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1. INTRODUCTION

Control theory for nonlinear systems has been
the subject of numerous articles and studies.
Most of the results initially required modern
control and full-state feedback. To efficiently
regulate a nonlinear electrically driven robotic
system, a resilient fractional-order
proportional-derivative control structure, as
well as the structure of a control fractional-
order integral (FOFPD + FOI), were introduced
in [1]. For reference path tracking, noise
suppression, nuisance rejection, and model
uncertainty, an analysis was performed to
compare the effectiveness of the FOFPD + FOI
controller with the IOOFPD + IOI controller,
the PID controller, and fractional-order
proportional, integral, and derivative (FOPID)
controller with the correct order. According to
the simulation results, the proposed
FOFPD+FOI controller outperforms PID,
FOPID, and IOFPD+IOI controllers
significantly. Slowtine and Li [2] created a
globally stable adaptive controller by assuming
full-state feedback and applying Lyapunov
stability analysis. A performance comparison
was conducted between fractional-order fuzzy
PID (FOFPID) and integer-order fuzzy PID
(IOFPID) controllers for an inverted pendulum
system, which serves as the controlled plant.
Four evolutionary optimization techniques
(SSO, PSO, GA, and ACO) were used to fine-
tune the parameters of each controller.
Comparison analysis revealed that the FOFPID
controller with SSO had the best time response
characteristics and the least amount of tuning
time [3]. The PUMA robot manipulator finds
extensive use in critical areas, such as medical,
automotive, education, and other fields, where
human operation is deemed difficult. This
robot's dimensions and parameters were all
known and recorded in various literary works.
[4]. The robot's performance can be classified
as linear or nonlinear based on the dynamic
robot model. Dynamic simulation can be used
to specify specific dynamic properties related to
the system's behavior, such as inertia, Coriolis,

and centrifugal forces, as well as other relevant
parameters. It also describes the relationship
between joint movement, velocity, acceleration,
and torque with current or voltage [5]. The
author also suggested a method that completely
forgoes the usage of observers. Four layers
comprise the swarm-based metaheuristic
optimization technique known as "grey
wolves," introduced by Hasan et al. in 2013 [6].
This work proposes a novel direct adaptive
controller that enhances an existing PID
controller by utilizing fuzzy logic to account for
unknown terms. Robotic manipulators are
being widely used in the manufacturing sector.
Their end-effectors must frequently move from
one location to another and follow a
predetermined trajectory. The control of robot
manipulators via trajectory tracking has been
the subject of numerous studies [7-9]. The
majority of currently used robot manipulator
systems merely employ conventional PID
controllers, which are simple to use. Sliding
Mode Controllers (SMCs) are the most widely
used nonlinear model-based controllers and
have been effectively applied in numerous
applications. To achieve the desired tasks with
excellent stability, the Integral Sliding Mode
Controller (ISMC) was recommended for the
manipulator output [10]. PSO can efficiently
identify the switching sliding control and PID
control, as shown by tests and simulations [11-
13]. The goal of this study is to incorporate a
fractional order feature into the current PID
controller to enhance tracking time
performance. The paper is structured as
follows: Section 2 focuses on robot manipulator
modeling, and Section 3 covers fractional-order
strategy control. The Evolutionary
Optimization Algorithm has been used to
achieve optimal gains, as discussed in Section 4.
Section 5 presents the simulation's findings.
Finally, conclusions were drawn.
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2,GENERAL SYSTEMMODEL OF PUMA
560
The following matrix equation can be used to
represent the dynamic model of an n-link rigid-
body robot manipulator in general [14]:

M(q)q"+C(q,q9")q +G(q)=T (1)
where qefRn is the vector of angular position,
M(q)eRnxn is the matrix of positive definite
symmetric inertia, C(q,q )€Rnxn is the matrix
of Coriolis-Centrifugal, G(q) is the vector of
gravity, and Tt €Rn is the control input vector.
Eq. (1) can be rewritten in the state space model
[14, 21, 23]:

x =AX)+BX)T

y:CX (2)
where:
x=[x1x2]T=[q q ]T

BOO = [y-1 9| - COO= [T 0]

3.FRACTIONAL-ORDER PID
CONTROLLER

The PID controller is one of the popular control
strategies. It is used in many different contexts
due to its straightforward implementation. One
way to depict the PID controller is as follows
[14, 15]:

u(t) = Kp e(t) +1/T;J e(t) dt + T4é(t) (3)
where u(t) denotes the control action, (t)
denotes the control action, e(t) denotes the
error, and é(t) denotes the error rate of change.
Kp, the proportional gain, generates a control
signal proportional to the error signal e(t). Td is
the derivative term that generates a control
signal proportional to the rate of change of the
error é(t) with respect to time, leading to output
overshoot damping and hence an enhanced
transient response. By continuously integrating
the error signal e(t), the integral term Ti
reduces the steady-state error [15]. In 1999,
Podlubny unveiled the Fractional order PID
controller (FOPID) controller. The integration
and differentiation activities can be conducted
in any order thanks to the FOPID controller,
which is a stretch of the traditional PID
controller. The equation for differential of the
I[”a D”b controller is expressed as [16, 22, 23]:
u(t) = Kpe (t) + K;D %e(t) + KD Pe(t) (4)
An ordinary integer-order PID controller was
generated if a=b=1, an ordinary integer-order
PD controller was generated if a =0 and b =1,
and an ordinary integer-order PI controller is
generated if a =1 and b =0 [17,18]. The integral
and derivative of the PID plan are shown in Fig.
1, with further flexibility in modifying the
FOPID controller's commands. The standard
PID controller can be precisely characterized by
just four points on the plane; however, the
FOPID controller can be explained as the entire
confined x-y plane [19].

Y

(0.2) (2,2)

(0,1) P (1.1)
1
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(1,0) (2,0 B
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Fig. 1 PID and FOPID Order of Derivative and
Integral [20].
4.EVOLUTIONARY OPTIMIZATION

(EO)

Researchers using Evolutionary Optimization
(EO) methods have examined a variety of wild
organisms. In order to create an artificial
system that functions similarly to biological
entities, scientists can study how living things
grow and adapt to their environment. This field
of study is known as bionics or biological
electronics. For instance, the invention of the
airplane was inspired by the flight of birds. The
radar models the bat's behavior. As a result, the
methods of specific optimization algorithms are
inspired by nature. The performance of the
control system is enhanced in this study by
applying the Grey Wolves Optimization (GWO)
technique [21-23].

4.1.The Optimization Algorithm of Grey
Wolves

Four layers comprise the swarm-based
metaheuristic optimization technique known as
"grey wolves," introduced by Hasan et al. in
2013. A conceptual program called "grey
wolves' optimization" (GWO) mimics the social
structure and hunting tactics of grey wolves.
Grey wolves have a rigid social hierarchy and
live in packs in the wild. There are usually five
to twelve people in the group. The pyramid in
Fig. 2 represents the hierarchical social system
of grey wolves, with four tiers. At the summit of
the pyramid, alpha (a) is the group leader and
is responsible for decision-making and group
dynamics, then beta (3) follows. Alpha wolves
receive advice from beta wolves. The
information is presented to alpha and beta by
the third level of the pyramid, delta (8).

A

)

(0}

Fig. 2 Hierarchy of Grey Wolves.
The three steps in a grey wolf's hunting
simulation are finding the prey, circling the
prey, and attacking the prey. It can be expressed
as an equation in theory. In terms of geography,
the alpha, beta, and delta are more
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knowledgeable than the rest. As a result, the
first of three options are kept. These options
have identified and need the other search
factors to adjust their rankings in light of the

top search factor's position, which is
represented as follows [24, 12]:
Dc = |C1rxc —X|,
D, = |C2. X, —X|,
Dy = |C3,Xq —X| 5)
X, =X;— A, (D),
X3 = Xgq — Az. (Dg) (6)
X(t+1) =t @)

3
The vectors A and C can be determined as

follows:

A=235,-3,C=2T,
4.2.Controller = Parameters
Using GWO Technique

To achieve optimal performance and improve
system stability, the settings of the suggested
D~2 and D7 controllers applied to the Puma
560 system should be adjusted. The suggested
controller's design process is automated with

Tuning

the help of the GWO. In addition to the
fractional order of the integrator and
differentiator, the gains of the controllers are
the parameters that need to be adjusted. The
Integral Time Absolute Error (ITAE)
performance index, which is stated as follows,
is minimized by the GWO algorithm [25, 13]:
ITAE =" tle(t) |dt (3
The suggested controller that was employed has
the following GWO algorithm configuration
setting:
e The population is fifty.
There have been 100 iterations.
Tuning parameter count: (12) varies
according to the controller.
0 to 40 is the search space for a gain of
the controller.
0 to 11is the search space for parameters
of fractional order (e and ¢).
Value of the coefficient (a): o to 2.
The flowchart in Fig. 3 illustrates how the
parameters for the two loops of the D-2 and D~
are adjusted using the GWO algorithm. The
author created the flowchart using the
algorithm code as a guide.

Set the initial

di and lation size

Kp11Ki1Kpz1, Ka1.Kp12.Kiz) Kp2z, Kaz AL, Ha, Az, 1)

pop

v

Enter the max of iterations.

v

Preamble the position

)

—

Evaluate the fitness function (Calculate ITAE for each wolf)

v

Set a, B, and 3 |

v

Calculation position =

XX +x3
3

Evaluate the fitness

Smaller

| Updating the value of a, B, and & |

A 4

| Updating populations and b

No

Iteration is max?

Fig. 3 Flowchart for Tuning the Proposed Controller Parameters Using GWO.
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5.COMPUTER SIMULATION RESULTS
The Puma robot (PR560) represents a highly
nonlinear and complex system. It needs to
control the end-effector (last joint) for several
scenarios. The best method for testing PR560 is
to use a simulation computer. The simulation
was achieved using a combination of MATLAB
code and Simulink version 2020. Several cases
are used to test PR560 with the suggested
controller and compare it with related works.
The proposed controller is a fractional-order
system with PID characteristics developed
using the Grey Wolf optimization algorithm.
Figure 4 illustrates the structure of FOPID with
GWO for simulating the Puma 560.

Case 1:-Optimized F-PID.

Figure 5 shows the time response of PR560
when using an optimized F-PID controller for
step input and no load in the end effector. The
rise time was 0.4 sec, and the settling time was
0.55 sec, with a maximum overshoot
approaching zero.

Case 2:-Optimized Load F-PID

Figure 6 shows the time response of PR560
when using an optimized F-PID controller for a
step input and maximum load (950) grams in
the end effector. The rise time was (2.11) sec,
and the settling time was (2.95) sec, with a
maximum overshoot approaching zero.

Case 3:-Optimized Load F-PID and I-PID
Figure 7 shows the time response of PR560
when using optimized F-PID and I-PID
controllers for step input and maximum gram
in the end effector. The numerical results for F-

PID showed that the rise time was (2.11) sec,
and the settling time was (2.95) sec, with a
maximum overshoot approach to zero. For
integer PID, the rise time was (3.01) sec, and
the settling time was (3.45) sec, with no
maximum overshoot.

Case 4:-Optimized Load I- PID

Figure 8 shows the time response of PR560
when using optimized I-PID controllers for sine
wave input and maximum load in the end
effector. The error between the reference signal
and I-PID was (0.25) at (15) sec. Figure 9 shows
the time response of PR560 when utilizing
optimized I-PID controllers for a sine wave
input and maximum load in the end effector.
The error between the reference signal and F-
PID was close to zero; however, some errors
were found in the beginning (0.005) at rang
time (2-7) sec.

Case 5:- Comparison With Related
Published Works.

Figure 10 compares F-PID, backstepping, and
Fuzzy controllers with step input. According to
the numerical results, the fractional order PID
was superior to other in time response
parameters rise time, settling time, and
maximum overshoot for F-PID (30, 30.01, and
0%), backstepping controller (11.5, 30.12, and
15.5%), and Fuzzy controller (11.01, 61.23, and
27.5%), respectively. Figure 11 shows the three-
dimensional circular shape of the proposed
controller-optimized F-PID, demonstrating a
complex task that ensures high accuracy and
efficiency.
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Fig. 4 The Structure of Fractional-Order PID for Puma 560 Based on GWO.
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Fig. 5 Step Response Time of End—Effector with no Load.
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Time Series Plot:
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Fig. 6 Seep Response of End—Effector with Maximum Load.
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Fig. 7 Comparison of Response Time between FPID and I-PID Controllers.
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Fig. 9 Response Time for FPID Controller when Sine Wave Input.
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FuzzyPID controller.
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Fig. 10 Comparison Time Responses for F_PID controller Against Published Related Works.
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Fig. 11 3D Circle Shape by Using F_PID Controller.

6.CONCLUSION

The performance of classical PID controllers,
whether with or without the existence of
disturbance or load, is inaccurate. Therefore,
the control is very challenging, and the
nonlinear systems cannot controlled by the PID
controller. Therefore, the fractional order PID
controller based on grey wolf optimization can
be used to avoid falling into this problem. When
adding the disturbance or load, the time
response for the tracking step input signal
increased in the PID. In the state of using the F-
PID, the time response was very good during
the path. When the load was added, it was
observed that it affected joint 5 or increased the
end effector and the tracking error in joint 5 in
PID. However, with the F-PID controller, the
end effector /joint 5 achieved good
performance during the path. From the
simulation, it was observed that the
performance of the fractional order PID with
GWO disturbance/load was superior to that of
another PID with GWO performance for
disturbance/load to control the position of the
Puma 560 robot manipulator in terms of
position tracking error. The present study
included multiple scenarios with the maximum
load as a disturbance, including 3D plotting,
sine wave testing, and step testing. The results
introduced the best numerical values and very
good movement to draw circular shapes.
Finally, these results were compared with
related published works and proved the
superiority of the proposed controller over
others. With this design approach, the
simulation results for the Puma robot

manipulator showed excellent tracking
response in the operational space.
REFERENCES

[1] Kumar J, Kumar K, Rana KPS. A
Fractional-Order Fuzzy PD+I
Controller for Three-Link
Electrically Driven Rigid Robotic
Manipulator System. Journal of
Intelligent and Fuzzy Systems 2018;
35(5):5287-5299.

[2] Slotine JJE, Li W. On the Adaptive
Control of Robot Manipulators.
International Journal of Robotics
Research 1987; 6(3):49—59.

[3] Ahmed FG, Ahmed AO. Optimum of
Fractional Order Fuzzy Logic
Controller with Several
Evolutionary Optimization
Algorithms for Inverted Pendulum.
International Review of Applied Sciences
and Engineering 2023; 14(1):1—6.

[4] Lee CSG, Ziegler M. Geometric
Approach in Solving Inverse
Kinematics of PUMA Robots. [EEE
Transactions on  Aerospace  and
Electronic Systems 1984; 20(6):695-706.

[5] Jalali A, Piltan F, Gavahian A, Jalali M,
Adibi M. Model-Free Adaptive Fuzzy
Sliding Mode Controller Optimized
by Particle Swarm for Robot
Manipulator. International Journal of
Information Engineering and Electronic
Business 2013; 5(1):68-78.

[6] Schwartz HM. An MRAC Output
Feedback Controller for Robot
Manipulators. Proceedings of the

jTikrit Journal of Engineering Sciences | Volume 32 | No. 3! 2025

roze Al



https://tj-es.com/

? Ahmed A. Oglah, Mohammed S. Saleh, Abidaoun H. Shallal / Tikrit Journal of Engineering Sciences 2025; 32(3): 1963. :‘

Mediterranean Conference on Control
and Automation (MED’99), Haifa, Israel:
Technion — Israel Institute of Technology;
1999:2293—2301.

[71 Craig JJ. Adaptive Control of
Mechanical Manipulators. Addison-
Wesley; 1988.

[8] Nicosia S, Tomei P. Robot Control by
Using Joint Position Measurements.
IEEE Transactions on Automatic Control
1990; 35(9):1058—-1061.

[9] Berghuis H, Nijmeijer H. Tracking
Control of Robots Using Only
Position Measurement. Proceedings
of the 3o0th IEEE Conference on Decision
and Control (CDC91), Brighton, UK:
University of Sussex; 1991:1039—1040.

[10]Oumar A, Chakib R, Labbadi M,
Cherkaoui M. Robust Nonlinear
Controller of the Speed for Double
Star Induction Machine in the
Presence of a Sensor Fault.
International Journal of Intelligent
Engineering and  Systems  2020;
13(3):124-133.

[11] Mahfoudhi S, Khodja M, Mahroogi F. A
Second-Order Sliding Mode
Controller Tuning Employing
Particle @ Swarm  Optimization.
International Journal of Intelligent
Engineering and  Systems  2020;
13(3):212—221.

[12] Hasan MA, Oglah AA, Marie MJ. Packet
Loss Compensation Over Wireless
Networked Using an Optimized
FOPI-FOPD Controller for
Nonlinear System. Bulletin  of
Electrical Engineering and Informatics
2022; 11(6):3176—3187.

[13] Hasan MA, Oglah AA, Marie MJ.
Optimal FOPI-FOPD Controller
Design for Rotary Inverted
Pendulum System Using Grey Wolf
Optimization Technique. Telkomnika
(Telecommunication Computing
Electronics and Control) 2023;
21(3):657—-666.

[14] Shekher V, Rai P, Prakash O. Tuning and
Analysis of Fractional Order PID
Controller. International Journal of
Electronic and Electrical Engineering
2012; 5(1):11—21.

[15] Ahmed AK, Al-Khazraji H, Raafat SM.
Optimized PI-PD Control for
Varying Time Delay Systems Based
on Modified Smith Predictor.
International Journal of Intelligent
Engineering and  Systems  2024;
17(1):331-342.

[16] Ruikun G, Youliang Y, Yansong T,
Guangxiang Z, Jie S, Lei C. Design and
Implement of Neural Network
Based Fractional Order PI

Controller. Proceedings of the Sixth
International Conference on Natural
Computation (ICNC’10), Yantai, China:
Yantai University; 2010.

[17] Xiaomin T, Yourui H, Canming H. The
Tuning Principle of Adaptive Fuzzy
Fractional-Order PID Controller
Parameters. Procedia Engineering
2010; 7(1):251-255.

[18] Noaman NM, Gatea AS, Humaidi AJ,
Kadhim SK. Optimal Tuning of PID-
Controlled Magnetic Bearing
System for Tracking Control of
Pump Impeller in Artificial Heart.
Journal  Europeen des  Systemes
Automatises 2023; 56(1):21—27.

[19] Caponetto R, Dongola G, Fortuna L,
Petras$ 1. Fractional Order Systems:
Modeling and Control Applications.
World Scientific Series on Nonlinear
Science 2010; 72:178.

[20]Hasan MA, Oglah AA, Marie MJ. Time
Delay Effect Reduction on the
Wireless Networked Control System
Using an Optimized FOPI-FOPD
Controller. International Journal of
Power Electronics and Drive Systems
2023; 14(2):852-862.

[21] Al-Sharo YM, Abu-Jassar AT, Sotnik S,
Lyashenko V. Generalized Procedure
for Determining the Collision-Free
Trajectory for a Robotic Arm. Tikrit
Journal of Engineering Sciences 2023;
30(2):142-151.

[22]Shatnan WA, Almawlawe MDH, Jabur
MA. Optimal Fuzzy-FOPID, Fuzzy-
PID Control Schemes for Trajectory
Tracking of 3DOF Robot
Manipulator. Tikrit Journal of
Engineering Sciences 2023; 30(4):46—53.

[23] Qasim KR, Al Mashhadany Y, Yassen ET.
Dual Performance Optimization of
6-DOF Robotic Arm Trajectories in
Biomedical Applications.  Tikrit
Journal of Engineering Sciences 2024;
31(1):1—11.

[24]Noaman NM, Gatea AS, Humaidi AJ,
Kadhim SK, Hasan AF. Optimal Tuning
of Fractional Order PID Controller
for DC Motor Speed Control via
Chaotic Atom Search Optimization
Algorithm. I[EEE Access 2019; 7:38100—
38114.

[25] Munagala VK, Jatoth RK. Design of
Fractional-Order PID/PID
Controller for Speed Control of DC
Motor Using Harris Hawks
Optimization. Intelligent Algorithms
for Analysis and Control of Dynamical
Systems 2021; 1:103—-113.

jTikrit Journal of Engineering Sciences | Volume 32 | No. 3! 2025

Ty <



https://tj-es.com/

