manipulator robot is chosen as a case study. This strong 6-
DoF model has a 70 kg payload and extremely fast axis 
speeds, making it ideal for a variety of applications, the 3D 
model of Fanuc 710ic/70 robot is shown in the figure 1. 

 
Fig. 1. 3-D model of Fanuc 710iC robot. 

 
 
 A robot manipulator is an open kinematic chain 
composed of interconnected joints. The dynamic equations 
describe the relationship between the position, velocity and 
acceleration, and torque of each manipulator joint. Using the 
Lagrangian approach, the manipulator model can be 
described as follows: 
 
𝑀(𝑞)�̈� + 𝐶(𝑞, �̇�)�̇� + 𝐺(𝑞) + 𝐹(𝑞, �̇�) = 𝜏 + 𝜏!    (1) 
 
and can be written as follows: 
 
�̈� = 𝑀(𝑞)"#.𝜏 + 𝜏! − 𝐶(𝑞, �̇�)�̇� − 𝐺(𝑞) − 𝐹(𝑞, �̇�)0    (2) 
 
where, 𝑞, �̇�and	�̈� ∈ 𝑅$are the vectors of the joint position, 
velocity and acceleration, respectively.𝑀(𝑞) ∈ 𝑅$∗$ is the 
inertia matrix,𝐶(𝑞, �̇�) ∈ 𝑅$∗$ is the Coriolis and centrifugal 
forces matrix, 𝐺(𝑞) ∈ 𝑅$ is the gravity vector, 𝐹(𝑞, �̇�) ∈ 𝑅$ 

is the friction terms and 𝜏, 𝜏! ∈ 𝑅$ are the torque and the 
external disturbance vectors, respectively. 
 
 
3. Controller design and stability 
 
This section consists of two parts, the first being the design 
of the controller and the second being the stability analysis 
of the control. 
 
3.1. Controller design 
3.1.1. Computed torque control strategy 
In trajectory tracking of a robot manipulator, to ensure that 
the joint variable 𝑞 follows the desired trajectory 𝑞!, the 
tracking error is defined as follows: 
 
𝑒 = 𝑞! − 𝑞        (3) 
 
 To show the influence of the torque/force 𝜏 on the 
tracking error, (4) is differentiated twice to find: 
 
�̇� = �̇�! − �̇�        (4) 
 
�̈� = �̈�! − �̈�        (5) 
 
 By substituting (3) into (6): 
 
�̈� = �̈�! −𝑀(𝑞)"#.𝜏 + 𝜏! −𝑁(𝑞, �̇�)0     (6) 
 
where  
 
𝑁(𝑞, �̇�) = 𝐶(𝑞, �̇�)�̇� + 𝐺(𝑞) + 𝐹(𝑞, �̇�)       (7) 
 
 The (7) can be written in the form of the error state space 
[14]. 
 
!
!&
9𝑒�̇�: = 90 1

0 0: 9
𝑒
�̇�: + 9

0
1: 𝑢       (8) 

 
where  
 
𝑢 = �̈�! −𝑀(𝑞)"#.𝜏 + 𝜏! −𝑁(𝑞, �̇�)0     (9) 
 
𝑢 represents a control law that will be defined later. 
According to (9), the general input torque of the robot 
manipulator becomes: 
 
𝜏 = 𝑀(𝑞)(�̈�! − 𝑢) + 𝑁(𝑞, �̇�) − 𝜏!    (10) 
 
which is called the computed torque control law. 
 

 
Fig. 2. Computed torque control strategy. 
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3.1.2. Fractional order PID with CTC  
In order to stabilize the error dynamics described in (9), It is 
necessary to define a control law 𝑢. Let us propose a 
fractional order PID controller, which is given in the 
following form: 
 
𝑢 = −𝑘'𝑒 − 𝑘(𝐷")𝑒 − 𝑘!𝐷*𝑒    (11) 
 
where 𝑘', 𝑘( and 𝑘!are the proportional, integral and 
derivate constants, respectively.  
𝐷") , 𝐷* are the fractional integral and fractional derivative, 
respectively. by substituting (12) into (11), we obtain 
 
𝜏 = 𝑀(𝑞)'�̈�!+𝑘'𝑒 + 𝑘(𝐷")𝑒 + 𝑘!𝐷*𝑒- + 𝑁(𝑞, �̇�) − 𝜏!   (12) 
 
 Figure 3 displays the block diagram of the fractional 
order PID controller proposed in this study. 
 

 
Fig. 3. Block diagram of fractional order PID. 
 

3.2. Stability analysis: 
In this section, the Lyapunov approach is used to prove 
stability of error dynamic. The error dynamic equation is 
obtained by substituting the control law 𝜏 from (12) into 
manipulator model (1) yielding: 
 
𝑀(𝑞)�̈� = 𝑀(𝑞).�̈�!+𝑘'𝑒 + 𝑘(𝐷")𝑒 + 𝑘!𝐷*𝑒0  (13) 
 
and  
 
�̈� + +𝑘'𝑒 + 𝑘(𝐷")𝑒 + 𝑘!𝐷*𝑒 = 0    (14) 
 
which can be written as the following state space model 
 
�̇� = 𝐴𝑋       (15) 
 
where  
 

𝑋 = B
∫𝑒
𝑒
�̇�
D; 𝐴 = B

0 1 0
0 0 1
−𝑘( −𝑘' −𝑘!

D 

 
Theorem 01:The equilibrium point 𝑥 = 0 of �̇� = 𝐴𝑥 is 
stable if and only if all eigenvalues of 𝐴 satisfy 𝑅𝑒𝜆( ≤ 0 
and for every eigenvalues with 𝑅𝑒𝜆( = 0 and algebraic 
multiplicity 𝑟( ≥ 2, rank(𝐴 − 𝜆(𝐼) = 𝑛 − 𝑟(, where 𝑛 is the 
dimension of 𝑥.  The equilibrium point 𝑥 = 0is (globally) 
asymptotic stable if and only if all eigenvalues of 𝐴 satisfy 
𝑅𝑒 < 0 [11]. 

 
Theorem 02: A matrix  𝑨is Hurwitz; 𝑅𝑒𝜆( < 0 for all 
eigenvalues of 𝑨, if and only if for any given positive definite 
symmetric matrix 𝑄 there exists a positive definite symmetric 
matrix 𝑃that satisfies the followed  Lyapunov equation [11]. 
 
𝑃𝐴 + 𝐴+𝑃 = −𝑄      (16) 
 
 To test stability of system (16), a candidate Lyapunov 
function of quadratic form is considered as follows: 
 
𝑉(𝑋) = #

,
𝑋+𝑃𝑋      (17) 

 
where 𝑃 is a positive definite matrix. 
 
 The derivate of the function 𝑉(𝑋) is established as 
follows: 
 
�̇�(𝑋) = #

,
𝑋+𝑃�̇� + #

,
�̇�+𝑃𝑋 (18) 

 
�̇�(𝑋) = #

,
𝑋+𝑃𝐴𝑋 + #

,
𝑋+𝐴+𝑃𝑋    (19) 

 
�̇�(𝑋) = #

,
𝑋+(𝑃𝐴 + 𝐴+𝑃)𝑋     (20) 

 
 Using the theorem 2, we suppose𝑃𝐴 + 𝐴+𝑃 = −𝑄, 
where 𝑄 is positive definite matrix, then �̇�(𝑋) becomes: 
 
�̇�(𝑋) = − #

,
𝑋+𝑄𝑋      (21) 

 
 Since the functions 𝑉(𝑋) and �̇�(𝑋) are positive definite 
and negative definite respectively as shown in the equations 
(18-22), then the system (16) is asymptotically stable, 
therefor the assumption (𝑃𝐴 + 𝐴+𝑃 = −𝑄) is validated, 
according theorem 2 the equilibrium point (𝑋 = 𝑒 = 𝑞! −
𝑞 = 0) is asymptotically stable.  
 
3.3. Controller tuning strategy: 
This subsection deals with the methodology of controller 
parameters adjustment respectfully to the limited input 
torque. This strategy is based on the GWO technique, which 
is a new type of metaheuristic optimisation algorithm 
suggested by Seyedali Mirjalilia [15]. The mechanism of the 
GWO algorithm can be summarized in the following table. 
 
Table 1. GWO pseudo code. 
Start 
Define the objective function𝒇(𝒙), 𝒙 = [𝒙𝟏, 𝒙𝟐, …… , 𝒙𝒏]𝑻. 
Initialize population of grey wolf𝑿𝒊, (𝒊 = 𝟏, 𝟐,… . 𝒑). 
Fitness function evaluation and find the best solutions 
(𝑿𝜶, 𝑿𝜷, 𝑿𝜸). 
While (the stopping criteria are not met) 
For each grey wolf (solution) 
       update the new position of grey wolves 
End For 
update the parameters a, A and C 
Fitness function evaluation 
Update the best solutions (𝑿𝜶, 𝑿𝜷, 𝑿𝜸).  
Iteration=iteration+1 
End while 
The best solution 
End 
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 To obtain the optimal FOPID, the parameter update 
algorithm works on finding the minimum cost function by 
adjusting several parameters 𝑘', 𝑘( , 𝑘! , 𝜆 and 𝜇,with respect 
to the constrained input torque. 
 The procedure for tuning the controller parameters is 
shown in Figure 4. First, the desired performance index and 
input torque constraints are set. Then, the FOPID parameters 
are initialized and evaluated in the cost function. The next 
step is to check whether the desired performance is achieved 
and the input constraints are respected. These parameters are 
not optimized with the GWO technique until the above 
conditions are met. 
 

 
Fig. 4. Flowchart of parameters tuning for FOPID. 
 
 
 In order to find the optimal controller parameters, it is 
necessary to select the most appropriate performance index 
that is used to evaluate the capacity of each solution. In this 
work, a commonly used performance criteria is considered, 
the ITAE, which is defined as follows: 
 
𝐼𝑇𝐴𝐸 = ∫ 𝑡(∑ |𝑒((𝑡)|$

(5# )𝑑𝑡&
6     (22) 

 
 Where 𝑒( is tracking error of each link (𝑖 = 1,2,… ,6). 
 For the input constraints, the bounded torque of each link 
is set as following: 
 

⎩
⎪⎪
⎨

⎪⎪
⎧
|𝜏#| < 1000	(𝑁.𝑚)
|𝜏,| < 800	(𝑁.𝑚)
|𝜏7| < 500	(𝑁.𝑚)
|𝜏8| < 500	(𝑁.𝑚)
|𝜏9| < 100	(𝑁.𝑚)
|𝜏$| < 100	(𝑁.𝑚)

    (23) 

 
 
4. Results and discussion: 
 
In order to generate the desired trajectory in the joint space, 
an initial configuration 𝑞(:(&  and a final configuration 𝑞;(: 
are defined to follow a polynomial function of degree five 
given by equation (24). 
 
𝑞(:(& = [−

𝜋
2 , 0,−

𝜋
2 ,−

𝜋
2 ,−

𝜋
2 ,−

𝜋
2]

+𝑟𝑎𝑑. 
 

𝑞;(: = 90,
𝜋
4 , 0,

𝜋
2 ,
𝜋
2 ,
𝜋
2:

+
𝑟𝑎𝑑. 

 

𝑝(𝑡) = 10 q &
+!
r
7
− 15q &

+!
r
8
+ 6q &

+!
r
9
  (24) 

 
where 𝑇; = 10𝑠 is the minimum time for the joint to reach 
the final configuration. 
Table 2 shows the different optimal parameters of the 
FOPID-CTC controller developed in this study. According 
to the results obtained, these optimal parameters allowed to 
obtain the best tracking of the Fanuc 710ic/70 robot. 
 
Table 2. Optimal parameters obtained 

FOPID 
parameters 

𝑲𝒑 𝑲𝒊 𝑲𝒅 𝝀 𝝁 

 131.1 155 200 0.106 0.99 
 
4.1. Performance comparison between IOPID and 

FOPID: 
To evaluate the performance of the proposed controller in 
this work, a comparison was made between the IOPID and 
the fractional order PID optimised by the GWO technique 
under the input torque constraints. The initial conditions 𝑞6 
have set a difference from the initial configuration 𝑞(:(& to 
see the ability of the current trajectory to converge to the 
desired trajectory. Figure 5 shows the fast response of the 
FOPID controller in following the desired trajectory, where 
after 2s the controller shows a similar behaviour to the 
desired trajectory. On the other hand, the IOPID response 
time is almost 6s, which is equivalent to three times the first 
controller. Figure 6 shows the evolution of the robot 
articulation error resulting from the IOPID and FOPID 
controllers. It can be observed that the FOPID controller has 
less error variation in each trajectory compared to the IOPID 
controller. Moreover, this error disappears in only 2 seconds 
only for our controller, unlike the IOPID controller, in which 
the steady state error appears for up to 9 seconds. This 
represents a smooth joints control of the robot, which 
translates into better performance for tracking tasks. 
 Figure 7 shows the torque applied to each joint. There is 
a clear variation in the torque produced in both cases, the 
traditional PID controller requires more force to bring the 
joint into the desired position, whereas the FOPID has a 
smoother control torque than the IOPID. This implies that 
the proposed FOPID consumes less energy. Additionally, 
the fast response of the FOPID controller leads to a 
reduction in the operating time of the robot’s motors, which 
inevitably leads to lower energy consumption. According to 
the different results obtained, the FOPID controller proposed 
in this study is characterized by high performance compared 
to the IOPID controller, especially with regard to fast 
response, articulation error and energy consumption of the 
robot, and this is consistent with the literature [13]. The high 
performance of the FOPID controller can be attributed to the 
fractional integral (𝐷")) and fractional derivative (𝐷*) of 
this technique, which contribute to the stability and 
improvement of the robot’s behaviour. Fractional computed 
torque control has five parameters for setting, this give us an 
extra degree of freedom in parameters. 
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Fig. 5. Position tracking of each link of manipulator. 

 

 
Fig. 6. Steady state error of the joints. 
 
 

 
Fig. 7. Torque provided by each actuator. 
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4.2. Robustness analysis against disturbance and noise 
In this subsection, the ability of the suggested controller to 
adapt with external influences on the system in terms of 
disturbances and noise will be examined. 
 
4.2.1. External disturbances: 
An external disturbance 𝜏>?& is applied on the input of robot 
as shown in Figure 8. The external perturbation applied is in 
the form of an impulse function at 𝑡 = 5𝑠.The related error 
signal is shown in Figure 9. It can be seen that during a 
disturbance, the error deviates from zero. This means that 
the joint is deflected and then returned to the desired 
position. This proves that the proposed controller adapts to 
external disturbances in order to maintain the best tracking 
of the Fanuc 710ic/70 robot. 
 

 
Fig. 8. Effect of external disturbances on robot inputs. 

 

 
Fig. 9. Error in the presence of disturbances. 
 
4.2.2. Sensor noise suppression 
In the real world, there is always random noise affecting the 
sensors in order for them to give wrong position values as 
shown in Figure 10, which are reused in the control system. 
That is why; the controller must be able to suppress the 
noises and return the trajectory to the desired position. 

 
Fig. 10. Effect of noise on measurements sensors. 
 
 To examine the controller in relation to sensor noises, we 
applied noise as a step function to the first joint. Figure 11 
clearly shows the extent of the sensor noise effect on the 
reaction of the controller, especially during the operating 
period from 5s to 7s. The results clearly show that the 
FOPID controller deals intelligently with the incorrect 
measurements of the sensors in order to obtain the desired 
behaviour of the robot. 

 

 
Fig. 11. Sensor noise effect. 
 
4.3. GWO method Performance: 
To evaluate the performance of the GWO optimisation 
technique, it is compared to another traditional optimisation 
method, such as the genetic algorithm (GA). The 
comparison is shown in Figure 12, which represents the 
evolution of the fitness function of the two methods GWO 
and GA. The fitness function is considered as a performance 
index which is represented by ITAE. It can be observed that 
the GWO algorithm has a better optimization of the fitness 
function and has a shorter execution time. 
 

 
Fig. 12. Fitness function evolution. 
 
 
5. Conclusion 

 
In this paper, an optimal controller has been designed for a 
trajectory tracking control of robotic manipulators under 
constrained torque. The control design is made up of a 
conjunction between FOPID and CTC controllers with an 
online optimisation using the GWO technique. A Fanuc 
710iC/70 robot is used to test the suggested controller. As 
for the performance evaluation, FOPID is compared with 
traditional PID, where the obtained results show that FOPID 
presents less joint errors and a faster response time. Despite 
the constraints applied to inputs, FOPID provides a smooth 
control input compared with IOPID. In addition, the GWO 
method is employed successfully to find an optimal FOPID 
controller against constraints inputs, which has better 
performance compared to the traditional optimization 
methods as GA. Also, the FOPID is tested in the presence of 
external influences, which the controller is able to return the 
trajectory to the desired position after an external 
disturbance. In addition, FOPID has proven its ability to 
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suppress noise that affects sensors. Finally, the hybrid 
FOPID-CTC controller with online optimisation (GWO) can 
be considered a suitable solution for trajectory tracking of a 
robot manipulator, where it shows good performance in 
terms of response time, compliance with torque constraints, 
suppression of external disturbances and sensor noise. In the 
future work, the performance of the proposed method will be 

further enhanced by Kalman filter and tested under more 
stringent operating conditions. 
 
This is an Open Access article distributed under the terms of 
the Creative Commons Attribution License.  

 
 

 
______________________________ 

References 
 

[1] N. Alibeji and N. Sharma, “A PID-Type Robust Input Delay 
Compensation Method for Uncertain Euler–Lagrange Systems,” 
IEEE Transact. Contr. Sys. Techol., vol. 25, no. 6, pp. 2235–2242, 
Nov. 2017, doi: https://doi.org/10.1109/tcst.2016.2634503. 

[2] M. Mendoza, A. Zavala-Río, V. Santibáñez, and F. Reyes, “A 
generalised PID-type control scheme with simple tuning for the 
global regulation of robot manipulators with constrained inputs,” 
Int. J. Cont., vol. 88, no. 10, pp. 1995–2012, Apr. 2015, doi: 
https://doi.org/10.1080/00207179.2015.1027272. 

[3] Y. Dai, D. Wu, S. Yu, and Y. Yan, “Robust Control of Underwater 
Vehicle-Manipulator System Using Grey Wolf Optimizer-Based 
Nonlinear Disturbance Observer and H-Infinity Controller,” 
Complexity, vol. 2020, no. 1076–2787, pp. 1–17, Feb. 2020, doi: 
https://doi.org/10.1155/2020/6549572. 

[4] X. Yin, L. Pan, and S. Cai, “Robust adaptive fuzzy sliding mode 
trajectory tracking control for serial robotic manipulators,” Robot. 
Comp.-Integrat. Manufact., vol. 72, no. 0736-5845, p. 101884, Dec. 
2021, doi: https://doi.org/10.1016/j.rcim.2019.101884. 

[5] Y. Xu, R. Liu, J. Liu, and J. Zhang, “A novel constraint tracking 
control with sliding mode control for industrial robots,” Int. J.  
Advanc. Rob. Sys., vol. 18, no. 4, p. 172988142110297-
172988142110297, Jul. 2021, doi: 
https://doi.org/10.1177/17298814211029778. 

[6] A. Dumlu and K. Erenturk, “Trajectory Tracking Control for a 3-
DOF Parallel Manipulator Using Fractional-Order PIλDμ Control,”  
IEEE Trans. Indust. Electron., vol. 61, no. 7, pp. 3417–3426, Jul. 
2014, doi: https://doi.org/10.1109/tie.2013.2278964. 

[7] R. H., F. Bendary, and K. Elserafi, “Trajectory Tracking Control for 
Robot Manipulator using Fractional Order-Fuzzy-PID Controller,” 

Int.J. Comp. Applic., vol. 134, no. 15, pp. 22–29, Jan. 2016, doi: 
https://doi.org/10.5120/ijca2016908155. 

[8] J. Kumar, V. Kumar, and K. P. S. Rana, “Fractional-order self-tuned 
fuzzy PID controller for three-link robotic manipulator system,” 
Neur. Comput. Applic., vol. 32, no. 11, pp. 7235–7257, May 2019, 
doi: https://doi.org/10.1007/s00521-019-04215-8. 

[9] H. Chhabra, V. Mohan, A. Rani, and V. Singh, “Multi Objective 
PSO Tuned Fractional Order PID Control of Robotic Manipulator,” 
Intell. Sys Technol. Applic. 2016, vol. 530, pp. 567–572, Sep. 2016, 
doi: https://doi.org/10.1007/978-3-319-47952-1_45. 

[10] R. R. Ardeshiri, M. H. Khooban, A. Noshadi, N. Vafamand, and 
M. Rakhshan, “Robotic manipulator control based on an optimal 
fractional-order fuzzy PID approach: SiL real-time simulation,” 
Soft Comp., vol. 24, no. 5, pp. 3849–3860, Jun. 2019, doi: 
https://doi.org/10.1007/s00500-019-04152-7. 

[11] H. K. Khalil, Nonlinear Control. Prentice Hall, 2014. 
[12] K. Bingi, B. P. Rajanarayan, and A. P. Singh, “A Review on 

Fractional-Order Modelling and Control of Robotic Manipulators,” 
Fract. Fraction., vol. 7, no. 1, p. 77, Jan. 2023, doi: 
https://doi.org/10.3390/fractalfract7010077. 

[13] L. Angel and J. Viola, “Fractional order PID for tracking control of 
a parallel robotic manipulator type delta,” ISA Transactions, vol. 
79, pp. 172–188, May 2018, doi: 
https://doi.org/10.1016/j.isatra.2018.04.010. 

[14] F. L. Lewis, D. M. Dawson, and C. T. Abdallah, Robot 
Manipulator Control. CRC Press, 2003. 

[15] S. Mirjalili, S. M. Mirjalili, and A. Lewis, “Grey Wolf Optimizer,” 
Adv. Engin. Softw., vol. 69, pp. 46–61, Mar. 2014, doi: 
https://doi.org/10.1016/j.advengsoft.2013.12.007. 

 


