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ABSTRACT

A new model for the non-linear propeller-pendulum system is derived in this study. The
model takes into consideration the effects of external disturbances and the properties of the
pendulum elements. Two systems with PID controllers are simulated. In the first system,
Simulink is used to implement the system and tune the PID parameters. In the second
system, a MATLAB script is used to simulate the system and tune the PID parameters. The
scrip uses the Runge-Kutta method for solving the system’s equation and uses particle
swarm optimization (PSO) to tune the parameters. Further, both systems were investigated
under two disturbance conditions. The performance of these systems is evaluated based on
comparing the settling time, the peak overshoot, and the integral of the absolute errors (IAE).
The results show that when there is no disturbance, both systems are capable of tracking the
desired signal successfully. However, the results also show that the application of
disturbances causes the first system to lose its smooth response. In contrast, the second
system demonstrates a robust response and effective countermeasures to disturbance
effects. The results of unit step disturbance are as follows: the settling time, peak overshoot,
and IAE of the first system are 13.16s, 11.6%, and 1.706, respectively. Further, the settling
time, peak overshoot, and IAE of the second system are 2.388s, 6.6%, and 0.299, respectively.
It can be concluded that Simulink is not recommended to be used for tuning the PID
controller in the presence of disturbances.

Keywords: PID controller, Non-linear system, Runge-Kutta technique, Simulink model,

Integral of the Absolute Errors (IAE).

1. INTRODUCTION

The propeller-pendulum system is a pendulum that uses the propeller's propulsion to adjust
its angular position. Such systems have practical applications in robotics and autonomous
systems. In general, there are two factors that govern the motion of such a pendulum: the
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gravitational force and the thrust of the attached propeller. These two forces necessitate the
use of a controller for the pendulum to adjust its position precisely. This makes the system
an intriguing subject for study and research on dynamic control (Salman and Saleh, 2022;
Rafiuddin and Khan, 2023).
The literature contains a wide range of control techniques for propeller-pendulum systems,
for example, the PID controller, the sliding mode controller, the adaptive super-twisting
controller, the linear quadratic regulator, the fuzzy logic controller, and the adaptive
backstepping control (Hamoudi, 2016; Saud and Mohammed, 2017; Saud and Hasan,
2018; Assael et al,, 2021; Hamoudi and Rasheed, 2023).
Generally, PID controllers devote significant attention to being used in controlling many
systems. This is because their handling and implementation are simple. Unfortunately, PID
controllers operate effectively only on linear systems. However, non-linear systems can
utilize PID controllers if an advanced tuning technique is employed to determine their
parameters. Because of this, most research on propeller-pendulum systems controlled by
PID focuses on finding a suitable way to make the PID parameters work better (Nagaraj and
Murugananth, 2010; Mohammadbagheri and Yaghoobi, 2011; Lucina et al., 2021).
In this context, fuzzy logic is used to tune the PID gains, but unfortunately, such controllers
require very careful drafting of logic rules to perform the tuning process correctly (Taskin,
2017; Saleem et al., 2020; Phu et al., 2020).
Alternately, there are many attempts to use AAN and genetic algorithms to determine the
parameters of PID controllers. Such algorithms require a large amount of data in order to be
learned, and they also involve complex operations (Giinel and Ankarah, 2017; Ahmad et
al., 2021; Mishra et al., 2023).
In addition, swarm optimization techniques have seen significant advancements in their
capabilities, including the ability to handle problems with many variables and high
dimensions, as well as being straightforward to construct. Several areas of study have
successfully employed these techniques. Both classical and advanced controllers incorporate
these techniques to improve their performance (Shami et al., 2022; Bharathi et al., 2022;
Pawan et al,, 2022). For example, gorilla troop optimization is used to solve the tuning
problem of the PID controllers (Ahmed and Al-Khazraji, 2023; Mostafa et al., 2023; Ghith
and Tolba, 2023). Particle swarm optimization (PSO) is used to perform the tuning of the
PID controllers (Mustafa et al.,, 2020; Ahmed and Al-Khazraji, 2022; Rahayu et al,,
2022). Ant colony optimization is used for the tuning of the PID parameters (Zhang and
Zhang, 2021; Al-Khazraji et al,, 2022; Wang et al., 2023).
Furthermore, it can be found in the literature that Simulink is used to simulate propeller-
pendulum systems with a PID controller (Oliveira et al., 2014; Salem et al., 2024).
Actually, Simulink linearizes the system when it performs PID parameter tuning. Such
linearization can affect the performance of the PID controller. One of the aims of this paper
is to investigate the validity of using Simulink to tune the parameters of the propeller-
pendulum system's PID controller.
A nonlinear propeller-pendulum system with a PID controller is introduced in this study. A
new model for the system is derived that considers external disturbances and the effects of
the pendulum elements (rod and propeller) on the system's dynamics. Two non-linear
propeller-pendulum systems with PID controllers are investigated. In the first system,
Simulink is used to implement the system and tune the parameters of the PID controller. In
the second system, a MATLAB script is used to simulate the derived non-linear model. The
scrip utilizes the Runge-Kutta method (ode45) for solving the system’s non-linear model and
uses particle swarm optimization (PSO) to tune the PID parameters. Both systems will be
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investigated under two different disturbance conditions (unit step and transient). The
performance of them will be evaluated based on comparing the settling time, the peak
overshoot, and the integral of the absolute errors (IAE). Further, the validity of using
Simulink to tune the parameters of the PID controller in a propeller-pendulum system will
be studied.

2. MATHEMATICAL MODEL
In order to exert effective control over the propeller pendulum system, it is necessary to

acquire a precise mathematical model that accurately describes the system's dynamics. Fig.
1 shows the schematic diagram of the propeller pendulum system.

Figure 1. Schematic diagram of the propeller-pendulum system.

Fig. 1 shows that the propeller-pendulum system includes a DC motor that is connected at
the end of the pendulum rod. A DC motor rotates the propeller, producing torque T, (t),

which propels the rod at an angular velocity 8(t) and acceleration 8(t). T;(t) is the
disturbance torque. In such system, the motor DC input voltage is the control input u(t),
while the angle 6(t) is the control variable. From Newton's second law, the equation of
motion of the propeller pendulum can be expressed as

JO(©) + €O + g(ml. + myl,) sin0(t) = T, (t) — Ty(¢) (1)

The variables J, m,, m,, and g represent the rod's moment of inertia, its mass, the mass of

the propeller, and the gravitational acceleration (9.81 m/s?), respectively. As shown in Fig.1,
lc represents the distance from the center of rotation to the rod's center of mass, and [,

represents the distance from the center of rotation to the propeller's center. The damping
coefficient C, which signifies the viscous damping the pendulum induces, is included in the
equation above. The input voltage u(t) and the torque T,, have the following relationship:

Tp(t) = kmu(t) (2)
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Here, k,, represents the DC motor's constant. Now, by substituting Eq. (1) into Eq. (2), the
following relationship can be obtained:

—COt)—g(mrlc+mply) sin 0(0)+kpu(t)-Ty(t)
]

() = (3)

Going forward in the modeling process, it is preferable to rewrite the above equation in state-
space representation. By assuming that x; (t) denotes the angular position 8(t) and x, (t) the

angular velocity 8(t), and applying these assumptions to Eq. (3), the subsequent equations
can be written as

%1 (t) = x,(t) (4)
and

; _ . rlc l i km -

xz(t) _ Cx2()—g(mrletmplp) sinxq () +kpmu(t)—T(t) )

J

3. PID CONTROLLER

Industrial control systems commonly employ PID controllers as a type of feedback control
system. The control signal in the PID controller is determined based on the error signal e(t).
This e(t) is defined as the difference between the measured output and the reference signal
(Abdulwahhab and Abbas, 2020; Borase et al,, 2021). Fig. 2 shows how to use three
mathematical terms in PID to generate the required control signal, naming the controller
according to the first letter of each term. These terms are proportional, integral, and
derivative. The proportional term that produces a control signal depends directly on the
error signal gain K. The integral term generates the control action by combining the
integration of the error signal and the gain K;. The derivative term generates the control
signal based on the time rate of the error signal and the gain K. Finally, the PID controller's
control action is the sum of all three terms. The law of the PID controller can be expressed
as follows:

t de(t)
u(t) = Kye(t) + K; [, e(t)dt + K4 — (6)
> K,e(t)
Reference Error Control Qutput
Signal + Signal t Signal Signal
> Kif e(t)dt ———»1 System >
0
de(t)
T dt

Figure 2. Block diagram of a system controlled with PID.
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The design key of the PID controller is to find the right value of each of its gains: K, K;, and
K,. Unfortunately, these parameters are often identified based on the trial and error. This in
addition non-linearities handling are the major drawbacks of the PID controller. To
overcome such drawbacks, an optimization technique is needed (Reynoso-Meza et al.,
2022).

4. PARTICLE SWARM OPTIMIZATION

Particle Swarm Optimization (PSO) is a computer technique used to solve optimization
issues by emulating the social behavior of fish or birds. In this technique, a swarm of particles
moves throughout the problem space to find the best solution. All particles change their
locations and velocities based on their own and others' experiences. Generally speaking,
machine learning, economics, and engineering are among the many disciplines where PSO is
a useful and widely used instrument. PSO is a strong technique because it can quickly
converge to excellent solutions, even in complex multidimensional domains. The ith particle's
velocity can be expressed as follows (Wang et al., 2018; Al-Araji and Ibraheem, 2019):

Ui(t) = Hvi(t - 1) + 11y (pbest,i — X (t - 1)) + CoTy (gbest — X (t - 1)) (7)
and the position of the ith particle x;(t) is expressed as

x;(t) = x;(t — 1) +v;(t) (8)

The following points summarize the optimization process adopted in this paper:

1- Initialization:

e Define parameters: population size N,, max iterations T4y, cognitive coefficient ¢;, and
social coefficient c,.

e Initialize each particle's position and velocity randomly within the given bounds.

e Set each particle's personal best p, . to its initial position.

e Evaluate the fitness of each particle's initial position and update the global best position
Ipest if it's the best encountered so far.

2- [teration Loop:

e For each iteration, update the velocity and position of each particle:

- The velocity is updated based on three components:

- The current velocity

- The cognitive component: the difference between the particle's best-known position pyes;
and its current position, scaled by c;and a random factor r;.

- The social component: the difference between the global best-known position g, and
the particle's current position, scaled by ¢, and a random factor r;.

e The particle's new position is calculated by adding the updated velocity to its current
position.

e Evaluate the fitness of the new position. If it's better than the particle's personal best
fitness, update py,;. If it's better than the global best fitness, update gpe:-

3- Termination:

e After reaching the maximum number of iterations, return the global best position as the
optimal solution.
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5. SIMULINK MODEL

Simulink supports rapid prototyping and testing of controlled systems. Fig. 3 shows the
constructed Simulink model for propeller-pendulum with a PID controller. This model is
implemented to investigate the validity of using Simulink to tune the PID parameters for such
a non-linear system. Simulink is provided with a PID tuner to calculate the optimal
parameters of this controller. The tuner does such a task by linearizing the model and using
optimization frequency-domain techniques. This tuner is interactive, allowing users to fine-
tune response time and robustness for optimal performance. In the Laplace domain, the PID
controller's law in Simulink is expressed as (Dakheel et al., 2022).

U(s) = (K,, + K=+ Kq >E(s) (9)

where U(s) is the control signal in Lapalce domain, E(s) is the error signal in Laplace
domain, and N is a filter coefficient.

N
1+N>
S

Tl

Control

Disturbance

w|—
w |~

JE;ﬂ

= 1w
Desired " Momoent Angular
Signal PID  Saturation  Motor of Inertia Position
Controller Constant L
C |—
Damping
Coeff.

Posioin of
Rod Center

Gravitational
Acceleration / 8
Propeller
Mass

Propeller
Position

Figure 3. Simulink model of propeller-pendulum with PID controller.
6. CASE STUDY

In this section, two non-linear propeller-pendulum systems controlled with PID controllers
are investigated. The first system is implemented using the Simulink model shown in Fig. 3.
The second system is simulated using a MATLAB script. This script uses the Runge-Kutta
(ode45) method to solve the system deferential equations (Egs. (4) and (5)), and it utilizes
the PSO to tune the PID parameters. The parameters used in the PSO process are listed in
Table 1.
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Table 1. Parameters used with PSO

Parameter Symbol Value
Population Size Ny 25
Number of Iterations Tnax 50
cognitive coefficient c1 2
social coefficient Cy 2

Table 2 provides the propeller-pendulum system's parameters. It is worth mentioning that
the saturated voltage of the DC motor is +50 V. The obtained optimal gains Ky, K;, and K, of
both investigated are shown in Table 3.

Table 2. Specification of the propeller-pendulum system.

Parameter Value Unit
Ji 0.0106 kg m?
C 0.0076 Nms/rad
m, 0.1 kg
my 0.19 kg
l. 0.15 m
L, 0.3 m
Kk 0.0296 Nm/V

Table 3. Optimal parameters of the PID controllers

Parameter First system Second system
K, 57.75 48.79
K; 12.62 23.83
K, 14.15 9.58
N 80.63 -

The next figures, which display the simulation results for both investigated systems, use the
simulation time in different ranges in order to enhance clarity and display all the details. Fig.
4 shows the responses of both systems without any disturbance. The results show that both
systems are functioning properly. They have almost the same settling times. The results
show that there is a slight advantage in peak overshoot for the second system, which is less
than the first system by 5%. Furthermore, Fig. 5 shows the control signals for the two
investigated systems.

In this situation, the first system clearly has an advantage, as its control voltage is 27.28%
lower than that of the second system. For the case without disturbance, it can be said that
Simulink gives fair results in simulating non-linear propeller-pendulum systems and tuning
its PID controller. In the next simulations, a unit-step disturbance is applied at time 2 s to
both investigated systems. Fig. 6 shows that the disturbance has no notable effect on the
response of the second system. It also shows that the first system suffers considerable
fluctuations in response. This occurs because of the non-linearity of the propeller-pendulum
system, which becomes significant. Therefore, the PID controller of the first system was
unable to track the desired signal effectively. The settling time for the first system is about
13.16 s, while the settling time for the second system is about 2.388 s.
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Figure 4. Response of the propeller-pendulum system with no disturbance
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Figure 5. Control voltage for the simulated PID controllers with no disturbance

Additionally, Fig. 7 shows the control voltage for both PID controllers, where there is no
considerable difference from the case where no disturbance is applied. In this case, it can be
concluded that Simulink cannot be used to tune the PID controller.

I
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Figure 6. Response of the propeller-pendulum system with unit step disturbance
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Figure 7. Control voltage for the simulated PID controllers with unit step disturbance.

Another type of disturbance is applied to the investigated systems. The mathematical
description of this disturbance can be written as

T; =1 — cos4nt 2<t<25 (10)

Figs. 8 and 9 depict the response and the control voltage for both investigated systems
subjected to the disturbance given by Eq. (10). It is clear that the conclusion deduced earlier
about the limitation of using Simulink to tune PID controllers is still valid. The PID controller,
tuned with PSO, enables the second system to respond smoothly and track the desired signal

effectively.
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Figure 8. Response of the propeller-pendulum system with the disturbance given by
Eq. (10)
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Figure 9. Control voltage for the simulated PID controllers with the disturbance given by
Eq. (10)

In control systems, the Integral of Absolute Errors (IAE) is a performance index used to
evaluate the error over time. IAE provides a scalar quantity representing the cumulative sum
of the absolute values of the error signal. IAE is useful for assessing the performance of a
controller in minimizing errors over time. IAE can be expressed as: (Fernandez Cornejo et
al.,, 2020)

IAE = [ le(t)] dt (11)

Generally, IAE is used to tune PID controllers to achieve the desired performance. Lower IAE
values indicate better performance in terms of error minimization. Fig. 10 shows clearly that
the IAE index for the PID controller tuned with PSO is 0.299 and that for the PID controller
tuned with Simulink is 1.708. This means that the IAE index for the PID tuned with the PSO
is much smaller than that for the PID tuned with Simulink. Therefore, it can be said that it
has better performance.
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Figure 10. IAE index for both PID controllers
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7. CONCLUSIONS

Two non-linear propeller-pendulum systems with PID controllers are investigated. In the
first one, Simulink is used to simulate and tune the parameters of the PID controller. The
second system is simulated and tuned using a MATLAB code containing the ode45 command
and PSO. These two systems were studied under two disturbance conditions. The first
disturbance is a unit step, and the second disturbance is a single half-sine wave (transient
disturbance).

The results show that when there is no disturbance, both tuning PID controllers are capable
of controlling the system successfully. However, the results also show that the application of
disturbances causes the first system to fluctuate in response. This is due to the increased
effect of system non-linearity. On the other side, the second system shows a non-fluctuating
response with effective handling of disturbance effects. Therefore, using Simulink for tuning
the PID controller in non-linear systems is not recommended.

Overall, the results can be summarized as follows: For no disturbance, the settling times are
almost the same for both systems, while there is about a 5% increase in peak overshoot in
the first system. For the unit step disturbance, the settling time and the peak overshoot of
the first system are about 13.16 s and 11.6%, respectively. The settling time and the peak
overshoot for the second system are 2.388 s and 6.6%, respectively. For the second
disturbance (transient disturbance), the settling time and the peak undershoot of the first
system are about 6.54 s and 66.5%, respectively. The settling time and the peak overshoot
for the second system are 3.75 s and 6.6%, respectively. Furthermore, the IAE index for the
first system is 1.708, and the index for the second system is 0.299. This indicates that the PID
tuned with PSO has much better performance than the PID tuned with Simulink for nonlinear
systems.

NOMENCLATURE
Symbol | Description Symbol | Description
C Damping coefficient, Nms/rad. N Filter coefficient
Cy Cognitive coefficient N, Population Size
Cy Social coefficient Ppest | Particle's personal best
E(s) | Laplace representation of e(t) r1 and rz | random factors
e(t) Error signal, rad. t Time, s
g Gravitational acceleration, m/s2. T;(t) | Disturbance torque, Nm.
Jpest | Particle's global best Trmax | Number of Iterations
IAE | Integral of Absolute Errors T,(t) | Propeller torque, Nm.
Ji Moment of inertia of the rod, kgm?| U(s) | Laplace representation of u(t)
K, Derivative gain of PID u(t) | Controlsignal, V.
K; Integral gain of PID v;(t) | Velocity of ith particle
Kk Motor's constant, Nm/V. x1(t) Ptate space representation of 6(t), rad.
K, Proportional gain of PID x2(t) f;?it/e:pace representation of 6(t),
Distance from the center of rotation . . :
l, to the rod's center of mass, m. x;(t) Position of ith particle
Distance from the center of rotatioj
l iti .
p to the propeller's center, m. 6(t) | Angular position, rad
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m, Mass of the propeller, kg. 6(t) | Angular velocity, rad/s.
m, Mass of the rod, kg. é(t) Angular acceleration, rad/s2.
Acknowledgements

The author would like to thank all the staff of the Mechanical Engineering Department,
College of Engineering, University of Baghdad, for their support and assistance.

Declaration of Competing Interest

The author declares that he has no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

REFERENCES

Abdulwahhab 0. W. and Abbas N. H., 2020. Survey study of factional order controllers. Journal of
Engineering, 26(4), pp- 188-201. https://doi.org/10.31026/j.eng.2020.04.13.

Ahmad, A., Rafiuddin, N. and Khan, Y.U,, 2021, December. Comparative analysis of ANN and PID
controller of aero-pendulum on simscape. In 2021 IEEE 6th International Conference on Computing,
Communication and Automation (ICCCA), pp. 334-338.
https://doi.org/10.1109/ICCCA52192.2021.9666408.

Ahmed, A.K. and Al-Khazraji, H., 2023. Optimal control design for propeller pendulum systems using
gorilla troops optimization. Journal Européen des Systémes Automatisés, 56(4).
https://doi.org/10.18280/jesa.560407.

Al-Araji A. S. and Ibraheem B. A, 2019. A comparative study of various intelligent optimization
algorithms based on path planning and neural controller for mobile robot. Journal of Engineering,
25(8), pp- 80-99. https://doi.org/10.31026/j.eng.2019.08.06.

Al-Khazraji, H., Khlilb, S., Alabacy, Z., 2022. Solving mixed-model assembly lines using a hybrid of
ant colony optimization and greedy algorithm. Engineering and Technology Journal, 40(1), pp. 172-
180. http://doi.org/10.30684 /etj.v40i1.2153.

Al-Qassar, A.A., Al-Dujaili, A.Q., Hasan, A.F., Humaidi, A.J., Ibraheem, LK. and Azar, A.T., 2021.
Stabilization of single-axis propeller-powered system for aircraft applications based on optimal
adaptive control design. Journal of Engineering Science and Technology, 16(3), pp.1851-1869.

Bharathi, P., Ramachandran, M., Ramu, K. and Chinnasamy, S., 2022. A study on various particle
swarm optimization techniques used in current scenario. Des. Model. Fabr. Adv. Robot, 1, pp.15-26.

Borase, R.P., Maghade, D.K., Sondkar, S.Y. and Pawar, S.N., 2021. A review of PID control, tuning
methods and applications. International Journal of Dynamics and Control, 9, pp. 818-827.
http://dx.doi.org/10.1007 /s40435-020-00665-4.

Dakheel, H.S., Abdullah, Z.B., Jasim, N.S. and Shneen, S.W., 2022. Simulation model of ANN and PID
controller for direct current servo motor by using Matlab/Simulink. TELKOMNIKA
(Telecommunication =~ Computing  Electronics and  Control), 20(4), pp. 922-932.
http://dx.doi.org/10.12928 /telkomnika.v20i4.23248.

Fernandez Cornejo E. R, Diaz R. C. and Alama W. L., 2020. PID tuning based on classical and meta-
heuristic algorithms: A performance comparison. 2020 IEEE Engineering International Research

180


https://doi.org/10.31026/j.eng.2020.04.13
https://doi.org/10.1109/ICCCA52192.2021.9666408
https://doi.org/10.18280/jesa.560407
https://doi.org/10.31026/j.eng.2019.08.06
http://doi.org/10.30684/etj.v40i1.2153
http://dx.doi.org/10.1007/s40435-020-00665-4
http://dx.doi.org/10.12928/telkomnika.v20i4.23248

W. Al-Ashtari Journal of Engineering, 2024, 30(10)

Conference (EIRCON), Lima, Peru, 2020, pp- 1-4,
https://doi.org/10.1109/EIRCON51178.2020.9253750.

Ghith, E.S. and Tolba, F.A.A., 2023. Tuning PID controllers based on hybrid arithmetic optimization
algorithm and artificial gorilla troop optimization for micro-robotics systems. IEEE Access, 11, pp.
27138-27154. https://doi.org/10.1109/ACCESS.2023.3258187.

Glnel, O., Ankarah, A., 2017. Tuning PID controller using genetic algorithm and particle swarm
optimization algorithm for single propeller pendulum. In 37 Conference on Advances in Mechanical
Engineering Istanbul 2017, 19-21 December 2017, Istanbul, Turkey.

Hamoudi A. K., 2016. Design and simulation of sliding mode fuzzy controller for nonlinear system.
Journal of Engineering, 22(3), pp. 66-76. https://doi.org/10.31026/j.eng.2016.03.05.

Hamoudi, A.K. and Rasheed, L.T., 2023. Design and implementation of adaptive backstepping
control for position control of propeller-driven pendulum system. Journal Européen des Systémes
Automatisés, 56(2), p. 281. https://doi.org/10.18280/jesa.560213.

Lucena, E.R,, Luiz, S.0. and Lima, A.M., 2021. Modeling, parameter estimation, and control of an aero-
pendulum. In  Simpdsio  Brasileiro de  Automagdo  Inteligente-SBAI, 1.  1(1).
https://doi.org/10.20906/sbai.v1i1.2837.

Mishra, D.P., Raut, U., Gaur, A.P., Swain, S. and Chauhan, S., 2023. Particle swarm optimization and
genetic algorithms for PID controller tuning. In 2023 5th International Conference on Smart Systems
and Inventive Technology (ICSSIT), pp- 189-194.
https://doi.org/10.1109/I1CSSIT55814.2023.10060892.

Mohammadbagheri, A., Yaghoobi, M., 2011. A new approach to control a driven pendulum with the
PID method. In 13th International Conference on Modelling and Simulation, Cambridge, UK, pp. 207-
211. https://doi.org/10.1109/UKSIM.2011.47.

Mostafa, R.R.,, Gaheen, M.A,, Abd ElAziz, M., Al-Betar, M.A. and Ewees, A.A., 2023. An improved gorilla
troops optimizer for global optimization problems and feature selection. Knowledge-Based Systems,
269, p.110462. https://doi.org/10.1016/j.knosys.2023.110462.

Mustafa, N. and Hashim, F.H., 2020. Design of a predictive PID controller using particle swarm
optimization. International Journal of Electronics and Telecommunications, 66(4), pp.737-743.
https://doi.org/10.24425 /ijet.2020.134035.

Nagaraj, B. and Murugananth, N., 2010. A comparative study of PID controller tuning using GA, EP,
PSO, and ACO. In 2010 International Conference on Communication Control and Computing
Technologies, Nagercoil, India, pp. 305-313. https://doi.org/10.1109/ICCCCT.2010.5670571.

Oliveira, E.J., Honorio, L.M., Anzai, A.H. and Soares, T.X., 2014. Linear programming for optimum PID
controller tuning. Applied Mathematics, 5(6). https://doi.org/10.4236/am.2014.56084.

Ozdemir, C., Oztiirk, S., Sengiil, 0. And Kuncan, F., 2022. Position control of the suspended pendulum
system with particle swarm optimization algorithm. El-Cezeri Journal of Science and Engineering,
9(2), pp-669-679. https://doi.org/10.31202/ecjse.993313.

Pawan, Y.N. Prakash, K.B.,, Chowdhury, S. and Hu, Y.C, 2022. Particle swarm optimization
performance improvement using deep learning techniques. Multimedia Tools and Applications,
81(19), pp. 27949-27968. https://doi.org/10.1007/s11042-022-12966-1.

181


https://doi.org/10.1109/ACCESS.2023.3258187
https://doi.org/10.31026/j.eng.2016.03.05
https://doi.org/10.18280/jesa.560213
https://doi.org/10.20906/sbai.v1i1.2837
https://doi.org/10.1109/ICSSIT55814.2023.10060892
https://doi.org/10.1109/UKSIM.2011.47
https://doi.org/10.1016/j.knosys.2023.110462
https://doi.org/10.24425/ijet.2020.134035
https://doi.org/10.1109/ICCCCT.2010.5670571
https://doi.org/10.4236/am.2014.56084
https://doi.org/10.31202/ecjse.993313
https://doi.org/10.1007/s11042-022-12966-1

W. Al-Ashtari Journal of Engineering, 2024, 30(10)

Phu, N.D., Hung, N.N., Ahmadian, A. and Senu, N., 2020. A new fuzzy PID control system based on
fuzzy PID controller and fuzzy control process. International Journal of Fuzzy Systems, 22(7),
pp.2163-2187. https://doi.org/10.1007 /s40815-020-00904-y.

Rafiuddin, N. and Khan, Y.U., 2023. Nonlinear controller design for mechatronic aeropendulum.
International Journal of Dynamics and Control, 11(4), pp.1662-1670.
https://doi.org/10.1007 /s40435-022-01080-7.

Rahayu, E.S., Ma’arif, A. and Cakan, A., 2022. Particle swarm optimization (PSO) tuning of PID
control on DC motor. International Journal of Robotics and Control Systems, 2(2), pp. 435-447.
https://doi.org/10.31763/ijrcs.v2i2.476.

Reynoso-Meza, G., Carrillo-Ahumada, J., Alves Ribeiro, V.H. and Marques, T., 2022. Multi-objective
PID Controller Tuning for Multi-model Control of Nonlinear Systems. SN Computer Science, 3(5),
p.351. https://doi.org/10.1007 /s42979-022-01236-4.

Saleem, O., Rizwan, M., Zeb, A.A,, Ali, A.H. and Saleem, M.A,, 2020. Online adaptive PID tracking
control of an aero-pendulum using PSO-scaled fuzzy gain adjustment mechanism. Soft Computing,
24, pp.10629-10643. https://doi.org/10.1007 /s00500-019-04568-1.

Salem, 0., Hasan, A., Edden, N.Z., Zedan, S., Dradi, M., Alsadi, S., Fogha, T. and Amer, A., 2024.
Propeller Pendulum Control by Matlab Simulink. In: Khoury, R.E., Nasrallah, N. (eds) Intelligent
Systems, Business, and Innovation Research. Studies in Systems, Decision and Control, vol 489.
Springer, Cham. https://doi.org/10.1007/978-3-031-36895-0_46.

Salman Z. S. and Saleh M. H., 2022. Attitude and altitude control of quadrotor carrying a suspended
payload using genetic algorithm. Journal of Engineering, 28(5), pp. 25-40.
https://doi.org/10.31026/j.eng.2022.05.03.

Saud L. ]J. and Hasan A. F., 2018. Design of an optimal integral backstepping controller for a
quadcopter. Journal of Engineering, 24(5), pp. 46-65. https://doi.org/10.31026/j.eng.2018.05.04.

Saud L. J. and Mohammed R. S., 2017. Performance evaluation of a PID and a fuzzy PID controllers
designed for controlling a simulated quadcopter rotational dynamics model. Journal of Engineering,
23(7), pp- 74-93. https://doi.org/10.31026/j.eng.2017.07.05.

Shami, T.M,, El-Saleh, A.A., Alswaitti, M., Al-Tashi, Q., Summakieh, M.A. and Mirjalili, S., 2022. Particle
swarm optimization: A comprehensive survey. I[EEE Access, 10, pp.10031-10061.
https://doi.org/10.1109/ACCESS.2022.3142859.

Taskin, Y., 2017. Fuzzy PID controller for propeller pendulum. Istanbul University - Journal of
Electrical and Electronics Engineering (IU-JEEE), 17(1): 3175-3180.

Wang, D., Tan, D. and Liu, L., 2018. Particle swarm optimization algorithm: an overview. Soft
Computing, 22, pp.387-408. https://doi.org/10.1007/s00500-016-2474-6.

Wang, L., Luo, Y. and Yan, H., 2023. Ant colony optimization-based adjusted PID parameters: a
proposed method. Peer]/ Computer Science, 9, p.e1660. https://doi.org/10.7717 /peerj-cs.1660.

Zhang, X.L. and Zhang, Q., 2021. Optimization of PID parameters based on ant colony algorithm. In
2021 International Conference on Intelligent Transportation, Big Data & Smart City (ICITBS), pp- 850-
853. https://doi.org/10.1109/ICITBS53129.2021.00211.

182


https://doi.org/10.1007/s40815-020-00904-y
https://doi.org/10.1007/s40435-022-01080-7
https://doi.org/10.31763/ijrcs.v2i2.476
https://doi.org/10.1007/s42979-022-01236-4
https://doi.org/10.1007/s00500-019-04568-1
https://doi.org/10.1007/978-3-031-36895-0_46
https://doi.org/10.31026/j.eng.2022.05.03
https://doi.org/10.31026/j.eng.2018.05.04
https://doi.org/10.31026/j.eng.2017.07.05
https://doi.org/10.1109/ACCESS.2022.3142859
https://doi.org/10.1007/s00500-016-2474-6
https://doi.org/10.7717/peerj-cs.1660
https://doi.org/10.1109/ICITBS53129.2021.00211

W. Al-Ashtari Journal of Engineering, 2024, 30(10)

A Q) Gl A8 aladialy ) gai—ads alladl Atia aSatia asana

SR ga AA Ay

G@hall calazg calazn daals cdudigl) IS (A0Sl duaigl) (yué

Lol

palic Gailads La)lall il il jlacy) sl sl je Joadi-dag pall sl yos 7350 Glis)
o rbals = Ll — i oS3 claag bsing Jsaill-Aagsall Gt e el sSlae 5 Ual o sl
A Blaall 3 oSl Bang ilales Jascag AUl Sl (SIMUNnK) i sasd) zeliy alasial & ¢ Y slad)
(Runge— s — il Ayl el addiien . gileal) Jodl) ye = 3gaill 31SLaal (MATLAB) CBlall ealiy aladiud o3
Cpallaill US 5 a5 eclld e sdle clabead) sl Ajad) Coedl (et padial 5 oUail) Alslea Jal Kutta)
celaa S (Ul JalSilly ¢ gpeaill 52Uy ¢ ) cdp Al e 3Ly k) oda ol a3 L hylacal lla
@y may .z laty Auglhadl) HLAY) A o (ol cuallatll IS 5 clhlaial dgag are Alla a4l i) oyl
S AU el (el Al anlain Jo¥) sl olad ) (525 bl Gub o Load il <yl
<(unit step) saag sshad Calylaual 3aada & Levie 431 pguial @l) o) G byl 550 dgalsal 8yfis dlaiud
e 17065 %11.6 s 13.16 & Js¥) plaill ladS sllaall JalSilly ¢ (ggunill 32L35 L) cy (35S
Al 2,388 o S Sl cUadSU sladl) JelSal) ¢(ggeandl) b3l ¢ BN Cy (56S cd] Lnls e L s
— ol g3 STl Bang Jasial s i lilgaradl maling ladiad of z sl oKa - Jsill Gle 0.299 5 <%6.6

bl sgag A lalim Ll

Jalsill, clidgasn zigai, GsS gigy A ¢ ad ye pli, lialis LalSim ol oK% 5asy tdalidall claldl)

183



