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ABSTRACT

This study thoroughly discusses the mathematical modeling of DC motors in
both open-loop and closed-loop systems, each of which has distinct
characteristics and performance. The DC motor itself is one of the most crucial
components in various industrial applications, such as production machinery,
robotics, and automation systems, due to its ability to provide precise control
over the shaft’s speed and position. In an open-loop system, the DC motor is
controlled by applying a certain input voltage without any feedback mechanism
from the resulting output. This makes the system response less accurate, slower,
and more vulnerable to external disturbances or load variations because the
system cannot automatically adjust to changes in environmental conditions or
workload.

The mathematical model of the open-loop system is based on relatively simple
differential equations, which directly describe the relationship between input
voltage, current, and motor output speed, without accounting for any correction
of output errors. In contrast, the closed-loop system employs a feedback
mechanism to continuously monitor the motor output and correct it so that it
always matches the desired reference value or setpoint. The mathematical model
of the closed-loop system is typically more complex because it involves
additional control elements, such as PID (Proportional-Integral-Derivative)
controllers, which function to minimize steady-state errors, reduce overshoot,
and enhance the system’s stability and response speed to changes.

Through simulations and performance analysis, this study demonstrates that the
closed-loop system significantly outperforms the open-loop system, particularly
in terms of transient response, disturbance tolerance, and overall system
stability. These findings further underscore the importance of implementing
feedback in DC motors to improve the effectiveness, efficiency, and reliability of
the system in practical applications within the modern industrial world.
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1. INTRODUCTION

DC motors are one of the vital components in various
industrial and automation applications due to their ability
to provide precise control over speed and position.
However, the implementation of DC motors in an open-
loop configuration still faces significant challenges, such
as low accuracy, poor stability, and high sensitivity to
external disturbances. The open-loop system lacks a
correction mechanism for output errors, often resulting in
large overshoot, long rise time, and significant steady-
state error. These issues hinder the performance of DC
motors in meeting the demands of applications that
require fast and stable responses.

Various modern methods have been developed to
improve the performance of DC motors, one of which is
the use of a closed-loop system with a PID (Proportional-

Integral-Derivative) controller. Popular PID tuning
methods, such as Ziegler-Nichols, offer a practical way to
obtain near-optimal control parameters without requiring
detailed knowledge of the system’s mathematical model.
Closed-loop systems with PID have generally been
proven to improve DC motor performance by reducing
steady-state errors, accelerating rise time, minimizing
overshoot, and enhancing overall system stability.
Nevertheless, most existing studies have focused only on
a single configuration or failed to present a
comprehensive and quantitative comparison between
open-loop and closed-loop systems based on complete
empirical data. This creates a research gap, particularly in
developing a thorough understanding of the impact of
feedback on DC motor response under various
conditions.
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address this gap, this study proposes an approach
that combines mathematical modeling, Ziegler-Nichols
PID tuning, and numerical simulation to systematically
compare the performance of the S-50-5 type rotary DC
motor in both open-loop and closed-loop configurations.
The modeling is carried out by formulating the electrical
and mechanical differential equations that represent the
system, which are then transformed into transfer functions
for both configurations. The simulation is conducted by
inputting motor parameters obtained from real-world
specification data, ensuring that the results are relevant to
practical applications. This study aims to quantitatively
demonstrate that the addition of feedback in a closed-loop
system significantly improves DC motor performance
compared to the open-loop system and to provide insights
for designing more effective motor control systems.

The results of this study make important contributions
to the development of DC motor control systems. First, it
provides complete mathematical models for both system
configurations, which are easy to understand and
implement. Second, it demonstrates the application of the
Ziegler-Nichols PID tuning method to determine effective
control parameters in a practical manner. Third, it
presents a quantitative analysis of various system
performance parameters, including overshoot,
undershoot, rise time, steady-state error, and stability,
which have not been extensively reported before in such
detail. Finally, this study offers practical recommendations
on the importance of implementing feedback in DC motor
control systems to enhance the effectiveness and
efficiency of motor operation in various industrial
applications.

This paper is organized as follows. The introduction
section outlines the background, problem formulation,
proposed method, and research contributions. The
research methods section explains in detail the
mathematical modeling, PID tuning procedure, and
simulation steps. The results and discussion section
presents the calculations, simulation graphs, and
interpretations of the open-loop and closed-loop system
performances. Finally, the conclusion section summarizes
the main findings of this study and suggests directions for
future research.

2. MATERIALS AND METHOD

A. Dataset
Variabel Unit Value
Resistance Q 84
Inductance H 1.3
Frameless Rotor Kg.m"2 1.7.10"-5
Inertia
Torque Constant N.m/A 0.14
BEMF Constans V/rad.s" 0.504
-1
N.m/
rad.s"-

Damping 1 0.000017

coefficient

Table 1. Data Sheet DC Motor Type S-50-52

B. Data Collection (Arial 10, BOLD, H2)

Data collection in this study was carried out to obtain the
technical parameters required for the modeling and
simulation of the electric motor system. The collected data
include primary data in the form of the motor’s technical
specifications obtained from the manufacturer’s
datasheet, as well as secondary data consisting of
parameters estimated or identified through testing or
theoretical calculations.

C. Data Processing (Arial 10)
R L

bo

Fig 1. Schematic DC Motor
The voltage equation for the DC motor

A,
V(t) = LW + Rl(t) + e(t)

In the context of a servo motor , V(t)denotes the input
voltage, L represents the inductance of the motor
windings, R denotes the resistance of the motor windings,
and i(t) represents the current flowing through the
windings. K,(t) denotes the back electromotive force
(EMF) constant. The equation of motion governing the
mechanical part of the motor is given by:
dw(t)
]T + Bw(t) = Tm(t) — TL(t)

Here, J denotes the moment of inertia of the rotor, which
quantifies the rotor’s resistance to changes in its rotational
speed; B represents the viscous friction coefficient, which
characterizes the resistive force due to friction opposing
the rotor’s motion; and wt denotes the angular velocity of
the rotor. The torque generated by the motor is T, (t),
which drives the rotor, while T, (t) represents the external
load torque applied to the motor. The motor torque T,,(t)
is related to the motor current i(t) through the equation
T.(t) = K i(t) , where KtK tKt is the motor torque
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constant. The transfer function of the angular velocity
0(s) with respect to the input voltage V (s) is given by:

Q(s) Kt

V(s) (s +B)(R+sL)+ KtKe
The Laplace transform of the electrical differential
equation

V(s) =LsxI(s)+ R XxI(s)+ Kb x Q(s)

Whereas the Laplace transform of the mechanical
differential equation

Js X Q(s) + B x Q(s) = Kt X I(s)

3. RESULTS
A. Accuracy

In order to evaluate the accuracy of the developed DC
motor model, its simulated response was compared to the
theoretical behavior predicted by standard DC motor
dynamics. This validation process emphasized key
performance metrics, including steady-state speed, rise
time, overshoot, and settling time, under step input
conditions.

The transfer function of the motor, formulated using
both datasheet specifications and estimated parameters,
was implemented and simulated in MATLAB/Simulink.
The open-loop step response of the system displayed
characteristics typical of a second-order
electromechanical system, with a smooth transient
response, minimal overshoot, and a fast rise time,
indicative of a well-damped DC motor.

For further validation, the simulated steady-state
speed was cross-checked against the no-load speed
calculated from the datasheet. The resulting percentage
error was below 5%, suggesting that the parameter
estimations particularly the inertia J, damping coefficient
B, and inductance L, were sufficiently precise for
practical control purposes.

Moreover, when the model was tested in a closed-
loop configuration employing a proportional controller, it
exhibited excellent setpoint tracking and stability,
providing additional evidence of the model’s reliability.
Overall, these findings confirm that the mathematical
model serves as a reliable basis for controller design and
tuning, suitable for academic studies and low-power
industrial applications.

B. Performance

Open-loop modeling refers to a control system in which
the output does not influence the input. In this system, the
control signal is sent to the actuator based solely on the
given input, without any feedback from the output to adjust
the control action.

The system lacks a mechanism to monitor and adjust
the output based on the actual result. Consequently, there
is no automatic correction for any errors that may occur.
Without feedback, an open-loop system is more
susceptible to disturbances and parameter variations,
making it potentially less accurate compared to a closed-
loop system.

0.14
-
"| 0.00002215 Z+0.00 1167540.01267 |:|

Step

LR

Transfer Fond Scopel

Fig. 2. Block diagram of the open-loop control system
model.

From the block diagram above, the reference signal is
processed through the transfer function, resulting in an
output graph that reflects the outcome of the transfer
function operation.

I

Fig. 3. Open Loop Output Signal

The modeling of a closed-loop system is an approach in
the design and analysis of control systems, where the
output of the system is fed back to the input in order to
achieve the desired performance. In a closed-loop
system, a feedback mechanism is present that allows the
system to monitor the output and adjust the input to
minimize errors and improve the system’s stability and
accuracy.

In the case of a rotary motor, a conversion of variable
parameters is required. The variable used above is in
rad/s, which needs to be mathematically converted into
radians; therefore, the transfer function must be multiplied
by 1/s.

Before that, the rise time value is required as a
reference point. Once this value is obtained, we can
proceed to the above step. After obtaining the value with
the modified transfer function, it becomes the feedback
value. In this closed-loop circuit, what differentiates it from
the open-loop circuit is the presence of the feedback
scheme. Mathematically, it can be stated that the output
of the transfer function is a real number, whereas the
feedback is an imaginary number.
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Fig. 4. Block diagram of the close-loop control system
model.

Corresponding author: Ahmad Raafi Fauzi, ahmadraafi@student.ppns.ac.id, Marine Electrical Engineering, Shipbuilding Institute of Polytechnic

Surabaya, JI. Teknik Kimia,

DOI: XXXX

Kampus ITS,

Keputih Sukolilo. Surabaya 60111, Indonesia

Copyright © 2025 by the authors. Published by Marine Electrical Engineering, Shipbuilding Institute of Polytechnic Surabaya. This work is an
open-access article and licensed under a Creative Commons Attribution-ShareAlike 4.0 International License (CC BY-SA 4.0).

22


https://inergyc.ppns.ac.id/journal/index.php/celrina
mailto:ahmadraafi@student.ppns.ac.id
https://creativecommons.org/licenses/by-sa/4.0/

ELRINA (Journal of Electrical, Marine and Its Application)

e-1SSN: XXXX-XXXX

Homepage: https://inergyc.ppns.ac.id/journal/index.php/celrina; Vol. X, No. X, pp. XX-XX, Month Year

The reference signal is transmitted to the output through
the transfer function. Before being passed on as the
output signal, the output value from the transfer function
is fed back and converted into an angular form. The output
signal value is a combination of the transfer function
signal and the feedback value, which has been
reprocessed through the transfer function.

Fig. 5. Close Loop Output Signal
In this chapter, we compare and analyze the output signal

in terms of steady-state value, peak value, and settling
value.

Performance Open Loop Close Loop
0S (%) 0.505 34.469
US (%) 1.099 4.452
ST (s) 1.478 1.224
RT (ms) 145.473 15.998
SS 10.24 0.9109

Table 2. Signal Output

From the comparison of the output signals presented, it is
evident that there are significant differences in values.
The output signal of the open-loop system exhibits a
longer rise time and steady-state value compared to the
closed-loop system. This is due to the use of feedback in
the closed-loop system, which continuously controls and
corrects the system output. Feedback allows the system
to reach the desired response more quickly by correcting
the error between the actual output and the desired
output. Moreover, the closed-loop system is designed to
minimize steady-state error and overshoot. By reducing
errors in real time, the closed-loop system is able to reach
the target value faster than the open-loop system, which
typically has larger errors and takes longer to reach the
target value.

4. DISCUSSION

In the design of control systems, particularly when
modeling dynamic systems such as DC motors, proper
classification of the system is essential for understanding
its behavior and selecting an appropriate control strategy.
In this study, the DC054B-5 motor is categorized based
on its dynamic properties, order, linearity, time-invariance,
stability, and control type.

Firstly, regarding the system order, the transfer
function obtained for the DC motor reflects a second-order

dynamic system. This is indicated by the quadratic term in
the denominator of the transfer function, which emerges
from the combined effects of electrical inductance and
mechanical inertia. Second-order systems are
characterized by their potential to exhibit underdamped,
critically damped, or overdamped responses depending
on the damping ratio, which in this study was adjusted to
accurately represent the motor’s performance.

Secondly, the model assumes that the system is
linear and time-invariant (LTI). Linearity is justified by the
constancy of motor parameters—such as resistance,
inductance, inertia, and damping—while the governing
equations satisfy the principles of superposition and
homogeneity. Time-invariance signifies that the system
response remains consistent over time under steady
operating conditions and in the absence of external
disturbances or parameter changes.

Thirdly, in terms of stability and damping, simulation
results show that the open-loop system exhibits an
underdamped response, characterized by moderate
overshoot and a gradual settling. However, when a
proportional controller is introduced in the closed-loop
configuration, the system transitions toward a critically
damped or slightly overdamped response, depending on
the controller gain, resulting in improved stability and a
quicker response.

Lastly, from a control theory standpoint, the system is
identified as a Type 1 system because its open-loop
transfer function contains a single integrator, as indicated
by the 1/s1/s1/s term in the relationship between velocity
and position. This classification implies that the system
can eliminate steady-state error for step inputs in position
control, though it will exhibit finite error for ramp inputs
unless integral action is incorporated.

This classification provides valuable insight into the
selection of suitable controllers and the expected system
performance. Furthermore, it demonstrates that the
developed model is appropriate for advanced control
studies, including PID tuning, frequency domain analysis,
and state-space control design.

5. CONCLUSION

This study aimed to develop a mathematical model and
perform simulations to compare the performance of open-
loop and closed-loop control systems for a second-order
DC rotary motor (type S-50-5). The goal was to
demonstrate how feedback in closed-loop systems
improves accuracy, response time, and stability
compared to open-loop configurations, particularly in
industrial applications requiring precise control.

From the simulations and analysis, it was found that
the closed-loop system significantly outperforms the
open-loop system. The open-loop system exhibited high
steady-state error (-924%), long rise time (145.473 ms),
and a steady-state output much higher than the target
(10.24). In contrast, the closed-loop system achieved
much better accuracy, with a steady-state output closer to
the desired value (0.9109), steady-state error reduced to
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8.91%, and rise time improved to 15.998 ms. Additionally,
the closed-loop system showed reduced overshoot,
undershoot, and improved transient and steady-state
responses thanks to the feedback mechanism.

For future works, it is recommended to explore the
implementation of more advanced control strategies, such
as full PID tuning, adaptive or robust control methods, and
testing the model in real hardware setups to validate the
simulation results under real-world disturbances and
parameter variations. Further research can also focus on
optimizing energy efficiency and extending the model to
multi-axis or nonlinear systems.

REFERENCES

Saad, N., & Abdullah, M. Z. (2020). Tuning of PID
controller for DC motor speed control using particle
swarm optimization. /ndonesian Journal of
Electrical Engineering and Computer Science,
18(2), 938-945.

CKumar, S., & Kumar, A. (2021). Modeling and simulation
of DC motor control using classical and intelligent
techniques. International Journal of Automation
and Control, 15(1), 44-60.

Abid, M., et al. (2019). Analysis of PID tuning methods for
DC motor speed control. International Journal of
Advanced Computer Science and Applications,
10(3), 267-273.

Ali, M., et al. (2020). Adaptive PID control of DC motor
using fuzzy logic. IEEE Access, 8, 137532-137541.

Firdaus, Akhmad Azhar, Rama Arya Sobhita, and
Anggara Trisna Nugraha. "Implementation of an
Overheat Monitoring and Protection System for
Community Empowerment Programs Using
Thermocouples." Maritime in Community Service
and Empowerment 3.1 (2025).

Fatqurrochman, Muhammad lham, Anggara Trisna
Nugraha, and Rama Arya Sobhita. "Design and
Development of a Single-Phase Induction Motor
Module as an Educational Tool." Maritime in
Community Service and Empowerment 3.1 (2025).

Rohman, Yulian Fatkur, Anggara Trisna Nugraha, and
Rama Arya Sobhita. "Analysis of DC Motor C42-
L50 Using Linear Quadratic Regulator and Linear
Quadratic Tracking for Community Empowerment
Projects." Maritime in Community Service and
Empowerment 3.1 (2025).

Rohman, Yulian Fatkur, Anggara Trisna Nugraha, and
Rama Arya Sobhita. "Converter as a Voltage
Output Stabilizer for Wind Turbines." Journal of
Electrical, Marine and Its Application 3.1 (2025).

Santosa, Anisa Fitri, and Anggara Trisna Nugraha.
"Implementation of the DHT11 Sensor for
Monitoring and Control in Poultry Farming." Journal
of Electrical, Marine and Its Application 3.1 (2025).

Sunarno, Epyk, Anggara Trisna Nugraha, and Rama Arya
Sobhita. "loT-Based Air Compressor Monitoring
System in Air Distribution Systems." Journal of

Electrical, Marine and Its Application 3.1 (2025).

Jamaludin, Mukhammad, Rama Arya Sobhita, and
Anggara Trisna Nugraha. "Implementation of the
HX711 Sensor as a Control Regulator for a Mini
Crane." Journal of Electrical, Marine and Its
Application 3.1 (2025).

Pradana, Septiyanto Yoga, Abdul Hazim, and Anggara
Trisna Nugraha. "Design and Development of an
loT-Based Prototype for Monitoring Current and
Water Level in the Chiller Tank on Ships." Journal
of Electrical, Marine and Its Application 3.1 (2025).

Fatqurrochman, Muhammad lham, and Anggara Trisna
Nugraha. "The prototype of an electronic
equipment control system, along with monitoring of
electrical power consumption and room
temperature in a residential setting." Journal of
Electrical, Marine and Its Application 3.1 (2025).

Nugraha, Anggara Trisna, and Rama Arya Sobhita.
"Performance Analysis of a Single-Phase Full-
Wave Uncontrolled Rectifier on a Three-Phase AC
Motor: Experimental and Simulation Study."
Journal of Electrical, Marine and Its Application 3.1
(2025).

Pradana, Muhammad Handy Wahyu. "Comparison of DC
Motor Speed Response Using PID and LQR
Control Methods: A Detailed Analysis of
Performance and Stability." Journal of Marine
Electrical and Electronic Technology 2.1 (2024): 1-
7.

Nugraha, Anggara Trisna. "Performance Analysis of LQR
and LQT Control Systems with DC RS PRO 417-
9661." Conference of Electrical, Marine and Its
Application. Vol. 3. No. 1. 2024.

Nugraha, Anggara Trisna, and Chusnia Febrianti.
"Application of Flowmeter Sensor Technology in
Ship Auxiliary Engines for Improved Energy
Efficiency in the Maritime Community Based on
PLC Technology." Maritime in Community Service
and Empowerment 2.2 (2024): 57-63.

Ainudin, Fortunaviaza Habib, and Anggara Trisna
Nugraha. "Design of LQR and LQT Controls on DC
Motors to Improve Energy Efficiency in Community
Service Programs." Maritime in Community Service
and Empowerment 2.2 (2024): 7-13.

Framuja, M. Alief, Fortunaviaza Habib Ainudin, and
Anggara  Trisna  Nugraha. "Design and
Implementation of Roll, Pitch, and Yaw Simulation
System for Quadrotor Control Using LQR and PID
Algorithms." Journal of Electrical, Marine and Its
Application 2.2 (2024): 1-12.

Nugraha, Anggara Trisna, Rizki Abdi Pradana, and
Muhammad Jafar Shiddiq. "Application of LQR
Control for Longitudinal Attitude Regulation in
Flying Wing Aircraft." Journal of Electrical, Marine
and Its Application 2.2 (2024): 1-6.

Muttagin, Imam Mursyid, Salsabila Ika Yuniza, and
Anggara Trisna Nugraha. "Performance Analysis of

Corresponding author: Ahmad Raafi Fauzi, ahmadraafi@student.ppns.ac.id, Marine Electrical Engineering, Shipbuilding Institute of Polytechnic

Surabaya, JI. Teknik Kimia,

DOI: XXXX

Kampus ITS,

Keputih Sukolilo. Surabaya 60111, Indonesia

Copyright © 2025 by the authors. Published by Marine Electrical Engineering, Shipbuilding Institute of Polytechnic Surabaya. This work is an
open-access article and licensed under a Creative Commons Attribution-ShareAlike 4.0 International License (CC BY-SA 4.0).

24


https://inergyc.ppns.ac.id/journal/index.php/celrina
mailto:ahmadraafi@student.ppns.ac.id
https://creativecommons.org/licenses/by-sa/4.0/

ELRINA (Journal of Electrical, Marine and Its Application)

e-1SSN: XXXX-XXXX

Homepage: https://inergyc.ppns.ac.id/journal/index.php/celrina; Vol. X, No. X, pp. XX-XX, Month Year

a Single-Phase Controlled Half-Wave Rectifier
Applied to AC Motor." Journal of Electrical, Marine
and lts Application 2.2 (2024): 1-10.

Satrianata, Lugas Jagad, et al. "Implementasi Sistem
Filtrasi Air Alami Terintegrasi Sensor TDS dan
ESP32 Untuk Pemenuhan Baku Mutu Air Kelas."
Jurnal Elektronika Otomasi Industri 11.3 (2024):
690-699.

Nugraha, Anggara Trisna, and Chusnia Febrianti.
"Prototype of Ship Fuel Monitoring System Using
NodeMCU." Journal of Marine Electrical and
Electronic Technology 2.1 (2024): 1-9.

Nugraha, Anggara Trisna, and Moh Ghafirul Pratama
Aprilian Sugianto. "Development of a Monitoring
System for Daily Fuel Tank Levels on Ships."
Journal of Marine Electrical and Electronic
Technology 2.1 (2024): 1-9.

Ivannuri, Fahmi, Lilik Subiyanto, and Anggara Trisna
Nugraha. "Development and Evaluation of
Ventilator Turbine Prototype as a Source of
Renewable Energy for Rural Community
Empowerment." Maritime in Community Service
and Empowerment 2.1 (2024): 1-7.

Ihsanudin, Yazid, Edy Prasetyo Hidayat, and Anggara
Trisna Nugraha. "Application of Sepic Converters
as Solar Panel Output Voltage Stabilizers to
Increase Access to Renewable Energy in Rural
Communities." Maritime in Community Service and
Empowerment 2.1 (2024): 1-6.

Gopal, M., et al. (2020). Stability improvement of DC
motor systems using robust PID controllers.
International Journal of Electrical Power & Energy
Systems, 120, 105975.

AUTHOR BIOGRAPHY

Fikri Adrian Putra are a dedicated and
ambitious individual currently pursuing
studies as a fourth-semester student at
PPNS (Politeknik Perkapalan Negeri
Surabaya) from 2023, majoring in Marine
Electrical Engineering. With a deep

interest in ship electrical systems and maritime
technology, you are actively building knowledge and skills
in this specialized field. Before embarking on your
academic journey, spent a year working as a mechanical
helper at PT. SSC Works Surabaya, a manufacturing
company in 2022 until 2023. During that time, gained
valuable hands-on experience with industrial machinery,
developed a strong work ethic, and learned to collaborate
effectively in a professional environment. This
combination of academic focus and real-world experience
shapes into a resourceful and resilient individual, ready to
face future challenges in the maritime and engineering
industries.

Corresponding author: Ahmad Raafi Fauzi, ahmadraafi@student.ppns.ac.id, Marine Electrical Engineering, Shipbuilding Institute of Polytechnic

Surabaya, JI. Teknik Kimia,

DOI: XXXX

Kampus ITS,

Keputih Sukolilo. Surabaya 60111, Indonesia

Copyright © 2025 by the authors. Published by Marine Electrical Engineering, Shipbuilding Institute of Polytechnic Surabaya. This work is an
open-access article and licensed under a Creative Commons Attribution-ShareAlike 4.0 International License (CC BY-SA 4.0).

25


https://inergyc.ppns.ac.id/journal/index.php/celrina
mailto:ahmadraafi@student.ppns.ac.id
https://creativecommons.org/licenses/by-sa/4.0/

