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Direct Current (DC) motors are extensively used in various applications
due to their versatile and precise control capabilities. However, they face
operational challenges such as speed instability and sensitivity to load
variations and external disturbances. This study compares the performance
of several advanced control methods—Proportional Integral Derivative
(PID), Fractional Order PID (FOPID), Integral State Feedback (ISF),
Sliding Mode Control (SMC), and Fuzzy Logic Controller (FLC) for DC
motor control. Particle Swarm Optimization (PSO) is employed to optimize
the tuning parameters of PID, FOPID, ISF, and SMC controllers, while
FLC is implemented without optimization. The simulation results indicate
that the PSO-FOPID controller exhibits the best overall performance,
characterized by the fastest rise and settling times and the lowest ITSE,
despite a minor overshoot. The PSO-PID controller also performs well,
with fast response times, although it is less efficient in terms of settling
time and ITSE compared to PSO-FOPID. The OBL/HGSO-PID controller,
while stable and overshoot-free, has a slower response. The PSO-ISF
controller shows the highest stability with the lowest SSE values, making
it suitable for applications requiring high stability. The PSO-SMC
controller demonstrates good stability but is slightly slower than PSO-ISF.
The FLC controller, however, performs the worst, with significant
overshoot and long recovery times, making it unsuitable for fast and precise
control applications. The robustness analysis under varying motor
parameters further confirms the superiority of the PSO-FOPID controller,
which outperforms OBL/HGSO and OBL-MRFO-SA optimizations across
both PID and FOPID controllers, making it the most effective solution for
applications requiring high precision and rapid response.

This is an open-access article under the CC-BY-SA license.

1. Introduction

Direct Current (DC) motors are widely used across various fields due to their versatility and ease
of control. Their ability to provide a broad range of speeds makes them ideal for applications in both
household and industrial [1], [2]. Household devices such as air conditioner [3], fans [4], washing
machines [5], vacuum cleaners [6], automatic floor cleaner [7], and water pumps [8]. In livestock
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farming sector used for automatically feeding system [9], [10]. Furthermore, in the medical field, DC
motors play an important role in devices such as infusion pumps [11], [12], electric wheelchairs [13],
ventilators [14], and bed adjusters that can improve the patient’s comfort and safety [15]. Security
applications, including electric door locks [16], and automated gates [17], also depend on the
reliability of DC motors. In energy sector, used for tracking, such as solar tracker for photovoltaic
[18], [19].

In industrial environments, DC motors are integral to the functioning of machines like belt
conveyors [20], [21], robotic systems (such as arm robot [7], [22], [23], grippers, mobile robots [24]-
[26], and balancing systems [27], [28]), and unmanned aerial vehicles (UAVS) [29], [30]. In the
transportation sector, electric motorcycles [31], electric cars [32], and even electric buses [33]. Their
precise control and efficient performance are crucial in applications that require stability and
adaptability, particularly when handling varying loads and speeds [34], [35]. The flexibility of DC
motors makes them a key component in technologies ranging from everyday household items to
sophisticated industrial equipment, underscoring their significance in diverse sectors [36].

However, despite their many advantages, DC motors face operational challenges, particularly
with speed instability caused by load variations, changes in system parameters, and external
disturbances [37], [38]. These factors can compromise motor performance, making it difficult to
maintain consistent speed and efficiency [39]. To address these challenges, advanced control methods
are necessary to ensure the motor operates optimally under dynamic conditions [40]. The ability to
regulate motor speed effectively is crucial to maintaining system stability [41] and achieving desired
performance levels, especially in applications that require precision [42], [43].

To address these challenges, various control methods have been developed, including PID [44],
Fractional Order PID (FOPID) [45], Integral State Feedback (ISF) [46], Sliding Mode Controller
(SMC) [47], and Fuzzy Logic Controller (FLC) [48]. PID is widely used for its simplicity and
effectiveness [49], while FOPID offers greater adaptability robustness and nonlinearity by
incorporating fractional calculus [50]. ISF enhances system stability and robustness [51], SMC
provides high accuracy under nonlinear conditions [52], and FLC excels in handling uncertainties and
complex dynamics without requiring an accurate mathematical model [53].

While these advanced control strategies exhibit significant advantages, tuning their parameters
manually is a time-consuming process, especially in systems with complex dynamics [54].
Optimization methods, such as Particle Swarm Optimization (PSO), have been widely adopted to
streamline this process [55], [56]. Other optimization techniques, such as Genetic Algorithms (GA)
[57], Differential Evolution (DE) [58], Ant Colony Optimization (ACO) [59], and Grey Wolf
Optimization (GWO) [60] have also been employed to address similar challenges. These methods are
designed to enhance the precision and efficiency of parameter tuning, enabling the deployment of
optimized controllers that achieve superior performance with minimal effort. By leveraging these
optimization algorithms, engineers can ensure that control strategies such as PID, FOPID, ISFC, and
SMC operate at their full potential, meeting the demanding requirements of modern DC motor
applications.

Previous research on DC motor control using PID controllers was conducted by Ekinci, S., et al.
[44], where they implemented a conventional PID control approach tuned using the Opposition-Based
Henry Gas Solubility Optimization (OBL/HGSO) algorithm. In their research, they reported achieving
a rise time of 0.052278 seconds, a settling time of 0.0917148 seconds, and an overshoot of 0%,
indicating a fast and stable response without any overshoot. The use of OBL/HGSO for PID tuning
enhanced the controller's ability to achieve these desirable transient characteristics. Despite the
promising results, the inherent limitations of conventional PID control in handling nonlinearity and
improving performance under varying conditions remain a challenge.

Other previous research on DC motor control using FOPID controllers was conducted by Ekinci,
S., et. al. [45], where they implemented FOPID controller tuned using the Opposition-Based Hybrid
Manta Ray Foraging Optimization and Simulated Annealing Algorithm (OBL-MRFO-SA). The
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results reported by the researchers showed that a rise time of 0.0214 seconds, a settling time of 0.0339
seconds and an overshoot of 0% were achieved. These results indicate a rapid response without
overshoot in comparison to the conventional PID Controller [44]. The use of OBL-MRFO-SA for
FOPID tuning enhanced the controller's ability to achieve these desirable transient characteristics.

In this study, the primary objective is to compare the performance of various controllers,
including PID, FOPID, ISF, SMC, and FLC, for DC motor control. While PSO is utilized to optimize
the tuning parameters of PID, FOPID, ISF, and SMC controllers, the FLC is implemented without
PSO-based tuning. This comprehensive comparison aims to evaluate the strengths and limitations of
each controller under dynamic operating conditions, highlighting their effectiveness in addressing
challenges such as speed instability, load variations, and external disturbances. The insights gained
from this research will contribute to identifying the most suitable control strategy for enhancing the
performance and stability of DC motor systems.

2. Method
2.1. DC Motor System Model

The speed of the DC motor was regulated through armature voltage control, with the closed-loop
system depicted in Fig. 1. The motor's actual speed (w) and the reference speed (w;..5) were used as
feedback parameters. The system's electrical and mechanical properties are summarized in Table 1,
which includes details of armature resistance, inductance, motor inertia, friction constant, and
electromotive force constant.

Table 1. DC motor electrical and mechanical parameters

Parameter Description Value Unit
R, Armature resistance 0.4 Q
Lq Armature inductance 2.7 H
Ji Motor inertia 0.0004 kg.m?
B Motor friction constant 0.0022 N.m.s/rad
K Motor torque constant 0.015 N.m/A
Ky Electromotive force constant  0.05 V.s

Open loop transfer function of DC motor is obtained as follows. The induced voltage e, (t) for a
constant flux is proportional to the angular velocity w(t) = Z—f and given in (1).

di,
ep(t) = K, ldgt)

The armature voltage e, (t) is used to govern the speed of an armature-controlled DC motor. The
armature circuit’s differential equation is given in (2).

ARG
eal®) = La—o

Assuming the load torque is zero, a corresponding torque (sum of inertia and friction torques) is
produced by the armature current as provided in (3).

= Kpw(t) 1)

+ Raia(t) + €p (t) (2)

T(t) = ]% + Bw(t) = K ig(t) 3)

The Laplace transforms of (1) to (3) with zero initial conditions are given as follows:

Ep(s) = K,Q (4)
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Eq(s) = (La + Ra)Ia(s) + En(s) (®)
T(s) = (s + B)Q(s) = Kmlq(5) (6)

Hence, the open loop transfer function describing the relationship between input voltage and the
output speed of DC motor can be written in (7).

Qs) Kin
Ea(s) B (LaRa)(]S + B) + Kme

Furthermore, the relationship between motor speed (w) and load torque (T;,44) When the input
voltage (E,) is zero can also be given by the following transfer function in (8).

,for Tipaq =0 (7)

O (Lgs + Ry)
Tioaa(s)  (Las + R)Us + B) + K, Ky,

Substituting DC motor parameter values in (7) dan (8), the following open loop transfer function
is obtained as.

forEq=0 (8)

Q) _ 15 Tioaa = 0
E,(s) 1.08s% + 6.1s + 1.63 Jor Tioaa =
Gopen—toop (s) = Q(s) (2700 + 400) )
- ,forE, =0

Tioad(s)  1.08s% + 6.1s + 1.63

+ I+ \
Qref(s) Eq(s) 1 1 Q(s)
—> g }—»{ Controller | | >
/ I Lgs + R, Km Js+B |
A I - |
| |
| |
| |
|
\ K, < //
N ~_ _ _ - e
Plant (DC Motor open loop)

Fig. 1. Closed loop DC motor system

2.2. Proportional Integral Derivative (PID) Controller

PID controllers are one of the most widely used methods in control systems for regulating and
stabilizing dynamic systems [61], [62]. They operate based on feedback control, where the control
signal is generated from the error (e(t)) between the reference input and the actual output (u(t))
[63]. The general equation for a PID controller in the Laplace domain is given by:

K;
PID(s) = K, + ?l + Kys (10)

The proportional term (K,) generates a control action proportional to the current error, which
improves the system's response time but cannot eliminate steady-state error. The integral term (K;)
sums the accumulated past errors to remove steady-state error, ensuring the output matches the
reference input. However, excessive integral action may cause overshoot and instability. The
derivative term (K,) predicts future errors by responding to the rate of change of the error, improving
stability and reducing overshoot, though it is sensitive to noise in the error signal [64]-[66].

PID controllers are known for their simplicity and effectiveness in managing system dynamics.
Their wide applicability ranges from motor speed control regulation to process automation and
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robotics. They provide a balance between responsiveness, accuracy, and stability. However, they may
struggle in systems with significant time delays or strong nonlinearities.

2.3. Fractional Order PID (FOPID) Controller

FOPID controllers offer a promising approach for improving the performance of DC motors [67].
In contrast to conventional PID controllers, which are founded upon integer-order derivatives [68],
[69], FOPID controllers employ fractional-order terms to facilitate more adaptable control and can
accommodate nonlinear systems [70], [71]. The general equation of FOPID Controller is given by:

1
FOPID(s) = K, + K;— + Kgs* (11)
S

The main advantage of FOPID controllers is their ability to adjust the proportional, integral, and
derivative terms using fractional order parameters A and p, providing greater flexibility and the ability
to handle stable nonlinear systems [72]-[75], The fractional orders A and u allow for finer control,
which helps to reduce steady-state error, decrease overshoot, and improve robustness to external
disturbances or varying system parameters [76], [77].

The FOPID controller retains structural similarities with the conventional PID controller but with
broader adaptability due to the fractional-order terms. This makes FOPID particularly effective in
systems with complex dynamics and nonlinear disturbances, which are challenging to control using
standard PID controllers.

2.4. Integral State Feedback (ISF) Controller

The ISF Controller provides an effective mechanism for managing system performance by
integrating feedback from all state variables, enabling improved system stability and robustness
against disturbances [78]. This approach excels in addressing system-wide dynamics and ensuring
steady-state accuracy, making it well-suited for DC motor control. ISF Controller ability to handle
dynamic variations and disturbances enhances its reliability and application in high-precision motor
control systems [79]. Its integration of state variables contributes to a more cohesive control structure,
particularly in systems that demand resilience to fluctuating loads or environmental changes [80]. The
equation of ISF can be written as:

x =Ax + Bu (12)

y=Cx (13)

In this case the x and y can be substitute using transfer function of plant DC motor in (9).

U =1u +ugp =ek; +Kx (14)
e=r—y=r—=Cx (15)
e=fédt (16)

Where the variable x is the state vector of the DC motor plant, e is the output of integrator, ¢ is the
deviation between the reference and the feedback, u is the control signal, y is the output signal, r is
the reference signal, k; is the integral parameter constant, K is the state feedback constant, A is the
constant matrix, B is the constant matrix, and C is the constant matrix.

2.5. Sliding Mode Controller (SMC)

The SMC offers a robust alternative, particularly in systems with significant nonlinearities or
uncertainties [81]. By utilizing a discontinuous control signal to drive system trajectories towards a
predefined sliding surface, SMC ensures high precision and resilience against parameter variations
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and external disturbances [82]. This controller’s robustness is particularly beneficial for DC motors
operating under harsh or rapidly changing conditions, where stability and accuracy are critical. SMC’s
adaptability to nonlinear dynamics makes it a preferred choice for complex control systems requiring
rapid response and minimal error [83].

The sliding mode controller needs the model in the state space controllable form. Thus, the
transfer function model in (9) can be written in time domain as:

&+ 6.10 + 1.63w = 15v 17)

Then, we define the state space variable as:

X1 =W (18)
Xy =@ (29)
u=v (20)

We, obtain the state-space model in the controllable canonical form as:
X1 = x2 (21)
X, = —6.1x, — 1.63x; + 15v (22)
The first step to designing the sliding mode controller was designing the sliding mode function as:

s=ce+é (23)

Where the variable e is the tracking error and variable ¢ must satisfy the Hurwitz condition ¢ > 0. The
tracking error and the derivation are:

e=wyg—w (24)
€ =wg—w (25)
E=Wy—& (26)

Where the variable w is the reference signal, and w is the actual angular speed. Define the Lyapunov
function as:

1
V = 552 (27)

To guarantee the stability condition, the derivation of the Lyapunov function in (28) must be V < 0
as:

$§<0 (28)
The derivation of the sliding mode function is:

S=cé+é (29)
S=cé+dy— (30)
$=cé+dy+61e+1.630w— 15u (31)

Thus, the derivation of the Lyapunov function V is:
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s$ =s(cé + vy + 6.1 + 1.63w — 15u) (32)

To satisfy the condition ss < 0, the sliding mode controller is designed as:

1
u=Tg (1.63w + 6.1d + &y + cé + K sgn(s)) (33)
Where the sgn(s) function value is:

1,s>0
sgn(s) =4 0,s=0 (34)
-1,s<0

2.6. Fuzzy Logic Controller (FLC)

Fuzzy Logic is a mathematical approach that handles approximate reasoning, making it suitable
for control systems with nonlinear or complex behaviors [84], [85]. A FLC mimics human decision-
making by processing imprecise or gualitative information, providing adaptability and robustness
[86]. Common types of FLCs include Mamdani [87], Sugeno [88], and Tsukamoto controllers [89].

A Mamdani FLC consists of fuzzification, rule base, inference engine, and defuzzification
components [90]. The fuzzification process converts crisp inputs into fuzzy sets using membership
functions, such as triangular or Gaussian. The rule base contains expert-defined if-then rules, such as
"If the error is large positive and the change in error is small, then the control action should be medium
positive” [91]. This research employs Mamdani FLC to achieve adaptive control.

The inference engine processes fuzzy rules and inputs using logical operations like min-max to
produce a fuzzy output. The aggregated output is converted into a crisp value via defuzzification
methods, such as the centroid or mean of maximum, which is then used to control the system. For
instance, the crisp value may regulate a DC motor's speed by adjusting its armature voltage, ensuring
precise and adaptive performance.

2.7. Particle Swarm Optimization (PSO)

PSO is a computational method introduced by Russell Eberhart and James Kennedy in 1995,
inspired by the social behavior of birds flocking or fish schooling [92]. It is a population-based
stochastic optimization technique where a group of potential solutions, called particles [93], navigates
through a multidimensional search space to optimize a given objective function like ISE, IAE, ITAE,
and ITSE [94]. Each particle adjusts its position and velocity dynamically based on its own best-
known position (personal best, pBest) and the best-known position found by the entire swarm (global
best, gBest) [95].

The movement of particles in PSO is governed by specific mathematical equations, enabling
them to explore the search space efficiently while balancing exploration and exploitation [96]. By
combining individual learning with social sharing of information, PSO allows the swarm to converge
toward the optimal solution [97]. This flexibility and robustness make PSO a widely used technique
for solving various optimization problems across different domains. The procedure of the PSO can be
explained in brief as follows:

Initialization the swarm with random position and velocities for each particle.

Evaluate the fitness of each particle based on the objective function.

If the current position of a particle is better that its personal best, update its personal best.
If the current position of a particle is better that its global best, update its global best.

Update the velocity and position of each particle using the velocity and position update equation.

o gk~ w -

The steps 2-6 should be repeated until a termination criterion is met, such as a maximum number
of iterations or a satisfactory fitness value.
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3. Results and Discussion
3.1. Simulation Preparation

The simulation for the DC motor control system was conducted on a laptop equipped with an
Intel Core i13-1215U processor, 16 GB of RAM, and running Windows 11. The simulation was carried
out for 10 seconds, using a time sampling interval of 0.001 seconds to make sure that the data was
collected accurately. For optimal controller performance, Particle Swarm Optimization (PSO) was
employed to fine-tune the parameters of the PID, FOPID, ISF, and SMC controllers, enhancing their
response characteristics and robustness. However, the FLC was implemented without PSO, focusing
on its inherent fuzzy logic capabilities to manage the motor's nonlinear dynamics effectively. This
setup allowed for a comprehensive comparison of various advanced control techniques under identical
simulation conditions.

3.1.1. PID-PSO

In the PID-PSO optimization, the parameters were configured as outlined in the Table 2 to
achieve optimal performance. The Simulink model of the DC motor used for this simulation is shown
in Fig. 2.

Table 2. PID-PSO parameters configurations

Parameters Value Description

numParticles 50 Number of particles in the swarm

numlterations 50 Number of iterations to be performed

cl 1.7 Cognitive parameters (influence of individual speed)
c2 14 Social parameters (group speed influence)

w 0.5 Inertia weight (influence of previous speed)

dim 3 Optimised variable dimensions (Kp, Ki, Kd)

Lb [0.001, 0.001, 0.001] Lower limit for each variable dimension

Ub [20, 20, 20] Upper limit for each variable dimension

To Workspace

15 5
PIDe) 1.0852+6.15+ 1.63 >

Reference Scope

PID1

Clock To Workspace1

DC Motor Transfer Fen

Fig. 2. PID DC Motor simulation model in Simulink

3.1.2. FOPID-PSO

In the FOPID-PSO optimization, the parameters were configured as outlined in the Table 3 to
achieve optimal performance. The Simulink model of the DC motor used for this simulation is shown
in Fig. 3.

Table 3. FOPID-PSO parameters configurations

Parameters Value Description

numParticles 50 Number of particles in the swarm

numlterations 50 Number of iterations to be performed

cl 14 Cognitive parameters (influence of individual speed)

c2 1.2 Social parameters (group speed influence)

w 0.4 Inertia weight (influence of previous speed)

dim 5 Optimised variable dimensions (Kp, Ki, Lambda, Kd, Mu)
Ib [0.001, 0.001, 0.001, 0.001, 0.001] Lower limit for each variable dimension

ub [20, 20, 1.5, 20, 1.5] Upper limit for each variable dimension
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nt Integral Outt A Foro DC Motor Transfer Fon =
Gain Fractional integrator1 CQ‘
| ok arw‘dl‘ ] To Workspace:
Derivative
Gain Fractional derivative1
(@) (b)
Fig. 3. FOPID DC motor simulation model in Simulink, (a) FOPID blocks, (b) DC motor using FOPID
controllers
3.1.3. ISF-PSO

In the ISF-PSO optimization, the parameters were configured as outlined in the Table 4 to achieve
optimal performance. The Simulink model of the DC motor used for this simulation is shown in Fig.
4.

Table 4. ISF-PSO parameters configurations

Parameters Value Description

numParticles 50 Number of particles in the swarm

numlterations 50 Number of iterations to be performed

cl 1.6 Cognitive parameters (influence of individual speed)
c2 14 Social parameters (group speed influence)

w 0.5 Inertia weight (influence of previous speed)

dim 3 Optimised variable dimensions (Ki, K1, K2)

Ib [0.001, 0.001, 0.001] Lower limit for each variable dimension

ub [3000, 500, 50] Upper limit for each variable dimension

speed

To Workspace

.u

Scope

O ]

Clock3 15 Workspace1

Reference

. 1 47,0868 g > — 13
s 1.08s% + 6.1s + 1.63

Integrator K

DC Molor Transfer Fen

137

By
at

derivative

< 052934
k2

Fig. 4. ISF DC motor simulation model in Simulink

3.1.4. SMC-PSO

In the ISF-PSO optimization, the parameters were configured as outlined in the Table 5 to achieve
optimal performance. The Simulink model of the DC motor used for this simulation is shown in Fig.
5.

Table 5. SMC-PSO parameters configurations

Parameters Value Description
numParticles 50 Number of particles in the swarm
numlterations 50 Number of iterations to be performed
cl 0.6 Cognitive parameters (influence of individual speed)
c2 0.5 Social parameters (group speed influence)
w 0.1 Inertia weight (influence of previous speed)
dim 3 Optimised variable dimensions (k, k1, k2)
Ib [0.001, 0.001, 0.001] Lower limit for each variable dimension
ub [3000, 70, 70] Upper limit for each variable dimension
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To Workspace
15 [
1.08s% + 6.15 + 1.63 7
Reference Gain Scope
DC Motor transfer Fen
o |
Derivative = EOS 1o Werkspace?
omega_dotdot
Au

omega_dot Derivative2

Fig. 5. SMC DC motor simulation model in Simulink

3.1.5. FLC Design

In FLC testing, PSO optimization is not used. The inputs of the FLC controller in this system are
used 2, namely error and integral error, with each having three memberships (negative, neutral, and
positive), for the output also has 3 memberships (negative, neutral, and positive) in trimf (triangular
function). The FLC output has 9 rules which are shown in Table 6. The Simulink model of the DC
motor used for this simulation is shown in Fig. 6. FLC DC Motor simulation model in Simulink shown
in Fig. 7.

Table 6. FLC output (9 rules)

Error
N Z P
N N Z
Integral
Error N Z P
Z P P
ip function plots °°* °7 181 Membership function plots % %" 181 Membership function plots % 29" 181
nagative zam positive negative zero positive negative zem positive
0.2 0 0.2 0.4 06 2 48 i iy g e had s - 2 £ 1 0.5 0 05 15
inoul variable "emor — noutvariable’integralBrro”® output variable "outouti®
(a) (b) (©)

Fig. 6. Membership function values of FLC input and output variable (a) input 1(error), (b) input 2 (integral
error), and (c) output

To Workspace

Kl

Reference

1.08s% + 6.15 + 1.63 "

15 -

Scope

Fuzzy Logic
Controller Transfer Fen

Integrator @

Clock To Workspace1

Fig. 7. FLC DC Motor simulation model in Simulink
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3.2. Simulation Results

The simulation results in Table 7 showcase the optimal parameters obtained for each controller,
highlighting the specific tuning configurations that lead to their best performance. These parameters
determined using Particle Swarm Optimization (PSO) for PID, FOPID, ISF, and SMC controllers,
include critical variables such as proportional gain, integral gain, derivative gain, and fractional orders
for FOPID. For FLC, the rule base and membership functions are presented as the foundation for its
control logic, despite being untuned by optimization techniques.

Table 7. Optimal parameter for each controllers

Controllers Kp Ki Kd Lambda Mu K K1 K2 C1l C2
HBO"*[&?’O'P'D 169327 09508 28512

PSO-PID 200000 57292 66310 ; ;

PSO-FOPID 200000 182389 19.2209  0.6913  0.9850
OBL-MRFO-SA-

EoPID 15 198080 90786 99504 08147  0.9030

PSO-ISF - - . ; . 3000 1877064 27085 - -
PSO-SMC - - . ; - 2000 - - 602622 311354

Based on Fig. 8 and Table 8, the PSO-FOPID controller demonstrates the best overall
performance among the compared controllers. It achieves the fastest rise time and settling time,
underscoring its ability to respond quickly to changes. This remarkable performance is attributed to
the nonlinear characteristics of the fractional integral and derivative components [98], [99], which
enhance the controller's ability to adapt to varying system dynamics, despite its overshoot of
0.10794%, the PSO-FOPID controller compensates with the lowest ITSE, indicating superior control
accuracy and energy efficiency in managing system errors over time. Same with OBL-MRFO-SA-
FOPID [45], but not as better as PSO. These features make it particularly suitable for applications
requiring high precision and rapid response. PSO-PID and PSO-SMC also perform well, although
they exhibit higher settling times and overshoot compared to PSO-FOPID. OBL/HGSO-PID [44]
delivers a response without overshoot but shows lowest stability, as indicated by its larger SSE value
compared to the other controllers and slower rise time compared PSO-FOPID, PSO-PID, and PSO-
SMC. The PSO-ISF controller, on the other hand, exhibits a high settling time and initial oscillations;
however, it stands out with the highest stability, as reflected in its lowest SSE value. This remarkable
stability can likely be attributed to the controller's state feedback mechanism [78], [100], which
enhances its ability to effectively manage system dynamics. Lastly, the FLC controller shows the
worst performance, with an extremely high overshoot (25.2936812%) and a very slow recovery time,
making it unsuitable for applications requiring fast response and high precision. Ultimately, the PSO
algorithm demonstrates superior performance compared to OBL/HGSO and OBL-MRFO-SA across
both PID and FOPID controllers.
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Fig. 8. Simulation results, (a) 10 seconds, (b) zoomed In
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Table 8. Response analysis of each Controllers

Controllers Rise Time (s) Settling Time (s) Overshoot (%) SSE ITSE
OBL/HGSO-PID [44] 0.0522738 0.0917148 0.0000000 -2.93E-03  0.2003254
PSO-PID 0.0242706 0.1423734 0.0369476 3.73E-05 0.0149693
PSO-FOPID 0.0091033 0.0187095 0.1079422 -3.36E-04  0.0095792
OBL-MRFO-SA-FOPID [45] 0.0211638 0.0331208 0.1107691 -3.00E-04 0.0121425
PSO-ISF 0.0593791 0.2104593 1.3604417 -2.44E-15 0.2982205
PSO-SMC 0.0287702 0.0596133 1.0010182 2.01E-06 0.0473054
FLC 0.2742943 2.2445106 25.2936812 1.99E-06 8.3910457

3.3. Comparison Robustness Analysis

A robust controller is essential to ensure that the system response remains within acceptable limits
despite uncertainties and parameter variations. A comprehensive robustness analysis is performed to
evaluate the stability and performance of each control system. This analysis involves systematically
varying key parameters of the DC motor, specifically the electrical resistance (R,) and the torque
constant (K,,,), by £25% and +20%, respectively. These variations are designed to simulate real-world
conditions where parameters may deviate from their nominal values due to manufacturing tolerances,
environmental changes, or wear and tear. The parameter variations result in four distinct operational
scenarios, which are detailed in Table 9, allowing for a thorough assessment of the system's robustness
and reliability under different conditions.

The comparative simulation results of transient response analysis for all scenarios are shown in
Table 10, Table 11, Table 12, Table 13 and Fig. 9 showed the simulation results of robustness variation
motor parameter.

Table 9. Variations in Motor Parameters for Robustness Analysis

Motor Parameter Scenario | Scenario 11 Scenario 111 Scenario 1V
R, 0.30 0.30 0.50 0.50
Kn 0.012 0.018 0.012 0.018

Table 10. Scenario |

Controllers Rise Time (s) Settling Time (s) Overshoot (%) SSE ITSE
OBL/HGSO-PID [44] 0.0654004 0.1136849 0.0302067 -2.62E-03  0.1890539
PID-PSO 0.0314040 0.2124803 0.1402441 1.24E-04  0.0254702
PSO-FOPID 0.0091033 0.0187095 0.1079422 -3.36E-04  0.0095792
OBL-MRFO-SA-FOPID[45] 0.0261278 0.0424824 0.1502158 -2.29E-04  0.0182151
PSO-ISF 0.0568628 0.3538560 5.6196946 2.22E-15  0.3410601
PSO-SMC 0.0296083 0.0478017 0.1041464 -6.63E-05  0.0571926
FLC 0.3291081 2.3847825 24.2291682 1.65E-06 11.6696925

Table 11. Scenario Il

Controllers Rise Time (s) Settling Time (s) Overshoot (%) SSE ITSE
OBL/HGSO-PID [44] 0.0433829 0.0756140 0.0824856 -2.32E-03  0.1275648
PID-PSO 0.0195651 0.0699049 0.0404979 3.93E-05 0.0100242
PSO-FOPID 0.0110967 0.0270265 0.1950677 -2.87E-04 0.0143547
OBL-MRFO-SA-FOPID[45] 0.0177165 0.0272167 0.5578180 -2.32E-04  0.0082094
PSO-ISF 0.0637264 0.2014608 0.0621896 2.00E-15 0.2823129
PSO-SMC 0.0323326 0.0674204 0.0824931 -4.88E-04 0.0415854
FLC 0.2354853 2.2913216 28.6577213 2.80E-06  7.4859520

Based on the simulation results for all four scenarios in Table 10, Table 11, Table 12, Table 13
and Fig. 9, the PSO-FOPID controller consistently demonstrates the best overall performance across
different system conditions, with the fastest rise time, shortest settling time. Despite minor overshoot,
it excels in achieving rapid stabilization. The OBL-MRFO-SA-FOPID perform good, but same not as
good with PSO-FOPID. The PSO-PID controller also performs well, with fast response times,
although it is less efficient than PSO-FOPID in terms of settling time and ITSE.
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Table 12. Scenario Il
Controllers Rise Time (s) Settling Time (s) Overshoot (%) SSE ITSE
OBL/HGSO-PID [44] 0.0658475 0.1163715 0.0000000 -3.86E-03 0.3402864
PID-PSO 0.0315340 0.2357574 0.0323283 3.44E-05 0.0245108
PSO-FOPID 0.0072226 0.0147275 0.0965725 -2.64E-04  0.0063607
OBL-MRFO-SA-

FOPID [45] 0.0262024 0.0428143 0.0574448 -4.01E-04 0.0195658
PSO-ISF 0.0569147 0.3536831 5.5929648 2.22E-15 0.3408720
PSO-SMC 0.0297055 0.0480931 0.1015623 -5.30E-04 0.0574814

FLC 0.3356360 1.7085195 22.1025739 1.93E-06  10.6382880

Table 13. Scenario IV
Controllers Rise Time (s) Settling Time (s) Overshoot (%) SSE ITSE

OBL/HGSO-PID [44] 0.0435765 0.0768521 0.0000000 -3.14E-03  0.2123940
PID-PSO 0.0196188 0.0816907 0.0000000 -2.06E-05 0.0113335
PSO-FOPID 0.0072257 0.0147922 0.0541756 -3.71E-04 0.0078150
OBL-MRFO-SA-FOPID [45] 0.0177408 0.0273090 0.4942120 -3.47E-04 0.0100917
PSO-ISF 0.0637799 0.2015251 0.0608155 1.33E-15  0.2824289
PSO-SMC 0.0325032 0.0677617 0.0805743 -3.19E-04 0.0417002

FLC 0.2382770 2.2673547 26.9074916 2.89E-06  6.9208616

(@) (b)
1 /\
(© (d)

Fig. 9. Simulation Results of Robustness Variation Motor Parameter, (a) Scenario I, (b) Scenario 11, (c)
Scenario 111, and (d) Scenario IV

The OBL/HGSO-PID controller delivers stable performance without overshoot, but its response
is slower compared to PSO-PID. The PSO-ISF controller, initially exhibiting high settling times and
oscillations, ultimately achieves the highest stability, consistently maintaining the lowest and
relatively stable SSE values across all scenarios, which contrasts with its initial behavior and
highlights its final performance. The PSO-SMC controller demonstrates good stability but is slightly
slower than PSO-ISF, with a higher SSE value. Finally, the FLC controller performs the worst, with
the highest overshoot, longest recovery times, and largest ITSE values, making it unsuitable for
systems requiring fast and precise control. These results confirm that PSO-FOPID is the most efficient
controller overall, with PSO-PID and OBL/HGSO-PID also offering good performance, while PSO-
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ISF provides the highest stability and PSO-SMC follows closely behind, regardless of the scenario
conditions.

4. Conclusion

The study on DC motor control using various advanced control methods—PID, FOPID, ISF,
SMC, and FLC—provides significant insights into their performance and robustness. The primary
objective was to compare these controllers' effectiveness in managing speed instability, load
variations, and external disturbances, with a focus on optimizing the tuning parameters using PSO for
PID, FOPID, ISF, and SMC controllers. The FLC was implemented without PSO to highlight its
inherent fuzzy logic capabilities.

The PSO-FOPID controller emerged as the most efficient and reliable option, achieving the
fastest rise time of 0.0091 seconds and the shortest settling time of 0.0187 seconds, with the lowest
ITSE of 0.0096. Despite a minor overshoot of 0.11%, its ability to handle nonlinear dynamics and
external disturbances is commendable, thanks to the flexibility and adaptability of fractional-order
terms. The PID-PSO controller also performed well, with a fast rise time of 0.0243 seconds and a low
overshoot of 0.037%, though it had a longer settling time of 0.1424 seconds and a higher ITSE of
0.015.

The PSO-SMC controller demonstrated good stability and a reasonable response time, with a
settling time of 0.0596 seconds and a slightly higher SSE value of 2.01E-06. It also had a higher ITSE
value of 0.047, indicating room for improvement in steady-state accuracy. The PSO-ISF controller
stood out for its exceptional stability, consistently maintaining the lowest SSE values, making it ideal
for applications requiring high stability, such as in medical devices or safety-critical systems. The
OBL/HGSO-PID controller, while stable and overshoot-free, had a slower response time of 0.0917
seconds and a higher SSE of -2.93E-03, placing it behind the PSO- SMC and PSO-ISF controllers in
overall performance.

The FLC controller performed the worst, with the highest overshoot of 25.2936812% and the
longest recovery times, with a settling time of 2.2445 seconds. The high ITSE value of 8.391 further
underscores its limitations in maintaining accurate and stable performance. The robustness analysis
further reinforces the superiority of the PSO-FOPID controller, which outperforms OBL/HGSO and
OBL-MRFO-SA optimizations across both PID and FOPID controllers. These findings underscore
the PSO-FOPID controller's reliability and adaptability, making it the preferred choice for DC motor
control in demanding environments requiring precision, stability, and robustness.
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