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Abstract

Tracking control is a crucial procedure for machining equipment in the
manufacturing sector, particularly in ensuring effective unmanned plant
operations. The single-mass rotary system driven by a direct current (DC)
motor is often employed as the fundamental apparatus in such applications.
This study evaluates the tracking performance of a DC motor-based rotary
system using a Fuzzy Logic Controller (FLC) and compares it with a
conventional Proportional-Integral-Derivative (PID) controller, which is
widely adopted in industry due to its high performance and simplicity. Both
controllers were designed and developed using MATLAB Simulink R2015b.
To assess tracking performance, sinusoidal reference inputs at three different
frequencies (0.3 Hz, 0.5 Hz, and 0.7 Hz) were applied for angular positions
of 45°. The findings demonstrated that the FLC achieves superior tracking
performance compared to the PID controller, highlighting its potential as an
effective intelligent control approach for rotary systems.

Keywords: Fuzzy Logic Controller (FLC); Single-Mass Rotary System;
Tracking Control;  Proportional-Integral-Derivative ~ (PID)  Controller;
MATLAB/Simulink; Simulation Validation.

Introduction

In the automation sector, large and intricate machinery is employed in real-time
applications to support and facilitate daily production. These systems often integrate
hardware and software components to perform complex operations. However, the
operation of such machinery can sometimes be challenging due to its complexity. To
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address this, researchers and engineers continuously innovate to simplify and improve
tracking control methods for industrial equipment.

One of the key advantages of real-time tracking and monitoring is the ability to
respond quickly in the event of production errors. Furthermore, by incorporating
preventive measures and safety precautions during design and manufacturing, the
overall reliability of machines can be enhanced [1]. This approach helps minimize
production disruptions and significantly reduces the time and cost associated with
equipment repair. Sensors and actuators play a critical role in tracking and monitoring
these machines, as they continuously collect, process, and manage input data within
the system. In this study, the DC servo motor—also referred to as a rotary actuator—
serves as the primary actuator.

Over time, the performance of conventional controllers may deteriorate [1].
Controllers are generally categorized into conventional and intelligent types.
Conventional controllers include proportional (P), integral (I), derivative (D),
proportional—integral (PI), proportional-derivative (PD), and proportional-integral—
derivative (PID) controllers [2]. An effective controller is typically characterized by
fast response, minimal overshoot, and low steady-state error [2]. PID controllers are
widely used in industrial applications due to their ability to respond quickly to
changes in system dynamics. They achieve this by adjusting the control signal
according to the error between the actual and desired positions, as well as the rate of
change of error. Nevertheless, uncertainties and external disturbances affecting
system dynamics can degrade PID controller performance. To overcome these
challenges, optimization methods are often applied to tune the controller’s parameters
and improve performance [3].

In contrast, fuzzy logic controllers (FLCs) provide a flexible and intuitive
framework for control system design. By incorporating linguistic variables and expert
knowledge, FLCs can handle system uncertainties and imprecise information. Unlike
classical logic, which relies on binary values of 0 or 1, fuzzy logic evaluates input
variables using continuous values between 0 and 1. This mathematical framework
forms the foundation of fuzzy control systems [4]. With its human-like reasoning and
systematic rule-based structure, fuzzy logic is capable of translating expert knowledge
into effective automatic control strategies. Due to these strengths, FLCs have been
proven suitable for position control applications, offering a versatile and user-friendly
solution for managing uncertainties and inaccuracies [5]. This study aims to
investigate the tracking control performance of a single-mass rotary system through a
simulation study, with a specific emphasis on comparing FLC and PID controllers.

Literature Review

Introduction

In control systems, the output of a closed-loop configuration is continuously measured
and compared with the desired reference input to minimize error and maintain
stability [6]. The feedback signal is generated by sensors, which act as measurement
devices, and is compared with the reference input to produce an error signal. This
error is then processed by the controller, whose role is to generate the appropriate
control action to reduce the deviation from the desired output [6], [7]. The actuating
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signal generated by the controller is subsequently fed to the plant, thus closing the
loop. A generic closed-loop block diagram is illustrated in Figure 1.

Closed-loop systems have significant advantages over open-loop systems, such
as enhanced accuracy, improved stability, and reduced sensitivity to disturbances
through continuous automatic correction [7]. By contrast, open-loop systems cannot
automatically compensate for variations in the environment or load, which results in
performance degradation when disturbances occur [8].
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Figure 1. Closed loop block diagram [6]

Proportional (P), Proportional-Integral (PI), Proportional-Derivative (PD), and
Proportional-Integral-Derivative (PID) controllers remain the most widely used
control methods in industry [6], [9], [18]. Their popularity stems from simplicity, ease
of implementation, and effectiveness in many linear, time-invariant systems [7], [14].
Although versatile, PID controllers face challenges in higher-order, nonlinear, or
time-delay systems, where parameter tuning becomes difficult and performance may
degrade under disturbances [3], [8], [15], [18]. To address these limitations,
researchers have explored hybrid approaches, including fuzzy-PID [16], adaptive
fuzzy sliding mode [21], and neural-fuzzy controllers [10], which offer improved
robustness and adaptability.

Methodology

This paper focuses on tracking control of a single mass rotary device using fuzzy
logic

and PID controllers. To find the plant transfer function, the DC motor is first
simulated using the appropriate parameters. To obtain the run compensated feedback
result, a DC motor open loop performance simulation is conducted. The tuning of the
fuzzy logic controller and PID controller results in a percentage overshoot of less than
10%. After they have been adjusted, the controllers will be included in the closed loop
system.

3.1 Plant Model
For the single mass rotary system, the DC motor was selected as the most
straightforward and fundamental mechanism. DC motors are widely adopted in
industrial applications due to their simple structure, ease of speed regulation, and cost-



584 N. Hasim et al

effectiveness [9], [11]. Because of its flexibility in controlling the motor's speed, the
DC motor is also the actuator that is most frequently used in industrial applications
[9,11]. Figure 2 shows the equivalent circuit of a DC motor [9].
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Figure 2. Equivalent circuit of a DC motor [9].

The transfer function for the model can be expressed as:
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The motor parameters and variables involved that represent the one mass rotary
system are defined as the following:

Table 1. DC motor’s parameters and values.

Parameter Symbol Value
Armature inductance L, 4.6906 x 107 °H
Armature resistance R, 25604 H
Back-emf constant K, 18259 x 10™°V.5/rad
Torque constant K, 1.8259 x 107" N.m /A
Viscous-friction B 9.1358 x 10" °N.m.s/rad
coefficient
Total load inertia ] 7.2019 x 10~ °kg. m*

DC motor’s parameters and values as in Table 1 are substituted in the model transfer
function in Equation (1), gives



3.2

Performance Evaluation of Fuzzy Logic Controller 585

6(s) 0.01826
E(s) 3378 x107 75+ 1.848 x 10 *s2 + 5.673x 10~%s

G(s) =

Thus, Equation (2) will be used throughout the simulation performance evaluation.

Controller Design

A PID controller and a fuzzy logic controller (FLC) are constructed for the system in
MATLAB Simulink and combine with the transfer function of the plant model. To
develop the PID controller, the integral gain (Ki), derivative gain (Kd), and
proportional gain (Kp) were all calculated using the root locus approach and fine-
tuned using the Ziegler-Nichols technique. In the meanwhile, a rule-based
methodology that considers system behavior or expert knowledge is used to generate
the FLC. The design entails choosing the right inference and defuzzification methods,
fine-tuning the membership functions, and figuring out the ideal number of rules that
suits the system.

PID Controller

The Ziegler-Nichols tuning method is used to fine-tune the gains for the proportional,
integral and derivative functions of the PID after they have been set using the root
locus

approach. The system is trained to acquire the plant's openloop response by applying a
step input signal. To begin with the Ziegler-Nichols method, the integral (Ki) and
derivative (Kd) gains are then adjusted to zero. After that, the proportional gain (Kp) is
increased until the system begins to exhibit instability. Kmax, the greatest value of Kp,
indicates the point at which the system is approaching instability; this frequency is
known as the oscillation frequency (fo). Using this tuning procedure, the Ki and Kd are
then set as functions of fo, and the K is backed off by a predetermined amount. The
block diagram for the PID controller is made as seen in Figure 3.
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Figure 3. Block diagram of PID controller

Table 2 lists the values for the individual gains that are used in the PID controller for
the one mass rotary system.
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Table 2. Parameters of PID gains.

Parameter Symbol Value
Proportional gain K, 3.15
Integral gain K; 09

Derivative gain K, 0.485

Fuzzy Logic Controller

Fuzzy logic controller utilizes two input variables: receiving the error signal and the
error change. The defuzzification process is utilized to determine the appropriate
control action, and these variables evaluate the fuzzy control rules using
compositional rules of inference. The error and change of error are the two input
variables, and one output variable of the fuzzy logic controller. Figure 4 shows the
block diagram of FLC.
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Figure 4. Block diagram of Fuzzy Logic Controller

The linguistic labels of the input variable, amplitude, are represented by trapezoidal
membership functions in the fuzzy logic controller (FLC) used for the tracking control
of the single mass rotary system. The membership functions, which capture amplitude
variations and allow the FLC to make precise control decisions, which include
Negative Large (NL), Negative Small (NS), Zero (ZE), Positive Small (PS), and
Positive Large (PL). The selection of the trapezoidal membership functions is based
on their effective handling of asymmetric or non-linear relationships. The fuzzy rules
are combined, and the fuzzy output is determined using the Mamdani inference
method.

In this paper, two rule tables with distinct membership functions for the FLC
were created, and the output results were compared to determining which rule table
would be chosen in the end. Tables 3 and 4 display the rule table that was utilized to
develop the project. The outcome of the result will depend on the number of
membership functions.

Table 3. Rule table of FLC (3x3).

TalpESERule tabNBf FLC (5£3). PO
NE NE NE ZE
ZE NE ZE PO

PO ZE PO PO
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DE\E NL NS ZE PS PL

NL NL NL NL NS ZE
NS NL NL NS ZE PS
ZE NL NS ZE PS PL
PS NS ZE PS PL PL
PL ZE PS PL PL PL

Generally, FLC functionality is significantly influenced by the size of the rule table
and the membership function. The mapping of inputs to fuzzy sets is determined by
the membership function, which also specifies the extend of an input’s membership to
a linguistic label. The membership function’s dimensions, width, and parameters have
a direct impact on the system’s overall performance and control behavior. The rule
table, on the other hand, outlines the control actions in accordance with the
combinations of fuzzy sets and the associated linguistic labels. A larger rule table
provides finer-grained control decisions and considers a wider range of input
combinations; therefore, it enables more accurate control. But larger rule table also
means that the controller must work harder and use more computing power.

Hence, to achieve the desired control performance, it is crucial to carefully
design the membership functions and select a suitable rule table size to strike a
compromise between accuracy and computing efficiency. Figures 5 and 6 show the
tuned FLC for membership function (MF) 3x3 and 5x5 accordingly using MATLAB
Simulink R2015b.
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Figure 5. FLC 3x3 Membership Function for (a) data and data error, and (b) output
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Figure 6. FLC 5x5 Membership Function for (a) data and data error, and (b) output

Results and Discussions

The tracking performances of the single mass rotary system is evaluated in
simulation. A sinusoidal wave is used as reference input. The results were simulated
at amplitude of 45°, at three different frequencies, 0.3 Hz, 0.5 Hz, and 0.7 Hz,
respectively. Figure 7 illustrates the comparison between FLC with membership
function 3x3 and 5x5 for 45°at three different frequencies. Based on the results, the
tracking error for MF 5x5 is outstanding compared to using MF 3x3 throughout the
variations of frequencies. Thus, MF 5x5 is selected to be compared with PID
controller for further evaluations.

Reference
MF 3x3
MF 5x5

Position (deg)

]
=]
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Figure 7. Comparison between FLC MF 3x3 and 5x5 at 45° for (a) 0.3 Hz, (b) 0.5
Hz, and (c) 0.7 Hz

The simulation findings demonstrated that, at an input amplitude of 45°, the FLC
with MF 5x5 exhibits superior performance by producing substantially lower tracking
errors compared to the MF 3x3 configuration. This performance is consistently
observed across multiple operating conditions, specifically at excitation frequencies of
0.3 Hz, 0.5 Hz, and 0.7 Hz, thereby confirming the robustness of the MF 5x5 design
in handling dynamic variations.

Figure 8 shows the comparison for tracking performances of PID and FLC
controllers at 45° for 0.3 Hz, 0.5 Hz, and 0.7 Hz. Based on the simulation results
obtained, FLC has shown better accuracy performances particularly at higher
frequency.
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Figure 8. Comparison tracking performances of PID and FLC controllers at 45° for
(a) 0.3 Hz, (b) 0.5 Hz, and (c) 0.7 Hz in simulation
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The observed reduction in tracking error suggests that the FLC MF 5x5 provides
enhanced noise suppression and improved accuracy in trajectory following, which are
critical factors for ensuring system stability and reliability. Given these consistent
improvements, the MF 5x5 configuration is identified as the more effective control
strategy and is therefore selected for subsequent comparative evaluations against the
PID controller. This comparison is expected to provide deeper insights into the
relative strengths and limitations of conventional control strategies versus advanced
control approaches in precision tracking applications.

Conclusion

A fuzzy logic controller (FLC) was proposed for a single-mass rotary system driven
by a DC motor and evaluated against a PID controller. The FLC adeptly converted
input variables into control outputs utilizing the Mamdani inference method, rule
base, and membership functions. Simulation findings indicated a diminished tracking
error in comparison to PID under frequency variations of 0.3 Hz, 0.5 Hz, and 0.7 Hz
at a position angle of 45°. The research validates the FLC's capacity for enhanced
control efficiency. Subsequent research will investigate a wider range of angle
variations and conduct experimental validation.
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