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Recently, the Fraction Order PID (FOPID) used widely instead of the traditional
proportional-integral-derivative (PID) due to its important advantages, including
simple structure, good tracking, high robustness against external disturbance, and its
ability to handle the parameters variations and high nonlinear in the dynamic model of the
systems. This paper aims to design an optimal robust control method with a good trade-
off between the transient response specifications and high robustness against external
disturbance and system uncertainty. To achieve this aim, multi-objective optimization-
based particle swarm optimization (PSO) has been used to tune the gain parameters of the
FOPID. The fractional parameters of the FOPID add flexibility to tune the response of the
dynamic system. A new composite objective function has been used to ensure minimum
swing with good tracking. Selecting suitable values for the weighting function in the
objective function represent an important step in the proposed control method. The
simulations are carried out for the presented controller and the results are compared with
several controllers. The simulation results illustrated superior performance of the
suggested controller with good transient’s specifications and high robustness against
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external disturbance.

1. INTRODUCTION

Overhead cranes serve as vital infrastructure in today's
industrial settings, allowing for the movement of very large
loads in all three spatial dimensions while also increasing
safety and productivity within operations [1, 2]. Overhead
cranes, considered mechanical systems, are largely used in
production facilities, distribution centers, shipyards, and
warehouses—a common trait across these settings is the way
that these systems can move loads as controlled three-
dimensional motion. The ease or ability to control three-
dimensional motion of loads can significantly affect overall
productivity and worker safety. At the same time, the
operation and control of overhead crane systems represent a
significant technical challenge because of its structure. Most
phenomena of motion of an overhead crane constitute
underactuated mechanical systems—in which the number of
control inputs is less than the total number of degrees of

freedom for the system [1, 3]. The primary control objectives
will remain the same in industrial settings or applications: the
achievement of precise positioning, the inhibition of payload
sway during motion, and the rejection of disturbances during
operation. Historically, crane systems have been controlled
using techniques founded on the proportional-integral-
derivative (PID) control architecture. Because they are simple
to implement, relatively low-computational, and have
established tuning rules, traditional PID controllers are still
largely used in industrial practice [4, 5]. However, the fixed
gain properties of conventional PID controllers limit their
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capabilities to handle the sometimes-extreme nonlinear
dynamics often inherent in underactuated tap systems. Recent
work has shown that using meta-heuristic optimization
methods, and in particular particle swarm optimization (PSO)
algorithms, can mitigate oscillations through explicit tuning of
the PID control gain to stabilize payload motion [4]. Model
predictive control is a significant advancement in overhead
crane control theory, and represents significant theoretical and
practical advantages to enable the simultaneous objectives of
load stabilization and damp vibrations [1]. Specifically, the
MPC framework gives users the ability to move the ball
overhead crane system multiple axes in a coordinated motion
while minimizing payload oscillations by physically
constraining the controller formulation, optimizing over a
limited prediction horizon, and systematically predicting
future system dynamics for optimal control inputs. Fuzzy
Logic Control has arisen as a potent approach for addressing
uncertainty and nonlinearities that characterize crane systems
that operate under variable load and varying conditions [6]. It
has been shown through both simulation and experimental
work that hybrid-type control structures that use fuzzy logic
with known proportional-integral-derivative control (i.e.,
fuzzy-PID control) have significantly improved swing
suppression capabilities better than traditional PID or pure
fuzzy control strategies [7]. Sliding Mode Control techniques
have been shown as a robust control methodology for many
complex system systems like robotic and crane system with
significant external disturbance and model uncertainty [8, 9].
The theoretical merits of SMC, including guaranteed finite-
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time convergence, less sensitivity to parameter change, and
insensitivity to matched external disturbances, have led to
authors turning their work toward creating advanced forms
that specifically match the conditions of crane systems [10,
11]. Nonlinear, adaptive and fractional-order sliding mode
controllers have demonstrated to be very effective managing
dynamic and multi-degree-of-freedom crane system models
[12, 13]. Recently, there has been extensive research interest
in hybrid control architectures, which automatically combine
multiple control methodologies. Hybrid control architectures
utilizing sliding mode controller mechanisms with PID logic
take advantage of the disturbance rejection properties of SMC
while preserving the simplicity of implementation [14].
Control systems that incorporate a neural network have proven
to outperform PID methods in simultaneous system stability
and robustness, as well as oscillation suppression, during
dynamic crane motion [15]. In the study [16], a state space
fuzzy controller used to represent the nonlinear dynamic of the
crane system with the linear-matrix-inequality A Takagi-
Sugeno fuzzy control with Input Shaping method are
combined to reduce the swing by representing the nonlinear
system as a sub system for different operating points [17].
Although, most these presented achieved good performance
but in practical, there are many difficulties in implementing
these controller. In this paper, FOPID controller with multi
object function based PSO algorithm has been suggested. The
main contribution of his paper is; use FOPID controller for the
crane system, which provide more flexibility and high
robustness with respect to PID controller Multi objective
optimization technique based PSO has been used to tune the
parameter s of the FOPID ensuring good tracking performance
with high robust against external disturbance and system
uncertainty by selecting suitable weighting function for each
term used in the cost function. A novel multi-objective
function is designed that taking into account the accuracy,
sway angle elimination, transient specifications, and
robustness. This proposed performance index is expected to
give superior result comparing with the standard performance
index like IAE, ITAE, or ISE. Examine the performance of the
proposed controller in several cases to check its performance
and robustness and compare its results with other standard
controllers.

2. THE DYNAMIC EQUATIONS OF MOTION OF AN
OVERHEAD CRANE SYSTEM

The mathematical model representing the overhead crane
system was derived using the Lagrange equation. The
equations of motion were obtained from the free body diagram
of the system [18]. One of the benefits of the Lagrange
approach is that it is able to fully account for kinetic and
potential energies and thus provides a systematic way to derive
nonlinear dynamics [19, 20].

The system consists of a cart of mass M and a payload of
mass m attached to the trolley. The total kinetic energy is:

1 1
T =-Mx* +-m(x* + 2?) (1)
2 2
The potential energy:
U =mgz =mgL(1 —cos @) 2)
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where, x: Horizontal displacement of the cart, Z = L(1 —
cos ) Vertical displacement of the payload center of mass, L:
Length of the payload, 6: Angle of the payload, M: Mass of the
trolley, m: Mass of the payload. The Lagrangian is the
difference between kinetic and potential energy:

L=T-U
1 I
==(M +m)x* + s mL*6*
2 2
+mLx6cos 8 —mgL(1 — cos 0)

L )

The equations of Motion can be obtained using the Euler-
Lagrange equation:

d (6L> oL 0 4

dt\aqg) odq @)

(M + m)i + mLécos 6 — mL6?sin 6 = F Q)
mLxcos 6 + mL?6 + mgLsin 6 = 0 (6)

2.1 Dynamic model linearization

To linearize the dynamic model of the crane system, the
oscillations assume to be small (8 —0):

sin 6 ~ 6,cos 8 ~ 1,62 >0
The equations become:

(M +m)¥—mLl =F

.. 7
mLX + mL?0 + mgLo = 0 M

To express the system in state space, define the state vector:

X
0
X = % (®)
0
The state-space equations are:
X = Ax+ Bu
y=Cx+Du ©)
State-Space Matrices:
0 0 1 0 0
0 0 01 (1J
m
g(M +m) 0 1 (
ML ML
1 0 0 0 _J0
C_[O 1 0 0]’D_[0]
3. PROPOSED CONTROL METHOD AND

OPTIMIZATION ALGORITHMS

This section investigates the two objective that represents the
core of this research. Design a FOPID controller for the
Overhead cranes systems, then improving the performance of
FOPID controller by using optimization algorithm to tune their



gain values.
3.1 FOPID controller design

This section discusses the FOPID, which is represents, an
improved version of the standard PID controller. In addition to
the three standard parameters of the PID (K,, Kj, and Kg), two
parameters had been added (A, p). The control law of FOPID
controller can be expressed as follows:

-1

dﬂ
u(t) = Kye(t) +Kime(t) +Kdme(t) (11)

where, e(?) refers to the difference between the desired response
and the measured response. Figures 1 and 2 shows
implementation of the proposed control law. The important
challenge in this design is how select the gain values of the
FOPID to achieve optimal performance. Thus, PSO
optimization algorithm had been used to tune these parameters.

% FPID
—_— PID

— _comwentional PD| 7
*_LOR

L L L L L L L I f
o 1 2z 3 4 5 [ 7 B 9

Figure 1. Step response for cart position
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Figure 2. Step response for payload angle (0)
3.2 Multi-objective optimization problem

To adjust the gains of the Fractional-Order PID (FOID)
controller based on the developed dynamic model of the
overhead crane system, PSO was used. In this optimization
procedure, PSO will augment an initial swarm of particles in
the search space, where particles denote feasible solutions. The
position and velocity of particles as matrices are defined by the
dimension of the swarm size, or total number of particles used
in the search. The position and velocity of each particle are
updated according to the following formulas:
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vi(t + 1) = wy () + o1y (pi %t — x;(0))

+ o1y (gbeSt - X; (t)) (12)

where, v; and x; represent the velocity and position of particle
at iteration i. ¢; and ¢, denote Cognitive and Social
coefficients respectively. w is Inertia weight. r; and r, are
random numbers. p;?¢5¢ represents the best position of particle
i. gP®* denotes the global best position. As the algorithm
iteratively updates the position and velocity of particles,
encouraging an optimal set of controller parameters that
generate improvements to the system's performance, the goal
becomes to minimize a performance index in the time domain,
leading to a faster and more stable system response behavior.
The FPID feedback controller developed is designed to ensure
that the cart reaches its required final position while minimizing
the swing angle of the payload, thereby improving the stability
and responsiveness of the overhead crane system, the following
optative function used for tuning the gain parameters of the
FOPID:

j=iwifi

i=1

(14

where, w; denotes the i-th weighting function and f; represent
the i-th objective function where i = 1,2,3,4,5.

f
fi= ft te(t)dt (15)
0

This objective function denotes the integral time square error
aims to minimize the difference between desired reference and
the measured output.

f =SS (16)

This objective function tries to minimize Steady-State used
to penalize deviations from the final desired values.

fz =M, (17)

This objective function tries to minimize the overshot to

ensure minimum deviation from the desired reference.
fa = 0SC (18)

This function minimizes the oscillation magnitude system to

reduce undesirable vibrations in the system.

f, = f 1T, ()] (19)

This function is H,, (H-infinity) norm. [|T,,, (s)|| represents
the transfer function from the disturbance to the output.

def

I Tz ()l o & sup o(Ty W) (20)
The H, refers to the maximum possible gain of the
controlled system from the disturbance signal to the

performance output over all frequencies.



4. SIMULATION RESULTS

A full simulation of the anti-swing underactuated crane
system was conducted in MATLAB 2018 to evaluate the
performance and robustness of several linear control strategies.
The focus was on four controllers; the FOPID ontroller, the PID
controller, conventional PD controller, and Linear Quadratic
Regulator (LQR) controller. The performance of all controllers
was considered in terms of the ability to suppress payload
oscillation given system uncertainties and external
disturbances. Thus, in order for all proposed controllers to
perform optimally, the parameters for all controllers were tuned
by utilizing the PSO algorithm. For the PSO, the weighting
functions selected as follows; w; = 20, w, =41, wy
30, wy, =20, wg = 15. The optimized parameters for all
controllers (FOPID, PID, conventional PD, and LQR) are
summarized in Tables 1, 2, 3 and 4 respectively.

Table 1. Parameters for theta and position for fractional PID

controller
Parameter FPID for Position (x) FPID for Theta (0)
Kp 3 13.0015
Ki 1 60
A (lambda) 0.1 1.0265
Kd 1 14.8541
u (mu) 1.1 0.92171

Table 2. Parameters for theta and position for PID controller

Parameter PID for Position (x) PID for Theta (0)
Kp 2.4378 30
Ki 0.1 30
Kd 7.0626 24.7642

Table 3. Parameters for theta analog controller and position
for PD controller

Controller Parameter Value
PD Controller (Position Kp 2.04398191768923e+07
X) Kd 2.04145787076263
A [775502, 24.8960]
[-49.8611, -64.9887]
State -Space Controller B [-102.6676]
(Angle 0) [79.8933]
C [-30.0323, 9.0762]
D 39.6711

Table 4. LQR controller parameters

Controller Parameter Value
LQR K (Gain [31.9952, -95.5307, 31.9949,
Controller Vector) -9.4619]

4.1 Step reference tracking

This study examined the response of an underactuated
overhead crane following a unit step input using FOPID, PID,
classical PD and LQR pseudo-control laws. Each pseudo-
control law was evaluated based on time response
characteristics, which includes settling time, rise time,
overshoot and Integral Absolute Error (IAE). Figures 1 and 2
include the time response plots with the reference input tracked
successfully by all control laws. The pseudo-control laws had
distinct transient responses in terms of settling time, rise time,
overshoot, and IAE. Regarding x (cart position) tracking
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behavior; the FOPID and PID showed reference tracking
characteristics of 0% overshoot and were able to smoothly
track the reference input (Figure 1). The LQR controller
produced a small 5.31% overshoot for x, in comparison to
3.95% for the PD controller (Table 5). In terms of settling time,
FOPID and LQR controllers performed similarly with settling
time of 3.65 s and 3.33 s respectively; and the settling time of
PID and PD was 6.90 s and 4.11 s respectively. The rise time
was relatively similar, with LQR (1.60 s) and PID (1.78 s) both
being quicker than FOPID (2.51 s) and PD was similar (1.73

s).

Table 5. Transient specifications for cart position (x) for
nominal case

Controller Rise Time  Settling Time Overshoot
) (O] (%)
FPID 2.5112 3.6537 0
PID 1.7782 6.8971 0
LQR 1.6031 3.3289 5.3128
conventional 1.7291 4.1138 3.9542
PD
1
0.8
0.70
0.6 055 0.60 0.58
0.4
0.2
0
FOPRPID PID Analog PD LQR

Figure 3. IAE values for cart position (x)

0.3
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0.25 ¢+
. 0.20
02r 0.18
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015+
01F
0.05 -
0

FORID PID Analog PD LOIR

Figure 4. IAE values for each controller for payload angle (6)

The TAE values for cart position presented in Figure 3 also
affirm the transient results. In the cart position, the values
recorded by the FOPID controller were the lowest IAE
recorded at IAE = 0.55, while LQR had the second lowest IAE
of IAE = 0.58, as these were the only controllers to have IAE
below 1.00 indicating considerable precision and extent of
minimized error. The IAE value the PID controller recorded
was IAE = 0.78 and the PD controller had the highest IAE at
IAE = 1.08 which corroborate its overshoot and the damping
characteristics that were less than the other controllers. The
controllers were rated as well based on the controlled angle (0)



of the swing payload. Figure 4 depicts the swings angle IAE of
the four controllers, where the FOPID controller once again
was victorious again with an IAE of 0.15, LQR produced an
IAE of 0.18, PID with an IAE of 0.20, and the PD controller
had the highest IAE at 0.25. The entire dynamic responses are
reported in Table 6. While the PD controller showed the fastest
settling time of 3.42 s, this controller produced notable
excessive oscillations at the peak overshoot (5.28 x 10°%) and
undershoot (3.08 % 10°%). While the FOPID had the second
highest settling time of 4.46 s, with a rise time of 8.21 x 10~ s,
the FOPID controller produced a modest peak (0.0837) and
demonstrably controlled very stable angular motion with
extremely small deviations. To sum this up, the FOPID
controller exhibited superior control performance in all cases
with high stability and low overshoot, converged swiftly and
stably, while minimizing the IAE values for both cart position
and swing payload angle and the preference of FOPID was
supported by the results of the experimentation. The nominal
parameters of the crane system are as follows: m =1 kg, M =2
kg,L=1mand g=9.81 m/s’.

Table 6. Transient specifications for payload angle (8) for
nominal case

Rise . Peak
Controller Time ;:3[2::1(15) O:e(l;jl;oo \l;::‘ull Time
(1]

) ()

8.206 3.4894e+0  0.083  0.291

FPID 8e-05 4.4584 5 7 5
7.810 3.3145¢+0  0.191 0.153

PID 0c-04 4.5387 4 7 3
6.240 1.8221e+0  0.145 0.417

LQR 1o-04 4.3366 6 3 )
convention 4.773 3.4198 5.2783e+0  0.123  0.472
al PD 8e-04 ) 6 6 2

4.2 Disturbance rejection

A disturbance signal with amplitude 1 was applied at t = 6.5
seconds to investigate the robustness of all controllers. The cart
position and payload angles of the controllers during applied
the disturbance are shown in the figures. These figures show
that all the controllers had been affected with disturbance but
this disturbance partially recovered by the controllers. It can be
seen form these figures, that the FOPID recover the cart
position and payload angle smoothly and quickly with
minimum oscillation which mean tis more robustness against
the external disturbance. The results presented in Figures 5 and
6.

0 — _conventional PD |+
X

— LOR

L L
o 5 10

Figure 5. Response cart position (x) for disturbance
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Figure 6. Response payload angle (0) for disturbance

x_FPID
x_PID
emventional PD ||

x %
el

Figure 7. Response cart position (x) for uncertainty
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Figure 8. Response payload angle (6) for uncertainty
4.3 System uncertainty

To analyze the robustness of the proposed control
methodologies to apply changes to the crane system parameters
from their nominal values. An example of this would be to
apply real-world unexpected phenomena that cause difficulties
from modeling errors, external disturbances, or changes in
parameters. The mass of the pendulum was changed to m=1.3
kg, the mass of the cart was changed to M = 2.6 kg, the
pendulum length was changed to L 1.4 m, and the
gravitational acceleration was kept at g = 9.81 m/s%. The new
values resulted in new state-space matrices that were derived
from the linearized equations to use the system with the
unknown factors that could influence its behavior with time.
The results of the simulations depicted in Figures 7 and 8 show
that all proposed controllers, especially the FOPID controller
maintain a stable and acceptable response to a system with
defined system parameters after changing the initial parameter



values. The transient response results for the cart position and
pendulum angle were summarized in Tables 7 and 8, and
exemplified the robustness of the FOPID controller with
respect to conventional PID, LQR, and conventional PD

controllers. The FOPID controller can achieve acceptable rise
time, settling time, and overshoot compared to the other
controllers, and therefore can be concluded that the FOPID
controller is efficient under uncertain operation conditions.

Table 7. Transient specifications for cart position (x) for uncertainty case

Controller Rise Time (s) Settling Time (s) Overshoot (%) Peak Peak Time (s)
FPID 2.6395 5.8967 3.0413 1.03 4.8552
PID 1.9858 6.722 0 1.0289 10
LQR 1.6846 4.7099 8.4548 1.1187 2.7177
conventional PD 1.7299 4.1141 3.9567 1.0396 3.1753

Table 8. Transient specifications for payload angle (8) for uncertainty case

Controller Rise Time (s) Settling Time (s) Overshoot (%) Peak Peak Time (s)
FPID 0.0011318 5.1847 26.690 0.025425 1.6612
PID 0.00029069 4.5278 89.198 0.07416 1.5534
LQR 0.0046369 6.2317 55.834 0.090285 1.8768
conventional PD  0.00011524 3.4164 206.120 0.072186 1.6612

5. CONCLUSIONS

The research presented in this paper is a comprehensive
comparative study of linear control strategies for anti-swing
control in underactuated overhead crane systems, including a
FOPID controller, a standard PID, an analog PD, and a LQR
controller proposed in this work and optimized using PSO. The
testing shows that the FOPID controller performed best in all
our metrics, including reaching the least Integral Absolute
Error (IAE = 0.55), no overshoot in nominal conditions, and
showing the highest robustness to external disturbances and
parameter uncertainty within the parameters prescribed in this
paper. The FOPID controller's framework in fractional-order
calculus allows an enhanced tuning capability with two
additional tuning parameters (A and p), and can be tuned using
nonlinear crane dynamics much more easily than the
conventional controllers that are static in the left-hand plane. In
particular, within the disturbance rejection and system
uncertainty conditions, the FOPID showed stable performance
in nominal conditions with only a slight degradation in
performance, while the other controllers showed varying
degrees of performance degradation. In conclusion, the FOPID
controller is the right candidate for real-world applications of
overhead cranes operating under precision positioning and
swing take down of the payload, and importantly makes an
important  contribution towards the controlling of
underactuated mechanical systems and also lays a fundamental
framework for future exploration of more advanced crane
control and uses in automation systems in industry.
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NOMENCLATURE

NXQ ~3 %

cfggaTmo

The mass of the cart, kg

Mass of payload, kg

Length of the payload

Gravitational constant, m/s?

Horizontal displacement of the cart.m

Vertical displacement of the payload center of
mass.m

angle of the payload.rad

the Horizontal force on cart

kinetic energy

potential energy

The Lagrangian is the difference between kinetic
and potential energy

Greek symbols

U
A

parameter of fractional FOPID
parameter of fractional FOPID
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